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Abstract 

Diabetes Mellitus is a widely recognised yet still poorly understood disease which afflicts 

hundreds of millions around the globe. The disease is characterised by a decline in both mass 

and functionality of pancreatic β-cells, which are responsible for insulin production. Currently, 

type 2 diabetes is diagnosed at a late stage of progression, limiting clinical opportunities for 

treatment. There is a clear unmet need for improved early detection of diabetes, which can 

come in the form of molecular imaging probes designed to image pancreatic β-cell loss.  

The work described within this thesis is primarily focussed on the development of imaging 

probes targeted directly to these cells. This is through the incorporation of agonists for the 

receptors GLP-1R and GPR40 which are enriched by pancreatic β-cells. A significant body of 

work involved the peptide exendin-4, a potent agonist of GLP-1R which is utilised in the clinic 

for the treatment of diabetes. Exendin-4 was conjugated to a gadolinium(III) complex to 

generate the MRI contrast agent GdEx, which was shown to exhibit pancreas-specific contrast 

enhancement in both wild-type and disease-model mice. An additional family of optical 

imaging agents based on terbium(III)- and rhodamine-exendin-4 conjugates of exendin-4 were 

also generated. These were shown to provide receptor-level information about GLP-1R in vitro. 

An alternative targeting method was employed in the development of the ligand GPR-L1. This 

ligand was designed to bind to the receptor GPR40. The ligand was found to be reasonably 

versatile, with chelation to a number of lanthanide(III) centres successfully carried out. During 

characterisation of these complexes, it was found that the aromatic nature of the GPR40 

targeting moiety could sensitise both Eu(III) and Tb(III) luminescence. Additionally, the 

fluorescence of the indole was utilised to verify the GPR40 targeting ability of the ligand 

through in vitro analysis.  

Zinc(II) ions play a critical role in the stabilisation of insulin storage and a final avenue of this 

body of work explored cyanine dyes capable of responding to the presence of Zn2+. These 

compounds were found to exhibit some versatility, with a series of alternative zinc-sensing 

moieties examined. Some steps were taken towards the development of dual-modal imaging 

probes based on these cyanine frameworks as well as targeted fluorescent optical agents. 
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Diabetes mellitus is an increasingly alarming global health concern. However, current diagnostic ability 

is limited in its ability to detect development of the disease at the early stage. This thesis describes the 

development of imaging probes for a range of modalities which, through specific targeting of the 

insulin-producing cells of the pancreas, aim to improve in vivo imaging of this vital organ. Both peptide 

and small molecule-based targeting approaches are employed, and a substantial range of synthetic 

chemistry and methodology discussed. This introductory chapter seeks to provide context to this 

synthetic work, describing the disease diabetes and its underlying biology, the principles of molecular 

imaging and the techniques that these probes were designed for, notably magnetic resonance and optical 

imaging, a discussion on cation sensing with a focus on Zn2+, which plays a critical role in insulin 

storage, and summarising the aims and objectives of this body of work.  

Briefly, chapter 2 outlines the development of an MRI contrast agent based on the peptide exendin-4, 

GdEx, its in vivo behaviour and the synthesis of a closely related zinc-sensing probe, GdZn. Chapter 

3 discusses the generation of a ligand targeting the receptor GPR40, its complexation to lanthanide(III) 

ions of interest in the molecular imaging field and the properties and characterisation of these 

complexes. The synthesis of exendin-based probes capable of exploring agonist binding interactions at 

the receptor GLP-1R through Tb(III) and rhodamine incorporating compounds is explored in chapter 4. 

Chapter 5 focuses on the development of a range of zinc-sensing cyanine dyes capable of optical 

imaging. 

1.1. Diabetes Mellitus 

1.1.1. Epidemiology, Symptoms and Disease Development 

1.1.1.1. Global Incidence and Epidemiology 

In just 6 years between 2008 and 2014, the estimated number of people living with diabetes mellitus 

rose by more than 70 million to reach 420 million1,2. By 2035, that number is expected to exceed 600 

million – greater than the population of any country in the world excluding China and India3,4.  Diabetes, 

which was once regarded primarily as a disease of adults in advanced economies of the Western world 

associated with sedentary lifestyles, unhealthy diets and obesity may now be truly considered a 

pandemic which is the 9th most common cause of death globally5–7. Indeed, the rise in living standards 

and spread of urbanisation across the world, in conjunction with ever-increasing rates of obesity and an 

aging global population has seen diabetes affect every region of the planet in some unexpected ways: 

as many as 1 in 4 Micronesians and Saudi Arabians are sufferers; and 25% of healthcare spending by 

Latin American governments goes towards treatment and mediation of the disease7,8. Here in the U.K., 

recent analysis has shown that there are around 3.8 million diabetics in the country, who will 

unfortunately exhibit double the mortality rate of their non-diabetic peers of a similar age9,10. More than 

£23 billion was spent on diagnosing and treating diabetes in 2011 and, with the number of diabetic 
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Britons projected to rise to around 6.3 million by 2035, the disease is expected to consume as much as 

17% of British healthcare expenditure10. 

Figure 1.1: Map showing estimated national totals of diabetic adults in each country. The 3 countries with the 

highest totals are highlighted. Adapted from reference 7, with permissions7. 

1.1.1.2. Disease Sub-types, Causes and Symptoms 

Diabetes mellitus is a chronic metabolic disease attributed to either a lack of functional insulin, or an 

insufficient response by the body to insulin secretion11. Insulin is a hormone which is responsible for 

the regulation of glucose storage: its release occurs in response to elevated blood glucose levels, such 

as those after ingesting a meal, triggering the conversion of glucose into glycogen12,13. Glycogen is a 

polymer of glucose which acts as a storage molecule in the liver and muscle tissue13. In addition, insulin 

release initiates the synthesis and storage of triglycerides in adipose tissue14. Improper storage of 

glucose results in an individual’s blood glucose levels becoming unusually high: a state known as 

hyperglycaemia. In the short term, acute hyperglycaemia is associated with thirst and a frequent need 

to urinate, as well as fatigue following excretion of glucose from the body11. Persistent, chronic, 

untreated hyperglycaemia can lead to the development of several debilitating conditions including 

blindness, kidney failure and severe nerve damage to the extremities, with the latter even occasionally 

resulting in the need for amputation11,13.  

There are many contributary factors to the development of diabetes which may be genetic, 

environmental and even socio-economic, with the complex relationships between these rendering 

diabetes a challenging disease to grasp4,6–8,11,13,15. Efforts to understand diabetes and enable its treatment 

have led to its broad classification into 2 sub-types: type 1 diabetes (T1D) and type 2 diabetes (T2D), 

although recent work has attempted to reflect the complexity of the illness and move towards as many 

as 5 different sub-groups16.  
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Making up around 10% of cases of diabetes, T1D is an autoimmune disease in which T-cells of the 

immune system attack β-cells of the islets of Langerhans within the pancreas; the insulin production 

centre8,11,13,17–20. Destruction of these cells removes the body’s ability to secrete insulin, triggering the 

symptoms discussed above. T1D is often referred to colloquially as early-onset diabetes, given that it 

typically manifests in early childhood or adolescence and is almost exclusively caused by genetic 

predisposition21. The mechanisms behind the development of T2D are less well established, but it is 

suspected that there is a progressive decline in β-cell mass and functionality, with the extent of the latter 

currently a subject of debate amongst leading researchers in the field13,18,22–26. Sufferers of T2D have 

either become resistant to insulin, i.e. their bodies cannot respond effectively to insulin secretion, or 

produce insulin at insufficient quantities or in a dysfunctional form11,13,27. What has been discovered is 

that there is a strong link between numerous lifestyle and environmental factors and susceptibility to 

T2D. Smoking, excessive alcohol consumption and sedentary behaviour have all been shown to 

increase an individual’s risk of developing T2D – primarily as these behaviours can lead to obesity: 

adipose tissue secretes fatty acids, glycerol, cytokines and hormones which can interfere with insulin 

signalling pathways and trigger β-cell apoptosis and dysfunction6–8,11,28. Environmental factors are not 

exclusively responsible for T2D: a family history of the disease and ethnic background can also 

predispose an individual to developing the condition4,7. 

1.1.2. Pancreatic β-Cells 

The pancreas is found deep within the abdomen, located close to the stomach and spleen29. The organ 

is predominantly comprised of the exocrine pancreas, where digestive enzymes are produced, although 

a series of around 1 million microstructures known as the islets of Langerhans can be found dispersed 

throughout pancreatic tissue29. These islet cells make up the endocrine pancreas, responsible for 

hormone production, and β-cells are the dominant cell type in these islets, comprising up to 80% of islet 

cell mass12,29. Despite making up the bulk of the islets of Langerhans, β-cells actually only account for 

around 1% of the volume of the pancreas, although there is quite a wide variation in this proportion 

amongst non-diabetic individuals12,30. As the cells responsible for insulin production, pancreatic β-cells 

are the key to understanding both types of diabetes and their progression.  

Current understanding in the mechanism of T2D development suggests than in response to insulin 

resistance, the pancreas is able to compensate by increasing insulin secretion to help ensure glucose 

homeostasis29. Over a prolonged period, β-cell functionality decreases and the cells become unable to 

compensate for increased levels of insulin resistance, resulting in an impaired ability to moderate 

glucose levels and generation of T2D29. This presents a major challenge in the diagnosis of diabetes: 

although blood glucose levels can be measured to identify whether a patient is persistently 

hyperglycaemic, this often only becomes apparent several years after a decline in β-cell mass and 

functionality begins: sometimes as much as 80% of cell function can be lost during the asymptomatic 
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period of diabetes yet remains undetected due to the highly resilient nature of the organ15,19,23,27,29. This 

diagnosis typically comes at an advanced stage of disease progression. As a result, treatment typically 

consists of regular blood glucose monitoring, insulin injections and a strict diet and exercise regime13. 

Ideally, diabetes would be treated either through transplantation of healthy β-cells or some kind of 

pharmacological stimulation which would trigger β-cell regeneration, or at least slow β-cell 

degradation22,27,31. This would provide a long-term solution for patients, removing the need for daily 

monitoring of blood glucose and insulin injections. An early stage detection of β-cell mass loss, as well 

as a means to determine cell functionality both non-invasively and quantitatively over an extended time 

period would enable such an approach to be taken. Clinicians could utilise this method to determine 

which treatment pathway for an individual would be most effective. Currently, no such method has 

been developed18,23.  

Imaging of pancreatic β-cells and attaining quantitative data on them remains challenging for multiple 

reasons: predominantly the low proportion of the pancreas they occupy, but also their non-uniform size 

distribution and uneven sizes, all of which can lead to specificity issues in targeting15,23,30. There is a 

clear and present need for a β-cell specific imaging agent to allow for cell quantification which could 

help stem the spread of the pandemic levels of diabetes.  

1.1.3. β-Cell Receptors: Targets for Imaging Probes 

One well-established technique to develop imaging agents for specific organs or tissues is to synthesise 

a compound which incorporates a molecule, such as a peptide or other biomolecule, which binds to an 

over-expressed receptor within the tissue of interest. This can favourably influence the biodistribution 

of the agent, enhancing the image of the biological target and potentially reducing both undesired off-

target effects of the agent or the quantity of the imaging probe required32–34. The introduction of a 

targeting moiety can improve the clinical utility of an imaging probe, enhancing target to background 

signal ratio, improve agent specificity and uptake by and retention in the tissue of interest, as well as 

potentially opening the door for multimodal imaging and theranostics through intelligent probe 

design34,35. 

1.1.3.1. The Glucagon-Like Peptide-1 Receptor  

The human genome codes for the synthesis of proteins. Amongst these, the G-protein coupled receptor 

family, defined by the presence of seven transmembrane helices, is the largest group of peptides which 

is encoded for36. The glucagon-like peptide-1 receptor (GLP-1R) falls into this family36,37. A wide 

variety of tissues express this receptor, ranging from adipose tissue to the heart, lungs and kidneys37,38. 

Critically for diabetes, GLP-1R is also found in pancreatic islets: specifically β-cells, and the brain37–40. 

In the brain, activation of GLP-1R has been shown to increase feelings of satiety and slow the rate of 

gastric emptying, leading collectively to a reduction in appetite22,37,38,40. Stimulation of pancreatic GLP-
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1R results in a plethora of actions, including an increase in insulin biosynthesis and secretion, enhanced 

β-cell proliferation and reductions in both β-cell apoptosis and glucagon release22,37,38,40. 

Due to the effects of GLP-1R activation, agonists for the receptor have found success as clinical 

treatment agents for diabetes in the forms of exenatide and lixisenatide15,41. Ample evidence exists in 

the literature that GLP-1R agonists, in particular the peptide exendin-4, are utilised with great success 

in the development of imaging probes specifically for pancreatic β-cells across a wide range of imaging 

modalities3,15,27,42–52. In addition to the quantification of islet cell mass through the acquisition of single 

photon emission computed tomography (SPECT) images, these agents also include dual-modal 

fluorescence-PET probes and functionalised nanoparticles, showing the wide variety of compounds 

which have been made possible through the modification of ligands for GLP-1R. These compounds and 

their applications, along with the analysis of GdEx, a probe synthesised by the Long group for the in 

vivo assessment of β-cell mass in healthy and disease-model animals, are discussed further in chapter 

2.  

1.1.3.2. G-Protein Coupled Receptor 40 

Despite the well-known abundance of GLP-1R in pancreatic islets, recent work has established that it 

is not the most prolific on β-cells. In fact, the relatively recently discovered receptor G-protein coupled 

receptor 40 (GPR40) is the most commonly found receptor on the membranes of these critical, insulin 

producing cells53–59. Prior to the revelation that GPR40 is enriched in the pancreas, alongside the ileum 

and parts of the brain, the function of the receptor in biological systems posed a challenge to researchers, 

especially as it had been discovered via amplification of the human genome rather than observation of 

any physiological processes60–63.  

Polyunsaturated fatty acids have been shown to act as agonists for GPR40, with its activation triggering 

release of Ca2+ in β-cells and therefore augmenting insulin secretion, although the biological 

mechanisms behind this process remain unclear53–55,58,61,63. This positive effect on insulin release, which 

is known to occur in a glucose-dependent fashion has caught the eye of groups seeking to develop 

pharmaceutical methods of treating T2D64–66. Several notable reviews have been devoted to the 

discussion of developments in this field, and it has been observed that propionic acid species with polar 

aromatic appendages exhibit strong binding to GPR40, with several of these compounds progressing to 

clinical trials and even more in preclinical development64–66. Figure 1.2 shows a selection of these 

agonists, as well as examples of thiazolidinediones and diacylphloroglucionols, both of which have also 

been shown to be capable of acting as ligands for GPR4066. 
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Figure 1.2: A selection of phenyl propionic acid-based GPR40 agonists reported by i) Mckeown et al.67, ii) 

Yasuma et al.66, iii) Christiansen et al.68, iv) Hamdouchi et al.69, v) a thiazolidinedione agonist synthesised by 

Tan et al.70 and vi) a diacylphloroglucinol published by Bharate et al.71. 

Amongst the many classes of compound which have been developed as agonists for GPR40, the 

aromatic propionic acid species have shown the most promise in terms of progression to and through 

clinical trials. One of these, [(3S)-6-({2′,6′-dimethyl-4′-[3-(methylsulfonyl)-propoxy]biphenyl-3-

yl}methoxy)-2,3-dihydro-1-benzofuran-3-yl]acetic acid hydrate, (TAK-875), developed by Negoro et 

al. reached phase III clinical trials, although was discontinued in December 2013 due to concerns over 

hepatotoxicity64,69,72. Despite this TAK-875 did show significant promise, including high potency, 

sufficient oral bioavailability and selectivity over the plethora of other similar receptors72. Furthermore, 

TAK-875 was shown to avert hyperglycaemia in diabetic patients via GPR40 activation and subsequent 

insulin secretion72–74. 

Understanding of the relationship between the structure of a compound and its function in biological 

systems is key in medicinal chemistry and in the design of targeting moieties. Several critical 

interactions between TAK-875 and GPR40 have been established through the investigation of the 

structure-activity relationship (SAR)59,72. Hydrogen bonding from the carboxylic acid group has been 

shown to play a vital role in receptor binding, perhaps explaining the success of these compounds in 

the pursuit of pharmaceutical remedies for diabetes, as well as π-stacking from the aromatic rings and 

polar interaction from the methanesulfonate group59,72. 

In 2017, a series of indole-propionic acid compounds were published by Yoon et al.59. These 

compounds were shown to bind to GPR40 with an even greater affinity than TAK-875 and utilised 

many of the key binding interactions discussed above59. One compound in particular showed heightened 
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receptor binding ability, and it was hypothesised that this structure could be harnessed as a targeting 

group for imaging compounds developed to study and quantify pancreatic β-cells (Figure 1.3).   

 

Figure 1.3: i) TAK-875, ii) the compound synthesised by Yoon et al.59,72. 

The design, synthesis and testing of compounds aiming to harness the strong interactions between these 

compounds and GPR40 in imaging probes has formed an extensive part of work within this thesis. 

Chapters 3 details the synthetic work towards such compounds with potential applications in magnetic 

resonance and optical imaging, as well as the introduction of zinc chemosensing ability.  

1.1.4. Diabetes and Zinc 

Zinc is the second most abundant metal found in the human body and has a number of extensive and 

varied biological roles75. The metal is involved in over 300 cellular processes, including the function of 

at least 200 enzymes, and dysfunction in its metabolism has been linked to a vast array of diseases 

including diabetes, cancer, immune system disorders and liver cirrhosis75–78.  

Almost a century ago, in 1926, it was established that the pancreas contained large quantities of zinc 

when compared to many other organs79. Shortly afterwards, ground-breaking work by Scott resulted in 

the discovery that zinc(II) ions are responsible for the crystallisation of insulin as hexameric structures, 

and also that the level of pancreatic zinc was lower in diabetic individuals80,81.  

This early suggestion of a link between low levels of zinc and diabetes has been extensively examined 

in the 95 years since it was first reported. During this period it has been established that, within the 

pancreas itself, the islet β-cells are extremely rich in Zn2+ when compared to the rest of the organ18,78,82,83. 

Additionally, zinc(II) ions are intimately involved in insulin biosynthesis and release, as well as its 

storage76,77,84. Diabetic humans and animals have been shown to exhibit enhanced zinc loss through 

excretion, and it is now widely accepted in the field that there is an association between depleted zinc 

levels and the progression of T2D76–78,84. The exact underlying mechanisms for this correlation are 

debated, although there are several prominent theories: zinc deficiency has been shown to be related to 

oxidative stress, which may then lead to β-cell degradation77. Zinc(II) ions have been shown to have 

insulinomemetic effects and a deficiency may also result in impaired insulin secretion, interference in 

insulin receptor binding and a decrease in the biosynthesis of these receptors, or abnormal glucose 
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carrier structure formation76,77. Additionally, there is some suggestion that Zn2+ ions released during 

insulin secretion may subsequently be involved in the inhibition of glucagon release from α-cells84. 

Although the exact reasons behind the link between depleted zinc levels and diabetes remain undefined 

– i.e. whether the disruption to zinc homeostasis is the cause of β-cell functionality decline or vice versa 

- it is apparent that there is a clear link between the two, and that understanding the role played by Zn2+ 

in pancreatic β-cells may lead to greater clarity in our diagnosis and treatment of diabetes.  

The high concentration of Zn2+ in insulin secretory granules results in co-release of the ions alongside 

insulin78. It has been hypothesised that this zinc release could be quantified through ratiometric imaging 

probes: these could be fluorescent compounds or magnetic resonance imaging (MRI) contrast agents 

incorporating a zinc-chelating moiety which would undergo a change in fluorescence intensity or 

relaxivity proportional to the amount of zinc(II) present18,83,85. The images obtained using these agents 

could be quantifiably processed and used to calculate the functional β-cell mass in the organ and 

therefore potentially be utilised as an early diagnosis system for diabetes86. Zinc transporter proteins 

and the maintenance of zinc homeostasis and metabolism have also become increasingly relevant as 

pharmacological and therapeutic targets for diabetes and a whole host of other disorders75,78. The 

introduction of a zinc-binding unit to a molecule has also been promoted as a method of probe targeting: 

despite zinc(II) being highly abundant in biological systems, it is concentrated in the brain, pancreas 

and spermatozoa83,87. If a compound is able to bind to zinc ions, it is likely to localise in these zinc-rich 

areas of the body, potentially enhancing the specificity of the imaging probe. 

1.2. Molecular Imaging 

The identification and diagnosis of diseases within the human body are typically carried out through 

the monitoring of anatomical or morphological changes88,89. These physical symptoms of a disease are 

caused by changes in metabolism or physiological processes which begin at a much earlier point in time 

and the detection of these alterations could result in earlier detection of disease88,89. The field of 

molecular imaging seeks to identify and monitor these failures of biological processes at the cellular 

and sub-cellular level and enable this to be done in vivo, rather than simply examining the end stage of 

disruption to specific molecular pathways88–90. Being able to study the development of pre-disease states 

in a living organism in a non-invasive, quantifiable way would provide more meaningful, relevant 

information than in vitro analysis obtained from biopsies or other methods of pathology or tissue 

sampling88–90.  

1.2.1. The Lanthanides in Molecular Imaging 

Elements within the lanthanide series possess several unique properties which have been harnessed for 

a broad spectrum of applications within the molecular imaging field91. Although many lanthanides have 

been used to great effect, the most well-established in molecular imaging are gadolinium, terbium and 
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europium due to their magnetic and optical properties, which are discussed below and elsewhere in this 

thesis91,92. 

The useful properties of the lanthanides which lend themselves to imaging applications derive from the 

unique properties of their ions. 

1.2.1.1. Lanthanide(III) Ions 

Almost all of the lanthanides are most commonly found in the +3 oxidation state in their compounds91–

93. These ions, represented as Ln3+ or Ln(III), have the electronic configuration [Xe]4fn, where n = 0 – 

1492. The 4f orbitals are diffuse in nature and are energetically below the occupied 5s and 5p orbitals, 

resulting in a shielding effect which renders the 4f electrons core-like – i.e. the energy of these orbitals 

is mostly unaffected by the ion’s chemical environment and the 4f electrons do not make a large 

contribution to bonding in lanthanide(III) complexes91–93. This results in a phenomenon known as the 

‘lanthanide contraction’: moving across the lanthanide series, the size of the Ln3+ decreases as the 

valence electrons in the 5s and 5p sub-shells, which penetrate the 4f orbital to some degree, are more 

strongly attracted by the increased nuclear charge that comes with each additional proton91. Despite this 

change in size across the period, there is only a 0.15 Å difference in ionic radius between La3+ and Lu3+ 

in a 9-coordinate environment, and the ions behave remarkably similarly in terms of their complexation 

properties92. 

The shielded nature of the 4f orbitals results in the Ln3+ ions being uniformly large, hard and spherical, 

which causes bonding in Ln(III) complexes to be predominantly ionic and non-directional92,93. Variable 

coordination numbers are possible, with coordination complexes between 6 and 12 reported most often 

in the literature, although 8 or 9 coordinate structures are the most commonly adopted91.  

1.2.1.2. Ligands for Lanthanide(III) Ions 

As hard, Lewis acidic metal centres, the Ln3+ ions prefer anionic ligands with electronegative, 

negatively charged donor atoms such as oxygen or strongly Lewis basic atoms like nitrogen91. The 

variable coordination geometries and high coordination numbers desired by these ions can present a 

challenge to synthetic chemists. However, macrocyclic ligands such as the octadentate 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (H4dota) provide the high denticity and desired donor 

atom combination necessary for thermodynamically stable and kinetically inert complexes to be 

formed. Furthermore, macrocycles may be readily modified through synthetic alterations to the ligand 

backbone or acetate arms, which can allow the properties of the Ln(III) complexes (such as 

biodistribution) to be favourably altered. As such, macrocyclic chelates have proven themselves to be 

versatile scaffolds for use in lanthanide(III) complexes designed for molecular imaging92. 

Other considerations beyond the necessary complex stability must be taken into account, particularly 

for the luminescent ions Eu3+ and Tb3+. These are discussed further in section 1.2.3. 
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1.2.2. Magnetic Resonance Imaging 

Nuclear magnetic resonance (NMR) is a critical part of any synthetic chemist’s toolkit, where it is 

harnessed to aid in the elucidation and identification of molecular structure. Charged nuclei have a 

characteristic motion, resulting in a small magnetic moment. When a magnetic field is applied to these 

nuclei, a phenomenon called Larmor precession occurs90. This phenomenon manifests as the altered 

motion of a charged particle after the application of a magnetic field to it94. The Larmor frequency (ω0) 

is proportional to the applied magnetic field and the gyromagnetic ratio (γ), a nucleus-specific 

constant90.  

In the absence of a magnetic field, nuclei with a non-zero spin, such as protons, are randomly aligned. 

When a field, B0, is applied, these nuclei align so that the direction of the spin and the field are parallel. 

If a radio frequency is then applied to these nuclei, a second magnetic field, B1, is induced, resulting in 

the alignment of the nuclei shifting away from the direction of B0. The radio frequency utilised is the 

same as the Larmor frequency (Equation 1.1)90.  

Equation 1.1: 𝜔0 =  𝛾𝐵0 

When the radio pulse is removed, the nuclei can realign, returning to their parallel alignment with B0. 

This realignment is done via longitudinal and transverse relaxation. The times taken to relax along the 

longitudinal and transverse axes are referred to T1 and T2 respectively, and the rate of relaxation is 

dependent upon the environment of the nucleus. During this relaxation, the nuclei lose energy through 

the emission of radio frequencies, and this energy is used to generate a signal15,90. In NMR spectra this 

signal is in the form of peaks which can give information on the structural identity of a chemical 

compound through its chemical shift, multiplicity, coupling constant and integral.  

In an MRI scan, the signals given from relaxing nuclei are used to generate grayscale images of a 

patient, an anatomical sample as opposed to a chemical one. The nucleus of interest in MRI is hydrogen. 

Human tissues are predominantly composed of fat and water, and therefore contain large numbers of 

hydrogen nuclei which can be used to generate an image90. Fourier transform processes the emitted 

radio frequencies and generates a signal which is proportional to the density of hydrogen atoms at a 

particular location, enabling image construction90. As the relaxation rate of excited nuclei is dependent 

on their environment, water molecules in different biological tissues will relax at different rates. For T1 

relaxation, a reduced relaxation time results in a brighter image after Fourier transform and faster T2 

relaxation will result in darker images. These contrast differences, coupled with excellent depth 

penetration and high resolution of the images obtained through MRI scans enable detailed anatomical 

data to be collected15,18,95. In addition, it avoids exposing the patient to any ionising radiation and allows 

physiological and anatomical data to be acquired simultaneously90. 
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However, MRI is not without its drawbacks. Most notable amongst these is its lack of sensitivity: only 

a small fraction of hydrogen atoms are able to absorb the radiofrequency required to generate a 

signal18,90,96,97. This can render the imaging of some biological targets challenging. With respect to 

diabetes, pancreatic β-cells make up an extremely small fraction of the organ’s volume (1%)12,30. The 

prospect of imaging these cells is already difficult enough, and the low sensitivity of MRI adds to this 

challenge. 

1.2.2.1. Contrast Agents for MRI 

In order to overcome the issue of low sensitivity in MRI scans, a contrast agent is often administered 

during a scan. Contrast agents shorten the T1 and T2 relaxation times of water molecule protons in their 

immediate vicinity, resulting in greater differences in the brightness of the resulting image and therefore 

enabling these tissues to be more readily distinguished from one another90,96,98–103. In the clinic, contrast 

agents are administered to improve contrast in images between healthy and abnormal tissue or enhance 

certain regions of the anatomy98. Around 1 in 3 patients undergoing an MRI scan are administered with 

a contrast agent98.  

MRI contrast agents can be grouped according to their magnetic properties. Ferromagnetic contrast 

agents, typically iron-oxide nanoparticles and their functionalised analogues, distort the B0 around the 

agent, thus altering the T2* and creating contrast90,104. Several such agents have been utilised in the 

clinic, although many nanoparticulate contrast agents are no longer commercially viable105,106. The fact 

that T2 contrast agents generate negative contrast in obtained images, which is more challenging to 

interpret, is possibly behind the limited popularity of these agents. Paramagnetic contrast agents act by 

promoting T1 relaxation of water molecules, which creates brighter images90,103. The f-block element 

gadolinium forms trivalent ions with 7 unpaired electrons which are highly paramagnetic (µ = 7.94 BM) 

and rendering gadolinium-based contrast agents (GBCAs) extremely popular103,107. GBCAs have been 

in clinical usage for over 30 years, with the compound Magnevist® first synthesised in 1981 and 

clinically approved in 1988103,108–110. In the intervening decades, a total of 11 GBCAs (Figure 1.4) have 

been approved for use and Magnevist® itself has been used over 100 million times103,111. 
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Figure 1.4: Structures of the five most commonly administered GBCAs in clinical use worldwide112 i) 

Magnevist®, [Gd(OH2)(dtpa)]2-, ii) Omniscan®, [Gd(OH2)(dtpa-bma)], iii) Dotarem®, [Gd(OH2)(dota)]-, iv) 

Gadovist®, [Gd(OH2)(do3a-butrol)] and v) Multihance®, [Gd(OH2)(bopta)]2-. Adapted from reference 103, 

with permissions103. 

Magnevist® is the gadolinium(III) complex of diethylenetriaminepentaacetic acid (H5dtpa). Despite the 

early promise of this species, and other related ligands such as the bis-amide derivative H3dtpa-bma, 

the field now focuses predominantly on the use of macrocyclic ligands. Acyclic species tend to form 

more kinetically labile complexes with metal ions, which has been associated with toxicity concerns in 

patients, as discussed below. Indeed, the log K values for the Gd(III) complexes of H4dota and H5dtpa 

are 24.7 and 22.3 respectively103,113. The rate constants for demetallation at pH 1 show this difference 

in stability more drastically, with values of 3-5 x 10-7 and 1.2 x 10-3 respectively114. Although research 

into acyclic ligands for GBCAs does continue, macrocyclic derivatives form the most stable and inert 

complexes with gadolinium(III) and are therefore most appropriate for patient safety and clinical 

translation.  

The contrast agent Dotarem® is the Gd3+ complex of the macrocycle H4dota, which has been widely 

referred to in the literature as the “gold standard” for gadolinium(III) ligands32,103. H4dota forms 

extremely thermodynamically stable and kinetically inert complexes with a host of metal ions, including 

many lanthanides, which exhibit a range of interesting behaviour in solution with possible formation of 

4 different stereoisomers114. These isomers differ from one another in terms of the position of the 

pendant acetate arms (Δ or Λ according to whether the complex twists in a right- or left-handed helix 

respectively) and the orientation of the macrocycle’s ethylene bridges (λλλλ or δδδδ)103,114,115. 

Geometrically, the shapes adopted by these isomers may be described as square antiprismatic (SAP) 

and twisted square antiprismatic (TSAP), with the twist angle between the planes of nitrogen and 
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oxygen donor atoms used to characterise these two geometries115. Interconversion between these 

macrocyclic isomeric species is possible and occurs on the NMR timescale, resulting in the complex, 

broad shapes seen in 1H NMR spectra of complexes of H4dota and its derivatives with lanthanide(III) 

ions103,116. The interconversion between these isomers can impact on complex stability, and strategies 

to mitigate this have formed a significant part of the literature discussion103. 

 

Figure 1.5: The four possible stereoisomers for [Ln(dota)]- and their interconversion mechanisms. Visualisation 

of the SAP and TSAP shapes is achieved by considering planes of the macrocyclic N4 donors (white square) 

acetate O4 donors (black square). Pairs of enantiomers are diagonally opposite one another. Coordinated water 

molecules are omitted for clarity. Adapted from reference 103, with permissions103. 

Due to the low sensitivity of MRI, large quantities of contrast agent, sometimes even several grams, are 

often required in order to obtain useful images from scans of patients103. In the early 2000s, there were 

early indications of a potential link between the administration of GBCAs and the potentially fatal 

disease nephrogenic systemic fibrosis (NSF)117,118. Since Marckmann’s observations in 2006, NSF 

patients who have undergone MRI scans with a GBCA have been found to have gadolinium metal 

deposits in their heart, kidneys and skin and, perhaps even more concerning, individuals with healthy 

kidney function have suffered from gadolinium deposits in the brain103,110,119–122. Although a recent study 

has sought to quell rising concerns over the usage of GBCAs123, free Gd3+ ions have been found to be 

extremely toxic (LD50 = 0.2 mmol kg-1) due to their similar ionic radius to Ca2+, which results in 



 

 
34 

 

interference in signalling pathways mediated by the release of calcium(II) ions103,124,125. Due to the 

increased concern over the toxicity of GBCAs, the European Medicines Agency (EMA) has begun to 

restrict the administration of gadolinium(III) complexes of acyclic ligands and the U.S. Food and Drug 

Administration (FDA) has issued warnings of its own121,126,127. Due to these concerns, and others about 

gadolinium(III) which have been covered extensively in the literature, the focus in the field is now 

almost exclusively on macrocyclic ligands for Gd3+ and how these may be modified to reduce toxicity 

concerns and optimise biodistribution through the use of targeting groups to grant favourable 

biodistribution103,128–130.  

Chapters 2 and 3 of this thesis deal with the synthesis of gadolinium(III) complexes based on two 

macrocyclic ligands which have incorporated targeting moieties for GLP-1R and GPR-40. These 

complexes, which are designed for use as MRI contrast agents, aim to harness the stability and inertness 

provided by macrocyclic ligands, in addition to maximising delivery of the probes to the biological 

target of interest and therefore minimising toxicity concerns.  

1.2.2.2. Critical Factors in MRI Contrast Agent Design 

As discussed above, the contrast enhancement in an MRI scan using a contrast agent is achieved through 

the enhancement of the relaxation rate of local water molecules. The ability of a compound to increase 

this relaxation rate, and therefore generate better contrast, is its relaxivity, with greater values associated 

with more effective contrast agents102,103,114,131. The discussion in this section will focus on factors 

involved in the design of GBCAs, which are the focus of this thesis. 

There are a number of factors which determine the relaxivity of a compound, and these are shown in 

Equation 1.2132. The optimisation of each of these factors is critical in the successful design of MRI 

probes, and has been the subject of much discussion in the literature96,101,103,107,133,134. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏. 𝟐:  𝑟1 = (
𝑐𝑞

55.6
) (

1

𝑇1𝑚 +  𝜏𝑚 

) 

In the above equation, r1 is the longitudinal relaxivity of the compound, c is its concentration, q is the 

hydration state (the number of inner sphere water molecules, those which are directly bonded to a metal 

centre), T1m is the longitudinal relaxation time and τm is the water exchange lifetimes (the amount of 

time that the water molecule spends coordinated to the metal centre)96,103. Of these factors, the synthetic 

chemist is able to influence relaxivity through careful manipulation of q and τm and attempts to do so 

are discussed further below.  

Hydration state can typically be increased by a reduction in ligand denticity. Gadolinium(III) is known 

to favour 9 coordinate structures in solution107. All currently clinically approved GBCAs are based on 

octadentate polyaminocarboxylate ligands such as H4dota103. Logically, reducing the number of donor 

atoms in a ligand designed for use in a GBCA will open up coordination sites at the metal centre which 
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can then be occupied by water molecules, therefore increasing q and relaxivity of the contrast agent. 

Unfortunately, this often results in a reduction in both thermodynamic stability and kinetic inertness of 

the complex, presenting challenges for their use in vivo in light of the toxicity concerns around NSF103. 

Several different strategies have been employed throughout the literature in order to counter this 

negative impact on complex stability encountered with reduced ligand denticity. Lanthanide(III) 

complexes of macrocyclic ligands based on H4dota are known to exist as four different stereoisomers, 

as shown above (Figure 1.5). Demetallation is possible during the interconversion between these 

different enantiomers, which occurs via two mechanisms: rotation of the acetate binding arms and 

inversion of the macrocyclic ring114–116,135,136. The introduction of chirality to the backbone of the 

macrocycle and to the acetate arms of the ligand has been shown to reduce the fluxionality of the 

resultant lanthanide(III) complexes and therefore compensate for the reduction in stability associated 

with reduced ligand denticity103.  An innovative example of this approach was shown by Messeri et al., 

who stereoselectively introduced a butanoic acid chain at the α position of the acetate arm137. The 

gadolinium complex of this ligand, shown in Figure 1.6, had a hydration state of 2 and a high relaxivity 

value of 12.3 mM-1s-1, approximately 3.6 times higher than that of [Gd(dota)]- (r1 = 3.4 mM-1s-1 at 0.47 

T)138,139.  

Increasing the basicity of the ligand has also been shown to reduce fluxionality between different 

isomers of the macrocycle, and it has been shown that there is a linear relationship between ligand 

basicity and thermodynamic stability of the Gd(III) complex103,140. Maximising ligand basicity can be 

achieved through the inclusion of oxygen donors, which also helps to exploit the oxophilicity of Ln(III) 

ions102,141. This strategy has been put to use to maximise hydration state in acyclic ligands, such as the 

hydroxypyrodinate (HOPO) family which has been developed (Figure 1.6)141.  

Furthermore, restriction of ligand rotation has been shown to enhance the kinetic inertness of the Gd(III) 

complexes. Rotation results in an interruption of the donor atom-Gd interaction and can therefore result 

in demetallation. Introduction of rigid structures such as cyclohexyl rings, or even non-coordinating 

macrocycles, has been shown to enable complexes with q values as high as 3 to be synthesised103. A 

selection of these ligands, and the hydration states of their corresponding gadolinium(III) complexes, 

are shown in Figure 1.6.  
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Figure 1.6: A selection of ligands designed to form Gd(III) complexes with elevated hydration states and the 

hydration state of these: i) H6R,R,Rda-do3a137, ii) H3-tren-Me-3,2-hopo141, iii) H4aazta142, iv) H4cyaazta143 and v) 

H3-tacn-3,2-hopo144. 

Due to the lanthanide contraction, the size of lanthanide(III) ions decreases from left to right across the 

4f period, resulting in a decrease in the preferred coordination number for each ion102. Gadolinium is 

near to the centre of this period, resulting in a relatively small barrier to conversion between 8- and 9-

coordinate complexes in solution and opening up the possibility for rapid water molecule exchange in 

MRI contrast agents102. Enhancing the rate of water exchange would correspond to a reduction in water 

residence lifetime, τm, and therefore increase the relaxivity of the contrast agent. One method which has 

been employed to increase water exchange rate is to increase steric crowding around the metal centre 

and prejudice the system towards releasing inner-sphere water molecules via dissociative exchange102. 

This tactic has been employed with some derivatives of H5dtpa and H4dota, which are shown below in 

Figure 1.7, although this results in a decrease in thermodynamic stability of the resultant Gd(III) 

complexes102. 
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Figure 1.7: Ligands designed to form sterically crowded Gd(III) complexes with decreased τm values: i) 

H5eptpa145, ii) H5dtta-Nprop145 and iii) H3do3a-pyNox146. 

One of the mechanisms involved in paramagnetic relaxation is dipole-dipole coupling between the 

paramagnetic metal ion and the proton of any coordinated inner-sphere water molecules147. This 

contribution to T1 relaxation may be described by Equation 1.3, in which T1
DD is the dipolar 

contribution to longitudinal relaxation147. 
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In this equation, µ0 is the magnetic permeability of free space (4π x 10-7 NA-2), γH is the proton 

gyromagnetic ratio (2.675 x 108 rad s-1T-1), ge is the electronic g factor of the paramagnetic metal centre 

(2 for Gd(III)), µB is the Bohr magneton (9.274 x 10-24 JT-1), S is the spin quantum number, rMH is the 

distance between the proton and the metal centre, ωH is the Larmor frequency of a proton and τc is the 

correlation time147. 

Correlation time has been shown to have a relationship with water residence lifetime (τm) and molecular 

rotational correlation time (τR), which is essentially a description of the tumbling rate of the compound, 

i.e. how fast it rotates in solution148. This relationship is shown by Equation 1.4147.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏. 𝟒: 
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Molecular rotational correlation time itself depends on many factors, as shown by Equation 1.5149.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏. 𝟓: 𝜏𝑅 =  
4𝜋𝑎3𝜂

3𝑘𝑇
 

The variables above are solvent viscosity (η), temperature (T), k: the Boltzmann constant (1.381 JK-1) 

and, critically, molecular volume, approximated by 
4

3
πa3 in which a is the radius of the molecule149. 

Molecular volume corresponds roughly to molecular weight150. As this is also within the control of 

synthetic chemists, manipulation of molecular weight to slow molecular rotation, and therefore increase 

relaxivity, has also been employed by those in the field who seek to develop effective MRI contrast 

agents147,148,151. 
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Many in the field have sought to increase the molecular weight, and therefore τR, through conjugation 

to nanoparticles152, dendrimers153 and biological macromolecules such as polysaccharides and 

peptides96,102. Interaction between GBCAs and the peptide human serum albumin (HSA) has been used 

to result in drastic increases in relaxivity, as seen with the blood pool imaging agent MS-325114. This 

compound contains a large, lipophilic phenyl cyclohexyl ester which enabled peptide binding and 

improved in vivo circulation time of the probe and its relaxivity154,155. 

Zinc-sensing MRI probes, such as that reported in 2009 by Esqueda et al., exploit the interaction 

between HSA and lipophilic GBCAs151. The concept of zinc-sensing is discussed further below, but in 

principle, relies on the synthesis of a chemosensor which alters its properties in the presence of Zn2+ 

ions. Esqueda et al. produced a macrocyclic ligand which contained two dipicolylamine (DPA) moieties 

capable of binding to zinc(II) ions. When this took place, the ternary complex was then able to form a 

macromolecular species through coordination to HSA, resulting in a dramatic increase in relaxivity 

from the increased molecular weight86,148,151. 

 

Figure 1.8: Two compounds designed to exhibit a significant relaxivity increase via an interaction with 

the peptide HSA and corresponding increase in molecular rotational correlation time: i) MS-325155 

and ii) Gd-DOTA-diBPEN151. 

It is clear that there are many factors to be considered in the development of GBCAs to be utilised as 

MRI contrast agents. There is often a subtle interplay between these different factors, with the pursuit 

of greater hydration state or water residence time frequently associated with a reduction in complex 

thermodynamic stability or kinetic inertness. Coordination between GBCAs and macromolecules is also 

often associated with a reduction in aqueous solubility, which could present problems in vivo102. Each 

of these factors were taken into consideration in the design and synthesis of compounds to be used as 

MRI contrast agents, which is discussed in chapters 2, 3 and 4 of this thesis.  

1.2.3. Optical Imaging 

Due to the simplicity of the techniques involved, the use of light to generate contrast was harnessed 

early in the field of molecular imaging – indeed, optical microscopy was invented in the mid-17th 
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century, with the invention of the microscope and its early usage in the study of biological 

organisms156,157. Biologists have utilised optical imaging to study cellular structure and biological 

processes since then, and it remains one of the dominant tools in the medical sciences today, allowing 

both qualitative and quantitative data to be obtained90,156.  

1.2.3.1. Principles of Luminescence 

Luminescence, a term which applies to two phenomena – fluorescence and phosphorescence, may be 

harnessed through advanced microscopy techniques to acquire images with greater contrast and signal-

to-noise ratio than simple optical microscopy, which relies on reflected or transmitted light158. 

Fluorescence, which is short-lived with a lifetime of less than 10-8 seconds, is a property of certain 

molecules which may absorb specific wavelengths of light159. These molecules, known as fluorophores, 

absorb a photon of light and emit another photon at a different, specific, characteristic wavelength90,160. 

In phosphorescence the emission is typically less intense, longer-lived and can continue after the 

removal of the excitation source159. The photophysical properties of luminescent compounds can be 

explained and described through consideration of their electronic states. For many organic molecules, 

singlet (Sn) and triplet (Tn) electronic states are typical. In the former, the spins of all electrons in the 

system are paired, whereas in the latter one set of electron spins remain unpaired. Different vibrational 

and rotational energy levels exist within these electronic states and, although these impact little on the 

photophysics of the system, help to fully describe luminescent systems energetically90,159–161. 

In fluorescence processes, a molecule is promoted from the ground state (S0) to an excited singlet state 

(Sn) by absorption of a photon with an energy equal to or greater than the energy gap between the two 

levels160. Equation 1.6 describes the critical relationship between this energy gap (E) and the 

wavelength of the absorbed photon (λ) in terms of Planck’s constant (h = 6.626 x 10-34 Js), frequency 

of the photon (ν) and the speed of light (c = 2.998 x 108 ms-1)160. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏. 𝟔: 𝐸 = ℎ𝜈 = ℎ
𝑐

𝜆
 

The excitation process will typically populate the first excited singlet state (S1), with the population of 

the vibrational and rotational energy levels with this state described by a Boltzmann distribution – i.e. 

most molecules within the system will occupy the lowest vibrational level within the S1 state160. Non-

radiative decay processes allow molecules at greater vibrational energy levels to relax to the lowest 

vibrational energy state via vibrational motion without the emission of a photon90,160,161. Internal 

conversion processes can also take place to populate the S1 state from higher energy excited singlet 

states (S2, S3 etc.)159. The molecule then remains at this energy level for a short time period (ps to ns) 

before undergoing radiative decay in which a photon of light is emitted to return the system to the 

ground state (S0). Fluorescence emission always occurs from the S1 excited state159. The difference in 

wavelength between the absorbed and emitted photons is known as the Stokes shift158,160. Fluorescence 
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is short-lived due to the spin-allowed nature of the S1 → S0 process and typically occurs in wholly 

organic fluorophores156,158. 

Phosphorescence is a similar process, but the radiative decay is associated with a transition between 

electronic states with different spin multiplicities159. Furthermore, phosphorescence processes have a 

much longer lifetime than fluorescence as the transition is spin-forbidden and phosphorescence is 

typically much less intense159. The excitation process is similar to that observed in fluorescence, with 

absorption of a photon enabling excitation of the molecule (S0 → S1). However, a process known as 

inter-system crossing (ISC) then takes place to populate the first excited triplet state of the system (S1 

→ T1). Further non-radiative decay processes may then take place within the T1 state before radiative 

decay via emission of a photon returns the system to the ground state (T1 → S0)159. Both fluorescence 

and phosphorescence may be described through the use of a Jablonski diagram (Figure 1.9)162. 

Figure 1.9: Jablonski diagram showing the processes involved in fluorescence and phosphorescence159,162. 

 

Radiative decay via these two mechanisms are harnessed in optical imaging in order to obtain 

information on biological systems. Fluorescence and phosphorescence may be quantified by the 

quantum yield of the emission – the ratio of emitted photons to absorbed photons – and the emission 

lifetime90,163.  

Whilst many biomolecules have luminescent properties, the majority of intracellular components do 

not possess useful photophysical properties for facile observation of biological systems, necessitating 

the use of staining agents or exogenous chromophores to be applied to cells to enable their study. Prior 
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to the 20th century, these agents were typically coloured dyes derived from natural sources such as 

saffron, carminic acid or hematoxylins (derived from cochineal beetles and wood respectively) which 

would stain cellular components differently according to their composition and therefore generate 

contrast156,164,165. After the development of fluorescence microscopy in 1904, the field of agents rapidly 

expanded – early work utilised naturally occurring fluorophores such as aromatic amino acids, although 

these suffered from low quantum yields and reduced photostability156. As such, there arose a need for 

alternative fluorescent imaging agents and a novel area of organic chemistry was born. 

1.2.3.2. Organic Chromophores and Fluorophores 

Mauveine, the earliest artificial dye, was first synthesised serendipitously in 1856 by William Henry 

Perkin at Imperial College London166, and found applications as a staining agent for optical microscopy 

in the 1860s. Other azine compounds and the related thiazine family has been used to stain and identify 

cells since the 1880s156,167–169. Other early developments of fluorescent dye compounds included the 

xanthene family, of which fluorescein was the first isolated in 1871. Since then, the field has expanded 

rapidly, generating an enormous range of compounds (Figure 1.10). Perhaps the largest family of these 

dyes is the polymethines, which consist of an electron donor and an electron acceptor separated by a 

conjugated spacer such as an unsaturated carbon chain156. This family includes triarylmethines, styryls 

and cyanines, amongst others. 

 

Figure 1.10: Structures of various fluorescent compounds i) Mauveine, ii) Fluorescein, iii) a triarylmethane, iv) 

dihydroxyanthraquinone general structure, v) tetrazolium general structure, vi) BODIPY core structure, vii) 

closed cyanine general core structure. 

These fluorescent compounds have been widely utilised, and the field has developed to try to garner as 

much information as possible from optical imaging. This has included the conjugation of biomolecules 
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and synthetic fluorophores, either covalently or non-associatively, which allows the chemical nature of 

fluorescent probes to direct their cellular localisation. In addition, some have been developed into 

chemosensors which exhibit a change in photophysical properties such as fluorescence intensity or 

wavelength indicating a recognition event. This could include ion sensing or enable the probing of 

enzymatic activity156. Cyanine (Cy) dyes are a classic example of this, with Cy3 and Cy5 having been 

used as tagging agents for nucleic acids, peptides and a whole host of other biomolecules156.  

Many of the compounds above fluoresce in the visible region. There are several problems associated 

with this, most notably that biomolecules will often autofluoresce in the same region, which can result 

in increased background noise and detract from the useful information being acquired. As such, the 

field is moving towards organic fluorescent compounds which emit in the near-infrared region (λem = 

700 – 1000 nm)87,170. Chapter 5 of this thesis focuses on some near-infrared emitting cyanine dyes and 

attempts to produce multi-modal imaging agents capable of quantifying Zn2+ levels in the pancreas. 

1.2.3.3. Lanthanides for Optical Imaging 

As discussed above, there are some issues with the use of organic fluorophores as optical imaging 

agents. Often, this is a difficulty in differentiating between the signal and background noise from 

luminescent biological materials due to similar emission lifetimes or wavelengths158. Photobleaching is 

an additional concern associated with the use of organic compounds – the excited states of organic 

fluorophores can often react in vivo with oxygen or reactive oxygen species to produce non-emissive 

compounds and reduce overall signal intensity158. Luminescent metal ions are less prone to 

photobleaching due to different structures of their excited states, and typically exhibit longer 

luminescence lifetimes than their organic counterparts, and therefore offer an ideal alternative to help 

bypass these problems.  

Although some imaging capabilities are possible with the d-block metals, notably rhenium and 

ruthenium, the majority of the trivalent lanthanides ([Xe]4fn, n = 0 - 14) are luminescent and more inert 

than their transition metal counterparts. Due to the core nature of the 4f orbitals, the lanthanides 

typically adopt similar coordination chemistry and geometry across the series, with much weaker ligand 

field effects observed when compared to the transition metals158. Luminescence of the Ln3+ ions results 

from 4f → 4f transitions, which are parity forbidden and therefore exhibit large Stokes shifts and 

lifetimes on the micro- to milli-second scale158. The emission spectra recorded from these ions are also 

characteristic of the metal centre involved, allowing it to be readily distinguished from any background 

autofluorescence158. This field is still in its infancy compared to the use of organic optical imaging 

agents, with some of the earliest examples of optical imaging with Ln3+ complexes published in the late 

1990s158,171.  
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Due to the forbidden nature of the 4f → 4f transitions responsible for lanthanide(III) luminescence, the 

associated molar absorptivities for these emissions are very low for direct excitation of the metal ion. 

In order to avoid this, a sensitising chromophore, also referred to as an antenna, is required158. The 

antenna structure, which may be covalently attached to the Ln3+ chelator, absorbs light in order to 

become excited before transferring this energy to the 4f excited state, which then undergoes non-

radiative decay and emission, resulting in characteristic, long-lived luminescence158. This antenna group 

must effectively absorb light but must also have a triplet state of a suitable energy in order to sensitise 

the lanthanide(III) centre and not simply exhibit short-lived fluorescence158. The triplet state should 

typically be >2000 cm-1 higher in energy than the lanthanide ion acceptor state – this thesis focuses on 

complexes of Eu(III) and Tb(III), which have acceptor states of 5D0 (E ~ 17200 cm-1) and 5D4 (E ~ 20400 

cm-1) respectively158. Generally, these antenna absorb in the region of 350 – 410 nm and are 

polyaromatic or heterocyclic158. 

The vibrational oscillation of O-H, N-H and C-H bonds can enable non-radiative decay of excited states. 

This can result in reduction of quantum yields of many Ln(III) complexes158. This can be counteracted 

through increasing denticity, hydrophobicity and rigidity of the ligand encapsulating the metal centre, 

which inhibits the approach of water and other solvent molecules and therefore can enhance emission 

intensity. Accordingly, many of the existing lanthanide-based imaging agents are based on highly 

thermodynamically stable and kinetically inert macrocyclic ligands, including some shown below 

(Figure 1.11)158.  

 

Figure 1.11: Examples of complexes of macrocyclic ligands with the lanthanide ions Eu3+ and Tb3+, synthesised 

by i) Bornhop et al., ii) McMahon et al. and iii) Lee et al.171–173. 

1.2.4. PET Imaging 

Positron emission tomography (PET) is a nuclear imaging technique which is highly regarded in the 

imaging field for its extremely high sensitivity. PET has been utilised to analyse and monitor 

physiological processes in vivo and, in addition to its enhanced sensitivity over techniques such as MRI, 

there is no need for an external excitation source which can enable more facile imaging in a clinical 

setting, although there are concerns about the limited spatial resolution of the technique due to the short 



 

 
44 

 

distance travelled by positrons prior to annihilation, which is discussed below90,174–177. In addition, there 

are many readily available radioactive isotopes with a range of half-lives which may be utilised to 

monitor changes in metabolic or physiological processes at the cellular level, which can often be the 

early stages of disease development90. 

PET imaging relies on the use of radioactive imaging agents. These agents incorporate radionuclides 

which decay with the emission of a positron, the antimatter component of an electron. These positrons 

will travel a short distance through a tissue, typically less than 2 mm, until it encounters an electron and 

undergoes an annihilation process which results in the emission of two γ-rays at 180° to one another, 

which are then detected externally and used to generate a three dimensional image of the sample90. 

Currently, the isotope 18F dominates in the clinic, primarily due to its 110 minute half-life, which is 

long enough to allow for radiochemical syntheses and imaging agent distribution, but short enough to 

avoid excessive radiation dose delivery to the patient in the form90,178. This half-life is far more useful 

in the clinic than other organic radioisotopes such as 15O, 13N and 11C, which exhibit half-lives of 2, 10 

and 20 minutes respectively90,179. The decay of 18F is shown in Equation 1.7. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏. 𝟕: 𝐹9
18 →  𝑂8

18 + 𝛽+1
0  

When considering the uptake of a radiotracer into cells, there are additional advantages to the use of 

18F. Chief amongst these is that the C-F bond acts as a bioisotere for C-H and C-OH moieties and that 

the latter can be replaced with the former with minimal changes to a compound’s in vivo behaviour178. 

Many successful PET radiopharmaceuticals are based on this principle, and three examples, including 

the widely used [18F]-fluorodeoxyglucose (18-FDG) are shown in Figure 1.12.  

 

Figure 1.12: Widely used PET imaging agents incorporating 18F: i) 18-FDG, ii) 3’-[18F]fluoro-3’-

deoxythymidine and iii) 6-[18F]fluoro-L-DOPA178. 

Radioactive fluorine may be conveniently introduced into organic molecules through nucleophilic 

substitution reactions, typically displacing sulphonate, triflate, mesylate or tosylate groups178. The use 

of chelating units for radiolabelled AlF3 units is also an attractive area of the field180.  

The use of organic elements in PET radiotracers is extremely widespread. However, there is an 

increasing interest in radiometals, which can be readily introduced into a chelate without potentially 

difficult organic bond formation181. Furthermore, many metallic positron emitters exhibit much longer 

half-lives than their organic counterparts, lending themselves to antibody conjugation and potentially 
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allowing patient imaging over a longer time period, which could enable more information to be acquired 

following administration of a single radiotracer181. Two radioisotopes of interest are 64Cu and 89Zr, 

which have half-lives of 12.7 and 78.5 hours respectively181. Both of these metals emit low-energy 

positrons, allowing high resolution images to be obtained.  

Chapter 5 discusses some attempts to introduce 18F to a family of zinc-sensing cyanine dyes to enable 

PET imaging, as well as steps towards the chelation of zirconium and copper by these compounds. 

1.2.5. Dual-Modal Imaging  

Although each of the imaging techniques discussed above are powerful and have been successfully used 

in the clinic for decades, they are not without their drawbacks. Optical imaging is known to suffer from 

poor tissue penetration, rendering sub-surface imaging challenging170,182–184.  

MRI is renowned for its low sensitivity, requiring contrast agents to be administered in large quantities 

compared to other imaging modalities and presenting a particular challenge when trying to distinguish 

targets which are present at low levels in the body18,95,96,183,184. Furthermore, PET is associated with a 

high cost and synthetic difficulties in probe synthesis with short time frames required, as well as low 

spatial resolution and concerns over radiation dose to the pateint32,183–185. 

The development of imaging agents which are capable of multi-modality has been widely explored in 

the literature183,184,186. These compounds and materials seek to harness the benefits of specific imaging 

techniques and overcoming their limitations by synthesising individual probes with the structure or 

properties to allow different imaging types to be exploited. This is favourable to simply administering 

two different agents which may have different biodistribution profiles and could result in toxicity or 

data fusion issues186. Other benefits include potential development of theranostic agents, cross-

validation of probe accumulation, treatment response and an overall improved understanding of the 

subcellular processes which are the initial steps in disease development183,184,186. 

In the design of multi-modal imaging agents, due consideration must be made to the imaging techniques 

which the probe will be capable of. Ideally, these modalities will either have some complementary 

properties – i.e. nuclear imaging techniques such as PET and SPECT share a high sensitivity with 

optical imaging and so the concentration of probe could remain constant no matter which detection 

technique was employed186 – or one will compensate for the shortcomings of another and vice versa – 

consider the low sensitivity of MRI being made up for the sensitivity of optical probes which themselves 

suffer from poor depth penetration183,184. The components of an imaging probe or contrast agent must 

also be chemically compatible and synthetically accessible. Table 1.1 shows the properties, common 

imaging probes, advantages and disadvantages of imaging techniques which dominate in the clinic. 
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Modality Spatial 

Resolution 

Depth 

Penetration 

Probes Advantages Disadvantages 

Optical 1-3 mm mm Organic dyes, 

QDs, Ln(III) 

complexes 

High sensitivity, 

avoidance of ionising 

radiation 

Poor penetration 

MRI 10 – 100 µM No limit Gd(III) and 

Mn(II) 

complexes, 

iron oxide 

nanoparticles 

High resolution, 

avoidance of ionising 

radiation, 

information on 

physiological and 

anatomical processes 

Low sensitivity, high 

cost 

CT 50 - 200 mm No limit Iodine, 

Ln(III) and 

Au 

compounds 

High resolution Exposure to ionising 

radiation, high cost 

SPECT/PET 0.5 – 2 mm No limit Radioactive 

isotopes: 18F, 

11C, 64Cu etc. 

Quantitative, 

information on 

metabolic processes 

Exposure to ionising 

radiation, low 

resolution 

Ultrasound 50 – 500 mm mm - cm Microbubbles Low cost, safe and 

fast 

Low resolution 

Table 1.1: A summary of the properties and contrast agents employed in a variety of imaging techniques184. 

1.2.5.1. Dual-Modal MRI-Optical Contrast Agents 

Later in this thesis, notably in chapter 5, the synthesis of some optical-PET and optical-MRI imaging 

agents is discussed. The Long group has successfully developed several dual-modal optical-MRI 

probes, one of which, reported by Stasiuk et al. in 2015, was shown to favourably accumulate in 

pancreatic β-cells and shown to act as a zinc chemosensor18.  Another, synthesised by Rivas et al. in 

2013, exhibited pH sensing ability via the rhodamine group appended to the macrocyclic chelator95. 
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Figure 1.13: Two dual-modal optical-MRI probes synthesised by i) Rivas et al.95 and ii) Stasiuk et al.18.  

MR-optical agents are often based on H4dota and its related macrocycles to avoid the toxicity issues 

associated with the release of the highly paramagnetic Gd3+ ion in vivo. These chelates can be covalently 

attached to organic dyes or other luminescent moieties to introduce the capability for optical imaging 

to these paramagnetic complexes. Figure 1.14 shows further examples of these from elsewhere in the 

literature.  

 

Figure 1.14: Additional optical-MRI probes synthesised by i) Mishra et al187. and ii) Koullourou et al.188. 

Extensive work has been focussed on the development of optical-MR probes based on nanoparticles 

and quantum dots (QDs), each of which have a large surface area available for functionalisation. Many 

of these are based on superparamagnetic iron oxide nanoparticles (SPIONs) which provide T2 contrast 

enhancement and therefore negative contrast in images, leading to potential issues in image analysis in 

the clinic183,184. 

One particularly innovative approach to the application of dual-modal MRI probes is the administration 

of complexes of Gd3+ and another lanthanide(III) ion with the same ligand. The ratio of metals may be 

tuned to make up for the low sensitivity of MRI. This has been successfully employed by Laurent et al. 

and Malikidogo et al. to enable dual-modal imaging with Gd3+/Eu3+ and Gd3+/165Er3+ complexes of 

pyridine-polyaminocarboxylate ligands for MR-optical and MR-SPECT imaging respectively183,189,190. 

Malikidogo’s compound was also capable of zinc-sensing, exhibiting a change in relaxivity in the 

presence of Zn2+. These two compounds are shown in Figure 1.15.  
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Figure 1.15: The ligands utilised to administer dual-modal “cocktails” by i) Laurent et al.190 and ii) Malikidogo 

et al.189. 

1.2.5.2. Dual-Modal Optical-Nuclear Imaging Agents 
The combination of optical and nuclear imaging agents is routinely employed in the diagnosis and 

management of disease183,186,191. Both modalities are extremely sensitive, and the excellent depth 

penetration of PET can make up for the poor tissue penetration of fluorescence imaging. Optical images 

can also be used to cross-validate nuclear images and also to trace dual modal probes after their 

radioactivity has declined183,186. Most of the work in this area has focussed on the use of radiometal 

chelates which are conjugated to organic dyes in an analogous fashion to the MR-optical agents 

discussed above183. However, there is great potential in the use of organic radionuclides such as 11C and 

18F which can be used to radiolabel organic compounds without affecting their biodistribution183.  

Due to the increased penetration of photons in the near-infrared (NIR) window, cyanine dyes have 

begun to be incorporated into dual-modal optical-nuclear imaging agents183. One notable example 

incorporating the cyanine dye indocyanine green and a chelator for 111In, utilised in SPECT imaging, 

was developed by Xu et al. in 2007 and is also capable of bioconjugation to enhance its distribution in 

vivo191. Although designed as an optical/SPECT compound, this chelator could also be used to bind to 

86Y to form a PET-optical dual modal probe. 
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.  

Figure 1.16: The ligand, based on indocyanine green, synthesised by Xu et al.191.  

Chapter 5 discusses the synthesis of a range of cyanine dye compounds and steps towards their 

functionalisation as dual-modal fluorescence-PET imaging agents.  

1.2.6. Towards Next-Generation Imaging Agents 

As collective understanding of dual-modal imaging agents develops, attention in the field has begun to 

turn towards more advanced probes. It is hotly anticipated that theranostics will be a growing area in 

future, where a single probe can be adapted to enable diagnosis and treatment of a disease condition at 

a cellular level183. Furthermore, the design and synthesis of probes which are sensitive to their 

environment, such as ion concentration, is of increasing interest as a means to probe the physiological 

processes which occur prior to disease development. An example of an ion-sensing dual modal optical-

MRI probe was reported by Jang et al. in 2013 and is shown in Figure 1.17. Chapter 5 also discusses 

the concept of ion-sensing and responsive dual modal probes. 

 

Figure 1.18: The smart dual modal probe synthesised by Jang et al.192.  

1.2.6.1. Zinc-Sensing MRI Contrast Agents 

As discussed above, zinc(II) is especially abundant within pancreatic β-cells, and its release could be 

monitored as a means of β-cell quantification. For many years, the low sensitivity of MRI was 

considered a major obstacle to the detection of physiological levels of zinc(II)18,193. However, many in 
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the field have sought to explore the concept of Zn2+ sensing through the use of optimisation of factors 

contributing to contrast agent relaxivity. The earliest example of this strategy was published by Hanaoka 

et al. in 2002, who synthesised a family of bis-amide derivatives of H5dtpa incorporating the zinc-

binding unit DPA (Figure 1.18)194.  

 

Figure 1.18: One of the first published zinc-sensing MRI contrast agents194. 

An understanding of one of the mechanisms critical to an increase in relaxivity was first reported by 

Major et al195,196. Major’s probes were based on a macrocyclic framework but incorporated two 

additional acetate arms. In the absence of Zn2+, these arms were coordinated to the gadolinium(III) 

metal centre, saturating the ion’s coordination sphere and preventing coordination of any water 

molecules195,196. The relaxivity of this probe in the absence of Zn2+ was 2.3 mM-1s-1, corresponding to a 

hydration state of 0195. In the presence of zinc(II) ions, the two acetate arms not directly bonded to the 

macrocycle move from the Gd3+ ion to the Zn2+, opening up additional coordination sites on the 

gadolinium(III) centre and allowing inner sphere water molecules to approach195,196. The authors 

reported that the relaxivity of the probe increased to 5.1 mM-1s-1 during zinc binding, which suggested 

a q value of 1 and implied that this mechanism was taking place195.  
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Figure 1.19: The compound synthesised by Major et al. and its increase in hydration state in the presence of 

Zn2+ 195. 

This technique has been utilised previously in the Long group to produce zinc-sensing MRI contrast 

agents, such as that reported by Stasiuk et al. (see above, section 1.2.5.1)18. In addition to this 

compound’s dual-modal capabilities, zinc binding through its aminoaquinoline moiety resulted in an 

increase in q from 1 to 2 and a corresponding enhancement in relaxivity18. Stasiuk’s probe was also 

shown to be capable of pancreas-specific contrast enhancement, with an increased retention in the organ 

compared to that of [Gd(dota)]-. This could be due to some degree of targeting conferred on the probe 

by its zinc-binding: Zn2+ is found in large quantities in the pancreas compared to other organs. Indeed, 

it may be possible to use the change in relaxivity of zinc binding MRI contrast agents to assess 

pancreatic function – the role of zinc(II) in insulin storage is well-known and extensively discussed 

above (section 1.1.4). The co-release of Zn2+ alongside insulin results in a ten-fold increase in serum 

concentration of zinc(II) ions, and presents an opportunity for the exploration of β-cell function148,193. 

The examples of zinc-sensing MRI contrast agents mentioned above utilise an increase in hydration 

state to trigger relaxivity enhancement. A different approach, based on coordination to HSA and a 

subsequent slowing of molecular rotation and increase in τR and therefore relaxivity, was first reported 

by Esqueda et al.151. This probe, shown above in section 1.2.2.2, exhibited a low affinity for the peptide 

HSA in the absence of Zn2+, but could form a ternary complex after ion coordination151,193. This group 

have extensively studied this probe’s interaction with HSA and used it to image glucose-stimuated 

insulin secretion in vivo86,148,151,193. A recent publication in 2018 by Martins et al. synthesised a 

compound with a lower affinity for Zn2+ than that reported by Esqueda, with this reduction in affinity 

achieved from the introduction of an additional methylene unit in the zinc-sensing DPA arm and 

resulting in a better signal-to-noise ratio in the images obtained in vivo86. This concept is explored 

further in chapter 2 of this thesis.  
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Figure 1.20: The two compounds produced by Martins et al., with the compound on the right exhibiting a 

reduced affinity for Zn2+ but an improved signal to noise ratio in vivo86. 

Zinc-sensing MRI contrast agents present a powerful opportunity to explore the functionality of 

pancreatic β-cells. Although the first example of  assessment of β-cell function utilised a manganese(II) 

species and many other high-spin manganese-based zinc-binding contrast agents exist in the literature, 

it was decided to pursue zinc sensing through GBCAs148,193,197. This was for a number of reasons, 

primarily the greater magnetic moment of Gd(III) compared to Mn(II) (although there is increasing 

interest in the latter in contrast agents198), the wide application of GBCAs in the clinic and the well-

established coordination chemistry of Gd3+, which can be readily translated to other lanthanide(III) 

centres with imaging applications. Furthermore, it was hoped that the work described in this thesis could 

build on previous successes in the Long group, which dealt with zinc-binding in GBCAs. 

1.2.6.2. Zinc-Sensing Fluorescence Imaging Agents 

The electronic configuration of Zn2+ is d10 and prefers tetrahedral coordination geometry199,200. This 

renders the ion spectroscopically silent – many of the techniques used to examine other metal ions such 

as UV-visible light spectroscopy and electron paramagnetic resonance cannot be used in its detection201. 

Techniques such as X-ray photoelectron and fluorescence spectroscopy are used in zinc(II) 

detection201,202. Fluorescence spectroscopy lends itself to this detection due to its high sensitivity, on-

off switchability, ease of use and accuracy202–204. A fluorescent chemosensor is a compound which is 

capable of transferring environmental  information, such as the presence of an analyte or pH changes, 

into a change in its photophysical properties – for example, a change in emission intensity or a shift in 

emission wavelength200,202,205. This change could be binary – i.e. an on-off sensor which can act as a 

molecular switch indicating the presence of an ion or a pH value below a certain value – or it could be 

ratiometric and proportional to the concentration of the analyte of interest204. Structurally, these 

chemosensors consist of a fluorophore which is linked to a receptor for the analyte of interest205.  

1.2.6.3. Mechanisms of Zinc-Sensing in Fluorescence 

Molecular probes intended to sense Zn2+ ions are typically designed to harness two specific fluorescence 

processes. These are internal charge transfer (ICT) and photoinduced electron transfer (PeT)200,202,204–

206. In the presence of zinc(II), a probe designed to signal a recognition event via ICT will undergo a 
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spectroscopic band shift, i.e. a change in its absorption and emission wavelengths, and compounds 

designed to make use of PeT will signal the presence of Zn2+ through an emission intensity increase206. 

The desired photophysical behaviour in the event of zinc binding directs probe design and synthesis 

according to which mechanism is required.  

ICT chemosensors consist of a fluorophore which is covalently bonded to a receptor without the 

inclusion of any spacer group. This forms an extended, conjugated π system with an uneven distribution 

of electron density – i.e. a dipole moment exists across the π system and there is an electron rich and an 

electron poor terminal204–206. Charge transfer can occur from the electron-rich region of the π system to 

the electron-poor region, and this process is enhanced by photon absorption204–206. A binding event will 

generate a partial positive charge at the terminal of the π system where the receptor is – this occurs due 

to the Lewis acidic nature of Zn2+, which results in a withdrawal of electron density from the cation 

receptor204. As a result, the energy levels of the frontier molecular orbitals of the π system, which are 

involved in the fluorescence process, will change, resulting in a shift in both the absorption and emission 

wavelengths of the system, which can be ratiometric and in proportion to the concentration of the ion 

which is in the probe’s microenvironment200,206.  

Cation sensors which harness the PeT detection mechanism have a spacer between the ion receptor site 

and the fluorophore. This receptor typically contains a high energy, non-bonding electron pair and, as 

such, nitrogen atoms are commonly seen in PeT systems205. In the absence of Zn2+, chemosensors of 

this type are either non-emissive or only fluoresce weakly due to quenching of the fluorophore excited 

state by the receptor moiety205. This occurs through PeT: in a cation-free system, photon absorption 

triggers promotion of an electron from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) of the fluorophore (i.e. the ground to excited state S0 → S1). The 

HOMO of the receptor moiety, which remains distinct from the conjugated system due to the inclusion 

of the spacer group, is of a similar energy to the unoccupied HOMO of the fluorophore and is therefore 

able to non-radiatively transfer an electron to the fluorophore205,206. This results in a quenching of the 

fluorescence process. After binding to Zn2+, the HOMO of the receptor is lowered in energy, sitting 

below the energy level of the fluorophore HOMO. This prevents transfer of an electron after fluorophore 

excitation and therefore eliminates quenching206. Chemosensors which utilise the PeT process therefore 

signal recognition events through a dramatic increase in fluorescence intensity200,202,204,205.  

1.2.6.4.  Zinc Receptor Moieties  

In addition to a probe’s desired photophysical response to the presence of Zn2+, there are several other 

factors to consider in the development of cation chemosensors. From a basic chemical standpoint, due 

consideration must be given to the nature of the atoms in any receptor group, as this can help improve 

affinity of the probe for Zn2+, as well as confer some degree of selectivity over other metal ions.  
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According to hard-soft acid base (HSAB) theory, Zn2+ has a borderline hard-soft Lewis acidic nature 

and will therefore favour coordination to borderline bases such as pyridine over hard, charged species 

such as oxygen199. Oxygen donors are often used to chelate alkali metal ions such as Na+ and K+, which 

are widely found in biological systems, so HSAB theory suggests that the use of aromatic nitrogen or 

sulphur donors may be more appropriate and result in the development of probes with greater selectivity 

and stronger binding199. Furthermore, Zn2+ is a d10 metal ion which, unlike many transition metal ions, 

has no specific coordination geometry preferences determined from ligand field stabilisation energy 

(LFSE) – tetrahedral zinc complexes are widespread in the literature and in natural systems because of 

this and therefore tetradentate receptor systems may also be preferable199,200. Specificity is also a key 

factor, and interactions with other endogenous metals such as Ca2+ should be minimised to avoid 

disruption to cell signalling pathways207. 

These considerations have given rise to a plethora of different zinc-sensing moieties. There are many 

examples from the literature of substituted quinolines being employed as Zn2+ receptors, including from 

previously within the Long group and in the pursuit of compounds capable of dual modality. This unit 

and examples from Stasiuk et al. and Luo et al. are shown in Figure 1.21.  

 

Figure 1.21: i) The substituted quinoline receptor unit commonly employed in Zn2+ chemosensors and the 

compounds synthesised by ii) Luo et al. and iii) Stasiuk et al., as well as the 2:1 complex formed by the 

interaction of this compound and Zn(II)18,207,208. 

Both of these compounds exhibit ratiometric Zn2+ sensing behaviour. In Stasiuk’s, there was an increase 

in relaxivity of the compound up to a maximum at 0.5 equivalents of zinc(II) due to the formation of a 
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2:1 complex. This relaxivity increase also came alongside a ratiometric spectroscopic window shift due 

to the ICT mechanism18,208. However, both probes emit in the visible light window (380 nm – 740 nm), 

Luo’s at 500 nm and Stasiuk’s at 410 nm, which presents problems in vivo due to the autofluorescence 

of biological compounds and light scattering, as discussed above18,208–210. Additionally, many other 

probes incorporating quinoline-based sensing moieties require excitation in the ultraviolet (UV) region 

of the electromagnetic spectrum, which could result in cell damage207. 

Macrocyclic chelates have also been explored as zinc(II) chelators, as reported by Lim et al., who 

published a PeT-based chemosensor which exhibited a 4.4 fold-fluorescence increase in the presence 

of Zn2+211. Despite its selectivity over many other endogenous metal ions, this species also emitted in 

the visible light region and, exhibited extremely slow binding to Zn2+ with a half-life of 60 minutes202,211.   

 

Figure 1.22: The macrocyclic zinc-sensing fluorescent chemosensor developed by Lim et al.211. 

As can be expected from the HSAB behaviour of zinc(II), aromatic amines dominate the field. One 

early option was the chelating unit N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), 

which is widely used in the field due to its strong zinc-binding ability199,207,212. Despite being widely 

thought of as highly selective, TPEN itself has a greater affinity for Cu2+ than Zn2+ (although the former 

is present at much lower levels in humans than the latter) and exhibits strong binding to Fe2+, the most 

common transition metal in biological systems, which could be of concern when seeking to develop 

selective probes199,213. As such, many derivatives of TPEN has been explored as alternatives, most 

notably dipicolylamine (DPA), which forms an extremely strong complex with Zn2+ (Kd = 70 nM)214. 

Indeed, the first published compound designed to sense Zn2+, Newport Green, was a fluorescein 

derivative which utilised DPA as a zinc receptor unit206,215–217. The use of DPA also extends beyond its 

incorporation into organic dye systems, with several examples of its chelating abilities being harnessed 

in lanthanide(III) species designed for time-resolved fluorescence systems218–220. Lanthanide(III) 

luminescence, discussed extensively in chapter 3 of this thesis, is longer-lived than the emission from 

organic fluorophores, allowing time-gated techniques to be employed and minimise interference from 

biological autofluorescence219. However, excitation of the antenna unit often requires UV light, which 

could result in cell damage. Figure 1.23 shows DPA and some examples of its incorporation into 

fluorescent zinc chemosensors. 
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Figure 1.23: i) DPA, ii) Newport Green216,217, iii) a fluorescein-DPA conjugate synthesised by Cheng et al221, 

iv) a chemosensor utilising a TPEN receptor from Hanaoka et al.222, v) a lanthanide(III) chelator also developed 

by Hanaoka et al.219 and vi) a xanthone derivative reported by Ojida et al.223. 

Cyanine dyes are widely used in optical imaging due to their emission in the NIR window of the 

electromagnetic spectrum, large Stokes shifts and impressive quantum yields and molar extinction 

coefficients. These properties render polymethine cyanines an attractive family for the development of 

NIR zinc(II) chemosensors, and this has been exploited by many in the field. In 2006, Kiyose et al. 

produced a rigidified heptamethine cyanine structure which utilised a DPA-ethylenediamine unit as a 

Zn2+ receptor and exhibited a 44 nm red shift in its emission wavelength during cation binding due to 

an ICT process200,224. This compound was emissive in the NIR region at 760 nm but had a reduced 

receptor affinity for Zn(II), perhaps due to the presence of the ethylene bridge224. More recently in 2012, 

Guo et al. published an analogous species which was designed as a PeT chemosensor225. In the presence 

of Zn2+, solutions of this compound were seen to change colour from blue to red, corresponding to a 

dramatic shift in the absorption band from 670 nm to 510 nm and emission from 730 nm to 585 nm225. 

The authors proposed that this was indicative of ICT, rather than PeT taking place, and that this was 

due to an interaction between the secondary amine in the receptor unit and Zn2+ resulting in subsequent 

deprotonation and imine formation, resulting in conjugation between the receptor and fluorophore225. 

Despite the compound possessing a greater affinity for Zn2+ than DPA itself (Kd = 1.2 nm), the fact that 

its emission during a recognition event shifts into the visible window could present issues in vivo225. A 

particularly notable example was reported by Tang et al., which was also based on a heptamethine 

cyanine dye and used a DPA sensor and PeT sensing mechanism214. This species exhibited a 20-fold 

increase in emission intensity (λ = 780 nm) in the presence of Zn2+, which remained independent of pH 
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at physiologically relevant values (6.4 to 7.5)205,214. Furthermore, the probe was selective for Zn2+ over 

many other endogenous cations (Figure 1.24)214.  

 

Figure 1.24: The zinc-sensing cyanine compounds produced by i) Kiyose et al.224, ii) Guo et al.225 and iii) Tang 

et al.214. 

One issue with Tang’s compound was its interaction with Cu2+, which was found to quench the 

fluorescence of the system214. Indeed, DPA is known to act as a receptor for Cu2+ ions and cyanine-

DPA derivatives bound to copper(II) have been utilised as anion sensors203. Although both Zn2+ and 

Fe2+ are found at much higher levels in vivo, copper is the third most prevalent transition metal present 

in humans, presenting issues with the use of DPA as a zinc(II) ion receptor213. 

1.3. Aims and Objectives 

The aims of this thesis were extensive and broad. Chiefly, it has been the design, synthesis and testing 

of targeted imaging probes. Targeted, specific delivery of probes to pancreatic β-cells could allow better 

imaging of these important, yet, in terms of overall organ volume, relatively scarce islet components. 

Furthermore, targeting of compounds delivered to biological systems can help optimise probe delivery 

and enable smaller quantities to be utilised. This can help reduce toxicity concerns around the 

administration of some compounds: GBCAs for example.  

The peptide exendin-4, a ligand for the receptor GLP-1R, has found applications in therapeutic 

treatment of diabetes and has formed the basis of many β-cell-specific agents designed for applications 

in optical, PET and SPECT. However, there is a lack of exendin-mediated MRI contrast agents, which, 

due to its high resolution and strongly penetrative nature could be critical in the study of diabetes 

development. Indeed, the technique is being used by some in the field to quantify β-cell mass via insulin-

stimulated insulin secretion86. The synthesis of a GBCA incorporating exendin-4 was pursued, followed 

by its testing in vivo in both healthy and disease-model mice. This work is described in chapter 2.  

Small molecules possess some advantages over peptides in terms of reduced cost, synthetic flexibility 

and accessibility and the ability to be extensively characterised. The relatively recent elucidation of the 

receptor GPR40, which, alongside GLP-1R, is over-expressed by β-cells, presents an opportunity in 

this regard. GPR40 is activated by small molecules such as fatty acids and some aromatic species. 
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Although some agonists for the receptor are currently in clinical trials, there are very few imaging 

probes designed to target GPR40. Of these, most utilise the compound TAK-875 as a targeting 

moiety226,227, a therapeutic compound which was withdrawn from clinical trials due to its hepatotoxic 

effects. It was hoped that imaging agents with an alternative targeting group could be successfully 

designed and synthesised. This involved the development of a ligand which could act as a lanthanide 

chelator, making use of the magnetic and luminescent properties of those elements and enabling a range 

of different imaging modalities to be employed. Furthermore, this work could enable a comparison 

between the merits of small molecule targeting and peptide targeting, as explored in chapter 2. This is 

detailed further in chapter 3.  

Recent work has shown that, after agonist binding, GLP-1R is involved in a process of cell 

internalisation228–230. This internalisation is thought to be involved in the activation of insulin secretion. 

As such, there is great interest in the field in exploring the interactions between GLP-1R and its agonists 

and what difference the structure of these agonists makes on the efficacy of receptor binding and 

activation. This can be explored through luminescent lanthanide(III) systems and receptors labelled 

with organic fluorophores capable of a fluorescence resonance energy transfer (FRET) process. As a 

potent agonist for GLP-1R, it was hypothesised that the synthesis of compounds which could 

incorporate FRET capability to exendin-4 could be used to explore this interaction and complement the 

work done on exendin-targeted GBCAs discussed in chapter 2. This work is built upon in chapter 4. 

Zinc(II) ions are known to be closely associated with insulin storage and secretion, and it has been 

hypothesised that a decline in pancreatic Zn2+ levels may be associated with the progression of diabetes 

development. Smart imaging probes which exhibit a change in their characteristics in the presence of 

certain analytes are of keen research interest. There are many different chemical mechanisms which can 

be employed to give enhanced imaging and Zn2+ quantification: relaxivity increases can be caused by 

changes in chelating modes or molecular rotation, and there are many different zinc-sensing strategies 

employed in optical imaging. Chapters 2, 3 and 5 discuss the concept of zinc-binding and seek to 

synthesise probes with this capability, in addition to some steps towards dual-modality imaging.  
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2.1. Introduction 

2.1.1. Exendin-4 and GLP-1 

Glucagon-like peptide 1 (GLP-1) is a 30 amino acid-long peptide secreted from epithelial endocrine L-

cells1. Secretion of GLP-1 is meal-stimulated, being released during food transit through the 

gastrointestinal tract1,2. Via binding to the class B G-protein coupled glucagon-like peptide 1 receptor 

(GLP-1R), GLP-1 acts as an incretin, resulting in amplification of insulin release, inhibition of glucagon 

secretion and facilitation of glucose-dependent adenosine triphosphate (ATP) production1–3. 

Additionally, there is evidence that GLP-1 acts as an appetite suppressant and induces feelings of 

satiety1. GLP-1R is strongly enriched in pancreatic β-cells, but its presence in other neuroendocrine 

islet cells is negligible4–7, which renders it an attractive target for imaging agents designed to examine 

the insulin production centre.   

As an endogenous ligand, GLP-1 itself would be a logical choice for a targeting moiety in the design 

of these imaging agents, one major limitation is its biological lifetime. The peptide is extremely 

metabolically unstable, with an apparent half-life of approximately 2 minutes in blood plasma1. 

Exendin-4 is a peptide comprised of 39 amino acid residues, first isolated from the Gila monster, which 

shares 53% homology with GLP-18. Due to the shared homology of the two proteins, exendin-4 acts as 

a ligand for GLP-1R and has been shown to induce insulin release. Additionally, its half-life is more 

than 10 times longer than that of GLP-1, making exendin-4 a highly potent insulinotropic agent9. 

Alongside many other GLP-1R agonists, exendin-4 has been clinically approved for use in therapeutics 

for the treatment of type 2 diabetes such as exenatide (a synthetic variant of exendin-4) and 

lixisenatide10–12. To add to its therapeutic credentials, exendin-4 results in an in increase β-cell mass and 

reduction in the number of apoptotic cells in the mouse pancreas13,14. Therefore, exendin-4 has been 

shown to be an attractive targeting moiety for pancreatic β-cells. 

2.1.2. Probes Incorporating Exendin-4 

A vast spectrum of probes based on the use of exendin-4 as a targeting group have been synthesised 

and their biological behaviour explored utilising a range of imaging modalities10,15–26. Chief amongst 

these have been probes for the radiochemical techniques positron emission tomography (PET) and 

single photon emission computed tomography (SPECT).  

Probes for PET imaging have incorporated both organic elements and chelators for radiometals. In 

2012, a series of 18F-labelled exendin-4 analogues were synthesised by Kiesewetter et al., with a 

cysteine residue added to the C- and N- termini to enable introduction of 18F via a maleimide-based 

chelating goup: [18F]FBEM-[Cys40]-exendin-4 and [18F]FBEM-[Cys0]-exendin-4 respectively15. The 

authors subsequently evaluated these compounds for their affinity for GLP-1R in an insulinoma tumour 

xenograph model, finding that the Cys40 isomer exhibited much greater cellular uptake15.  
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Advances towards radiometal chelation with exendin-4 based probes have been made by Wu et al., who 

in 2011 demonstrated the use of a 64Cu-labelled H4dota analogue 64Cu-do3a-VS-Cys40-exendin-4 for 

quantification of GLP-1R in the pancreas27. The uptake of the probe in healthy and diabetic mice was 

compared through a competitive binding study with exendin-4 itself in which it was shown that 

synthetic modifications of exendin-4 to incorporate metal binding regions did not interfere with its 

affinity for GLP-1R27. The authors also reported that probe uptake was significantly reduced in diseased 

mice compared with the healthy ones, providing a method of β-cell mass quantification and monitoring 

through PET imaging27. A simple analogue to this probe, although utilising the alternative radioisotope 

68Ga, 68Ga-do3a-exendin-4, has been shown to have a difference in pancreatic uptake of rats and non-

human primates before and after the administration of streptozotocin, an agent capable of inducing β-

cell destruction10,19. More recently, conjugates of 1, 4, 7-triazacyclononane-1,4,7-triacetic acid (H3nota) 

and Cys40-exendin-4 have been utilised in radiolabelling with 68Ga, enabling the detection of localised 

insulinomas28. Many other probes designed for radiometal chelation have been designed and 

synthesised10,12,29. One particularly synthetically impressive example of these is the compound reported 

in 2014 by Brand et al., which incorporated an exendin-based targeting moiety, a cryptand for 64Cu 

chelation and a cyanine fluorophore, unlocking dual-modal imaging of pancreatic islets29.  

An additional radioimaging technique which has made use of exendin derivatives is that of SPECT. A 

number of these probes have been synthesised and have also been used to quantify β-cell mass10,20–

22,25,26,30–32. In 2006, Wild et al. utilised a synthetic exendin variant incorporating an additional lysine 

residue as the backbone of a SPECT probe which included diethylene triamine pentaacetic acid (H5dtpa) 

as a chelator for 111In 33. Since then, this probe and analogues of it have been shown to bind exclusively 

to β-cells of the pancreas and to target insulinomas, validating the development of SPECT probes with 

exendin as a targeting group for GLP-1R33–35. In 2014, [111In-Lys40((Ahx)-DTPA)-exendin-4] was 

shown to have a reduced uptake in the pancreas of diabetic humans patients when compared to healthy 

individuals, suggesting that SPECT probes based on exendin-4 could be used for quantitative 

assessment of β-cell mass36.  It has been recently established by Gotthardt et al. that loss of β-cell mass 

can monitored and determined through quantitative analysis of SPECT images recorded with the use of 

these indium chelates as the relevant imaging agent20,22. It has also been recorded by this group that 

GLP-1R expression is reduced during periods of hyperglycaemia, corresponding with a reduced uptake 

of exendin-based probes during periods of elevated blood glucose levels20,22. A host of additional 

ligands for 111In based on modifications to exendin-4 have also been reported, notably those from 

Gotthardt et al., Reiner et al. and Kimura et al., which have shown specific binding to receptor tissues 

expressing GLP-1R10,21,25,26. 
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Figure 2.1: Probes incorporating exendin-4 which have been designed for PET imaging, synthesised by i) 

Kiesewetter et al., ii) Wu et al. and iii) Brand et al.15,27,29,37 

SPECT imaging agents incorporating exendin derivatives have also been increasingly important in an 

innovative potential treatment for type-1 diabetes – the monitoring of islet graft volume30. The use of 

SPECT and PET probes for this purpose has been widely reported in recent literature27,30,31,35,36,38, and 

several initial forays into the area utilised MRI as the imaging modality of choice, albeit with a focus 

on superparamagnetic iron oxide nanoparticles as a contrast agent39–41. This signals another potential 

use of these compounds, and a possible developing role for gadolinium-based contrast agents 

incorporating exendin-4 in both the diagnosis and treatment of diabetes. 

A further example of the modification of exendin-4 to produce a SPECT imaging agent is one designed 

to be a technetium chelator incorporating both a hydrazine nicotinamide (HYNIC) and an 

ethylenediamine diacetic acid (EDDA) moiety: Lys40(Ahx-HYNIC-99mTc/EDDA)NH2-exendin-4. This 

probe was developed by Wild et al.23 and has been studied in humans, where it exhibited localised 

insulinoma uptake. What was particularly impressive about the studies carried out with this compound 

is that it enabled biochemically proven tumours to be visualised where other probes had failed to do 

so10,42–44. This probe has also been explored for the study of thyroid tumours 10,23,44. 
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Figure 2.2: SPECT probes conjugated to exendin derivatives: i) [111In-Lys40((Ahx)-DTPA)-exendin-4] and ii) : 

[Lys40(Ahx-HYNIC-99mTc/EDDA)NH2-exendin-4]23,33,36,45. The Tc centre in ii has an oxidation state of +546. 

Exendin-4 has been successfully utilised as a targeting moiety in both PET and SPECT imaging probes, 

enabling the study of pancreatic insulinomas originating from β-cells and significant progress towards 

β-cell mass quantification and islet graft monitoring. Despite the high sensitivity offered by 

radiochemical imaging techniques, magnetic resonance imaging (MRI) offers much greater spatial 

resolution and depth penetration, as well as allowing the avoidance of ionising radiation and the time 

constraints involved in radiochemical syntheses47. However, fruitful targeting and visualisation utilising 

magnetic resonance techniques is less well established. Some work in this area does exist, although this 

has been largely limited to the conjugation of iron oxide nanoparticles to exendin-4. Notable examples 

of this strategy have been published by Wang et al. and Vinet et al., who have recorded differences in 

contrast enhancement in vivo between wild-type mice and disease models16,17. Wang et al. also 

incorporated a cyanine fluorophore, Cy5.5, into their scaffold to enable dual modal imaging, which was 

utilised to identify β-cell uptake of the probe through histological analysis ex vivo.  

Despite the early promise of nanoparticle contrast agents targeted using exendin-4, there are a number 

of issues arising from the use of iron oxide species in the clinic. Currently, most clinically-approved 

nanoparticle based contrast agents have been withdrawn from the market due to a combination of safety 

concerns, fairly high incidence of painful side effects and poor market share compared to gadolinium-

based species48,49. Additionally, iron oxide nanoparticles are T2 contrast agents, which results in negative 

contrast and a decrease in image brightness, opposed to T1 agents which result in positive contrast and 

image brightening50. Clinicians prefer the latter as it renders image interpretation easier: signal loss 

observed with iron oxide nanoparticles can make direct tissue analysis challenging and present 

difficulties in distinguishing between targeted cells and image artefacts48,50,51. In vivo, iron oxide 
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nanoparticles exhibit a high degree of liver and spleen uptake, which can make the targeting of other 

organs challenging, in spite of the addition of a targeting group48,50. Due to the location of the pancreas, 

in close proximity to the spleen, this could make specific pancreatic imaging particular difficult. 

 

As a highly paramagnetic f-block metal ion with seven unpaired electrons, Gd3+ is a prime candidate 

for the enhancement of T1 relaxation of water molecules, which results in positive contrast enhancement 

and therefore image brightening in obtained MR images47,52. Polyaminocarboxylate ligands such as 2-

[bis[2-[bis(carboxymethyl)amino]ethyl]amino]acetic acid, also referred to as 

diethylenetraiminepentaacetic acid, (H5dtpa) are well suited to gadolinium(III) chelation: the first ever 

clinically-approved MRI contrast agent was [Gd(OH2)(dtpa)]2− (Magnevist®), which was developed in 

1981 and clinically approved in 198853. Forty years further down the line, all current MRI contrast 

agents in clinical use are gadolinium(III) complexes of this ligand family, which can be accessibly and 

extensively functionalised 54,55.  

 

2.1.3. Ligand Design and Methodology 

Previously, work in the Long group successfully synthesised a dual-modal fluorescent-MRI contrast 

agent which included a zinc-sensing moiety56. This zinc binding capability resulted in uptake of the 

probe by pancreatic β-cells due to the high levels of zinc(II) ions associated with insulin granule 

storage56–58. We hypothesised that the introduction of a targeting group, such as exendin-4, would enable 

us to build on this work. 

 

Figure 2.3: The MRI contrast agent developed by Stasiuk et al., Gd1.56 

 

The extensive body of work on exendin-4 derivatives as targeted imaging agents for pancreatic β-cells 

discussed above has proven the peptide as an effective and reliable targeting moiety. It has been shown 

that the introduction of a metal chelator does not interrupt the receptor-binding properties of any exendin 

conjugate, and indeed that a wide variety of metals capable of a host of imaging modalities may be 
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utilised. In addition, it has been shown that modifications can be made to exendin under mild conditions 

to produce a range of varied imaging probes.  

 

Former researchers in the Long group, Dr Charlotte Rivas and Dr Emma Coakley, hoped to synthesise 

an MRI contrast agent which was targeted to the pancreas via exendin-4 and incorporated a Gd(III) 

chelate. A chelator was designed which was based on the ubiquitous Gd(III) ligand 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid, (H4dota), which was modified with a maleimide group. 

The maleimide can act as an electrophile, enabling conjugation with a modified variant of exendin-4 

with an additional cysteine residue at the 40th position, analogous to the procedures developed by 

Kiesewetter et al.15. This agent, GdEx, was successfully produced, and its behaviour examined in vivo 

in healthy, wild-type C57BL6/J mice, where initial work showed some contrast enhancement in the 

pancreas.  

 

2.1.4. Aims and Objectives 

Building on from the success had in the early stages of the development of GdEx, this portion of the 

project hoped to refine the synthetic methodology of the probe’s formation to render it a better use of 

time and resources. Additionally, it was hoped that GdEx could be studied in additional mice, both 

wild-type and a disease model to quantitatively analyse the uptake of the probe in individual animals 

with a depleted β-cell count. This would assess the compound’s capabilities for use in the clinic as a 

diagnostic tool for diabetes development and open the door to the use of exendin-4 in other metal 

chelates for MRI contrast agents. Building on the prior work in the group on the zinc-sensing contrast 

agent Gd1 (Figure 2.3), it was also hoped that a targeted, zinc sensing contrast agent could be produced 

and tested using the same rationale. 

2.2. Results and Discussion 

2.2.1. Synthesis of GdEx 

The synthetic pathway towards GdEx which was devised was simple and straightforward. Similar 

methodology was employed to that utilised by Kiesewetter et al.15, in which a maleimide group was the 

key functionality employed to link the targeting moiety to the component of the molecule responsible 

for imaging. A synthetic route towards H4dota(ga)-maleimide had previously been developed by Dr 

Emma Coakley59, although it was discovered that this compound could be purchased commercially. In 

the interests of time, the commercial source of H4dota(ga)-maleimide was utilised throughout this work. 

Due to the planned in vivo work necessary to examine the behaviour of GdEx in animals with a depleted 

β-cell count, it was necessary to improve the yields of this synthetic route, especially as this had 
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historically relied upon purification by preparative liquid chromatography-mass spectrometry (LCMS), 

which resulted in very scare amounts of the probe being isolated. 

 

Scheme 2.1: The complete synthetic pathway utilised to isolate GdEx. 

Electrophilic maleimides are susceptible to attack by nucleophiles such as thiols. As such, the same 

modified exendin-4 variant with a cysteine residue introduced at the C-terminus 

(HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-[C]) can be used to conjugate the 

peptide to a metal chelator. This was achieved through incubation of the maleimide and Cys40-exendin-

4 in PBS (pH 7.4) at 3 °C overnight, giving the free ligand, compound 2.1, at quantitative yields. 

Progress of the reaction was monitored by LCMS, which was also used to confirm the extent of 

conversion. 

Complexation of 2.1 to Gd(III) proved to be somewhat more challenging than its synthesis. Early 

attempts at producing GdEx were hampered by only partial complexation of the free ligand to the metal 

centre. Any free ligand injected into animals for in vivo investigation would result in occupation of the 

GLP-1R receptor sites but provide no contrast enhancement due to the lack of a paramagnetic Gd(III) 

ion. This would therefore result in a lower signal being recorded in the pancreas, which would result in 

an underestimate of the binding ability of GdEx. As such, the optimisation of the complexation 

procedure was a key concern. 

Early synthetic attempts utilised an initial portion of between 1.5 and 2 equivalents of GdCl3
.6H2O 

being added to an aqueous solution of 2.1, which would then be left to stir overnight at pH 5.5. This 

frequently resulted in only around 50% of the ligand binding to Gd3+, as seen by LCMS. Both 2.1 and 

GdEx would coelute from a C18 silica cartridge, rendering isolation of GdEx from these reaction 

mixtures extremely challenging. 
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Figure 2.4: : Characterisation data (i) structure of the free ligand, compound 2.1., (ii) LCMS UV absorption 

trace (5% MeCN/95% H2O to 95% MeCN/5%H2O), and (iii) MS of the peak with retention time of 8.66 

minutes showing the [M]3+, [M]4+ an [M]5+ peaks at m/z = 1630.99, 1223.58 and 978.65 respectively. 

Ultimately, it was decided that driving the reaction to completion would provide a more robust synthetic 

route to GdEx. Extreme care had to be taken with this route: one early trial which involved the addition 

of 3 equivalents of GdCl3
.6H2O resulted in cleavage of the four terminal amino acids from the exendin 

chain (determined from a peak in the mass spectrum at m/z = 1540, corresponding to [M-420]4+), 

potentially hindering its GLP-1R affinity. This was theorised to be due to the slight Lewis acidity of 

lanthanide(III) salts which, in excess, could possibly result in cleavage of the amide bonds holding the 

peptide together.   
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Figure 2.5: i) LCMS trace for an early attempt at GdEx synthesis showing the two overlapping peaks ii) the m/z 

spectrum for the peak with a retention time of 12.80 minutes, showing the presence of 2.1 and GdEx, iii) the 

m/z spectrum for the peak at 13.14 minutes, showing GdEx. 

Success was ultimately achieved through portion-wise addition of GdCl3
.6H2O to the reaction mixture 

alongside continuous monitoring by LCMS and pH adjustment, keeping it in the range of 5.5 to 6.5 

consistently. This approach resulted in complete conversion of 2.1 to GdEx after between 24 and 72 

hours, depending on the scale at which the reaction was carried out. Once LCMS indicated that 2.1 had 

been consumed, the reaction mixture was lyophilised before being purified via reverse phase automated 

flash chromatography using C18
 silica. Yields were typically around 50% for this process, with the loss 

attributed to the purification process: collection during the automated chromatography process was 

triggered by UV absorbance, which could have resulted in some of GdEx being lost. Ultimately 

however, the probe could reliably be produced at sufficient quantities for the required in vivo work 

utilising this approach. The complete route towards GdEx is shown in Scheme 2.1. 

 

i) 

ii) iii) 
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Figure 2.6: Characterisation data (i) LCMS UV absorption trace (5% MeCN/95% H2O to 95% MeCN/5%H2O), 

(ii) MS of the peak with retention time of 9.90 minutes showing the [M]3+, [M]4+ an [M]5+ peaks at m/z = 

1683.22, 1262.09 and 1009.83 respectively) and (iii) structure of GdEx. 

The relaxivity of GdEx was calculated to be 6.1 mM-1 s-1, greater than that of [Gd(dota)]- which is 4.3 

mM-1 s-1 at 400 MHz60, an increase likely attributed to the increased molecular weight and rotational 

correlation time of GdEx61. 
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2.2.2. In Vivo Studies with GdEx: Methodology and Practicalities 

2.2.2.1. Experimental Rationale 

GdEx was designed to be utilised as an MRI contrast agent capable of pancreas-specific contrast 

enhancement. Hypothetically, upon translation to the clinic, the agent could be used to scan patients at 

risk of diabetes over a period of time, with any reduction in contrast enhancement in the pancreas taken 

to be indicative of a reduction in the number of β-cells in that patient. Falling β-cell mass is known to 

occur in the progression of type-2 diabetes, and therefore GdEx could help identify individuals at risk 

of developing the disease at an earlier stage compared to existing diagnostic tests. This could enable 

them to make lifestyle changes to reduce or remove factors known to exacerbate the condition, such as 

smoking, drinking and a sedentary lifestyle.  

Accordingly, it would be necessary to assess the ability of GdEx to target the pancreas. This could be 

done through the injection of the probe into several wild-type mice, the commercially available 

C57BL6/J. The MR images obtained from these animals would be analysed and the contrast to noise 

ratio (CNR) in the pancreas measured, with an increase in the signal in the pancreas taken to be 

indicative of binding between GdEx and GLP-1R. The significance of this contrast enhancement could 

be examined through a comparison with the ubiquitous MRI contrast agent [Gd(dota)]-, which was to 

be synthesised and taken in vivo in the same animal group. Long term, if GdEx were to be suitable for 

use in the diagnosis of diabetes, it should also be able to produce contrast enhancement in the pancreas 

of individuals with a reduced β-cell count. As such, it was decided to test the probe as a contrast agent 

in mice with a β-cell specific Dicer deletion (Dicer-KO), which can be induced by the injection of 

tamoxifen. Dicer is an RNAseIII enzyme which is critical in the production of miRNA essential for the 

development of functional β-cells62,63. Previous work with this mouse strain has shown that Dicer-KO 

mice exhibit extreme hyperglycaemia and glucose intolerance following a period of four weeks of 

tamoxifen injections, in conjunction with up to an 80% reduction in mass of β-cells62. A sophisticated 

model developed by the Rutter group utilising these mice has been devised: Dicer-control mice may be 

bred (Dicer-Ctrl, Dicerfl/fl, Cre-ER negative) which would not express the enzyme Cre-recombinase 

and therefore, although injected with tamoxifen, should not experience a reduction in β-cell mass. 

Littermate Dicer-KO (Dicerfl/fl, Cre-ER positive) do express Cre-recombinase, and therefore should 

have a depletion in the number of β-cells compared to both wild-type and Dicer-Ctrl mice. Scanning of 

both of these mouse groups with GdEx would be useful in the examination of its ability to target the 

pancreas in diseased mice. 

2.2.2.2. Prior Work 

Previous in vivo work in the group had been carried out utilising GdEx synthesised by Dr Charlotte 

Rivas and Dr Emma Coakley. These studies were carried out alongside Dr Aida Martinez-Sanchez and 

Dr Nicoleta Baxan within the Faculty of Medicine, who were responsible for animal maintenance and 



 

 
83 

 

study and MRI scanning and data interpretation respectively. The necessary dose of GdEx required for 

pancreatic contrast enhancement, 5.65 mg/mouse, approximately 0.5 mmol kg-1, was established during 

these experiments. In addition, MRI scans of 5 healthy, wild-type C57BL6/J (WT) mice were carried 

out using GdEx. These scans did show some pancreas specific contrast enhancement, although the data 

were not fully analysed: a thorough, quantitative analysis of the obtained images had not been carried 

out, nor had the data been processed to allow for comments to made on the significance of the contrast 

enhancement. Further to this, it was felt that it would be necessary to draw comparisons between GdEx 

and an untargeted contrast agent to examine the specificity of the probe and to confirm and validate the 

success of its targeting ability.  

2.2.3. Summary of In Vivo Data 

2.2.3.1. Examination of GdEx in Wild-Type Mice 

It was hoped that the specificity, efficacy and targeting ability of GdEx could be thoroughly examined 

by studying its biodistribution and behaviour in vivo. Initially, this was pursued by injection of GdEx 

into five male WT mice aged between 12 and 14 weeks. T1 weighted MRI scans of each of the mice 

were recorded up to 54 minutes post-injection. The CNR in the pancreas of each mouse was recorded 

and normalised compared to the signal seen in the spleen. Preliminary results from these scans indicated 

an increase in CNR in the pancreas, which suggested successful targeting of the β-cells by GdEx. To 

explore whether this CNR increase was due to the exendin-4 moiety and not simply due to the use of a 

gadolinium-based contrast agent, it was decided to compare the results of these scans with images 

obtained utilising the ubiquitous MRI contrast agent Na[Gd(dota)]. An additional 5 WT mice were 

injected with Na[Gd(dota)] at the same molar dosage as GdEx and the same scanning procedure carried 

out. Figure 2.7 shows an exemplar scan utilising GdEx and the defined region of interest: the pancreas. 

Figure 2.7: MR images of a WT C57BL/6J mouse before (baseline and at 18 and 54 minutes after injection of 

GdEx. The pancreas is outlined in white and the screen in brown. Some contrast enhancement may be visibly 

observed in the pancreas. Image produced by Dr Nicoleta Baxan and adapted from reference 63, with 

permissions64. 
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When quantitatively comparing the mice analysed with GdEx and Na[Gd(dota)], the CNR in the 

pancreas observed at baseline levels, i.e. before injection, was considered to be 100%. In the mice 

scanned with Na[Gd(dota)], there was an observed increase in CNR to around 130%, which occurred 

at around 18 minutes post-injection. Following this was a steady, gradual decline with a return to 

baseline contrast levels after 54 minutes. In contrast, the mice injected with GdEx showed much 

stronger contrast enhancement, reaching a peak CNR value of around 175% approximately 20 minutes 

after contrast agent injection. Whilst this also showed a subsequent decline, the decrease in CNR for 

the mice scanned with GdEx was much slower and CNR values remained consistently higher compared 

to the usage of Na[Gd(dota)] throughout the duration of the scan. These data can be seen in Figure 2.8.  

Consistently, a maximum CNR value was observed at between 18 and 21 minutes post-injection. This 

may coincide with full accumulation of the probes in the pancreas following normal biodistribution 

pathways. It appears as though this peak is followed by full clearance of the non-specific contrast agent, 

Na[Gd(dota)], but that there is some significant retention of GdEx in the β-cells.  The results presented 

here indicate that the exendin-4 targeting moiety incorporated in GdEx is responsible for the contrast 

enhancement taking place specifically in the pancreas, rather than simply the presence of a highly 

paramagnetic Gd3+ ion. This suggests that, as expected, the introduction of exendin-4 has resulted in 

improved targeted uptake and retention by pancreatic β-cells, conferring selectivity to a GBCA. 

Figure 2.8: Left: CNR in the pancreas over time observed in WT mice injected with GdEx (blue) and 

Na[Gd(dota)] (yellow). Right: The respective areas under each curve. Data: mean ± S.E.M., n=5 

animals, *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA (repeated measures), Fisher’s LSD test 

(Time-courses), Student’s t test (AUC) using GraphPad Prism 7.0. It is clear that scanning with GdEx 

gives greater contrast enhancement than a non-specific contrast agent. Image produced by Dr Nicoleta 

Baxan and adapted from reference 63, with permissions63. 

 



 

 
85 

 

2.2.3.2. Examination of GdEx in Diabetic-Model Mice 

As discussed above, if GdEx were to be utilised as a contrast agent in the diagnosis monitoring of 

diabetes progression, it should be able to exhibit some form of ratiometric change in contrast 

enhancement which is proportional to the β-cell mass. The individuals chosen for examination were 

Dicer-KO mice – these have an extremely low number of β-cells due to a tamoxifen-induced Dicer 

deletion (see 2.2.2.1.). 
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Figure 2.9: Glycemia after MRI in Dicer-KO (green) and littermate controls (Dicer-Ctrl, red). N = 4/genotype. 

Each dot represents a single mouse. ****p<0.0001, Student’s t test. Image produced by Dr Aida Martinez-

Sanchez and adapted from reference 63, with permissions63. 

To explore whether GdEx is able to detect the associated changes in β-cell mass observed in the Dicer-

KO model, 4 Dicer-Ctrl and 4 Dicer-KO mice were injected with tamoxifen before being scanned with 

GdEx 4 weeks later. At the time the MRI scans were carried out, the Dicer-KO mice were strongly 

hyperglycaemic (Figure 2.9), suggesting successful imitation of diabetes. In both sets of Dicer mice, 

the maximum CNR value was observed at around 21 minutes after injection, as had been seen 

previously with the WT mice. In the Dicer-Ctrl mice this peak was at a CNR of approximately 145%, 

whereas in Dicer-KO mice this was at 120%, although the data at these early time points did not show 

statistical significance. Additionally, the area under the curve (AUC) of CNR against time for both sets 

of animals did not show any major differences in the first 21 minutes of the scan. As seen in the WT 

animals, this peak in signal enhancement was followed by a steady decline, presumably as GdEx was 

cleared from the pancreas. What was interesting to note at this time was that there was a marked decline 

in CNR in the Dicer-KO animals, with the CNR values approaching baseline levels after 45 minutes. 

In the Dicer-Ctrl mice this was not observed, with CNR values of around 130% seen up until the end 

of the scan at 54 minutes post-injection. This could also be seen from the AUC analysis, which showed 
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around a 1.8-fold greater retention of GdEx in the Dicer-Ctrl group compared to the Dicer-KO mice. 

These data suggest that the elimination and washout of GdEx from the pancreas occurred more rapidly 

in Dicer-KO individuals, in combination with the lower overall contrast enhancement. 

Figure 2.10: Left: CNR over time for Dicer-Ctrl (red) and Dicer-KO (green) mice after injection with GdEx. 

Data: mean ± S.E.M, N = 4/phenotype. Right: AUC analysis at 1) 0 to 21 minutes, 2) 21 to 54 minutes post-

injection with GdEx. Each dot is the AUC for a single mouse. *p<0.05, **p<0.01, ***p<0.001, two-way 

ANOVA (repeated measures), Fisher’s LSD test (Time-courses), Student’s t test (AUC) using GraphPad Prism 

7.0. Image produced by Dr Nicoleta Baxan and adapted from reference 63, with permissions63.  

The apparent improved retention of GdEx in the pancreas of the WT and Dicer-Ctrl mice compared to 

the Dicer-KO and in WT mice injected with Na[Gd(dota)] suggest that the exendin-4 targeting moiety 

is responsible for binding to the GLP-1R receptors in pancreatic β-cells and preventing elimination of 

the probe from the pancreas, resulting in contrast enhancement over a longer period of time and 

potentially leading towards β-cell quantification through changes in CNR. 

It is noteworthy that the CNR values observed in the Dicer-Ctrl mice were considerably lower than in 

the WT mice. This was unexpected as the Dicer-Ctrl animals did not present any undue hyperglycaemia 

and are expected to have a normal, healthy β-cell count. In addition, the Dicer-Ctrl mice share a genetic 

origin (C57BL/6J), age and sex with the WT animals. One possible explanation is that the Dicer-Ctrl 

animals were intraperitoneally injected with tamoxifen dissolved in a large volume of corn oil: 100µL 

every day for 5 days for each individual. It could be that this resulted in a large presence of corn oil 

around the organs in both Dicer mouse sets, which could have interfered with local tissue relaxivity and 

resulted in a non-specific reduction in CNR around the pancreas. 

2.3. A Zinc-Sensing, Targeted Contrast Agent, GdZn 
Both types of diabetes mellitus are known to be associated with a decrease in the mass and functionality 

of pancreatic β-cells and assessing any change in mass of these cells has the potential to allow for earlier 

diagnosis of the disease, in addition to monitoring the response to any treatment4,6,56,65,66. 
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Zinc(II) ions aid the stabilisation of insulin hexamers, and therefore highly abundant in β-cells when 

compared to the rest of the pancreas56–58. Indeed, zinc deficiency has also been proposed as a 

contributary factor in the development of type-2 diabetes58. 

It has been hypothesised that an imaging probe incorporating a zinc-binding moiety could enhance its 

selectivity in vivo – although Zn2+ is the second most abundant ion in biological systems, it is most 

highly concentrated in the brain, pancreas and spermatozoa57,67. A probe capable of chelating to zinc(II) 

ions may localise to these zinc-rich regions of the body, avoiding its accumulation in organs and tissues 

which are not of interest. Quantitative assessment of β-cell mass is possible through the use of zinc 

sensors: for MRI, binding to a zinc(II) ion typically accompanies a ratiometric increase in relaxivity of 

the probe and therefore greater contrast enhancement56,57,68,69. To date, the majority of the work on zinc 

sensors has used amine-based chelating group and, amongst these, the dipicolylamine (DPA) moiety 

has risen to prominence due to its high affinity and selectivity for zinc(II) ions56,67,70. 
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2.3.1. Probe Synthesis 

 
 

Scheme 2.2: The synthesis of GdZn. 

Aa zinc-sensing probe was designed which utilised exendin-4 as a targeting moiety, GdZn. The total 

synthetic route taken towards this probe, which is shown above, followed a similar methodology to 

GdEx, with a maleimide group being introduced to allow bioconjugation to a modified exendin-4 

variant. The probe also incorporated a DPA moiety which could act as a zinc sensor. The synthesis of 

the probe, detailed below, was carried out by Dr Emma Coakley. 
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The macrocyclic chelator 1,4,7,10-tetraazacyclododecane-1,7-diacetic acid (H2do2a) was used as the 

starting framework for the synthesis of GdZn. Its di-tertbutyl protected analogue, (tBu)2-do2a, was 

prepared following literature procedures71. Alkylation of the two free amine nitrogen atoms was then 

carried out, introducing two arms of the ligand which were based on an orthogonally protected analogue 

of glutamic acid, which was also synthesised following literature procedures72,73. Deprotection of the 

two methyl esters on this compound was achieved through a standard basic hydrolysis and producing 

two free carboxylic acid groups. DPA was introduced in the form of N-N-bis(2-pyridyl-

methyl)ethylenediamine, which contains an ethylenediamine bridge. This amine was coupled to the free 

carboxylic acids on the macrocycle using the coupling reagent 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), producing a mono-substituted variant incorporating 

the necessary zinc-sensing capability. Subsequent coupling of this compound to the maleimide-

containing N-2(aminoethyl)maleimide (also prepared via literature procedures74) gave the fully 

protected ligand.  

Deprotection of this ligand was necessary to introduce gadolinium and enable the compound to be used 

as an MRI contrast agent. This was achieved by subjecting the protected ligand to a mixture of 

trifluoroacetic acid (TFA) and MsOH in a buffer solution of N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid (TES) at pH 7.4, liberating all of the carboxylic acids remaining in the ligand. 

Due to concerns about hydrolysis of the maleimide group, purification was not carried out at this stage 

and, after confirming that deprotection had been successful through LCMS, Cys40exendin-4 was 

immediately introduced under the same conditions as in the synthesis of GdEx – incubation in PBS 

overnight at 3 °C. This targeted ligand could then be complexed to Gd(III) through typical macrocyclic 

chelation conditions to produce the targeted, zinc-sensing contrast agent GdZn. 

2.3.2. In Vivo Studies with GdZn 

As with GdEx, it was decided to explore the biodistribution of GdZn in vivo to establish its suitability 

as an MRI contrast agent and ability at quantitative assessment of β-cell mass through changes in 

relaxivity. Initially, the probe was injected at the same dose as GdEx, (0.5 mmol kg-1) into two WT 

mice, each of which were scanned for a period of at least 60 minutes.  

What was surprising in the scans utilising GdZn was that minimal T1 contrast enhancement was 

observed in the pancreas: there was no increase above baseline levels and indeed some negative CNR 

values at short times immediately after injection, indicating that the brightness of the pancreas was 

lower than that in the surrounding tissues. The only contrast enhancement which was seen was in the 

kidneys, likely due to washout of the saline solution which the probe was injected in. Additionally, a 

darkening in the liver, which had been observed in mice administered with GdEx (likely due to a T2 

effect observed at high concentrations of Gd3+) was also not seen in these mice. What was striking in 

these mice was a darkening of the blood vessels was observed. It is possible that this was indicative of 
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a large concentration of gadolinium(III) ions in the bloodstream, causing the T2 effect which had been 

expected in the liver. It is possible that an interaction between the probe and serum albumins within the 

mouse could be responsible for the probe’s retention in the blood vessels. This could have resulted in a 

size increase, with GdZn and serum proteins forming a large complex which could then potentially 

prevent the probe from crossing the blood vessel walls. Such interactions have been observed before by 

other groups working with zinc-sensing MR contrast agents56,68,75. 

Figure 2.11: Left: Representative MRI of a healthy C57BL/6J mouse abdomen before (baseline) and at 18 min. 

and 54 min. after GdZn injection. The pancreas is outlined in white, the spleen in brown. Right: CNR against 

time in the pancreas vs spleen (n = 2) indicating no pancreatic signal enhancement above baseline levels. Image 

produced by Dr Nicoleta Baxan. 

Due to the lengthy synthesis and expensive nature of the probe, in conjunction with the disappointing 

contrast enhancement observed with GdZn, no further experiments were carried out. Alterations in 

probe design, perhaps through substituting the dipicolylamine zinc sensing moiety, could also be carried 

out, or the in vivo behaviour of this probe further explored in future work with exendin-targeted probes. 

2.4. Conclusions and Outlook 

This Chapter has described an improved synthesis of GdEx, in comparison to the longer pathway which 

was previously developed in the Long group59. This synthesis is both simple and straightforward and 

could be further developed to allow complexation to other metal centres for use in MRI contrast agents, 

such as manganese(II). This short reaction pathway results in the production of GdEx at moderate 

yields, providing sufficient probe for in vivo analysis.  

Building on the initial promising in vivo studies carried out with GdEx, which suggested pancreas-

specific contrast enhancement in WT mice, further experiments were carried out utilising Na[Gd(dota)] 

as a contrast agent, to assess whether this CNR increase was statistically significant. These experiments 

showed that GdEx resulted in superior contrast enhancement, up to 40% higher than Na[Gd(dota)], the 

current gold standard of MRI contrast agents. This contrast enhancement was as high as 70% over 

baseline levels, indicative of successful targeting of the GLP-1R receptor and therefore pancreatic β-

cells through the inclusion of the exendin-4 targeting moiety. This also confirms that the incorporation 
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of exendin-4 into a bifunctional chelator for GBCAs does not interfere with the biological properties of 

the peptide.  

Critically, in addition to a CNR increase in the pancreas of healthy WT mice, GdEx exhibits a reduced 

level of retention in Dicer-KO compared to Dicer-Ctrl animals. As Dicer-KO mice have an extremely 

low β-cell mass, this is indicative that GdEx is able to detect deterioration of these cells in vivo. There 

is currently some debate in the field around the contribution of β-cell mass to the progression of T2D, 

primarily due to a lack of reliable methods of measuring β-cell mass in living organisms. GdEx is both 

stable and non-toxic in vivo and therefore could act as a potent tool could help settle this debate amongst 

the research community. Aiding the quantification of these vital cells using MRI could help indicate 

whether individuals are at risk of diabetes development, or monitor the success of islet grafts, as 

successfully employed with SPECT and PET. 

One major limitation of GdEx is the large quantity necessary for successful scans, especially when 

compared to other imaging modalities. Despite extensive dose optimisation studies previously in the 

group showing that half the concentration of GdEx may be used compared to that of Na[Gd(dota)] in 

the clinic (0.05 mmol kg-1 and 0.1 mmol kg-1 respectively)59. However, due to the large molecular weight 

of the exendin-4 moiety, each of these scans utilised 5.65 mg of GdEx per mouse. Extrapolating this 

dose regime to humans could result in more than as much as 20 g of the probe being required per scan, 

although this would involve reduced patient exposure to gadolinium. Whilst the mice in this work did 

not exhibit any excessive hypoglycaemia after injection, it is almost certain that the intravenous 

administration of such a large quantity of compound would result in numerous adverse effects in human 

subjects: exenatide treatment has been shown to result in nausea and vomiting even at the µg kg-1 level76. 

The low sensitivity of MRI is a well-established problem within the field but is counteracted by the 

excellent spatial resolution and depth penetration of the technique, which radiochemical techniques 

cannot compete with. As such, this work acts as proof of principle: the development of exendin-4 

targeted GBCAs for MRI which are capable of pancreatic β-cell quantification is possible. This opens 

the door for the development of alternative GBCAs which are targeted to the pancreas, which could 

allow the measurement of β-cell mass whilst avoiding the exposure of patients to ionising radiation and 

the synthetic challenges associated with radiochemistry. It is hoped that GdEx could represent a 

foundation for the development of future probes that could be used for early diagnosis and monitoring 

of diabetes in the clinic.  

After validation of the specificity of GdEx and indication that it is possible to quantify β-cells through 

its usage, future work in this area will focus on the development of GBCAs targeted to pancreatic β-

cells through a variety of methods. Indeed, there are many other potent, stable agonists of GLP-1R 

which could be explored, and the targeting of other receptors over-expressed by pancreatic β-cells is 

discussed in other Chapters of this thesis. In addition, this bioconjugation strategy and synthetic route 
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could be extended to incorporate other metal centres; or diverged to examine other chelators for 

gadolinium(III). Other animal strains, such as alternative models for diabetes, could also be explored to 

further probe the retention of GdEx in the pancreas, and this could also be assessed through ex vivo 

analysis. 

The design and synthesis of GdZn was carried out successfully. Despite the probe’s relative 

complexity, it can be derived from a robust synthetic pathway, albeit with a yield of just 4% over 6 

steps. Despite the hopes that GdZn would complement GdEx as a zinc-sensing, exendin-targeted 

contrast agent to enable improved β-cell mass quantification, the in vivo work which was carried out 

failed to show the probe leaving the bloodstream of healthy, wild-type mice, resulting in no pancreas-

specific contrast enhancement. It was hypothesised that this was due to an interaction between GdZn 

and some serum albumin proteins, resulting the formation of a large ternary complex which was not 

then able to enter the cells of the pancreas, despite the zinc-sensing and exendin moieties. Whilst this 

was disappointing, it may be that these results could aid our understanding of interactions in vivo 

between zinc-chelating species and endogenous peptides. Additionally, there is the potential for 

modifications to this probe to be made to try and explore its in vivo interactions further – for example, 

this could be by altering the zinc-sensing moiety, perhaps introducing one with a lower affinity for 

zinc(II) ions.  
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3.1. Introduction 

3.1.1. G-Protein Coupled Receptor 40 (GPR-40) 

Developments in biochemistry throughout the 1980s enabled explosive growth in the number of known 

G-protein coupled receptors (GPCRs). These were discovered through the cloning and amplification of 

human gene sequences from deoxyribose nucleic acid (DNA) databases using the polymerase chain 

reaction1–3. In 1997, Sawzdargo et al. successfully elucidated the genes coding for, and corresponding 

structure of, G-protein coupled receptor 40 (GPR40)2,3. Initially, the receptor was considered an 

“orphan” – its ligands remained unidentified and its biological role and physiological significance was 

unclear1–5. Since these early years in limbo, it has been discovered that GPR40 is enriched in the ileum, 

some areas of the brain and, notably, pancreatic β-cells – it is in fact the most abundant GPCR expressed 

in islet β-cells, surpassing the well-known glucagon-like peptide receptor 1 (GLP-1R)6–12. 

 

3.1.2. Agonists for GPR40 and Their Uses 

GPR40 is activated by, amongst other ligands, polyunsaturated fatty acids5,6. This stimulation has been 

shown to result in increased Ca2+ ion release, which can result in enhanced levels of insulin secretion, 

although the exact mechanisms for this process are a subject of debate in the literature at present2,7,8,11. 

What has been established is that stimulation of GPR40 is able to promote glucose-dependent insulin 

secretion, which has rendered the development of agonists for the receptor an attractive area in the 

pursuit of medical treatments for type 2 diabetes7,13–16. One compound of note which has been devised 

as part of this endeavour is [(3S)-6-({2′,6′-dimethyl-4′-[3-(methylsulfonyl)-propoxy]biphenyl-3-

yl}methoxy)-2,3-dihydro-1-benzofuran-3-yl]acetic acid hydrate, (TAK-875). TAK-875 acts as a 

GPR40 agonist, showing selectivity over other members of the vast G-protein coupled receptor family 

and additionally is highly potent with oral bioavailability13. Clinical trials on diabetic patients have 

shown that administration of TAK-875 can result in the avoidance of hyperglycaemia via stimulation 

of GPR40, which subsequently triggers insulin secretion in the presence of elevated glucose 

levels13,16,17.  
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Figure 3.1: Diagram showing the interaction between TAK-875 and GPR-40. It can be seen that the hydrogen 

bonding between the carboxylic acid group and the receptor are key in binding18. Figure reproduced with 

permissions from reference 18. 

3.1.3. Ligand Design  

As discussed above, agonists of GPR-40 are of keen interest in the field as potential therapeutic agents, 

some of which have reached clinical trials11,13,16. The first of these agonists to be taken to clinical trials 

is the notable example of TAK-875, (Figure 3.2), which was produced in 2010 by Negoro et al. and 

has been shown to act selectively and with a high affinity for GPR4013,19. TAK-875 was ultimately 

withdrawn from phase III clinical trials due to hepatotoxicity concerns19–22. The precise mechanism of 

this toxicity towards hepatocytes is yet to be firmly established, with proposals ranging from inhibition 

of hepatobiliary transporters and generation of reactive oxygen species20–22. A comprehensive review 

of potential toxicity mechanisms published by Otieno et al. in 2018 hypothesised that the primary reason 

for the compound’s toxicity towards hepatocytes is through acylation of its carboxylic acid group, 

forming reactive metabolites and transporter channel inhibitors20. The authors state that this was more 

of a concern at higher concentrations of TAK-875, and therefore it may be that lower dosages of a more 

potent compound could help avoid these20. TAK-875 was shown to bind to GPR40 through several key 

interactions: hydrogen bonding from its carboxylate moiety, a π-π stacking interaction via  the numerous 

aromatic rings and a polar interaction through the methanesulfonate group13,18. The exploitation of these 

interactions inspired the development of other compounds which could also act as agonists for GPR40. 

In 2017, Yoon et al. carried out a study of the structure-activity relationship of the receptor and its 
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interactions with a range of similar compounds with these capabilities12. The authors found that a 

derivative of indole-5-propanoic acid (Figure 3.2) exhibited greater affinity for GPR40 than TAK-875 

(EC50 = 9.4 nM compared to 14 nM) and could be used in the future as an anti-diabetic agent, potentially 

avoiding the toxicity concerns encountered with its predecessor.  

 

Figure 3.2: The structures of TAK-875 (L) and the indole derivative developed by Yoon et al. (R)12,13 

It was hypothesised that the potency of this indole could render it useful as a targeting moiety for 

GPR40. Currently, compounds which are modified to target the receptor GLP-1R are the most prolific 

in the field, and the majority of these utilise peptides as the targeting moiety23.  Whilst peptide-based 

receptor agonists have been fairly successful, the manufacturing of some peptides, such as modified 

variants of the ubiquitous exendin-4, can be both time consuming and expensive. Probes designed for 

β-cell imaging via GPR-40 or making use of small molecule ligands remain under-explored12. 

The macrocycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (H4dota) is a robust chelator 

for many metal ions with applications in the imaging field, notably the lanthanide gadolinium(III), the 

corresponding complex has been in clinical use for decades24,25. This ligand has been shown to be 

extremely versatile and a ready scaffold for modification, with extensive work in the field exploring the 

effect of different structural changes or donor atoms and the effect that these alterations have on 

complex stability, inertness and biodistribution25,26. Due to its promise and the precedent set by prior 

work in the area, it was decided to initially introduce an indole-based targeting group to a macrocyclic 

ligand comparable to H4dota in an attempt to develop an imaging probe targeted to GPR-40.  

1,4,7,10-Tetraazacyclododecane-1,4,7-triacetic acid (H3do3a) was selected due to its structural 

similarity to H4dota – the only difference being that H3do3a has one fewer acetic acid arm. The loss of 

this acetic acid arm results in H3do3a possessing a free amine, which may be easily deprotonated and 

act as a nucleophile, allowing ready functionalisation of the macrocycle.  
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Figure 3.3: Computational image of the indole compound developed by Yoon, binding to GPR-40. Hydrophilic 

regions of the peptide are shaded blue and hydrophobic regions in brown. Several key interactions can be seen: 

hydrogen bonding between the carboxylic acid and two arginine residues, hydrophobic interactions between the 

indole and receptor binding site and an unusual π-Br interaction with an aromatic phenylalanine residue. These 

are the same interactions observed with GPR40 and TAK-87518. Additionally, a hydrogen bonding interaction 

between the indole NH group and a leucine residue may be seen. Image reproduced with permissions from ref. 

12, Copyright (2017) American Chemical Society)12. 

The synthetic route published by Yoon et al. was straightforward and relied on well-established 

synthetic chemistry12. Through the examination of the agonist and its SAR, the authors established that 

the most important functional groups in their derivative were the carboxylic acid, indole and brominated 

aromatic ring12. It was hypothesised that an electrophile could be introduced as a substituent to the 

aromatic ring, which would then allow the macrocyclic structure to be incorporated via a simple SN2 

reaction. This could be done at a fairly late stage of the synthesis, allowing only minimal adaptations to 

be made to the published procedure and enabling rapid generation of a first-generation probe targeted 

to GPR40. The structure of the target compound is shown in Figure 3.4. 

 

Figure 3.4: The structure of the target ligand, GPR-L1. 
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3.1.4. Aims and Objectives 

The aim of the work which formed the basis of this Chapter was to develop, carry out and optimise a 

synthetic route towards GPR-L1. This ligand would then be fully characterised and complexed to a 

series of metal ions with imaging applications, and these complexes analysed to assess their suitability 

for imaging against criteria for magnetic resonance and optical imaging, depending on the metal 

complex.  

These metal complexes would then be assessed for their suitability as imaging probes through in vitro 

work assessing their receptor affinity and providing proof of successful interaction via the indole-based 

targeting group. Following validation of the receptor-binding abilities of the synthesised complexes, it 

was hoped that at least one of them could be taken in vivo, assessing their biodistribution and exploring 

whether the probe could be able to quantify pancreatic β-cell mass in animals or even hypothetically in 

the clinic.  

Successfully taking GPR-L1 in vivo would enable a comparison between a small-molecule-based 

imaging probe targeted to GPR40, and one which utilised a peptide moiety to target the receptor GLP-

1R, GdEx, which is discussed in Chapter 2. This could help conclusions to be drawn on which method 

of targeting, and which biological target, is most effective and could best aid the assessment of β-cell 

mass, functionality and diabetes progression. 

3.2. Results and Discussion 

3.2.1. Synthesis of Yoon’s Indole-5-Propanoic Acid Derivative 

 

It was decided initially to replicate the synthesis of the compound developed by Yoon et al., in order to 

assess the viability of the synthetic route and determine whether or not the necessary modifications to 

produce GPR-L1 could be accomplished12.  

Commercially available 4-aminophenyl propanoic acid was utilised as the starting point of the 

synthesis. This acid may be readily converted to its corresponding ethyl ester, 3.1 at a high yield of 72% 

by refluxing in ethanol in the presence of an H2SO4 catalyst. Mono-iodination of 3.1 to give the ortho-

substituted variant 3.2 could be achieved by portion-wise addition of N-iodosuccinimide (NIS) at 0 °C. 

The rate of addition had to be carefully adjusted: immediate addition of 1 equivalent of NIS resulted in 

isolation of the disubstituted analogue and unreacted starting material – possibly from mesomeric 

electron donation from the iodide substituent into the aromatic ring 3.2 rendering subsequent addition 

more favourable. Ultimately, this synthetic step could be achieved at a high yield of 87%. The following 

Sonogashira reaction between 3.2 and trimethylsilylacetylene (TMS) gave the protected alkyne 

derivative 3.3 at a quantitative yield. Rapid deprotection of the TMS group to liberate the alkyne 3.4 

could be readily accomplished using tetrabutylammonium fluoride solution, giving the desired 

compound at a high yield of 69% in as little as 30 minutes. A second Sonogashira reaction with 1,2-
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dibromobenzene produced compound 3.5 at a high yield of 82%. The most interesting chemistry in this 

synthetic route was a gold-catalysed cyclisation reaction, which enabled formation of the indole 3.6 at 

a high yield of 87%. This compound could then be easily deprotected via ester hydrolysis under basic 

conditions to give the indole derivative 3.7 at a good yield of 80%. Purification at each stage was 

extremely straightforward, with flash chromatography in petroleum ether and ethyl acetate, or water 

and acetonitrile in the case of 3.7. The complete synthesis is shown in Scheme 3.1. The total yield was 

29% over 7 steps. 

Once Yoon’s synthetic route had been successfully replicated, the focus of the work could shift to 

modifications in pursuit of an imaging chelate. 

 

Scheme 3.1: Synthesis of the GPR-40 targeting indole derivative 3.7. 

3.2.2. Synthesis of GPR-L1 

After successfully isolating the targeting moiety, it was decided to pursue its functionalisation to 

introduce imaging modalities. As can be seen in Scheme 3.1, a palladium-catalysed Sonogashira 

reaction with 1,2-dibromobenzene and compound 3.4 was required in the synthesis of Yoon’s 

compound. It was hoped that replacing 1,2-dibromobenzene with the analogous 1,2-dibromo-

4(bromomethyl)benzene would allow a macrocyclic chelator to be introduced via a simple nucleophilic 

substitution reaction. Tert-butyl protected H3do3a could be synthesised from the macrocycle cyclen, 

which may be alkylated selectively by dropwise addition of 3 equivalents of tert-butyl bromoacetate at 

– 20 °C, followed by stirring at room temperature overnight to give compound 3.8 at a moderate yield 

of 61%. Refluxing 4(bromomethyl)benzene in acetonitrile and in the presence of an excess of K2CO3, 
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gave the alkylated derivative 3.9 at a moderate yield of 58% after 17 hours. Initial attempts at replicating 

the Sonogashira reaction with the alkyne 3.4 were unsuccessful when triethylamine was used, and 

substitution of this amine for dry diisopropylamine (DIPA) gave the corresponding cyclisation 

precursor, 3.10a, at disappointing yields of between 10 and 35%. The success of this reaction step 

seemed to be dependent on its scale: larger scale syntheses tended to result in higher yields. Cyclisation 

of this compound utilising AuCl3 was attempted and, despite some evidence that a reaction had taken 

place, nothing that could be identified as the desired indole product could be isolated. These reactions 

are summarised in Scheme 3.2. 

 

Scheme 3.2: Synthesis of 3.10a and the conditions used in its subsequent cyclisation. 

Despite the cyclisation conditions published by Yoon et al. proving successful in the replication of their 

work, no success was had when attempting to isolate the indole shown above in Scheme 3.2. There was 

evidence of some reaction progress: the disappearance of the starting material spot through monitoring 

by thin layer chromatography (TLC), a distinct shift in the aromatic region of the proton NMR spectrum 

and the absence of an alkyne stretch in the  infrared (IR) spectrum of the crude residue isolated from 

the cyclisation reaction.  
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Difficulty in interpretation of some of the obtained mass spectrometry (MS) results during the 

purification of compound 3.11a led to this reaction pathway being abandoned. These results are shown 

in Figure 3.5. Following flash chromatography of crude 3.11a, two different compounds were isolated. 

The two compounds had extremely different Rf values, yet the same values could be seen in the mass 

spectra of the two different spots. The base ion peak for the two compounds was at an m/z value of 

787.1. It was hypothesised that this peak corresponded to two different, deprotected analogues of the 

target compound 3.11a, which are shown in Figure 3.5. As neither isolated compound could be 

definitively identified, this synthetic route was no longer pursued. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: i) Aromatic region of 1H NMR spectrum (CDCl3, 400 MHz) of crude 3.11a, ii) Aromatic region of 
1H NMR spectrum (CDCl3, 400 MHz) of compound 3.10a, iii) ESI-MS of one of the isolated fractions from 

purification of 3.11a 

i) 

iii) 

ii) 
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Figure 3.6: Proposed possible structures of 3.11a. 

It was theorised that the macrocyclic unit may have been interfering with the reaction process in some 

way, possibly by making cyclisation less favourable due to the large steric bulk of the ring. It was also 

considered that the macrocycle could be chelating to some of the available Au3+ in solution, which could 

have provided a Lewis acidic site for water coordination, therefore promoting hydrolysis of the tert-

butyl ester protecting groups and liberating the free carboxylic acids in the two proposed structures of 

3.11a shown in Figure 3.5. An attempt to form the indole using a zinc catalyst was also unsuccessful. 

In order to try to avoid any potential interference from the macrocycle, it was decided to re-attempt the 

synthesis of 3.11a in a different order, by building up the targeting group first and then introducing the 

metal binding region. This was attempted using the same Sonogashira reaction conditions reported by 

Yoon et al. to try and promote a reaction between 3.4 and 1,2-dibromo-4-(bromomethyl)benzene, which 

successfully gave the alkyne compound 3.12a, albeit at a low yield of 17%. Due to the presence of two 

aromatic bromine atoms, there was some concern that two possible isomers of compound 3.12a could 

be produced. Despite this, only one was isolated. This was identified as the para isomer, which was 

formed selectively perhaps due to both steric influence and the ortho/para directing effect of the 

bromomethyl substituent. The cyclisation step was attempted but to no avail, and a reassessment of the 

methodology employed in this pathway was carried out at this stage. 

 
Scheme 3.3: Synthesis of compound 3.12a. 

In the synthetic work which had been carried out up to this point, aromatic compounds containing 

bromide substituents had been exclusively utilised as substrates for the various attempted Sonogashira 
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reactions. These had been hampered by low yields and difficult purifications. It was hypothesised that 

this could be due to a possible selectivity issue resulting from use of a di-brominated compound and its 

use in palladium-catalysed cross coupling processes, although no evidence for this had been collected. 

Buchwald-Hartwig reactions are also known to take place between amines and aromatic bromides in 

the presence of palladium catalysts, and this competing process could have been taking place in various 

attempts to build on 3.4, resulting in low yields of the desired products27,28. To try to avoid this possible 

competing process, and in conjunction with the fact that iodide substituents react favourably to 

bromides in similar reactions elsewhere in the literature29,30. The pursuit of an iodo- variant of the 

compounds synthesised thus far was carried out in order to obtain a ligand capable of GPR40 targeted 

imaging.  

1-Iodo-2-bromo-4-(bromomethyl)benzene is commercially available but extremely expensive. It was 

decided to synthesise the compound from 3-bromo-4-iodotoluene via a radical reaction with N-

bromosuccinimide and the radical initiator azobisisobutyronitrile (AIBN). Stirring these compounds 

overnight in chloroform at 80 °C gave 3.13 at a moderate yield of 37%. This reaction was routinely 

carried out on a large scale and proved more viable than purchasing 3.13. Subsequent reaction between 

the electrophilic 3.13 and the nucleophile 3.8 gave the (tBu)3do3a analogue 3.14 at a good yield of 80% 

after refluxing for between 2 and 3 days. The Sonogashira reaction between this compound and 3.4 was 

then carried out, which enabled 3.10b to be produced at a moderate yield of 66%. It had been 

hypothesised that the use of an aromatic iodide substrate would avoid possible issues in stereoselectivity 

and competing Buchwald-Hartwig processes and lead to higher yields of the desired product, so it was 

pleasing to see an improvement. Additionally, the purification process was more straightforward, with 

better separation occurring on the column. It was therefore decided to persevere with this synthetic 

approach. Cyclisation of the alkyne to form the indole 3.11b via the previously discussed AuCl3-

catalysed reaction could be achieved at a good yield of 69%. Difficulty in determining the success of 

this reaction had been had with MS results which were challenging to interpret, suggesting that some 

degree of deprotection had occurred during the cyclisation process. The higher yields achieved earlier 

in the synthesis thanks to the use of iodo- rather than bromo- compounds had enabled the indole 

formation to be attempted on a much larger scale than had previously been trialled. It may have been 

that the larger scale made characterisation of 3.11b more feasible and accurate. For example, the 

disappearance of an alkyne peak in the IR spectrum (Figure 3.7) was a key piece of characterisation 

evidence.  
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Figure 3.7: Solid state infrared spectrum of compound 3.11b (Cary 630 FTIR). 

Once indole formation had been confirmed, the next step required to enable metal complexation was 

deprotection of the tert-butyl esters on the acetic acid arms of the macrocyclic ring. In addition to this, 

hydrolysis of the ethyl ester on the propanoic acid arm of the indole was also necessary to allow 

sufficient interaction between the targeting moiety and the binding site of GPR40. Initially, it was 

decided to attempt deprotection of all of the esters simultaneously, minimising the number of synthetic 

steps required. Refluxing compound 3.11b in HCl (aq., 6.0 M) overnight did not allow any compound 

to be isolated which could be successfully identified or characterised, nor did stirring at room 

temperature in concentrated HCl, despite attempting extraction with multiple different organic solvents.  

Reduction of the aqueous phase in vacuo did not allow anything to be isolated. With these routes not 

proving viable, it was decided to deprotect the esters sequentially under more mild conditions. Stirring 

compound 3.11b in a 1:1 mixture of dichloromethane (DCM) and TFA for 21 hours gave compound 

3.15, the deprotected macrocyclic ligand at a yield of 69%. Hydrolysis of the ethyl ester using sodium 

hydroxide allowed the fully deprotected ligand, compound 3.16, GPR-L1, at a moderate yield of 51%. 

The complete synthetic route towards GPR-L1 is shown in Scheme 3.4. The total yield of the ligand 

was 5% over 6 steps, showing a clear need for optimisation of the reaction pathway. However, the 

isolation of the ligand from a relatively short synthetic route was encouraging and allowed the ligand 

to be remade in a short timeframe when necessary. 
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Scheme 3.4: The complete synthetic route towards the free ligand, GPR-L1, 3.16. 

An alternative route towards this ligand had been devised previously in which the targeting moiety was 

built up before subsequently being attached to the macrocyclic ring. It was decided to try to repeat this 

synthesis but utilising the iodo- variant, compound 3.13, to explore whether higher yields could be 

achieved. Some success was had with this reaction pathway, with the cross-coupling between the alkyne 

scaffold 3.4 and 3.13 giving analogue 3.12b at a low yield of 26%. This was slightly higher than the 

17% achieved when working from the bromide derivative, possibly due to the reduced extent of 

competing reactions like the Buchwald-Hartwig. The indole 3.17 could also be obtained at moderate 

yields of 62% after heating 3.12b in the presence of AuCl3 in ethanol. Cyclisation was confirmed by 

comparing the IR spectra of compounds 3.12b and 3.17 (Figure 3.8). An absorption peak at around 

2300 cm-1, corresponding to alkyne functionality can be seen in the spectrum of 3.12b, but not that of 

3.17. The IR spectrum of compound 3.12b also appears to show two weak peaks at around 3300 cm-1, 

corresponding to the symmetric and asymmetric stretch of a primary amine, whereas only one weak 

peak appears to be present in the same region for compound 3.17 – although the latter sample may have 

been slightly wet, resulting in a large O-H stretch in this region, obscuring any second peak. A slight 

shift in the aromatic region of the proton NMR spectra could also be observed. Perhaps more telling 
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was a colour change from yellow to red, which could suggest a change in the chromophore of the 

molecule.  

Figure 3.8: Solid state IR spectra (Cary 630 FTIR) of compounds 3.12b (top) and 3.17 (bottom). 

Despite successful synthesis and characterisation of the indole 3.17, the compound could not be 

successfully conjugated to the macrocyclic compound 3.8. This was despite employing standard 

conditions for nucleophilic substitution reactions. Having isolated GPR-L1 successfully through the 

route described previously, it was decided to no longer pursue the ligand through this strategy. 
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Scheme 3.5: Synthetic route towards compound 3.17. 

3.2.3. Lanthanide(III) Complexes of GPR-L1 

Once GPR-L1 had been successfully synthesised, it was decided to attempt to complex it to a series of 

lanthanide(III) centres of interest in the imaging field. The chosen metal ions were Gd3+, Tb3+ and Eu3+. 

With seven unpaired electrons, gadolinium(III) is highly paramagnetic and therefore capable of 

enhancing longitudinal (T1) relaxation rate of water molecules26,31,32. Within biological systems, 

gadolinium(III) complexes have been used as contrast agents for magnetic resonance imaging, with 

their magnetic properties resulting in differences in brightness between various tissue types, enabling 

the elucidation of more useful anatomical data. Gadolinium-based contrast agents (GBCAs) dominate 

the contrast agent field – 11 are currently in clinical usage, with the earliest first approved in 198826,33,34. 

In addition to gadolinium, the lanthanides europium and terbium were chosen as target metal centres. 

Both metals have applications in in vitro luminescent imaging due to their notable photophysical 

properties, which are discussed in the introduction to this thesis35–37. Further to this, the luminescence 

of Eu(III) and Tb(III) ions, when appropriately sensitised via a ligand chromophore, may be utilised to 

accurately determine the inner sphere hydration state, q, of the complex36–39. Due to the similar 

coordination environments preferred across the lanthanide series, these data can be exploited to 

determine the hydration state of the corresponding Gd(III) complex36. Hydration state is a critical 

component in the relaxivity of any MRI contrast agent, and its assessment would help fully characterise 

the gadolinium(III) complex of GPR-L1, enabling judgements to be made about its suitability for use 

as an MRI contrast agent. 

The synthesis of a macrocyclic Gd(III) complex had been accomplished previously with GdCl3
.6H2O 

as the lanthanide source, see Chapter 2, and it was decided to repeat this approach with GPR-L1. 

Complexation was attempted by dissolving the ligand in water and adding a slight excess (1.5 

equivalents) of each of the corresponding LnCl3
.xH2O salts before leaving the reaction mixture to stir 

overnight at a pH between 5 and 7. LCMS was utilised to monitor the reactions in order to confirm the 

identity of any complex prior to working up the reaction mixture. After 24 hours, LCMS indicated that 



 

 
112 

 

no sequestration of Gd3+ or Eu3+ had occurred and suggested that only partial complexation of Tb3+ 

could be observed (Figure 3.9). After a further 24 hours, the gadolinium(III) complexation was heated 

to 40 °C and a new Gd3+ source (Gd(OTf)3) added. However, no subsequent LCMS results could be 

fully assigned to any of the complexes or the ligand itself. 

 
Figure 3.9: Mass spectrum from an LCMS run of the reaction mixture for the terbium(III) complex of GPR-L1 

suggesting successful complexation: MW = 858.50 and 702.60 respectively. 

Despite no explicit evidence that complexation had occurred, it was decided to work up and purify each 

of the reaction mixtures to try and assess what, if anything, had taken place. Each solution was 

lyophilised and the resulting white solids desalted to remove any free lanthanide(III) ions. This was 

done by dissolving the compounds in water and bringing the pH to 10 by addition of sodium hydroxide 

solution. This resulted in the precipitation of Ln(OH)3. The solution was centrifuged and the supernatant 

isolated and tested for the presence of free Ln3+ ions using xylenol orange as an indicator. Purification 

was carried out using automated reverse-phase flash chromatography and the resultant compounds 

submitted for MS analysis to establish whether complexation had been successful.  

As complexation utilising the LnCl3 salts had proved fairly challenging, it was decided to attempt new 

methodologies to try to attain lanthanide(III) complexes of GPR-L1. Efforts were initially focussed on 

the formation of a gadolinium(III) complex due to its potential application as an MRI contrast agent. 

Having unsuccessfully attempted complexation with the chloride and triflate salts of Gd(III), the nitrate 

was utilised as the next lanthanide(III) source. Carrying out the reaction in aqueous conditions at pH 6 

did not result in any complex formation. Rather than continuing to substitute the metal salt, it was 

decided to explore the effect of solvent and temperature on the complexation reaction. Alcohols have a 

lower donor number than water molecules, and have been shown to have a reduced Ln3+ solvating 

ability compared to water40. Substitution of water for methanol resulted in successful chelation of Gd3+ 
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by GPR-L1 when a slight excess of Gd(NO3)3 was introduced and the reaction mixture left to stir 

overnight at pH 6.5 and 50 °C.  

Given the difficulties encountered previously when LCMS was used to monitor the progression of the 

reaction, the Evans method was used to determine the extent of complex formation. This entailed 

removing the solvent in vacuo before removing excess salts from the reaction mixture using automated 

reverse-phase flash chromatography. The solid obtained after purification was then dissolved in H2O 

and a series of solutions prepared at known concentrations, assuming that all of the isolated compound 

was the target complex. These solutions were placed into capillaries and then inserted into an NMR 

tube containing D2O. A 1H NMR spectrum was recorded and the difference in chemical shift between 

the H2O and D2O peaks (Δx) in the spectrum for each concentration measured and used to calculate the 

actual gadolinium concentration (c) using Equation 3.1. Using this quantification method for the 

reaction conditions discussed above, complexation was shown to have reached 100% after 48 hours41. 

The gadolinium(III) complex of GPR-L1, 3.18, was isolated at a disappointing yield of just 18% after 

desalting and purification. However, it was reassuring that complex formation could be achieved.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟏: ∆𝑥 = 103 (
4𝜋𝑐𝑆

𝑇
) (

𝜇𝑒𝑓𝑓

2.84
)

2

  

For Gd3+: µeff = 7.94. S = 1/3 for a solution parallel to the applied magnetic field.  

Utilisation of methanol and an elevated temperature was trialled for other metal ions. In the absence of 

terbium nitrate the triflate salt was utilised. On this occasion, LCMS successfully identified terbium(III) 

complexation, with compound 3.19 ultimately being isolated at a 50% yield.  

In the case of europium, no complex formation could be confirmed from the nitrate salt. All that was 

obtained after leaving the reaction mixture for 4 days was a white solid which gave inconclusive results 

from MS (Figure 3.10). The base peak in this spectrum appeared to correspond to a europium isotope 

pattern, but came at an m/z value approximately 100 below the mass of the complex. Attempts were 

made to crystallise this compound in order to further characterise it, but this could not be done 

successfully.  
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Figure 3.10: The mass spectrum obtained after attempting to complex GPR-L1 with Eu(NO3)3. The peaks at 

around 752 and 776 respectively appear to correspond to an unknown species plus H+ and Na+ respectively. 

MW for [Eu(GPR-L1)] = 851.54. 

It was hypothesised that the kinetics involved in complexation of these metal ions may be vastly 

different, which is very possible given the differences in the rate of formation of the gadolinium(III) 

and terbium(III) complexes. This could account for the apparent lack of success in europium(III) 

complex formation. Several alternative europium(III) sources were trialled, namely the triflate, 

trifluoroacetate and completely anhydrous chloride, all to no avail.  

It was hypothesised that the application of heat could have caused some ligand degradation or possible 

coordination from the carboxylic acid arm of GPR-L1. As such, complexation utilising anhydrous 

EuCl3 at pH 6 in water was attempted again. Anhydrous EuCl3 was added portion-wise, up to a total 15 

equivalents over a period of 11 days before LCMS and MALDI-MS suggested product formation. After 

lyophilisation and subsequent reverse-phase column chromatography, the Eu(III) complex of GPR-L1, 

3.20 could finally be isolated at a yield of 45%. Scheme 3.6 shows the formation of the three isolated 

lanthanide(III) complexes of GPR-L1. 
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Figure 3.11: Mass spectrum of compound 3.20 and the associated accurate mass calculated indicating 

successful europium(III) complex formation. 

 
Scheme 3.6: Synthesis of the lanthanide(III) complexes of GPR-L1. 

The vastly different rates of formation between these ions could be due to the metal salt used as the 

lanthanide source, or possibly due to intrinsic properties of the lanthanide(III) ions themselves. These 

kinetics could be investigated as part of future work on this project. 

3.2.3.1. Complex Properties and Characterisation 

Relaxivity is a key factor in consideration of any compounds which is to be used as an MRI contrast 

agent and, accordingly, it was decided to determine the relaxivity of compound 3.18. This was done 

through the measurement of T1 values of aqueous solutions of the complex at varying concentrations, 

which was carried out by Peter Haycock. Plotting the inverse of T1 against [Gd] gave a linear plot from 

which the r1 of compound 3.18 could be calculated as 9.22 mM-1s-1.  
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Figure 3.12: Plot used to determine relaxivity value of compound 3.18. 

This relaxivity is fairly high, especially when compared with many clinically approved gadolinium-

based contrast agents: for example [Gd(dota)]- has had r1 values of between 3.5 and 4.8 mM-1s-1 

reported25. However, it is important to consider that GPR-L1 is heptadentate and its complexes with 

trivalent lanthanide ions are likely to have a hydration state of 2, rather than 1. Comparing this to other 

q = 2 complexes, such as [Gd(tren-1,2-HOPO)], which has a relaxivity of 10.5 mM-1s-1, reveals that this 

r1 value is not unrealistic or unexpected25,42. The hydration state of compound 3.18 could theoretically 

be calculated from the quantum yields and luminescent lifetimes of the Eu(III) or Tb(III) complexes 

and used to confirm that this relaxivity value is sensible.  

As the luminescence of Ln(III) ions is due to 4f-4f transitions, which are Laporte forbidden, direct 

excitation of the metal centre is associated with a low molar absorptivity and often requires high-

powered laser excitation35,36.  In order to exploit the unique photophysical properties of the Eu3+ and 

Tb3+ ions, a sensitising chromophore should be used to excite the metal centre via the antenna effect35,36. 

Ligands which are typically used as antennae are polyaromatic or heterocyclic species which absorb 

light with a wavelength between 350 and 410 nm35. Although GPR-L1 is not a classical polyaromatic, 

it was decided to investigate its optical properties to explore whether the ligand itself could be capable 

of sensitising Eu(III) or Tb(III) luminescence. GPR-L1 was dissolved in water at a concentration of 

1.85 mmol dm-3 and its UV absorbance spectrum recorded. This spectrum is shown in Figure 3.13. A 

small peak in absorbance could be seen at around 293 nm, although with absorption taking place at 

reasonable levels between 300 and around 375 nm.  

y = 9.2247x - 2.2567

-2

8

18

28

38

48

0 1 2 3 4 5

1
/T

1
(s

-1
)

[Gd]/mM



 

 
117 

 

Figure 3.13: UV-vis absorption spectrum of GPR-L1in H2O. 

With some absorption occurring in the ligand in the relevant window for lanthanide sensitisation, it was 

decided to explore the fluorescence properties of the ligand. The fluorescence of the ligand was 

investigated at the same concentration as the UV data and the relevant spectrum is shown in Figure 

3.14. 

 

Figure 3.14: Fluorescence spectra of GPR-L1 in H2O showing excitation (purple) and emission (green). 

It was found that the ligand could be excited at 366 nm, resulting in emission at around 484 nm. Given 

that this excitation wavelength fell within the window necessary for lanthanide(III) sensitisation, it was 

hoped that the photophysical properties of [Tb(GPR-L1)], 3.19,  could be used to calculate the hydration 

state of the gadolinium(III) complex, 3.18, and draw conclusions about the suitability of the latter for 

use as an MRI contrast agent. In addition, the fluorescent nature of the ligand could also lend itself to 

in vitro studies of cells which over-express GPR40. This could be used to validate the efficacy of the 
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targeting moiety, and to confirm that the modification of the indole agonist developed by Yoon does 

not interfere with its affinity for the receptor target.  

The luminescent properties of the Tb3+ complex 3.19 were explored by preparing a solution of the 

compound in water at a concentration of 2.43 mmol dm-3. The complex could be excited at 391 nm, 

resulting in emission at 468 nm. This excitation wavelength also fell within the window appropriate for 

Tb(III) sensitisation, so it was decided to examine the phosphorescent properties of the complex. It was 

pleasing to see that the characteristic terbium(III) emission peaks were seen when this was explored, 

although these were extremely weak when compared to the intensity of the fluorescence. This would 

limit the usage of 3.19 as a luminescent probe in practice but suggested that the ligand GPR-L1 could 

indeed be used to sensitise the emission of trivalent lanthanide ions and confirmed that a terbium 

complex had been formed. The fluorescence and phosphorescence spectra for 3.19 can be seen in 

Figure 3.15.  

 
Figure 3.15: Top – emission (green) and excitation (purple) spectra of 3.19 in H2O. Bottom – phosphorescence 

spectrum of 3.19 displaying the classic terbium(III) emission peaks. 
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Following successful isolation of [Eu(GPR-L1)], it was also decided to investigate the antenna effect 

and luminescence of this complex to establish if GPR-L1 could sensitise emission from Eu3+. This was 

done through recording the excitation and emission spectra of an aqueous solution of 3.20 (0.82 mmol 

dm-3), which showed that the complex could be excited around 323 nm, resulting in emission at 401 nm 

(Figure 3.16). 

Figure 3.16: Excitation (purple) and emission (green) spectra of 3.20 in H2O. 

Given that 3.20 could be excited across a broad range of wavelengths, including within the window 

typically used for lanthanide(III) antennae, it was also decided to explore the phosphorescence of this 

compound. Excitation at around 350 nm resulted in a classical Eu(III) emission spectrum, which can be 

seen below in Figure 3.17.  

 

 

 

 

 

 

 

 

Figure 3.17: Time-gated emission spectrum of 3.20 in H2O. 
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With some suggestion that GPR-L1 could sensitise lanthanide(III) emission, it was decided to try and 

calculate the excited state lifetime of the lanthanide(III) centres of 3.19 and 3.20 in both H2O and D2O, 

as this would allow calculation of the hydration state of the complex and confirm the q value of 2 which 

was assigned to the gadolinium(III) complex. Quenching of lanthanide(III) excited states can occur 

non-radiatively, which reduces emission intensity. This quenching can occur through energy transfer to 

O-H oscillators in solvent molecules when these are in close proximity to the excited metal centre – i.e. 

they occupy the ion’s inner coordination sphere43,44. In deuterated solvents, the quenching process is 

less pronounced as there is less effective overlap between the excited state and O-D vibrational energy 

levels, resulting in reduced efficiency of energy transfer and therefore a marked increase in the lifetime 

of the excited state and longer-lived emission45,46. In 1981, Horrocks et al. proposed an equation relating 

these different quenching effects to the hydration state of the metal ion, with different constants 

accounting for how readily the excited state can be quenched by nearby osciallators47,48. Since then, a 

series of iterative changes to the equation have been made to account for any excited state quenching 

from the Ln(III) complex’s outer coordination sphere43,48. 

Equations 3.2 and 3.3 show the relationship between these lifetimes (τ) and hydration state for Eu3+ 

and Tb3+ respectively. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟐: 𝑞 = 1.2(
1

𝜏𝐻2𝑂
−  

1

𝜏𝐷2𝑂
− 0.25)   

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟑: 𝑞 = 5(
1

𝜏𝐻2𝑂
−  

1

𝜏𝐷2𝑂
− 0.06)   

Solutions of both 3.19 and 3.20 were prepared in both H2O and D2O, initially at 100 µM.  The relevant 

lifetimes were recorded on a Varian Cary Eclipse fluorescence spectrophotometer in the 

phosphorescence mode and the intensity of the emission after a 0.15 ms time gate applied was recorded 

and plotted against time. Compound 3.19 was excited at 391 nm and the lifetime of the emission peak 

at 545 nm recorded. Compound 3.20 was excited at 350 nm and the lifetime of the emission at 618 nm 

measured.  The resulting decay curves (up to t = 20 ms) were fit to an exponential decay using Origin, 

which assumed an ideal relationship between the intensity of emission and time, such as that shown by 

Equation 3.4.  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑. 𝟒: 𝐼(𝑡) = 𝐼(0)𝑒−
𝑡
𝜏 

From the first set of measurements, lifetimes for the lanthanide(III) luminescence were calculated. For 

the europium(III) centre in 3.20, τ(H2O) was found to be 0.76 ms and τ(D2O) 1.21 ms and for the 

terbium(III) ion in 3.19 τ(H2O) was found to be 0.25 ms and τ(D2O) 1.26 ms. At first glance this was 

reassuring: both luminescent lifetimes in aqueous solution fell within the expected window (0.1 – 1.0 

ms for Eu3+ and 0.4 -5.0 ms for Tb3+, dependent on ligand environment) and both lifetimes were longer 



 

 
121 

 

in D2O than H2O49. Unfortunately, when these lifetimes were put into Equations 3.1 and 3.2 

respectively, q values of 0.29 and 4.19 were obtained for compound 3.20 and 3.19. These were vastly 

different from the expected values, closer to 2, expected for these complexes based on the relaxivity 

data obtained from 3.18. It was hypothesised that the obtained results could have been inaccurate due 

to the low concentration used to record the emission lifetimes. Subsequently, 1 mM solutions each of 

3.19 and 3.20 were prepared and the measurements taken again. This time, q values of 0.30 and 6.74 

were calculated. Even with the large associated error with Horrocks’ equation, (± 0.5)47 it was surprising 

that these values were so different from the expected results. There have been reports in the literature 

of excited state quenching by O2
50. This has been observed in a range of systems, such as porphyrins 

complexed to Pd and Pt, but also in Tb(III) complexes, some of which have been designed as oxygen 

sensors50–54. In these systems, removing oxygen from the system has been shown to significantly 

increase emission lifetime and quantum yield of the luminescent metal centre50. It was therefore decided 

to degas each solution (1 mM) by bubbling through nitrogen gas for a period of 90 minutes before 

subsequently measuring the lifetime. The obtained results are summarised in Table 3.1.  

Compound (Ln3+) Conditions τ(H2O)/ms τ(D2O)/ms Calculated q Value 

 

3.19 (Tb3+) 

100 µM 0.25 0.32 4.19 

1 mM 0.31 0.55 6.74 

1 mM, degassed solvent 0.68 0.70 -0.10 

 

3.20 (Eu3+) 

100 µM 0.76 1.21 0.29 

1 mM 0.70 1.07 0.30 

1 mM, degassed solvent 0.74 1.26 0.37 

Table 3.1: Summarised lanthanide(III) luminescence lifetime data for 3.19 and 3.20. 

Although repeating the measurements in degassed solvents resulted in a slight increase in the calculated 

q value for 3.20, it can be seen that it resulted in no meaningful data being obtained for 3.19. It is 

possible that, due to the extremely weak sensitisation of the terbium(III) luminescence by GPR-L1, 

(see Figure 3.15), the recorded lifetime data is unreliable – this seems incredibly likely due to its 

inconsistency. For 3.20, both the lifetime and calculated q values seemed fairly consistent, with values 

ranging from between 0.70 – 0.76 ms in H2O and 1.07 – 1.26 ms in D2O for the former and 0.29 and 

0.37 for the latter. However, whilst these values are consistent with one another, they are much lower 

than the expected value of 2 based on the relaxivity of compound 3.18. The increase in the calculated 

value for q after the use of degassed solvents suggests that there could be some oxygen quenching 

processes involved which could lead to a lower than expected emission lifetime and therefore hydration 

state. Some additional credence is leant to this hypothesis by the observed increase in the lifetime of 

both complexes when recorded at 1 mM in glycerol. Glycerol is known to have low oxygen solubility, 

considerably lower than water, and any increase in excited state lifetime of the complexes in glycerol 
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could be indicative of some oxygen-mediated quenching process55. The lifetime values obtained for 

3.19 and 3.20 respectively under these conditions were 0.55 ms and 0.87 ms. These represent substantial 

increases in excited state lifetime for both complexes when compared to the same concentration in 

water, suggesting that there may indeed by some degree of quenching by O2. Further degassing of 

solvents may be required in order to increase the accuracy of the obtained results. There may also be 

some relationship between solvent viscosity and excited state lifetimes of terbium(III) complexes55–57. 

It has been proposed by Placide et al. that reduced solvent viscosity enables increased aryl-aryl rotations 

in antenna systems57. This increases the number of non-radiative pathways available to the excited state, 

which can lead to reduced luminescence lifetimes56,57. This phenomenon could explain the 

discrepancies in the recorded lifetimes and calculated q values for 3.19 and could also be occurring with 

3.20, as well as explaining the increased values of τ for both complexes in glycerol, a much more viscous 

solvent than water which would result in slower molecular rotation. In order to further explore this, low 

temperature measurements could be carried out, with an increase in lifetimes at lower temperatures 

indicative of a non-radiative rotational relaxation process being behind the unexpected results observed. 

As discussed above, the europium(III) complex of GPR-L1 was extremely difficult to form, requiring 

a much longer reaction time than both the Tb(III) and Gd(III) complexes. It may be that 3.20 exhibits 

markedly different behaviour in solution to other complexes of this ligand, dimer formation for 

example, which results in alternative hydration states being adopted. There are a number of ways in 

which this could be verified – crystallography is one example. Additionally, the complete 

lanthanide(III) series could be synthesised and their luminescent properties explored to gain more 

insight on the behaviour of this ligand and its complexes. Furthermore, it is possible that the carboxylic 

acid arm of the targeting group incorporated into the ligand could be responsible for the unusual 

observations of 3.20 – i.e. this carboxylic acid on one molecule could be chelating to the Eu(III) centre 

of another molecule given the heptadentate nature of GPR-L1. This could leave a free coordination site 

for a water molecule which could then be associated with both metal centres and give the reduced 

calculated hydration state. One way in which this could be explored is through complexation of the 

ligand precursor 3.15 to europium(III). Compound 3.15 has this carboxylic acid ethyl protected, so 

reducing its chelating ability could enable exploration of the unusual solution behaviour observed.  
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Figure 3.18: Possible dimer formation in compound 3.20, which could account for a lower than expected 

hydration state due to increased steric hindrance at the metal centre. 

3.3. In Vitro Data 

It was hypothesised that the fluorescent nature of GPR-L1 could be used to examine in vitro behaviour 

of the ligand’s complexes and to confirm their affinity for the GPR40 receptor. The fluorescence spectra 

of 3.18 were recorded in order to assess the viability of this work. It was found that 3.18 could be excited 

at 326 nm with emission then occurring at 430 nm. There is a notable difference of around 40 nm 

between this compound, the gadolinium(III) complex, and the terbium(III) complex. This is quite 

possibly due to the different excited electronic states at the two metal centres.  

 

Figure 3.19: Fluorescence spectra of 3.18 in H2O showing excitation (purple) and emission (green). 
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A set of in vitro experiments were carried out by Dr Shuai Zha at Hong Kong Baptist University. The 

initial round of these experiments sought to assess the toxicity of the compound towards cells and give 

an indication of whether it would be appropriate for future in vivo applications or use as a contrast agent. 

Compound 3.18 was incubated alongside human embryonic kidney-293 (HEK293) cells transfected 

with the plasmid FFA1-Tango at a range of concentrations (0 – 500 µM) for 24 hours. The plasmid, 

which was provided by Addgene, enables expression of human GPR40 and HEK293 cells have been 

used to express mammalian peptides58,59. The proportion of surviving cells after 24 hours incubation, 

expressed as cell viability, was utilised to assess compound toxicity.  

 

Figure 3.20: Viability of transfected (orange) and native (blue) HEK293 cells at varying concentrations of 3.18. 

Figure prepared by Dr Shuai Zha.  

The cell toxicity results were reassuring, with 3.18 showing minimal toxicity towards human cells 

expressing GPR40. Cell viability remained at or above 90% when the cells were incubated for 24 hours 

with 3.18 at concentrations at or below 5 µM, far above the length and dose which would be required 

for in vivo experimentation. There was limited cell death at even high concentrations, with cell viability 

remaining as high as 70-80% at 50 µM of 3.18. The IC50 value of 3.18 was calculated to be 336 µM in 

native HEK293 cells and 380 µM in transfected cells expressing GPR40. These values are relatively 

high, indicating a low level of compound toxicity in vitro. 

Further experiments were devised in order to assess the receptor-binding ability of 3.18. The 

methodology was adapted from an exploration of GPR40 agonists published by Bertrand et al., in which 

HEK293 cells were used as a control against those modified to express the receptor60. The native cells 

showed no fluorescence after incubation with a fluorescent GPR40 agonist, but those expressing GPR40 

did60.  Due to relatively weak emission from the aromatic targeting moiety, two-photon fluorescence 

excitation was used for confocal imaging of both HEK293 and the transfected variant cells. Two-photon 
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excitation involves the use of two photons of higher wavelength, typically from the infrared region of 

the spectrum, which are applied simultaneously to an organic compound in lieu of a single photon of 

visible light61. Proponents of two-photon excitation suggest that the use of lower energy photons can 

avoid damaging living cells61. Additionally, the use of infrared photons results in reduced background 

interference due to scattering, as well as more efficient detection of fluorescent photons, which enables 

ultrasensitive detection of weakly-emissive systems or molecules at low concentrations, even down to 

the single molecule level61,62.  

Dr Zha conducted a further round of in vitro imaging experiments. In order to assess specific binding 

of 3.18, the compound was incubated at a concentration of 50 µM with both HEK293 and transfected 

HEK293 cells overexpressing GPR40, as with the toxicity studies. Confocal imaging was carried out 

with excitation at 700 nm and an emission window set at 400 – 550 nm to correspond to the emission 

profile of 3.18, visible in Figure 3.19. Images were acquired at 6, 12 and 24 hours. The complete 

imaging sets are shown below in Figure 3.21 and 3.22. 

Figure 3.21: Microscope images obtained of native HEK293 cells incubated with 3.18 (50 µM). For 

fluorescence: λex = 700 nm, λem = 400 – 550 nm. Image prepared by Dr Shuai Zha. 
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Figure 3.22: Microscope images obtained of transfected HEK293 cells expressing GPR40 incubated with 3.18 

(50 µM). For fluorescence: λex = 700 nm, λem = 400 – 550 nm. Image prepared by Dr Shuai Zha. 

No fluorescence could be observed in the HEK293 cells incubated with 3.18, indicating no uptake. This 

was expected as there was no receptor for the probe to bind to. Some fluorescence could be observed 

in the transfected cells, although this was fairly weak, perhaps due to the low efficiency of the two-

photon excitation system. Despite the weak emission, a clear difference can be observed, with 

fluorescence observed at the plasma membrane of the transfected cells. This is indicative of receptor 

binding, suggesting that 3.18 was binding to GPR40 receptors and therefore that the designed targeting 

group could successfully be applied.  

Following this indication that the targeting group devised by Yoon et al. did bind to the GPR40 receptor 

in vitro when incorporated into an imaging probe, there is certainly scope to carry out in vivo 

experiments assessing the use of 3.18 as an MRI contrast agent, or the luminescent species 3.19 and 

3.20 as optical agents. In vivo work examining the uptake of 3.18 in the pancreas of wild-type mice is 

currently taking place, courtesy of Dr Zuo Rui at Sun Yat-sen University. 
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3.4. Conclusions and Outlook 

A novel ligand, GPR-L1, targeted to the G-protein coupled receptor GPR40 has been designed and 

synthesised. GPR-L1 incorporates an indole moiety functionalised with a propanoic acid arm, which 

has been shown to exhibit greater potency for GPR40 than TAK-875, an agonist which successfully 

reached phase 3 clinical trials. In addition, the ligand is based on the macrocycle H4dota, introducing 

versatility and enabling a diverse range of metal centres to be explored. GPR-L1 can be produced at 

moderate yields via a short, straightforward synthetic pathway with yields of 5% over 6 reaction steps. 

Whilst this is fairly low, there is certainly scope for optimisation of the reactions involved, and the 

sufficient quantities of the ligand required for complexation and preliminary in vitro work could be 

regularly and reliably produced. Due to the high affinity of the indole moiety for GPR-40, it is hoped 

that any complexes of GPR-L1 could be used as diagnostic, or possibly even therapeutic agents for the 

diagnosis and treatment of diabetes.  

Both the terbium(III) and gadolinium(III) complexes of GPR-L1 have been isolated. The properties of 

these complexes have been thoroughly explored. The relaxivity of [Gd(GPR-L1)], 9.22 mM-1s-1 is 

similar to that of other heptadentate gadolinium(III) complexes which have been synthesised and 

suggests a hydration state of 2. This would enable reduced quantities of the complex to be utilised, 

which could help avoid some of the toxicity risks associated with gadolinium-based contrast agents. In 

attempts to validate this hydration state, it was discovered that GPR-L1 was fluorescent, and that it 

could very weakly sensitise Tb3+ luminescence, enabling [Tb(GPR-L1)] to possibly be used for in vitro 

imaging of β-cell assays. However, the sensitisation was extremely weak, and it may not be realistic for 

in vitro applications. The europium(III) complex was ultimately isolated after utilisation of alternative 

metal salts, solvents and the application of heat, with success ultimately coming with a vast excess of 

anhydrous EuCl3 after a period of 11 days. It may be that the kinetics associated with each of the 

lanthanide(III) ions and GPR-L1 are vastly different, and some unusual behaviour occurs with Eu3+. 

This could have been exacerbated by increasing the temperature of the reaction, which could have 

resulted in interaction with the carboxylic acid arm of the ligand. 

 It was found that GPR-L1 could sensitise Eu3+ emission resulting in more intense lanthanide 

luminescence when compared to the terbium(III) complex, likely due to more favourable energy level 

overlap between the ligand and metal molecular orbitals. It was hoped that the lifetime of this 

luminescence could be used to calculate the hydration state of the complex and therefore validate the 

results obtained through measuring the relaxivity values of the gadolinium complex. However, the 

lifetime data obtained from the Tb(III) and Eu(III) complexes did not provide much clarity in this area. 
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The hydration state value calculated from the europium(III) complex of GPR-L1 was calculated to be 

an average of 0.32, far removed from the expected value of 2 found from the relaxivity value of the 

gadolinium(III) complex. This may be due to some unusual behaviour in solution of the Eu(III) 

complex, perhaps dimer formation, which could also explain the difficulty had in formation of this 

complex. Further synthetic work and crystallographic studies could help explore or explain this further. 

The q value calculated from the lifetime of the terbium complex’s luminescence lifetime could not be 

reliably calculated, perhaps due to only weak sensitisation of the Tb3+ emission. The increase in the 

calculated hydration state of the Eu(III) complex after solvent degassing suggested that there may be 

some degree of O2 quenching of the excited states in the system, which could be further explored using 

alternative solvents with reduced oxygen solubilities. 

Early in vitro work established that compound 3.18, a potential gadolinium-based MRI contrast agent 

formed from GPR-L1, exhibited low toxicity towards human cells expressing GPR40. This paved the 

way for further in vitro analysis, which established that the targeting moiety incorporated into the ligand 

could allow the probe to target these cells specifically. As pancreatic β-cells overexpress GPR40, the 

complexes of GPR-L1 have the potential to be used for the imaging of the pancreas alongside the 

previously discussed GdEx.  

Future work in this area would involve extensive in vivo analysis of the complexes of GPR-L1, 

exploring a range of metal centres capable of a variety of imaging modalities and possibly even moving 

into therapeutic agents through radiometal chelation via the macrocycle. Subsequently, this could even 

be extended to clinical trials or studies in human patients. Additionally, the successful synthetic work 

and accomplishments had in the introduction of the targeting moiety to a metal chelator paves the way 

for further structural modifications to be made. These could include zinc-sensing capabilities in order 

to assess β-cell functionality, analogous to the work carried out by Martins et al.63, such as those in 

Figure 3.23 below. 

 

Figure 3.23: Possible alterations to GPR-L1 which could exhibit relaxivity changes in the presence of Zn2+ and 

therefore give an indication of β-cell functionality. 
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4.1. Introduction 

4.1.1. The Glucagon-Like Peptide 1 Receptor (GLP-1R) 

The physiological effects of stimulation of the glucagon-like peptide 1 receptor are discussed 

extensively in the introduction to and Chapter 2 of this thesis. Structurally, GLP-1R is a member of the 

G-protein-coupled receptor (GPCR) superfamily, which is the most commonly encoded for by the 

human genome1. Within this superfamily, GLP-1R is part of the class B subclassification1–4. Class B 

GPCRs, of which 15 are known to exist, are characterised by three key regions: an extracellular domain 

at the N-terminus of the receptor, an intracellular domain at the C-terminus and a transmembrane 

domain which consists of 7 α helices1–4.  

The extracellular domain of GLP-1R is involved in agonist binding1,2. For peptide agonists, the C-

terminus of the ligand interacts with the extracellular N-terminus of the receptor whilst the agonist’s N-

terminus binds to the transmembrane helices. This results in a conformational change to the receptor 

structure and activates it towards intracellular G-protein binding via the C-terminus of the receptor1,2. 

 

Figure 4.1: Simplified model of a peptide agonist binding to a class B GPCR. Adapted from reference 

2, with permissions2. 

4.1.2. GLP-1R In Cell Membranes  

Cell plasma membranes are principally composed of proteins and lipids, with some carbohydrate 

content5. The lipid fraction of these membranes, composed primarily of phospholipids and cholesterol, 

dictates the membrane structure and function5,6. 

In association with the phospholipid sphingomyelin, cholesterol forms tightly-packed, highly ordered 

structures within the plasma membrane – these are referred to as liquid ordered (LO) nanodomains or 

lipid rafts6,7. GPCRs are known to localise within these lipid rafts, which is thought to aid coupling to 

G-proteins and organisation of signalling molecules7.  

Upon agonist binding, a conformational change in the receptor structure takes place7,8. This change is 

often outward movement of one of the transmembrane helices, which enables G-protein binding but 

can result in an energetically unfavourable hydrophobic interaction between the receptor and structures 
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within the plasma membrane7,8. This may be the trigger for association between the activated receptor 

and cholesterol-rich lipid rafts7. After G-protein binding, the receptor undergoes a series of processes 

including phosphorylation before being taken into the cell through endocytosis7,9,10. The effect of GLP-

1R internalisation is not fully understood, with conflicting evidence that it promotes11 or reduces9,12 

intracellular signalling events coupled to insulin release. Different agonists for GLP-1R have been 

shown to impact this endocytosis process to varying degrees: GLP-1 and exendin-4 are 10 times more 

potent at inducing internalisation than the therapeutic compound liraglutide and GLP-1 triggers 

recycling of the receptor to the cell membrane 2 to 3 times faster than exendin-412. So-called “biased 

agonists” for GLP-1R that show a reduced propensity for internalisation appear to enhance insulin 

release with prolonged agonist exposure times9. The mechanisms behind these differences are unclear 

and may be due to the varied effects on receptor conformational changes triggered by the binding of 

each agonist.  

Due to the suspected role of this cell internalisation process and the differences between agonists, there 

is scope for extensive investigation of the process of agonist binding to GLP-1R. Ligand-receptor 

interactions have been explored previously using fluorescence resonance energy transfer (FRET) 

spectroscopic methods8.  

4.1.3. Optical Imaging Systems 

The principles behind fluorescence and organic and lanthanide(III) systems for optical imaging are 

explored in great detail in the introduction to this thesis. There is some discussion below on the 

principles of time-resolved fluorescence resonance energy transfer (TR-FRET), the application of 

lanthanide(III) luminescence in these systems, and the chemical properties of rhodamine, which have 

all found use in the exploration of the exendin-4 derivatives synthesised in this Chapter.  

4.1.3.1. Fluorescence Resonance Energy Transfer (FRET) 

FRET has long been established as a technique that can be used to measure distances on the angstrom 

scale, indeed, it is often referred to as a spectroscopic ruler13–15. The process involved is based on the 

principles of fluorescence and luminescence. Essentially, the system consists of a donor fluorophore 

and an acceptor fluorophore which exhibit some degree of spectral overlap, i.e. some wavelengths 

which correspond to donor emission overlap with the absorption spectrum of the acceptor 

fluorophore13,14,16.   

As with typical fluorescent systems, photon absorption excites the donor fluorophore from the ground 

state to a higher vibrational energy level with an excited electronic state. The molecule obtains thermal 

equilibrium with its surrounding media, returning it to the lowest vibrational energy level of the excited 

electronic state16. The molecule remains in this energy state for the rest of its lifetime which, for organic 

fluorophores is around 10-8 s, before undergoing spontaneous radiative or non-radiative decay processes 

to return it to the ground state16. With sufficient spectral overlap, the energy gap associated with one of 
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these processes can match the energy gap associated with absorption required to excite an acceptor 

molecule16. This then results in emission from the acceptor system.  

FRET is distinct from simple re-absorption of an emitted photon: resonance energy transfer occurs 

without fluorescence of the donor fluorophore occurring. Additionally, the process can only occur over 

short distances, as can be seen by the equation for the amount of energy transferred (Equation 4.1)13,16. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟒. 𝟏: 𝐸 =  
1

1 + (
𝑅
𝑅0

)6
 

In Equation 4.1, E is the amount of energy transferred from the donor to the acceptor, R is the distance 

between donor and acceptor and R0 is the distance between donor and acceptor at which half the 

maximum energy transfer is achieved13. R0 can be either known or calculated and is typically 20 – 60 

Å14. 

As an additional distinction between reabsorption of an emitted photon, there is a relationship between 

the emission intensities of the donor and acceptor systems. With more effective energy transfer there is 

a reduction in intensity of fluorescence from the donor system and an increase in intensity of the 

acceptor emission13–16. This change in intensity is quantifiable and can be used to calculate the distance 

between the donor and acceptor, and the term of a “molecular ruler” is often used in discussions of 

FRET14. A common example of an application of FRET is to monitor changes in biological systems. 

For example, conformational changes in biomolecules which contain a donor and acceptor will result 

in an alteration in distance and therefore a substantial difference in energy transfer13. As such, FRET 

presents itself as an attractive tool for examining conformational changes associated in agonist binding 

of GLP-1R.    

4.1.3.2. Lanthanides in FRET: Time-Resolved Systems 

In classical FRET systems, energy-transfer sensitised acceptor emission is accompanied by emission 

resulting directly from excitation of the acceptor fluorophore – this is a side effect of the spectral overlap 

between donor and acceptor necessary for FRET pairs: some light intended to excite the donor will 

inevitably excite the acceptor, resulting in fluorescence15. In order to avoid this and therefore acquire 

more accurate information about the degree of resonance energy transfer, TR-FRET can be used. This 

requires selection of a FRET donor and acceptor that have different excited state lifetimes – if the donor 

lifetime is much longer than the acceptor then a temporal distinction will exist between sensitised 

emission and that resulting from direct excitation15. The use of a time-gate in TR-FRET allows the 

FRET emission to be isolated, giving more accurate information. 

Lanthanide(III) ions such as Tb3+ and Eu3+ present ideal donor systems for TR-FRET. As discussed in 

Chapters 1 and 3, the lifetime of lanthanide(III) luminescence is typically on the millisecond timescale, 

much more than the nanoseconds usually observed for organic fluorophores14,17. Furthermore, 
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terbium(III) and europium(III) have sharp emission spectra and exhibit high quantum yields14. Coupled 

with the ability to reduce background fluorescence, and therefore reduce signal to noise ratio, TR-FRET 

using lanthanide(III) systems can allow more accurate data acquisition in the examination of 

biomolecular systems. Some examples of such probes, designed to allow Tb(III) chelation, are shown 

in Figure 4.2.  

 

Figure 4.2: Bioconjugate systems designed for TR-FRET applications reported by i) Selvin et al.18 and ii) Cha 

et al.19.  

In the compounds shown above, Selvin et al. utilised a DNA sequence of 10, 12 or 14 base pairs, using 

TR-FRET between the terbium(III) donor and the carboxytetramethyl rhodamine acceptor to measure 

the length of the sequences. Cha et al. used a cysteine residue to link the Tb(III) chelating unit to a 

voltage-gated ion channel labelled with a series of organic fluorophores which acted as FRET 

acceptors19. These examples show innovative usage of TR-FRET to measure distances in biological 

systems via a Tb(III)-organic fluorophore FRET pair and show that this principle could also be 

harnessed to study ligand-receptor interactions. Indeed, there are several examples in recent literature 

of TR-FRET systems being used to study GLP-1R12,20,21.   

4.1.3.3. Rhodamine-Based Chemosensors 

Maintenance of intracellular pH is critical to a range of biological processes including apoptosis, cell 

proliferation and endocytosis22–25. Furthermore, specific organelles and cell structures such as 

mitochondria, vesicles and endosomes are known to have a pH that deviates from the rest of the 

cell22,23,25. Fluctuations in typical pH values within cells has also been shown to be involved in disease 

states22. As such, there has been an increasing interest into the development of compounds capable of 

indicating and monitoring changes in intracellular pH. Intraluminal pH is known to fall along the 

endocytic and post-endocytic pathways, and this could be explored as part of the investigation into the 
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effects of agonist binding on endocytosis26. Fluorescent chemosensors, the principle of which are 

discussed extensively in Chapter 5 of this thesis, possess many advantages for the detection of pH in 

vitro as fluorescence microscopy is highly sensitive and can be performed rapidly and non-

destructively, making it highly attractive as a technique for use in biological systems23. 

Rhodamine was first synthesised in 1905 by Noelting and Dziewónksi23,27. It is a xanthene derivative 

which exhibits high molar absorptivity, good quantum yields, biocompatibility and high 

photostability22–24. Interest in the application of rhodamine derivatives as chemosensors began in 1997 

when Dujols et al. reported that a derivative of the species rhodamine B exhibited “turn-on” 

fluorescence in the presence of Cu2+ ions: the compound was non-fluorescent in the absence of the ions, 

but the introduction of copper(II) under aqueous conditions resulted in liberation of rhodamine B 

itself23,28. It was found that this chemosensing ability was due to opening of its spirolactam ring. This 

has since been adapted by many in the field to produce a range of spirolactam and spriolactone 

rhodamine species which are capable of acting as sensors for a wide range of analytes including metal 

ions and nucleic acids23–25. 

 

Figure 4.3: i) Rhodamine B, ii) Dujols’ compound - the first rhodamine-based chemosensor featuring a 

spirolactam ring, iii) the mechanism of Dujol’s interaction with Cu2+28. 

The binary nature of rhodamine’s fluorescence response has presented it as an attractive system for the 

detection of differences in pH. Historically, ratiometric pH sensors had been developed around systems 

which exhibited a Stokes shift during pH changes22. These compounds can suffer from a small Stokes 

shift and frequently only function in a narrow pH range, rendering their use to obtain accurate 

information difficult22. The “off-on” nature of rhodamine derivatives overcomes these limitations. From 

a chemical perspective, it has been found that spirocyclic rhodamine compounds are highly fluorescent 

at acidic pH, when this ring is open, and non-emissive under neutral or basic conditions22–25. The 

mechanism responsible for this is shown in Figure 4.4.  
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Figure 4.4: The equilibrium between the non-emissive and fluorescent derivatives of a rhodamine spirolactam 

compound25. 

This equilibrium found in spirocyclic systems has been harnessed by many in the field to produce a 

series of compounds which act as “on-off” sensors to monitor and detect pH changes. Some of these 

are shown below in Figure 4.5. 

 

Figure 4.5: i) Markush structure of the family of compounds developed by Best et al.25, ii) a pH sensitive 

compound reported by Kang et al.29 and iii) a dual-colour species synthesised by Lee et al.22. 

Of the compounds depicted above, the family produced by Best et al. are notable for what they revealed 

about the contributing factors to the equilibrium shown in Figure 4.5. The authors found that increasing 

the nucleophilicity of the amine, alongside reducing steric hindrance, resulted in a shift in the position 

of equilibrium towards the ring-opened system at higher pH values, introducing a mechanism through 

which the pH sensitivity of these compounds may be finely tuned25. 

Additionally, the compound synthesised by Lee et al. is uniquely interesting as it utilises two fairly 

similar, xanthene-based moieties to act as a pH sensor across a wide range of pH values22. Fluorescein 

exhibits analogous behaviour to rhodamine derivatives based on spirocyclic systems but this is inverted, 

with these compounds being highly fluorescent under basic conditions and relatively non-emissive in 

acid22. The authors harnessed the complementary behaviour of rhodamine and fluorescein to produce a 

probe with two alternately coloured emissive regions of the same compound, with the rhodamine moiety 

exhibiting pink fluorescence in acid, fluorescein emitting green light under basic conditions, and both 

colours observable at varying degrees within intermediate pH values22. 
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The “off-on” switchable nature of the fluorescence of rhodamine derivatives capable of acting as pH 

chemosensors, their previous use in the Long group and successful incorporation into protein labels 

rendered the development of a series of exendin-4-rhodamine conjugates desirable as these could 

monitor any endocytosis taking place after binding to GLP-1R through changes in pH within the probe’s 

environment, giving an insight into the potential for agonist cell internalisation24,30.  

4.1.4. Aims and Objectives  

The aim of the work described in this Chapter was to synthesise a family of compounds which could be 

used to investigate specific GLP-1R agonist behaviours. Building on the success had utilising exendin-

4 as a targeting peptide for the probes discussed in Chapter 2, it was theorised that this series should be 

based on this well known, potent ligand for GLP-1R. Synthesising a range of compounds which would 

have different affinities for GLP-1R, as well as potentially being able to localise to other parts of the 

cell membrane, would also be desirable. These compounds should be able to harness the phenomenon 

of FRET to allow examination of their interaction with the receptor, which would give an indication of 

the conformational changes taking place within the receptor’s transmembrane helices.  

Due to the changes in endosomal pH associated with the endocytosis process, there is substantial interest 

in probes which can act as chemosensors, responding to the acidic conditions experience by receptors 

and agonists during endocytosis. Fluorescent compounds, particularly those based on rhodamine, have 

found many applications as pH sensors due to the spirocyclic ring opening equilibrium which they can 

include. As such, it was theorised that a rhodamine-exendin-4 derivative could act as a complementary 

probe to the FRET-based systems and allow a thorough investigation of agonist binding and receptor 

endocytosis.  

The interaction between these probes and GLP-1R was explored. For the pH sensitive compounds, their 

photophysical properties at different pH values were analysed to establish whether they are suitable for 

in vitro and in vivo applications. 
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Figure 4.6: Simplified diagram of agonist binding and subsequent endosome formation involved with GLP-1R. 

These processes can be examined through i) FRET based probes looking at conformational receptor changes via 

its distance dependence and ii) pH sensitive fluorescent compounds which exhibit different responses as the 

endosomal pH drops during cell internalisation. 

4.2. Results and Discussion 
Variants of exendin-4 have been widely utilised to image pancreatic β-cells using a wide array of 

modalities31–35. Frequently, modifications to the peptide have taken place at the terminus of the amino 

acid chain, which is known to have a limited involvement in receptor binding36. In 2014, Clardy et al. 

produced a series of exendin-4 derivatives which explored the effect of modifications at different 

positions of the amino acid chain on receptor binding affinity37. This work established that the addition 

of fluorophores to the 12th amino acid in the peptide sequence was well-tolerated, with only a small 

reduction in affinity of these probes for the GLP-1R receptor37.  

It was hypothesised that ligand interactions with GLP-1R could be explored through TR-FRET 

experiments – FRET is distance dependent so the energy transfer efficiency could reveal nanoscale 

information about the proximity of the receptor and its agonist13. These would consist of assessing the 

energy transfer from a FRET donor-labelled exendin derivative to a FRET acceptor-labelled GLP-1R. 

Time-resolved spectroscopy is advantageous in studying biological systems as it enables background 

fluorescence to be excluded, enhancing signal-to-noise ratio17. Lanthanide(III) complexes, for example 

those with Tb(III), are a prime example of species which are suitable for this application.  
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Furthermore, it was also theorised that the role of GLP-1R in vesicle formation and cell internalisation 

could be explored through the incorporation of a pH-switchable probe. The pH of endosomes is known 

to drop during the cell internalisation process, and it was hypothesised that modifying exendin-4 at the 

12th amino acid position with a pH-dependent fluorophore could explore this and assess whether the 

broader family of probes were taken up into cells expressing GLP-1R26. Rhodamine derivatives are 

highly fluorescent and can be modified to introduce a level of pH dependence, as has been previously 

achieved in the Long group, so they presented an attractive option for this approach24. 

4.2.1. Synthesis of Terbium(III)-Exendin-4 Conjugates 

As discussed above, Tb(III) complexes with an appropriate antenna ligand present a suitable FRET 

system for the study of ligand-receptor binding in GLP-1R. In order to conjugate a complex to a peptide 

such as exendin-4, the conditions required should be mild and enable this to be done selectively.  

Copper-catalysed alkyne-azide cycloaddition (CuAAC) is a technique which has been widely used in 

synthetic chemistry to enable covalent bond formation under mild conditions38. Typically, all that is 

required is for azide and alkyne functionality to be present in the two molecular fragments which are to 

be conjoined. This can be done under aqueous conditions and in the presence of a copper(I) centre at 

room temperature, and this route, which was also utilised by Clardy, was chosen as the synthetic method 

to develop the Tb(III)-exendin-4 analogues synthesised in this Chapter37,39,40. Other groups have also 

utilised Cu(II) catalysts for this process41–43. Utilisation of CuAAC, rather than amide coupling, also 

presented a selective route to avoid addition at the many NH2 groups present in exendin-4: Clardy et al. 

had used a modified amino acid variant including a propargyl alkyne chain, which is shown in Figure 

4.737. 

 

Figure 4.7: i) Pra, the modified propargyl alkyne amino acid (Pra) utilised by Clardy et al.37 and ii) general 

structure of peptides incorporating this amino acid. 

Dr Ben Jones of the Section of Endocrinology at Imperial College London provided a series of exendin-

4 variants which incorporated this amino acid at the 12th position in the sequence. An exception to these 

is a modified derivative of exendin-9, a shorter peptide which acts as an antagonist of GLP-1R44. The 

nomenclature applied to these peptides and their amino acid sequences in relation to the structure shown 

in Figure 4.7 are displayed in Table 4.1.  
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Peptide R1 R2 

Ex4-Pra12 HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Pra12-

C16 

HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerGlyLys-hexadecanoic acid 

Ex9-Pra12 AspLeuSer GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Phe1-

Pra12 

PheGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Asp3-

Pra12 

HisGlyAspGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Table 4.1: Nomenclature and amino acid sequences of the peptides discussed in this Chapter. 

Another collaborator, Yue Wu, working with Professor Gary Ka-Leung Wong at Hong Kong Baptist 

University, was able to provide a terbium(III) complex incorporating azide functionality. This 

compound is shown below. 

 

Figure 4.8: The Tb(III) complex provided by Yue Wu. 

It was decided to employ CuAAC chemistry to join this complex and the peptides. The first two peptides 

chosen were Ex4-Pra12 and Ex4-Pra12-C16.The former has the same sequence as the native peptide, bar 

substitution of the lysine residue at the 12th position for the propargyl alkyne shown above. This same 

modification is employed in the latter, with the addition of a fatty acid chain containing 16 methylene 

units. This addition was expected to direct the ligand to bind to the receptor in particular membrane 

nanodomains. 

The terbium(III) complex and Ex4-Pra12 could be successfully conjugated using CuSO4 as the copper 

source and sodium ascorbate. Reaction progress was monitored by LCMS, carried out by Dr Lisa Haigh. 

Once the LCMS trace suggested that the reaction had reached completion, the reaction mixture was 

lyophilised and reverse phase flash chromatography used to isolate the conjugate, Ex4-Pra12-Tb, 

compound 4.1 at an impressive yield of 94%. These same conditions could not successfully give the 

Ex4-Pra12-C16-Tb analogue, possibly due to reduced solubility of the peptide containing the fatty acid 

chain. Use of copper(I) iodide and addition of NaOH solution (0.1 M) did improve solubility and enable 

the conjugate, 4.2, to be isolated, albeit at a much lower yield of just 50%. 
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 Variations on each of these conditions were employed to synthesise Tb(III) conjugates of the five 

peptides supplied by Dr Jones. The copper catalyst, reaction time and other reaction conditions for these 

species are summarised in Table 4.2.  

Table 4.2: Summary of reaction conditions employed in the synthesis of exendin-Tb conjugates. 

 

 

Figure 4.9: Mass spectrum of compound 4.1 with peaks at 1001.6753 [M]5+, 1247.8477 [M]4+, 1663.4458 

[M]3+.  

The addition of NaOH solution was required for peptides with lower solubility in aqueous conditions. 

In general, there was little variation in the reactions, although there were much longer reaction times 

necessary for the phenylalanine and aspartic acid derivatives 4.4 and 4.5. In general, it was pleasing 
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Peptide Product Reaction Conditions Reaction 

Time 

Yield 

Ex4-Pra12 Ex4-Pra12-Tb, 4.1 Cu(SO4), sodium ascorbate 24 hours 94% 

Ex4-Pra12-C16 Ex4-Pra12-C16-Tb, 

4.2 

CuI, NaOH 22 hours 50% 

Ex9-Pra12 Ex9-Pra12-Tb, 4.3 Cu(SO4),  sodium ascorbate 39 hours 91% 

Ex4-Phe1-Pra12 Ex4-Phe1-Pra12-Tb, 

4.4 

Cu(SO4),  sodium ascorbate, 

NaOH 

6 days 72% 

Ex4-Asp3-Pra12 Ex4-Asp3-Pra12-Tb, 

4.5 

Cu(SO4),  sodium ascorbate 6 days 28% 
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that a wide variety of compounds, the general structure of which is shown below in Figure 4.10, could 

be produced from these mild, straightforward reaction conditions. 

 

Figure 4.10: General structure of the conjugates synthesised. 

The lifetime of the luminescence of the Tb(III) centres of each of these conjugates was measured to 

examine the impact of the peptide. These results are displayed in Table 4.3.  

Compound Lifetime/ms 

Yue286 0.1093 

4.1 0.2161 

4.2 0.2905 

4.3 0.2533 

4.4 0.3928 

4.5 0.3624 

Table 4.3: Lifetime data for compounds 4.1 – 4.5 and the Tb(III) complex Yue286 (1 µM, H2O, n = 

3). 

The lifetime data for these compounds showed a large increase luminescence lifetime of the Tb(III) 

complex in each of the peptide conjugates. This increased lifetime is likely to be due to shielding of the 

Tb(III) centre from solvent molecules and O2 which can quench the excited state of lanthanides. 

Differences between the peptides are likely due to different peptide structures resulting from the 

alternative amino acid sequences, although the dramatic differences seen in compounds 4.4 and 4.5 

compared to 4.1 may warrant further investigations. These data show that the probes could have 

applications in optical imaging, and that there was not a negative effect of conjugation.   

4.2.1.1. In Vitro Receptor Binding Investigations 

It was decided to explore the impact of the conjugation of a Tb(III) complex to exendin-4 on its ability  

to activate GLP-1R. Exendin-4 has been shown to trigger the production of cyclic adenosine 

monopohosphate (cAMP) via its activation of GLP-1R in vivo45,46. The signalling potency of the 

compounds 4.1 and 4.2 for GLP-1R was investigated by measuring the level of cAMP produced in 

HEK293-SNAP-GLP-1R cells7 after incubation with different concentrations of the ligands. As stated 

earlier, this work was carried out by Dr Ben Jones in the Section of Endocrinology, Imperial College 

London.  
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Figure 4.11: Dose-response curves showing in vitro concentration of cAMP produced after administration of 

exendin-4, Ex4-Pra12 and 4.1 (left), and the fatty acid chain analogues exendin-4-C16, Ex4-Pra12-C16 and 4.2 

(right). 

Effective concentration (EC50) is a measure of receptor affinity, which represents the concentration of 

a substance required to elicit half the maximum response of the receptor it activates47. Using the dose-

response curves shown above, Dr Jones was able to calculate EC50 values for 4.1 and 4.2, which are 

displayed alongside the non-conjugated derivatives in Table 4.4. 

Compound Exendin-4 Ex4-Pra12 4.1 Ex4-C16 Ex4-Pra12-C16 4.2 

EC50/nM 0.1 0.3 2.4 0.3 0.9 5.6 

Table 4.4: EC50 values obtained from the dose-response curves above in Figure 4.10. 

The EC50 values obtained show that modification to the exendin-4 structure resulted in a reduction in 

receptor affinity. An increase in EC50 indicates that a greater concentration was required to elicit the 

same response. These data show that incorporation of the fatty acid chain, or substitution of lysine for 

the modified propargyl amino acid resulted in a three-fold reduction in receptor affinity of the peptide. 

Inclusion of both of these modifications resulted in a nine-fold potency reduction, as seen in the EC50 

value for Ex4-Pra12-C16. Coupling to the Tb(III) complex resulted in a further eight-fold potency 

decrease for 4.1 compared to Ex4-Pra12 (24 times less than the native agonist) and approximately a six-

fold reduction for 4.2 compared to Ex4-Pra12-C16 (56 times lower than exendin-4). Although these 

affinities are much lower than the native peptide, and also clinically approved drugs which are based 

on exendin-448,49, it was reassuring to see that a response could still be obtained, indicative of receptor 

binding, and that modifications to the peptide did not complete remove any receptor binding ability.  

4.2.1.2. FRET Studies and Receptor Interaction 

After it was established that compounds 4.1 and 4.2 could bind successfully with GLP-1R, it was 

decided to explore whether the Tb(III) complex could act as a FRET donor to explore any 

conformational changes in GLP-1 which take place on agonist binding. The photophysical properties 

of the Tb(III) complex synthesised by Yue Wu alongside 4.1 and 4.2 were explored, with the excitation 

spectrum of the former and time-gated emission spectra of the latter two displayed in Figure 4.12. 

These were recorded by Dr. Jones.  
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Figure 4.12: Excitation spectrum of the Tb(III) complex provided by Yue Wu (left) and the time-gated emission 

spectra of 4.1 (centre) and 4.2 (right), displaying classical Tb(III) emission patterns. Spectra recorded by Dr Ben 

Jones.  

It was concluded that the Tb(III) luminescence of both 4.1 and 4.2 showed that the two compounds 

could be used as FRET donors for near-infrared emissive organic fluorophores conjugated to GLP-1R. 

This strategy has been widely reported in the literature as a strategy for exploring protein behaviour in 

vitro50–53. The organic compound BG-649 (Figure 4.13) was chosen as the fluorophore of interest.  

 

Figure 4.13: Structure of BG-64951. 

BG-649 could be appended to GLP-1R via a SNAP tag. This is a well-established technique for site-

specific peptide labelling which used the species O6-alkylguanine-DNA alkyltransferase (hAGT), 

which forms a covalent thioether bond between the O-alkyl group and a cysteine residue within 

hAGT54,55. Compounds 4.1 and 4.2 were incubated with SNAP-labelled HEK293-BG-649-GLP-1R7. 

This resulted in observable FRET taking place from the donor Tb(III) system and the acceptor cyanine 

fluorophore, indicating that ligand binding to GLP-1R could be detected through TR-FRET. 
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Figure 4.14: TR-FRET ratios for compounds 4.1 and 4.2 in the presence and absence of SNAP-labelled GLP-

1R containing cells, prepared by Dr Ben Jones.  

BG-649 is a FRET acceptor which can be excited by the transition in Tb3+ associated with the emission 

peak at around 620 nm. The Figure above shows the ratio of the intensity of the BG-649 sensitised 

emission at 665 nm to the intensity of the Tb(III)-centred emission at 616 nm. In the absence of cells 

containing the labelled receptor, i.e. only with BG-649 present, some FRET occurred, as observed from 

the small ratio value. When cells containing the labelled GLP-1R were introduced, FRET can be 

observed: the increase in the ratio of emission intensities (665 nm:616 nm) shows that there was a 

decrease in donor emission intensity and an increase in acceptor emission, indicative of a FRET process. 

Due to the strong distance dependence of FRET, this suggests that the Tb(III) labelled peptide and 

fluorophore-labelled GLP-1R are being brought into close proximity, which is thought to be due to 

receptor binding.  

These exciting results indicate that TR-FRET can be used to monitor receptor-agonist binding processes 

for both compounds 4.1 and 4.2, with the former exhibiting slightly more effective resonance energy 

transfer, as can be seen by the greater acceptor:donor intensity ratio seen in Figure 4.14. This could be 

due to the greater affinity of 4.1 for the GLP-1R receptor, which may result in receptor conformational 

changes bringing the donor and acceptor fluorophores into closer proximity after agonist-receptor 

binding. It is hoped that in the future this same study can be carried out with compounds 4.3, 4.4 and 

4.5. This would give an insight into the different conformational changes occurring during the 

interaction between GLP-1R and its ligands. 

An additional investigation has been proposed to explore the impact of the fatty acid chain present in 

4.2 on the localisation of the probe within plasma membranes. As discussed above, GLP-1R is known 

to associate with cholesterol-rich, liquid ordered (LO) lipid rafts within cell membranes7,8. Regions of 

the plasma membrane which have a lower cholesterol content are less tightly packed and are referred 

to as liquid disordered (LD)6. These areas have an enhanced phospholipid content. It was hypothesised 

that the inclusion of the C16 chain in 4.2 would result in distribution to these liquid-disordered, non-raft 
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regions of the membrane. This could be investigated through the use of the compound NR12S, which 

was reported by Kucherak et al. in 20106. NR12S contains a Nile Red fluorophore, a hydrocarbon chain 

and an anionic terminal group, therefore acting as a structural mimic of a phospholipid, and inserts 

uniformly across the plasma membrane6. The structure of NR12S is shown in Figure 4.15. 

 

Figure 4.15: The structures of i) NR12S6, ii) the hexadecenoic acid chain appended to 4.2 and iii) cholesterol. 

NR12S has several interesting photophysical properties which are relevant to the investigation of the 

structure of cell membranes. Its emission wavelength changes dramatically according to the polarity 

and order within its environment6. Kucherak et al. extensively studied this and showed that NR12S 

exhibited a blue shift when incorporated into LO domains and a red shift when taken into LD regions6.  

Figure 4.16: Emission spectra of NR12S in a range of solvents. A clear red shift can be observed in more polar 

solvent systems and a blue shift in non-polar systems. Adapted from reference 6, with permissions, Copyright 

(2010) American Chemical Society6. 

Cholesterol is a relatively non-polar compound, therefore regions of the plasma membrane which are 

rich in it (the LO lipid rafts) would be expected to result in a blue shift in the emission spectrum of 

NR12S. 
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Figure 4.17: Emission spectrum of NR12S in cells with different cholesterol levels (±CL) and in model plasma 

membranes with LO (SM/CL) and LD (DOPC) phases showing the corresponding blue and red shifts. Adapted 

from reference 6, with permissions, Copyright (2010) American Chemical Society6. 

NR12S can be excited at 490 nm, therefore has the potential to act as a FRET acceptor from the emission 

of Tb(III)6. Due to the relationship between the structure of the plasma membrane (i.e. LO or LD) and 

emission  wavelength of NR12S, it was hypothesised that incubation of cells with the dye and either 

4.1 or 4.2, then seeing if any FRET was taking place, could allow the distribution of the probes on cell 

membranes to be explored.  

It was expected that 4.1 would bind to GLP-1R in LO regions, where it is known to be 

compartmentalised. This would result in a blue shift seen from any FRET emission from NR12S in 

close proximity. Comparatively, 4.2 was predicted to be taken up slightly more by LD regions with a 

lower cholesterol content, resulting in red shifted FRET emission from NR12S. This investigation was 

carried out by Dr. Jones. 

 

Figure 4.18: Emission spectra of 4.1 (left) and 4.2 (right) in aqueous solution at different concentrations of 

NR12S, normalised to the emission at 490 nm. Spectra acquired by Dr. Ben Jones. 

The obtained results showed that a FRET process was taking place between each of the Tb(III) 

containing probes and NR12S. This can be seen from a reduction in the intensity of the emission peak 

at around 550 nm, which is more prevalent at higher concentrations of NR12S. There was an increase 

in the emission around 630 nm observed with both compounds, although more so with 4.2. This may 
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be due to the fatty acid chain of 4.2 allowing hydrophobic interactions between the probe and NR12S, 

enabling the two compounds to come into closer proximity and resulting in more effective FRET. 

Having seen that FRET was possible between both 4.1 and 4.2, the next step in this investigation would 

be to explore the behaviour of these compounds in cells labelled with NR12S. This would help establish 

whether the incorporation of the acid chain to 4.2 had an impact on its distribution within plasma 

membranes, and whether this could be recorded through a change in emission wavelength associated 

with NR12S. Some in vitro work exploring this concept, and the different cell internalisation profiles 

of the Phe1 and Asp3 conjugates synthesised, is currently being carried out by Waygen Thor and Antony 

Ho Fai Chau at Hong Kong Baptist University. 

4.2.2. Synthesis of Rhodamine-Exendin-4 Conjugates 

As mentioned above, pH-sensitive rhodamine derivatives can be synthesised24. In order to explore 

whether ligands binding to GLP-1R could then be internalised, it was decided to produce modified 

exendin-4 analogues which could utilise properties of these rhodamine compounds. One of these 

contained a spirolactam ring that would be susceptible to acid-catalysed opening and a corresponding 

“switching on” of the fluorescence of the compound. It was hypothesised that, if cell-internalisation 

was occurring, the associated drop in pH would result in an enhancement in emission intensity and 

suggest that these probes could be internalised. Another compound that did not exhibit this pH-

dependence on emission intensity would be synthesised to act as a standard for comparison. It was also 

decided to employ the same CuAAC chemistry that had successfully been utilised to generate the 

terbium(III) chelates discussed above. As such, an azide group would need to be introduced to this 

rhodamine compounds.  

The synthesis of the pH-sensitive rhodamine compound was carried out first. The initial step in this 

synthetic pathway was a procedure published by Zhang et al., which required stirring a solution of 

rhodamine-B and an excess of ethylenediamine in ethanol overnight56. This was successfully carried 

out to give compound 4.6 at an impressive yield of 93% with no further purification needed. One early 

indicator of the success of this reaction was a distinct colour change: rhodamine-B is bright pink in 

solution, indicative of its intense emission, whereas compound 4.6 was pale orange, due to its non-

emissive state. It was necessary to introduce a leaving group that could be readily converted to an azide 

through a nucleophilic substitution reaction. The distance between the rhodamine fluorophore and this 

leaving group was critical – too close and there was the risk of steric hindrance preventing any 

conversion to the azide taking place. Other work within the Long group, as yet unpublished, has 

suggested that the length and nature of this chain can also impact on the pH sensitivity of the spirolactam 

ring opening57. 6-Bromohexanoic acid was chosen as the tool to introduce this leaving group a suitable 

distance away from the fluorophore coupled with the fact that standard chemistry techniques could be 

used to couple it to amine 4.6. This reaction was carried out using 1-[bis(dimethylamino)methylene]-
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1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU) and diisopropylethylamine 

(DIPEA), typical conditions for amide couplings, and gave the bromide 4.7 at a low yield of 22%. 

Conversion of this bromide to the azide 4.8 necessary for CuAAC chemistry through its reaction with 

NaN3 in anhydrous dimethylformamide (DMF) was completed, again at a low yield of just 18%. 

Reaction of this azide with Ex4-Pra12 could be carried out with CuSO4 and sodium ascorbate to give the 

peptide conjugate 4.9 at a high yield of 86%, although this reaction was left running for a fairly long 

time (5 days) before LCMS results indicated successful product formation. Scheme 4.1 shows the 

synthetic route towards this compound.  

 

Scheme 4.1: Synthesis of the rhodamine-peptide conjugate 4.9. R1 and R2 correspond to the amino acid 

sequences in Ex4-Pra12 displayed in table 4.1. 

Following the successful isolation of the switchable rhodamine-exendin-4 conjugate, it was decided to 

start synthesis of a non-switchable derivative. This would be “always on” and contain a tertiary amide 

group which would prevent any spirolactam ring formation from taking place.  

An amide coupling between rhodamine-B and N-Boc-piperazine allowed the necessary tertiary amide 

functionality to be incorporated into the rhodamine framework and lock the compound into “always-

on” fluorescence. This was carried out using HATU and DIPEA and gave the protected amide 4.10 at 

a satisfactory yield of 43%. Deprotection of the Boc group to liberate the amine was based on an 

analogous procedure carried out by Yuan et al.58 and enabled 4.11 to be obtained quantitatively. 

Coupling of this compound to 6-bromohexanoic acid using HATU gave the bromide 4.12 at a yield of 

27%, with subsequent conversion to the azide 4.13 being achieved at a yield of 12%.  It is possible that 

the strong N3
- nucleophile could also attack the amide bonds in each of the compounds, resulting in the 

low yields. Scheme 4.2 shows that synthesis of the “always-on” rhodamine derivative.  
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Scheme 4.2: Synthesis of the azide 4.13. 

Subsequent conjugation to an alkyne-functionalised exendin-4 variant could not be carried out due to 

time constraints, but in future this should be a routine procedure.  

4.2.2.1. Photophysical Properties 
Having successfully synthesised a fluorophore-exendin-4 conjugate which should exhibit pH-sensitive 

changes in fluorescence emission intensity, it was decided to explore the photophysical properties of 

4.9 and examine its response to changes in pH.  

Initially, the UV-vis absorbance of 4.9 was recorded. The spectrum is shown in Figure 4.19. 
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Figure 4.19: UV-vis absorbance of 4.9 (300 µM, H2O).  

Peptides are known to absorb UV light, and as LCMS had been used to characterise the conjugates 

discussed above (4.1 – 4.5) and the exendin-based probes synthesised in Chapter 2, the intense 

absorbance below around 375 nm was anticipated. Initially, the low absorbance of 4.9 in the visible 

region of the spectrum was surprising, as the compound was visibly coloured pink and all 

characterisation suggested that the rhodamine unit had been attached. Upon closer inspection of the 

visible window, an absorbance pattern corresponding to typical rhodamine absorption could be seen. 

Figure 4.20: Left - Highlighted visible region of the absorbance spectrum of 4.9, showing an absorption 

maximum at 570 nm. Right – exemplar absorbance spectrum of rhodamine-B with curves 3 and 4 exhibiting 

similar shapes and absorption maxima at 580 nm (pH 8, aq. NH4Cl buffer, 0.2 mM and 20 µM respectively), 

adapted from reference 59, with permissions, Copyright (1956) American Chemical Society59. 

Following successful indication that the rhodamine moiety was present, the fluorescence of the system 

was explored. This was done by exciting the compound at 560 nm, which resulted in emission at 580 

nm. Excitation at 570 nm was not carried out – the small amount of 4.9 isolated meant that the intensity 

of the fluorescence emission was extremely weak when 5 nm emission and excitation slits were used. 
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Increasing this to 10 nm allowed more intense spectra to be recorded but meant that excitation at 570 

nm could not be used.  

 
Figure 4.21: Excitation (blue) and emission (orange) spectra of 4.9 (300 µM, H2O). 

 

It was decided to explore the changes in fluorescence emission of 4.9 at different pH values. A range 

of solutions with pH values between 3 and 8 were prepared using 0.1 M KCl, 0.1 M HCl and 0.1 M 

KOH, with KCl solution used to ensure the ionic strength of the solutions was kept constant at different 

pH values. The pH of each solution was measured using a pH probe. 15 µM solutions of 4.9 were 

prepared at each of these pH values and left overnight to equilibrate, accounting for the possibly slow 

kinetics involved in spirolactam ring opening. After allowing for equilibration, the emission spectrum 

of each solution was recorded.  

Figure 4.22: Emission spectra from the pH titration of compound 4.9 (15 µM, 0.1 M KCl, n = 3, λex = 550 nm). 

0

20

40

60

80

100

120

140

160

180

450 500 550 600 650 700

In
te

n
si

ty
/a

.u
.

Wavelength/nm

0

10

20

30

40

50

60

70

570 590 610 630 650 670

Em
is

si
o

n
 in

te
n

si
ty

/a
.u

.

Wavelength/nm

pH 3.05

pH 4.13

pH 5.01

pH 6.01

pH 7.09

pH 8.13

Increasing pH 



 

 
155 

 

As can be clearly seen from Figure 4.22, the emission intensity of 4.9 markedly decreased as the pH of 

the solutions increased. This was in line with the expected behaviour, with higher pH values being 

associated with shifting the position of equilibrium associated with spirolactam ring opening from the 

open, emissive state to the closed, non-emissive isomer. This is discussed in more detail above.  

It is possible that a shift in emission wavelength could be observed at pH 3, with the emission maximum 

occurring at 580 nm rather than 575 nm. The clear pH switchable behaviour observed was pleasing to 

see, as it validated the inclusion of the spirolactam moiety in 4.9 and suggested that the probe could be 

used as a way to monitor whether or not the formation of endosomes and vesicles was occurring. 

It was decided to determine the pKa of the compound in order to have an indication of the precise pH 

value at which it becomes strongly emissive. This was done by taking the average emission intensity at 

580 nm and plotting this against pH in Origin. The resulting curve was fitted to a sigmoidal curve 

according to a Boltzmann distribution (Figure 4.23). The pH value corresponding to half the maximum 

emission intensity was found to be 4.19, which was taken as the pKa of compound 4.9.   

 

Figure 4.23: The plot used to calculate the pKa of compound 4.9. 

Whilst endosome formation is associated with a drop in the internal pH of the intracellular fluid, these 

typically have average pH values of 5, with young endosomes having pH values closer to 660,61. The 

data obtained for compound 4.9 suggest that the pH at which the fluorescence is “turned on” is too low 
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– indeed it can be seen above that the compound is virtually non-emissive at pH values above 4. Further 

work in this area would no doubt involve modifications to the probe to increase the pH at which it 

rearranges to form the ring-open state and become emissive. This could possibly be achieved by an 

increase in steric hindrance or basicity of the amide chain23,25. As can be seen from the mechanism 

discussed above, a more sterically hindered position, as well as one which is more readily protonated, 

will cause the spirolactam ring to sit more towards the open, emissive side of the equilibrium at the 

same pH when compared to a less sterically encumbered, less basic moiety23,25. Care would have to be 

taken to ensure that this does not impact on the ability of the compound to act as a pH sensor.  

It will also be necessary to carry out a series of pH titrations on any peptide conjugate which is 

synthesised based on the “always-on” fluorophore, compound 4.13, to ensure that it does not exhibit 

any pH response and can act as an appropriate control.  

4.2.2.2. Synthesis of Sterically Encumbered Rhodamine Derivatives 

As discussed above, enhancement of steric hindrance close to the spirolactam position can affect the 

position of the equilibrium between the emissive ring-open and non-emissive ring-closed analogues of 

rhodamine derivatives, raising the pH at which the switch from non-emissive to fluorescent occurs. It 

was decided to synthesise two analogues incorporating a 2,6-dimethyl aryl system. These compounds 

would have more steric hindrance than 4.8 and 4.13, so theoretically the switchable derivative would 

become emissive at higher pH values. These two target compounds are shown in Figure 4.24.  

 

Figure 4.24: The two target 2,6-dimethyl aryl compounds based on “always-on” (top) and switchable (bottom) 

rhodamine systems.  

The piperazine ring and ethylenediamine chain were retained in both target compounds in order to 

ensure the “always-on” and switchable nature of the fluorophore emission. The synthetic pathways 

chosen began from compounds 4.6 and 4.11 and are outline in Schemes 4.3 and 4.4.  
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Scheme 4.3: Synthesis of the azide derivative 4.16. 

 

Scheme 4.4: Synthetic steps towards the “always-on” derivative. 

Compound 4.6 could be successfully coupled with 4-amino-2,6-dimethyl benzoic acid to give the 

derivative 4.14, with increased steric hindrance at the spirolactam position, at a moderate yield of 53%. 

Subsequent functionalisation with 6-bromohexanoic acid was achieved using standard amide coupling 
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conditions, yielding the bromide 4.15. This bromide was readily converted to the azide 4.16 at an 

impressive yield of 97%, producing a substrate which could be conjugated via CuAAC methods to 

several of the exendin analogues mentioned above.  

A similar procedure was carried out with compound 4.11, with the “always-on” di-methyl aryl species 

4.17 obtained through an amide coupling at a moderate 53% yield. As with the pH sensitive derivative, 

coupling with 6-bromohexanoic acid followed by conversion to the azide 4.19 could be achieved, 

providing a control for peptide conjugates to be compared to the switchable 4.16.  

4.2.2.3. Towards Reduced Rhodol Derivatives 

Subsequent coupling of compounds 4.19 and 4.16 to the alkyne-functionalised peptides discussed in 

this Chapter proved challenging, despite the utilisation of a wide variety of catalysts and the application 

of temperature. In order to try and avoid this, it was decided to synthesise a family of reduced rhodol-

based pH-sensitive fluorophores which could be employed to examine the endocytotic pathway of GLP-

1R at pancreatic β-cell membranes. Rhodols are a family of compounds analogous to both rhodamine 

and fluorescein, two widely-used fluorophores, and, in their reduced alcohol form, also exhibit pH 

dependent spirocyclic ring opening, which has leant itself to lysosome imaging62,63. Figure 4.25 shows 

the general structure of reduced rhodols, as well as the acid-catalysed ring opening process which results 

in a dramatic increase in fluorescence intensity62. 

 

Figure 4.25: The pH-dependent ring opening of reduced rhodols. 

It was also decided to attempt to synthesise a compound where the azide functionality was further away 

from the alcohol group, in case this interfered with the cyclisation mechanism. The proposed target 

compound is shown below in Figure 4.26.  

 

Figure 4.26: The target reduced rhodol compound. 

Both More et al. and Kamiya et al. have synthesised reduced rhodol compounds with methoxy rather 

than hydroxyl substituents on the aromatic system62,63. This was found to bring the pKa of their 

compounds to a range of 5.66 – 6.60, an appropriate range for the emission turn-on to be triggered by 

lysosome formation62,63. More et al. published an accessible synthetic route, which could be readily 
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adapted to reach the target compound. This utilised fluorescein as the starting material, after which 

methylation could be readily achieved through the use of methyl iodide to give derivative 4.20, albeit 

at a low yield of just 7%. Subsequent reduction and cyclisation to give the reduced rhodol 4.21 could 

be achieved using LiAlH4 at quantitative yields. Scheme 4.5 shows this synthetic pathway, as well as 

the proposed future work towards the target compound. 

 

Scheme 4.5: Synthesis of compound 4.21 and proposed future work towards the reduced rhodol azide. 

Although good progress was made with this synthesis, time constraints prevented further 

functionalisation of the cyclised reduced rhodol 4.21. Future work will no doubt focus on the 

development of these compounds. 

4.3. Conclusions and Outlook 
In conclusion, several probes which could be useful in investigating agonist binding to GLP-1R were 

synthesised. Five of these probes, conjugated to a luminescent Tb(III) complex, are capable of acting 

as FRET donors, which could be utilised to explore the proximity of agonist and receptor in a binding 

event, and to examine the effect that different agonists with different amino acid substitutions have on 

the conformational changes involved. These probes could be used to explore the relationship between 
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the affinity of probes for receptors and the physiological effects of receptor stimulation with different 

ligands.  

Following similar work by Clardy et al., which showed that modifications to the 12th amino acid in the 

exendin-4 sequence do not significantly impact on ligand potency, dose-response curves of two of these 

compounds (4.1 and 4.2) were recorded. However, these dose-response curves showed that, although 

there was a reduction in affinity for GLP-1R compared to exendin-4, this was not substantial enough to 

completely disrupt receptor binding, with EC50 values for 4.1 and 4.2 recorded as 2.4 and 5.6 nM 

respectively.  

Having confirmed that both 4.1 and 4.2 could bind to GLP-1R, their ability to act as FRET donors to a 

receptor labelled with a FRET acceptor was studied. The probes were both found to be capable of acting 

as FRET donors, indicating that this strategy could be applied to the study of ligand-receptor 

interactions for exendin-4 variants and GLP-1R. Future work in this area would involve examination 

of the remaining three compounds’ interaction with donor-labelled GLP-1R, followed by comparison 

of the FRET ratios to explore whether or not the amino acid substitutions made impact on receptor 

affinity, or whether antagonist compounds result in different conformational changes to GLP-1R. 

Some preliminary work exploring the effect of fatty acid incorporation on plasma membrane 

localisation of these probes has been carried out. It was shown that both compounds 4.1 and 4.2 can act 

as FRET donors towards the phospholipid-mimicking fluorophore NR12S, which exhibits polarity-

dependent changes in fluorescence emission wavelength. In vitro studies involving cells expressing 

GLP-1R and labelled with NR12S should be carried out as the next stage of this investigation to explore 

whether the inclusion of a fatty acid chain in 4.2 results in localisation away from cholesterol-rich 

regions of the plasma membrane. This could help explain the role of lipid rafts in receptor activation. 

Synthesis of other fatty acid labelled derivatives could help give a complete picture of the complex 

interactions involved in this process. There has been some suggestion in the literature that the presence 

of serum albumin proteins can promote leakage of NR12S from cell membranes, so future 

investigations into the nature of lipid rafts could involve an alternative compound, bNR10S, which has 

a high affinity for LD membrane phases64.  

An exendin-4-rhodamine conjugate containing a spirolactam ring was successfully isolated. This 

compound was found to exhibit pH-responsive fluorescent emission, with a dramatic decrease in 

fluorescence intensity at pH values of 5 and above. There was also a possible Stokes shift at pH values 

close to 3, which could also be used to analyse endosomal formation. The pKa of the compound was 

calculated as 4.19, which is likely too low to act as an on-off switchable fluorophore in endosomes, as 

these typically have a pH of around 5 or 6. Future work may be to explore modifications to the 

rhodamine side chain to optimise the pKa of the compound and make it more applicable to monitoring 
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cell internalisation. A non-switchable compound based on piperazine was also synthesised which could 

act as a control to the switchable rhodamine analogue. In future, this “always-on” fluorophore will need 

to be conjugated to the propargyl-functionalised exendin-4 derivative and pH titrations carried out to 

establish that it does not exhibit pH sensitive emission and can act as a suitable control for the switchable 

compound.  Additionally, further reduced rhodol compounds can be expanded upon. 

The need to understand the biological mechanisms behind diseases such as diabetes mellitus is 

extremely prescient. The compounds synthesised and analysed in this Chapter could go towards 

developing our collective knowledge of agonist binding, receptor activation and internalisation which 

take place at the GLP-1R receptor. 
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5.1. Introduction 
Fluorescence imaging is a powerful, sensitive, non-invasive technique which allows rapid acquisition 

of high-resolution images1–4. There has been a longstanding interest in the development of optical 

imaging agents which emit in the near-infrared (NIR) window of the electromagnetic spectrum (λex = 

700 – 1000 nm) and the field is currently dominated by polymethine cyanine dyes1,2,5,6. 

As discussed in other Chapters of this thesis, Zn2+ is known to have a critical role in several areas of 

human biochemistry7–12. With respect to diabetes, zinc(II) plays a critical role in the stabilisation of 

insulin storage and the two components are co-released from pancreatic β-cells13–16. As such, the 

assessment and quantification of Zn2+ levels in the pancreas is an exciting and highly promising field, 

and it has been hypothesised that ratiometric chemosensors could be used to gain an insight into the 

progression of diabetes, as well as the body’s response to any treatment17–19. 

The literature is rich with examples of zinc-sensing probes and in-depth explorations of this vast field7–

9,20,21. However, there is an ongoing discussion about the suitability of different zinc-binding motifs, the 

development of probes with suitable photophysical properties for in vivo applications, overcoming some 

limitations of fluorescence imaging through the synthesis of multi-modal imaging agents and the 

introduction of probe specificity through targeting moieties.   

5.1.1. Cyanine Dyes 

Many organic dyes emit in the visible light window. Whilst this presents few issues for in vitro imaging, 

it renders the study of living systems through in vivo analysis challenging for a number of reasons. Chief 

amongst these is the phenomenon of autofluorescence, with many biological components exhibiting 

this behaviour and emitting visible light, which can impact negatively on signal to noise ratio2,22–24. The 

penetrating ability of photons in the visible light region (380 nm – 740 nm) is fairly limited and they 

are highly susceptible to scattering by biological tissues such as skin, which can reduce the amount of 

useful information acquired and make non-invasive imaging challenging2,5,25. Photons in the NIR region 

(> 740 nm) have been shown to exhibit minimal scattering, in addition to high depth penetration in 

biological tissues (up to 6 cm) and the avoidance of interference from autofluorescence22,23,25–28 

Since their initial synthesis in 1856, polymethine cyanine dyes have risen to prominence as NIR 

emissive fluorescent imaging agents, amongst a wide range of other fields, including in semiconductors, 

industrial paints, laser materials and light harvesting1,5,6,29. These compounds exhibit high molar 

extinction coefficients and quantum yields (> 150,000 M-1 cm-1 and > 50% respectively) in addition to 

a high degree of chemical versatility and tunability5,6,27,29. These properties present cyanine dyes as an 

attractive scaffold for development of zinc-sensing, β-cell targeted compounds for dual-modal imaging.  
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The cyanine compound indocyanine green (ICG) is the only FDA-approved cyanine compound  and 

has been in clinical use for over 60 years22,30. Despite its applications in the assessment of liver function 

and tumour visualisation in surgical procedures, there are several issues associated with ICG, namely 

its limited tissue penetration compared to other NIR fluorophores (typically 5 -10 nm), the quenching 

of its fluorescence which occurs upon serum protein binding and its limited potential for bioconjugation 

or other modifications22,30,31. The successful translation of ICG from the lab to the clinic is an example 

of the potential of this family of compounds, but a reminder that constant refinement and improvement 

is required in the molecular imaging field.  

 

Figure 5.1: The structure of ICG. 

5.1.1.1. General Structure of and Modifications to Cyanines 

Cyanine dyes consist of two nitrogen atoms linked by an unsaturated carbon chain. One of these 

nitrogen atoms is formally positively charged, although in reality there is an extensive degree of 

delocalisation throughout the system6. The number of carbon atoms – methine units - in the conjugated 

chain is always odd, and the number of these dictates the nomenclature of the cyanine dye.  

 

Figure 5.2: General structure of a cyanine dye. The number of methine units determines dye nomenclature: n = 

1: trimethine, n = 2: pentamethine, n = 3: heptamethine. 

Each additional methine unit in the cyanine backbone results in a red-shift in the compound’s emission 

wavelength, rendering heptamethine dyes perhaps the most suitable as NIR fluorophores6,23,32. 

However, the extension of this carbon chain renders the dye more susceptible to nucleophilic attack, as 

well as decreasing photo- and thermostability of the cyanine, which can prevent problems in dye 

synthesis and application1,23,24. Other issues associated with cyanine dyes include their poor aqueous 

solubility, a significant obstacle to in vivo applications, and aggregation in solution due to π-stacking6,29.  

The reduced photostability associated with increase polymethine backbone length can be attributed to 

there being an increased number of positions at which the compound may be attacked by reactive 

oxygen species (ROS) such as singlet oxygen (1O2) or superoxide ions (O2
-)23,24,33. The processes 

involved are fairly straightforward from a photophysical perspective. After photon absorption, a cyanine 

dye becomes excited to an excited singlet state (S0 → S1). The dye can then undergo intersystem 

crossing via an internal conversion mechanism to reach an excited triplet state (S1 → T1). This T1 state, 
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represented as dye*, can then interact with ground state triplet oxygen, as shown below23,24,34. Equations 

5.1 and 5.2 show the formation of these two species in systems where a dye molecule has been excited 

by a photon. 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟓. 𝟏: 𝑂2 + 𝑑𝑦𝑒∗  →  𝑑𝑦𝑒 + 𝑂2 
1   

3  

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟓. 𝟐: 𝑂2 + 𝑑𝑦𝑒∗ →  𝑂2
− +  𝑑𝑦𝑒+ 

Singlet oxygen reacts with a cyanine dye to form a ketone and an aldehyde species. This aldehyde is 

then oxidised by the superoxide anion, leading to irreversible photobleaching24. 

 

Figure 5.3: Photodegradation pathway for a heptamethine cyanine dye24. 

One way in which the photostability of cyanine compounds can be improved is through backbone 

rigidification, which reduces the efficiency of internal conversion in these systems24. A classic example 

of this has been the introduction of a cyclohexyl ring, which was reported by Strekowski et al. in 

199223,35,36. The cyclohexyl ring of choice had the added benefit of enabling further functionalisation 

via its chloride substituent, which could allow nucleophiles to be introduced in close proximity to the 

cyanine fluorophore35,37. 

 

Figure 5.4: The compound synthesised by Strekowski et al.  

The introduction of electron-donating substituents such as long alkyl on the nitrogen atoms of cyanine 

dyes has been shown to enhance photostability of cyanines with minimal impact on their photophysical 

properties23,29. Photostability is enhanced through this method by making the system less electrophilic 

and therefore less susceptible to oxidation. Furthermore, the incorporation of sulphonic or carboxylic 
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acids to the end of alkyl chains on these positions may enable an intramolecular dimerization process 

to take place which can further increase backbone rigidity and prevent aggregation, leading to enhanced 

photostability29,32. These groups also act to increase water solubility of cyanines and introduce the 

ability for bioconjugation and other functionalisation techniques to be carried out6.  

The extensive body of research surrounding cyanine dyes suggests that heptamethine compounds are 

best placed to act as foundation for NIR emissive compounds. Although there is a decrease in stability 

associated with longer carbon chains in these compounds, this can be counteracted by backbone 

rigidification and N-substitution, with acidic groups also introducing the possibility of extensive 

functionalisation.  

5.1.2. Zinc-Sensing 

After iron, zinc is the most abundant transition metal in the human body, with an average of 2 g being 

present in the average person12,20. In biological systems it is ubiquitously found as Zn2+, where it 

performs a number of critical functions including as an enzyme cofactor, a protein structural feature, 

neurotransmitter and regulator of apoptosis, amongst others7,9–11,21,38,39. The dysfunction of zinc(II) 

homeostasis is associated with a wide array of diseases and disorders including Alzheimer’s, epilepsy, 

Parkinson’s and, as discussed above and extensively in the introduction to this thesis, diabetes8,20. As 

such, the analysis and quantification of Zn2+ in biological systems is of keen interest.  

As discussed in the introduction to this thesis, the traditional methods used for the detection of metal 

ions, such as UV-visible light spectroscopy, is challenging when applied to Zn2+ due to the ion’s d10 

configuration7,8,9. Fluorescence spectroscopy and fluorescent chemosensors provide a mechanism for 

the detection of zinc(II) through change in their photophysical properties – for example, a change in 

emission intensity or a shift in emission wavelength8,9,40.  

5.1.2.1. Mechanisms of Zinc-Sensing 

The introduction to this thesis outlines the underlying mechanisms involved in changes in photophysical 

properties of zinc(II) responsive optical imaging agents. Broadly, these two mechanisms are internal 

charge transfer (ICT) and photoinduced electron transfer (PeT)8,9,20,40,41. Probes designed to indicate the 

presence of Zn2+ in their microenvironment through ICT will undergo a ratiometric shift in its 

absorption and emission wavelengths and consist of a fluorophore covalently bonded to a zinc binding 

receptor, forming an extended π system20. Fluorescent PeT-based chemosensors will undergo a large 

increase in emission intensity in the presence of zinc(II) 20. These compounds include a spacer unit 

between the fluorophore and the zinc-sensing unit, which is often comprised of a series of nitrogen 

donors as the ligating atoms. 

The compounds discussed in this Chapter were designed and synthesised to sense Zn2+ through a PeT 

mechanism. Whilst the design of ratiometric sensors, possible through an ICT mechanism, is highly 

desirable as it enables quantification of Zn(II) in vivo, PeT sensors exhibit more distinctive sensing 
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behaviour through dramatic increases in fluorescence intensity. Small Stokes shifts observed in ICT 

may be insufficient to detect small changes in the levels of Zn2+ in the pancreas, and larger ones could 

push the emission wavelength into an unfavourable window – i.e. the visible region of the spectrum or 

further into the IR region, which could then present challenges in detection.  

5.1.2.2. Zinc Receptor Moieties  

Judicious choice of the sensing unit for zinc(II) in a fluorescent chemosensor is critical to ensure 

selectivity and efficacy of the probe. The range of sensing units exploited in the literature is discussed 

at length in the introduction to this thesis and these include pyridine based moieties such as 

dipicolylamine (DPA) and N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), as well 

as macrocyclic chelates7,21,38,42. Figure 5.7 shows DPA and some examples of its incorporation into 

fluorescent zinc chemosensors. 

The selectivity of DPA for Zn2+ over other endogenous metal ions such as Cu2+ is one issue with its 

widespread use43, 44. Some alternatives to it are discussed further below.  

 

Figure 5.7: i) DPA, ii) Newport Green45,46, iii) a fluorescein-DPA conjugate synthesised by Cheng et al47, iv) a 

chemosensor utilising a TPEN receptor from Hanaoka et al.48, v) a lanthanide(III) chelator also developed by 

Hanaoka et al.10 and vi) a xanthone derivative reported by Ojida et al.49. 

5.1.3. Dual Modal Imaging Agents 

As briefly mentioned above, there are many examples of dual-modal imaging agents incorporating zinc-

sensing capabilities. This strategy seeks to maximise the individual strengths of multiple imaging 

techniques to allow enhanced understanding of biological materials through improved visualisation and 

data collection50,51. Dual-modal imaging has been discussed extensively elsewhere in this thesis. There 
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are many notable examples of cyanine-based multi-modality probes, some of which are mentioned 

below (see 5.2.2.).  The literature is rich with further examples incorporating cyanine dyes, with 

examples of both PET and MRI capabilities being introduced50–53. 

 

Figure 5.8: An example of a dual-modal optical-MRI probe incorporating a cyanine dye50. 

5.1.4. Aims and Objectives 

The work described in this Chapter hopes to build on the already extensive field of NIR cyanine dyes 

and harness their potent optical properties to generate compounds capable of acting as zinc(II) 

chemosensors which emit in this biologically useful window. Vast research effort has been employed 

to explore a range of different zinc receptors, and although DPA has seen much success, it may have 

issues with selectivity. The development of alternative Zn2+ binding moieties was seen as a key part of 

this body of work.  

Furthermore, introducing the capability for dual-modality in cyanine compounds was highly desirable. 

This would enable the issues associated with optical imaging to be countered – principally by 

introducing the capability for more penetrative in vivo techniques such as MRI and PET.  

Additionally, it was hoped that some form of targeting group could be added to the synthesised 

compounds to produce a series of multi-modal imaging agents which could be delivered directly to 

pancreatic β-cells and assess their functionality through their interaction with Zn2+. 

5.2. Results and Discussion 

5.2.1. Exploration of Alternative Zinc-Sensing Moieties 

As discussed above, DPA is widely utilised as a zinc-sensing moiety in the imaging field54,55. Whilst 

many of these imaging agents have been shown to be highly successful in their ability to sense Zn2+ 

ions, there are some concerns around the use of DPA. Chief amongst these is its selectivity – whilst 

DPA does indeed bind strongly to Zn(II), it has also been shown to have a high affinity for all of the 

divalent first row transition metal ions, some of which (notably Fe2+) are found in biological systems56. 

This, coupled with the notable interaction between DPA and both Ca2+ and Mg2+, which are involved 

in cell signalling and DNA storage respectively18, could interfere with the selectivity of a zinc-sensing 

probe in vivo and therefore disrupt attempts to selectively target pancreatic β-cells and measure their 
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functionality. Calcium(II) is also found in high proportions in β-cells, which could further complicate 

the measure of their functionality57. 

In addition to these selectivity concerns, the in vivo results from the probe GdZn (see Chapter 2) 

suggested that the use of DPA resulted in a strong interaction between the compound and serum albumin 

proteins in mice. This caused GdZn to remain in the bloodstream and resulted in no successful 

pancreatic contrast enhancement.  

It was hypothesised that both of these concerns could be tackled by utilising an alternative zinc-sensing 

moiety. A family of compounds incorporating both pyridine and thiophene rings has been developed 

by the Lippard group, named the Zinspy family by the authors56,58,59. These compounds, which built 

upon the group’s previous work on the DPA-based Zinpyr family, exhibited a reduced affinity for Zn2+ 

when compared to Zinpyr compounds but showed selectivity for divalent zinc over a wide array of other 

M2+ ions, particularly Ca2+ and Mg2+ 56,58,59.  One (Figure 5.9) was successfully utilised to monitor Zn2+ 

ion flow in vivo58. 

 

Figure 5.9: The Zinspy compound developed by Nolan et al. employing a thiophene-based zinc sensor which 

was utilised to monitor Zn2+ levels in vivo (right) and its Zinpyr predecessor, which used a DPA receptor (left). 

It was decided to synthesise a family of cyanine dyes which employed several different zinc-sensing 

moieties based on thiophenes in analogous work to the Zinspy family. These cyanine dyes could be 

compared to a derivative which utilised DPA to assess their affinity and selectivity for Zn2+, as well as 

on their photophysical properties. It was hoped that this would enable an optimised imaging agent 

capable of fluorescing in the NIR window which could ratiometrically detect zinc(II). The two derived 

synthetic targets are shown in Figure 5.10. 

 

Figure 5.10: The two analogues of DPA synthesised as alternative zinc sensors. 

The amine thiophen-2-ylmethanamine was identified as a key intermediate in the synthesis of each of 

these target compounds. The pyridine-incorporating zinc sensor could be readily produced from this 

amine through a nucleophilic substitution reaction with 2-bromomethylpyridine hydrochloride, which 
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enabled the amine 5.1 to be produced at a satisfactory yield of 67%. The synthetic route towards the di-

thiophene compound was slightly longer, but still fairly straightforward. Initially, a condensation 

reaction between thiophen-2-ylmethanamine and thiophene-2-carboxaldehyde was utilised, following 

reduction of the imine intermediate with sodium borohydride overnight. Addition of ethanol and 

hydrochloric acid resulted in precipitation of the hydrochloride salt 5.2 at a good yield of 85%. This salt 

could be basified using sodium hydroxide to liberate the free amine 5.3 at a moderate yield of 40%. 

Scheme 5.1 shows the synthesis of the two zinc-sensing moieties.  

 

Scheme 5.1.: Synthesis of the two zinc-sensing moieties 1 and 3 from the common starting material thiophene-

2-methylamine.  

Once these two alternative zinc sensors had been produced, it was decided to incorporate them into a 

cyanine dye alongside DPA. The cyanine framework chosen was IR-808, a compound reported by Luo 

et al. in 201337. IR-808 is a heptamethine cyanine which was shown to exhibit tumour targeting ability 

and was chosen due to its emission in the NIR region at 808 nm37. The synthesis of IR-808 is also fairly 

short. The free chloride substituent within the heptimethine backbone of the dye was also attractive as 

a potential leaving group, enabling the zinc-sensing moieties to be introduced through nucleophilic 

substitution reactions.   

The initial step in the synthesis of IR-808 was a reaction between cyclochexanone and POCl3. This 

reaction employed conditions analogous to a Vilsmeir-Haack formylation: POCl3 was added dropwise 

to DMF and left to stir for 30 minutes before the addition of cyclohexanone. Allowing the reaction 

mixture to stir for 6 hours before pouring the reaction mixture into ice-cold water, resulting in the 

formation of a precipitate. This precipitate was then recrystallised from DCM to give the chloride 

species 5.4 at a moderate yield of 63%. The carboxylic acid arms of IR-808 could be synthesised from 

2,3,3-trimethylindolenine and 6-bromohexanoic acid, which reacted via a nucleophilic substitution to 

give the deep purple indolium salt 5.5 at a satisfactory yield of 55%. 6-Bromohexanoic acid was chosen 

for several reasons – chiefly the introduction of a carboxylic acid group. The presence of this group 

would enable functionalisation of this family of cyanine dyes through the introduction of targeting 

moieties or allow the capability for other imaging techniques to be explored further and to prevent 

aggregation of the dye in solution, thereby improving solubility, by increasing interactions with solvent 

molecules24. The carbon chain length was chosen to distance this reaction site from the potentially 
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vulnerable conjugated system and prevent against degradation of the cyanine backbone. Additionally, 

as discussed above, the substitution of electron-donating alkyl chains helps to improve photostability 

of cyanine compounds23. Heating an ethanolic solution of 5.4 and 5.5 in the presence of sodium acetate 

for 90 minutes enabled the isolation of IR-808, 5.6, at a yield of 63%. Scheme 5.2 shows the synthesis 

of compound 5.6. 

 

Scheme 5.2: Synthesis of 5.6 (IR-808)37. 

It was decided to introduce the zinc-sensing moieties through nucleophilic substitution reactions. Due 

to concerns over the sensitivity of the cyanine backbone, it was hypothesised that these reactions may 

be more successful without the addition of an inorganic base and that an excess of the zinc-sensing 

amines could be utilised to drive the reactions to completion. This was first attempted with DPA, which 

was stirred in solution in DMF with 5.6 at a 10:1 ratio. After 4 hours, the reaction mixture was poured 

into Et2O and left to stir for one hour, resulting in the formation of a blue precipitate which could be 

purified by flash chromatography to give compound 5.7 at an adequate yield of 43%. This same 

procedure was carried out with compound 5.2, giving the corresponding zinc-sensing dye, 5.8 at a yield 

of 55% and with 5.3 to give the thiophene-based compound 5.9, although this was at a poor yield of 

just 5%. Scheme 5.3 shows the synthesis of these three different zinc-sensing cyanine dyes.  
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Scheme 5.3: Synthesis of the three different zinc-sensing cyanine dyes. 

The low yield of 5.9 compared to the other analogues may be due to reduced basicity of compound 5.3 

– the π system of 6 membered heteroaromatic rings does not include the lone pair of the heteroatom, 

leaving it available to react further. On the other hand, 5-membered heteroaromatics do involve the lone 

pair of the heteroatom in the π system, rendering it less available. It may be that, as DPA and 5.1 both 

contain at least one pyridinyl substituent they are able to deprotonate the free amine moiety and allow 

the nucleophilic substitution to proceed. Compound 5.3 only contains thiophenyl substituents, and 

therefore is likely to be much less basic. This will have an effect on the position of equilibrium in any 

self-deprotonation and may explain the reduced overall yield. 
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Figure 5.11: Self-deprotonation reactions for DPA, 5.1 and 5.3. It may be that 5.3 has a reduced basicity 

compared to DPA and 5.1 due to its lack of pyridinyl group. 

Several attempts were made to improve the yield of 5.9. One of these was by avoiding the de-salting 

step in the isolation of the amine 5.3, by attempting direct reaction of the hydrochloride salt 5.2 and the 

chloride 5.6. Unfortunately, this resulted in no reaction progress when monitoring by TLC, even after 

5 hours and with 10 equivalents of 5.2 added. Addition of DIPEA, a commonly used non-nucleophilic 

base, was also attempted to try and liberate the free amine 5.3 in situ  ̧but again these conditions gave 

no reaction.  

An alternative route to compound 5.9 was devised. This synthetic pathway would introduce the 

thiophene moiety via a condensation reaction, with the amine group being incorporated initially into 

the cyanine framework. The first step in this synthesis was conversion of 5.6 to an amine. This was 

done by modifying a synthesis published by Lee et al., which used potassium phthalimide and hydrazine 

hydrate to convert a chloride in a conjugated system to an amine60.  Formation of the phthalimide 

intermediate was carried out using potassium phthalimide in acetonitrile under reflux and N2. After 

stirring overnight, hydrazine dihydrochloride in H2O was added and the reaction left to stir for a further 

23 hours. A colour change was seen from dark green to dark blue. Flash chromatography gave the amine 

product, 5.10, at a moderate yield of 52%, with the resulting solid a deep purple colour. Despite success 

in the first step of this procedure, all attempts to carry out the condensation reaction with thiophene-2-

carboxaldehyde, in a range of solvents, failed. It is possible that the lone pair on the nitrogen atom of 

5.10, critical for condensation reactions, is less available due to its conjugation with the extended 

unsaturated system in the dye, which is implied by the dramatic colour change between 5.6 and 5.10. 

Scheme 5.4 depicts the formation of the amine 5.10 and the attempts made to reach 5.9 via condensation 

reactions. 

 

Scheme 5.4: The successful synthesis of the amine-functionalised cyanine dye, 5.10 and unsuccessful attempts 

to convert that to the target compound 5.9. 

It was decided not to continue the pursuit of 5.9 by alternative means and to explore its photophysical 

properties and metal binding abilities. The ability to produce each of the cyanine dyes under the same 

synthetic conditions was advantageous, although the amine derivative 5.10 could have future synthetic 

applications which may be further explored.  
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5.2.1.1. Fluorescence Spectroscopy and Zinc-Binding Titrations  

Biological systems often auto-fluoresce in the visible region of the electromagnetic spectrum. This 

presents an issue in fluorescence imaging as there can be increased background noise and it can be 

harder to distinguish between a fluorescent agent and the cells or tissues being studied61–63. The use of 

fluorophores which are emissive in the NIR region are desirable for this reason, which directed the 

selection of heptamethine cyanine dyes and IR-808 in particular as the basic framework for these zinc-

sensing compounds. It was necessary to examine the photophysical properties of each of these 

compounds and examine whether their emission still fell within the NIR window after the inclusion of 

a zinc sensing moiety. In addition, the interaction of these compounds with Zn2+ ions was explored in 

order to assess whether they could be used as zinc sensors. A successful fluorescent ion sensing 

compound should exhibit a change in its photophysical properties in the presence of the ion it is 

designed to detect. This change could be a change in emission intensity, or possibly a difference in 

Stokes shift which may be proportional to the amount of the target ion present in the system17–19.  

With respect to pancreatic β-cells, where there is an abundance of zinc(II) in comparison to the rest of 

the organ, a fluorescent sensor could be used to potentially quantify the mass of these islet cells and, 

over a prolonged period of time, monitor progression or development of diabetes, or the response of the 

body to any successful treatment to be evaluated57,64,65. 

To examine the fluorescent properties of each of the three compounds, 5 µM solutions of each of 5.7, 

5.8 and 5.9 were prepared in an aqueous solution of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer (100 mM) and acetonitrile (9:1 ratio) and their excitation and emission spectra recorded 

(Figure 5.12).  
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Figure 5.12: Excitation (red) and emission (blue)fluorescence spectra for the dyes i) 5.7 (λex = ,721 nm λem = 

780 nm), ii) 5.8 (λex = 778 nm λem = 792 nm) and iii) 5.9 (λex = 782 nm λem = 802 nm), (5 µM, HEPES/MeCN 

(100 mM aq. HEPES, 9:1 ratio). 

These initial experiments showed that all three compounds emitted in the NIR window. Compound 5.7, 

which contained DPA as its zinc-sensor, had a peak in its emission spectrum at 780 nm. The emission 

wavelength of these cyanine compounds was pushed further into the NIR with the substitution of 

pyridine rings for thiophenes in the zinc-sensing moiety. Compound 5.8 contained a sensor consisting 

of one of each of these aromatic rings and showed a peak in its emission spectrum at 792 nm. Employing 

a di-thiophene based moiety shifted the emission peak of compound 5.9 to 802 nm. Although the latter 

two compounds exhibited fluorescence further into the NIR region, there was a large reduction in the 

Stokes shift seen in these two compounds, with much higher wavelengths being needed to excite them 

than 5.7. Compound 5.7 could be excited at 721 nm, with excitation for 5.8 and 5.9 occurring at 778 

nm and 782 nm respectively. These small Stokes shifts (14 nm and 20 nm respectively, compared to 59 

nm for 5.7) could potentially cause problems in any fluorescent imaging applications, and this is 

exemplified by the lack of any definitive peak in the excitation peaks in Figure 5.13.  

Despite these potential issues in application, it was decided to assess the binding ability of each of these 

compounds for Zn2+ ions. This was done through a titration method. A range of solutions containing 
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varied concentrations of ZnCl2 (0 µM to 50 µM) were prepared in an aqueous solution of HEPES buffer 

(pH 7.4, 100 mM) and acetonitrile (9:1 ratio). An aliquot of the cyanine to be investigated was then 

added to the solution to give a cyanine concentration of 5µM and the emission spectrum of the solution 

recorded. The averaged emission spectra of each of the three compounds are shown below in Figure 

5.13. 

Figure 5.13: Fluorescence emission spectra dyes i) 5.7 (λex = ,721 nm λem = 780 nm), ii) 5.8 (λex = 778 nm λem = 

792 nm) and iii) 5.9 (λex = 782 nm λem = 802 nm) at different concentrations of Zn2+ (5 μM, HEPES, aq., 

100mM + 10% MeCN, pH 7.4, n = 3). 

The zinc binding titrations showed that compound 5.7 appeared to have the greatest affinity for Zn2+. 

This was shown by an increase in its fluorescence intensity of up to around 20% in the presence of 10 

equivalents of zinc(II), indicative of a PeT mechanism of cation sensing, expected with a DPA receptor. 

There is also evidence of a possible slight Stokes shift, with the emission wavelength appearing to 

increase slightly at higher Zn2+ concentrations. The same cannot be said for 5.8 and 5.9. The former 

appeared to show a decrease in emission intensity at greater zinc concentrations, along with a possible 

Stokes shift. However, there did not appear to be any definitive or obvious trend in this data. In the case 

of 5.9, there was no real change in emission intensity or wavelength as the concentration of zinc(II) ions 

increased. This is likely due to the lower affinity of the two zinc-sensing moieties employed in these 

compounds, which was expected, although it was not foreseen that the difference would be so dramatic. 

With no obvious positive trends visible in the data for 5.8 or 5.9, it was decided that DPA would be the 

best zinc-sensing moiety for any cyanine-based imaging agents which were to be explored throughout 

the project. Issues such as selectivity or albumin binding could potentially be overcome through 

synthetic modifications of other parts of the molecule, perhaps by tuning lipophilicity, and it was 

decided that it would be favourable to have some definite interaction with Zn2+ than none at all, or a 

decrease in emission intensity.  

The presence of the two free carboxylic acid groups in all three compounds could also have impacted 

on the results of these titrations as carboxylate groups are known to interact with Zn2+. The use of 

HEPES buffer at a pH of 7.4 had been chosen to mimic physiological conditions and should have been 

basic enough to keep the carboxylic acid groups protonated and lessen any binding interaction with the 

added zinc(II) ions, although it is possible that this still took place, preventing any interaction and 

modulation of the fluorescence processes via the DPA or thiophene units. One attempt was made to 

form the methyl ester of compound 5.8, although this was unsuccessful with the addition of H2SO4 as a 

catalyst causing the compound to be destroyed. Further work in this area could form an ester of 6-

bromohexanoic acid prior to its incorporation into the cyanine framework, which would then enable a 

further investigation of these zinc-sensing moieties. 
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5.2.2. Towards Dual-Modal Imaging Agents 

Fluorescence imaging is certainly a powerful, highly sensitive imaging technique which enables rapid 

collection of high resolution images, even at subcellular levels53,61,66. However, it also suffers from poor 

tissue penetration – this renders sub-surface imaging of organs challenging and clinical use would 

require the need for invasive tissue biopsies53,61. Indeed, many optical fluorescent imaging agents, 

including the clinically approved cyanine dye indocyanine green, have primarily found use in the field 

of image guided surgery as opposed to diagnostic agents67–69. Other imaging modalities have their own 

drawbacks too: the low sensitivity of MRI and difficulties in synthetic techniques, radioisotope 

acquisition and patient exposure to radiation associated with both PET and SPECT imaging are just 

some examples70,71.  

No imaging technique is perfect, and the development of dual-modal imaging agents is a key part in 

attempts to overcome the intrinsic problems associated with the techniques listed above when used in 

isolation. Utilising the same chemical agent for different imaging modalities can enable improved 

resolution and result in the acquisition of improved local information and validate biodistribution and 

tissue localisation19,66. Indeed, being able to use the same agent for both fluorescence and PET imaging 

could avoid variation in biodistribution which would of course be an issue with two different 

compounds.  

It was hypothesised that dual-modality could be harnessed in the pursuit of zinc-sensing imaging agents. 

Zinc-binding could act as a targeting methodology of sorts, allowing localisation of a dual-modal 

compound at pancreatic β-cells. The high sensitivity and 3D images obtained through PET imaging 

could further explore this localisation and potentially identify islet clusters. Due to the extremely low 

volume (~1%) of the pancreas which is occupied by islet β-cells, this could be extremely helpful72,73. 

These identified regions of high β-cell density could then be explored further with the fluorescent Zn2+ 

sensing ability of the compound, i.e. using ratiometric changes in fluorescence emission intensity to 

monitor cell functionality changes, which could be useful in diagnosing diabetes progression or 

assessing any response to treatment, be it pharmacological or through islet grafting.  

5.2.2.1. Fluorination of Cyanine Dyes 

One particularly notable dual-modal imaging agent based on a cyanine dye was synthesised by Brand 

et al. in 201453. This compound, which incorporated the NIR fluorophore indocyanine green as a 
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fluorophore and a sarcophogine copper chelator, was coupled to the glucagon-like peptide 1 receptor 

(GLP-1R) agonist exendin-4, which targets β-cells and is extensively discussed in Chapter 2 of this 

thesis. Brand’s compound (Figure 5.14) was designed to be used as an agent to detect tumour growth 

in GLP-1R expressive insulinomas, and was able to delineate between these and healthy cells53. This 

successful dual-modal imaging agent successfully based on a cyanine dye was envisioned as the basis 

for dual modal compounds based on compound 5.7.  

Figure 5.14: The dual-modal (optical-PET), cyanine-based compound synthesised by Brand et al.53. 

In contrast to Brand’s work, it was hypothesised that the use of any radiometal, such as the commonly 

used PET isotopes 64Cu or 68Ga, could present some issues due to the inclusion of a metal binding DPA 

moiety – i.e. that during radiolabelling the DPA could bind to a radiometal in addition to any specific 

ligand or chelate in the molecule, which could disrupt the ion-sensing ability of the compound or result 

in toxicity issues and radiation exposure in vivo.  As such, it was decided to synthesise a dual-modal 

PET-optical imaging agent which incorporated an organic radionuclide rather than a radiometal. The 

radioisotope 18F is a positron emitter which has risen to the forefront of PET imaging agents. Its half-

life of 110 minutes is much longer than other organic positron emitting nuclei, alleviating some of the 

synthetic concerns associated with radiochemistry74,75.  Success had also been had in radiofluorination 

of cyanine compounds by Ting et al. in 2010, who used cleavage of a boronate ester bonded to a 

heptamethine cyanine dye to produce a dual-modal imaging probe capable of bioconjugation76. Ting’s 

compound and the radiolabelling conditions are shown in Scheme 5.5. The success of this work gave 

some reassurance that the process of cyanine radiolabelling was possible without destroying the 

sensitive conjugated backbone.  

 

Scheme 5.5: The cyanine dye radiolabelled by Ting et al. in 201081. The authors used the carbohydrate 

Lymphoseek (DTPA-mannosyl-dextran) as a targeting group, represented by R. 

In 2018, the synthesis of an 18F labelled zinc-sensing fluorescent probe was published by Price et al.77. 

This compound was shown to selectively bind to Zn2+ over other metal ions through its aminoquinoline 

moiety and exhibited a large quantum yield enhancement in the presence of zinc(II)77. These zinc-

sensing abilities of the compound were successfully used to quantify and compare levels of Zn2+ in 

prostate cancer and healthy cells77. The synthetic chemistry employed in the pursuit of this compound, 
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shown in Figure 5.15, was fairly straightforward – simply employing nucleophilic substitution and 

amide coupling - and appeared to be an accessible way in which fluorine could be introduced to a 

fluorescent compound to produce a cold analogue of a dual modal agent. Previously within the Long 

group, microwave reactions and click chemistry have been employed to introduce C-F bonds into PET 

imaging agents78. However, there was concern about the robustness of cyanine dyes under these 

conditions, due to the highly sensitive nature of the compounds.  

 
Figure 5.15: The dual modal, zinc-sensing probe synthesised by Price et al.77 

It was decided to replicate the method of fluorination utilised by Price et al. to introduce fluorine into a 

series of cyanine compounds. The first step in this synthesis was to protect ethanolamine with a tert-

butoxycarbonyl (Boc) group. This could be easily achieved overnight using Boc2O to give compound 

5.11 at yields of up to 98% following a simple aqueous extraction. Subsequently, this compound was 

used as a nucleophile through deprotonation with sodium hydride which enabled displacement of a 

tosylate group from 2-fluoroethyl p-toluenesulfonate. The yield of this reaction, which produced 

compound 5.12, was low at just 17%. Unfortunately, the necessary deprotection step required to liberate 

the amine in this compound could not be successfully be carried out, despite several attempts. During 

work-up, Price et al. isolated the free amine through precipitation, and it is possible that the fairly small 

scale of this reaction hindered the work-up procedure. Typically, only around 150 mg of 5.12 could be 

produced each time and, ultimately, it was decided that the low yield of this compound and difficulties 

in further synthesis rendered this synthetic pathway unsuitable. Scheme 5.6 shows the successful steps 

carried out in this route and the intended future synthesis.  
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Scheme 5.6: The successful replication of Price’s work and the desired future synthesis. 

Following the difficulties encountered in the ethanolamine-based approach, it was decided to pursue an 

alternative route towards fluorinated cyanine dyes. One approach which was considered was the use of 

the fluorinating reagent diethylamino sulphur trifluoride (DAST). This compound converts primary 

alcohols to fluorides, and so it was decided to couple compound 5.7 to ethanolamine, giving the di-

alcohol 5.13 at a disappointing yield of just 12%. Unfortunately, carrying out the fluorination reaction 

with DAST resulted in degradation of the cyanine. It is possible that, as the by-product of any DAST 

reaction is HF, an extremely strong acid which could have destroyed the sensitive conjugated backbone 

of compound 5.13. These reactions are summarised in Scheme 5.7. 

 

Scheme 5.7: The successful coupling of 5.7 to ethanolamine and the unsuccessful DAST reaction. 

To avoid the harsh conditions encountered during the DAST reaction, more mild conditions were 

employed to introduce fluorine-containing substituents. Compound 5.7 could be successfully coupled 

to 2-fluoroethylamine hydrochloride using the coupling reagent HATU, giving the difluorinated 

compound 5.14 at a good yield of 67%.  
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Many imaging agents incorporate targeting groups to enhance their delivery to the biological target of 

interest. The two carboxylic acid arms of 5.7 lend themselves to bi-functionalisation of the cyanine dye, 

with different groups being added to each arm. As a long term goal, it was considered that one of the 

arms could be used to introduce a targeting group, such as the G-protein coupled receptor 40 (GPR40) 

agonists discussed in Chapters 3 and 4. Any such dual-modal compound produced in this way would 

be mono-, rather than di-fluorinated and so it was decided to synthesise a mono-fluorinated compound 

which could be compared to 5.14 for in vivo applications, as well as assess how the quantity of any 

probe required for PET imaging could change. Ethylamine was chosen as a simple placeholder to 

essentially act as a stand-in for any targeting group which could be introduced and essentially act as a 

protecting group for one of the carboxylic acid groups. The mono-alkylated compound 5.15 could be 

produced from 5.7 through a typical amide coupling with HATU. The yield of this reaction was low at 

just 26%. This was primarily due to formation of the disubstituted analogue of 5.15 as the major product, 

despite control of equivalents and temperature: use of sub-stoichiometric amounts of ethylamine 

hydrochloride and allowing the reaction to stir for 6 hours at 0 °C instead of overnight at room 

temperature still did not prevent reaction at both carboxylic acid positions from occurring. The amide 

coupling reagents 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and hydroxybenzotriazole 

(HOBt), considered as potentially less effective than uronium compounds resulted in lower yields, 

typically around 15%, but still did not prevent formation of the disubstituted compound. Subsequent 

coupling with 2-fluroethylamine hydrochloride could then be carried out to give the mono-fluorinated 

cyanine dye 5.16 at a satisfactory yield of 29%. Scheme 5.8 shows the synthesis of the two fluorinated 

compounds.  



 

 
184 

 

 
Scheme 5.8: Synthesis of the fluorinated cyanine dyes 5.14 and 5.16. 

 

Both compounds 5.14 and 5.16 are cold analogues of potential PET imaging agents incorporating 18F. 

A cold compound has the same structure and chemical formula as a radioactive species but contains no 

radioactive nuclei. A radiolabelled compound, which is radioactive, is referred to as hot. Radiolabelling 

procedures must take into account the time-sensitive nature of the whole process: extensive purification 

and characterisation of the product are undesirable as they can be time-consuming and reduce the 

radioactivity count of the compound, reducing its utility as a PET imaging probe. Practically, the 

success of the radiolabelling procedure is monitored by high performance liquid chromatography 

(HPLC): the retention time of a cold analogue of the product is measured and, after radiolabelling, the 

HPLC trace of the product is compared to that of the cold compound to validate that the compound has 

been successfully radiolabelled. As such, neither 5.14 nor 5.16 could be used as radiolabelling 

precursors as there would not be a sufficient difference in HPLC retention time to definitively say that 

radiolabelling had taken place, although their HPLC traces could be used to validate successful 

radiolabelling.  
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Price et al. synthesised a tosylate derivative of their compound as the radiolabelling precursor77. Indeed, 

it is well established in the literature that sulfonate groups such as triflates, mesylates and tosylates are 

labile leaving groups for the introduction of electrophilic radioactive fluoride75. Typical conditions for 

this process involve the cryptand Kryptofix222 (K222), which coordinates to the cation of the fluoride 

salt (typically K+ or Cs+) produced in a cyclotron and essentially leaves the [18F]-fluoride anion naked 

and therefore extremely nucleophilic79. As such, it was decided to synthesise tosylate analogues of 

compounds 5.14 and 5.16 to act as precursors for radiolabelling.  

The synthetic pathway which was undertaken towards these compounds was very similar to that used 

to isolate the two fluorinated cyanines. Initially, ethanolamine was tosyl protected by reaction with tosyl 

chloride, producing compound 5.17 at a satisfactory yield of 29% after 3 hours. This could then undergo 

an amide coupling reaction with the free carboxylic arms of 5.7 to give the ditosylate 5.18 at a good 

yield of 67%. An initial attempt at this reaction gave a low yield of just 11% - this was attributed to 

difficulties in the work-up procedure: most of the cyanine compounds explored up until this point could 

be isolated from a reaction mixture by pouring into a vast excess of Et2O, avoiding the need to wash off 

DMF and non-nucleophilic amines present in the amide coupling reactions. However, it appears that 

the aromatic tosyl rings resulted in increased solubility in relatively non-polar solvents.  

Due to the difficulties encountered in selective synthesis of 5.15 and avoiding reaction at both positions, 

it was decided to reverse the order of the coupling reactions involved to produce the monotosylated 

species. Compound 5.7 was coupled with 5.17 using the standard coupling conditions employed 

elsewhere in this Chapter: HATU being the coupling reagent of choice. This successfully gave 5.19 at 

a moderate yield of 50%, with the monotosylate subsequently reacted with ethylamine hydrochloride 

to give the radiolabelling precursor 5.20 at a high yield of 71%. Scheme 5.9 shows the synthesis of the 

tosylated precursors. 
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Scheme 5.9: The synthesis of the two tosylate precursors (5.18 and 5.20) for radiolabelling. 

 

5.2.2.2. Zinc-Binding Titrations of Compound 5.14 

This family of cyanine dyes have been designed to act as sensors for Zn2+ ions via the DPA moiety in 

order to explore the declining functionality of pancreatic β-cells in diabetes development. It was decided 

to examine the interaction between compound 5.14 and these ions to judge its suitability as a ratiometric 

fluorescent probe. 

The procedure followed in the exploration of a range of alternative zinc sensors (discussed above in 

5.2.1.1) was adapted to carry out the zinc-binding titrations. A 100 µM solution of 5.14 was prepared 

in a mixture of HEPES buffer solution (aq., 100 mM) and MeCN (9:1 ratio) and aliquots of an aqueous 

solution of ZnCl2 added to give a range of solutions with between 0.1 and 10 equivalents of Zn(II). Each 

solution was excited at 728 nm, resulting in emission at 770 nm. The complete titration data are shown 

in Figure 5.16. 
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Figure 5.16: Fluorescence data from zinc-binding titrations of compound 5.14 (n = 3, HEPES/MeCN (9:1), λex= 

728 nm). 

No obvious or immediate conclusions could be drawn from the titration data, with no clear relationship 

between the number of Zn2+ equivalents and emission intensity. As a general inference, it appeared that 

there is some enhancement of emission intensity of 5.14 when between 0.8 and 5.0 equivalents of Zn2+ 

are present, although this was by no means ratiometric it could give some kind of qualitative indication 

of ion levels. The increase in emission intensity in the presence of Zn(II) suggests that a PeT mechanism 

is taking place. However, there was actually a marked decrease in emission intensity when the number 

of equivalents was increased to 10. The reasons for this are unclear – it is possible that the probe does 

have a very low affinity for Zn2+ which does allow some chelation to take place via the DPA moiety, 

resulting in modulation of the fluorescent properties of the cyanine through photoinduced electron 

transfer (PeT) and internal charge transfer (ICT) processes and subsequent emission intensity 

enhancement, as discussed extensively in the introduction to this thesis9,80–82. The peak in emission 

intensity in the presence of 0.8 equivalents could be due to formation of a Zn:5.14 unit. Furthermore, 

the lack of a trend may be due to the solution behaviour of the compound. Cyanine dyes are known to 

be fairly hydrophobic and can aggregate in aqueous solution by stacking into regular arrangements – 

this can be attributed to the presence of their extended aromatic systems and the corresponding strong 

intermolecular π-stacking and attractive forces that exist between them6,29,83. 

Figure 5.17 highlights selected data sets from the titration to indicate the general increase in emission 

intensity in the presence of higher numbers of Zn2+ equivalents and the unexpected decrease in intensity 

when 10 equivalents were present.  
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Figure 5.17: Selected data series from the zinc-binding titrations of 5.14.  

There may have been a methodology problem resulting in the unexpected results observed here – for 

example a Stokes shift could have occurred in the excitation wavelength of 5.14 in the presence of Zn2+. 

This could be explored further in future work by recording the UV-vis absorption spectrum in the 

presence of a large excess of Zn2+, along with the selectivity of the probe for other metal ions. This 

could not be carried out due to time constraints. 

5.2.2.3. Radiolabelling of Tosylated Cyanine Dyes 

Success of any radiolabelling process is determined by a change in HPLC retention time between 

precursor and product, with the retention time of the isolated hot product compared to that of a cold 

analogue and a match indicating that the desired outcome has been achieved. Figure 5.18 shows the 

HPLC traces of the cold difluorinated cyanine 5.14 and its tosylate precursor 5.18, recorded on an 

Aglient 6200 TOF LC-MS. 
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Figure 5.18: The LCMS traces of compounds 5.14 (top) and 5.18 (bottom) (95:5 H2O:MeCN to 100% MeCN 

+0.1% formic acid). The peak at 13.06 minutes corresponds to 5.18. 

Compound 5.18 was chosen for initial radiolabelling due to its improved synthetic accessibility over 

5.20, which was more challenging to make. There was some apprehension about this due to the range 

of different products which can be produced when radiolabelling at multiple positions, but it was also 

theorised that if 5.18 was shown to be successfully radiolabelled, then the process should prove more 

straightforward for 5.20. Compound 5.18 was subjected to radioactive 18F-labelled KF in the presence 

of K222 in a solution of anhydrous DMF or MeCN. Scheme 5.10 summarises these conditions and the 

possible product formations. 

 

 

Scheme 5.10: Radiolabelling conditions for 5.18 and the expected range of products. 

Prior to radiolabelling, comparisons were made between the compound reported by Price et al. in 2018 

and 5.18 to assess its suitability for the chosen conditions. There were several similarities between the 

two compounds – notably the tosylate leaving group, presence of an amide bond and a basic pyridine 

moiety77. Differences between the two that were judged to possibly impact on the radiolabelling process 

were the tertiary amine in 5.18, compared to a carbamate protected amine in Price’s compound and, 
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perhaps critically, the positive charge in the cyanine backbone and corresponding bromide counter ion. 

Ultimately, it was judged that similar conditions could be employed in the radiolabelling process. 

Radiolabelling of compound 5.18 was carried out by Dr Graeme Stasiuk and Dr Tom Price at the 

University of Hull. The first radiolabelling attempt was carried out by introducing [18F]KF/K222 to a 

solution of 5.18 in DMF at a concentration of 19.60 mM at 140°C . After 15 minutes, the solution had 

changed from the characteristic blue associated with these cyanine compounds to brown, suggesting 

decomposition of the dye. Use of MeCN instead of DMF gave the same colour change, even at a lower 

temperature of 110°C. Additionally, the radio-HPLC traces from both reaction mixtures showed no 

peak with a retention time corresponding to the cold analogue 5.14, indicating that now radiolabelling 

had taken place. The UV-vis spectrum of each sample was also extremely messy and complex, further 

implying complete degradation of the precursor. These traces are shown in Figure 5.19.  

 
Figure 5.19: HPLC traces from radiolabelling of compound 5.18. Red = radiotrace, Green = UV trace. 

Gradient: 3 minutes 95:5 H2O:MeCN + 0.1% TFA to 5:95 H2O:MeCN + 0.1% TFA over 15 minutes, followed 

by washing. Top: 110 °C in MeCN middle: 140 °C in DMF, bottom: HPLC trace of cold compound 5.14. 

It was suspected that the high temperatures used in these initial attempts were responsible for the 

degradation of the precursor. Accordingly, it was decided to attempt the radiolabelling at lower 

temperatures to see if this could be avoided. Compound 5.18 was dissolved in DMF at a concentration 

of 29 mM and stirred in the presence of K222 and 18F-labelled KF at 25 °C for 15 minutes. The 

temperature was then increased in 20 °C increments up to a maximum of 105 °C, stirring for a period 

of 30 minutes at each temperature. An aliquot of the solution was taken and analysed at each 

temperature after dilution with H2O. The same colour change from blue to orange was observed in the 

solution after 30 minutes. These traces are shown in Figure 5.20. 

 

5.14 
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Figure 5.20 Traces from variable temperature radiolabelling attempts of compound 5.18. Red = radiotrace, 

Green = UV trace. Gradient: 3 minutes 95:5 H2O:MeCN + 0.1% TFA to 5:95 H2O:MeCN + 0.1% TFA over 15 

minutes, followed by washing. Bottom: HPLC trace of cold compound 5.14. 

As can be seen from the full set of radiotraces above, no successful labelling of 5.18 was achieved to 

give a hot analogue of 5.14. This was disappointing, especially as similar compounds had successfully 

been radiolabelled in prior work, as discussed above76,77. The failure of the process could be due to 

deprotonation of an acidic proton from the cyanine dye, i.e. it is possible that the amide proton or those 

at the α positions in the arms of the compound could be removed by F-, especially as the highly reactive 

naked anion. Furthermore, there may be some interaction between the powerful nucleophile and the 

extended system of conjugation present in these dyes resulting in substantial degradation at ambient 

temperatures. 

Due to the disappointing results obtained at this stage, it was decided not to pursue further radiolabelling 

of compounds 5.18 or 5.20. The significant decomposition of the precursor seen at low temperatures 

was thought to be due to intrinsic properties of this family of compounds, and therefore 

radiofluorination was unlikely to work. Alternative routes towards the synthesis of dual-modal imaging 

probes were to be based on the incorporation of radiometals, and this is discussed further below. 

5.2.2.4. Macrocyclic Metal Chelators for MR and PET Imaging 

As the use of fluorine-18 seemed non-viable, it was decided to introduce a macrocyclic metal binding 

unit to compound 5.7, which could then act as a versatile ligand for a wide range of medicinally useful 

ions such as copper, which has a positron emitting radioisotope, or gadolinium, widely exploited in the 

field of MRI. It was also hoped that some kind of targeting moiety could be introduced to these cyanine 

compounds in order to enhance their distribution in vivo and form a group of targeted bimodal probes. 

5.14 
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The targeting group of choice was the indole-propionic acid moiety developed by Yoon et al. which 

was exploited in the synthesis of lanthanide(III) based probes and discussed in Chapter 3 of this thesis84. 

Initially, the chelator H4dota(ga)NH2 was chosen as the metal binding unit. Its octadentate nature could 

allow thermodynamically stable and kinetically inert complexes to be synthesised, as well as enabling 

a large array of metal ions to be sequestered and increasing the versatility of the cyanine dye family. 

Due to the sensitive nature of the cyanine backbone, especially its susceptibility to pH variations, it was 

decided to first introduce the metals to the ligand and couple the resultant complex to 5.7 in order to 

minimise the risk of cyanine degradation. Whilst the complexes of these metals and H4dota(ga)NH2 

could be successfully isolated, neither could be successfully coupled to 5.7. Due to the long and complex 

synthetic route needed to produce H4dota(ga)NH2, in addition to the difficulties encountered in any 

further functionalisation, it was decided to use an alternative metal binding unit. The ligand chosen was 

H3do3a-NH2, which can be readily synthesised from H3-do3a via sequential reactions with chloroacetyl 

chloride and ethylenediamine. The synthesis of H3do3a-NH2 was carried out by Dr Tamara Boltersdorf, 

who provided the necessary quantity of ligand to enable complexation with Gd(III) and Cu(II). This 

could be successfully achieved through utilisation of the salts GdCl3·6H2O and CuSO4·5H2O to give 

the complexes 5.21 and 5.22 at moderate yields of 59% and 50% respectively.  

Subsequent amide coupling to 5.7 used HATU and DMF, which had successfully been utilised in prior 

work for cyanine functionalisation via the carboxylic acid arms. Whilst this could not be achieved using 

compound 5.21 (5.7 was completely consumed, but the isolated product could not be identified), the 

cyanine dye-copper chelate compound 5.23 could be produced under these conditions at a moderate 

yield of 30%. This synthesis is shown in Scheme 5.10. 
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Scheme 5.10: Complexation of H3do3a-NH2 and subsequent reaction with 5.7. 

 

Chapter 3 of this thesis discusses the introduction of a targeting group designed to bind to GPR40. The 

ligands synthesised in that Chapter had the targeting group brought in through nucleophilic substitution 

reactions in which the electrophile was compound 3.14, an aromatic bromide with an iodo- substituent 

on the phenyl ring which was subsequently used to build on the targeting moiety through a Sonogashira 

reaction. It was hoped that this some methodology could be repeated in the pursuit of targeted cyanine 

dyes, albeit with one small alteration: compound 3.14 was to be converted to an amine to enable an 

amide coupling reaction to take place with the free carboxylic acid arm in compound 5.23. This was 

successfully achieved using the same reaction conditions used in the production of the amine 
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functionalised cyanine dye 5.10 – the bromide was converted to a phthalimide and then reduced to the 

primary amine 5.24 using hydrazine hydrate (Scheme 5.11). Unfortunately, attempts to couple this 

compound to 5.23 using both HBTU and HATU were unsuccessful, resulting only in degradation of the 

cyanine.  

5.2.2.5 Towards Targeted Fluorescence Imaging Probes 

Due to difficulties encountered in synthetic chemistry involving the metal complexes, it was decided to 

attempt the introduction of the targeting group first, in case the presence of charged metal chelates were 

interfering with subsequent amide coupling processes.  

Compounds 5.7 and 5.24 could be successfully coupled using HATU. As has been discussed above, 

there were issues controlling the extent of reaction on the carboxylic acid arms – despite just one 

equivalent of 5.24 being added, all that could be isolated was the disubstituted compound 5.25 at a 

moderate yield of 30%, alongside some unreacted starting material. It was decided that this could be 

carried forward to produce a cyanine dye with two targeting moieties. Hypothetically, the aromatic 

propionic acid group (compound 3.4) which forms the basis of the targeting group could then be 

introduced via a Sonogashira coupling to begin the development of a targeted probe. Unfortunately, this 

coupling reaction could not be carried out due to time constraints. Scheme 5.11 summarises the work 

towards the introduction of some targeting ability to cyanine dyes. 

Future work could explore alternatives to the gold-catalysed indole formation reaction, as it the 

previously utilised conditions may be incompatible with the sensitive cyanine dye framework. Should 

these be found, it is hoped that the GPR-40 targeting group could be introduced to the cyanine dye alone 

and dual-modal probes incorporating metal chelates for a range of imaging modalities. What may be 

most successful for this route is the initial synthesis of the targeting moiety prior to coupling to the 

cyanine framework, which avoids the use of a gold catalyst in the presence of the conjugated backbone 

which may trigger degradation. This would have been carried out if not for time constraints. 
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Scheme 5.11: Synthetic work towards targeted cyanine dye derivatives and the proposed future Sonogashira 

reaction towards introducing a targeting moiety. 

 

5.3. Conclusions and Outlook 
In summation, a substantial body of work has been dedicated to the synthesis of a family of 

heptamethine cyanine dye compounds and the exploration of how each iteration and modification has 

impacted on the properties of these derivatives, notably their photophysical behaviour in the NIR 

window, which is of increasing interest in the optical imaging field. 

Previous work within the Long group, as discussed earlier in this thesis, coupled with concerns about 

the selectivity of DPA for Zn2+ over other endogenous metal ions, directed the initial direction of the 

syntheses described in this Chapter. Following successful work by Nolan et al. where thiophene 

moieties were incorporated into fluorescent, zinc-sensing probes and utilised to monitor zinc(II) flow 

in vivo56,58,59, a family of three heptamethine dyes based on the NIR emissive compound IR-80837 were 

synthesised to study the effect of substituting pyridine rings for thiophenes. Replacing a pyridine ring 

with a thiophene was found to shift the emission wavelength of cyanines further into the NIR, although 

these novel compounds appeared to have a much lower affinity for zinc(II) ions. Whilst it was 

disappointing to see that only the DPA sensing unit resulted in a notable change in fluorescence 

emission intensity in the presence of Zn2+, hence its application throughout the rest of this Chapter, 

future work could involve the use of other NIR fluorophores and thiophene-based zinc sensing units to 

synthesise highly selective fluorescent zinc sensors which exploit the advantages of this critical window 

in the electromagnetic spectrum. Other practical work in this area could explore the selectivity of these 

different moieties – there is evidence in the literature to suggest that thiophene units confer greater bias 

towards Zn2+ over other metal centres, and this should be confirmed through further metal binding 
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titrations. Additionally, due to concerns about possible interactions between the carboxylic acid arms 

of these dyes and Zn2+, the esterification of the dye precursor could be carried out prior to synthesis and 

subsequent metal binding titrations. 

The benefits of dual-modality in molecular imaging are now widely known. It was hypothesised that a 

bimodal PET-fluorescent imaging agent coupled with the ability to respond quantitatively to the 

presence of zinc(II) ions would be a worthwhile addition to the field of imaging pancreatic β-cells. Two 

fluorinated cyanine dyes were synthesised to act as cold analogues of the corresponding 18F-labelled 

PET emitters which could be used as an imaging agent. The tosylate precursors of these two compounds 

were also produced, all at satisfactory yields, although these syntheses could be further optimised. One 

of these compounds, the di-fluorinated analogue, was shown to exhibit an increase in fluorescence 

emission intensity in the presence of between 0.8 and 5.0 equivalents of Zn(II). Whilst this was by no 

means ratiometric and no clear trend could be observed, this could suggest an interaction between the 

probe and Zn2+ which could be harnessed to give a qualitative indication of the presence of these ions. 

The lack of any clear trend could be due to the unique behaviour of cyanine dyes and other conjugated 

systems in solution, and this should be investigated in future work through the use of alternative, less 

polar solvents. Additionally, the selectivity of this probe should be studied using an analogous 

procedure to that exploring the affinity of different zinc-sensing moieties.  

Radiolabelling of the tosylate compounds to give the hot analogues of the di-fluorinated cyanine dyes 

was attempted, although this could not be carried out successfully. Degradation of the di-tosylate was 

observed at all temperatures, even as low as 25 °C. It is possible that this was due to an attack on the 

conjugated, unsaturated cyanine backbone by the naked fluoride anion, a powerful nucleophile, 

although recent work used a similar heptamethine compound which could be successfully radiolabelled 

through the hydrolysis of a boronate ester by 18F- 76. Another potential reason for the failure is acidity 

of its hexanoic acid arms, which contained an amide bond and a CH2 group at an α position to a carbonyl. 

Deprotonation at these positions could have occurred and led to subsequent decomposition of the 

cyanine. Future work in this area would involve a synthetic re-design: perhaps by using shorter 

carboxylic acid arms analogous to those employed by Ting et al. in their cyanine radiolabelling76. The 

long carbon chain had originally been chosen to distance the leaving group from the unsaturated system 

due to concerns about possible fluoride attack there during the radiolabelling process. Reducing the 

length of this chain could increase steric hindrance around the acidic protons and make them less 

accessible to the extremely basic fluoride anion. Future work could explore this systematically and 

establish whether there is in fact an optimal chain length for these compounds which could in fact reduce 

their sensitivity. That would subsequently enable a family of fluorinated cyanine dyes to be produced 

and investigated to assess their suitability for application as dual-modal imaging agents.  
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It has been observed that the presence of cyclodextrin species can help shield cyanine dyes from the 

approach of ROS85. It is possible that aggregation of other widely used and highly stable cyanines such 

as IR-808 and ICG in solution may have a similar effect. In comparison, 5.18 may not aggregate well 

in solution and could therefore be more exposed to ROS. It may be that modification to try and coax 

the system into more effective aggregation could improve stability. This could be achieved by the 

extension of the aromatic system, which could invoke additional π-stacking and may explain the 

enhanced stability of ICG and its derivatives. Furthermore, a recent study by Hernandez et al. reported 

that degradation of cyanine dyes during the radiolabelling process was due to the generation of ROS 

from water by isotopes such as 68Ga, 111In and 213Bi86. Re-attempting the radiolabelling procedures here 

with a radical scavenger present may help improve the results. 

Attempts were made to introduce macrocyclic metal chelating units which could allow incorporation of 

the highly paramagnetic Gd3+, ubiquitous amongst MRI contrast agents, or cold metal centres such as 

copper or zirconium which have positron-emitting radioisotopes. Furthermore, it was hoped that a 

targeting moiety could be added to these compounds. Despite successful synthesis of a cyanine-copper 

chelate, this could not be achieved with gadolinium and no targeting moiety could be successfully built 

on to this conjugate or the parent cyanine framework. The sensitive nature of the cyanine itself could 

have been degraded due to the use of some of the metal catalysts needed to synthesise the targeting 

group, and future work in this area could focus on sidestepping these and avoiding damage to the 

sensitive core of these molecules.  

Overall, the cyanine dye framework based on IR-808 has been shown to be extremely versatile. 

Introducing and adopting thiophene based zinc-sensing units was shown to push the emission of the 

cyanine unit further into the NIR, a strategy which could be adapted in future. In addition, tosylated and 

fluorinated analogues which could act as dual modal imaging agents and their precursors which, despite 

problems during the radiolabelling process, could be modified to try and reduce sensitivity of the dye. 

Attempts were made to synthesise a targeted cyanine dye, which would aid favourable biodistribution, 

although again the sensitivity of the conjugated system hindered this work. Shorter cyanine dyes, such 

as pentamethine compounds, may well be more robust but emit in the visible, rather than NIR region, 

which presents problems in biological systems. However, it could be that the addition of thiophene rings 

could modify the emissive properties of these dyes to more useful wavelengths. Additionally, there 

could be systematic approaches employed to try and reduce the sensitivity of the heptamethine 

compounds to the conditions involved in the synthetic routes discussed in this Chapter, or by modifying 

these pathways to account for the fragile nature of the dyes. 
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6.1. General Comments 
The work described in this thesis explores a wide variety of concepts critical to the design of molecular 

imaging probes. Primarily, the focus has been on the synthesis and testing, both in vitro and in vivo of 

compounds targeted to pancreatic β-cells. Two different approaches were employed: the use of the 

peptide exendin-4, a ligand for the receptor GLP-1R, and a chelator incorporating an indole propionic 

acid moiety designed to have a high affinity for the receptor GPR40. Both families of probes synthesised 

using these two chelators had their properties extensively explored, with this discussed in further detail 

below. Exendin-4 has been shown to be an effective therapeutic agent for diabetes treatment, and there 

is currently great interest in the field around the investigation of the mechanisms involved in receptor 

binding, including conformational receptor changes and endocytosis, and how this could affect the 

physiological processes involved in diabetes1–3. A series of analogues of exendin-4 were conjugated to 

luminescent optical probes to investigate the process involved in receptor binding and membrane 

localisation.  

The development of dual-modal imaging agents is of substantial interest in the field due to its ability to 

combine the strengths of myriad imaging techniques. A significant body of work discussed in this thesis 

dealt with the synthesis of compounds designed to be utilised for dual-modal imaging. Many of these 

agents also included the ability to respond selectively to Zn2+ ions, which could enable visualisation of 

β-cell functionality through non-invasive imaging techniques.  

The successes achieved with each of these objectives in mind is discussed below, with reflections on 

the methodology and consideration of possible future pathways for this project.  

6.2. MRI Contrast Agents Targeting GLP-1R 
The functionalisation of the peptide exendin-4 was achieved through its conjugation to a chelator based 

on the macrocycle H4dota. The resulting ligand was complexed to the highly paramagnetic Gd3+ to form 

the MRI contrast agent GdEx. This probe was found to have a high relaxivity value of 6.1 mM-1s-1, 

which is greater than that of the ubiquitous [Gd(dota)]-. Analysis of GdEx in vivo showed that the probe 

localised in the pancreas of healthy mice, indicative of successful targeting of the pancreas via the 

exendin unit and its high potency for the GLP-1R receptor. The contrast to noise ratio observed in the 

pancreases of mice administered with GdEx was compared to those scanned with [Gd(dota)]- as the 

contrast agent. It was found that use of GdEx resulted in a 40% increase in CNR over that seen with 

[Gd(dota)]-, up to a maximum of 70% over baseline levels.  
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Figure 6.1: Structure of GdEx (top) and the observed CNR compared to that seen in C57BL/6J WT mice 

(bottom).  

Following validation that GdEx could successfully be utilised to give pancreas-specific contrast 

enhancement and that the incorporation of exendin-4 into a bifunctional chelator did not negatively 

impact on the affinity of the probe for GLP-1R, it was decided to assess its ability to give a quantitative 

assessment of functional β-cell mass in a disease model. The model of choice was referred to as Dicer-

KO. DICER is an RNAseIII enzyme which is required in the production of miRNA critical to the 

development of β-cells. The deletion of this enzyme can be induced by injection of tamoxifen and has 

been shown to reduce β-cell mass and trigger hypoglycaemia4,5. GdEx was administered to these mice 

and a control group which were also injected with tamoxifen but did not undergo the DICER deletion 

(Dicer-Ctrl). The resulting CNR values showed that there was statistically significant retention of the 

probe in the pancreases of the Dicer-Ctrl mice compared to the Dicer-KO mice, therefore suggesting 

that GdEx is capable of delineating individuals where decline of β-cell mass has taken place. This could 

potentially act as an early warning system for the beginnings of diabetes mellitus development, as well 

as contributing towards the debate in the literature around the extent to which β-cell mass decline 

contributes to manifestation of the disease. 

One limitation of GdEx is that a substantial quantity of the probe is required for imaging. Although 

GdEx may be administered at half the clinical concentration of [Gd(dota)]- - 0.05 mmolkg-1 compared 

to 0.1 mmolkg-1 – the large molecular weight of the compound means that as much as 20 g would be 

required for an MRI scan in an average adult human, which is a concern as exenatide has been shown 

to result in nausea and vomiting in clinical trials even at the µgkg-1 scale6,7. Whilst this would limit any 

clinical translation of GdEx, this work has shown that the development of pancreas-specific GBCAs is 

possible and could enable alternative probes targeted to this vital organ to be produced: this would avoid 
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exposure of patients to ionising radiation and avoid some of the complex synthetic challenges associated 

with radiochemistry. 

Future work in this area could explore alterations to the bioconjugation strategy employed through 

different peptides or other compounds with a high affinity for pancreatic β-cells. Furthermore, other 

receptors could be targeted: consider the focus on GPR40 discussed in Chapter 3 of this thesis. 

Alternative diabetes models could also be explored. 

Figure 6.2: CNR values in Dicer-Ctrl and Dicer-KO mice, showing enhanced CNR after 21 minutes post 

injection (2), therefore suggesting retention of GdEx in the pancreas.  

The success had with GdEx inspired the design of an additional probe, GdZn. This compound was 

extremely similar in structure to GdEx, but incorporated the amine DPA as a zinc-sensing unit. Zn2+ is 

found in high concentrations in the pancreas, where it helps to stabilise insulin storage as hexameric 

units, and the design of zinc-sensing MRI contrast agents has been carried out by many in the field 

seeking to monitor pancreatic β-cell function8–11. The synthesis of GdZn was successful and the probe 

was tested in vivo to examine its specificity and efficacy. The results, from two healthy, WT mice, were 

disappointing, with no visible uptake from the pancreas. It appeared that the probe failed to leave the 

bloodstream, which was attributed to possible formation of a ternary complex with serum albumin 

proteins and Zn2+. Indeed, the extensive work published by the Sherry group indicates that this 

interaction is essential for an increase in CNR to be observed, as it results in an increase in τR and 

therefore in relaxivity9–11.   

There is the potential to modify and optimise this probe to enable some receptor binding to take place: 

this could be done through alternative zinc-sensing groups.  

6.3. Lanthanide(III) Complexes of a Ligand Targeted to GPR40 
The large quantities necessary for successful MRI scans using peptide-targeted GBCAs, coupled with 

their high cost and synthetic limitations drove an interest in the use of alternative targeting strategies. 

Given that GLP-1R agonists are typically peptides and the field is dominated by exendin-4 and its 

analogues, it was decided to look for an alternative receptor which could aid the delivery of compounds 
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to pancreatic β-cells. One such receptor was GPR40, a fairly recently discovered receptor found to be 

enriched in β-cells to a greater degree than GLP-1R, as well as being present in the brain and the ileum 

of the small intestine12–16. Several agonists for this receptor reached clinical trials for the treatment of 

diabetes, and an analysis of these compounds, combined with a recent SAR study by Yoon et al. 

revealed that GPR40 could be activated by indole rings functionalised with propionic acid arms and 

polar aryl substituents16–19.  

A relatively simple ligand system based on the macrocycle H3do3a was designed which incorporated 

GPR40 targeting capability. This ligand, shown below, was synthesised at an overall yield of 5%.  

 

Figure 6.3: The structure of the target ligand, GPR-L1. 

The gadolinium(III) complex of this ligand was considered an interesting alternative to GdEx due to 

its similar potential application as an MRI contrast agent. Comparisons could be drawn between the 

two compounds on the efficacy of each targeting methodology, enabling conclusions to be drawn about 

the most appropriate receptor to target with β-cell specific probes. The relaxivity of [Gd(GPR-L1)] 

was calculated as 9.22 M-1s-1. This value is substantially higher than that of GdEx, likely due to the 

heptadentate nature of the ligand enabling a greater hydration state and could potentially require a lower 

concentration of [Gd(GPR-L1)] to be used in vivo. Coupled with the much lower molecular weight, 

less than a fifth of that of GdEx, it is likely that clinical applications of [Gd(GPR-L1)] would require 

a much lower quantity of compound and therefore potentially avoid toxicity issues associated with high 

or repeated administrations of GBCAs such as NSF.  

It was discovered that the aromatic targeting moiety of GPR-L1 was fluorescent, with excitation of the 

free ligand at 366 nm resulting in emission at 484 nm. It was hypothesised that this property of the 

ligand could be used to assess the affinity of the probe for GPR40 via in vitro optical imaging. The 

gadolinium(III) complex was found to emit at 430 nm when excited at 326 nm. Through in vitro 

examination, it was established that the indole propanoic acid group determined by Yoon et al. could 

successfully enable binding to GPR40 and offered proof of the potency of this indole group, as well as 

paving the way for further β-cell imaging probes incorporating this motif.  

Given that the photophysical properties of this ligand system, it was decided to assess its suitability for 

sensitisation of the luminescence of two lanthanide(III) ions: terbium(III) and europium(III). These two 

metal ions have found widespread use in the field of optical imaging. The complexes that GPR-L1 
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formed with these two metal centres could be excited at 391 nm and 323 nm respectively, which 

successfully resulted in sensitisation of phosphorescence from the metal centres. This could be seen 

from their time-gated emission spectra (Figure 6.4). Although the lanthanide(III)-based emission from 

both of these complexes is likely too weak to enable clinical applications, it was hypothesised that the 

lifetimes of the excited states within the system could be utilised to calculate the hydration states of the 

complexes and validate the relaxivity value obtained for [Gd(GPR-L1)].  

 

Figure 6.4: Top: Fluorescence spectra of i) [Tb(GPR-L1)] and ii) [Eu(GPR-L1)], bottom: phosphorescence 

spectra of iii) [Tb(GPR-L1)] and iv) [Eu(GPR-L1)]. 

The luminescence lifetime data which was acquired from these two complexes was somewhat confusing 

and unfortunately did not provide any clear validation of the hydration state of the Gd(III) complex, 

knowledge of which would be critical to its deployment as an MRI contrast agent. The hydration state 

calculated for the Eu(III) complex was 0.32, and no value could be reliably calculated for the Tb(III) 

complex. This is quite dramatically different from the expected value of 2, based on the denticity of 

GPR-L1 and the relaxivity value of the Gd(III) complex. There was an increase in the calculated value 

of q for both species when degassed solvents were used – this was potentially indicative of some degree 

of excited state quenching by O2, which should be investigated in any future studies. Variation in solvent 

polarity and oxygen solubility could also be carried out to ensure accurate data. However, the 

discrepancy in expected results could be due to weak Ln(III) sensitisation from the ligands. 

Additionally, other factors may be involved in the high relaxivity of the Gd(III) complex, including 

rotational correlation time. 

There were substantial differences in the rates of formation of each of the complexes made using GPR-

L1, with the Gd(III), Tb(III) and Eu(III) complexes requiring reaction times of 2, 3.5 and 11 days 

respectively. These vastly different kinetics may originate from some different properties of the Ln3+ 

ions themselves, the salts used as their source, solvent conditions, temperature and pH variations. An 

i) ii) 

iii) 
iv) 
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extensive, systematic investigation into these factors, as well as forming complexes of the rest of the 

lanthanide series, could be carried out to establish the reason for this variation.  

In addition to in vitro confirmation, the ability of complexes of GPR-L1 to target pancreatic β-cells 

should be examined through thorough in vivo analysis. This could be done using the same WT/Dicer-

Ctrl/Dicer-KO model employed to study the biodistribution properties of GdEx and would enable direct 

comparisons to be made between the two compounds. If successful, the versatility of the macrocyclic 

chelating unit of GPR-L1 could be harnessed through complexation to a variety of metal ions. 

Manganese has garnered attention as a potential metal for use in MRI contrast agents, macrocyclic 

chelators for radioactive indium and yttrium isotopes could be utilised in SPECT or radiotherapy, 

perhaps for insulinoma treatment.  

As with GdEx, there could certainly be scope to synthesise analogues of GPR-L1 which are capable 

of sensing Zn2+ ions. This could be achieved through the development of ligand systems based on 

H2do2a, which would enable a zinc-binding unit and the GPR40 targeting moiety to be incorporated. 

Furthermore, modifications to the ligand to increase ligand denticity and improve complex stability 

could also be pursued. Some of these possible future target compounds are shown below.  
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Figure 6.5: Possible future synthetic targets based on the GPR40 targeting group which was built into GPR-L1 

with additions designed to sense Zn2+ ions and enhance denticity to ensure more stable complex formation.  

 

6.4. Exploration of Agonist Binding in GLP-1R 
GLP-1R is a class B G-protein coupled receptor (GPCR)20–23. Its stimulation has been shown to result 

in an increase in insulin secretion and enhancement of β-cell proliferation which has led to great interest 

in the application of GLP-1R agonists as therapeutic agents for the treatment of diabetes24–29. 

Incorporation of GLP-1R agonists as targeting moieties is widespread in the field, as mentioned in 

Chapter 2 alongside the discussion of GdEx. However, there is limited understanding of the events 

which take place at the cellular level after agonist binding, with conflicting evidence around the 

relationship between agonist binding, receptor conformational change and internalisation and 

subsequent insulin production and release1,3,30.  Exploration of these processes, and of the impact of 

ligand modification on receptor affinity and membrane localisation could aid the development of 

therapeutic agents for diabetes mellitus and contribute to our understanding of the disease.  

A family of probes based on the potent GLP-1R agonist exendin-4 were synthesised using the mild, 

robust and high-yielding method of CuAAC chemistry. Five of these compounds were conjugated to a 
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luminescent Tb(III) complex. This complex could act as a FRET donor to GLP-1R receptors modified 

with a cyanine-based FRET acceptor, and this FRET pair was used to examine the proximity of agonist 

and receptor during binding events. Conformational changes are known to take place during ligand 

binding to GPCRs, and it was hoped that these exendin-4 derivatives could be used to explore the effect 

of amino acid substitution on these conformational changes, binding affinity and physiological activity.  

Each peptide unit was modified with a synthetic amino acid incorporating a propargyl group at the 12th 

position in the exendin-4 sequence, based on prior studies by Clardy et al.31. The affinity of some of 

these probes for GLP-1R was explored, with EC50 values of 2.4 and 5.6 nM found for the derivatives 

Ex4-Pra12, consisting of the Tb(III) complex and modified exendin chain and another additionally 

including a C16 fatty acid chain, Ex4-Pra12-C16 respectively. These values are significantly lower than 

the EC50 of the native agonist (0.1 nM) but still showed that it was possible to elicit a receptor binding 

response despite substantial modifications to the peptide ligand. The impact on receptor affinity of the 

other peptide modifications, indicated below in Figure 6.6 and Table 6.1, would form a part of future 

work on this area of the project.  

 

Figure 6.6: General structure of the conjugates synthesised. 

Peptide R1 R2 

Ex4-Pra12 HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Pra12-

C16 

HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerGlyLys-hexadecanoic acid 

Ex9-Pra12 AspLeuSer GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Phe1-

Pra12 

PheGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Asp3-

Pra12 

HisGlyAspGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Table 6.1: Nomenclature and amino acid sequences of the peptides discussed in this Chapter. 

Both of these probes were additionally found to act as FRET donors to acceptor-labelled GLP-1R, 

indicating that they could be used to successfully examine the conformational changes associated with 

receptor binding events. There was a slight reduction in the FRET ratio recorded with, Ex4-Pra12-C16 

which suggests less effective agonist binding, a conclusion which is reaffirmed by the lower EC50 value 

for this probe. Comparison of the FRET ratios and receptor affinities of the entire compound family 

should be carried out in order to establish the relationship between different agonist amino acid 

substitutions, receptor affinities and the conformational changes that take place during binding events.  
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The distribution of the probes Ex4-Pra12-C16 and Ex4-Pra12 in the plasma membrane was studied. Both 

compounds were shown to act as FRET donors to the compound NR12S, which mimics phospholipids. 

NR12S exhibits polarity-dependent changes in its emission wavelength and can be used to assess the 

structure of phospholipid membranes via its emission wavelength. Examination of cells expressing 

GLP-1R should be carried out to study how these probes could interact with certain regions of cell 

membranes. Cell membranes contain cholesterol-rich regions known as lipid rafts. The role of these 

lipid rafts is unclear, although it is hypothesised that they may be involved in cell signalling. 

Examination of the interaction between probes and membranes may aid our understanding of the role 

of lipid rafts and agonist binding in pancreatic β-cells.  

Another key event in receptor binding is that of endosome formation and receptor internalisation. 

Endosomal pH is known to be acidic when compared to its external environment. An exendin-4-

rhodamine conjugate containing a spirolactam ring was synthesised and found to exhibit pH-responsive 

emission, with a pKa of 4.19 the compound was almost non-emissive at pH values above 5. As this was 

slightly too low to gain meaningful data from in vitro studies using the probe as an on-off fluorophore, 

modifications will be necessary in future to enhance the range over which the fluorophore could be 

utilised. An “always-on” variant containing a tertiary amine which would be unable to form a 

spirolactam system was also synthesised: peptide conjugations and pH titrations of this compound 

should be carried out to act as a control for the reversible system.  

 

Figure 6.7: Compounds 4.16 and 4.19. Compound 4.16 was designed as a pH-switchable analogue which may 

have a greater pKa than the previously synthesised compound, 4.9.  

There is evidence that increasing steric hindrance close to the spirolactam ring may raise the pKa of the 

compound, and attempts were made to introduce this through the synthesis of the compounds shown in 

Figure 6.7. Unfortunately, they could not be coupled to the exendin-4 analogues described above 

through CuAAC chemistry, despite many variations of reaction conditions being attempted. There is 
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some evidence in the literature that reduced rhodol derivatives can act as pH-sensitive chemosensors in 

a similar way to rhodamine compounds, and future work in this area could focus on the synthesis of 

this alternative family of pH-sensitive dyes and their conjugation to GLP-1R binding peptides. 

6.5. Near-Infrared Emissive Fluorescent Cyanine Dyes for Multi-Modal Imaging 
The work outlined in Chapter 5 sought to develop a series of multi-modal probes for β-cell specific 

imaging. These were to be primarily based around a series of NIR emissive fluorophores for optical 

imaging, with the incorporation of 18F or radiometal chelating sites to enable PET imaging. The concept 

of zinc-sensing was explored, with the hope that these compounds could be designed to respond to the 

presence of Zn2+, which may be critical in the monitoring of β-cell function.  

Initially, a series of three heptamethine cyanine dyes were synthesised with a range of zinc-sensing 

moieties. Introducing thiophene sensors, which may be more selective for Zn2+ than DPA, was found 

to push the emission of the fluorophores further unto the NIR, which could have advantages in optical 

imaging. However, the thiophene incorporating compounds were found to possess a reduced affinity 

for zinc(II) and exhibited little change in emission intensity in the presence of Zn2+. As such, the 

alternative sensors were not pursued further, and the use of DPA was adopted exclusively in the cyanine 

dyes developed. Inclusion of additional binding units, in an analogous fashion to Nolan et al.32–34, or 

exploration of other sensing groups such as macrocyclic chelates could be further explored. The 

inclusion of the carboxylic acid arms of the dye unit could also have interacted with Zn2+, rather than 

the receptor unit. This could have been an error in methodology, which would be revisited if the 

experiments were to be repeated. 

In the pursuit of an optical-PET imaging agent, two fluorinated cyanine dyes were synthesised, along 

with their tosylate analogues as precursors for radiolabelling. The di-fluorinated species was shown to 

exhibit an increase in emission intensity in the presence of Zn(II), with a relative increase of around 

17% between the lowest and greatest emission intensities fitting this trend (Figure 6.8).  

 
Figure 6.8: The difluorinated, zinc-sensing cyanine dye 5.14 (right) and selected data points from the 

fluorescence titration carried out with Zn2+ (left, n = 3, HEPES/MeCN (9:1), λex= 728 nm). 
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Whilst there was a general trend of increased emission intensity at greater concentrations of Zn(II), this 

was by no means linear or ratiometric. Indeed, the lowest emission intensity was observed in the 

presence of 10 equivalents of Zn2+ and the greatest at 0.8 equivalents, which was extremely unexpected. 

It may be that the introduction of the metal ions and their obvious interaction with Zn2+ led to some 

unusual aggregation in solution, which has been observed in cyanine dyes in the literature due to their 

hydrophobic nature35–37. This could be further investigated through the use of less polar solvents, but 

ultimately could pose a significant hurdle to the application of these probes in vivo.  

Radiolabelling of the tosylate precursor to 5.14 to give a potential PET agent was not successful, with 

degradation of the precursor occurring even at room temperature. This was attributed to attack of the 

fluoride anion present on the highly conjugated cyanine backbone, despite recent evidence from the 

literature that suggested other heptamethine compounds were robust under similar conditions38. The 

acidity of the α position in the carbonyl arms could have also resulted in deprotonation and subsequent 

decomposition. Reducing the length of these chains, based on hexanoic acid, could increase steric 

hindrance around the acidic α protons and potentially reduce the risk of deportation. The synthesis of a 

series of these dyes with varying arm lengths and an investigation of their stabilities under acidic 

conditions could be carried out to establish the underlying cause of the degradation of the cyanine and 

direct future dual modal probe synthesis.  

In order to avoid the radiolabelling issues encountered with fluorination, it was decided to introduce a 

macrocyclic metal chelating unit, which could be complexed to metals like copper or zirconium which 

have positron emitting isotopes. Additionally, macrocyclic ligands are highly versatile, as has been 

explored throughout this thesis, and the introduction of a gadolinium(III) complex to the zinc-sensing 

cyanine unit was also sought after as a potential dual-modal MRI-optical imaging agent. This could 

successfully be achieved with a macrocycle-copper complex, although not with a zirconium or 

gadolinium analogue. Furthermore, no targeting moiety, such as the GPR40 targeting unit developed in 

Chapter 3, could not be introduced. This was attributed to the sensitive nature of the cyanines 

themselves, and if this were to be developed further a new synthetic route may need to be devised. 

Ultimately, the heptamethine, zinc-sensing cyanine core devised in the final Chapter of this thesis could 

benefit the field through its versatile nature, with substantial scope for modification. Alternative zinc 

sensing units could be used to push the emission wavelength of these dyes into the NIR, an increasingly 

important window for optical imaging of biological systems. However, the sensitivity of the cyanine 

backbone to radiolabelling conditions and other synthetic procedures was a major hindrance. This could 

be adapted through a systematic evaluation of the structure of the dye to establish the underlying 

degradation mechanisms. Whilst no successful dual-modal imaging agent could be produced, there is 

certainly scope in this area for further improvements and developments to be made.  
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6.6. Final Remarks 
This thesis has described the design, synthesis and testing of a family of compounds developed to 

enhance understanding of pancreatic β-cells. GdEx, a novel MRI contrast agent, is, to the best of our 

knowledge, the first reported gadolinium-based contrast agent to utilise exendin-4 as a targeting moiety. 

GdEx displays pancreas-specific contrast enhancement in vivo, as well as a significant difference in 

organ retention between healthy and β-cell depleted animals. Despite the high dosage required, GdEx 

represents a proof of concept: that pancreas-specific GBCAs may be developed and that these are 

capable of giving a qualitative indication of β-cell mass decline.  

An alternative targeting strategy was employed through the development of the ligand GPR-L1, 

designed using an indole-propionic acid targeting moiety. This ligand was designed to target an 

alternative receptor to GdEx and to examine the differences between the use of a peptide and a small 

molecule as a targeting vector. GPR-L1 was found to be a versatile ligand, and the Gd(III), Tb(III) and 

Eu(III) complexes successfully isolated. The former exhibited a high relaxivity and was found in vitro 

to bind to cells overexpressing the GPR40 receptor. The ligand itself was capable of sensitising the 

luminescence of both terbium(III) and europium(III), enabling potential future developments in optical 

imaging using this ligand. Following successful confirmation of the affinity of the Gd(III) complex of 

GPR-L1 for GPR40, there is scope to develop an additional family of zinc-sensing imaging agents 

incorporating this targeting strategy.  

Further in vivo work with [Gd(GPR-L1)] could enable a comparison with GdEx and allow further 

exploration of the efficacy of targeting pancreatic β-cells with small molecules and peptides 

respectively.  

Exendin-4 and its analogues found further application in the study of conformational changes in the 

structure of GLP-1R. A family of compounds were synthesised based on conjugates of these peptide 

analogues and a luminescent Tb(III) complex. These probes can act as FRET donors to acceptor-

labelled GLP-1R and will be used in future to explore how the receptor changes during agonist binding 

events, as well as examining the membrane structure of β-cells and how structures such as cholesterol 

rich regions of the plasma membrane are involved in cell signalling. Two rhodamine derivatives, one 

of which was sensitive to pH, were synthesised and conjugated to a modified version of exendin-4. The 

pH switchable derivative was found to be weakly fluorescent at pH values above 4.19, with much more 

intense emission below this value due to spirolactam ring opening. Further alterations were made in an 

attempt to raise this value, rendering these compounds more applicable to the study of endocytosis and 

receptor internalisation pathways.  

A series of modifications were made to a NIR emissive cyanine dye framework to explore the potential 

for the development of dual-modal optical/PET probes. A zinc-sensing cold analogue of such a 

compound was produced, but unfortunately could not be successfully radiolabelled. The exploration of 
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alternative zinc-sensing moieties and functionalisation strategies could be used in future pursuit of NIR 

compound for optical imaging of β-cells.  
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7.1. General Experimental Considerations 
Solvents and reagents were of analar or reagent grade and were purchased from Sigma-Aldrich 

Chemical Co., VWR International, Acros Organics or Strem Chemical Co. and used without further 

purification. Anhydrous solvents were acquired from solvent towers within the department and stored 

over 3 Å molecular sieves. Thin-layer chromatography was conducted using pre-coated Merck 

Kieselgel 60, F254 plates. Flash chromatography used silica (60 Å pore size). Where specified, 

automated flash chromatography was performed using a Biotage Isolera Four unit and 10 g, 25 g, 50 g 

or 100 g SNAP KP-Sil or SNAP Ultra cartridges. Reverse phase automated flash chromatography 

utilised Biotage Isolera Four unit and a SNAP KP-Sil or SNAP Ultra 12 g C18 cartridge.  

  

7.2. General Spectroscopic Methods 
1H-NMR and 13C-NMR spectra were recorded on a Bruker AMX-400 spectrometer at room temperature 

and assigned where possible using 2D correlation spectroscopy. Spectra were analysed using 

MestReNova software and internally referenced to residual solvent peaks. Chemical shifts are quoted 

in parts per million (ppm), coupling constants (J) are quoted in Hz and multiplicities are abbreviated 

as: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt = doublet of triplets, qu = quartet or 

m = multiplet, where substantial overlap of resonances or complex coupling of signals did not allow for 

precise assignment. Broadened signals are marked as br. 

 

Electrospray Time-of-Flight and high-resolution mass spectra were obtained using a Waters LCT 

Premier by Dr. Lisa Haigh of the mass spectrometry facilities of Imperial College London, Department 

of Chemistry. MALDI-ToF spectra were obtained on a Micromass MALDI Micro MX spectrometer. 

LCMS analyses and purifications were performed on a Waters 2767 LCMS machine equipped with a 

photodiode array and Waters 3000 mass detector for ES+/ES- analyses. Analytical separations were 

performed on a Waters XBridge C18 column (5 μm, 4.6 x 100 mm) using a 1.2 mLmin-1 flow and an 

eluent system of MeCN and H2O (+ 0.1% formic acid). MassLynx and OpenChrom software packages 

were used for chromatographic analysis. 

 

Infrared spectra were collected in the solid state using a Perkin Elmer Spectrum 100 FTIR Spectrometer. 

7.2.1. Photophysical Methods 

UV-vis absorption spectra were recorded on a Perkin Elmer 650 spectrometer in quartz cuvettes. 

 

Fluorescence excitation and emission spectra were obtained using a Varian Cary Eclipse 

spectrophotometer with settings specified on a case by case basis. For pH measurements a Jenway 

model 3510 pH/mV/temperature meter was used that had been calibrated against pH 10.00, pH 7.00 

and pH 4.00 buffers. 
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Lanthanide-based lifetimes were measured using a Varian Cary Eclipse spectrophotometer in the 

phosphorescence mode, using 100 µM or 1 mM solutions in H2O and D2O. The integrated emission 

intensity was recorded after excitation of the samples at 350 nm or 391 nm. The gate time was fixed at 

0.1 ms with both excitation and emission slits set at 20 nm. The resulting decay curves were fitted to a 

single exponential decay in Origin. 

 

7.2.2. Relaxometric Measurements 

Gadolinium(III) complexes were dissolved in water at different molar concentrations. The 

solutions and a water standard were added into a glass capillary of 1.7 mm diameter, sealed and 

inserted into an NMR tube containing D2O. Concentrations of Gd(III) present were assessed by 

measuring the difference in solvent shifts according to the magnetic susceptibility measurements 

conducted using the Evans method1. T1 measurements were carried out by Dr. Peter Haycock using a 

Bruker Advance 400 spectrometer and inversion recovery measurements. Relaxivity values were 

calculated from the samples using a procedure described in the literature2. 

7.3. In Vitro Procedures 
All in vitro procedures were carried out by Dr Shuai Zha at Hong Kong Baptist University.  

 

7.3.1. In Vitro Toxicity Tests 

HEK293 and HEK293 transfected with FFAR1 cells (1 × 106) were treated with 3.18 for 24 h with 

various concentrations (1, 5, 10, 50, 100, and 500 μM). The cells, incubated in 96-well plates, were 

rinsed with PBS and incubated with 0.5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) solution. The cells treated with MTT for 3 h. After that, the formazan crystals were 

dissolved in dimethylsulfoxide (DMSO) with shaking for 1 min. Lastly, the absorbance of the solution 

was recorded with a Biotek PowerWave XS microplate reader at a wavelength of 570 nm. 

7.3.2. In Vitro Confocal Imaging 

HEK293 and HEK293 transfected with FFAR1 cells (1 × 105) were initially seeded in confocal dishes 

for 24 h. Then the cells were incubated with 50 μM 3.18 for 6 h, 12 h, 24 h and washed with PBS twice 

before imaging. All the confocal images were obtained on a Leica TCS SP8 confocal laser-scanning 

microscope equipped with a Ti:sapphire laser. 3.18 was excited by 700 nm multi-photons wavelength 

for imaging and recorded the emission from 400 nm to 550 nm. 

7.4. In Vivo Procedures 
All in vivo work was carried out by Dr Aida Martinez-Sanchez and Dr Nicoleta Baxan at the Imperial 

College Centre for Translational and Experimental Medicine.  
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Male C57BL/6J mice were purchased from Charles River Laboratories (UK). Dicer-KO (Dicerfl/fl, Cre-

ER positive, heterozygous) and littermate controls Dicer-ctrl (Dicerfl/fl, Cre-ER negative) were 

generated as previously described3. 2-5 animals were housed in ventilated cages with a 12-hour 

light/dark cycle and free access to standard chow diet in a pathogen-free facility (Imperial College 

Central Biomedical Service). 8-10-week-old animals were injected intraperitoneally with five doses of 

2 mg tamoxifen (Sigma-Aldrich). 

All in vivo procedures were approved by the UK Home Office Animals Scientific Procedures Act, 2986 

(HO Licence PPL PA03F7F0F). Glucose levels were measured after imaging using an Accucheck 

Performa nano from blood samples from the tail.  

7.4.1. Magnetic Resonance Imaging 

Mice were anaesthetized in an anaesthesia box with 1-5% vol isofluorane in O2. A tail-vein catheter 

was placed under anaesthesia (~2% vol) and maintained in the animals throughout the scan to allow 

administration of the probe and ensure the MR images were acquired at the same location before and 

after contrast administration.  

All MRI scans were conducted on a pre-clinical 9.4 T scanner (94/20 USR Bruker BioSpec, Ettlingen, 

Germany) equipped with a 40 mm quadrature mouse body transceiver. Mice were positioned prone in 

a dedicated mouse bed and maintained under anaesthesia. Respiration and body temperature were 

continuously monitored through the entire imaging session (SA Instruments, Stony Brook, NY, USA). 

Body temperature was maintained at 36.5° by a circulating warm water heat mat. Data were acquired 

with Paravision 6.0.1 (Bruker, BioSpin). As a standard, the coronal plane was chosen, and the adjacent 

organs (kidney, spleen) were used as essential landmarks.  

Dynamic T1 weighted images (TR/TE = 160/2.360 ms, voxel size (140 x 140 x 600) µm3) were acquired 

every 3 minutes to assess the GdEx kinetic uptake, retention and washout from the pancreas. 

Specifically, after 4 baseline images, GdEx/[Gd(dota)]- (1.12 µmol/animal in 150 μl of saline) was 

delivered intravenously and a series of T1 images of the same acquisition parameters and geometry were 

acquired up to 54 minutes post-injection.    

7.4.2. MR Data Analysis 

The pancreas was outlined in each T1 weighted image primarily based on its anatomical location relative 

to neighbouring organs. Namely, the spleen and superior aspect of the left kidney were used to identify 

the tail of the pancreas. At every time series, the mean intensity of outlined pixels of the pancreas and 

of the spleen were computed along with the standard deviation of image noise. The signal intensity 

difference between pancreas and spleen was then scaled to the standard deviation of image noise. The 

resulting parameter was referred to as contrast to noise ratio (CNR) and the results were presented as 

percentage of CNR change compared to the baseline values.   
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Statistical analysis was performed using GraphPad Prism 7.0. To better visualize the signal distribution 

of each time course, smoothing was performed by averaging two values on each side and using a second 

order polynomial smoothing4. Two-way ANOVA with Fisher least significant difference (LSD) test 

was used for time course analysis with each individual time point analysed respectively. Unpaired 

Student’s t-test was performed for area under the curve (AUC) analysis.  

7.5. Synthesis of Compounds in Chapter 2 

 

Gd-dota(ga)-maleimide-Cys40Exendin-4 (GdEx): Cys40Exendin-4 (0.040 g, 9.39 μmol) was 

dissolved in PBS (pH 7.4, 3.5  mL). H4dota(ga)-maleimide (0.007 g, 11.53 μmol) was added 

and the solution incubated at 3 °C. After 24 hours, the reaction mixture was lyophilised to leave 

a white solid. This solid was re-dissolved in H2O (5 mL) and GdCl3
.6H2O (0.009 g, 25.29 μmol) 

was added, and the pH brought to 6 by addition of NaOH (aq., 0.1 M) before the reaction mixture 

was left to stir at room temperature. After 19 hours, LCMS indicated partial complexation, so 

an additional portion of GdCl3•6H2O (0.013 g, 34.97 μmol) was added, bringing the pH to 5. 

The pH was readjusted to 6 by addition of NaOH (aq., 0.1 M) and the reaction mixture lef t to 

stir at room temperature. After a further 22 hours, LCMS indicated complete conversion of 

starting material and the reaction mixture was lyophilised, leaving a white solid. Automated 

flash chromatography (C18 cartridge, 99.9% H2O/0.1% TFA to 99.9% MeCN/0.1% TFA) gave 

GdEx as a white solid (0.022 g, 4.42 μmol, 47%).  

 

ESI MS (ES+) m/z for C212H320GdN56O73S2:[M]5+ - calculated = 1008, found = 1009.37, [M]4+ - 

calculated = 1260.00, found = 1261.35 [M]3+ - calculated = 1680.00, found = 1679.74.  

7.6. Synthesis of Compounds in Chapter 3 

 

Ethyl 3-(4-aminophenyl)propanoate5 (3.1): 4-aminophenyl propanoic acid (0.24 g, 1.43 mmol) was 

dissolved in EtOH (50 mL). H2SO4 (conc., 0.5 mL) was added and the yellow reaction mixture left to 

stir under reflux at 90 °C. After 17 hours, the solvent was removed in vacuo to leave a yellow oil. This 

oil was re-dissolved in DCM (30 mL) and washed with NaHCO3 solution (sat., 20 mL) and H2O (20 

mL). The combined aqueous phases were washed with DCM (30 mL) and the combined organic phases 

dried over MgSO4. The solvent was removed in vacuo to leave 3.1 as a yellow oil (0.23 g, 1.17 mmol, 

82%).  
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1H NMR (CDCl3 400 MHz) δ/ppm =  6.99 (d, 3JHH = 8.4 Hz, 2H, Ar-H), 6.65 – 6.60 (m, 2H, Ar-H), 

4.12 (q, 3JHH = 7.1 Hz, 2H, COOCH2CH3), 3.57 (br s, 2H, NH2), 2.84 (t, 3JHH = 7.8 Hz,  2H, CH2COOEt), 

2.56 (t, 3JHH = 7.8 Hz, 2H, ArCH2), 1.23 (t, 3JHH = 7.1 Hz, 3H, COOCH2CH3). 

 

Data corresponds to literature5.  

 

Ethyl 3-(4-amino-3-iodophenyl)propanoate6 (3.2): Compound 3.1 (0.18 g, 0.95 mmol) was dissolved 

in dry DMF (40 mL) and cooled to 0 °C. N-iodosuccinimide (0.26 g, 1.14 mmol) was added, forming 

a bright yellow solution which was left to warm to room temperature and stir under N2. After 17 hours, 

a colour change to dark brown had taken place. EtOAc (50 mL) was added to the reaction mixture, 

which was then washed with H2O (2 x 50 mL) and brine (50 mL). The combined organic phases were 

dried over MgSO4 and the solvent removed in vacuo to leave a brown oil. Column chromatography 

using a Biotage was performed (50% to 20% hexane in EtOAc) and gave a red oil, which was dried 

under high vacuum to give 3.2 (0.26 g, 0.83 mmol, 87%).  

1H NMR (CDCl3 400 MHz): δ/ppm = 7.48 (d, 3JHH = 1.9 Hz, 1H, Ar-H), 6.98 (dd, 3JHH = 8.1 Hz, 4JHH 

1.9 Hz, 1H, Ar-H), 6.67 (d, 3JHH = 8.1 Hz, 1H, Ar-H), 4.12 (q, 3JHH = 7.1 Hz, 2H, COOCH2CH3),  3.99 

(br s, 2H NH2), 2.79 (t, 3JHH = 7.7 Hz, 2H, CH2COOEt), 2.54 (t, 3JHH = 7.7 Hz, 3H, ArCH2), 1.24 (t, 

3JHH = 7.1 Hz, 3H, COOCH2CH3). 

Data corresponds to literature6. 

 

Ethyl 3-(4-amino-3-((trimethylsilyl)ethynyl)phenyl)propanoate6 (3.3): Compound 3.2 (0.26 g, 0.83 

mmol) was dissolved in dry THF (40 mL). PdCl2(PPh3)2 (0.03 g, 0.04 mmol) was added, followed by 

CuI (0.01 g, 0.06 mmol), TEA (0.58 mL, 0.42 g, 4.15 mmol) and TMS acetylene (0.17 mL, 0.12 g, 1.25 

mmol). The resulting brown solution was left to stir under N2 at 60 °C. After 20 hours, H2O (40 mL) 

was added and the reaction mixture was extracted with EtOAc (50 mL). The aqueous phase was washed 

with EtOAc (2 x 30 mL) and the combined organic phases dried over MgSO4. The solvent was removed 

in vacuo to leave a brown oil. This oil was filtered through a silica plug, with 3.3 eluting in 20% EtOAc 

in hexane. The solvent was removed in vacuo to leave 3.3 as a brown solid (0.24 g, 0.83 mmol, quant).  
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1H NMR (CDCl3, 400 MHz): δ/ppm =  7.14 (d, 4JHH = 2.0 Hz, 1H, Ar-H), 6.95 (dd, 3JHH = 8.3, 4JHH 2.2 

Hz, 1H, Ar-H), 6.61 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.10 (q, 3JHH = 7.1 Hz, 2H, COOCH2CH3), 2.79 (t, 

3JHH = 7.7 Hz, 2H, CH2COOEt), 2.53 (t, 3JHH = 7.8 Hz, 2H, ArCH2), 1.23 (t, 3JHH = 7.1 Hz, 3H, 

COOCH2CH3), 0.25 (s, 9H, Me3Si). 

 

Data corresponds to literature6. 

 

Ethyl-3-(4-amino-3-ethynylphenyl)propanoate6 (3.4): Compound 3.3 (0.17 g, 0.60 mmol) was 

dissolved in THF (20 mL), forming a light brown solution. NBu4F (0.66 mL, 1.0 M in THF) was added 

and the resultant black reaction mixture left to stir at room temperature. After 4 hours, MeOH (5 mL) 

was added and the solvent removed in vacuo to leave a dark brown oil. Column chromatography using 

a Biotage (20% EtOAc in petroleum ether) gave 3.4 as a yellow oil (0.09 g, 0.41 mmol, 69%).  

1H NMR (CDCl3, 400 MHz): δ/ppm =  7.16 (d, 3JHH = 2.0 Hz, 1H, Ar-H), 6.99 (dd, 3JHH = 8.3 Hz, 4JHH 

2.1 Hz, 1H, Ar-H), 6.63 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.15 (br s, 2H, NH2), 4.12 (q, 3JHH = 7.2 Hz, 2H, 

COOCH2CH3), 3.36 (s, 1H HC≡CAr), 2.80 (t, 3JHH = 7.8 Hz, 2H, CH2COOEt), 2.55 (t, 3JHH = 7.1 Hz, 

2H, ArCH2), 1.23 (t, 3JHH = 7.2 Hz, 3H, COOCH2CH3). 

Data corresponds to literature6. 

 

Ethyl-3-(4-amino-3-((2-bromophenyl)ethynyl)phenyl)propanoate6 (3.5): Compound 3.4 (0.03 g, 

0.16 mmol) was dissolved in dry DMF (30 mL). TEA (0.20 mL, 0.15 g, 1.60 mmol) was added, 

followed by 1,2-dibromobenzene (0.04 mL, 0.08 g, 0.40 mmol), CuI (0.01 g, 0.03 mmol) and 

PdCl2(PPh3)2 (0.02 g, 0.03 mmol), forming a yellow solution which was left to stir at 80°C under N2.  

After 21 hours, H2O (40 mL) was added and the reaction mixture extracted with EtOAc (3 x 40 mL). 

The combined organic phases were washed with brine (3 x 50 mL) before being dried over MgSO4 

before the solvent was removed in vacuo to leave a brown oil. Column chromatography using a Biotage 

(25% EtOAc in petroleum ether to 100% EtOAc) gave 3.5 as a yellow oil (0.12 g, 0.13 mmol, 82%).  
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1H NMR (CDCl3, 400 MHz):  δ/ppm =  7.62 (dd, 3JHH = 8.1, 1.0 Hz, 1H, Ar-H), 7.56 (dd, 3JHH = 7.7 

Hz, 4JHH  = 1.6 Hz, 1H, Ar-H), 7.31 (td, 3JHH = 7.7, 4JHH = 1.2 Hz, 2H, Ar-H), 7.24 (d, 3JHH = 2.0 Hz, 

1H, Ar-H), 7.18 (td, 3JHH = 7.9 Hz,  4JHH =1.7 Hz, 1H, Ar-H), 6.67 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.40 

(s, 2H, NH2), 4.13 (q, 3JHH = 7.1 Hz, 2H, COOCH2CH3), 2.84 (t, 3JHH = 7.8 Hz, 2H, CH2COOEt), 2.57 

(t, 3JHH = 7.8 Hz, 2H, ArCH2), triplet from COOCH2CH3 lost under solvent peak.  

 

Data corresponds to literature6.  

 

Ethyl-3-(2-(2-bromophenyl)-1H-indol-5-yl)propanoate6 (3.6):  Ethyl 3-(4-amino-3-((2-

bromophenyl)ethynyl)phenyl)propanoate  (0.18 g, 0.57 mmol) was dissolved in EtOH (20 mL). AuCl3 

(0.03 g, 0.10 mmol) was added and the resulting brown solution left to stir at 60 °C. After 4.5 h, the 

solvent was removed in vacuo to leave a brown solid. This solid was re-dissolved in hexane and EtOAc 

(3:1 ratio, 40 mL) and filtered through a silica plug. The filtrate was retained and reduced in vacuo, 

leaving a yellow oil. Automated flash chromatography (25% EtOAc in petroleum ether to 100% EtOAc) 

gave 3.6 as a yellow oil (0.15 g, 0.41 mmol, 87%). 

1H NMR (CDCl3, 400 MHz): δ/ppm = 8.59 (br s, 1H, NH), 7.68 (d, 3JHH = 8.1 Hz, 1H, Ar-H), 7.60 (d, 

3JHH = 7.4 Hz, 1H, Ar-H), 7.49 (s, 1H, Ar-H), 7.39 (d, 3JHH = 7.4 Hz, 1H, Ar-H), 7.35 (d, 3JHH = 8.5 Hz, 

1H, Ar-H), 7.21 (t, 3JHH = 7.7 Hz, 1H, Ar-H), 7.08 (d, 3JHH = 8.2 Hz, 1H, Ar-H), 6.75 (d, 3JHH = 2.1 Hz, 

1H, Ar-H), 4.14 (q, 3JHH = 7.6 Hz, 2H, COOCH2CH3), 3.06 (t, 3JHH = 8.1 Hz, 2H, CH2COOEt), 2.68 (t, 

3JHH = 8.0 Hz, 2H, ArCH2), 1.25 (t, 3JHH = 7.1 Hz, 3H, CH2CH3).  

 

Data corresponds to literature6. 

 

3-(2-(2-Bromophenyl)-1H-indol-5-yl)propanoic acid6 (3.7) : Compound 2 (0.15 g, 0.41 mmol) was 

dissolved in MeOH (20 mL) and NaOH (0.02 g, 0.55 mmol) in H2O (10 mL) added, forming a pale 

yellow solution which was left to stir at 40 °C. After 20 hours, TLC indicated that the reaction had gone 

to completion. HCl (0.1 M, 5 mL) was added and the solvent removed in vacuo to leave a brown solid. 

Automated flash chromatography (C18 cartridge, 50% H2O/50% MeCN + 0.1% FA, isocratic 

conditions) gave 3.7 as a white solid (0.11 g, 0.34 mmol, 82%).  

1H NMR (DMSO-d6, 400 MHz): δ/ppm = 12.09 (br s, 1H, COOH), 11.31 (s, 1H, NH), 7.78 (dd, 3JHH  

= 8.0 Hz, 4JHH  = 1.1 Hz, 1H, Ar-H), 7.64 (dd, 3JHH  = 7.7 Hz, 4JHH  = 1.7 Hz, 1H, Ar-H), 7.50 (t, 3JHH  

= 7.7 Hz , 4JHH  = 1.2 Hz, 2H, Ar-H), 7.40 (s, 1H, Ar-H), 7.34 – 7.30 (m, 3H, Ar-H), 7.01 (dd, 3JHH  = 
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8.4 Hz, 4JHH  = 1.6 Hz, 1H, Ar-H), 6.74 (d, 3JHH = 1.4 Hz, 1H, Ar-H), 2.90 (t, 3JHH = 7.7 Hz, 2H, 

CH2COOH), 2.59 (t, 3JHH = 7.5 Hz, 2H, ArCH2) 

LR ESI-MS: Calculated for M = C17H14BrNO2: [M+H]+ expected = 344.02, found  = 344.00. 

 

Tri-tert-butyl 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate hydrobromide, tBu3-

DO3A•HBr7 (3.8): Cyclen (5.00 g, 29.02 mmol) was suspended in DMA (60 mL) and NaOAc (7.86 g, 

95.77 mmol) added. The suspension was cooled to -20 °C and tert-butyl bromoacetate (14.14 mL, 18.68 

g, 95.77 mmol) in DMA (20 mL) added dropwise over 40 minutes. The reaction mixture was left to stir 

vigorously. After 17 hours, an additional portion of DMA (10 mL) was added. After a total reaction 

time of 19.5 hours, the reaction mixture was poured into H2O (325 mL) and stirred for 5 minutes, 

forming a clear solution. KHCO3 (7.50 g, 74.91 mmol) was added in portions, resulting in the formation 

of a white precipitate. This precipitate was isolated by filtration and dissolved in CHCl3 (250 mL). The 

solution was washed with H2O (2 x 50 mL) and the combined organic phases dried over MgSO4. The 

MgSO4 was removed by filtration and the dark orange filtrate concentrated in vacuo to around 30 mL. 

Et2O (240 mL) was added, resulting in the formation of a white precipitate, which was isolated by 

filtration and dried under vacuum to yield 3.8 as a white solid (10.22 g, 17.63 mmol, 61%).  

1H NMR (400 MHz, CDCl3): δ/ppm = 10.05, (br s, 1H, NH), 3.37 (s, 4H, tBuOCOCH2), 3.29 (s, 2H, 

tBuOCOCH2), 3.10 (s, 4H, tBuOCOCH2NCH2), 2.94 (m, 8H, tBuOCOCH2NCH2), 2.88 (br s, 4H, 

CH2NHCH2), 1.46 (s, 18H tBuOCO), 1.45 (s, 9H, tBuOCO).  

13C NMR (101 MHz, CDCl3): δ/ppm = 170.3, 169.4, 81.6, 81.4, 65.6, 57.8, 51.0, 48.9, 47.3, 37.9, 35.0, 

28.0, 21.4, 15.1. 

HR ESI-MS: Calculated for [M]+ = C26H51N4O6
+ expected = 515.3803, found 515.3796. 

Data corresponds to literature7.   

 



 

 
226 

 

Tri-tert-butyl-2,2',2''-(10-(3,4-dibromobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (3.9): 1-2-dibromo-4(bromomethyl)benzene (0.15 g, 0.45 mmol) was dissolved in 

MeCN (60 mL). Compound 3.8 (0.25 g, 0.43 mmol) was added, followed by K2CO3 (0.21 g, 1.49 

mmol). The reaction mixture was left to stir at 95 °C under N2. After 26 hours, TLC suggested that the 

reaction had not gone to completion. The temperature of the reaction mixture was increased to 110 °C. 

After a further 19 hours, TLC indicated that the reaction had still not reached completion. An additional 

portion of K2CO3 (0.46 g, 3.32 mmol) was added. After 24 hours, TLC showed consumption of starting 

material. The reaction mixture was filtered to remove K2CO3 and the solvent removed in vacuo to leave 

a brown solid. Automated flash chromatography (5% MeOH in DCM to 50% MeOH in DCM) gave 3.9 

as a white solid (0.18 g, 0.24 mmol, 57%).  

1H NMR (CDCl3, 400 MHz):δ/ppm = 7.93 (d, 3JHH  = 2.0 Hz, 1H, Ar-H),7.52 – 7.49 (m, 1H, Ar-H), 

7.25 – 7.23 (m, 1H, Ar-H), 3.30 – 2.14 (br m, 24H, ArCH2, NCH2CO and NCH2CH2N), 1.42 (s, 18H, 

COOtBu), 1.39 (s, 9H, COOtBu).  

LR ESI-MS: Calculated for M = C33H54Br2N4O6 [M+H]+: expected = 763.63, found 763.25. 

 

Tri-tert-butyl-2,2',2''-(10-(4-((2-amino-5-(3-ethoxy-3-oxopropyl)phenyl)ethynyl)-3-

bromobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (3.10a): Compound 3.4 (0.03 

g, 0.13 mmol) was dissolved in dry DMF (10 mL). Dry DIPA (10 mL) was added, followed by tri-tert-

butyl 2,2',2''-(10-(3,4-dibromobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (0.43 g, 

0.56 mmol), CuI (6.70 mg, 0.04 mmol) and PdCl2(PPh3)2 (0.02 g, 0.03 mmol). The yellow reaction 

mixture was heated to 70 °C under N2. After 23 hours, EtOAc (50 mL) was added. The reaction mixture 

was washed with H2O (2 x 50 mL) and brine (50 mL) before the combined organic phases were dried 

over MgSO4. The solvent was removed in vacuo to leave a brown oil. Automated flash chromatography 

(hexane to EtOAc) gave 3.10 as a green oil (0.08 g, 0.08 mmol, 35%).  

1H NMR (CDCl3, 400 MHz): δ/ppm = 7.67 (s, 1H, Ar-H), 7.48 (d, 3JHH = 7.2 Hz, 2H, Ar-H), 7.18 (d, 

3JHH = 15.7 Hz, 2H, Ar-H), 6.97 – 6.89 (m, 1H, Ar-H), 6.63 (d, 3JHH = 7.7 Hz, 1H, Ar-H), 3.59 - 3.38 

(m, 14H), 2.80 (s, 18H, CH2), 2.64 – 2.43 (m, 8H, CH2), 1.81 - 1.52 (m, 5H, CH2), 1.40 (s, 29H OtBu). 

 

LR-ESI-MS for M = C46H68BrN5O8: Calculated [M + H]+: 899.98, found: 900.40. 
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Ethyl-3-(4-amino-3-((2-bromo-4-(bromomethyl)phenyl)ethynyl)phenyl)propanoate (3.12a): 

Compound 3.4 (0.07 g, 0.33 mmol) was dissolved in dry DMF (20 mL). 1,2-dibromobenzene (0.23 g, 

0.71 mmol) was added, followed by Pd(PPh3)4 (0.03 g, 0.03 mmol), CuI (0.02 g, 0.08 mmol) and 

triethylamine (0.45 mL, 3.20 mmol). The orange reaction mixture was left to stir at 80 °C under N2. 

After 21 hours, EtOAc (50 mL) was added. The reaction mixture was washed with H2O (2 x 50 mL) 

and brine (2 x 50 mL). The combined organic phases were dried over MgSO4 and the solvent removed 

in vacuo to leave a yellow oil. Automated flash chromatography (hexane to EtOAc to MeOH) gave 

3.12a as a brown oil (0.03 g, 0.06 mmol, 17%). 

1H NMR (CDCl3, 400 MHz):δ/ppm =  7.62 (d, 3JHH = 1.9 Hz, 1H, Ar-H), 7.58 (d, 3JHH = 8.1 Hz, 1H, 

Ar-H), 7.20 (d, 3JHH = 2.0 Hz, 1H, Ar-H), 7.15 (d, 3JHH = 8.5 Hz, 1H, Ar-H), 7.03 (dd, 3JHH = 8.3, 4JHH 

= 2.1 Hz, 1H, Ar-H), 6.66 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.26 (br s, 2H, NH2), 4.15 (q, 3JHH = 7.1 Hz, 

2H, COOCH2CH3), 2.84 (t, 3JHH = 7.7 Hz, 2H, CH2), 2.58 (t, 3JHH = 7.7 Hz, 2H, CH2), 2.27 (s, 2H, 

ArCH2Br), 1.25 (t, 3JHH = 2.0 Hz, 3H, COOCH2CH3). 

 

LR ESI-MS: For M = C20H19Br2NO2: Calculated [M + H]+ = 465.98, found 465.30. 

 

 

2-Bromo-4-(bromomethyl)-1-iodobenzene (3.13): 3-Bromo-4-iodotoluene (1.20 mL, 8.42 mmol) 

was dissolved in CHCl3 (30 mL). NBS (1.86 g, 10.44 mmol) was added followed by AIBN (0.02 g, 

0.14 mmol), forming a yellow solution which was left to stir at 80 °C under N2. During heating, a colour 

change from yellow to red to brown was observed over 2 hours. After 22 hours, the reaction mixture 

was orange in colour. Additional portions of AIBN (0.06 g, 0.34 mmol) and NBS (1.71 g, 9.63 mmol) 

were added. After a further 23 hours, the reaction mixture was red in colour. The solution was allowed 

to cool to room temperature before being washed with water (3 x 50 mL). The combined organic phases 

were dried over MgSO4 and the solvent removed in vacuo to leave a red oil. Automated flash 

chromatography (hexane to EtOAc) gave a red solid (1.53 g). This solid was re-dissolved in EtOAc (20 
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mL) and the solution washed with sodium thiosulphate solution (sat., aq., 25 mL). The organic phase 

was reduced in vacuo to leave 3.13 as a white crystalline solid (1.17 g, 3.12 mmol, 37%).  

1H NMR (CDCl3,400 MHz): δ/ppm = 7.82 (d, 3JHH = 8.1 Hz, 1H, Ar-H), 7.65 (d, 4JHH = 2.0 Hz, 1H, Ar-

H), 7.02 (dd, 4JHH = 8.1 Hz, 3JHH = 2.1 Hz, 1H, Ar-H), 4.37 (s, 2H, ArCH2Br). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 140.5, 139.4, 132.9, 129.9, 129.0, 101.2, 31.5. 

 
 

HR-ESI-MS for M = C7H5Br2I: Calculated [M + H]+: 373.7797, found: 373.7803. 

 

Ethyl-3-(4-amino-3-((2-bromo-4-(bromomethyl)phenyl)ethynyl)phenyl)propanoate-(3.12b): 

Compound 3.13 (0.20 g, 0.54 mmol) was dissolved in dry DMF (5 mL). Ethyl 3-(4-amino-3-

ethynylphenyl)propanoate (0.05 g, 0.2 mmol) was added, followed by PdCl2(PPh3)2 (0.02 g, 0.03 

mmol), CuI (0.02 g, 0.08 mmol) and dry DIPA (20 mL), forming a yellow solution which was left to 

stir under N2 at 70 °C. After 22 hours, EtOAc (50 mL) was added and the reaction mixture washed with 

water (2 x 50 mL) and brine (50 mL). The combined organic phases were dried over MgSO4 and the 

solvent removed in vacuo to leave a yellow oil. Automated flash chromatography (hexane to EtOAc, 

then to MeOH, followed by DCM to 10% MeOH in DCM) gave 3.12b as a yellow oil (0.03 g, 0.06 

mmol, 26%).  

1H NMR (CDCl3, 400 MHz) δ/ppm = 7.65 (d, 4JHH  = 1.1 Hz, 1H, Ar-H), 7.46 (d, 3JHH  = 7.9 Hz, 1H, 

Ar-H), 7.31 (dd, 3JHH  = 7.9, 4JHH = 1.5 Hz, 1H, Ar-H), 7.22 (d, 3JHH  = 2.0 Hz, 1H, Ar-H), 6.99 (dd, 3JHH  

= 8.2, 4JHH = 2.1 Hz, 1H, Ar-H), 6.66 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.40 (br s, 2H, NH2), 4.13 (q, 3JHH  

= 7.1 Hz, 2H, COOCH2CH3), 3.62 (s, 2H, ArCH2), 2.83 (t, 3JHH = 7.7 Hz, 2H, ArCH2CH2), 2.57 (t, 3JHH 

= 7.8 Hz, 2H, ArCH2CH2), 1.24 (t, 3JHH  = 7.1 Hz, 3H, COOCH2CH3). 

 

LR-ESI-MS for M = C20H19Br2NO2: Calculated [M + Na]+: 488.19, found: 488.20. 
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Tri-tert-butyl-2,2',2''-(10-(3-bromo-4-iodobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (3.14): Compound 3.8 (0.15 g, 0.26 mmol) was dissolved in MeCN (60 mL). 

Compound 3.13 (0.10 g, 0.35 mmol) was added, followed by K2CO3 (0.70 g, 5.10 mmol), forming a 

white solution which was left to stir at 100 °C under N2. After 70 hours, the reaction mixture was 

allowed to cool to room temperature and filtered to remove K2CO3. The solvent was removed in vacuo 

to leave an orange residue. Automated flash chromatography (DCM to 2% MeOH in DCM) gave 3.8 

as a yellow solid (0.17 g, 0.20 mmol, 80%). 

1H NMR (CDCl3, 400 MHz): δ/ppm = 7.88 (dd, 3JHH = 8.3 Hz, 4JHH  = 1.9 Hz, 1H, Ar-H), 7.69 (d, 3JHH 

= 8.0 Hz, 1H, Ar-H), 7.04 (dd, 3JHH = 8.3 Hz, 4JHH  = 1.9 Hz, 1H, Ar-H), 3.45 – 1.98 (m, 28H, CH2), 

1.35 (s, 27H, OtBu). 

 

13C NMR (CDCl3, 101 MHz): δ/ppm = 211.4, 167.4, 157.3, 142.9, 132.6, 131.5, 118.0, 103.7, 87.4, 

83.1, 56.2, 52.1, 28.2, 28.0. 

 

HR-ESI-MS for M = C33H54BrIN4O6: Calculated [M + H]+: 809.2350, found: 809.2355. 

 

Tri-tert-butyl-2,2',2''-(10-(4-((2-amino-5-(3-ethoxy-3-oxopropyl)phenyl)ethynyl)-3-

bromobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (3.10b): Compound 3.4 (0.18 

g, 0.83 mmol) was dissolved in dry DMF (40 mL). Dry DIPA (5 mL) was added, followed by compound 

3.14 (0.81 g, 1.00 mmol), CuI (15.90 mg, 0.08 mmol) and PdCl2(PPh3)2 (58.90 mg, 0.08 mmol) forming 

a yellow solution which was heated to 80 °C under N2. After 22 hours, the temperature was increased 

to 110 °C. After a further 2 hours EtOAc (50 mL) was added to the brown reaction mixture. The reaction 

mixture was washed with H2O (2 x 50 mL) and brine (2 x 50 mL) before the combined organic phases 

were dried over MgSO4. The solvent was removed in vacuo to leave a yellow oil. Automated flash 

chromatography (DCM to 50% MeOH in DCM) gave 3.10b as a yellow oil (0.31 g, 0.35 mmol, 42%).  

1H NMR (400 MHz, CDCl3) δ/ppm = 7.44 (d, 3JHH = 7.9 Hz, 1H, Ar-H), 7.35 (d, 3JHH = 9.2 Hz, 1H, Ar-

H), 7.10 (d, 3JHH = 1.8 Hz, 1H, Ar-H), 6.94 (dd, 3JHH = 8.2, 1.8 Hz, 1H, Ar-H), 6.68 (d, 3JHH = 8.3 Hz, 

1H, Ar-H), 4.51 (s, 1H, ArCH2), 4.05 (q, 3JHH = 7.1 Hz, 1H, CH2CH3), 3.08 – 2.91 (m, 4H, CH2), 2.86 

(d, 3JHH = 6.5 Hz, 1H, CH2), 2.80 – 2.70 (m, 3H, CH2), 2.66 (d, 3JHH = 20.1 Hz, 3H, CH2), 2.54 – 2.45 
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(m, 3H, CH2), 2.44 – 2.22 (m, 4H, CH2), 2.22 – 2.11 (m, 2H, CH2), 1.40 (s, 27H, tBuO), 1.21 (t, 3JHH = 

7.1 Hz, 3H, CH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 173.4, 172.9, 172.5, 162.5, 147.2, 139.1, 134.8, 134.1, 132.7, 

131.3, 130.5, 129.5, 129.1, 125.2, 124.8, 114.8, 106.7, 92.6, 91.9, 83.1, 82.4, 60.4, 58.9, 58.1, 56.0, 

55.7, 53.5, 52.4, 50.4, 49.9, 36.5, 36.2, 31.4, 29.9, 28.0, 27.8, 20.2, 18.4, 14.2, 13.6. 

 

HR-ESI-MS: Calculated for M = C46H69N5O8Br: [M+H]+ expected = 898.4330 found = 898.4332. 

 

Tri-tert-butyl-2,2',2''-(10-(3-bromo-4-(5-(3-ethoxy-3-oxopropyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (3.11b): Compound 4 (0.31 g, 0.34 mmol) was dissolved 

in EtOH (40 mL). AuCl3 (25.80 mg, 0.09 mmol) was added, forming a brown solution which was left 

to stir at 80 °C. After 4 hours, the solvent was removed in vacuo to leave a brown solid. Automated 

flash chromatography (DCM to 20% MeOH in DCM) yielded 3.11b as a yellow oil (0.19 g, 0.21 mmol, 

62%).  

1H NMR (400 MHz, CDCl3) δ/ppm = 7.47 (d, 3JHH = 7.9 Hz, 1H, Ar-H), 7.39 (d, 3JHH = 7.9 Hz, 1H, Ar-

H), 7.15 (d, 3JHH = 1.8 Hz, 1H, Ar-H), 6.98 (dd, 3JHH = 8.2, 1.7 Hz, 1H, Ar-H), 4.44 (s, 1H), 4.09 (q, 

3JHH = 7.1 Hz, 2H, CH2CH3), 3.14 (s, 2H), 2.94 (m, 5H, CH2), 2.85 – 2.72 (m, 4H, CH2), 2.65 (s, 2H, 

CH2), 2.52 (d, 3JHH = 7.5 Hz, 2H, CH2), 2.44 – 2.08 (m, 7H, CH2), 1.76 (d, 3JHH = 8.0 Hz, 1H), 1.44 (d, 

3JHH = 9.0 Hz, 27H, tBuO), 1.21 (t, 3JHH = 7.1 Hz, 4H, CH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 173.6, 172.5, 138.9, 135.7, 135.5, 133.7, 132.7, 131.7, 131.3, 

130.0, 128.3, 125.2, 123.9, 123.1, 121.2, 119.5, 112.2, 103.3, 83.1, 83.1, 82.4, 60.4, 58.6, 56.2, 56.0, 

55.7, 53.5, 49.8, 37.0, 36.2, 31.6, 31.3, 28.0, 27.9, 22.7, 14.3, 14.2. 

 

HR-ESI-MS: Calculated for M = C46H69N5O8Br: : [M+H]+ expected = 898.4330 found = 898.4335. 
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2,2',2''-(10-(3-Bromo-4-(5-(3-ethoxy-3-oxopropyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (3.15): Compound 3.11b (0.14 g, 0.16 mmol) was 

dissolved in DCM (4 mL). TFA (4 mL) was added, forming a brown solution which was left to stir at 

room temperature. After 17 hours, an additional portion of DCM (1 mL) and TFA (1 mL) was added. 

After a further 4 hours, the solvent was removed in vacuo to leave a brown oil. Automated flash 

chromatography (DCM to MeOH to MeOH + 0.5% TEA) gave 3.15 as a yellow oil (0.08 g, 0.11 mmol, 

69%).  

 

1H NMR (400 MHz, CD3OD) δ/ppm = 8.03 – 7.94 (m, 1H, Ar-H), 7.66 (dd, 3JHH = 27.2, 4JHH  = 9.9 Hz, 

2H, Ar-H), 7.40 (s, 1H, Ar-H), 7.33 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 7.03 (d, 3JHH = 8.5 Hz, 1H, Ar-H), 

4.65 – 4.13 (m, 3H, CH2), 4.12 – 4.01 (m, 1H, CH2), 3.99 – 3.35 (m, 12H, CH2), 3.29 (d, J = 2.3 Hz, 

21H, CH2), 2.98 (t, 3JHH = 7.8 Hz, 2H, CH2), 2.80 (d, 3JHH = 7.2 Hz, 2H, CH2), 2.62 (t, 3JHH = 7.6 Hz, 

2H, CH2), 1.29 (d, 3JHH = 10.0 Hz, 1H, CH3). 

 

13C NMR (101 MHz, CD3OD) δ/ppm = 260.0, 248.6, 243.5, 237.3, 232.8, 219.4, 211.5, 199.3, 191.7, 

184.2, 176.6, 168.8, 162.0, 152.1, 140.7, 129.4, 117.3, 103.4, 86.5, 66.1, 64.4, 56.2, 51.6, 35.0, 29.1, 

21.9. 

 

HR-ESI-MS: Calculated for M = C34H45N5O8Br: [M+H]+ expected = 730.2452 found = 730.2461. 

 

2,2',2''-(10-(3-Bromo-4-(5-(2-carboxyethyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (GPR-L1/3.16): Compound 3.15 (0.08 g, 0.11 

mmol) was dissolved in MeOH (20 mL). NaOH (0.11 g, 2.73 mmol) in H2O (5 mL) was added, forming 

a yellow solution which was left to stir at 50 °C. After 22 hours, the reaction mixture was allowed to 

cool to room temperature and the MeOH removed in vacuo, leaving a yellow solution. This solution 

was brought to pH 2 by addition of HCl (aq., 2.0 M) before the solvent was removed in vacuo to leave 
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a brown solid. Automated flash chromatography (C18 cartridge, H2O + 0.1% TFA to MeCN + 0.1% 

TFA) gave 3.16 as a brown oil (39.10 mg, 0.06 mmol, 51%). 

 

1H NMR (400 MHz, CD3OD) δ/ppm = 7.84 (d, 3JHH = 13.7 Hz, 2H, Ar-H), 7.60 – 7.49 (m, 2H, Ar-H), 

7.45 – 7.35 (m, 1H, Ar-H), 7.27 (d, 3JHH = 1.9 Hz, 1H, Ar-H), 7.11 (dd, 3JHH = 8.3, 2.0 Hz, 1H, Ar-H), 

6.94 (d, 3JHH = 8.3 Hz, 1H, Ar-H), 4.36 – 3.22 (m, 28H, CH2), 3.03 (m, 17H, CH2), 2.75 (t, 3JHH = 7.4 

Hz, 3H, CH2), 2.47 (t, 3JHH = 7.5 Hz, 2H, CH2). 

 

13C NMR (101 MHz, CD3OD) δ/ppm = 176.95, 163.07, 161.93, 161.55, 135.39, 133.74, 132.75, 127.03, 

119.19, 116.33, 58.60, 58.41, 54.44, 36.97, 31.44. 

 

 HR-ESI-MS: Calculated for M = C32H41N5O8Br: [M+H]+ expected = 702.2138 found = 702.2117. 

 

Ethyl 3-(2-(2-bromo-4-(bromomethyl)phenyl)-1H-indol-5-yl)propanoate (3.17): Compound 3.12b  

(0.01 g, 0.03 mmol) was dissolved in EtOH (10 mL). AuCl3 (5.80 g, 0.02 mmol) was added, forming a 

yellow solution which was left to stir at 80 °C. After 17 hours, the reaction mixture was red in colour. 

The solvent was removed in vacuo to leave a brown solid. Automated flash chromatography (DCM to 

25% MeOH in DCM) gave 3.17 as a purple solid (8.70 mg, 0.02 mmol, 62%).  

1H NMR (CDCl3, 400 MHz) δ/ppm = 7.66 (dd, 3JHH = 12.8 Hz,  4JHH = 7.7 Hz, 2H, Ar-H), 7.59 – 7.52 

(m, 2H, Ar-H), 7.46 (td, 3JHH = 7.9, 4JHH.2.9 Hz, 2H, Ar-H), 7.36 – 7.32 (m, 1H, Ar-H), 4.24 (q, 3JHH = 

5.6, 2H, COCH2CH3), 4.14 (br s, 1H, NH), 3.64 (s, 2H, ArCH2Br), 3.03 (m, 2H, ArCH2CH2), 2.73 – 

2.58 (m, 2H, ArCH2CH2), 2.40 – 2.24 (m, 3H, COCH2CH3). 

 

LR-ESI-MS for M = C20H19Br2NO2: Calculated [M + H]+: 466.19, found: 466.80. 
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[Gadolinium-(2,2',2''-(10-(3-bromo-4-(5-(3-ethoxy-3-oxopropyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate)] ([Gd(GPR-L1)]/3.18): GPR-L1 (14.00 mg, 19.90 

µmol) was dissolved in MeOH (10 mL). Gd(NO3)3·6H2O (14.40 mg, 31.90 µmol) was added and the 

pH brought to 6.5 by addition of NaOH (0.10 M, aq.) and the reaction mixture left to stir at 50 °C. After 

48 hours, the solvent was removed in vacuo to leave a yellow solid. Reverse phase automated 

chromatography (99.9% H2O + 0.1% TFA to 99.9% MeCN + 0.1% TFA) gave 1 as a yellow solid (3.20 

mg, 3.64 µmol, 18%). 

HR-ESI-MS: Calculated for M = C32H37BrGdN5O8 - Expected [M+H]+ = 857.1139 found = 857.1123. 

 

[Terbium-(2,2',2''-(10-(3-bromo-4-(5-(3-ethoxy-3-oxopropyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate)] ([Tb(GPR-L1)]/3.19): GPR-L1 (10.00 mg, 14.20 

µmol) was dissolved in H2O (5 mL). Tb(OTf)3 (11.40 mg, 18.80 µmol) was added and the reaction 

mixture brought to pH 6.5 by addition of NaOH (0.10 M, aq.) and left to stir at room temperature. After 

21 hours, LCMS indicated only partial complexation. An additional portion of Tb(OTf)3 (9.80 mg, 

16.20 µmol) was added and the pH readjusted to 6.5. After a further 72 hours, LCMS indicated total 

complexation. The solvent was removed in vacuo to leave a yellow solid. Reverse phase automated 

chromatography (99.9% H2O + 0.1% TFA to 99.9% MeCN + 0.1% TFA) gave 2 as a yellow solid (6.26 

mg, 7.10 µmol, 50%). 

HR-ESI-MS: Calculated for M = C32H37BrTbN5O8: Expected [M+H]+ = 858.1152 found = 858.1141. 
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[Europium-(2,2',2''-(10-(3-bromo-4-(5-(3-ethoxy-3-oxopropyl)-1H-indol-2-yl)benzyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate)] ([Eu(GPR-L1]/3.20): GPR-L1 (3.90 mg, 5.6 µmol) 

was dissolved in H2O (5 mL). EuCl3 (3.00 mg, 11.60 µmol) was added and the red reaction mixture 

adjusted to pH 6 by addition of NaOH (0.1 M, dropwise) before being left to stir at room temperature. 

After 67 hours, LCMS indicated no reaction progress and an additional portion of EuCl3 (6.60 mg, 25.50 

µmol) was added and the pH readjusted to 6 before the reaction mixture was left to stir at room 

temperature. After a further 24 hours, an additional portion of EuCl3 was added and the pH readjusted 

to 6. After a further 7 days, MALDI-MS suggested the presence of product. The reaction mixture was 

lyophilised to leave a brown solid. Reverse phase automated flash chromatography (H2O to MeCN + 

0.1% TFA) gave 3.20 as a brown solid (2.10 mg, 2.5 µmol, 45%). 

HR-ESI-MS: M = C32H37Br153EuN5O8, expected [M+H]+ = 852.1116, found = 852.1115. 

7.7. Synthesis of Compounds in Chapter 4 

7.7.1. General Considerations 

Many of the compounds discussed in Chapter 4 of this thesis are complex peptides with extended amino 

acid sequences. For the sake of simplicity, they are referred to in the experimental summary by an 

abbreviation, with the table below summarising the amino acid sequence of each peptide. All of the 

peptides contained a synthetic amino acid variant incorporating a propargyl alkyne at the 12th position 

to enable peptide functionalisation via copper-catalysed alkyne-azide cycloaddition (CuAAC) 

chemistry.  

 

Figure 7.1: General structure of peptides used, displaying the modified amino acid at the 12th position. 

The peptides used in this synthesis were provided by Dr. Ben Jones at the Imperial College Centre for 

Translational and Experimental Medicine.  
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Peptide R1 R2 

Ex4-Pra12 HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Pra12-

C16 

HisGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerGlyLys-hexadecanoic acid 

Ex9-Pra12 AspLeuSer GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Phe1-

Pra12 

PheGlyGluGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Ex4-Asp3-

Pra12 

HisGlyAspGlyThrPhe

ThrSerAspLeuSer 

GlnMetGluGluGluAlaValArgLeuPheIleGluTrpLeuLysAsnGlyGlyProSerSer

GlyAlaProProProSerNH2 

Table 7.1: Abbreviations and amino acid sequences of the peptides used, with R1 and R2 referring to the 

sequences in Figure 7.1. 

The terbium(III) complex which was conjugated to each of these peptides was provided by Yue Wu, a 

synthetic chemist working under Professor Gary Ka-Leung Wong at Hong Kong Baptist University. 

This complex contained an azide group to enable CuAAC chemistry and is shown in Figure 7.2. It is 

referred to in the experimental text as Yue286.  

 

Figure 7.2: The Tb(III) complex provided by Yue Wu (Yue286). 

7.7.2. Experimental Procedures 

 

Figure 7.4: General structure of the conjugates synthesised. 

Ex4-Pra12-Tb (4.1): Yue286 (0.60 mg, 0.70 µmol) was dissolved in H2O (5 mL). Ex4-Pra12 (1.50 mg, 

0.36 µmol) was added, followed by CuSO4·5H2O (4.50 mg, 18.02 µmol) and sodium ascorbate (0.60 

mg, 3.03 µmol), forming a yellow solution which was left to stir at room temperature. After 24 hours, 

LCMS indicated product formation and the reaction mixture was lyophilised, leaving a green solid. 

Reverse phase automated flash chromatography (H2O to MeCN + 0.1% TFA) gave 4.1 as a white solid 

(1.70 mg, 0.34 µmol, 94%).  
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LC-MS: MW = 5007.15, found 836.0637 [M]6+, 1001.6753 [M]5+, 1247.8477 [M]4+, 1663.4458 [M]3+, 

5004.0000 [M]+. 

 

Ex4-Pra12-C16-Tb (4.2): Ex4-Pra12-C16 (1.50 mg, 0.33 µmol) was dissolved in H2O (5 mL) NaOH (aq., 

0.1 M, 2 drops) was added to aid solubility. Yue286 (0.80 mg, 0.94 µmol) was added, followed by CuI 

(12.40 mg, 65.01 µmol), forming a yellow solution which was left to stir at room temperature. After 22 

hours, LCMS indicated product formation and the reaction mixture was lyophilised, leaving a green 

solid. Reverse phase automated flash chromatography (H2O to MeCN + 0.1% TFA) gave 4.2 as a white 

solid (0.90 mg, 0.17 µmol, 50%). 

LC-MS: MW = 5461.75, found 1089.20 [M]5+, 1361.20 [M]4+, 1814.90 [M]3+, 5458.00 [M]+. 

Ex9-Pra12-Tb (4.3): Yue286 (0.43 mg, 0.50 µmol) was dissolved in H2O (5 mL). Ex9-Pra12 (1.50 mg, 

0.45 µmol) was added, followed by CuSO4·5H2O (0.10 mg, 0.40 µmol) and sodium ascorbate (0.20 

mg, 1.01 µmol), forming a yellow solution which was left to stir at room temperature. After 24 hours, 

LCMS indicated that no reaction had taken place. An additional portion of by CuSO4·5H2O (19.30 mg, 

0.08 mmol) was added, followed by sodium ascorbate (9.80 mg, 0.05 mmol). After a further 15 hours, 

LCMS indicated product formation and the reaction mixture was lyophilised, leaving a green solid. 

Reverse phase automated flash chromatography (H2O to MeCN + 0.1% TFA) gave 4.3 as a white solid 

(1.70 mg, 0.41 µmol, 91%).  

LC-MS: MW = 4206.37, found 1047.80 [M]4+, 1396.70 [M]3+. 

Ex-Phe1-Pra12-Tb (4.4): Yue286 (0.40 mg, 0.50 µmol) was dissolved in H2O (5 mL). Ex-Phe1-Pra12 

(1.50 mg, 0.36 µmol) was added followed by NaOH (aq., 0.1 M, 4 drops), CuSO4·5H2O (10.50 mg, 

42.10 µmol) and sodium ascorbate (5.30 mg, 0.03 mmol), forming a yellow solution which was left to 

stir at room temperature. After 2 days, LCMS showed no reaction progress. Additional portions of 

CuSO4·5H2O (10.50 mg, 42.10 µmol) and sodium ascorbate (5.30 mg, 0.03 mmol) were added. After a 

further 4 days, LCMS indicated product formation and the reaction mixture was lyophilised, leaving a 

green solid. Reverse phase automated flash chromatography (H2O to MeCN + 0.1% TFA) gave 4.4 as 

a white solid (1.30 mg, 0.26 µmol, 72%). 

LC-MS: MW = 5017.18, found 1254.30 [M]4+, 1672.00 [M]3+, 5013.00 [M]+. 

Ex-Asp3-Pra12-Tb (4.5): Yue286 (0.90 mg, 1.10 µmol) was dissolved in H2O (5 mL). Ex-Asp3-Pra12 

(1.80 mg, 0.45 µmol) was added, followed by CuSO4·5H2O (9.50 mg, 0.04 mmol) and sodium ascorbate 

(6.40 mg, 0.03 mmol), forming a yellow solution which was left to stir at room temperature. After 2 

days, LCMS indicated no reaction progress and additional portions of CuSO4·5H2O (9.50 mg, 0.04 

mmol) and sodium ascorbate (6.40 mg, 0.03 mmol) were added. After a further 4 days, LCMS indicated 
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product formation and the reaction mixture was lyophilised, leaving a green solid. Reverse phase 

automated flash chromatography (H2O to MeCN + 0.1% TFA) gave 4.5 as a white solid (0.50 mg, 0.10 

µmol, 28%). 

LC-MS: MW = 4993.12, found 1248.30 [M]4+, 1669.30 [M]3+, 4989.00 [M]+. 

 

2-(2-Aminoethyl)-3',6'-bis(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one8 (4.6): Rhodamine 

B (1.05 g, 2.20 mmol) was dissolved in EtOH (30 mL). Ethylenediamine (5 mL) was added, forming a 

pink solution which was left to stir under reflux at 90 °C. After 23 hours, the solvent was removed in 

vacuo to leave an orange residue, which was then re-dissolved in DCM and washed with H2O (2 x 50 

mL) and brine (100 mL). The combined organic phases were dried over MgSO4 and the solvent removed 

in vacuo to leave 4.6 as an orange solid (0.95 g, 1.95 mmol, 93%). 

 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.90 – 7.82 (m, 1H, Ar-H), 7.48 – 7.39 (m, 2H, Ar-H), 7.06 (dd, 

3JHH = 15.3, 7.4 Hz, 1H, Ar-H), 6.45 – 6.23 (m, 6H, Ar-H), 3.33 (q, 3JHH = 7.1 Hz, 7H, NCH2CH3), 3.27 

(t, 3JHH = 5.6 Hz, 2H, NCH2CH2N), 2.73 (m, 3JHH = 5.0 Hz, 1H, NCH2CH2N), 1.16 (t, 3JHH = 7.0 Hz, 

11H, NCH2CH3). 

13C NMR (101 MHz, CDCl3) δ/ppm = 170.7, 153.4, 150.7, 150.6, 135.5, 130.5, 128.6, 128.4, 125.4, 

124.7, 108.5, 104.3, 97.8, 65.0, 44.5, 41.3, 40.8, 12.7. 

 

HR-ESI-MS: Calculated for M = C30H36N4O2 – expected [M+H]+ = 485.2917 , found 485.2918. 

 

Data corresponds to literature8. 

 

N-(2-(3',6'-Bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-yl)ethyl)-6-

bromohexanamide (4.7): Compound 4.6 (0.47 g, 0.98 mmol) was dissolved in DCM (30 mL). DIPEA 

(0.34 mL, 1.96 mmol) was added, followed by HATU (0.37 g, 0.98 mmol) and 6-bromohexanoic acid 

(0.21 g, 1.08 mmol), forming an orange solution which was left to stir at room temperature. After 19 

hours, the reaction mixture was washed with H2O (2 x 50 mL) and brine (50 mL) before the combined 
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organic phases were dried over MgSO4 and the solvent removed in vacuo to leave an orange solid. 

Automated flash chromatography (DCM to 25% MeOH in DCM) gave 4.7 as a pink oil (0.14 g, 0.22 

mmol, 22%).  

1H NMR (400 MHz, CDCl3) δ/ppm = 7.86 (dd, 3JHH = 5.7, 4JHH 2.7 Hz, 1H, Ar-H), 7.46 – 7.42 (m, 2H, 

Ar-H), 7.09 – 7.04 (m, 1H, Ar-H), 6.90 (t, 3JHH = 4.2 Hz, 1H, Ar-H), 6.42 – 6.21 (m, 6H, Ar-H), 3.69 

(m, 2H, NCH2CH2N), 3.32 (m, 13H, NCH2CH2N, CH2Br and NCH2CH3) 2.08 (t, 3JHH = 7.5 Hz, 2H, 

CH2), 1.82 (p, 3JHH = 6.9 Hz, 2H, CH2), 1.58 (p, 3JHH = 7.5 Hz, 2H, CH2), 1.40 (p, 3JHH = 7.4 Hz, 2H, 

CH2), 1.15 (t, 3JHH = 7.0 Hz, 13H, NCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 173.0, 169.9, 165.8, 153.9, 153.5, 149.0, 133.0, 130.4, 128.4, 

108.3, 104.7, 97.9, 65.9, 58.4, 53.5, 44.5, 40.5, 36.4, 33.8, 27.8, 24.8, 18.5, 12.7. 

 

HR-ESI-MS: Calculated for M = C36H45BrN4O3 – expected [M+H]+ = 661.2748 , found 661.2756. 

 

 

6-Azido-N-(2-(3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-

yl)ethyl)hexanamide (4.8): Compound 4.7 (0.14 g, 0.22 mmol) was dissolved in dry DMF (20 mL). 

NaN3 (0.02 g, 0.35 mmol) was added, forming a bright pink solution which was left to stir at 60 °C. 

After 1 minute, the reaction mixture was pale orange in colour. After 17 hours, the reaction mixture was 

allowed to cool to room temperature and DCM (75 mL) added. The reaction mixture was washed with 

H2O (5 x 50 mL) and the combined organic phases dried over MgSO4. The solvent was removed in 

vacuo to leave a yellow oil. Automated flash chromatography (DCM to 10% MeOH in DCM) gave 4.8 

as a pink solid (24.30 mg, 0.04 mmol, 18%).  

1H NMR (400 MHz, CDCl3) δ/ppm = 7.91 – 7.88 (m, 1H, Ar-H), 7.47 - 7.45 (m, 2H, Ar-H), 7.10 – 7.04 

(m, 1H, Ar-H), 6.93 - 6.89 (m, 1H, Ar-H), 6.47 – 6.24 (m, 6H, Ar-H), 3.36 – 3.31(m, 10H, NCH2CH2N 

and NCH2CH3), 3.24 (t, 3JHH = 7.0 Hz, 2H, NCH2CH2N), 2.10 (t, 3JHH = 7.6 Hz, 2H, CH2), 1.67 – 1.50 

(m, 5H, CH2), 1.43 – 1.30 (m, 3H, CH2), 1.17 (t, 3JHH = 7.0 Hz, 12H, NCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 172.5, 169.6, 153.8, 153.2, 148.8, 132.7, 130.4, 128.3, 128.1, 

123.8, 122.6, 108.2, 97.7, 65.5, 57.7, 53.6, 51.2, 44.3, 40.1, 36.4, 31.3, 28.5, 25.0, 18.3, 12.5. 
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HR-ESI-MS: Calculated for M = C36H45N7O3 – expected [M+H]+ = 624.3662 , found 624.3668. 

 

 

Ex4-Pra12-SwitchRho (4.9): Ex4-Pra12 (1.50 mg, 0.36 µmol) was dissolved in H2O (5mL). Compound 

4.8 (2.40 mg, 3.90 µmol) was dissolved in H2O/MeOH (1:3 ratio, 0.4 mL) and added, followed by 

sodium ascorbate (3.60 mg, 18.20 µmol) and CuSO4·5H2O (7.20 mg, 28.80 µmol), forming a pink 

solution which was left to stir at room temperature. After 5 days, LCMS indicated product formation. 

The reaction mixture was lyophilised to leave a pink solid. Automated flash chromatography (H2O to 

MeCN + 0.1% TFA) gave 4.9 as a purple solid (1.50 mg, 0.31 µmol, 86%).  

LC-MS: MW = 4777.87, found 955.80 [M]5+, 1194.80 [M]4+, 1592.70 [M]3+, 4776.00 [M]+. 

 

N-(9-(2-(4-(Tert-butoxycarbonyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-

ylidene)-N-ethylethanaminium chloride (4.10): Rhodamine B (1.01 g, 2.11 mmol) was dissolved in 

DCM (40 mL). HATU (0.82 g, 2.16 mmol) was added, followed by DIPEA (0.72 mL, 4.11 mmol) and 

N-Boc piperazine (0.51 g 2.75 mmol), forming a pink solution which was left to stir at room 

temperature. After 21 hours, the reaction mixture was washed with H2O (3 x 50 mL) and the combined 

organic phases dried over MgSO4. The solvent was removed in vacuo to leave a purple solid. Automated 

flash chromatography (DCM to 20% MeOH in DCM) gave 4.10 as a purple solid (0.59 g, 0.91 mmol, 

43%).  

1H NMR (400 MHz, CDCl3) δ/ppm = 7.66 – 7.60 (m, 2H, Ar-H), 7.52 – 7.46 (m, 1H, Ar-H), 7.32 – 

7.27 (m, 1H, Ar-H), 7.18 (d, 3JHH = 9.5 Hz, 2H, Ar-H), 6.93 – 6.82 (m, 2H, Ar-H), 6.73 (s, 2H, Ar-H), 

3.71 – 3.51 (m, 11H, NCH2CH3), 3.39 – 3.17 (m, 9H, N(CH2CH2)2N), 1.38 (s, 10H, COOtBu), 1.27 (t, 

3JHH = 7.1 Hz, 13H, NCH2CH3)_________________________________________________________ 
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13C NMR (101 MHz, CDCl3) δ/ppm = 167.7, 165.8, 157.7, 155.8, 155.6, 154.5, 135.1, 132.0, 130.7, 

130.3, 130.2, 130.1, 127.6, 114.1, 113.7, 96.3, 80.5, 77.5, 77.2, 76.8, 58.2, 53.5, 47.3, 46.1, 41.8, 38.6, 

28.3, 18.4, 12.5. 

 

HR-ESI-MS: Calculated for [M]+ = C38H48BrN4O3 – expected [M]+ = 687.2910, found 687.2918. 

 

 

N-(6-(Diethylamino)-9-(2-(piperazine-1-carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-

ethylethanaminium triflate9 (4.11): Compound 4.10 (0.59 g, 0.91 mmol) was dissolved in DCM (10 

mL). TFA (10 mL) was added, forming a red solution which was left to stir at room temperature. After 

23 hours the solvent was removed in vacuo to give 4.11 as a red oil (0.57 g, 0.91 mmol, quant.). 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.76 – 7.62 (m, 3H, Ar-H), 7.34 – 7.30 (m, 1H, Ar-H), 7.19 (d, 

3JHH = 9.5 Hz, 2H, Ar-H), 6.97 (dd, 3JHH = 9.6, 2.2 Hz, 2H, Ar-H), 6.75 (d, 3JHH = 2.4 Hz, 2H, Ar-H), 

3.77 – 3.53 (m, 14H, NCH2CH3 and N(CH2CH2)2N), 1.32 (t, 3JHH = 7.1 Hz, 12H, NCH2CH3). 

 

13C NMR (101 MHz, CD3OD): δ/ppm = 159.7, 157.7, 157.1, 136.0, 133.5, 132.2, 132.0, 131.9, 129.2, 

115.9, 115.8, 115.3, 97.8, 76.8, 47.3, 39.3, 16.6, 13.2. 

 

HR-ESI-MS: Calculated for [M]+ = C32H39N4O2 – expected [M]+ = 511.3100, found 511.3029. 

 

Data corresponds to literature9. 

 

N-(9-(2-(4-(6-Bromohexanoyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-

ylidene)-N-ethylethanaminium triflate (4.12): Compound 4.11 (0.57 g, 0.91 mmol) was dissolved in 

DCM (40 mL). HATU (0.40 g, 1.95 mmol) was added, followed by 6-bromohexanoic acid (0.21 g, 1.07 

mmol) and DIPEA (0.32 mL, 1.82 mmol), forming a pink solution which was left to stir at room 

temperature. After 21 hours, the reaction mixture was washed with water (2 x 50 mL) and the combined 
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organic phases dried over MgSO4. The solvent was removed in vacuo to leave a purple solid. Automated 

flash chromatography (DCM to MeOH) gave 4.12 as a purple solid (0.20 g, 0.25 mmol, 27%). 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.75 – 7.59 (m, 3H, Ar-H), 7.30 (d, 3JHH = 10.5 Hz, 1H, Ar-H), 

7.23 (d, 3JHH = 9.3 Hz, 1H, Ar-H), 7.17 (d, 3JHH = 9.5 Hz, 1H, Ar-H), 7.04 (d, 3JHH = 10.6 Hz, 1H, Ar-

H), 6.93 (dd, 3JHH = 9.6, 4JHH = 2.1 Hz, 1H, Ar-H), 6.79 – 6.65 (m, 2H, Ar-H), 3.71 – 3.51 (m, 10H, 

CH2Br and N(CH2CH2)2N), 3.38 (q, 3JHH = 7.0 Hz, 8H, NCH2CH3), 2.33 (t, 3JHH = 7.4 Hz, 5H, COCH2), 

1.94 – 1.78 (m, 5H, CH2), 1.68 – 1.61 (m, 4H, CH2), 1.53 – 1.43 (m, 5H, CH2), 1.29 (t, 3JHH = 7.0 Hz, 

13H, NCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 177.2, 165.8, 157.8, 157.7, 155.8, 132.4, 131.9, 130.2, 127.6, 

114.5, 113.8, 96.3, 96.0, 77.5, 77.2, 76.8, 46.2, 41.1, 38.8, 34.1, 33.9, 33.6, 32.8, 32.5, 27.8, 27.7, 24.4, 

24.0, 12.6. 

 

HR-ESI-MS: Calculated for [M]+ = C32H48N4O3Br – expected [M]+ = 687.2910, found 687.2918. 

 

 

N-(9-(2-(4-(6-Azidohexanoyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-

ylidene)-N-ethylethanaminium triflate (4.13): Compound 4.12 (0.18 g, 0.21 mmol) was dissolved in 

dry DMF (40 mL). NaN3 (0.03 g, 0.52 mmol) was added, forming a pink solution which was left to stir 

at 60 °C. After 18 hours, DCM (50 mL) was added and the reaction mixture washed with H2O (3 x 75 

mL) and brine (50 mL). The combined organic phases were dried over MgSO4 and the solvent removed 

in vacuo to leave a pink solid. Automated flash chromatography (DCM to 25% MeOH in DCM) gave 

4.13 as a purple solid (19.10 mg, 0.03 mmol, 12%). 

1H NMR (400 MHz, CDCl3) δ/ppm = 8.01 (s, 2H, Ar-H), 7.71 – 7.60 (m, 2H, Ar-H), 7.51 (d, 3JHH = 6.2 

Hz, 1H, Ar-H), 7.29 (s, 1H, Ar-H), 7.12 – 7.01 (m, 1H, Ar-H), 6.93 – 6.77 (m, 1H, Ar-H), 6.68 (s, 1H 

Ar-H), 3.59 (m, 6H, NCH2CH2N and CH2CH3), 3.45 – 3.40 (m, 2H, NCH2CH2N), 3.39 – 3.31 (m, 2H, 

NCH2CH2N), 3.31 – 3.18 (m, 3H, NCH2CH2N), 2.37 (t, 3JHH = 7.4 Hz, 2H, CH2N3), 1.63 (m, 8H, CH2), 

1.48 – 1.38 (m, 4H), 1.32 (t, 3JHH = 7.1 Hz, 12H, CH2CH3).  

 

13C NMR (101 MHz, CDCl3) δ/ppm = 162.8, 157.9, 144.2, 130.4, 130.2, 129.9, 119.8, 109.5, 96.0, 95.9, 

77.5, 77.2, 76.8, 53.6, 51.0, 46.2, 38.8, 36.7, 31.6, 28.7, 26.3, 24.4, 12.7. 



 

 
242 

 

 

HR-ESI-MS: Calculated for [M]+ = C38H48N7O3 – expected [M]+ = 650.3819, found 650.3809. 

 

 

4-Amino-N-(2-(3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-yl)ethyl)-2,6-

dimethylbenzamide (4.14): Compound 4.6 (0.15 g, 0.30 mmol) was dissolved in DCM (30 mL). 

DIPEA (0.10 mL, 0.60 mmol) was added, followed by HATU (0.11 g, 0.30 mmol) and 4-amino-2,6-

dimethyl benzoic acid (0.05 g, 0.30 mmol), forming an orange solution which was left to stir at room 

temperature. After 22 hours, the reaction mixture was washed with H2O (2 x 50 mL) and brine (50 mL) 

and the combined organic phases were dried over MgSO4 and the solvent removed in vacuo to leave a 

pale pink solid. Automated flash chromatography (DCM to 25% MeOH in DCM) gave 4.14 as a purple 

solid (0.10 g, 0.16 mmol, 53%).  

 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.87 – 7.80 (m, 1H, Ar-H), 7.45 – 7.37 (m, 2H, Ar-H), 7.07 – 

7.01 (m, 1H, Ar-H), 6.66 (t, 3JHH = 4.5 Hz, 1H, Ar-H), 6.37 (d, 3JHH = 8.9 Hz, 2H, Ar-H), 6.32 (d, 3JHH 

= 2.6 Hz, 2H, Ar-H), 6.25 (s, 2H, Ar-H), 6.21 (dd, 3JHH = 8.9 Hz, 4JHH = 2.6 Hz, 2H, Ar-H), 3.36 (m, 

2H, NCH2), 3.28 (q, 3JHH = 7.1 Hz, 8H, ArNCH2), 3.15 (m, 2H, NCH2), 2.11 (s, 5H, ArCH3), 1.12 (t, 

3JHH = 7.1 Hz, ArNCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 207.7, 171.2, 170.0, 154.1, 153.6, 149.3, 146.7, 136.0, 133.2, 

130.8, 128.8, 128.7, 128.6, 128.6, 124.2, 123.2, 114.3, 108.7, 105.1, 98.2, 65.8, 58.5, 53.8, 50.8, 44.7, 

40.7, 40.1, 39.0, 31.3, 19.8, 18.7. 

 

HR-ESI-MS: Calculated for [M] = C39H45N5O3– expected [M + H]+ = 632.301, found 632.3596. 

 

 

 

N-(2-(3',6'-Bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-yl)ethyl)-4-(6-

bromohexanamido)-2,6-dimethylbenzamide (4.15): Compound 4.14 (0.28 g, 0.45 mmol) was 
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dissolved in DCM (40 mL). 6-Bromohexanoic acid (0.19 g, 0.98 mmol) was added, followed by HATU 

(0.34 g, 0.90 mmol) and DIPEA (0.31 mL, 1.78 mmol), forming a pink solution which was left to stir 

at room temperature. After 19 hours, TLC indicated that the reaction had not yet reached completion. 

An additional portion of 6-bromohexanoic acid (0.22 g, 1.14 mmol) was added, followed by HATU 

(0.36 g, 0.94 mmol) and DIPEA (0.60 mL, 3.44 mmol). After a further 4 hours, the reaction mixture 

was washed with H2O (4 x 50 mL) and brine (50 mL) before the combined organic phase dried over 

MgSO4. The solvent was removed in vacuo to leave a pink oil. Automated flash chromatography (DCM 

to 50% MeOH in DCM) gave 4.15 as a purple solid (0.19 g, 0.24 mmol, 54%).  

 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.80 (dd, 3JHH = 5.8, 2.3 Hz, 1H, Ar-H), 7.44 – 7.40 (m, 2H, Ar-

H), 7.11 (s, 2H, Ar-H), 7.09 – 7.04 (m, 1H, Ar-H), 6.37 (d, 3JHH = 8.9 Hz, 2H, Ar-H), 6.32 (d, 3JHH = 

2.5 Hz, 2H, Ar-H), 6.20 (dd, 3JHH = 8.9 Hz, 4JHH = 2.5 Hz, 2H, Ar-H), 3.27 (q, 3JHH = 7.0 Hz, 9H, 

NCH2CH3), 3.20 (m, 2H, NCH2CH2N), 2.32 (t,  = 7.4 Hz, 2H, CH2), 2.24 – 2.16 (m, 2H, CH2), 2.11 (s, 

6H, ArCH3), 1.85 (m, 2H, NCH2CH2N), 1.69 (p, 3JHH = 7.5 Hz, 2H, CH2), 1.46 (p, 3JHH = 7.5 Hz, 2H, 

CH2), 1.30 (d, 3JHH = 6.7 Hz, 1H, CH2), 1.12 (t, 3JHH = 7.0 Hz, 13H, NCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm =  213.4, 207.3, 177.9, 157.4, 153.3, 128.4, 124.0, 118.5, 100.8, 

97.6, 77.5, 77.2, 76.8, 44.3, 38.8, 33.7, 33.6, 32.6, 32.5, 31.4, 31.1, 27.9, 27.7, 24.7, 24.0, 19.6, 12.7. 

 

HR-ESI MS: Calculated for M = C45H54BrN5O4, expected [M + H]+ = 808.3281, found = 808.3320. 

 

 

 

4-(6-Azidohexanamido)-N-(2-(3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-

yl)ethyl)-2,6-dimethylbenzamide (4.16): Compound 4.15 (10.50 mg, 0.01 mmol) was dissolved in dry 

DMF (20 mL). NaN3 (0.04 g, 0.65 mmol) was added, forming a pink solution which was left to stir 

under N2 at 60 °C. After 22 hours, the reaction mixture was allowed to cool to room temperature and 

H2O (50 mL) added. After stirring for 5 minutes, the reaction mixture was extracted with DCM (50 

mL). The organic phase was washed with H2O (2 x 50 mL) and brine (50 mL). The combined organic 

phases were dried over MgSO4 and the solvent removed in vacuo to leave 4.16 as a pink solid (9.70 mg, 

0.01 mmol, 97%). 
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1H NMR (400 MHz, CDCl3) δ/ppm = 8.23 (s, 1H, Ar-H), 7.98 (s, 1H, Ar-H), 7.85 – 7.78 (m, 1H, Ar-

H), 7.42 (qd, 3JHH =  7.5, 4JHH = 3.6 Hz, 2H, Ar-H), 7.06 (dd, 3JHH = 6.7, 4JHH = 1.6 Hz, 1H, Ar-H), 6.69 

(t, 3JHH = 4.3 Hz, 1H, Ar-H), 6.38 (d, 3JHH = 8.9 Hz, 2H, Ar-H), 6.33 (d, 3JHH = 2.5 Hz, 2H, Ar-H), 6.21 

(dd, 3JHH = 8.9, 4JHH = 2.6 Hz, 2H, Ar-H), 3.40 – 3.47 (m, 2H, N(CH2)2N), 3.28 (q, 3JHH = 7.0 Hz, 8H, 

NCH2CH3), 3.21 – 3.19 (m, 2H, N(CH2)2N), 2.34 – 2.26 (m, 3H, CH2), 2.14 (s, 6H, ArCH3), 1.70 (m, 

2H, CH2), 1.60 (m, 2H, CH2), 1.46 – 1.35 (m, 2H, CH2), 1.26 – 1.17 (m, 2H, CH2), 1.13 (t, 3JHH = 7.0 

Hz, 12H, NCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 171.4, 170.3, 169.6, 162.6, 153.7, 153.3, 149.0, 138.3, 135.0, 

133.4, 132.9, 130.5, 129.1, 128.4, 128.3, 128.3, 125.3, 124.0, 122.9, 118.6, 108.3, 104.7, 97.8, 77.5, 

77.2, 76.8, 65.5, 51.3, 44.4, 40.5, 40.0, 38.7, 37.2, 36.7, 31.5, 29.8, 28.7, 26.4, 25.1, 21.5, 19.5, 12.6, 

1.1. 

 

HR-ESI MS: Calculated for M = C45H54N8O4, expected [M + H]+ = 771.4341, found = 771.4346. 

 

 

N-(9-(2-(4-(4-Amino-2,6-dimethylbenzoyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-

xanthen-3-ylidene)-N-ethylethanaminium triflate (4.17): Compound 4.11 (0.10 g, 0.17 mmol) was 

dissolved in DCM (30 mL). 4-Amino-2,6-dimethylbenzoic acid (0.03 g, 0.20 mmol) was added, 

followed by DIPEA (0.06 mL, 0.34 mmol) and HATU (0.08 g, 0.21 mmol), forming a pink solution 

which was left to stir at room temperature. After 22 hours, the reaction mixture was washed with H2O 

(2 x 50 mL) and brine (50 mL). The combined organic phases were dried over MgSO4 and the solvent 

removed in vacuo to leave a purple solid. Automated flash chromatography (DCM to 25% MeOH in 

DCM) gave 4.17 as a purple solid (0.07 g, 0.09 mmol, 53%). 

 

1H NMR (400 MHz, CDCl3) δ/ppm = 8.46 (dd, 3JHH = 4.3, 1.3 Hz, 1H, Ar-H), 8.16 (dd, 3JHH = 8.4 Hz, 

1.3 Hz, 1H, Ar-H), 7.77 – 7.31 (m, 3H, Ar-H), 7.20 (d, 3JHH = 4.4 Hz, 1H, Ar-H), 7.01 – 6.69 (m, 3H, 

Ar-H), 6.32 – 6.16 (m, 1H, Ar-H), 4.82 (br s, 2H, NH2), 3.70 – 3.57 (m, 12H, NCH2CH3), 2.82 – 2.36 

(m, 8H, N(CH2CH2)2N),), 2.01 (br s, 4H, ArCH3),1.31 (t, 3JHH = 7.1 Hz, 8H, ArNCH2). 
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13C NMR (101 MHz, CDCl3) δ/ppm = 207.2, 157.9, 155.8, 149.2, 135.0, 130.3, 119.8, 114.1, 77.5, 77.2, 

76.8, 53.8, 46.3, 42.1, 31.1, 30.6, 19.3, 18.8, 17.5, 12.8, 12.2. 

 

HR-ESI MS: Calculated for [M]+ = C41H48N5O3
+, expected = 658.3742, found = 658.3757. 

 

 

N-(9-(2-(4-(4-(6-Bromohexanamido)-2,6-dimethylbenzoyl)piperazine-1-carbonyl)phenyl)-6-

(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium triflate (4.18): Compound 4.17 (0.07 

g, 0.09 mmol) was dissolved in DCM (30 mL). HATU (0.06 g, 0.16 mmol) was added, followed by 6-

bromohexanoic acid (0.03 g, 0.14 mmol) and DIPEA (0.03 mL, 0.18 mmol), forming a pink solution 

which was left to stir at room temperature. After 18 hours, an additional portion of HATU (0.07 g, 0.17 

mmol) was added, followed by 6-bromohexanoic acid (0.13 g, 0.67 mmol) and DIPEA (0.10 mL, 0.57 

mmol). After a further 5 hours, the temperature of the reaction mixture was increased to 45 °C. After a 

further 19 hours, the reaction mixture was allowed to cool to room temperature before being washed 

with H2O (3 x 50 mL) and brine (50 mL). The combined organic phases were dried over MgSO4 and 

the solvent removed in vacuo to leave a pink oil. Automated flash chromatography (DCM to 50% 

MeOH in DCM) gave 4.18 as a purple solid (0.03 g, 0.03 mmol, 32%). 

 

1H NMR (400 MHz, CDCl3) δ/ppm = 8.74 (d, 3JHH = 5.7 Hz, 1H, Ar-H), 8.39 (d, 3JHH = 9.7 Hz, 1H, Ar-

H), 7.78 – 7.63 (m, 2H, Ar-H), 7.63 – 7.50 (m, 2H, Ar-H), 7.43 (dd, 3JHH = 8.4 Hz, 4JHH = 4.5 Hz, 1H, 

Ar-H), 7.40 – 7.31 (m, 1H, Ar-H), 7.26 – 7.17 (m, 2H, Ar-H), 6.90 (d, 3JHH = 10.3 Hz, 1H, Ar-H), 6.76 

(s, 1H, Ar-H), 3.71 - 3.61 (m, 8H, N((CH2)2)2N), 3.16 (q, 3JHH = 7.4 Hz, 8H, ArNCH2CH3), 2.18 (s, 7H, 

ArCH3), 2.10 – 2.02 (m, 5H, CH2), 1.98 – 1.91 (m, 6H, CH2), 1.81 – 1.74 (m, 6H, CH2), 1.61 (t, 3JHH = 

7.4 Hz, 12H ArNCH2CH3). 

 

13C NMR (101 MHz, CDCl3): δ/ppm = 211.6, 206.9, 193.0, 176.6, 155.8, 151.3, 129.4, 120.8, 81.3, 

77.5, 77.2, 76.8, 69.0, 67.5, 66.4, 54.2, 53.6, 42.5, 33.7, 31.1, 27.9, 25.1, 24.5, 19.3, 18.7, 18.5, 17.5, 

12.8, 12.2. 

 

HR-ESI MS: Calculated for [M]+ = C47H57BrN5O4
+, expected [M]+ = 834.3588, found = 834.3572, 

found [M]3+ = 278.1111. 
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N-(9-(2-(4-(4-(6-Azidohexanamido)-2,6-dimethylbenzoyl)piperazine-1-carbonyl)phenyl)-6-

(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium-triflate-(4.19): Compound 4.18 

(27.20 mg, 0.03 mmol) was dissolved in dry DMF (25 mL). NaN3 (12.40 mg, 0.19 mmol) was added, 

forming a pink solution which was left to stir at 60 °C under N2. After 18 hours, H2O (50 mL) was 

added. The reaction mixture was extracted with DCM (50 mL) and the organic phase washed with water 

(4 x 100 mL) and brine (75 mL) before the combined organic phases dried over MgSO4. The solvent 

was removed in vacuo to leave 4.19 as a purple solid (12.90 mg, 0.01 mmol, 49%). 

 

1H NMR (400 MHz, CDCl3) δ/ppm = 8.02 (s, 1H, Ar-H), 7.81 – 7.64 (m, 2H, Ar-H), 7.64 – 7.47 (m, 

3H, Ar-H), 7.43 – 7.29 (m, 2H, Ar-H), 7.21 – 7.13 (m, 2H, Ar-H), 6.88 (d, 3JHH = 11.9 Hz, 1H, Ar-H), 

6.78 – 6.70 (m, 1H, Ar-H), 3.83 – 3.51 (m, 8H, ArNCH2CH3), 3.50 – 3.00 (m, 8H, N((CH2)2)2N), 2.70 

– 2.53 (m, 3H, CH2), 2.35 (s, 2H, CH2), 2.00 (s, 5H, ArCH3), 1.97 – 1.87 (m, 2H, CH2), 1.74 (m, 3H, 

CH2), 1.51 – 1.41 (m, 3H, CH2), 1.42 – 1.26 (m, 12H, ArNCH2CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 179.8, 164.3, 154.2, 153.1, 148.7, 137.8, 134.0, 130.9, 119.7, 

118.9, 111.8, 106.3, 95.1, 85.0, 84.4, 83.3, 66.5, 59.7, 58.8, 57.9, 53.4, 46.2, 45.4, 44.6, 39.6, 32.8, 32.3, 

31.1, 28.4, 24.0, 14.2, 1.2. 

 

HR-ESI MS: Calculated for [M]+ = C47H57N8O4
+, expected [M]+ = 797.4503, found = 797.4492. 

 

Methyl 2-(6-methoxy-3-oxo-3H-xanthen-9-yl)benzoate (4.20): Fluorescein (1.51 g, 4.55 mmol) was 

dissolved in DMF (25 mL). K2CO3 (1.70 g, 12.30 mmol) was added, followed by MeI (2 M in THF, 

6.77 mL, 13.53 mmol), forming an orange solution which was left to stir at room temperature. After 21 

hours, TLC indicated that the reaction had not yet reached completion. Additional portions of MeI (2 

M in THF, 5.00 mL, 10.00 mmol) and K2CO3 (2.04 g, 14.76 mmol) were added. After a further 3 hours, 

H2O (ice-cold, 50 mL) was added and the reaction mixture left to stir at 0 °C. After 30 minutes, the 
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reaction mixture was extracted with EtOAc (3 x 50 mL). The combined organic phases were washed 

with H2O (50 mL) and brine (50 mL) before being dried over MgSO4. The solvent was removed in 

vacuo to leave an orange solid. Automated flash chromatography (DCM to 25% MeOH in DCM) gave 

4.20 as an orange solid (0.11 g, 0.31 mmol, 7%). 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.53 – 7.48 (m, 1H, Ar-H), 7.02 (td, 3JHH = 7.5, 4JHH = 1.3 Hz, 

1H, Ar-H), 6.94 (td, 3JHH = 7.7, 4JHH = 1.3 Hz, 1H, Ar-H), 6.61 – 6.55 (m, 1H, Ar-H), 6.24 (d, 3JHH = 

2.4 Hz, 1H, Ar-H), 6.14 (dd, 3JHH = 13.4, 3JHH = 9.3 Hz, 2H, Ar-H), 6.01 (dd, 3JHH = 8.9, 4JHH = 2.5 Hz, 

1H, Ar-H), 5.76 (dd, 3JHH = 9.7, 4JHH = 1.9 Hz, 1H, Ar-H), 5.67 (d, 3JHH = 1.9 Hz, 1H, Ar-H), 3.18 (s, 

3H, COOMe), 2.89 (s, 3H, OMe). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 185.3, 165.3, 163.9, 162.2, 158.8, 154.0, 150.2, 134.3, 132.5, 

130.3, 130.1, 129.5, 117.2, 114.6, 113.2, 105.3, 100.1, 55.8, 53.4, 52.1, 36.2, 31.1. 

 

 HR-ESI MS: Calculated for M = C22H16O5: expected [M + H]+ = 361.1071 found = 361.1063. 

 

6'-Methoxy-3H-spiro[isobenzofuran-1,9'-xanthen]-3'-ol (4.21): Compound 4.20 (0.11 g, 0.31 

mmol) was dissolved in dry THF (20 mL). The orange solution was cooled to 0 °C and LiAlH4 (0.05 g, 

1.24 mmol) was added and the reaction mixture left to stir at 0 °C. After 2.5 hours, the reaction mixture 

was left to stir at room temperature. After a further 2 hours, an additional portion of LiAlH4 (0.13 g, 

3.43 mmol) was added. TLC showed no reaction progress after a further 17 hours and the reaction 

mixture was again cooled to 0 °C. A third portion of LiAlH4 (fresh bottle, 0.07 g, 1.83 mmol) was added, 

resulting in some effervescence. After 5 hours, with the reaction mixture kept at 0 °C, a fourth portion 

of LiAlH4 (0.11 g, 2.82 mmol) was added. After one hour, Na2SO4 (9.00 g, 63.22 mmol) was added and 

the reaction mixture left to stir and warm to room temperature. After 30 minutes, the reaction mixture 

was filtered over a pad of celite and washed with DCM (75 mL). The filtrate was reduced in vacuo to 

leave a yellow solid. This solid was re-dissolved in MeOH (20 mL). p-Chloranil (0.30 g, 1.22 mmol) 

was added, forming a yellow solution which was left to stir at room temperature. After 15 hours, the 

formation of a yellow precipitate was observed. This precipitate was removed via filtration and the 

filtrate reduced in vacuo to leave a yellow solid. Automated flash chromatography (DCM to 25% MeOH 

in DCM) gave 4.21 as a yellow solid (0.11 g, 0.31 mmol, quant.) 
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1H NMR (400 MHz, CD3CN) δ/ppm = 7.57 – 7.19 (m, 5H, Ar-H), 6.88 – 6.49 (m, 5H, Ar-H), 3.80 (s, 

3H, OMe), 3.09 (s, 2H, ArCH2O). 

 

13C NMR (101 MHz, CD3CN) δ/ppm =  165.1, 153.5, 153.4, 149.6, 141.4, 138.8, 137.7, 136.7, 127.1, 

126.2, 97.6, 82.6, 82.3, 79.8, 55.5, 55.3, 55.2, 54.9, 54.6, 54.4, 49.9, 30.1, 28.7. 

 

HR-ESI MS: Calculated for M = C21H16O4: expected [M + H]+ = 333.1127, found = 333.1127. 

7.8. Synthesis of Compounds in Chapter 5 
The ligand H3do3a-NH2 was synthesised according to literature procedures and provided by Dr. Tamara 

Boltersdorf10,11. 

 

1-(Pyridin-2-yl)-N-(thiophen-2-ylmethyl)methanamine12 (5.1):: Thiophene-2-methylamine (1.00 

mL, 1.10 g, 9.75 mmol) was dissolved in MeCN (40 mL). 2-bromomethylpyridine hydrobromide (2.55 

g, 10.09 mmol) was added, followed by K2CO3 (4.17 g, 30.20 mmol), forming a pale pink solution 

which was left to stir at 110 °C. After 65 hours, a colour change from pink to orange had occurred. The 

solvent was removed in vacuo to leave an orange residue. This residue was re-dissolved in DCM (30 

mL) and filtered to remove insoluble salts. The solvent was removed in vacuo to leave an orange oil. 

Flash chromatography was performed using a Biotage (DCM to 20% MeOH in DCM) to give 5.1 as a 

yellow oil (1.33 g, 6.53 mmol, 67%).  

1H NMR (400 MHz, CDCl3): δ/ ppm = 8.56 – 8.53 (m, 1H, Ar-H), 7.68 (q, 3JHH = 1.4 Hz, 1H, Ar-H), 

7.35 (dt, 3JHH = 7.8 Hz, 4JHH = 1.0 Hz, 1H, Ar-H), 7.26 – 7.23 (m, 1H, Ar-H), 7.17 (m, 1H, Ar-H), 6.98 

– 6.97 (m, 1H, Ar-H), 6.97 (s, 1H, Ar-H), 3.92 (s, 1H, NHCH2py), 3.87 (s, 2H, NHCH2th), 2.09 (s, 1H, 

NH). 

 

13C NMR (101 MHz, CDCl3): δ/ppm = 159.4, 148.8, 136.6, 126.6, 125.9, 124.8, 122.7, 122.1, 59.5, 

52.3. 

 

HR-ESI MS: Calculated for M = C11H12N2S, expected [M+H]+ = 205.0794, found = 205.0790. 

Data corresponds to literature12. 

 

Bis(thiophen-2-ylmethyl)ammonium chloride (5.2): Thiophene-2-methylamine (1.00 mL, 1.10 g, 

9.75 mmol) was dissolved in toluene (50 mL). Thiophene-2-carboxaldehyde (1.33 mL, 1.62 g, 9.75 
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mmol) was added, forming a yellow solution which was heated to 130 °C and left to stir under reflux 

with a Dean and Stark trap. After 2 hours, the solvent was removed in vacuo and the yellow residue re-

dissolved in EtOH (50 mL) and cooled to 0°C. NaBH4 (0.41 g, 10.73 mmol) was added and the reaction 

mixture left to stir and warm to room temperature. After 17 hours, the reaction mixture was poured over 

ice (~ 100 g), resulting in a colour change from yellow to white. The solution was acidified by addition 

of HCl (conc., 10 mL), inducing the formation of a white precipitate. This precipitate was isolated by 

filtration and dried under high vacuum to give 5.2 as a white solid, (1.73 g, 8.28 mmol, 85%). 

1H NMR (400 MHz, D2O): δ/ppm = 7.46 (d, 3JHH = 5.1 Hz, 2H, Ar-H), 7.17 (d, 3JHH = 3.4 Hz, 2H, Ar-

H), 7.04 – 7.01 (m, 2H, Ar-H), 4.40 (s, 4H, ArCH2NH2). 

 

13C NMR (101 MHz, D2O): δ/ppm = 132.1, 129.7, 128.8, 44.8. 

 

HR-ESI MS: Calculated for [M]+ = C10H12NS2
+, expected = 210.0406, found = 210.0403. 

 

Bis(thiophen-2-ylmethyl)amine (5.3) : Compound 5.2 (0.68 g, 3.23 mmol) was dissolved in H2O (30 

mL) and the pH of the solution brought from 5 to 9 by addition of NaOH  solution (1.0 M). The solution 

was washed with DCM (70 mL) and the combined organic phases dried over MgSO4. The solvent was 

removed in vacuo to leave 5.3 as a yellow oil (0.27 g, 1.29 mmol, 40%).  

1H NMR (400 MHz, CDCl3): δ/ppm = 7.22 (dd, 3JHH = 1.27, 5.00 Hz, 2H, Ar-H), 6.97 – 6.93 (m, 4H, 

Ar-H), 4.03 (s, 4H, ArCH2NH), 1.75 (s, 1H, NH).  

13C NMR (101 MHz, CDCl3): δ/ppm = 143.6, 126.8, 124.7, 47.1. 

 

HR-ESI MS: Calculated for M = C10H11NS2, expected [M + H]+ = 210.0406, found 210.0402. 

 

 

(E)-2-Chloro-3-(hydroxymethylene)cyclohex-1-ene-1-carbaldehyde13 (5.4): DMF (25 mL) was 

cooled to 0 °C under N2. POCl3 (7.04 mL, 11.55 g, 75.26 mmol) was added, slowly, to form a pale pink 

solution which was left to stir at room temperature. After 30 minutes, cyclohexanone (2.57 mL, 2.00 g, 

20.34 mmol) was added and the dark red reaction mixture left to stir under N2 at 50 °C. After 5 hours, 

the reaction mixture was removed from heating and poured into a beaker of ice (75.2 g). The solution 

was left to stir at room temperature. After one hour, formation of a yellow precipitate was observed. 
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After 17 hours, the precipitate was isolated by filtration and washed with H2O (20 mL) before being 

recrystallised with DCM, giving 5.4 as a yellow, crystalline solid (1.12 g, 6.49 mmol, 32%).  

1H NMR (400 MHz, DMSO-d6): δ/ppm = 10.84, (br s, 1H, CHO), 9.05, (br s, 1H, COH), 3.34 (s, 2H, 

C=C(H)OH), 2.35 (t, 3JHH = 6.11 Hz, 3H, (CH2CH2CH2)), 1.58 (quin., 3JHH = 6.25 Hz, 2H, 

(CH2CH2CH2)). 

Data corresponds to literature13. 

 

1-(5-Carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium bromide13 (5.5): 2,3,3 trimethyl indolenine 

(8.03 mL, 50.00 mmol) was dissolved in nitromethane (30 mL), forming an orange solution. 6-

Bromohexanoic acid (9.75 g, 50.00 mmol) was added, forming a pink solution which was left to stir 

under N2 at 80 °C. After 21 hours, the solvent was removed in vacuo to leave a pink oil. Et2O (200 mL) 

was added, resulting in the formation of a pink precipitate. This precipitate was isolated by filtration, 

giving 5.5 as a pink solid (9.74 g, 27.50 mmol, 55%).  

1H NMR (400 MHz, DMSO-d6) δ/ppm = 7.97 (d, 3JHH = 8.9 Hz, 1H, Ar-H), 7.84 (d, 3JHH = 8.7 Hz, 1H, 

Ar-H), 7.62 (d, 3JHH = 8.9 Hz, 2H, Ar-H), 4.53 – 4.35 (m, 2H, CH2COOH), 2.83 (s, 3H, CH3C=N), 2.23 

(t, 3JHH = 7.2 Hz, 2H, NCH2), 1.90 – 1.75 (m, 2H, CH2), 1.63 – 1.53 (m, 2H, CH2), 1.53 (s, 6H, CH3), 

1.47 – 1.36 (m, 2H, CH2). 

 

13C NMR (101 MHz, DMSO-d6) δ/ppm = 196.5, 174.3, 144.9, 141.9, 141.1, 129.4, 129.0, 127.8, 126.0, 

123.5, 122.2, 118.3, 115.5, 54.2, 53.4, 48.6, 47.4, 40.2, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9, 35.0, 33.5, 

33.4, 32.0, 27.1, 27.0, 25.4, 24.0, 23.6, 22.3, 22.0, 15.0, 14.0. 

 

HR-ESI MS: Calculated for M+ = C17H24NO2
+, expected = 274.1802, found = 274.1795. 

Data corresponds to literature13. 
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1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-dimethylindolin-2-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-3H-indol-1-ium-bromide13 

(5.6): Compound 5.4 (1.12 g, 6.49 mmol) was dissolved in EtOH (65 mL) and compound 5.5 (4.66 g, 

13.12 mmol) added, along with NaOAC (1.60 g, 19.47 mmol). The reaction vessel was wrapped in foil 

and left to stir at 70 °C. After 80 minutes, the solvent was removed in vacuo to give a blue-green oil 

which was stored under foil in a freezer. The crude compound was purified by flash chromatography 

(10% - 75% MeOH in DCM) to give 5.6 as a green solid (3.13 g, 4.09 mmol, 63%). 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.33, (d, 3JHH = 14.04 Hz, 2H, HC=CH), 7.42 – 7.15, (m, 8H, 

Ar-H), 6.21 (d, 3JHH = 14.05 Hz, 2H, HC=CH), 4.12 (t, 3JHH = 7.28 Hz, 4H, NCH2), 2.72 (m, 2H, 

CH2CH=), 2.46 (t, 3JHH = 6.22 Hz, 2H, α-CH2COOH), 2.01 (br s, 2H, CH2), 1.86, (m, 4H, δ-CH2), 1.77 

(m, 4H, β-CH2), 1.71 (s, 12H, (Ar-(CH3)2), 1.55 (m, 4H, γ-CH2).  

13C NMR (101 MHz, CDCl3): δ/ppm = 172.4, 150.9, 144.5, 142.2, 141.1, 129.0, 128.0, 125.4, 122.4, 

111.1, 101.4, 77.5, 77.2, 76.8, 49.4, 44.5, 34.9, 28.3, 27.1, 26.7, 26.4, 24.8, 20.8. 

 

HR-ESI MS: Calculated for [M]+ = C42H52N2O4Cl: expected = 683.3616 found = 683.3622. 

 

Data corresponds to literature13. 

 

2-((E)-2-((E)-2-(bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-1-(5-carboxypentyl)-3,3-

dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(5-carboxypentyl)-3,3-

dimethyl-3H-indol-1-ium bromide (5.7): Compound 5.6 (0.52 g, 0.68 mmol) was dissolved in DMF 

(70 mL). Dipicolylamine (1.50 mL, 1.36 g, 6.80 mmol) was added and the reaction mixture left to stir 

under N2 at 70 °C. After 4.5 hours, the reaction mixture was allowed to cool to room temperature before 
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being poured into Et2O (1 L) and stirred violently. After 40 minutes, formation of a blue precipitate was 

observed. This precipitate was collected by filtration onto a sintered glass funnel, before being washed 

with Et2O (100 mL) and EtOAc (100 mL). The blue solid was washed into an rbf with MeOH (75 mL) 

and the solvent removed in vacuo to give the crude product as a blue solid. Flash chromatography (10% 

- 75% MeOH in DCM) gave pure 5.7 as a blue solid (0.27 g, 0.29 mmol, 43%).  

1H NMR (400 MHz, CDCl3): δ/ppm = 8.70 (d, 3JHH = 4.37 Hz, 2H, HC=CH), 7.93 (td, 3JHH = 7.65 Hz 

4JHH = 1.64 Hz, 2H, Ar-H), 7.61 (d, 3JHH = 13.50 Hz, 2H, Ar-H), 7.37 – 7.28 (m, 7H, Ar-H), 7.17 (m, 

1H, Ar-H), 7.11 (t, 3JHH = 7.46 Hz, 2H, Ar-H), 6.98 (d, 3JHH = 7.96 Hz, 2H, Ar-H), 5.94 (d, 3JHH = 13.31 

Hz, 2H, HC=CH), 4.74 (s, 4H, CH2CH=), 3.92 (m, 4H, NCH2Ar), 2.57 (m, 4H, α-CH2COOH), 2.38 (m, 

4H, δ-CH2), 1.97 (m, 4H, β-CH2), 1.48 (m, 4H, (γ-CH2), 1.43 (s, 12H, Ar-(CH3)2), 1.31 (m, 2H, CH2) 

1.24 (t, 3JHH = 7.03 Hz, 4H, NCH2). 

13C NMR (101 MHz, CDCl3): δ/ppm = 180.4, 172.3, 166.4, 165.1, 150.9, 144.5, 142.0, 141.2, 129.1, 

128.1, 125.4, 122.4, 119.7, 111.1, 101.4, 94.7, 89.1, 53.7, 49.3, 44.5, 34.8, 28.4, 27.3, 27.0, 26.0, 24.6, 

21.1. 

HR-ESI MS: Calculated for [M]+ = C54H64N5O4: expected = 846.4958 found = 846.4970. 

 

 

1-(5-Carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-dimethylindolin-2-

ylidene)ethylidene)-2-((pyridin-2-ylmethyl)(thiophen-2-ylmethyl)amino)cyclohex-1-en-1-

yl)vinyl)-3,3-dimethyl-3H-indol-1-ium bromide (5.8): Compound 5.6 (0.30 g, 0.40 mmol) was 

dissolved in DMF (40 mL). Compound 5.1 (0.82 g, 4.02 mmol) was added and the reaction mixture left 

to stir at 70 °C under N2, with the flask covered in foil. After 4 hours, the reaction mixture was allowed 

to cool to room temperature before being poured into vigorously stirred Et2O (1 L). After 45 minutes, 

formation of a blue precipitate was observed. This precipitate was isolate by filtration to leave a blue 

solid. Flash chromatography (DCM to MeOH) gave 5.8 as a blue solid (0.21 g, 0.22 mmol, 55%).   

1H NMR (400 MHz, CD3OD): δ/ppm = 8.43 (d, 3JHH = 14.1 Hz, 1H, N=CCH=CH), 7.73 (d, 3JHH = 13.1 

Hz, 1H, N=CCH=CH), 7.52 (d, 3JHH = 7.4 Hz, 1H, Ar-H), 7.46 – 7.41(m, 1H, Ar-H), 7.35 – 7.27 (m, 

1H, Ar-H), 7.14 – 7.03 (m, 3H, Ar-H),  6.30 (d, 3JHH = 14.2 Hz, 2H, ArCH=CH), 5.90 (d, 3JHH = 13.3 
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Hz, 2H, N=CCH=CH), 5.02 (s, 2H, pyCH2), 4.20 (s, 2H, thCH2) 4.16 (t, 3JHH = 7.4 Hz, 2H, CαH2), 3.96 

(t, 3JHH = 7.4 Hz, 2H, CαH2), 2.74 (t, 3JHH = 6.5 Hz, 2H, CεH2),  2.56 (t, 3JHH = 6.5 Hz, 2H, CεH2) 2.20 

(m, 4H, cyclic CH2), 1.98 (m, 2 H, cyclic CH2), 1.89 – 1.78 (m, 8H, CβH2 and CδH2), 1.77 (s, 6H, CH3), 

1.71 – 1.66 (m, 6H, CγH2), 1.52 (s, 6H, CH3).  

13C NMR (101 MHz, CDCl3): δ/ppm = 183.7, 172.5, 150.7, 147.8, 144.6, 142.4, 140.9, 129.2, 1285, 

128.0, 125.3, 122.4, 111.1, 107.7, 101.6, 93.2, 69.3, 49.5, 44.4., 34.8, 28.4, 27.0, 26.3, 24.6.   

 

HR-ESI MS: Calculated for [M]+ = C53H63N4O4S: expected = 851.4570 found = 851.4558. 

 

 

2-((E)-2-((E)-2-(bis(thiophen-2-ylmethyl)amino)-3-(2-((E)-1-(5-carboxypentyl)-3,3-

dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(5-carboxypentyl)-3,3-

dimethyl-3H-indol-1-ium bromide (5.9): Compound 5.3 (0.27 g, 1.29 mmol) was dissolved in DMF 

(40 mL) and 5.6 (0.10 g, 0.13 mmol) added, forming a dark green solution which was left to stir at 70 

°C under N2 with the flask wrapped in foil. After 4 hours, the reaction mixture was poured into Et2O (1 

L) and left to stir vigorously. After one hour, formation of a green precipitate was observed. This 

precipitate was isolated by filtration. Flash chromatography (DCM to 20% MeOH in DCM) gave 5.9 

as a blue-green solid (0.01 g, 0.01 mmol, 5%).   

1H NMR (400 MHz, CD3OD): δ/ppm = 8.44 – 8.38 (m, 2H, N=CCH=CH), 7.51 – 7.49 (m, 2H, Ar-H), 

7.41 – 7.37 (m, 2H, Ar-H), 7.33 – 7.24 (m, 4H, Ar-H), 6.93 – 6.88 (m, 2H, Ar-H), 6.30 – 6.22 (m, 2H, 

ArCH=CH), 4.14 (m, 2H, CαH2), 3.60 (s, 2H, thCH2N), 2.71 – 2.66 (m, 2H, CεH2), 2.22 (m, 2H, cyclic 

CH2), 1.83 – 1.71 (m, 8H, CβH2 and CδH2), 1.70 (s, 6H, CH3), 1.46 – 1.45 (m, 4H, cyclic CH2), 1.25 

(m, 4H, CγH2). 

LR-ESI MS: Calculated for M = C52H61N3O4S2 (zwitterion): expected [M+NH4]+ = 874.20, found = 

874.00. 
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2-((E)-2-((E)-2-Amino-3-(2-((E)-1-(5-carboxypentyl)-3,3-dimethylindolin-2-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(5-carboxypentyl)-3,3-dimethyl-3H-indol-1-ium 

chloride (5.10): Compound 5.6 (0.31 g, 0.41 mmol) was dissolved in MeCN (50 mL). Potassium 

phthalimide (0.08 g, 0.44 mmol) was added and the reaction mixture left to stir at 90 °C under N2 with 

the rbf wrapped in foil. After 18 hours, the reaction mixture was allowed to cool to room temperature. 

N2H4
.2HCl (0.06 g, 0.54 mmol) in H2O (16 mL) was added and the reaction mixture left to stir at 60 °C 

under N2, again with the flask wrapped in foil. After a further 23 hours, the solvent was removed in 

vacuo to leave a purple solid. Flash chromatography (DCM to 30% MeOH in DCM) gave 5.10 as a 

purple solid (0.15 g, 0.21 mmol, 54%).  

1H NMR (400 MHz, CD3OD): δ/ppm = 8.19 (d, 3JHH = 10.7 Hz, 2H, N=CCH=CH), 7.26 (d, 3JHH = 

7.9Hz, 2H, Ar-H), 7.20 (t, 3JHH = 7.7 Hz, 2H, Ar-H), 6.94 (t, 3JHH = 7.5 Hz, 2H, Ar-H), 6.86 (d, 3JHH = 

7.9 Hz, 2H, Ar-H), 5.59 (d, 3JHH = 12.00 Hz, 2H, ArCH=CH), 3.79 (t, 3JHH = 7.5 Hz, 4H, CαH2), 2.60 

(t, 3JHH = 6.1 Hz, 4H, CεH2), 2.30 (t, 3JHH = 7.3 Hz, 4H, cyclic CH2), 1.86 (t, 3JHH = 6.0 Hz, 2H, cyclic 

CH2), 1.73 – 1.69 (m, 8H, CβH2 and CδH2), 1.65 (s, 12H, CH3), 1.47 (m, 4H, CγH2). 

LR-ESI MS: Calculated for M = C42H53N3O4 (zwitterion), [M+H]+ expected = 664.91, found = 665.40.  

 

Tert-butyl (2-hydroxyethyl)carbamate14 (5.11): Ethanolamine (0.50 mL, 8.29  mmol) was dissolved 

in DCM (20 mL) and cooled to 0 °C. Triethylamine (1.73  mL, 9.12 mmol) was added, followed by 

Boc2O (2.04 g, 10.10 mmol). The reaction mixture was allowed to warm temperature and left to stir. 

After 18 hours, TLC suggested that the reaction had reached completion. NH4Cl solution (aq., sat., 50 

mL) was added and the reaction mixture extracted with EtOAc (100 mL). The organic phase was 

washed with brine (50 mL) before being dried over MgSO4. The solvent was removed in vacuo to leave 

5.11 as a yellow oil (1.32 g, 8.16 mmol, 98%).  

1H NMR (CDCl3, 400 MHz): δ/ppm = 4.96 (br s, 1H, NH), 3.69 (t, 3JHH = 4.8 Hz, 2H, CH2OH), 3.28 

(q, 3JHH = 4.8 Hz, 2H, CH2NH), 1.44 (s, 9H, COOtBu). 

 

13C NMR (101 MHz, CDCl3): δ/ppm = 157.0, 122.4, 98.2, 61.9, 50.3, 43.0, 28.4. 
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HR-ESI MS: Calculated for M = C7H15NO3: expected [M + Na]+ = 184.0944 found = 184.0946. 

Data corresponds to literature14. 

 

Tert-butyl (2-(2-fluoroethoxy)ethyl)carbamate15 (5.12): Compound 5.11 (2.32 g, 14.38 mmol) was 

dissolved in dry DMF (30 mL). 2-Fluoroethyl p-toluenesulfonate (1.00 g, 4.58 mmol) was added and 

the solution cooled to 0 °C. NaH (0.53 g, 22.18 mmol) was added and the resulting yellow solution left 

to stir and warm to room temperature. After 19 hours. H2O (50 mL) was added to the bright yellow 

reaction mixture. The solution was extracted with EtOAc (2 x 30 mL) and the combined organic phases 

washed with H2O (40 mL) and brine (50 mL) before being dried over MgSO4. The solvent was removed 

in vacuo to leave a yellow oil. Automated flash chromatography (20% EtOAc in petroleum ether to 

50% EtOAc in petroleum ether, followed by 40% EtOAc in petroleum ether, isocratic conditions) gave 

5.12 as a colourless oil (0.17 g, 0.80 mmol, 17%). 

1H NMR (CDCl3, 400 MHz): δ/ppm = 4.64 – 4.60, (m, 1H, CH2F), 4.52 – 4.48, (m, 1H, CH2F), 3.75 – 

3.73 (m, 1H, FCH2CH2O), 3.68 – 3.66 (m, 1H, FCH2CH2O), 3.57 (t, 3JHH = 5.0 Hz, 2H, OCH2CH2N), 

3.26 – 3.21 (m, 2H, OCH2CH2N), 1.56 (s, 9H, COOtBu).  

19F NMR (CDCl3, 377 MHz): δ/ppm = -221.42 (tt, 2JFH = 47.4 Hz, 28.6 Hz, 1F, FCH2).  

Data corresponds to literature15. 

 

2-((E)-2-((E)-2-(1,3-Di(pyridin-2-yl)propan-2-yl)-3-(2-((Z)-3-(6-((2-hydroxyethyl)amino)-6-

oxohexyl)-1,1-dimethyl-1,3-dihydro-2H-inden-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-

(6-((2-hydroxyethyl)amino)-6-oxohexyl)-3,3-dimethyl-3H-indol-1-ium-bromide-(5.13): 

Compound 5.7 (0.02 g, 0.02 mmol) was dissolved in DMF (30 mL). Ethanolamine (0.02 mL, 0.04 

mmol) was added, followed by DIPEA (0.07 mL, 0.04 mmol) and HATU (0.02 g, 0.05 mmol), forming 

a dark green solution which was left to stir at room temperature. After 25 hours, TLC suggested that 
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the reaction had gone to completion. The reaction mixture was poured into Et2O (1 L), which was stirred 

vigorously. After 2 hours, this solution was cooled to 0 °C, which resulted in the formation of a dark 

blue precipitate. This precipitate was isolated by filtration before being washed into an rbf with MeOH. 

The solvent was removed in vacuo to leave 5.13 blue solid (2.43 mg, 2.40 µmol, 12%).  

LR ESI-MS: Calculated for M = C60H75N5O4
 (zwitterion). Expected [M+H]+ = 931.30, found = 932.58. 

 

2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-1-(6-((2-fluoroethyl)amino)-6-

oxohexyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(6-((2-

fluoroethyl)amino)-6-oxohexyl)-3,3-dimethyl-3H-indol-1-ium bromide (5.14): Compound 5.7 (0.13 

g, 0.14 mmol) was dissolved in DMF (20 mL). HATU (0.09 g, 0.24 mmol) was added, followed by 2-

fluoroethylamine hydrochloride (0.09 g, 0.90 mmol) and DIPEA (0.08 mL, 0.48 mmol), forming a dark 

blue solution which was left to stir at room temperature. After 18 hours, additional portions of HATU 

(0.18 g, 0.46 mmol) and 2-fluoroethylamine hydrochloride (0.16 g, 1.60 mmol) and DIPEA (0.15 mL, 

0.86 mmol) were added and the reaction mixture left to stir for a further 6 hours, after which the reaction 

mixture was poured into Et2O (1.00 L) and left to stir. After 16 hours, formation of a blue precipitate 

was observed. This precipitate was isolated by filtration. Automated flash chromatography (DCM to 

MeOH) gave 5.14 as a blue solid (0.11 g, 0.11 mmol, 69%).  

1H NMR (CDCl3, 400 MHz): δ/ppm =  8.72 (d, 3JHH  = 6.5 Hz, 2H, Ar-H), 7.81 – 7.73 (td, 3JHH  = 7.6 

Hz, 4JHH  = 1.8 Hz, 2H, Ar-H), 7.66 (d, 3JHH = 13.6 Hz, 2H, HC=CH), 7.39 – 7.27 (m, 8H, Ar-H), 7.13 

(td, 3JHH  = 7.5, 4JHH  = 1.8 Hz, 2H, Ar-H), 6.97 (d, 3JHH  = 8.0 Hz, 2H, Ar-H), 6.16 (br s, 2H, CONH), 

5.89 (d, 3JHH = 13.6 Hz, 2H, HC=CH), 4.76 (s, 4H, ArCH2N), 4.46 (dt, 2JFH  = 47.5 Hz, 3JHH  =  5.1 Hz, 

4H), 3.88 (t, 3JHH  = 7.6 Hz, 4H, ArNCH2) 3.72(t, 3JHH  = 7.6 Hz, 4H, NHCOCH2), 3.55 (dq, 3JFH  = 26.2 

Hz, 3JHH  =  5.4 Hz  4H, FCH2CH2), 2.57 (t, 3JHH = 6.4 Hz, 4H. CH2CHCH2), 2.26 (t, 3JHH = 7.4 Hz, 4H, 

CH2), 1.94 (m, 2H, CH2CHCH2), 1.81 – 1.72 (m, 8H, CH2CH2), 1.44 (s, 12H, CH3). 

 

19F NMR (CDCl3, 377 MHz): δ/ppm = -225.82 (dd, 2JFH = 47.2 Hz, 3JFH = 26.3 Hz, 2F). 
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13C NMR (CDCl3, 101 MHz): δ/ppm = 162.2, 156.7, 150.1, 143.7, 142.6, 140.3, 137.4, 128.6, 124.7, 

123.9, 123.7, 123.1, 122.0, 109.6, 97.0, 83.1, 81.4, 77.4, 77.0, 76.7, 60.3, 55.9, 48.1, 45.6, 43.8, 39.9, 

36.0, 28.6, 26.6, 25.2, 21.9, 18.5, 12.7. 

 

LR-ESI-MS: Calculated for M = C58H72F2N7O2, expected [M+H]+ = 937.57, found = 937.60. 

 

 

2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-1-(5-carboxypentyl)-3,3-

dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(6-(ethylamino)-6-oxohexyl)-

3,3-dimethyl-3H-indol-1-ium bromide (5.15): Compound 5.7 (0.10 g, 0.11 mmol) was dissolved in 

DCM (20 mL). DIPEA (0.04 mL, 0.23 mmol) was added, followed by HATU (0.05 g, 0.12 mmol) and 

ethylamine hydrochloride (0.01 g, 0.13 mmol), forming a blue solution which was left to stir at room 

temperature. After 23 hours, the reaction mixture was poured into Et2O (750 mL) and left to stir. After 

6 hours, formation of a blue precipitate was observed. This precipitate was isolated by filtration. 

Automated flash chromatography (DCM to 25% MeOH) gave 5.15 as a blue solid (0.03 g, 0.03 mmol, 

26%).  

1H NMR (CDCl3, 400 MHz): δ/ppm = 8.73 – 8.68 (m, 1H, Ar-H), 8.51 (d, 3JHH = 4.6 Hz, 1H, Ar-H), 

7.83 – 7.73 (m, 1H, Ar-H), 7.69 – 7.56 (m, 3H, Ar-H), 7.40 – 7.27 (m, 3H, Ar-H), 7.21 – 7.09 (m, 3H, 

Ar-H), 7.01 (d, 3JHH = 7.8 Hz, 1H, HC=CH), 6.96 (d, 3JHH = 7.9 Hz, 1H, HC=CH), 5.90 (d, 3JHH = 13.6 

Hz, 1H, HC=CH), 4.74 (s, 2H, ArCH2N), 3.91 (s, 2H, ArCH2N), 2.56-2.50 (m, 2H, CH2), 2.45 – 2.34 

(m, 4H, CH2), 2.34 – 2.25 (m, 2H, CH2), 1.95 (dd, 2JHH = 13.0 Hz, 3JHH  = 6.5 Hz, 2H, CH2), 1.85 – 1.76 

(m, 2H, CH2), 1.76 – 1.63 (m, 6H, CH2), 1.59 (s, 6H, CH3), 1.57 (s, 6H, CH3), 1.12 (t, 3JHH = 7.2 Hz, 

3H, NCH2CH3). 

 

LR-ESI-MS: Calculated for M = C56H68N6O3, expected [M+H]+ = 874.21, found = 874.50. 
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2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-1-(6-((2-fluoroethyl)amino)-6-

oxohexyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(6-(ethylamino)-

6-oxohexyl)-3,3-dimethyl-3H-indol-1-ium bromide (5.16): Compound 5.15 (0.03 g, 0.03 mmol) was 

dissolved in DCM (20 mL). 2-fluoroethylamine (6.40 mg, 0.06 mmol) was added, followed by HATU 

(0.02 g, 0.05 mmol) and DIPEA (0.02 mL, 0.09 mmol), forming a blue solution which was left to stir 

at room temperature. After 24 hours, the solvent was removed in vacuo to leave a blue solid. Automated 

flash chromatography (DCM to MeOH) gave 5.16 as a blue solid (8.60 mg, 29%).   

1H NMR (CDCl3, 400 MHz): δ/ppm = 8.71 (d, 3JHH = 4.7 Hz, 1H, Ar-H), 8.55 – 8.48 (m, 1H, Ar-H), 

7.76 (t, 3JHH = 8.5 Hz 1H, Ar-H), 7.68 – 7.63 (m, 2H,  HC=CH), 7.37 – 7.28 (m, 4H, Ar-H), 7.23 – 7.13 

(m, 4H, Ar-H), 7.02 – 6.92 (m, 1H, Ar-H), 5.97 – 5.77 (m, 2H, HC=CH), 4.75 (t, 3JHH = 7.1 Hz, 4H, 

NHCOCH2), 4.48 (dd, 2JFH = 47.5 Hz, 3JHH = 4.7, 2H, FCH2),  3.92 – 3.82 (m, 2H, CH2), 3.73 (s,  2H, 

ArCH2), 2.91 (m, 2H, CH2), 2.60 – 2.47 (m, 2H, CH2), 2.47 – 2.29 (m, 2H, CH2), 2.27 – 2.17 (m, 2H, 

CH2), 1.96 – 1.88 (m, 1H, CH2), 1.82 – 1.58 (m, 8H, CH2), 1.47 (s, 6H, CH3), 1.45 (s, 6H, CH3), 1.10 

(t, 3JHH = 8.5 Hz, 3H, CH3). 

 

19F NMR (CDCl3, 377 MHz): δ/ppm = -224.07 (t, 2JFH = 47.1 Hz, 1F). 

 

LR-ESI-MS: Calculated for M = C58H72FN6O3, expected [M + H]+ = 920.25, found = 920.60. 

 

 

2-Aminoethyl 4-methylbenzenesulfonate (5.17): Ethanolamine (0.25 mL, 3.89 mmol) was dissolved 

in DCM (20 mL). p-Tosyl chloride (0.87 g, 4.54 mmol) was added, followed by pyridine (0.63 mL, 

7.78 mmol), forming a yellow solution which was left to stir at room temperature. After 3 hours, the 

solvent was removed in vacuo to leave an off-white residue. Automated flash chromatography (DCM 

to MeOH) gave 5.17 as a yellow oil (0.24 g, 1.12 mmol, 29%). 
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1H NMR (CDCl3, 400 MHz): δ/ppm = 7.69 (t, 3JHH = 8.3 Hz, 2H, Ar-H), 7.21 (t, 3JHH = 8.5 Hz, 2H, Ar-

H), 6.16 (br s, 1H, NH2), 3.60 (t, 3JHH = 4.8 Hz  2H, CH2CH2NH2), 2.99 (t, 3JHH = 5.2 Hz, 2H, 

CH2CH2NH2), 2.33 (s, 3H, CH3Ar).  

 

13C NMR (101 MHz, CDCl3): δ/ppm = 144.0, 137.0, 130.2, 127.5, 61.7, 45.6, 22.0. 

 

HR-ESI-MS: Calculated for M = C9H13NO3S, expected [M + Na]+ = 238.0508, found = 238.0504. 

 

 

2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-3,3-dimethyl-1-(6-oxo-6-((2-

(tosyloxy)ethyl)amino)hexyl)indolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-

dimethyl-1-(6-oxo-6-((2-(tosyloxy)ethyl)amino)hexyl)-3H-indol-1-ium bromide (5.18): Compound 

5.7 (0.17 g, 0.18 mmol) was dissolved in DCM (20 mL). Compound 5.17 (0.09 g, 0.40 mmol) was 

added, followed by HATU (0.08 g, 0.20 mmol) and DIPEA (0.03 mL, 0.18 mmol), forming a blue 

solution which was left to stir at room temperature. After 22 hours, the solvent was removed in vacuo 

to leave a blue solid. Automated flash chromatography gave 5.18 as a blue solid (0.03 g, 0.02 mmol, 

11%). 

1H NMR (CDCl3, 400 MHz): δ/ppm =  8.71 (d, 3JHH = 4.1 Hz, 1H, Ar-H), 7.79 (d, 3JHH = 7.7 Hz, 1H, 

Ar-H), 7.77 – 7.71 (t, 3JHH = 8.2 Hz, 3H, Ar-H), 7.65 (d, 3JHH = 13.3 Hz, 1H, HC=CH), 7.38 – 7.33 (m, 

1H, Ar-H), 7.30 (t, 3JHH = 8.2 Hz 5H, Ar-H), 7.13 (t, 3JHH = 7.4 Hz, 1H, Ar-H), 6.98 (d, 3JHH = 7.9 Hz, 

1H, Ar-H), 5.92 (d, 3JHH = 13.6 Hz, 1H, HC=CH), 5.16 (t, 3JHH = 6.3 Hz, 1H, CH2), 4.94 (t, 3JHH = 5.9 

Hz, 1H, CH2), 4.75 (s, CONH, 1.99H), 4.41 (d, 3JHH = 7.0 Hz, 1H, CH2), 4.11 (t, 3JHH = 5.3 Hz, 2H, 

CH2), 3.96 – 3.85 (m, 2H, CH2), 3.68 (t, 3JHH = 5.1 Hz, 1H, OCH2), 3.18 (m, 2H, CH2), 3.12 (s, 4H, 

ArCH2), 3.09 – 3.05 (m, 2H, CH2NH), 2.57 (m, 2H, CH2), 2.41, (s, 6H, ArCH3), 2.33 (m, 2H, CH2), 

1.94 (t, 3JHH  = 6.5 Hz, 2H, CH2), 1.85 – 1.75 (m, 2H, CH2), 1.75 – 1.63 (m, 4H, CH2). 
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LR-ESI-MS: Calculated for M = C72H85N7O8S2, expected [M + H]+ = 1241.64, found = 1241.60. 

 

 

2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-3,3-dimethyl-1-(6-oxo-6-(2-

(tosyloxy)ethoxy)hexyl)indolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(5-

carboxypentyl)-3,3-dimethyl-3H-indol-1-ium-bromide (5.19): Compound 5.7 (16.90 mg, 0.18 

mmol) was dissolved in DCM (10 mL). DIPEA (3.50 µL, 0.02 mmol) was added, followed by 2-

aminoethyl 4-methylbenzenesulfonate (3.90 mg, 0.02 mmol), forming a blue solution which was left to 

stir at room temperature.  After 17 hours, the solvent was removed in vacuo to leave a blue solid. 

Automated flash chromatography (DCM to MeOH) gave 5.19 as a blue solid (10.20 mg, 0.01 mmol, 

50%).  

1H NMR (CDCl3, 400 MHz) δ/ppm = 7.76 (d, 3JHH = 2.0 Hz, 2H, Ar-H), 7.64 (d, 3JHH = 8.1 Hz, 1H, 

HC=CH), 7.42 (d, 3JHH = 8.4 Hz, 1H, Ar-H), 7.32 (s, 6H, Ar-H), 7.12 (s, 3H, Ar-H), 6.97 (d, 3JHH = 13.0 

Hz, 2H, Ar-H), 5.90 (d, 3JHH = 11.7 Hz, 1H, HC=CH), 4.75 (s, 9H, CH2), 3.97 – 3.88 (m, 2H, CH2), 

3.21 – 3.10 (m, 6H, CH2), 2.94 (d, 3JHH = 3.7 Hz, 2H, CH2), 2.80 (s, 3H, CH2), 2.64 – 2.50 (m, 14H, 

CH2), 2.45 – 2.26 (m, 29H, ArCH3 and CH2), 2.03 (d, 3JHH = 17.9 Hz, 6H, CH2), 1.94 (d, 3JHH = 9.9 Hz, 

3H, CH2), 1.82 – 1.67 (m, 12H, CH3) 

 

13C NMR (CDCl3, 101 MHz) δ/ppm = 221.9, 185.0, 179.6, 170.1, 167.8, 142.6, 140.9, 130.8, 127.8, 

123.4, 97.8, 95.9, 92.3, 89.3, 72.6, 55.3, 46.1, 29.8, 26.2, 21.5. 

 

HR-ESI-MS: Calculated for M+ = C63H74N5O7S+, expected = 1043.5469 found = 1043.5476. 
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2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-3,3-dimethyl-1-(6-oxo-6-(2-

(tosyloxy)ethoxy)hexyl)indolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(6-(ethylamino)-

6-oxohexyl)-3,3-dimethyl-3H-indol-1-ium bromide (5.20): Compound 5.19, (10.20 mg, 9.10 µmol) 

was dissolved in DCM (10 mL). HATU (5.40 mg, 14.20 µmol) was added, followed by ethylamine 

hydrochloride (2.70 mg, 33.10 µmol) and DIPEA (5.80 µL, 27.40 µmol), forming a dark blue solution 

which was left to stir at room temperature. After 4 hours, the solvent was removed in vacuo to leave a 

blue solid. Automated flash chromatography (DCM to MeOH) gave 5.20 as a blue solid (7.40 mg, 6.43 

µmol, 71%). 

1H NMR (400 MHz, CDCl3) δ/ppm = 8.71 (d, 3JHH = 4.1 Hz, 1H, Ar-H), 7.81 – 7.70 (m, 4H, Ar-H), 

7.67 – 7.58 (m, 1H, HC=CH), 7.40 – 7.26 (m, 3H, Ar-H), 7.13 (d, 3JHH = 7.9 Hz, 1H, Ar-H), 7.03 – 6.91 

(m, 5H, Ar-H), 6.85 (d, 3JHH = 8.0 Hz, 1H, HC=CH), 4.75 (s, 3H, CH2 and CONH), 4.16 – 4.08 (m, 2H, 

CH2), 3.93 – 3.86 (m, 1H, CH2), 3.26 (m, 3H, CH2), 2.60 – 2.52 (m, 5H, CH2 and CH3), 2.41 (s, 2H, 

CH2), 2.34 (s, 1H CH2), 2.25 – 2.17 (m, 1H), 1.35 (s, 9H, ArCH3), 1.24 (s, 13H, CH3). 

 

13C NMR (101 MHz, CDCl3) δ/ppm = 240.4, 230.6, 207.0, 167.2, 162.1, 138.8, 134.8, 131.9, 98.9, 97.2, 

64.5, 55.6, 53.6, 51.0, 48.7, 43.6, 38.8, 36.4, 28.8, 18.7, 17.4, 12.6. 

 

HR-ESI-MS: Calculated for M+ = C65H79N6O6S+, expected = 1070.5293, found = 1070.5374.   

 

 

Gadolinium-2,2',2''-(10-(2-((2-aminoethyl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triyl)triacetate (5.21): H3do3a-NH2 (22.50 mg, 50.40 µmol) was dissolved in H2O (5 mL). 
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GdCl3·6H2O (27.10 mg, 72.90 µmol) was added and the reaction mixture brought to pH 8 by addition 

of NaOH (0.1 M, aq.). After 22 hours, the solvent was removed in vacuo to leave a white solid. Reverse 

phase automated flash chromatography (99.9% H2O + 0.1% TFA to 99.9% MeCN + 0.1% TFA) gave 

5.21 as a white solid (16.00 mg, 26.60 µmol, 59%).  

 

Sodium-[Copper-2,2'-(7-(2-((2-aminoethyl)amino)-2-oxoethyl)-10-(carboxymethyl)-1,4,7,10-

tetraazacyclododecane-1,4-diyl)triacetate] (5.22): H3do3a-NH2 (15.40 mg, 34.50 µmol) was 

dissolved in H2O (5 mL). CuSO4·5H2O (27.10 mg, 72.90 µmol) was added and the reaction mixture 

brought to pH 6 by addition of NaOH (0.1 M, aq.). After 17 hours, the solvent was removed in vacuo 

to leave a blue solid. Reverse phase automated flash chromatography (99.9% H2O + 0.1% TFA to 99.9% 

MeCN + 0.1% TFA) gave 5.22 as a blue solid (5.40 mg, 10.19 µmol, 30%). 

 

CyDPA-[Cu(do3a-NH2)] (5.23): Compound 5.7 (13.40 mg, 14.50 µmol) was dissolved in DMF (10 

mL). Compound 5.22 (5.40 mg, 10.19 µmol) was added, followed by HATU (5.00 mg, 13.10 µmol) 

and DIPEA (1.90 µL, 10.70 µmol), forming a dark blue solution which was left to stir at room 

temperature. After 22 hours, the reaction mixture was poured into Et2O (400 mL) and left to stir. After 

3 hours, formation of a dark blue precipitate was observed. This precipitate was isolated by filtration 

before being washed into an rbf with MeOH. The solvent was removed in vacuo to leave a blue solid. 

Reverse phase automated flash chromatography (99.9% H2O + 0.1% TFA to 99.9% MeCN + 0.1% 

TFA) gave 5.23 as a blue-green solid (4.30 mg, 3.23 µmol, 30%).  



 

 
263 

 

LR-ESI-MS: Calculated for M+ = [C72H93CuN11O10]+ - Expected [M + 2Na] = 1382.15, found [M]4+ at 

~346 and [M]3+ at ~ 466.  

 

(3-Bromo-4-iodophenyl)methanamine (5.24): Compound 3.13 (0.15 g, 0.40 mmol) was dissolved in 

dry DMF (10 mL). Potassium phthalimide (0.10 g, 0.55 mmol) was added and the reaction mixture left 

to stir at 120 °C under N2. After 16 hours, the reaction mixture was poured into H2O (300 mL) at 0 °C, 

forming a white suspension which was washed with EtOAc (3 x 50 mL). The combined organic phases 

were dried over MgSO4 and the solvent removed in vacuo to leave a white solid. This solid was re-

suspended in EtOH (75 mL) and hydrazine hydrate (0.04 mL, 0.76 mmol) added, forming a white 

suspension which was left to stir at 90 °C. After 7 hours, H2O (50 mL) was added. The EtOH was 

removed in vacuo and HCl (10%, 40 mL) added to the resultant solution, which was left to stir at 90 

°C. After 16 hours, the reaction mixture was allowed to cool to room temperature. The solution was 

basified by addition of NaOH before being extracted with DCM (2 x 75 mL). The combined organic 

phases were dried over MgSO4 and the solvent removed in vacuo to leave a white solid. Automated 

flash chromatography (DCM to 25% MeOH in DCM) gave 5.24 as a yellow oil (0.12 g, 0.39 mmol, 

98%).  

1H NMR (CDCl3, 400 MHz) δ/ppm = 7.77 (d, 3JHH = 8.1 Hz, 1H, Ar-H), 7.59 (d, 3JHH = 2.0 Hz, 1H, Ar-

H), 6.94 (dd, 3JHH = 8.1 Hz, 4JHH = 2.0 Hz, 1H, Ar-H), 3.80 (s, 2H, ArCH2), 1.56 (s, 3H, NH2). 

 

13C NMR (CDCl3, 101 MHz) δ/ppm = 145.0, 140.0, 131.2, 127.1, 98.3, 45.1. 

 

HR-ESI-MS: Calculated for M = C7H7NBrI - Expected [M+H]+: 311.8897 found: 311.8886. 
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2-((E)-2-((E)-2-(Bis(pyridin-2-ylmethyl)amino)-3-(2-((E)-1-(6-((3-bromo-4-iodobenzyl)amino)-6-

oxohexyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-(6-((3-bromo-4-

iodobenzyl)amino)-6-oxohexyl)-3,3-dimethyl-3H-indol-1-ium bromide, (5.25): Compound 5.24 

(27.40 mg, 90.00 µmol) was dissolved in DCM (20 mL). DIPEA (13.90 µL, 80.00 µmol), HATU (33.40 

mg, 90.00 µmol) and compound 5.7 (74.70 mg, 80.00 µmol), forming a dark blue solution which was 

left to stir at room temperature. After 16 hours, the solvent was removed in vacuo to leave a blue solid. 

Automated flash chromatography (DCM to MeOH) gave 5.25 as a blue solid (36.60 mg, 24.20 µmol, 

30%).  

1H NMR (CDCl3, 400 MHz) δ/ppm = 8.71 – 8.64 (m, 1H, Ar-H), 8.46 (d, 3JHH = 4.7 Hz, 1H, Ar-H), 

8.39 (d,  3JHH = 3.4 Hz, 3H, Ar-H), 8.25 (t, 3JHH = 6.2 Hz, 1H, Ar-H), 8.11 (d, 3JHH = 8.3 Hz, 3H, Ar-

H), 7.71 (td, 3JHH = 7.6, 4JHH = 1.9 Hz, 1H, Ar-H), Ar-H, 7.64 – 7.54 (m, 2H, Ar-H), 7.45 (d, 3JHH = 2.1 

Hz, 1H, HC=CH), 7.34 – 7.27 (m, 2H, Ar-H), 7.23 (dd, 3JHH = 7.5, 4JHH = 5.4 Hz, 2H, Ar-H), 7.17 – 

7.11 (m, 4H, Ar-H), 6.98 (d, 3JHH = 7.9 Hz, 1H, Ar-H), 6.88 – 6.84 (m, 1H, CH2), 5.90 (d, 3JHH = 13.5 

Hz, 1H, HC=CH), 4.72 (s, 2H), 4.32 (s, 1H, CH2), 4.29 (d, 3JHH = 5.9 Hz, 2H, CH2), 3.91 (d, 3JHH = 8.0 

Hz, 2H, CH2), 3.72 (hept, 3JHH = 6.7 Hz, 3H, CH2), 3.11 (q, 3JHH = 7.4 Hz, 3H, CH2), 2.47 (t, 3JHH = 6.5 

Hz, 1H, CH2), 2.36 (t, 3JHH = 7.4 Hz, 2H, CH2), 1.84 – 1.58 (m, 5H, CH2), 1.24 (s, 7H, CH3). 

 

13C NMR (CDCl3, 101 MHz) δ/ppm = 173.8, 169.4, 157.0, 150.1, 149.3, 148.3, 142.7, 141.8, 140.4, 

140.0, 139.8, 137.5, 137.2, 135.2, 131.9, 129.4, 128.7, 128.2, 127.7, 123.9, 123.2, 123.0, 121.9, 119.4, 

109.9, 77.5, 77.2, 76.8, 60.3, 53.3, 52.1, 50.8, 48.2, 43.8, 42.3, 41.8, 36.0, 29.8, 28.8, 26.8, 25.4, 25.1, 

12.2. 
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