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ABSTRACT 

All tumours must become vascularised in order to survive and metastasise, and initiate 

angiogenesis through the dysregulated and uncontrolled release of pro-angiogenic factors. 

Such uncontrolled angiogenesis leads to highly disordered and abnormal vasculature and is 

widely recognised as a hallmark of cancer. The major angiogenic pathway hyper-activated 

in cancer is the VEGF-VEGFR2 signalling system. Anti-angiogenic therapies have been 

developed, but there is no accepted way of determining which patients will respond. The 

development of a molecular imaging probe targeting VEGFR2 through the use of PET 

represents one way to achieve this. Currently, there are no PET imaging probes which exhibit 

the required characteristics. Therefore, the initial focus of this project was to synthesise novel 

probes based around existing suitable pharmacophores. Initial libraries focusing on urea or 

indole motifs, lacked either routes to a radiolabelling precursor or selectivity on biological 

testing, and were abandoned. A third library based around the only known selective VEGFR2 

inhibitor 5-((7-benzyloxyquinazolin-4-yl)amino)-4-fluoro-2-methylphenol 98, ZM323881, 

was developed. Synthesis of 98 proceeded via the Dimroth rearrangement in three steps, 

with a shorter synthesis time, use of less toxic reagents and easier purification than published 

methods. Initial kinase profiling revealed 98 also targeted closely related kinases; VEGFR1, 

VEGFR3, RET, PDGFRα. Known inhibitor 98 and closely related analogue 4-fluoro-5-((7-

(4-fluorobenzyl)oxy))quinazoline-4-yl)amino)-2-methylphenol 101 exhibited activity 

against VEGFR2, 4.75 nM and 7.5 nM respectively. The quinazoline focused library was 

selected for radiolabelling. Initial radiolabelling revealed a debenzylation reaction occurring, 

to produce 4-(2-fluoro-5-hydroxy-4-methylphenyl)amino quinazolin-7-ol 166 during the 

radiolabelling reaction. Radiolabelling analogue 7-(benzyloxy)-N-(4-bromo—

fluorophenyl)quinazolin-4-amine 123, via the Dimroth rearrangement was troublesome and 

requires more optimisation, due the presence of the de-cyanation by-product. Initial 

biological testing presented in this thesis does not rule out the quinazoline library from its 

use as a PET imaging agent and further in vitro characterisation is required. 
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1. Introduction 

1.1. Angiogenesis 

In humans, all cells are supported through the development of a blood vasculature network. 

Organisms do this through three primary routes; vasculogenesis, sprouting angiogenesis and 

non-sprouting angiogenesis (intussusception).1 Vasculogenesis is important in the de novo 

development of a blood vasculature network. Angiogenesis is defined as the development of 

new blood vasculature from pre-existing vessels. Figure 1 highlights the different types of 

blood vessel development, with each being discussed briefly below in the context of the 

normal physiological development of vasculature networks or tumour vascularisation. 

 

 

 

Figure 1: Mechanisms of tumour vascularisation. This figure highlights the six prominent types of 

vascularisation seen in physiologically and solid tumours.2 
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1.1.1. Physiological angiogenesis 

Physiological angiogenesis is a highly regulated process and is limited in the adult, occurring 

mainly during embryogenesis.3, 4 Examples of physiological angiogenesis are menstruation 

and wound healing. In adult vasculature there is very little proliferation of the endothelial 

cells, due to the decreasing need for new blood vessel formation in healthy tissue.3 

Physiological angiogenesis involves the activation of quiescent endothelial cells to form 

ordered new vasculature and is controlled by the release of both pro-angiogenic and anti-

angiogenic factors.5, 6  

 

1.1.1.1. Vasculogenesis 

Vasculogenesis is the first process in which blood vessels are formed in utero during 

embryonic development.7 As shown in Figure 2, endothelial progenitor cells differentiate 

and proliferate in situ, occurring in an avascular tissue to form primitive tubular networks. 

These primitive tubular networks form the major vessels including; the aorta, the major veins 

and honeycomb-like plexus which connects the major vessels.7 These initial primitive 

tubular networks then undergo angiogenic remodelling, through vessel enlargement and 

pruning to form the interconnecting branching patters characteristic of mature vasculature.  

 

 

Figure 2: Recruitment of endothelial progenitor cells (EPC - mesoderm cells) are differentiated into 

haemangioblasts which form the primitive blood vessels8 
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1.1.1.2. Sprouting angiogenesis  

Sprouting angiogenesis was first described by Folkman and is defined as the development 

of a new blood vasculature from pre-existing vessels, involving several steps.2, 9  First is the 

activation of endothelial cells by growth factors binding to their respective receptors. 

Consequently, the extracellular matrix (ECM) and the basement membrane surrounding the 

newly activated endothelial cells are degraded by proteases (Figure 3). This allows the 

endothelial cells to invade the surrounding matrix, promoting proliferation and migration.10 

Polarisation of the migrating endothelial cells forms a lumen, creating an immature blood 

vessel. These immature blood vessels are stabilised through the recruitment of mural cells 

and the regeneration of the ECM.11 

 

 

Figure 3: Sprouting angiogenesis. A) activation of quiescent cells through the change in balance of pro and 

anti-angiogenic factors B) The growing spout is control through a gradient of growth factors C) The primitive 

lumen is formed through polarisation of the migrating endothelial cells D) Stabilisation of the immature 

blood vessels.12  

 

1.1.1.3. Non-sprouting angiogenesis 

Non-sprouting angiogenesis, or intussusception, is defined as the process of splitting pre-

existing blood vessels by transcapillary pillars, a process first described in the lungs of 

rabbits and rats.13 It is less well studied compared to sprouting angiogenesis and is known to 

occur when transluminal tissue pillars develop within capillaries or small arteries and vein 

(Figure 4). Subsequently, the newly formed transluminal tissue pillars create new 
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vasculature or remodelling of existing vasculature.14 Non-sprouting angiogenesis has two 

main advantages over sprouting angiogenesis. First is the development of vasculature which 

occurs with a lower rate of endothelial cell proliferation. Secondly, it is accomplished in a 

shorter space of time, with minimal tissue degradation.14 This type of vascular development 

occurs normally during physiological angiogenesis during embryonic development and can 

be stimulated through either changes in blood flow or upregulation in the expression of 

specific genes transcribing endothelial growth.14 

 

 

Figure 4: Non-sprouting angiogenesis – splitting of the blood vasculature through the insertion of tubular 

tissue pillars which leads to degradation of the ECM with endothelial cell proliferation, leading to the 

splitting of the parent blood vessel.12 

 

1.1.1.4. Lymphangiogenesis 

The lymphatic system is involved in the drainage of lymph fluid from extracellular spaces 

and is important in normal cellular function, as well as disease associated pathologies.8 It is 

developed after the blood vasculature and consists of unidirectional blind-ended, thin-walled 

capillaries, indicating a blood vasculature origin from embryonic veins.12 The lymphatic 

system is not commonly found in avascular tissue, such as hair, nails, cartilage, cornea and 

epidermis.8 Lymphatic endothelial cells (LEC) differentiate, migrate and proliferate to form 

a lymphatic plexus. Sprouting and expansion of the lymphatic plexus creates the lymphatic 

system (Figure 5).12 
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Figure 5: Development of the lymphatic system. LECs are formed during the formation of the lymphatic 

network, expression of transcription factors in the first LECs occurs in the embryonic veins. The assembly of 

the lymphatic sacs and sprouting leads to the formation of the lymphatic plexus, which expands into the 

highly branched lymphatic system12 

 

1.1.1.5. Key molecular players in physiological angiogenic signalling 

The process of angiogenesis is tightly controlled via the release of pro- and anti-angiogenic 

factors. These pro-angiogenic factors are summarised in Table 1. The release of these pro- 

or anti-angiogenic factors is controlled through the induction by hypoxia of hypoxia 

inducible factor 1α (HIF-1α) and the subsequent downregulation of this molecule when the 

areas of hypoxia have been resolved through vascularisation.4 
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Table 1: Pro- and anti-angiogenic factors involved in physiological angiogenesis15, 16 

Pro-angiogenic Anti-angiogenic 

VEGF (vascular endothelial growth factor) Endostatin 

FGF Angiostatin 

LPA Tumstatin 

S1P Canstatin 

EGF TIMP1 

PDGF-β Interferon 

HGF IL-4 and IL-12 

PlGF IP-10 

IL-8 Vasostatin 

TGF TSP-1 and TSP-2 

TIE Id1 and Id3 

angiopoietins INFγ and INFβ 

 

The upregulation or downregulation of either pro- or anti-angiogenic factors tightly controls 

angiogenesis in physiological angiogenesis. The signalling pathways involved in 

angiogenesis are shown in Figure 6 (in the context of cancer). These include VEGF-

VEGFR2, NOTCH, ANG-TIE2 signalling pathways, each of these will be described briefly 

and the respective signalling pathways shown in Figure 6. 
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Figure 6: Angiogenic signalling. This figure highlights some of the pathways involved in angiogenesis 

and the upregulation of pro-angiogenic factors through the recruitment of various growth factors and 

cytokines, showing the crosstalk between tumour cells and endothelial cells17 

 

VEGF-VEGFR2 signalling 

Activation of the VEGF-VEGFR2 signalling pathway (Figure 6 and 11) induces 

proliferation, sprouting and tubular formation of endothelial cells and is considered the key 

mediator of angiogenesis.18 Activation of this particular pathway upregulates PDGFβ which 

is known to recruit mural cells.4 VEGFR2 signalling is heavily implicated in embryonic 

vasculogenesis and angiogenesis, with high levels of expression during these processes. 

VEGFR2 deficient mice are embryonic lethal at day E8.5-9.5, and exhibit defective blood-

island formation and vasculogenesis. Importantly, yolk-sac blood islands were absent and 

organised blood vessels were not present in the yolk-sac or embryo, with a reduction of 

hematopoietic progenitors.19-21 Further consequences of activating this signalling system are 
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an increase in vascular permeability and the suppression of apoptosis during vessel 

stabilisation.20  

 

NOTCH signalling 

The NOTCH signalling pathway is responsible for a negative feedback system for VEGF 

mediated vessel sprouting through downregulating their corresponding receptors and is also 

responsible for determining fate of arterial vessels.4, 22  

 

Ang-TIE signalling 

Angiopoietins are known to be critical in the formation of vascular networks in 

developmental angiogenesis (Figure 6). Activation of this system results in endothelial cell 

apoptosis when VEGF is not present. Activation also results in interactions of the matrix and 

mural cells with the endothelial cells.4, 23 
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1.1.2. Oncological angiogenesis 

The importance of angiogenesis, for the development and survival of tumours, was first 

recognised by Judah Folkman who made the following observations: 

 Implanting patient tumours into isolated perfused organs, where there is limited 

blood vessel proliferation, led to tumours that were limited in size (approximately 1-

2 mm3). In contrast, when the xenograft is implanted into mice the tumour rapidly 

expanded (10-20mm3)24  

 Tumours implanted into subcutaneous transparent chambers demonstrated slow 

growth before exponential growth after vascularisation, this is also apparent when 

tumours were implanted into the cornea (pre-vascularisation)25, 26 

 Tumours suspended in the aqueous fluid of the eye remain viable but small in size. 

When implanted into the vascular rich iris, the tumours grow exponentially (16000 

times the original volume in two weeks)27 

 

Once a tumour reaches approximately 2 mm in size, without establishing an adequate blood 

supply, the interstitial pressure can increase. This impacts on the diffusion of metabolites 

and nutrients, essential for growth and survival.3 Due to the tumours increased demand for 

oxygen and glucose, and for the evacuation of all waste material, all viable tumour cells are 

located within 100-200 μm of vasculature network.28 Initial tumour growth occurs with 

minimal support from surrounding vasculature; when nutrients and oxygen become depleted 

the process of angiogenesis is stimulated, a well-established hallmark of cancer.4, 29 The 

point at which tumours begin to undergo vacularisation is called the “angiogenic switch” 

(Figure 7), a term first coined over 30 years ago, and is defined as the transition of the tumour 

from the latent to the invasive phase.30 Activation of the angiogenic switch is associated with 

the expression and excretion of pro-angiogenic factors, such as basic fibroblast growth factor 

(bFGF), VEGF and various other growth factors, from both the tumour and the tumour 

microenvironment.3, 4, 30, 31 From the tumour microenvirnment pro-angiogenic factors can be 

secreted by stromal cells, pericytes, cancer associated fibroblasts and tumour associated 

macrophages and are reported to correlate with disease staging, as well as overall patient 

survival.32  
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A 

B A 

 

Figure 7: The angiogenic switch. A) The tumour vasculature network is minimal and suffers from depleted 

oxygen levels and a lack of essential nutrients, triggering the angiogenic switch. B) Triggering the angiogenic 

switch causes the tumour to become more vascularised, however it is dysregulated (adapted from33) 

 

The tightly controlled angiogenic process observed in physiological angiogenesis is not 

apparent in oncological angiogenesis. Typically, oncological angiogenesis is persistent and 

unresolved which is fuelled by tumour hypoxia and the dysregulation of pro-angiogenic 

factors.4 Genetic instability may also contribute to the uncontrolled angiogenesis observed 

in tumours.4 The blood vasculature of tumours are extremely disordered, irregular, 

inadequately differentiated and abnormal in both structure and function, unlike that of 

normal vasculature.34 This favours primary tumour growth, a requirement for metastatic 

spread, through dissemination of tumour cells through the abnormal vasculature.29, 35 In 

addition to angiogenesis described in 1.1.1, tumours also utilise the following methods of 

vascular growth: vessel co-option (growth of tumours alongside pre-existing vasculature 

with invasion of host tissue)36  and vascular mimicry (formation of channels by aggressive 

and genetically deregulated cancers) to obtain adequate blood supply. The ability to control 

tumour growth through inhibition of angiogenesis has been extensively researched as a 

therapeutic target.37, 38 

 

1.1.2.1. Dysregulation of signalling in oncological angiogenesis 

Due to depleted oxygen levels as a consequence of the lack of vasculature, a state of hypoxia 

is induced within the tumour causing the production of HIF-1α.39 HIF-1α may also be 

upregulated by mutations in the vHL gene or upregulation in normoxic states, so called 
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hypoxic mimicry. The production of HIF-1α induces the upregulation of pro-angiogenic 

factors such as VEGF.28, 40 The state of hypoxia produced within the tumour itself is caused 

by the less effective nature of the tumour vasculature. Therefore to circumvent this, VEGF 

production is upregulated in order to re-vascularise the hypoxic areas (Figure 8).39 Metastatic 

spread is favoured through uncontrolled release of pro-angiogenic factors and the altered 

regulation of natural, biological tumour suppressors, such as PTEN through loss of gene 

function.41 The major signalling pathways dysregulated in oncological angiogenesis are: 

 

 VEGF-VEGFR2 – This system is implicated in the recruitment of immune cells 

which supress the anti-tumour immune response or those immune cells which 

promote tumour growth and sustained angiogenesis.4 The VEGF pathway plays a 

significant role in the regulation of tumour angiogenesis and development through 

the following mechanism.31 In response to increasing levels of hypoxia, increased 

transcription of VEGF is initiated. This leads to increased secretion of VEGF into 

the stroma and the ECM. Thus allowing receptor activation of the VEGF signalling 

system and upregulation of MMP, leading to vascular permeability. This initiates the 

migration of the vascular endothelial cells towards the cancer cells, followed by the 

formation of new blood vasculature.31 

 NOTCH-DLL4 - expression upregulated and inhibition of DLL4 in vivo results in 

inadequate vasculature and inhibits tumour growth 

 PGDF-PDGFRβ – tumour survival and recruitment of vasculature associated stromal 

cells 

 Ang-TIE2 – recruitment of tumour associated TIE2-expressing monocytes which 

promotes VEGF mediated tumour vascularisation 

 TGF-TGFR – promotes angiogenesis through inducing VEGF expression and pro-

tumorigenic phentotypes in associated stromal cells 
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Figure 8: The key molecular players involved in tumour angiogenesis. a) HIF1-α expression is induced due 

to a state of hypoxia which triggers the release of pro-angiogenic factors b) Tip cells elongate and migrate 

towards higher VEGF gradients c) Resulting vasculature is abnormal and prone to cell extravasation15 

 

 

1.1.3. The VEGF-VEGFR signalling system - The key mediator of angiogenesis 

This section will describe the role of VEGF and its receptor in the initiation, progression and 

metastatic spread of cancer as the key mediator of angiogenesis. 

 

1.1.3.1. Role of VEGF in cancer 

VEGF is considered the main inducer of angiogenesis and lymphangiogenesis in cancer 

cells. 28, 31  VEGF is known to be highly conserved between species, with an 85% homology 

between both human and rat VEGF.42 Currently seven different isoforms of VEGF (VEGFA-

F) have been identified, each with different characteristics,43 including solubility, receptor 

binding characteristics and the ability to be excreted into the ECM.44 The VEGF gene is 

located on the short arm of chromosome six. Native VEGF (VEGFA) is a basic, 

homodimeric, 45 kDa glycoprotein which is specific for receptors expressed on vascular 
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endothelial cells.42 VEGFA is commonly interchanged with VEGF in literature, as this is the 

key mediator for the receptor activation in angiogenesis.45 There are seven sub-isoforms of 

VEGFA, each differing in conformation at the 121, 145, 165, 183, 189 and 206 amino acid 

(Figure 9).  

 

 

Figure 9: VEGFA isoforms and the exons required to form the respective isoform; Key blue) exons 1-5; 

Green) exon 6; Pink) exon 7; Purple) exon 8; Yellow) exon 9 (adapted from28) 

 

The sub-isoforms of VEGFA are created by alternative splicing of mRNA and proteolytic 

processing. VEGF121 differs from the other high molecular weight VEGF isoforms, as 

VEGF121 lacks the heparin binding domain, encoded by exon 7 which binds to neuropilin-1 

(NP-1). VEGF165 is cleaved by matrix metalloproteinases (MMPs) and plasmin, creating 

VEGF110 and VEGF113 which both contain two biologically active amino terminal groups.45 

VEGFA expression is regulated by hypoxia, pH, oncogenes and the concentration of glucose 

within the cell.46 Despite each VEGFA isoform having independent functions, VEGFA165 is 

responsible for the sustained angiogenesis observed in tumours (Figure 10). VEGFA binds 

to VEGF receptor 1, 2 and also NP-1, 2. VEGFA is not involved in any heparin or matrix 

binding, and is highly angiogenic in tumours and associated with vascularisation of organs 

during development.46 VEGFC and VEGFD bind to VEGF receptor 3 and are involved in the 

growth and maintenance of lymphatic vessels (lymphangiogenesis).47  
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Figure 10: Family of VEGF proteins and their corresponding receptors located on either the vascular of 

lymphatic endothelium (adapted from48) 

 

The VEGF signalling pathway was previously discussed in this Chapter (1.1.2.1) and the 

activation is initiated through the increased production of VEGFA. Although hypoxia is a 

major factor in the upregulation of VEGF, other growth factors and nitric oxide also results 

in the increased VEGFA production (Figure 11).32 
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Figure 11: Factors responsible for VEGF production and subsequent VEGFR2 activation on the vascular 

endothelium, thus activating the signalling cascade which results in the sustained angiogenesis observed in 

cancers (adapted from49) 

 

1.1.3.2. Role of VEGFR2 in cancer 

There are three different VEGF receptor tyrosine kinases, VEGFR1, 2 and 3.50 These are 

transmembrane receptors, exhibiting tyrosine kinase activity and are permanently expressed 

on the vascular endothelium, independently of proliferation.31 The VEGF receptors are type 

III transmembrane kinase receptors, sharing a common structure.50 As shown in Figure 12, 

there is an extracellular portion of the receptor, consisting of an N-terminal signalling 

sequence and seven Ig-like domains, followed by a singular transmembrane segment.50  The 

intracellular portion of the receptor consists of a juxtamembrane segment and a tyrosine 

kinase domain. The tyrosine kinase segment is divided into the distal and proximal kinase 

domains. The proximal and distal kinase domains are separated by a 70 amino acid sequence 

Binding of VEGFA to 

VEGFR2 and subsequent 

activation of VEGFR2 

VEGFA  

Phosphorylation 

sites on VEGFR2 
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and the tail of the VEGF receptor is terminated by a carboxy group, as depicted in Figure 

12.50 

 

 

Figure 12: Simplified structure of VEGF receptor 2. VEGFR2 consisting of both an intracellular and 

extracellular portions, whilst highlighting the important tyrosine residues involved in activating the signalling 

cascade (adapted from51) 

 

The VEGF ligand binds in an overlapping fashion to VEGFR1-3, each with different 

functions. VEGFR1 is crucial for haematopoietic cell development and acts as a decoy 

receptor for VEGFR2.
31, 50 VEGFR2 modulates vascular endothelial cell development, which 
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binds VEGF in a tenfold lower affinity than VEGFR1, but with higher mitogenic potential. 

VEGFR3 is associated with lymphatic endothelial cell development and the expression is 

limited to the lymphatic endothelium.50 

VEGFR2 (also known as Flk-1/ KDR) is expressed on endothelial cells of both the vascular 

and lymphatic system, and is 1356 amino acids in length.52 When VEGFR2 is not activated, 

it exists as a monomer (Figure 13). When VEGF binds to one monomer, another VEGFR2 

monomer unit binds to VEGF. The extracellular binding causes a change in conformation of 

the intracellular portion, which is responsible for the signalling activity observed.  

 

 

Figure 13: Dimerisation of VEGFR2. Simplified representation of ligand binding, dimerisation and 

consequently receptor activation initiating a signal cascade. (adapted from53) 

 

This ligand dependent activation, described above, exposes a site which favours ATP 

binding.50 Once ATP binding has occurred, two key tyrosine residues (Tyr1054 and 

Tyr1059) are phosphorylated and the signalling cascade is activated for the recruitment of 

intracellular proteins (Figure 14). This signalling cascade results in the activation of 

p38MAPK, Pi3K/PKB and RAF/MEK/ERK pathways, which are frequently hyperactivated 

in cancer cells. Research indicates that NP-1 enhances the mitogenic effects of VEGFR2 

signalling in endothelial cells, although the exact role of NP-1 in angiogenesis is not fully 

understood. However it is thought that VEGF upregulates NP-1 expression through VEGFR2 

dependant pathways,37 forming a complex with VEGFR2 to attenuate its mitogenic 

potential.13 
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Figure 14: Cascade of signalling activated from VEGF binding to VEGFR2. Initiation of the downstream 

signalling pathway after the activation of VEGFR2 leading to sustained angiogenesis (adapted from54) 

 

1.1.3.3. Expression of VEGFR2 in cancer 

Recent publications suggest that expression of VEGFR is not solely limited to the vascular 

endothelium, but expressed, in varying levels, across the surface of tumour cells.55 Data 

suggests VEGFR2 is found on the surface of brain, breast, colon, cervical, lung and 

pancreatic tumours, although this is highly disputed within the field.55 Smith et al. suggest 

this discrepancy is due to non-specific binding of anti-VEGFR2 antibodies. They suggest 

antibody 55B11 should be standardised as it produced consistent results for the correct 

identification of VEGFR2 positive cells.56 It is well-known that sustained angiogenesis is 

considered a hallmark of cancer progression and an attractive target for chemotherapeutic 

intervention. Therefore inhibiting the VEGF-VEGFR2 signalling system may produce 

clinical benefit.29 The rest of this literature review will focus solely on targeting the VEGF-

VEGFR2 signalling system for therapeutic effect. 
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1.2. Therapeutic intervention of the VEGF-VEGFR2 signalling system 

Targeting angiogenesis as a strategy in treating cancer is highly attractive due to its 

involvement in tumour growth and metastatic spread. Due to the highly complex nature of 

the angiogenic signalling system, there are many targets available to achieve therapeutic 

inhibition of angiogenesis.57 In 1971, Folkman first proposed that preventing tumour growth 

by blocking angiogenesis in microscopic tumours, was the key to maintaining stable 

disease.58 Anti-angiogenic therapies are thought to work by ‘normalising’ the vasculature 

supporting the tumours which can aid the delivery of other chemotherapeutic agents.19 Anti-

angiogenic therapy can also minimise tumour growth of well-established tumours. This can 

enhance the effects of conventional chemotherapy or radiotherapy, by causing the tumour 

cells to become stressed.19 As previously highlighted, the key mediator of angiogenesis is 

the VEGF-VEGFR2 signalling system, therefore this section will discuss its role in 

angiogenesis. 

Thereafter, research has focused on the development of anti-angiogenic therapies, with 

therapeutic inhibition of VEGF-VEGFR2 pathways being the most investigated approach for 

the treatment of cancer. Strategies for targeting the VEGF-VEGFR2 pathway are based on 

either neutralisation of VEGF by antibodies or traps or the direct targeting of VEGFR2 

(Figure 15).59  
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Figure 15: Therapeutic strategies of anti-angiogenic agents. The specific mechanism of actions of generic 

classes of inhibitors which target either VEGFA, VEGFR2 or neuropilin could result in tumour regression or 

enhancing clinical response55 

 

As previously highlighted anti-angiogenic therapies are split into two distinct categories, 

either targeting VEGFA or VEGFR2, each of the therapeutic strategies will be discussed 

briefly. 

 

1.2.1. Molecular targeted VEGF/VEGFR2 therapies 

Targeted therapies are those therapies which have the capability to target a specific 

biological process, whereas cytotoxic chemotherapies target all rapidly growing cells. The 

transition from traditional cytotoxic chemotherapy to molecularly targeted therapy has led 

to the development of personalised therapy. This is focused on the premise that molecularly 

targeted therapies focus of pathways which tumours commonly exploit, such as VEGF-

VEGFR2 signalling. However due to the lack of biomarkers assessing treatment efficacy, 

anti-angiogenic agents cannot be classed as targeted therapy, and it is frequently used in 



Chapter One  Literature Review 

22 
 

combination with conventional cytotoxic therapies. This is not to say anti-angiogenic 

therapy will not become targeted therapy upon discovery of specific biomarkers. Biomarkers 

will be discussed later in this Chapter (1.2.5). 

 

1.2.2. Inhibitors targeting VEGFA 

Ferrara et al. highlighted that neutralising antibodies bound to VEGF slowed tumour growth 

and also demonstrated the limited side effects associated with antibody use.60 This next 

section will discuss the two main strategies for targeting VEGFA. 

  

1.2.2.1. Bevacizumab 

The first anti-angiogenic agent to be FDA approved in 2004 was Bevacizumab (tradename 

Avastin).60 It is a humanised monoclonal antibody which neutralises VEGF, preventing 

receptor activation. Like the murine parent antibody, Bevacizumab binds to all sub-isoforms 

of human VEGFA including any bioactive proteolytic fragments.61 Importantly, the 

pharmacokinetics of Bevacizumab were consistent with other humanised monoclonal 

antibodies.62 Genentech conducted phase I clinical trials in 1997, which demonstrated the 

single agent use of Bevacizumab was relatively non-toxic and the addition to conventional 

chemotherapy did not increase the toxicities observed using conventional chemotherapy.63, 

64 Furthermore, phase II clinical trials comparing the use of Bevacizumab as a single agent 

or in combination with fluorouracil and leucovorin, revealed single agent use demonstrated 

greater clinical benefit in non-small cell lung cancer (NSCLC) and combined use with the 

fluorouracil and leucovorin in colorectal cancer (CRC) was beneficial.65 Bevacizumab is 

currently approved for use in lung and renal cancers and glioblastoma multiforme of the 

brain.66, 67 

 

1.2.2.2. Afilerbercept 

The soluble VEGFR decoy Afilerbercept (Figure 16) is commonly known as a VEGF trap. 

Its proposed mechanism of action is to bind to excess VEGFA, thus preventing VEGFR2 

activation and subsequent initiation of the signalling cascade.68 Afilerbercept is a fusion 

protein, which contains the Fc region of IgG and the extracellular binding domains of 

VEGFR1 and VEGFR2. Therefore, it should be capable of binding VEGFA with the same 

potencies as previously described, for the respective VEGFR, earlier in this chapter. 

Aflierbercept is also known to target VEGFB and PlGF, both known to be activators of 
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angiogenesis.69, 70 This could potentially overcome any resistance mechanism sought by the 

tumours through alternative pro-angiogenic factors. Afilerbercept is currently involved in 

phase III clinical trials to assess its therapeutic efficacy in metastatic (CRC), pancreatic, 

metastatic androgen-independent prostate cancers and NSCLC.71, 72, 73, 74 

 

Figure 16: Aflibercept – A simplified representation. The protein highlighted in green is from the FC domain 

of IgG, the purple domain is the VEGF binding domain of VEGFR2 and the blue portion is the VEGF 

binding domain of VEGFR1. (adapted from75) 

 

1.2.3. Tyrosine kinase inhibitors targeting VEGFR2 

There have been several tyrosine kinase inhibitors (TKI) which demonstrate the ability to 

inhibit VEGFR2 signalling. Structural similarity of VEGFR1-3 often causes a lack of 

specificity of the TKI.50  This lack of specificity between VEGFR1-3 allows simultaneous 

inhibition of VEGFR1 and VEGFR2, which may be required for the prevention of metastatic 

disease.76 These TKIs include Sunitinib 1, Sorafenib 2, Pazopanib 3 and Vandetantib 4 

(Figure 17). TKIs which target VEGF receptors aim to reduce angiogenesis and 

lymphangiogenesis have been extensively investigated as potential targeted therapies. TKI 

are typically small molecules, which compete with ATP by binding inside the ATP pocket.50 
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Figure 17: Structures of four clinically relevant TKIs 

 

Multi-targeted therapeutic strategies are employed in cancer treatment, as VEGFR2 

inhibition alone may promote overexpression of angiogenic factors and hypoxic tumour cell 

survival the development of resistance.50 Consequently, this may select for cells that use 

alternative pro-angiogenic pathways, such as MET signalling.50 Anti-cancer therapies based 

on anti-angiogenic agents are, in theory, less toxic than other chemotherapeutic strategies, 

with the most common adverse events being thromboembolic event, gastrointestinal 

perforation and hypertension.77 Those heavily pre-treated patients with ovarian cancer can 

be at higher risk of these adverse events and are therefore not suitable for anti-angiogenic 

therapy.78 This makes the administration of anti-angiogenic therapies potentially more 

suitable for long-term administration, due to their limited side effects. However they are 

associated with some adverse events which is dependent on associated comorbidities.50  

Some drug discovery programmes favour lead candidates which exhibit a lack of selectivity 

for one target, this is termed polypharmacology or promiscuity.79 This can include a single 

candidate acting on multiple targets of a particular pathway or a single drug acting on 

multiple independent targets of multiple pathways.79 Interestingly, an up-side to 

polypharmacologic candidates could be the discovery of therapeutic agents which exhibit 

activity for more than one target.  The highly conserved nature of the ATP binding site of 

kinases means any type I inhibitor can bind inside the ATP of the active kinase, therefore 

exhibiting wide promiscuity.80 Whereas, most type II inhibitors bind to the inactive kinase, 

occupying a hydrophobic pocket adjacent to the ATP pocket. Despite this, type II inhibitors 

still exhibit some promiscuity between the kinases and many TKIs exhibit different degrees 
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of selectivity for a broad range of targets.80  One postulated mechanism to explain this 

promiscuous nature of some TKIs suggest that functional groups of the TKIs may covalently 

bond with proteins forming an irreversible bond. Alternatively the TKI may contain a 

privileged scaffold which has the capacity to bind to several tyrosine kinase families.81 

Promiscuous inhibitors may be of clinical value when a tumour may contain overexpression 

of a range of kinases or mutations in several signalling pathways. This can be troublesome 

when developing an inhibitor which targets a singular kinase for the development of an 

imaging probe.  

 

1.2.3.1. Sunitinib 1 

In 1994, Sugen identified the indolin-2-one scaffold to target VEGFR2 whilst testing against 

PDGFR.82 The promiscuous inhibitor Sunitinib 1 (also known as SU11248 or Sutent) 

exhibits both anti-tumour and anti-angiogenic properties and is known to inhibit tumour cells 

which are dependent on either PDGFR or VEGFR signalling.83 Importantly, neither PDGFR 

or VEGFR were required for 1 to exhibit anti-tumour properties.83  It was first approved for 

use in the clinic, by the FDA in 2006, as first line therapy for advanced renal cell carcinoma 

and Imatinib-resistant gastrointestinal stromal tumours (GIST).84, 85 Sunitinib highlights the 

use of the indol-2-one core and is known to target VEGFR1, VEGFR2, FLT-3, cKIT, 

PDGFRα and PDGFRβ. In vitro studies demonstrated that 1 can inhibit growth of VEGF, 

PDGF and KIT driven cell lines. It is also known to induce apoptosis in human umbilical 

vein endothelial cells (HUVEC).50  

 

1.2.3.2. Sorafenib 2 

Sorafenib 2 is a urea based kinase inhibitor initially developed as BAY 43-9006 by Bayer 

Pharmaceuticals in 2001, and was identified from a library of 1000 compounds, via a high 

throughput screen.77, 86 Preclinical data revealed 2 to inhibit VEGFA induced 

phosphorylation of both VEGFR1 and VEGFR2 in HUVECs, and is also known to be active 

against the V600E mutation commonly found in RAF driven cancers. Dual RAF and 

VEGFR2 inhibitor 2 is a small molecule tyrosine kinase inhibitor which has been shown to 

inhibit cellular proliferation and angiogenesis in different tumours, including RCC, 

hepatocellular carcinoma, NSCLC, ovarian, CRC and differientiated thyroid cancers.84, 86 
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1.2.3.3. Pazopanib 3 

The second generation indazole based small molecule TKI, Pazopanib 3, is a multi-targeted 

inhibitor which gained FDA approval in 2009, demonstrating activity against RCC, NSCLC, 

pancreatic islet cell tumours, ovarian, breast tumours and sarcomas.87  On a kinase level, 3 

is known to target all VEGFRs and PDGFRβ as well as other essential proteins involved in 

angiogenesis and improves PFS in metastic RCC.45, 87   

 

1.2.3.4. Vandetanib 4 

Small-molecule quinazoline based TKI Vandetanib 4, targets VEGFR2, RET, VEGFR3, 

FLT-1, PDGFRβ, Tie-2, FGFR1 and EGFR with potencies less than 2 µM and was initially 

developed by Astrazeneca.54, 88 FDA approval of 4 was achieved in 2011 and was the first 

TKI to gain approval for treatment against symptomatic or progressive medullary thyroid 

cancer in patients with localised or metastatic cancer.89, 90 Greater potential for anti-tumour 

efficacy of 4 has been achieved as it has the ability to simultaneously target both VEGFR2 

and EGFR, in high expressing cell lines.90 Proliferation in breast, lung, melanoma, CRC and 

prostrate cell lines is known to be inhibited on treatment with 4.90 

 

1.2.4. Summary of current therapies targeting the VEGF-VEGFR2 signalling system 

Anti-angiogenic approaches which inhibit blood vessel growth in cancer, have led to FDA 

approval of VEGFR inhibitors (Table 2).33 These therapies can be a source of controversy, 

as resistance to the inhibition of the VEGF-VEGFR2 pathway can develop, which can allow 

the tumour activate alternative angiogenic signalling pathways.33 As a result, it is unclear 

which cohorts of patients will benefit from therapies targeting the VEGF-VEGFR2 signalling 

system. Some cohorts of patients, with advanced disease, initially show response to anti-

angiogenic therapy quickly show progressive disease despite aggressive therapy.91, 92 A 

biomarker may have use in the identification of those patients which are most likely to 

respond to anti-angiogenic therapy. This could be achieved by identifying a dependence in 

the VEGF-VEGFR signalling pathway, with higher or lower levels of VEGFR2 expression. 
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Table 2: List of antiangiogenic agents (adapted from93, 94) 

Drug Pharmacophore 
Mode of 

Action 
Targets 

Cancer 

targeted 

Clinical 

status 

Bevacizumab - MAB VEGF 
colorectal, 

NSCLC 
approved 

Afilbercept - VEGF-Trap VEGF 

ovarian, 

metastatic breast 

cancer 

phase III 

Axitinib indazole RTK 

VEGFR1-3, 

PDGFR and 

c-KIT 

RCC, ovarian, 

NSCLC, GIST 
phase III 

Cediranib quinazoline/indole RTK 

VEGFR1-3, 

PDGFR-β 

and c-Kit 

NSCLC, RCC, 

CRC, CNS 
phase III 

Motesanib indoline RTK 

VEGFR1-3, 

PDGFR and 

c-kit 

breast, thyroid phase III 

Pazopanib indazole RTK 

VEGFR1-3, 

PDGFR alpha 

and beta 

and c-kit 

metastatic RCC approved 

Regorafenib urea RTK VEGFR2 CRC unknown 

Sorafenib urea RTK 

Raf, VEGFR2 

and -3, 

PDGFR, and 

c-kit 

RCC, 

heptallocarcoma 
approved 

Sunitinib indolin-2-one RTK 

VEGFR, 

PDGFR, Flt-

3, c-kit, 

RET, and 

CSF-1R 

RCC, GIST approved 

Vandetanib quinazoline RTK 

VEGFR-2, 

PDGFR-, 

EGFR, 

and RET 

metastatic 

thyroid cancer 
phase III 

Vatalanib phthalazine RTK 

VEGFR1-3, 

PDGFR-, and 

c-kit 

multiple tumour phase II 
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1.2.5. Biomarkers for the VEGF-VEGFR2 signalling system 

Given the varying degrees of response or non-response seen in the clinic from the use of the 

clinically available anti-angiogenic treatments, biomarkers are an important tool for 

predicting probable treatment response and also quantifying treatment response. 

Identification of a VEGF-VEGFR2 specific biomarker is of upmost importance as inhibition 

of this pathway can associated with serious adverse events, some of which are fatal. 

Therefore, identifying patients with a dependence on this pathway could potentially improve 

patient outcomes, whilst mimising the risk of adverse events from unwarranted anti-

angiogenic therapy.95, 96 Biomarkers can be defined as cellular, molecular or functional 

parameters which can be indicative of genetic or the functional status of a biological system. 

Biomarkers are identified through pre-clinical, epidemiological or clinical trials. Biomarkers 

can be utilised for staging, prognosis, diagnosis, receptor expression status and treatment 

prediction.97 Biomarkers can be split into three distinct categories, as defined below: 

 Predictive biomarker - Predictive biomarkers allow the identification of a smaller 

subset of patients where this line of therapy is most likely to be beneficial. Predictive 

markers such as hypertension, circulating markers and single nucleotide 

polymorphisms (SNPs)97 

 Prognostic biomarkers - Prognostic biomarkers have the ability to predict the overall 

survival of a patient, regardless of the line of therapy, but not therapeutic response. 

Either the presence or absence of prognostic biomarkers can be used to select 

patients for therapy, therefore, it is closely linked with the predictive biomarker98  

 Pharmacodynamic biomarker - Pharmacodynamic biomarker allows the 

identification of biomarkers which change in response to therapy. Monitoring these 

biomarkers can give an indication to potential long term success. The identification 

of a pharmacodynamic biomarker is dependent on the treatment given97 

 

Currently in the literature both predictive and prognostic biomarkers are used 

interchangably, however as described above there are differences between both types of 

biomarkers.98 Therefore for the purpose of this project, the literature review will be focused 

on discussing either predictive or pharmacodynamic biomarkers. 
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1.2.5.1. Predictive biomarkers 

Predictive biomarkers are important for identifying smaller cohorts of patients which share 

similar biological characteristics. These characteristics can be detected by molecular, 

biochemical methods or via imaging. Predictive biomarkers allow appropriate treatment to 

be selected based on the characteristics of interest.  

The next section will briefly highlight potential predictive biomarkers measured via ex vivo, 

non-imaging based, methods. 

 

Circulating (or blood-borne) biomarkers 

Although less invasive than tissue based biomarkers, circulating biomarkers provide 

systemic information and are arguably less informative about tumour biology.99 Circulating 

markers such as baseline VEGF have yielded disappointing and, often, contradictory results. 

High basal levels of VEGF can indicate survival benefit in some cancers, whilst being 

indicative of poor prognosis in others. These differing levels of baseline VEGF can be seen 

as a prognostic biomarker, as they are not predictive of response to anti-angiogenic 

treatment.97, 100 In a randomised phase II clinical trial with Vandetanib, lower baseline VEGF 

levels were correlated to an improved progression free survival (PFS) in advanced NSCLC 

patients. Lower basal levels of VEGF also correlated with a longer time to progression (TTP) 

with metastatic breast carcinoma when treated with Bevacizumab and chemotherapy and 

PFS with HCC treated with Sunitinib.101 Ko et al. investigated the use of VEGFA as a 

circulating biomarker when 46 patients were treated with gemcitabine, cisplatin and 

Bevacizumab for pancreatic changes. Whilst the amount of circulating VEGF increased 

during treatment, it was found that this was not of prognostic value.102 Dowlati et al. 

investigated the predictive value of VEGFA levels at baseline and found a correlation with 

low levels and enhanced PFS, in NSCLC patients treated with Bevacizumab, carboplatin 

and paclitaxel.103
 Drevs et al. also confirmed low basal levels of VEGFA were associated 

with low risk of disease progression in Vandetanib treated NSCLC.104  A phase II clinical 

trial confirmed higher basal levels of serum VEGFR2 was correlated with longer PFS in 

Apatinib treated advanced breast cancer.105 Therefore, higher pre-treatment levels of 

VEGFR2, predicts clinical benefit upon treatment with Sunitinib.106 
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Tissue based biomarkers 

Tissue based biomarkers are important as they can indicate any changes occurring within the 

tumour during treatment.99 However, in practice this is difficult to achieve due to the 

invasiveness of biopsy procedures and the heterogeneity of the samples acquired. On 

acquiring biopsy samples, immunohistochemistry (IHC) could be performed to assess the 

expression or phosphorylation of VEGFR2 or of VEGFA.  Other hurdles for IHC of biopsies 

are the lack of agreement in the literature as to which antibody is the gold standard and the 

requirement of repeat biopsies. However, thus far no conclusive evidence has been obtained 

to predict treatment outcome of anti-angiogenic behaviour.99 A recent study by Wilson et al. 

highlighted that upon treatment with oxaliplatin-based chemotherapy with either additional 

Vatalanib or placebo treatment (CONFIRM-1 trial), a higher basal intra-tumour gene 

expression level of VEGFR2 corresponded to a longer progression free survival. The primary 

endpoint in both arms of the trial, however did not correlate with overall survival.107  

There are some research groups currently investigating the predictive nature of tumour 

microvascular density.108 Two independent studies found when treating with Bevacizumab, 

in conjunction with radiation therapy and fluorouracil, there was a decrease in microvascular 

density in CRC, although other studies could not support the findings of the previously 

described studies.109-111 However, an increase in apoptosis was observed with no change in 

the proliferation rate.111 It could be postulated that any remaining vasculature has been 

‘normalised’ by the anti-VEGF therapy, though this needs more thorough investigation. 

 

1.2.5.2. Pharmacodynamic biomarkers 

Given the transient responses seen to either anti-VEGFA or anti-VEGFR2 therapy, the 

identification of a pharmacodynamic biomarker is required to monitor therapeutic response. 

Currently response to personalised therapy is monitored by the Response Evaluation Criteria 

in Solid Tumour (RECIST), published in 2000. The RECIST criteria states that the number 

of lesions assessed should be no more than ten, with a limit of five per organ. With CT or 

MRI imaging, transaxial imaging is usually used to determine the longest dimension of the 

neoplasm for RECIST evaluation of therapeutic response.112  

RECIST response criteria is split into four categories: 

 Complete response – disappearance of tumour lesions for a minimum of four weeks 

 Partial response – decrease in tumour volume of at least 30% for a minimum of four 

weeks 
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 Stable disease – no change in tumour dimensions 

 Progressive disease – a minimum of 20% increase in the sum of all tumour 

dimensions 

 

Concerns were raised regarding the RECIST criterion which is based around anatomic 

response, especially where cytostatic therapies (newer therapies) are utilised where stable 

disease would be the ideal endpoint. An example of this is in GIST tumours, Imatinib treated, 

where tumour lesions decrease in size slowly but the patients live for extended periods with 

stable disease.112 However, a pharmacodynamic biomarker may distinguish those patients 

with stable disease resulting from treatment and stable disease resulting from ineffective 

treatments. 

Pharmacodynamic biomarkers are currently being investigated to study anti-angiogenic 

treatment efficacy, as a companion to the RECIST criteria described above. This next section 

will discuss both tissue and circulating biomarkers investigated to meet this clinical need.  

 

Circulating (or blood-borne) biomarkers 

Siegel et al. discussed the use of monitoring changes in VEGFA levels in response to therapy 

as a pharmacodynamic biomarker.113 The study found that an increase in VEGFA levels was 

associated with disease progression in Bevacizumab treated unresectable hepatocellular 

carcinoma. In a phase I clinical trial, Stopeck et al. concluded an increase in urine VEGFA 

was associated with responders in Semaxinib treated advanced cancer.114  

Burstein et al. studied changes in soluble-VEGFR3 (s-VEGFR3) in respect with Sunitinib 

treated metastatic breast cancer, concluding decreases in s-VEGFR3 is linked with a 

decreased overall survival.115 Duda et al. investigated changes in s-VEGFR1 when advanced 

CRC is treated with Bevacizumab.116 The study concluded monitoring s-VEGFR1 levels 

could be a pharmacodynamic biomarker.  
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Tissue based biomarkers 

As discussed previously in this Chapter, clinical data making use of tissue based biomarkers 

is limited due to the invasive and repetitive nature of biopsy. Fountzilas et al. highlighted 

the clinical significance of high initial intra-tumoural VEGFR3 expression and subsequent 

changes in VEGFR3 expression post-treatment were linked with clinical response.117 

Whereas a general overexpression of VEGFR1 at baseline was linked with poor OS.117 The 

AVAGAST clinical trial to identify suitable tissue based biomarkers, found no significance 

in the expression of VEGFR levels and outcome with Bevacizumab and chemotherapy.118 

Interestingly, a strong correlation with low NP-1 expression and overall survival was 

observed but not statistically significant.118 This is particularly interesting, as previously 

discussed, NP-1 is involved in forming heterodimers with VEGFR2, possibly highlighting 

the use of NP-1 as a predictive biomarker.118 

 

Hypertension 

Hypertension is a common side-effect during treatment with a VEGF-VEGFR2 targeting 

agent, seen in approximately 20% of patients with grade three hypertension. Although the 

exact mechanism is not fully understood, it is postulated that VEGF dependant signalling 

activation influences NO-synthase activity. This reduces NO production resulting in 

increased vasoconstriction  and ultimately hypertension.100 Monitoring blood pressure may 

give an early indication of therapeutic response, as shown by Hanvick et al. who conclude 

blood pressure should be monitored for the first month following initiation of anti-VEGFR2 

therapy.119 

It is clear from examining the literature there is no single pharmacodynamic or predictive 

biomarker available to be standardised across the multitude of cancers for anti-VEGF or 

VEGFR2 targeted therapies. However, recently molecular imaging has been used to image 

the VEGF-VEGFR2 signalling system as a replacement of the more traditional biomarkers. 
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1.2. Molecular imaging of the VEGF-VEGFR2 signalling system 

1.2.1. What is molecular imaging? 

Molecular imaging can be defined as the non-invasive characterisation, visualisation and 

measurement of biological processes, both at molecular and cellular level.120 Since its first 

conception, it has supported improvements in early diagnosis and therapeutic monitoring in 

oncology, cardiology and neurology. Molecular imaging also has place in advancing drug 

discovery and development, understanding protein-protein interactions and enzymatic 

conversions.121 

Modern oncology now requires precise information about the location and size of the tumour 

and possible involvement of lymph nodes.121 This information can be obtained through both 

structural imaging (computed tomography (CT), magnetic resonance imaging (MRI) and 

ultrasound (US)) and molecular imaging (positron emission tomography (PET) and single 

photon emission computed tomography (SPECT)). Figure 18 highlights the sensitivity of 

imaging techniques towards different aspects of a biological system. 

 

 

Figure 18: Relative sensitivity of medical imaging techniques (adapted from 122) 

 

Molecular imaging techniques can provide information on metabolic and physiological 

processes within the target tissue. These techniques include PET and SPECT which allow 

the monitoring of different metabolic processes, such as angiogenesis. They also allow 

monitoring within the same biological system over time, supporting repeated in vivo 

measurements of different critical pathways occurring in the neoplasm.122, 123 These critical 

pathways include: metabolism, proliferation, apoptosis and angiogenesis.44 All these 
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pathways are exploited in order to quantify therapeutic responses or stratify patients 

according to receptor expression status. 

Molecularly targeted therapies often result in cytostasis rather than cytoreduction. A prime 

example of this is Bevacizumab which, as previously discussed, targets VEGFA.124 

Consequently, anatomical imaging modalities such as CT and MRI have limited scope to 

assess early treatment response, therefore a lack of disease progression cannot be used as a 

response measure for early detection.125 Therefore, the development of molecular imaging 

biomarkers are important as these can provide information on a cellular and molecular level 

regarding changes in target expression, altered cellular signalling, alterations in metabolism 

and differences in molecular characteristics can be detected.125 Due to the lack of circulating 

and tissue based biomarkers being consistently identified, an imaging based biomarker or 

the VEGF-VEGFR2 signalling system is essential.101 Identification of an imaging based 

biomarker may prevent patients from receiving potentially toxic treatment if it would make 

no difference to overall patient outcome. Therefore developing a molecular imaging probe 

which is capable of assessing the tumours dependence on the VEGF-VEGFR signalling 

pathway, or assessing the expression level of VEGFR2 is key. The imaging approach is 

desirable due to the non-invasive nature of this system, negating the need for repeated 

invasive biopsies.  

 

 

1.2.2. Use of molecular imaging to visualise the VEGF-VEGFR2 signalling system 

Molecular imaging has been used to either quantify treatment response or visualisation of 

VEGFR2 expression. The current approaches for imaging this system are described in the 

sections below. 

 

1.2.2.1. Ultrasound 

An Austrian neurologist, Karl Theo, was the first clinician to apply US as a medical 

diagnostic tool for imaging the brain.126 US is the most widely utilised medical imaging 

technique to provide real time quantification.127 US is a safe imaging technique not involving 

the use of ionising radiation and is relatively low cost in comparison to other imaging 

techniques.  

Modern medical US is primarily performed using a pulse-echo approach with brightness-

mode (B-mode) displays. This displays the acoustic impedance of a two-dimensional cross-



Chapter One  Literature Review 

35 
 

section of the imaged tissue. Despite its great clinical utility, US has pitfalls depending on 

the acoustic impedance of the tissue imaged. Imaging lung tissue is problematic for US due 

to the low acoustic impedance generated. Recently, US can be used as a source for cancer 

therapy. US is used in sonodynamic therapy, enhancing the activity of chemotherapy 

regimens and sonoporation to induce apoptosis and necrosis. 

Dynamic contrast-enhanced ultrasound (DCE-US) has been developed for non-invasive 

imaging of monitoring anti-angiogenic treatment response.128 Contrast agents for US are 

encapsulated in microbubbles at a similar size to red blood cells, thus restricting their 

distribution to the vasculature. The encapsulated gas microbubbles exhibit high 

echogenicity, thus providing real-time assessment of the tumour vasculature and 

microvasculature.128 Modifications of these encapsulated gas microbubbles to include 

additional ligands have been developed to target specific receptors expressed on the vascular 

endothelium. A prime example of a receptor expressed on the vascular endothelium is 

VEGFR2.   

BR55 is a VEGFR2 targeting microbubble developed by Bracco Suisse and has been shown 

to be specific for VEGFR2 imaging and monitoring therapeutic response.129 Upon testing 

BR55 against two treatments which are known to either target VEGFR2 or not (Sunitinib or 

Imatinib), it was found that BR55 was selective in showing differences between the 

treatments, through targeting VEGFR2.
128 A lower level of VEGFR2 expression as well as a 

reduction of tumour mass, was observed after Sunitinib therapy. Therefore,  BR55 is capable 

of detecting the early changes associated with anti-angiogenic treatment in CT26 tumours 

(mouse colon cancer).128 When BR55 microbubbles are used to monitor Sorafenib therapy, 

changes in differential targeted enhancement (dTE) were compared for the responders and 

non-responder group (as assessed by increases in tumour volume). dTE is representative of 

a numerical value which is directly proportional to the amount of microbubbles bound to 

VEGFR2.
129 In Huh7 xenografts (hepatocyte cell carcinoma) at baseline those in the non-

responding group had higher dTE levels.129 
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1.2.2.2. Magnetic Resonance Imaging 

MRI involves the use of radiowaves and a strong magnetic field creating detailed images of 

soft tissue. The principle of MRI is similar to NMR involving the protons in the water which 

generate the signal for MRI imaging. MRI can be used in cancer detection, staging, therapy 

response and biopsy guidance.122 

MRI used to image malignancies is focused on relaxivity-based imaging, both with and 

without contrast, and blood oxygen determination (BOLD) imaging.122 There are several 

techniques which can be utilised to image perfusion and diffusion, cellular surface targets, 

enzyme activity and ultimately intracellular events, such as dynamic contrast enhanced-MRI 

(DCE-MRI).130  DCE-MRI is a quantitative method of studying microvasculature structure 

and function by monitoring the pharmacokinetics of the low-weight contrast agents.131 This 

technique is highly sensitive towards changes in vascular permeability, extracellular 

extravascular and vascular volumes, in blood flow.130, 131 The images of DCE-MRI are T1-

weighted and the concentration of the contrast agent is measured when it passes from the 

vasculature into the extracellular space, and whether it goes back into the blood vessels. The 

contrast agent used on DCE-MRI is typically a gadolinium based small molecule.132 

Parameters which describe the shape of the contrast agent concentration-time curve are a 

combination of blood flow, volume, vascular permeability and extracellular extravascular 

leakage space (ESS). The initial area under the contrast agent (IAUC) is easy to calculate, 

reproducible and is routinely used as a biomarker in clinical trials monitoring therapeutic 

efficacy.131 Table 3 summarises the use of DCE-MRI to identify biomarkers for the VEGF-

VEGFR2 signalling system. As shown in Table 3, no imaging DCE-MRI biomarker was 

identified when investigating antibody based VEGF therapy for either a predictive or 

pharmacodynamic biomarker. 
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Table 3: DCE-MRI predictive or pharmacodynamic biomarkers of antibody based therapy 

Trial 

Phase 

Number 

of 

patients 

Drug 

(cancer) 

DCE-MRI 

biomarker 

Drug 

induced 

changes 

Predictive or 

pharmacodynamic 
Ref 

phase I 31 

CDP791 

(advanced 

cancer) 

Kep 
no DCE-MRI 

change 
no significant value 

Ton et 

al.133 

phase I 20 

HuMV833 

(advanced 

cancer) 

Kep, K
trans, 

rBV 
↓Kep no significant value 

Jayson et 

al.134 

phase II 20 

Bevacizumab 

(breast 

cancer) 

Ktrans, Ve ↓Ktrans no significant value 
Wedam et 

al.111 

phase II 26 

Docetaxel 

and 

Bevacizumab 

Kep ↓Kep no significant value 
Overmoyer 

et al.135 

Ktrans volume transfer constant between plasma and EES; Ve volume of ESS per unit volume of tissue; Kep rate constant; rBV regional blood volume; ESS extravascular 

space;  

 

Table 4 highlights the attempts to identify a suitable DCE-MRI biomarker based around TKI 

therapy. As clearly demonstrated there is a lack of agreement for a suitable biomarker when 

treating with the same therapy. Although DCE-MRI is advantageous for targets of some 

patient stratification and monitoring treatment efficacy, it is not of any valuable use in 

developing a molecular imaging biomarker for the VEGF-VEGFR2 signalling system. Thus 

strengthening the need to identify a suitable alternative imaging technique to develop a 

molecular imaging biomarker. 
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Table 4: DCE-MRI predictive or pharmacodynamic biomarkers of TKI based therapy 

Trial 

Phase 

Number 

of 

patients 

Drug 

(cancer) 

DCE-MRI 

biomarker 

Drug 

induced 

changes 

Prognostic and 

Predictive value 
Ref 

phase I 11 Semaxinib Kep NS no significant value 
Dowlati et 

al.136 

phase I 14 

Vatalanib 

(advanced 

cancer) 

Ki, rBV ↓Ki 

change in Ki predicts 

progression 

pharmacodynamic 

Conrad et 

al.83 

phase II 27 

Vandetanib 

(breast 

cancer) 

IAUC, 

Ktrans 
↓IAUC no significant value 

Miller et 

al.137 

phase II 20 
Sorafenib 

(renal) 
Ktrans ↓Ktrans 

high baseline, change 

in % of Ktrans
 predicts 

PFS 

both predictive and 

pharmacodynamic 

Flaherty et 

al.138 

phase II 24 Semaxinib Ktrans NS no significant value 
O`Donnell 

et al.139 

phase II 27 SU6668 IAUC NS no significant value 
Xiong et 

al.140 

Kep rate constant; rBV regional blood volume; IAUC initial area under the contrast agent concentration; Ki unidirectional influx constant 
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1.3. Nuclear medicine imaging of the VEGF-VEGFR2 signalling system 

1.3.1. What is nuclear medicine? 

Nuclear medicine provides unique opportunities to image the pathophysiology of cell 

processes.141 Conventional nuclear medicine involves the use of radioisotopes for SPECT 

and PET imaging. Hybrid techniques, such as PET/CT, are commonly used for dual 

functional/anatomical assessment of solid tumours.141 This next section will highlight the 

use of SPECT and PET in imaging the VEGF-VEGFR2 signalling system. 

 

1.3.1.1. Single photon emission computed tomography 

SPECT is a tomographic technique based on acquiring γ emissions from varying projections, 

which are then reconstructed into three-dimensional images.142 Radioisotopes used in 

SPECT imaging decay through the release of a single photon, resulting in limited sensitivity. 

The most commonly used radioisotope in SPECT is 99mTc, with a half-life of six hours.  

SPECT is widely used in clinical practice and due to the wide availability in hospitals.143 

VEGF121 and VEGF165, the two most mitogenic VEGFA isoforms, have been assessed for 

their potential use in SPECT.144 Both isoforms have been radiolabelled with iodine-123 and 

the binding properties assessed against a panel of cell lines. Biological activity of both the 

radiolabelled VEGF isoforms was identical to non-radiolabelled isoforms in human 

umbilical vein endothelial cells (HUVECs), this showed promise due to low immunogenicity 

and exhibited activity in a wide range of cell lines.145 Both 123I-VEGF165 and 123I-VEGF121 

demonstrated specific binding sites, however 123I-VEGF121 bound to more tumour types.145 

Another study involved the use of PAE/VEGFR2 cell lines which express roughly 2×105 

VEGFR2/cell.146 scVEGF was radiolabelled with 99mTc-tricine and was found that Sunitinib 

does reduce uptake of 99mTC-scVEGF in MDA-231/luc xenografts, with a decrease in 

VEGFR2 immunostaining after four days of Sunitinib treatment. Interestingly, the Sunitinib 

treated xenografts promoted decrease in VEGFR2 immunostaining was lower than the 

decrease in CD31 immunostaining. This could indicate endothelial cells with increased 

VEGFR2 expression are more resistant to Sunitinib therapy. The decrease in 99mTC-scVEGF 

could be reversed after a three day holiday from the treatment regime.146 This particular 

approach would be most useful as a pharmacodynamic biomarker, monitoring treatment 

efficacy though monitoring changes in VEGFR2 expression. 
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1.3.2. Introduction to PET 

Positron emission tomography (PET) is a tomographic technique which a 3D picture can be 

built up according to the distribution of radioactivity can be considered as the most sensitive, 

non-invasive imaging technique.88, 147 The next section will describe the use of radionuclides 

and their decay in PET imaging.  

 

1.3.2.1. Positron emission and annihilation 

Positron emitting radionuclides are typically prepared via cyclotrons, which propel protons 

to high speeds to bombard the stable nuclei of nitrogen, oxygen and carbon atoms. This 

produces an unstable isotope, which undergoes positron emission (release of a positron (β+) 

and a neutrino) as shown in Figure 19. The highly energetic positron formed has a short 

lifetime in electron rich matter. When travelling through human tissue, the positron gives up 

their kinetic energy through Coulomb interactions with electrons, following random paths 

through tissue. When the positron reaches thermal energies, they interact with electrons 

through annihilation or via forming hydrogen-like orbitals named the positronium. However 

the positronium formed only lasts for 10-10 seconds before annihilation occurs, releasing two 

γ-photons at almost 180° apart. This opposite trajectory is also known as the line of response 

(LOR), vital for tomography that allows for electronic collimation, resulting in the higher 

sensitivity for PET over SPECT.148 These photons are highly energetic, therefore there is a 

high probability these photons will be detected externally. The photons which are emitted in 

a same geometry are detected, the line joining the two trajectories are joined and this gives 

precise information about the point of annihilation. This point of annihilation coincides with 

the location of the PET probe. This image reconstruction can be used to evaluate the bio-

distribution of the PET probe, providing cross-sectional images which can be done via a 

number of methods.148 
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Figure 19: Radioactive decay of the unstable, neutron poor 11C to the more stable 11B via the release of a 

positron, followed by the collision of the positon with an electron producing two γ photons 

 

PET requires minimal concentrations of the radiolabelled probe for efficient imaging, the 

common radionuclides used in PET imaging are shown in the Table 5.149  

 

Table 5: Common radionuclides used in PET imaging (adapted from149-151)  

Radionuclide Half-life % Positron emission 
Mean range in water 

(mm) 

11C 20.4 min 99.7 1.1 

15O 2.03 min 99.9 1.5 

18F 109.8 min 97 0.6 

68Ga 68 min 88 2.9 

82Rb 75 sec 96 1.7 

89Zr 3.3 days 22.8 1.2 

 

 

The radioactive probes commonly used in PET imaging can be either specific to a particular 

metabolic process or bind to a target of interest, a radiotracer or a radioligand respectively 

(Table 6). These probes provide a detailed image of the biological process of targeted tissue 

structure.88  
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Table 6: Examples of radioligands and radiotracers used in clinical practice (adapted from152) 

Probe Biological Target Type of cancer 

[18F] or [11C]-Choline Lipid metabolism prostate  

[11C]-Methionine Amino acid metabolism brain tumours 

[18F]-Fluoromisoindazole Hypoxia lung, head and neck 

[18F]-FDG Metabolism variety 

[68Ga]-PSMA PSMA prostrate 

[18F]-FLT Proliferation rapidly growing sarcomas 

 

 

1.3.3. Development of a VEGFR2 specific PET probe 

The development of a PET probe is typically in response to an unmet clinical need with the 

potential to increase the standard of care for patients. The following are typically considered: 

 specific targets for common diseases153 

 specific targets for uncommon diseases153 

 a probe which could target processes in multiple diseases (e.g. [18F]-FDG)153 

 use of the probe which can offer advantages over other imaging techniques153 

 

There are several criteria a new potential PET probe must satisfy and the next section will 

discuss these features in the context of the development of a PET probe for VEGFR2. 

 

1.3.3.1. High affinity for VEGFR2 

Molecular targets are often expressed in varying levels, therefore the affinity of the PET 

candidate must satisfy the density of the target. For example, as VEGFR2 is expressed at low 

levels, its detection requires a probe with a high affinity. Expression levels of VEGFR2 in 

HUVECs is 5800 ± 300 receptors/cell.154 This receptor density for VEGFR2 in HUVECs is 

relatively low in comparison to EGFR which has a receptor density of 3.3 × 106 

receptors/cell.155 Ideally the optimal target to non-target ratio is the maximum target density 

(Bmax) divided by the affinity of the probe. Bmax/Kd can be used to calculate maximum 

theoretical contrast for potential labelled antagonists and inhibitors before commencing 

further in vivo studies.120, 153 The dissociation constant (kd) of the ligand-target complex is 

typically in the nM range, for when the Bmax of a target is low.156 For example, β-amyloid 

has a Bmax of 1000-2000 nM which therefore requires a Kd of 2 nM to obtain sufficient 

binding potential.157 There are some cases in which the affinity for the target is too high, 
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which causes the limiting factor to be the delivery time of the tracer, although in some cases 

this is an ideal feature.158 Therefore a lower affinity probe would be acceptable, which eases 

the dissociation of the ligand from the target through displacement with the endogenous or 

exogenous ligand. This achieves a pseudo-equilibrium is a shorter timeframe.159 VEGFR2 is 

expressed at a lower level then VEGFR1 (1800 ± 300 receptors/cell in HUVECs and 

VEGFR3 is approximately 2900 receptors/cell in HUVECs).154, 160 Therefore PET probe 

must exhibit a greater affinity for VEGFR2. As previously mentioned VEGFR1 acts a decoy 

receptor, thus self-regulating angiogenesis. 

 

1.3.3.2. High contrast ratio 

Conclusions drawn from low quality images can be confusing and misleading. High 

resolution images, with high signal-to-noise ratio, are required for adequate interpretations. 

Preferably a tracer will have high uptake with slow wash-out from the target tissue and low 

uptake with fast clearance from normal organs.120 Therefore the PET candidate must 

accumulate within the target or ROI and clear low affinity binding within the half-life of the 

tracer. 

 

1.3.3.3. High selectivity for VEGFR2 over other kinases 

The potential candidate must be selective for the target to avoid confounding the PET image, 

thus avoiding misinterpretation. This includes preferential binding for one target if there is 

more than one sub-type. Typically, it is acceptable for the potential probe to exhibit 100 

times stronger binding between the target and non-targets.156 As previously discussed, there 

are three potential targets in the VEGFR family. Although VEGFR3 is not structurally 

similar, there are structural similarities between VEGFR1 and VEGFR2 (43.2% overall 

sequence homology for VEGFR1 and VEGFR2).
161 As TKIs mainly target the ATP binding 

pocket, this introduces the lack of selectivity observed in the clinic which is a great challenge 

in meeting this criteria when developing a novel PET candidate. Competition with ATP 

could be an important factor to consider, especially if the candidate could be a type I 

inhibitor, as previously discussed.  

 

1.3.3.4. Lipophilicity 

Lipophilicity is fundamental when predicting the physiochemical properties of a compound. 

It also plays a pivotal role in absorption, distribution, metabolism and elimination of the PET 
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candidate. Very polar compounds (low cLogP) are highly soluble in water, exhibit fast 

clearance in by the kidneys and often contain easily ionisable functional groups. High 

lipophilicity is associated with increased nonspecific binding, therefore for successful PET 

imaging an ideal logP should be around 1-4, which is the typical range for previous 

successful small-molecule radiotracers.149 Typically scaffolds which target VEGFR2 are 

bicyclic structures which increases logP, there are several strategies to circumvent this. 

These strategies include isosteric replacement or hydrogen bonding which has the capability 

of mimicking a bicyclic structure.  

 

1.3.3.5. High metabolic stability 

Image quality and associated quantitative analysis relies heavily on the stability of the tracer. 

Any radiometabolites entering the ATP binding site of VEGFR2 can complicate the 

quantification of changes in binding density. Consequently, the potential candidate should 

not generate problematic metabolites.120,162 Therefore, in cases where uptake and washout 

of the parent drug is faster than production and accumulation of radio-metabolites in the 

plasma, radio-metabolites may not reach sufficient concentration to confound PET 

images.163 

 

1.3.3.6. Adequate half-life 

The half-life of a potential candidate (Teff) is defined as the time required to reduce the 

radioactivity in an organ or the whole body to half its original value due to both elimination 

and decay. Therefore, it is the function of both its physical half-life (Tp) and its biological 

half-life (Tb), this described by Figure 20.164  

 

 

Figure 20: Calculating the effective half-life of the potential candidate 

 

It can, therefore, be surmised that if Tp>Tb then Teff ≈Tb and if Tb>Tp then Teff≈Tp. It can be 

inferred here that the effective half-life of the radiotracer is dependent on the half-life which 

is lesser in value. The effective half-life ideally should match the time window required to 

image the biological process. For example the effective half-life should allow accumulation 

1

𝑇eff
=

1

𝑇p
+
1

𝑇b
 



Chapter One  Literature Review 

45 
 

in the ATP binding site of VEGFR2, allowing equilibrium to be reached. However, the 

effective half-life should be short to avoid extended exposure to radiation.164  

 

1.3.3.7. Toxicity 

Despite the PET probes being administered below the therapeutic level, close monitoring is 

required for any potential biological effect. A potential imaging probe should have a minimal 

level of immunogenicity and toxicity before it would be available for clinical use.120  

 

1.3.3.8. Ease of radiolabelling  

Due to the relative short half-life of fluorine-18 (109.7 minutes), incorporation of the 

radionuclide must be achieved within two synthetic steps prior to scanning. For routine 

clinical use of a successful candidate, the radiolabelling must be adapted for automated 

synthesis.120, 165 The radiosynthesis must be achieved in sufficient yields (5-40% non-decay 

corrected), with high radiochemical purity (<95%) and with high specific activity.166 

 

1.3.4. PET imaging in cancer 

PET in oncology has several important roles including: diagnosis, staging, stratification of 

patients with receptor expression status and monitoring treatment efficacy. This next section 

will focus on current strategies targeting the VEGF-VEGFR2 signalling system in the 

development of either a predictive or pharmacodynamic biomarker. 

 

1.3.4.1. Imaging the VEGF-VEGFR2 signalling system 

The two main approaches for imaging the VEGF-VEGFR2 signalling system can be split 

into the two main categories highlighted in the therapeutic intervention section; either 

targeting VEGFA or targeting the ATP binding pocket of VEGFR2. This next section will 

discuss both these strategies for predictive biomarker discovery. 

 

1.3.4.2. Imaging VEGFA 

Any bio-molecule radiolabelling strategy must not alter the binding or pharmacokinetic 

profile of the parent compound. The choice of radionuclide is an important factor, as the 

half-life of the isotope must be compatible with the biological half-life of the parent 

compound. Typically mABs are larger in size, up to 150 kDa and PET isotopes commonly 
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used in mAB-PET imaging are 124I, 89Zr and for fragments of mAB, 68Ga, 64Cu, 86Y. 68Ga is 

of particular interest due to the isotope as it can be produced from a gallium generator, or a 

cyclotron.167 

 

Bevacizumab 

Bevacizumab can be radiolabelled with zirconium-89 and can be used visualise tumour 

levels of VEGFA, and quantify the efficacy of treatments.168 A recent study by van der Bilt 

et al.  demonstrated a correlation between [89Zr]-Bevacizumab uptake, in three different 

ovarian cancer xenografts, and treatment with everolimus. A correlation was found between 

[89Zr]-Bevacizumab uptake and levels of VEGFA, with decreased uptake observed in treated 

tumours.168 

Targeting heat shock protein 90 (HSP90) with NVP-AUY922 has been shown to down-

regulate VEGFA expression, through HIF and NFκB dependent pathways.169, 170 Nagengast 

et al. highlighted higher uptake of [89Zr]-Bevacizumab was observed in pre-treated A2780 

xenografts compared to CP70 xenografts. Following two weeks treatment with NVP-

AUY922, a 44% decrease in [89Zr]-Bevacizumab uptake was observed in the A2780 

xenografts, whilst no change in uptake was observed in the CP70 xenografts.170 Ex vivo 

studies were performed to determine if the decrease in [89Zr]-Bevacizumab uptake was 

driven by a treatment induced change in VEGFA levels. ELISA studies determined a 

decrease, in VEGFA levels, of 69% and 20% for the A2780 and CP70 xenografts 

respectively. Haematoxylin and eosin staining showed after two weeks of treatment 

increased tumour necrosis was not present. Thus indicating the decreased uptake of the tracer 

was not due to tumour necrosis, but decreasing levels of VEGFA, highlighting its potential 

use as a pharmacodynamic biomarker.170 

The first clinical study of [89Zr]-Bevacizumab, in breast cancer patients, showed an excellent 

correlation with VEGFA expression and uptake. [89Zr]-Bevacizumab also positively 

identified 25 out of 26 patients, with a higher uptake in tumours than surrounding normal 

tissue and no adverse events reported.171 This is important as it has potential to be a 

predictive biomarker. Although no findings were reported on treatment outcome [89Zr]-

Bevacizumab was able to distinguish between different levels of VEGFA expression.171 A 

further study by Gaykema et al. evaluated the clinical utility of [89Zr]-Bevacizumab in 

evaluating changes in VEGFA expression after treatment with the HSP90 inhibitor NVP-

AUY922.172 Unfortunately, no correlation was seen between [89Zr]-Bevacizumab uptake, 

5.7% average increase post NVP-AUY992 therapy, and anatomical changes observed by 
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CT. This 5.7% increase in [89Zr]-Bevacizumab uptake could be due to the presence of bone 

metastases, which could not be identified by CT due to the small size of the tumour.172 

Oosting et al.  performed a pilot clinical study evaluating [89Zr]-Bevacizumab use in 

metastatic RCC. The 22 patients were enrolled and split into two groups receiving either  

Bevacizumab/interferon-α or Sunitinib therapy.173 VEGFA plasma levels were determined at 

baseline, 11 and 19 days into the study, with a view to correlate with [89Zr]-Bevacizumab 

uptake. Unfortunately no correlation between plasma VEGFA levels and [89Zr]-

Bevacizumab uptake was found. Interestingly, this study found significant differences in 

[89Zr]-Bevacizumab uptake between the two therapies. From baseline to the first scan at 

week two, [89Zr]-Bevacizumab uptake was decreased by 47%, with Bevacizumab/interferon 

α therapy. The Sunitinib treated arm had an average decrease 14% of [89Zr]-Bevacizumab 

uptake, however this dramatically increased by 73% after a therapy holiday of two weeks.173 

This increase in [89Zr]-Bevacizumab uptake for the Sunitinib arm can be explained by a 

release of VEGFA by normal cells. An elevated uptake of [89Zr]-Bevacizumab at baselines 

was found to correlate with a longer time to progression (TTP). Uptake of [89Zr]-

Bevacizumab was found to be heterogeneous intra and inter patient. Although further studies 

are required to confirm whether [89Zr]-Bevacizumab can be used as a predictive biomarker 

due to time constraints taken for mABs to localise in the tumour. 

 

 

VG76e 

VG76e is an IgG1 monoclonal antibody radiolabelled with 124I which directly targets human 

VEGF.174 VG76e has been used in PET imaging of solid tumour xenografts in immune 

deficient mice.174 Collingridge et al. developed [124I]-SHHP-VG76e to quantify 

biodistribution in HT1080 subclones (26.6 or 1/3C respectively). Immunoreactivity of this 

radioligand was poor. Three different attempts at radiolabelling VG76e all resulted in a 

maximum bound activity of 34% in comparison with the unlabelled VG76e. Although it was 

confirmed that [124I]-SHHP-VG76e did bind to VEGFA, a large amount of non-specific 

binding was observed when challenged with unlabelled VG76e. This radioligand exhibited 

time-dependant accumulation in the tissues, peaking at 24 and 48 hours respectively in the 

tumour region.175 No further studies have been published using this mAB. 

 

64Cu-DOTA-VEGF121 

PET imaging of VEGFR expression, in vivo, was first conducted using a 64Cu radiolabelled 

probe, 64Cu-,4,7,10-tetraazacyclododecane-N,N’,N”,N”’-tetraacetic acid (64Cu-DOTA-
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VEGF121).
176 Radiolabelling of the complex was achieved through the chelation of the 64Cu 

to the DOTA-VEGF121 conjugate. Evaluation of the 64Cu-DOTA-VEGF121, in vivo, with 

U87MG human glioblastoma xenografts showed rapid and specific accumulation of the 

radioligand in the smaller tumours 4 hours post-injection.176  In comparison, larger tumours 

exhibited a slower radioligand uptake, with the differences accounting for the expression of 

VEGFR2, mainly due to the differences in tumour localisation.176 

 

1.3.4.3. Imaging angiogenesis with RGD targeting PET probes 

αvβ3 is a dimer belonging to the integrin family of cell adhesion molecules, consisting of 

noncovalent transmembrane bound molecular subunits, that play a vital role in 

angiogenesis.177 αvβ3 acts as a receptor for proteins which express the Arg-Gly-Asp (RGD) 

tripeptide sequence, such as collagen, von Willebrand Factor, fibrinogen and osteoponin.178 

Normally αvβ3 is expressed at relatively low levels on the surface of normal endothelium; 

however, αvβ3 is overexpressed on the activated vascular endothelium of a range of tumours, 

thus making it a candidate target for a PET imaging agent for the imaging of angiogenesis.179 

Several RGD based probes have been described, each with different structures and all exhibit 

similar in vivo pharmacokinetic properties.180-184 The next section will briefly discuss each 

of the RGD radioligands as a predictive or pharmacodynamic biomarker, and are shown in 

Figure 21.   
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Figure 21: Structure of three RGD PET candidates (7-9) and their positioning of fluorine-18 highlighted in 

red185, 186 

 

[18F]-Galacto-RGD 

Galacto-RGD 5 (Figure 21) is based on the cyclic peptide c(RGDfK) and allows for 

radiolabelling with fluorine-18, via the prosthetic group 2-[18F]-fluoropropionate. Thus far 

clinical studies of [18F]-5 have been conducted with the following tumour types: 

glioblastoma multiforme (GBM), NSCLC, breast cancer, melanoma, RCC, CRC, sarcoma 

and squamous cell carcinoma of the head and neck.179 
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With an affinity of approximately 5 nM, 5 exhibits high affinity for αvβ3. Biodistrubtion 

studies demonstrated its primary excretion route is via the kidneys, with fast clearance from 

the blood and muscle tissue.187 Enhanced tracer uptake of [18F]-5 in tumours expressing αvβ3 

has been observed, but is also found to accumulate in the colon, liver as well as the 

kidneys.187 In A431 xenograft models, [18F]-5 was found to localise on the endothelium 

expressing αvβ3.
188 Although A431 do not express αvβ3 themselves, they do significantly 

induce angiogenesis.189  

The first clinical use of [18F]-5 was in 2005, with variable tumour uptake in nine patients 

with melanoma, sarcoma, villonodular synovitis and renal cell carcinoma, although the 

tracer was well tolerated with no notable side-effects. In this study, [18F]-5 uptake correlated 

significantly with αvβ3 expression.185 This was further confirmed by a later study which 

showed the same correlation between [18F]-5 uptake and αvβ3 expression.181 Another clinical 

study compared the uptake of [18F]-5 with [18F]-FDG (discussed in detail further in this 

Chapter (1.3.4.5)) in 18 patients with metastatic disease.190 Out of 59 lesions, uptake of [18F]-

5 was observed in 76%; missed lesions were located in the liver, bone, lung, lymph node, 

soft tissue and the adrenal gland.190 Also the SUV for [18F]-5 was significantly lower than 

[18F]-FDG, with the exception of one patient with bronchus carcinoid. Importantly there was 

no correlation with either primary tumour or secondary tumours and uptake of either [18F]-

5 or [18F]-FDG. This is suggestive of no correlation between αvβ3 expression and 

metabolism. [18F]-FDG exhibited superior uptake in tumour cells in comparison to [18F]-5, 

which can be explained to their mechanism of action. The mechanism of [18F]-FDG will be 

discussed in more detail later in this Chapter (1.3.4.5), but briefly [18F]-FDG accumulates 

inside the tumour cell. Whereas, [18F]-5 localises on the surface of endothelial cells which 

are not as abundant as the number of tumour cells, which potentially accounts for the 

differences in uptake.190 Also [18F]-FDG is also a radioligand, therefore the equilibrium level 

will be higher than the radiotracer [18F]-5. This study concluded that [18F]-FDG is superior 

in the detection of lesions (i.e. staging of the cancer) and [18F]-5  could provide superior 

information on treatment planning and response, a pharmacodynamics biomarker, though 

further extensive evaluation is required. The clinical use of [18F]-5 is limited owing to its 

difficult radiolabelling and challenging automated synthesis.191 Despite this, [18F]-5 has a 

reasonable detection rate of 59-94%, however this was not superior to [18F]-FDG.192, 193 

Therefore it can be concluded that [18F]-5 can be used as a companion to [18F]-FDG for the 

management of oncological disease. 
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[18F]-FPPRGD2 

αvβ3 expression has also been quantified using a dimeric RGD peptide, [18F]-FPPRGD2  

([18F]-6, Figure 21).
194 Dimer [18F]-6 has a higher binding affinity than the monomeric 

equivalents, potentially this could be due to the multi-valency effects of binding to αvβ3. In 

H460-bearing mice with HCT116 xenografts treated with Bevacizumab, preliminary work 

demonstrated significant uptake of [18F]-6 occurred prior to notable significant changes in 

the tumour size occured.195 Preclinical studies demonstrate good signal-to-background ratios 

and reproducibility between subject, with limited toxicities observed.194  

An initial pilot study evaluating the use of [18F]-6 in eight breast cancer patients, revealed 

favourable localisation in both primary and secondary tumours. Three lesions were identified 

in one patient which were not identified by a [18F]-FDG scan. In this first pilot study, no 

adverse events were reported involving the use of [18F]-6.196 Minamimto et al. conducted a 

clinical study comparing [18F]-6 with [18F]-FDG in six patients with either cervical or 

ovarian cancers, with a total of 52 lesions.197 In this study both pre- and one week post-

treatment scans were conducted for [18F]-6 and the standard of care six weeks post-treatment 

[18F]-FDG scan, treatment of Bevacizumab. As noted with [18F]-5, there was also no 

correlation between [18F]-6 uptake and [18F]-FDG uptake.197 This strengthens the theory that 

metabolism and angiogenesis are not linked. No changes in the uptake of [18F]-6 were seen 

in normal organs after anti-angiogenic treatment, however changes were observed in as little 

as one week post-treatment in tumour uptake. Interestingly, a decrease in [18F]-6 uptake was 

seen in those patients who exhibited responses. Whereas, in one patient who had progressive 

disease an increase in [18F]-6 uptake was observed. Importantly, this demonstrates [18F]-6 

use as a potential pharmacodynamic biomarker for monitoring anti-angiogenic therapy.197 

 

 [18F]-Fluciclatide 

[18F]-Fluciclatide ([18F]-7, Figure 21) is a small radiolabelled peptide developed by GE 

Healthcare which contains the RGD terminal sequence and is capable of binding to αvβ3 and 

to αvβ5 (11 nM and 0.1 nM respectively).178, 191 In comparison to [18F]-5, [18F]-7 

radiosynthesis is simpler through the reaction of the aminooxy precursor with [18F]-4-

fluorobenzaldehyde.180, 186 Total synthesis time is shorter in comparison to [18F]-5 (170 v 

200 minutes respectively) with less reaction steps, although a hit in specific activity is 

observed.180, 185, 186 Pharmacological properties of [18F]-7 are enhanced through the 

introduction of PEG groups, disulfide bridges and cyclisation.191 
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RGD containing peptide, [18F]-7 exhibits high affinity for αvβ3 and has been employed to 

monitor the treatment efficacy of anti-angiogenic treatment using PET.178 Preclinical studies 

monitoring the efficacy of Sunitinib against glioblastoma xenografts showed significant 

decreases in radiotracer uptake in the treated group versus the untreated.178 Despite showing 

a decrease in tracer uptake at day two, no significant change was observed after day two of 

treatment. Potentially, this could indicate the inadequacies of either the radiotracer or 

treatment regime. In another study, conducted by Morrison et al. [18F]-7 was used to monitor 

the efficacy of ZD4190 against Calu-6 xenografts (lung adenocarcinomas), and a marked 

decrease in tracer uptake in the tumours of the treated population was observed, all though 

treatment outcomes were not reported.178, 198 Both of these pre-clinical studies confirm the 

ability of [18F]-7 to differentiate between differences in levels of αvβ3 expression and 

monitoring αvβ3 levels in vivo. However, this also may indicate the inability to differentiate 

between tumour cells and inflammatory cells.198 

In the first clinical study of [18F]-7, Kenny et al. explored the distribution, stability and the 

ability of the radiotracer to localise in the tumour site, along with evaluation as a biomarker 

tool.193 Seven patients were injected with [18F]-7 with no adverse events reported. [18F]-7 

was able to locate all 18 tumours, as observed by CT, and was also able to find a lesion 

which was not detected by CT. Distribution of [18F]-7 was found to be localise to the tumours 

or the tumour periphery. This study also concluded the radioligand exhibited fast clearance 

from the blood and normal lung tissue. Both primary and secondary tumours exhibited 

preferential uptake with respect to the surrounding tissue. Although some heterogeneous 

localisation of radioligand was observed, but this could be due to the heterogeneous nature 

of angiogenesis which required further investigation.193 

A clinical study of 18 patients with either chromophobe, non-chromophobe and oncocyte 

renal cancer or melanoma, demonstrated no correlation between tumour size and [18F]-7 

uptake. Interestingly, [18F]-7 was able to differentiate between the different types of renal 

malignancies, with greater uptake seen in chromophobe malignancy than the non-

chromophobe malignancy. The time activity curves are shown in Figure 22, where a rapid 

localisation of [18F]-7 in the tumours is observed, followed by a plateau and quick clearance 

from the blood and normal tissue. Due to the plots becoming linear, this could be suggestive 

of irreversible binding kinetics.192  
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Figure 22: Time activity curves of [18F]-7 in the different malignancies investigated when compared to 

normal kidney, muscle and blood192 

 

Limitations of this study were: only one tumour was evaluated in those patients with 

metastatic disease; differences in tumour uptakes between malignancies could be due to the 

small size of the study.192 Despite these limitations, [18F]-7 was able to distinguish between 

the highly vascularised tumours and those which are not (chromophobe and non-

chromophobe respectively). Determining the vascular nature of renal malignancies is of vital 

importance and could be predictive of treatment response, influencing therapeutic options. 

This is an example of [18F]-7 being evaluated as a stratification marker, through evaluating 

the expression status of either αvβ3 or αvβ5.
192  

In a recent publication, Sharma et al. investigated the reproducibility of [18F]-7 in the 

following cancers; NSCLC, breast, ovarian, CRC, melanoma, pancreatic, head and neck, 

cervical, GBM, mesothelioma, sarcoma and neuroendocrine.199 Eligibility criteria for the 

study stipulated the patients were not to receive current treatment, avoiding any bias from 

previous treatment through interfering with levels of αvβ3. PET scans with [18F]-7 were 

obtained ten days apart and assessed for the reproducibility. Importantly the SUVpeak was 

not significantly different for each [18F]-7 acquisition in the two sessions, on a lesion by 

lesion basis (0-2% difference).  Moreover, the reproducibility seen in this study is consistent 

with the reproducibility data of [18F]-FDG obtained in large, multi-centre studies, which is 

important for the development of an in vivo biomarker.200 
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1.3.4.4. Imaging expression of the VEGF receptor using TKI-PET 

Imaging with small radiolabelled inhibitors has the potential to offer a more sensitive and 

direct approach to assessing the expression status of a specific receptor and monitoring 

treatment efficacy without requiring multiple invasive biopsies, which are complementary 

to the imaging approaches described previously. This enhances the potential for more 

personalised therapies, optimising doses and increasing the awareness of early responders.201 

Intracellular protein kinase PET imaging is focused on the radiolabelling of known TKI, and 

related compounds currently involved in clinical trials, with either carbon-11 or fluorine-18. 

In the last ten years, seven clinically relevant kinase inhibitors have been assessed for their 

potential use in PET, most of these have failed due to a lack of inherent selectivity of the 

parent inhibitor. The following section will review the literature pertaining to the 

development a VEGFR2 specific TKI-based PET probe. 

 

PAQ 

An analogue of 4, PAQ 8 (Figure 23) has an IC50 for VEGFR2 of 10 nM and 1 nM for the S 

and R enantiomer respectively.202 This analogue also achieved better selectivity for VEGFR2 

over VEGFR1 (both S- and R- 500 nM) and EGFR (S- 100 nM and R- 200 nM),203 crucial in 

the development of a PET probe.  

 

 

 

Figure 23: Analogues of 4 which have shown some promise in the development of a VEGFR2 specific PET 

probe 
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Synthesised from the desmethylated via the wet carbon-11 method, [11C]-8 exhibited high 

metabolic stability, with less than 1% metabolised over a 30 minute period by liver 

microsomes.202 Biodistribution in healthy mice revealed [11C]-8 was rapidly distributed into 

the tissue from the blood. Despite the rapid distribution, clearance from the blood was slow, 

the activity remaining stable between 10-40 minutes. Initial distribution occurred in the 

lungs, then the kidneys and liver where levels of radioactivity plateaued over 30 minutes. 

Attempts to block [11C]-8 uptake in these VEGFR2 rich organs with the unlabelled 8, resulted 

in a decrease in radioligand uptake in the specific organs, cold 8 was injected 15 minutes 

post injection with [11C]-8. This is suggestive of saturation of the ATP binding sites, which 

could not be displaced with [11C]-8, revealing a potential irreversible binding or very slow 

dissociation.202 Radiolabelled quinazoline, [11C]-8 demonstrated an ability to detect 

VEGFR2 expression around the tumour periphery, although uptake was heterogeneous. Both 

TUBO and B16F10 demonstrated variable uptake of [11C]-8, which could be suggestive of 

the heterogeneous nature of angiogenesis, location of xenograft or a lack of selectivity.202 

Due to the varied nature of [11C]-8 uptake, further development of this radioligand in more 

extensive xenograft studies is required before it can enter the clinic, as either a predictive or 

pharmacodynamic biomarker. However, it demonstrates potential as a companion to [18F]-

FDG. 

Samén et al. presented a follow-up study evaluating the use of (R)-[11C]-8 uptake, as a 

predictive biomarker to stratify levels of VEGFR2 expression in a MMTV-PyMT cell line.204 

This study used MMTV-PyMT (polyoma middle T antigen), an oncoprotein which is 

controlled by mouse mammary tumour virus, as it is known that invasive mammary tumours 

with pulmonary metastases develop around 12-15 weeks in this model. The MMTV-PyMT 

model has been shown to be dependent on endothelial progenitor cell infiltration and forms 

highly vascularised tumours, ideal for studying VEGFR2 expression.204 As previously 

mentioned, (R)-[11C]-8 has an affinity for VEGFR2 of approximately 1 nM, whilst 

demonstrating a 200 fold selectivity over EGFR. Biodistribution studies for (R)-[11C]-8 were 

conducted and compared to the racemic [11C]-8 for both mice and rats. Uptake in the 

VEGFR2 rich organs (liver, lung and kidney) remains high, this could demonstrate 

specificity due to the relatively high levels of VEGFR2 expression in these organs. In 

comparison to the racemic [11C]-8, there was a lower uptake of (R)-[11C]-8 in the kidney in 

mice, whilst similar levels of uptake in the liver and enhanced uptake in the lungs are 

evident.204 In mice, the uptake of both the racemic [11C]-8 and (R)-[11C]-8 decreased from 

ten minutes to one hour. Potentially this distribution profile of (R)-[11C]-8 in mice is 

advantageous, minimising any background signals. This higher uptake of (R)-[11C]-8 in the 
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liver, lungs and kidneys of mice is not surprising as it is well-known that VEGFR2 is 

abundantly expressed in the vasculature of adult mice.204 Interestingly, uptake of (R)-[11C]-

8 in tumours was proven to be associated with VEGFR2 and a higher microvascular density, 

as confirmed by IHC and immunofluorescence.204 [18F]-FDG were performed in conjunction 

with (R)-[11C]-8 to discern if any additional information could be obtained over [18F]-FDG. 

Interestingly, (R)-[11C]-8 was able to identify a site of lung metastases which was missed by 

[18F]-FDG, further ex vivo immunofluorescence confirmed the uptake of (R)-[11C]-8 with a 

high area of angiogenic activity and, therefore, could be used in conjunction with the αvβ3 

imaging probes described in this Chapter (1.3.4.3). This is the first demonstration that a 

VEGFR2 specific radioligand has the potential be more specific for the detection of tumours 

which express VEGFR2 than [18F]-FDG. However, further investigations with a range of 

xenografts are needed before (R)-[11C]-8 can be put forward for clinical trials as a predictive 

biomarker. 

Similar to [11C]-8, (R)-[18F]-9 has the same core scaffold with the exception of the N-methyl 

switched for a fluoroethyl group (Figure 23).205 After the synthesis of (R)-[18F]-9, studies 

were performed using glioblastoma tissue samples. Autoradiography was performed to 

determine if (R)-[18F]-9 binds to VEGFR2 and also blocked with either (R)-8 or ZM323881, 

known selective inhibitors of VEGFR2. Autoradiography did demonstrate specific binding 

of (R)-[18F]-9 to VEGFR2, although no follow-up work has been published.205 

 

DOTA-ZDG2 

Recently published by Li et al. was the development of a dimeric probe based around a 

Vandetanib analogue (DOTA-ZDG2), showing preferential uptake in U87-MG xenografts 

(Figure 24).206 Despite Vandetanib targeting EGFR and RET, DOTA-ZDG2 was shown to 

selectively target VEGFR2 with higher affinity than the monomeric equivalent. 
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Figure 24: Structure of target DOTA-ZDG2 which showed enhanced binding to VEGFR2 

 

DOTA-ZDG2 was found to have a Kd value of 0.45 nM, when [64Cu]-DOTA-ZDG2 was 

evaluated in a competition assay with 4 in U87 cells. In U87 xenograft studies, [64Cu]- 

DOTA-ZDG2 localised within the tumour tissue (Figure 25). 

  

 

Figure 25:  A) Uptake of [64Cu]-DOTA-ZDG2 in cell lines which minimal expression of VEGFR2 (MDA-

MB-231) or overexpression of VEGFR2 (HUVEC); b) Saturation curve for [64Cu]-DOTA-ZDG2 in U87 

cells206 

 

Dota-labelled [64Cu]-DOTA-ZDG2 was identified to have superior binding kinetics and 

specificity for VEGFR2. This is an interesting development and requires follow-up studies 

from the Li group to further verify this as a specific VEGFR2 PET radioligand for potential 

clinical applications. 

 

a b 
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Sorafenib 2 

Sorafenib 2 has been radiolabelled with [11C] at both the urea position and the amide position 

(Scheme 1). Poot et al. studied mouse xenograft models using MDA-MB-231 (breast), 

RXF393 (renal) and FaDu (head and neck) cell lines.207 These cell lines overexpress Raf-1 

kinase, with RXF393 and FaDu expressing high concentrations of Raf-1 kinase, whilst 

MDA-MB-231 did not express Raf-1 kinase.207 

 

 

Scheme 1: Positioning and N-Methyl carbon-11 radiolabelling of 2 

 

PET imaging of these xenograft models showed the RXF393 cell line revealed enhanced 

uptake in the tumours compared to the reference tissue, with a maximum tracer uptake in the 

ROI at approximately 7.5 minutes after radioligand injection. In comparison, MDA-MB-231 

and FaDu cell lines showed much slower radioligand uptake, also tumour uptake was not 

significantly different to the uptake in the reference tissue.207 Biodistribution of [11C]-2 

showed increased levels of uptake in the liver, when ex vivo studies were conducted, which 

slowly decreased over longer time periods. This shows the vunerability of   [11C]-2 towards 

different levels of expression of Raf-1 kinase. This PET imaging technique would require 

the standard IHC techniques in order to quantify levels of kinase expression prior and during 

treatment to assess the [11C]-2 of suitability towards predicting treatment outcome, however 

may show great clinical utility for determining response to Sorafenib. 

 

3(4`-[18F]fluorobenzylid-ene)indolin-2-one 11 

A Semaxinib 10a derivative, [18F]-11 (3(4`-[18F]fluorobenzylid-ene)indolin-2-one) was 

developed to image VEGFR2 in vivo, when attempts to introduce fluorine-18 onto the 

scaffold of 10a and 10b were unsuccessful (Figure 26).208 Biodistribution of [18F]-11 
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revealed a high and sustained uptake in adipose tissue and well-perfused organs. Although 

[18F]-11 exhibited high metabolic stability in vitro, in vivo stability was a major problem as 

after 20 minutes post injection only 12% of [18F]-11 remained; there was no detectable 

accumulation of [18F]-11 in the tumour.208 

 

 

Figure 26: Positions of fluorine-18 tried on 10a and 10b and the final radiolabelled compound 11208 

 

 

1.3.4.5. Monitoring treatment response to VEGF-VEGFR2 targeted therapies – using PET 

pharmacodynamic biomarkers 

As discussed earlier in this Chapter (1.2.5.2), the RECIST criteria is used as the benchmark 

for monitoring response to therapy. PET based methods, i.e. PET Response Criteria in Solid 

Tumours (PERCIST) have also been developed in order to combat some of RECISTs 

deficiencies.112 PERCIST operates on the premise that cancer response evaluated by PET is 

a time-dependant variable and metabolic response criteria could have a greater predictive 

value over anatomical response criteria. PET is capable of highlighting detecting early 

response or non-response to therapy. There are three PET probes routinely used in the 

clinical setting to either monitor anti-angiogenic treatment response and these radiotracers 

will be discussed. 
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Imaging metabolism with [18F]-FDG 12 

The glucose analogue, [18F]-2-Fluoro-2-deoxyglucose (12, FDG -Figure 27) is currently 

widely used in a clinical setting for the detection of tumours.150, 209 The use of [18F]-12 to 

detect glucose metabolism, due to the higher metabolic demands of the tumour cells for 

glycolysis under aerobic conditions, is known as the Warberg effect.210 PET imaging using 

[18F]-12 has proven clinical utility for detection and staging in a wide range of cancers; 

including CRC, lymphoma, breast cancers and head and neck cancers.150 

 

 

Figure 27: [18F]-12211 

 

With a detection rate of approximately 90%, regardless of tumour origin, [18F]-12 is highly 

sensitive in the detection of malignancy.212, 213 It is used to provide details on the progression 

of the disease, i.e. staging and has also found application in the detection of therapy response 

in lymphoma.214 It has also been used to monitor therapeutic response to either VEGFA or 

VEGFR2 inhibitors.212, 213 Post TKI treatment, [18F]-12 has been used to monitor treatment 

efficacy, through comparison of pre- and post-treatment scans. A decrease in radioactivity 

in the tumour due to the decreased metabolic demands, is expected.211 This approach has 

been adopted for use in the monitoring of treatment efficacy in patients with GIST, 

previously treated with Imatinib or Sunitinib.211 Novello et al. conducted a study in which 

22 chemotherapy naïve patients, diagnosed with stage IIIB/IV NSCLC, were subjected to an 

initial [18F]-12 PET scan, with another PET scan performed two weeks into the treatment 

cycle with Sorafenib or placebo.  According to the European Organisation for Research and 

Treatment of Cancer (EORTC) criteria progressive disease is determined if SUV increases 

by approximately 25% within the tumour region.215 An increase in SUV of less than 25% or 

a marked decrease in SUV of less than 15% indicates stable disease. Complete metabolic 

response is considered if tumour uptake is indistinguishable from the surrounding tissue.215 

Results of this study conclude that 13 patients showed a degree of metabolic response after 

two weeks of treatment, whilst nine patients showed stable or progressive metabolic disease. 

The nine patients who received Sorafenib, a marked change in SUV (Δ37.2%) compared to 
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the 13 patients who received placebo (Δ14.2%) was observed. This study demonstrates the 

metabolism within the tumour changes dramatically during treatment, of those tumours 

which responded to anti-angiogenic treatment which might also indicate survival benefit. It 

also demonstrates early identification of metabolic changes, from anti-angiogenic therapy, 

can identify responders from non-responders and, therefore, increase patient outcomes 

through switching the ineffective therapy regimes to more effective regimes.215 

 

 

Imaging proliferation with [18F]-FLT 13 

Increased cellular proliferation is a hallmark of cancer, changes in response to therapy is a 

decline in proliferation.29 Therefore, efforts were focused on the development of a PET 

candidate capable of imaging proliferation, as [18F]-12 is not a marker specific for cancer. 

Shields developed a fluorine-18 radiolabelled 3’-deoxy-3’-fluorothymidine 13 ([18F]-13 - 

Figure 28) which is a thymidine analogue used to measure proliferation in vivo.216 Uptake 

of [18F]-13 by cancer cells is driven by the hENT1 transporter and subsequently 

phosphorylated by thymidine kinase 1 (TK1);217 this modification leads to intracellular 

trapping and accumulation of FLT and consequent detection via PET.217 Thymidine 

analogue [18F]-13 has been used to monitor the efficacy of growth factor receptor inhibitors 

and is capable, along with [18F]-12, of detecting early changes in cell biochemistry in vivo.217  

 

 

Figure 28: [18F]-13216 

 

There is limited evidence for the use of [18F]-13 in monitoring anti-angiogenic therapy 

however; Kenny et al. described a pioneering study showing the use of [18F]-13 in detecting 

proliferation changes in 5-Fluorouracil, epirubicin and cyclophosphamide treated breast 

cancers.218 Interestingly, this early response seen after one week correlated with long-term 
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outcomes.218 Despite the clinical utility of [18F]-13 PET, imaging lesions in the liver, 

kidneys, bladder and bone marrow is difficult due to physiological retention.219 Uptake of 

[18F]-13 is observed in the following organs for the following reasons; liver due to it being 

heavily glucoronidated, kidneys and bladder due to the mode of excretion, and the bone 

barrow due to the highly proliferating nature of the tissue.219 Whilst [18F]-12 and [18F]-13 

PET exploit characteristics of most tumours, it is important to develop a PET candidate 

which images a single characteristic of a specific tumour, such as the development of a PET 

candidate capable of either predicting or monitoring therapeutic response targeting the 

VEGF-VEGFR2 signalling system. In a pre-clinical study, xenograft studies using SW480 

and SW620 (CRC cell lines) both known to express VEGFR2 found no correlation between 

expression and [18F]-13 uptake.220 Bao et al. also investigated the utility of [18F]-13 in 

detecting changes in Sunitinib treated U87MG xenografts. Uptake of [18F]-13 was decreased 

in the Sunitinib treated xenografts, although as expected this was not correlated to VEGFR2 

expression, but to a general decrease in proliferation (evidenced by Ki67).221 Whilst [18F]-

13 has great clinical utility in imaging proliferation of tumours, there is limited evidence 

showing its use for monitoring anti-angiogenic therapy for changes specific to differences 

in VEGFR2 expression. 

 

Imaging hypoxia with [18F]-FMISO 14 

As previously discussed in this chapter, hypoxia is one of central causes for upregulation of 

VEGFA, therefore it is pertinent to discuss the use of PET in imaging hypoxia. Tumour 

hypoxia has been extensively studied in a variety of imaging modalities, such as MRI, BOLD 

and SPECT.222 However, several PET probes have been reported as providing a readout of 

intracellular hypoxia.222, 223 Nitroimidazole based hypoxia PET probes were developed in 

the 1970s and are known to enter the cell by passive diffusion.222 Upon entry to the cell, the 

nitroimidazole tracers undergo reduction to form a reactive intermediate. This reduction can 

be completed by nitroreductase, including lipoxygenases, NADPH oxidases and xanthine 

oxidases. In normoxic conditions, the reactive intermediate is oxidised back to the parent 

compound where diffusion out of the cell occurs. However, in hypoxia further reduction of 

the reactive nitro-radical occurs. This radical is not able to diffuse back out the cell, 

becoming trapped within the cell forming the principle of hypoxia imaging.223 This reduction 

requires metabolically active cells and therefore does not occur in necrotic or apoptotic cells, 

therefore the accumulation of the radiotracer is directly proportional to the pO2.
222 
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A classical nitroimidazole PET radiotracer is [18F]-Fluoromisonidazole 14 ([18F]-FMISO –

Figure 29) and is the most extensively studied hypoxia radiotracer. The lipophilic nature of 

[18F]-14 ensures it is cell penetrable. An oxygen level of 10 mmHg is required for hypoxia 

related retention of [18F]-14 in gliomas, head and neck, breast, lung and renal cancers.222 

Despite its use in the aforementioned cancers, clinical use of [18F]-14 is limited due to its 

slow pharmacokinetic prolife and slow clearance.222 Preclinically, [18F]-14 uptake has been 

shown to be dependent on the choice of anaesthesia.224  

 

 

Figure 29: [18F]-14 

 

Interestingly, some recent studies have revealed a correlation between [18F]-14 uptake and 

VEGFA expression, which was heterogeneously expressed within the tumour of 19 soft 

tissue sarcoma patients.225 Cher et al. also observed a positive correlation between [18F]-14 

uptake and VEGFR1 expression but no correlation with VEGFA expression in high-grade 

gliomas.226 In another clinical study of malignant gliomas, both newly diagnosed and 

recurrent (grade III and above), 32 patients were evaluated to determine a correlation 

between hypoxia, HIF-1α and VEGFA expression.227 The study determined a weak 

correlation between VEGFA expression (judged by IHC) and [18F]-14 uptake of newly 

diagnosed gliomas, but not recurrent gliomas.227  

Despite the limitations described above with using [18F]-14, further investigations into its 

use as a clinical predictive biomarker for the VEGF-VEGFR2 signalling system are required. 

Due to the strong indicators of the involvement of hypoxia in the activation of the VEGF-

VEGFR2 signalling cascade, the development of a companion tool for the direct imaging of 

VEGFR2 expression is required. 
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1.3.5. Use of fluorine-18 in the development of a PET probe 

The purpose of this project is to develop a small molecule kinase inhibitor analogue 

radiolabelled with fluorine-18, with the necessary affinity and specificity for the ATP 

binding pocket of VEGFR2. 

The following characteristics of fluorine-18 make this positron emitting isotope attractive 

for radiolabelling of the VEGFR2 targeting PET candidate developed during this project:  

 Fluorine-18 allows for multistep synthesis, off-site transportation and with a half-life 

of 110 minutes avoids overnight hospitalisation of patients following radiotracer 

injection151 

  Fluorine-18 has a low positron energy (0.64 MeV) with a short range in tissue, 

providing high resolution images151, 228 

 Fluorine-18 containing radiopharmaceuticals can be produced with high specific 

activity and in high yields (20-40%)151, 228 

 Fluorine-18 can be produced in large quantities (> 370 GBq)151  

 Fluorine-18 has acceptable dosimetry for multiple studies in patients151 

 

Fluorine-18 is generated in a cyclotron in two forms: nucleophilic 18F- ions or electrophilic 

F2 gas.88, 151 The cyclotron accelerates a 20 MeV beam of protons which bombard the target, 

creating unstable isotopes. The most common target, used in fluorine-18 generation, is 

highly enriched oxygen-18 water. This produces fluorine-18 ion in the nuclear reaction 

known as 18O(p,n)18F. Alternatively, bombarding a neon-20 target with a 25 MeV deuteron 

beam produces fluorine-18 with low activity (<37 GBq). This generation of 18F is from the 

20Ne(d,α)18F reaction.151 The 18O(p,n)18F is the superior method for fluorine-18 generation 

as it sticks to the target walls. Oxygen-18 can then be removed and replaced with argon and 

cold F2 gas (1%). A short irradiation will result in the generation of [18F]-F2 gas, this process 

is considered the “double shoot”.88 

The ability to generate both electrophilic and nucleophilic fluorine-18 allows for a wide 

range of reactions to radiolabel the PET probe. The radionuclide can be introduced into the 

molecule through direct fluorination or through the use of a prosthetic group. There are many 

different examples of radiolabelling for aromatic versus aliphatic and organometallic 
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reactions88. The next section will discuss the differences in radiolabelling techniques and 

will include; nucleophilic, electrophilic and novel methods of fluorine-18 radiolabelling. 

 

1.3.5.1. Electrophilic radiolabelling 

Electrophilic radiolabelling is conducted by the introduction of either [18F]-F2 gas or less 

reactive reagents derivative of [18F]-F2 gas, such as xenon difluoride ([18F]-XeF2). As 

electrophilic radiolabelling involves the use of [18F]-F2 gas, the maximum radiochemical 

yield is limited to 50%.229, 230 Consequently, electrophilic radiolabelling is limited to 

radiopharmaceuticals which do not require high specific activity. Another negative of 

electrophilic radiolabelling is the generation of side-products, which requires extensive 

purification. An example of electrophilic radiolabelling is shown through the radiolabelling 

of [18F]-12 (Scheme 2). 

 

 

Scheme 2: Electrophilic radiolabelling of [18F]-12 231 

 

[18F]-XeF2 is typically prepared through isotopic exchange of a fluorine-19 with [18F]-

fluoride. As described previously, this is known as the double shoot method and makes use 

of excess [18F]-fluoride production. There is a wealth of precedence in the literature 

describing the use of XeF2 for the fluorination of organic molecules under mild conditions, 

however is rarely used in research.232-234 

 

1.3.5.2. Nucleophilic radiolabelling 

Nucleophilic radiolabelling typically begins with a drying step, to remove any hydrogen 

bonding with water which decreases the nucleophilicity of the [18F]-fluoride ion. After 

washing from the target, the aqueous [18F]-fluoride is passed through an ion exchange target, 

removing bulk H2
18O. The trapped fluoride is released from the ion exchange cartridge using 

acetonitrile, potassium carbonate and Kryptofix2.2.2
® (K2.2.2),  a crown ether which 

complexes potassium ions increasing the nucleophilicity of the naked [18F]-fluoride ion. 

Acetonitrile is used to in the removal of excess water, due to azeotrope formed between 

acetonitrile and water. The removal of water is generally conducted in vial which is placed 
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under a stream of nitrogen and heated, ensuring complete dryness of the fluoride.235 This 

step is repeated a further two times, an example of nucleophilic radiolabelling of [18F]-12 is 

presented below in Scheme 3.  

 

 

Scheme 3: Nucleophilic radiolabelling of [18F]-1288, 236 

 

This type of radiolabelling is normally conducted in polar aprotic solvents such as 

acetonitrile, DMSO or DMF. This is due to the ease of ionic dissociation of K2.2.2. The 

reactivity of the leaving group depends largely on its ability to stabilise the negative charge 

from the [18F]-fluoride attack. Consequently, in aliphatic radiolabelling a triflate group is the 

most reactive. However, mesylates or tosylates are more commonly used due to increased 

precursor stability compared to the triflate. For an aromatic systems, nitro or trimethyl 

ammonium groups are the most common prosthetic groups for radiolabelling. This is due to 

nucleophilic substitutions being more successful when the ring system is activated with a 

negative inductive or a negative mesomeric effect from ortho-para substituents. Leaving 

groups ideal for aliphatic radiolabelling are generally not suitable for aromatic 

radiolabelling. Fluorine itself is an excellent leaving group, however only low specific 

activity is generated. This is due to requiring large excesses of precursor in comparison to 

[18F]-fluoride.235 

 

1.3.1.1. Novel approaches to fluorine-18 radiolabelling 

Traditional nucleophilic radiolabelling of both aromatic with electron neutral and electron 

rich systems typically results in low yields, there are a variety of novel fluorination methods 

which have been published to avoid this problem.237 The next section will highlight a few of 

these methods relevant to this project.  
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Trifluoromethylation 

A trifluoromethyl group is incorporated into the scaffold of important phamacophores, such 

as Enzalutamide and CCT245737, used in the treatment of prostate cancer and a novel CHK1 

inhibitor respectively. 238, 239 However, there is no general method for the preparation of 

radiolabelled trifluoromethyl groups in both arene and heteroarene scaffolds. Past methods 

have included the use of pre-generated [18F]-CuCF3 complexes, halex exchange and 

halodecarboxylation with reagents such as [18F]-Selectfluor.240, 241 Each of the 

trifluoromethylation techniques are limited in scope or require multistep syntheses (Scheme 

4).  

 

 

Scheme 4: Traditional methods of trifluoromethylation, with two examples of drug candidates 

(CCT245737239 and Enzalutamide238) containing the CF3 group (highlighted in red) 

 

Huiban et al. presented an elegant method for the trifluoromethylation of aryl and heteraryl 

iodides using methyl chlorodifluoroacetate in a copper catalysed cross-coupling reaction 

(Scheme 5).242 A wide substrate scope is presented, ranging from nitro to phenols, involving 

the use of commercially available reagents which can be used in air.242 
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Scheme 5: Copper mediated fluorination of aryl and heteroaryl iodides242 

 

 

Iodonium salts 

An efficient alternative to the traditional radiochemistry, is the use of diaryliodonium salts. 

Nucleophilic attack of the fluorine-18 usually occurs on the most electron deficient ring, also 

an ortho-effect is observed (Scheme 6). The ortho-effect describes the most favourable site 

off attack due to the iodine-centred trigonal bipyrimidal intermediate.243 This places the 

sterically more hindered ortho-substituted ring at an equatorial position.  One major 

disadvantage of this radiochemistry, is the preparation of the precursor. The precursors 

usually have a short shelf-life, and the electron rich ring system requires extreme conditions 

for radiolabelling. Another disadvantage is the solubility of the compounds when the anion 

is a halide. However this is overcome through the use of triflate or tetraborate salts.243 The 

fluorination of these iodonium salts exhibit a lack of regioselectivity and, at best, provide 

modest yields. 

 

 

Scheme 6: Examples of fluorination with iodonium salts243 

 

Iodonium Ylides 

Coenen et al. developed iodonium ylides to improve on the fluorination of the iodonium 

salts described above.244 Iodonium ylides allow the fluorination of the electron rich rings 

highlighted above. However stability of the ylides was still an issue. Rotsetin et al. have 

developed the use of hypervalent iodonium spirocyclic compounds for the use in PET 

precursors, which demonstrated superior stability to those developed by Coenen (Scheme 

7).245 These spirocyclic hypervalent iodonium salts have proven to be able to direct the 

fluorine-18 in a regoiselective manner. This new methodology can be used to radiolabel both 
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electron neutral and sterically challenged arene. The spirocyclic hypervalent iodonium 

precursor is also capable of fluourinating a wide range of precursors, isolatable in high 

radiochemical yields and specific activities.245  

 

 

Scheme 7: Radiosynthesis of Rotstein spirocyclic hypervalent iodonium compounds245 

 

 

 

Palladium mediated fluorination 

Palladium meditated fluorination has been developed for the electron rich scaffold, with the 

potential to enhance reactivity, selectivity and reaction times. The Ritter group have 

developed an in situ fluorophiic Pd(IV) with K[18F], forming an intermediate capable of 

reacting with Pd(II) arenes. This forms Pd(IV) aryl fluoride complexes (Scheme 8), which 

undergo C-F coupling to yield the fluorinated products in reasonable yields.82  Pitfalls to this 

method include the need for a two-step synthesis and the air sensitive nature of the first 

intermediate. 

 

 

Scheme 8: Ritter's Pd mediated fluorination 
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Copper mediated fluorination 

The Sanford group have developed methods which mesityl substituted diaryliodonium or 

arenes were fluorinated mediated by copper (Scheme 9). In cold chemistry Cu(II) catalysts 

give high yields, however this is over a longer time period.246 In the radiochemistry setting, 

Cu(I) catalysts are preferred as a much shorter time period is required for the fluorination, 

giving higher radiochemical yields. Limitations of the Sanford copper mediated fluorination 

is the multistep synthesis of the radiochemical precursors, transfer to an automated system 

and low isolated radiochemical yields.246, 247 

 

 

Scheme 9: Copper mediated fluorination246 

 

Preliminary cold work from Sanford demonstrated that aryl fluorides can be generated from 

aryl boron salts and pinacol esters, catalysed by copper (Scheme 10).248 The Gouverneur 

group applied this work for radiolabelling with fluorine-18, showing that both aryl and 

heteroaryl boronic pinacol esters undergo radiolabelling with fluorine-18 (Scheme 10b).249 

Limitations of the Gouverneur fluorination are the expensive nature of the copper catalyst, 

incompatibility with boronic acids and its inability to translate well on an automated system. 

Recently, Mossine et al. have published a method in which they displace a boronic acid with 

fluorine-18, whilst addressing the limitations of the Gouverneur method (Scheme 10c).250 
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 Scheme 10: Aryl boron derivatives for fluorination248-250  

 

Fluorination of phenols 

Occasionally there is the need to radiolabel a phenol. Conventionally this has been achieved 

through radiolabelling the corresponding aldehyde or ketone, Baeyer-villiger oxidation of 

the ester and the saponification of the ester.251 This is low yielding, with two steps required 

after radiolabelling. Gouverneur’s group developed a metal free method to directly access 

the fluorine-18 labelled arenes (Scheme 11). This reaction is based on umpolung chemistry; 

requiring the prescence of phenyliodine diacetate (PIDA) and TBAF. This methodology 

requires further optimisation but is showing promise.251  

 

 

Scheme 11: Gouverneur fluorination of phenols251  
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1.4. Summary 

Angiogenesis is a tightly control process under normal physiological conditions where 

endothelial cells are quiescent unless activated. However, cancer angiogenesis is pathogenic 

and central for both tumour growth and metastatic spread. Upregulation of pro-angiogenic 

factors and activation of the central VEGF-VEGFR2 signalling axis results in the 

development of a disordered and chaotic vascular network, substantial efforts have been 

made to develop therapies that target this system. Ensuring the correct patient receives the 

appropriate therapy, maximises therapeutic benefit whilst minimising the risk of 

unwarranted adverse events. 

Responses observed in the clinic for VEGF-VEGFR2 targeted therapies for some patients 

are transient at best. Therefore, establishing a biomarker which could either predict who may 

benefit from anti-angiogenic treatment or monitor responses of anti-angiogenic treatment 

would be ideal. Tissue and circulating biomarkers have been extensively evaluated with 

conflicting results. VEGFA levels pre-treatment have correlated with shorter PFS and OS in 

some studies. Tissue based biomarker evaluation is limited due to the requirement for 

repetitive invasive biopsies. Imaging of the VEGF-VEGFR2 signalling system is ideal owing 

to its non-invasive nature. Current imaging based strategies have been focused on either 

DCE-US or DCE-MRI. DCE-US has been focused on BRR5 microbubble which has been 

shown to distinguish between VEGFR2 and non-VEGFR2 specific treatment response.  

Various DCE-MRI parameters, such as Ktrans, Kep and rBV, have been investigated but no 

agreement has been reached in the literature on a single biomarker.  

Nuclear molecular imaging techniques PET and SPECT are ideal as non-invasive imaging 

techniques. [18F]-Fluciclatide, an RGD based probe which targets αvβ3 and αvβ5, has shown 

the most clinical promise, but is incapable of imaging VEGFR2 expression. PET imaging of 

the VEGF-VEGFR2 signalling system has been approached using two different strategies, 

i.e. developing a probe targeting VEGFA or a probe targeting VEGFR2. PET strategies based 

on VEGFA imaging have focused on radiolabelling Bevacizumab with 89Zr, VG76e with 124I 

or radiolabelling VEGF121 with the chelating group DOTA. However this strategy of 

targeting VEGFA leads extended exposure to radiation due to longer-lived radioisotopes and 

longer biological half-lives. Efforts to develop a VEGFR2 specific PET probe focused 

around known clinical candidates have been confounded by a lack of inherent selectivity. 
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1.5. Aims and Objectives 

Amongst the pro-angiogenic factors upregulated in response to tumour hypoxia, activation 

of the VEGF-VEGFR2 signalling pathway is the key mediator of angiogenesis. Response to 

anti-angiogenic treatment is transient for some cohorts of patients. No single biomarker, 

predictive or pharmacodynamic currently exists, for delivering on the goal of personalised 

therapy. A VEGFR2 targeted imaging agent would allow the selection of patients for anti-

angiogenic therapy. The use choice of PET for this task will negate the need for repeated 

invasive biopsies, due its capability of imaging processes such as angiogenesis. 

Previous efforts to develop a PET imaging agent targeting VEGFR2 have failed, due to the 

lack of selectivity exhibited by clinically relevant kinase inhibitors. Therefore, the probe 

must be selective for VEGFR2 only. The potential PET imaging probe will be heterocyclic 

in nature, enhancing binding to VEGFR2 through interaction with Cys919 at the kinase active 

site. Motifs shown to achieve this are a urea, indole or a quinazoline. Although not a major 

consideration, the candidate libraries will be designed with a focus to keep lipophilicity low 

to avoid high non-specific binding to plasma proteins, but high enough to allow diffusion 

across the cellular membranes. The candidates will also be designed to allow incorporation 

with fluorine-18, the preferred PET radioisotope for small molecule radiotracers. 

Ideally the libraries will be assessed for non-specific off-target effects, by a proliferation 

assay using cell lines known not to express VEGFR2. The initial screening for off-target 

effects will be a crude assessment for a larger library of candidates. The lead candidate(s) 

identified after screening for non-specific off-target effects will be assessed for the presence 

of a lack of selectivity between the kinases closely related to VEGFR2, through the use of 

kinase assays. 

Finally, radiolabelling with fluorine-18 of the lead candidate(s) will be attempted. After the 

identification of the optimal radiolabelling conditions, stability studies of the radiolabelled 

lead candidate(s) will be carried out, followed by evaluation in VEGFR2 positive xenografts 

(U87) to determine biodistribution and the ability of the lead candidate to localise in the 

VEGFR2 xenografts. 
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2. Urea Focused Library 

2.1 Ureas in medicinal chemistry 

Kinase inhibitors are an important  class of effector for targeted therapy strategies in different 

cancers, and have the potential to be adapted for PET imaging of therapeutic response or 

evaluating receptor expression status (the main focus of this project).252 Amongst the varied 

structures identified from drug discovery programmes, urea moieties have emerged as a 

chemical building block which has shown inhibitory activity towards kinases that play 

important roles in angiogenesis, metastasis and survival.252 Figure 30 highlights different 

urea scaffolds having different targets within the cancer genome.253  

 

 

Figure 30: Different urea classes targeting the cancer genome (Adapted from253) 

 

The properties which make the incorporation of urea into medicinal chemistry scaffolds 

attractive are: 

 

 High aqueous solubility 254 

 Powerful hydrogen bond donors-from the NH in the urea scaffold255 

 Hydrogen bond accepting nature of the urea carbonyl – allowing for more 
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Of the kinases possessing urea moieties to undergo clinical trials (ABT-869 15 and KRN-

951 16 –Figure 31), Sorafenib was FDA approved in 2005, as previously discussed in 

Chapter One (1.2.3.2).256-258 

 

 

Figure 31: Structure of 15 and 16, urea containing VEGFR2 inhibitors that have progressed to clinical trial, 

urea moieties are highlighted in pink. 

 

Adverse events exhibited by 15 include several non-haematologic adverse events, including 

hypertension, occurring at an elevated level compared to 16. A lack of selectivity between 

VEGFR family and PDGFRα and PDGFRβ is exhibited by 15, with similar affinities for 

each target.259 However, 15 does exhibit dose dependant inhibition of VEGF-induced 

proliferation in vitro, whilst also showing activity against a broad spectrum of xenograft 

models.260 No selectivity is demonstrated by 16 for the VEGFR family, exhibiting affinity 

for PDGFRα, PDGFRβ, TIE-2, cKIT and the FGF family.257 A study by Eskins et al. 

highlighted the most frequently observed adverse event was dose-dependent hypertension, 

which can be attributed to pharmacological response. The study also highlighted favourable 

oral bioavailability, slow absorption and a half-life appropriate for once daily dosing with a 

recommended dose of 1.5 mg.261 Despite this study initially highlighting favourable 

pharmacological properties, it is not suitable for a PET imaging probe due to its non-selective 

behaviour.  
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2.1.1. VEGFR2 inhibitors possessing a urea functional group 

The urea-possessing inhibitors typically form hydrogen bonds with the Asp1046 and Glu885 

residues of VEGFR2, developing the same critical hydrogen bonds as the adenine ring of 

ATP as shown in Figure 30a.262 Importantly all the inhibitors also bind to Cys919, which is 

key for VEGFR2 inhibition. These type II kinase inhibitors also incorporate large, 

hydrophobic groups to occupy the hydrophobic pocket observed in the inactive 

conformation, unlike that of 1. This prevents the DFG (Asp – Phe – Gly) motif from moving 

to its ‘in’ position and binding to metal ions for stability in the active state, thus blocking 

receptor activation of VEGFR2.
256, 262 As shown in Figure 32b, the DFG group is prevented 

from moving to its ‘in’ position due to a binding interaction, in the form a hydrogen bond, 

to Asp1046, the first amino acid of the DFG complex in VEGFR2, and therefore signal 

trandsuction.263   

 

 

Figure 32: Interactions of urea containing inhibitors with VEGFR2. A) The typical binding modes of urea 

containing VEGFR2 inhibitors, showing binding via the urea to both the Glu885 and Asp1046 residues, with 

1 as a comparison (adapted from264) B) VEGFR2 in complex with 2, showing binding interactions. Docking 

studies performed using Schrӧdinger Gold (2014-2) and visualised on Chemical Computing Group MOE 

(2013-8802). PDB code: 4ASD 

  

b) 



Chapter Two  Urea focused library 

78 
 

Miyamoto et al. explored the significance of the urea group in 17a-c and the resultant effects 

on activity.265 As shown in Figure 33, the presence of the urea moiety is crucial for potency 

and removal of nitrogen Z in 17b results in very little loss of potency, thus demonstrating 

this nitrogen is not necessary for creating interactions with the receptor. This is due to the 

binding of one of the amino groups forming the hydrogen bond in the correct orientation. 

Moreover, the additional amino group 17a facilitates increasing binding affinities for this 

class of molecules. Removal of nitrogen X in 17c is extremely detrimental to potency, 

resulting in a 12 fold loss of activity. The extra nitrogen the urea provides, allows easy access 

to the hydrophobic back pocket that could allow for more interactions with VEGFR2 which 

could increase selectivity. 

 

 

Figure 33: VEGFR2 inhibitor 17 demonstrating the importance of the urea moiety265 
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2.2 Rationale 

A literature search for current and experimental VEGFR2 inhibitors, possessing the urea 

moiety, concluded that most scaffolds are based on a bicyclic structure. Despite offering 

modest to excellent potencies and affinities towards VEGFR2, these compounds are often 

extremely lipophilic and are thus less suitable for PET imaging. High plasma protein binding 

confounds data acquisition by increased non-specific binding of highly lipophilic 

compounds, as well as cross activity confounding the obtained image. Currently, there are 

limited examples in the literature of small-molecule TKI targeted PET radiotracers, 

radiolabelled with fluorine-18, which have the required specificity and do not have close 

affinities for other kinase targets. However, increased lipophilicity of the PET candidate will 

not preclude its use as a tracer if the selectivity and affinity requirement is fulfilled. The aim 

of this chapter has to determine whether the urea-based scaffold retains its inherent 

selectivity, after the synthesis of a small library of urea based compounds.  

 

Huang et al. proposed a monocyclic core structure 18, having the capability of mimicking 

the adenine ring of ATP 19, through the formation of a hydrogen bond 20 (Figure 34).266 

This offers cLogP values more suitable for PET imaging, whilst retaining hydrogen bond 

donor (HBD) and hydrogen bond acceptor (HBA) in the scaffold required for binding, as 

well as being a unique urea-containing fluorine-18 scaffold for PET imaging.  

 

 

Figure 34: Left: the core structure in which this study is based 18. Right: Structure of adenine 19. Bottom: 

Hydrogen bonding formed within the core structure 20 (shown in red) 

 

This monocyclic core structure 21 was taken as the basis for a novel VEGFR2-binding PET 

radiotracer. Huang et al. also explored the urea moiety attached to the pyrimidine-5-oxime 

(highlighted in red) via an ether link, as shown in Figure 35.266 
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Figure 35: Structure of scaffold 21 developed by Huang et al.266 Urea highlighted in pink, with the ether 

bridge highlighted in red 

 

Initial SAR studies from this scaffold revealed bulkier substituents, at the R1 position, were 

well tolerated, which can be attributed to the increased electron density being able to access 

the hydrophobic pocket, thus increasing the potency of the compounds (Table 7).266 

 

Table 7: VEGFR2 IC50 data for the urea scaffold 21 with modifications of the R position266 

Entry Compound R VEGFR2 IC50 (nM) 

a 21a Methyl 25 

b 21b Ethyl 11 

c 21c Propyl 28 

d 21d Cyclohexyl 6.5 

e 21e Phenyl 3.0 

f 21f 2-chlorophenyl 2.6 

 

 

2.2.1. Design of a urea focused library 

It was envisaged, informed by the data discussed above, the library would be focused on the 

synthesis of aromatic homologues around the urea core, whilst also including the synthesis 

of a small library of fluorinated aliphatic analogues. This is to exploit the hydrophobic back 

binding pocket of VEGFR2 in the inactive state. As Figure 36 highlights, the back pocket 

occupied by the phenyl still has space for modifications which could be explored in the 

synthesis of this library. 
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Figure 36: Docking studies of 21f (shown in blue – area highlighted by yellow circle), the receptor binding 

pocket is highlighted in grey. Docking was performed using Schrӧdinger Gold (2014-2) and visualised on 

Chemical Computing Group MOE (2013-8802).PDB code: 3VHE 

 

It is expected that, based around initial docking, modifications would occur pendant to the 

urea moiety, as shown in Figure 37. With smaller substitutions pendant to the oxime, to 

occur after preliminary SAR has been performed at the urea moiety. 

 

 

Figure 37: SAR to be explored in this urea focused library 

 

2.2.2. Considerations of the urea focused library for developing a successful candidate 

Figure 37 shows modifications which aid the development of the scaffold highlighted by 

Huang et al.266 Incorporation of a prosthetic group pendant to the urea allows for quick 

radiolabelling, an essential characteristic required for PET imaging due to the half-life of 

fluorine-18 (109.7 minutes). The PET tag at this position could be easily accessed through 

direct labelling of a prosthetic group (a tosylate for aliphatic groups, a nitro or trimethyl 

ammonium for aromatic), or through the synthesis of a radiolabelled amine which could be 

converted to either an isocyanate or directly coupled to the core scaffold. Typically urea 

scaffolds are radiolabelled with carbon-11 due to the wide range of radiochemistry available. 
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However due to its short half-life of 20 minutes this makes it less than ideal for quantifying 

VEGFR2 expression, as rapid radiolabelling and injection into the patient is required, 

followed by rapid equilibrium at the receptor site. As previously discussed the highlighted 

scaffold is known to achieve the affinity required for a PET imaging agent. Therefore this 

scaffold is ideal for the development of a PET imaging agent incorporating the urea 

functionality, radiolabelled with fluorine-18, and is the focus of this Chapter.   
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2.3 Synthesis of urea homologues 

There are many methods which are utilised for synthesising urea derivatives, including 

reacting amines with isocyanates, reacting amines with phosgene to produce isocyanates in 

situ followed by a second equivalent of an amine, and the direct coupling of two amines 

using a coupling reagent (Figure 38). 

 

 

Figure 38: Different methods used for the synthesis of urea moieties 

 

2.3.1. Isocyanates 

Isocyanates were first identified by Wurtz in 1849. With 20 methods describing their 

preparation to date, a few of these methods will be discussed below.267 Isocyanates are used 

in the manufacture of adhesives, agrochemicals, thermoplastic foams as well as the 

pharmaceutical industry. Isoycanates are widely used as precursors to pharmaceuticals 

containing either carbamate or urea moieties.267 

 

2.3.2. Phosgene 

Phosgene 22 and its equivalents, diphosgene and triphosgene, are extremely toxic and mostly 

used for industrial scale synthesis of isocyanates 23.268 Phosgene is reacted with primary 

amines, under anhydrous conditions, which ultimately releases two equivalents of 
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hydrochloric acid, as depicted in Figure 39.268 Therefore this method is less than ideal for 

small scale laboratory synthesis, due to the associated toxicities. Ultimately the elevated 

temperatures required for phosgene mediated synthesis of 23, this rules out the use of 

phosgene mediated synthesis of smaller molecules required for this project.267 

 

 

Figure 39: Phosgene mediated synthesis of isocyanates 

 

 

2.3.3. Curtius Rearrangement 

The Curtius rearrangement converts acyl azides 24 to 23 and is a classical reaction in organic 

chemistry. It is one of a few methods which does not involve the use of phosgene in the 

production of 23.269 The acyl azide 24 is produced through the reaction of an acyl chloride 

with sodium azide and then heating the reaction to facilitate the rearrangement to the 

isocyanate. Although the exact mechanism has not been elucidated, it is generally accepted 

that the mechanism is a concerted process or through the loss of nitrogen first as shown in 

Figure 40.269 However this reaction is not utilised on an industrial scale due to the explosive 

nature of 24 and the associated toxicities, although it is employed on a small laboratory scale. 

 

 

Figure 40: Curtius rearrangement of 24 to 23 
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2.3.4. 1,1'-Carbonyldiimidazole 25 

1,1'-Carbonyldiimidazole 25 (CDI) is a mild reagent in comparison to phosgene and its 

derivatives. Due to the hygroscopic nature of 25, all reactions involving its use are performed 

under nitrogen, utilising DCM, THF or acetonitrile as the solvent of choice.270 This route 

can also utilise amines where the corresponding isocyanates are not commercially available, 

or contain functional groups which are sensitive to the formation of isocyanates, to afford 

otherwise inaccessible ureas analogues (Figure 41). The use of 25 as a very mild reagent is 

widespread and has no known effect on human health, is widespread in coupling reactions. 

 

 

Figure 41:  Conversion of 25 into a urea derivative 
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2.4 Results and discussion 

2.4.1. Synthesis of the core scaffold 

The first step in the synthesis towards the core structure is the simple condensation of the 

aldehyde 26 with methoxyamine hydrochloride salt in a 91% yield requiring no further 

purification. Displacement of the chlorine in 27 with the appropriate aminophenol, resulted 

in the formation of the biaryl ether 28a and 28b in a 40 and 51% yield respectively, after 

column chromatography purification (Scheme 12).  

 

 

Scheme 12: Synthesis of the core scaffold 28a and 28b 

 

The resulting amine precursors 28a and 28b were reacted with various isocyanate analogues 

resulting in the suspected formation of the urea analogues (30a-e and 31a-e). These reactions 

were monitored by TLC until the consumption of the amine starting material was observed 

at which point the reactions were considered complete (Scheme 13). 
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Scheme 13: Attempted isocyanate mediated synthesis of final compounds 

 

Although the formation of these urea moieties should be relatively straightforward, proton 

NMR highlighted a different species to the aniline precursor and mass spectrometry analysis 

confirmed the urea was not formed. Further 2D experiments were deployed in order to solve 

this problem and heteronuclear multiple bond correlation (HMBC) was used. HMBC 

analysis was undertaken on 31e (Figure 42), to find a 4J coupling between the urea carbonyl 

carbon and protons Hg or Hk, from 31e, as this would confirm the presence of the urea 

moiety. 

 

 

Figure 42: Positions of the protons of interest on 31e for HMBC analysis 

 

As Figure 43 demonstrates, there is no coupling between the carbon of interest, at 

approximately 155 ppm, and the protons of interest. However as shown in Figure 43 no 

coupling is seen between the carbon of interested and Hg or Hk, perhaps due to the weak 4J 

coupling. 
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Figure 43: HMBC analysis of 31e 

 

Owing to the inconclusiveness of the HMBC analysis and the negative mass spectrometry 

results, the reactions were conducted again in the presence of 3Ǻ molecular sieves. This 

removes water produced in the reaction, driving the reaction forward towards the urea 

homologues, following Le Chatelier’s principle. Despite the removal of water, the 

isocyanate mediated synthesis of urea moieties was unsuccessful, as judged by both NMR 

and TLC. Consequently, alternative methods were investigated to synthesise these urea 

compounds. 
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2.4.2. Synthesis of ureas via 1,1'-carbonyldiimidazole 25 

Duspara et al. published a method which accessed methyl urea analogues through the use of 

less toxic reagents in a milder fashion.271 Coupling reagent 25 was used under more facile, 

environmentally friendly conditions which could give access to the methyl previously 

inaccessible due its highly toxic nature, difficulty in handling and shipping restrictions 

associated with methyl isocyanate.272 Its toxicity is best exemplified by the Bhopal disaster 

in 1984 in which 3800 people died.272 The methyl analogue is particularly important due to 

its small size, fitting inside the hydrophobic pocket of VEGFR2. Although not a requirement 

for this fluorine-18 driven project, there is the opportunity to radiolabel this compound with 

carbon-11. 

Scheme 14 highlights the synthetic route utilised to access the urea analogues, involving the 

condensation of amine analogues with one equivalents of 25. N-methyl carbamoylimidiazole 

33a was synthesised in an 86% yield after column chromatography, identical to that 

reported.271 The next corresponding reaction with the amine precursor 28b was not 

successful and resulted in the decomposition to unidentifiable by-products, with several 

spots seen on the TLC plate. 

 

 

Scheme 14: Synthesis of urea derivatives, the via use of coupling reagent 25 

 

Several alternative conditions were attempted to obtain 34, as summarised in Table 8. The 

addition of DMAP (entry a) as a catalyst also proved unsuccessful, whether the DMAP was 

present at the start or added after a period of time. To ascertain whether this is a result of 

deactivated scaffold or whether the conditions reported were inaccurate, a direct comparison 

reaction from the article was undertaken which was successful. Upon reaction of N-methyl 
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carbamoylimidazole 33a with 4-methoxybenzylamine and subsequent column 

chromatography this yielded 35 in a 56% yield. This confirmed the scaffold is inactive for 

these milder conditions for the synthesis of the urea moiety. This led to a literature search to 

find more vigorous methods to form the urea from the aniline. 

 

Table 8: Summary of conditions attempted for the synthesis of ureas via 25, reactions were monitored by 

TLC 

Entry Conditions Catalyst Time Outcome 

a 

1 eq of 33a 

1 eq  of 28b 

none 3-48 h  No reaction 

b 

1 eq of 33a 

2 eq  of 28b 

none 3-48 h  
Breakdown 

products 

c 

1 eq of 33a 

1 eq  of 28b 

DMAP (0.05 eq) 3-48 h  No reaction 

d 

1 eq of 33a 

1 eq  of 28b 

DMAP (0.05 eq) then a further 

0.05 eq after 24 hours 
3-72 h  No reaction 
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2.4.3. Synthesis via 4-nitrophenyl chloroformate 

The use of chloroformates has been noted in the synthesis of ureas and carbamates moieties. 

In particular, 4-nitrophenyl chloroformate 36 is highlighted as a suitable alternative. Scheme 

15 highlights the reaction of 4-nitrophenyl chloroformate with an amine in the presence of 

pyridine, as a base, in refluxing DCM. The vast majority of amines tested using these 

reported conditions were successful reactions. 4-Nitrophenyl propyl carbamate 37a was 

synthesised in modest yields (43%) after column chromatography purification.  

 

 

Scheme 15: Attempted synthesis of 31b using 36 

 

In the case of 4-fluoroaniline and 4-aminoacetophenone these reactions with chloroformate 

36 were unsuccessful, as evidenced by TLC and 1H NMR. This is postulated due to the 

presence of weakly and strongly deactivating functional groups attached to the aniline. 

Therefore, it was envisaged that the aforementioned functional groups withdraw electron 

density from the aniline, which deactivates the system through the resonance and inductive 

effects. The lone pair on the aniline acts to alleviate the lack of electrons in the system, thus 

preventing the aniline functional group from reacting (Figure 44).  

 

 

Figure 44: Resonance stabilisation of aniline systems 
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As 4-nitrophenoxide is an excellent leaving group, the 4-nitrophenyl N-propyl carbamate 

37a was reacted in the presence of the aniline 28b and triethylamine (Scheme 15). 

Regardless of the excellent leaving ability of the 4-nitrophenoxide, these reactions were not 

successful even when probed in model systems 37a and 37b. This can be attributed to the 

large bulky nature of the scaffold, nucleophilic attack is hindered by both the large bulky 

nature of the adjacent chlorine atom, and the deactivating nature of the ether linkage and, 

again, the chlorine. Both these factors together force the electrons from the aniline to stabilise 

the ring system, thus deactivating the aniline from successful nucleophilic attack. 

Consequently, the synthesis was attempted in reverse (Scheme 16), resulting in a precipitate 

unable to be dissolved in any appropriate NMR solvent. Despite initially appearing 

successful, through a change in Rf value on TLC and disappearance of starting material, mass 

spectrometry analysis concluded the absence of the key mass or any possible breakdown 

fragments. 

 

 

Scheme 16: Attempted synthesis of 31b and 40 using 4-nitrophenyl carbamate analogues 

 

This finding was later confirmed through the attempt of the second step with propylamine 

in DMSO. 1H NMR and mass spectrometry analysis both concluded that 4-amino-6-

propylaminopyrimidine-5-carbaldehyde O-methyl oxime 41 was produced as a by-product 

(Figure 45). Despite all the conditions described the urea moiety could not be synthesised 

for the continuation of this project. 
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Figure 45: Structure of the product observed by LCMS 

 

 

2.4.4. Synthesis of fluoroalkylamines 

In order to address the need to incorporate a PET radionuclide, it was envisaged this would 

occur pendant from urea of 21 at the R1 position, as shown in Figure 46. 

 

 

Figure 46: Positioning of PET tag on the urea scaffold 

 

The incorporation of the PET tag would take place in the form of a fluoroalkyl amine, to be 

synthesised in the manner shown in Scheme 17, or as a fluorobenzyl analogue. Therefore in 

conjunction with the synthesis of the scaffold, synthesis of a fluorinated isocyanate was 

attempted.  

This reaction began with the reaction of one equivalents of 3-chloropropan-1-ol 42 with one 

equivalent of methanesulfonyl chloride, resulting in the formation of the mesylate 43, which 

is considered an ideal leaving group for the fluoride displacement, after column 

chromatography purification on a neutral alumina column in high purity and yield (78%). 
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Scheme 17: Proposed synthesis of 3-fluoropropan-1-amine 46, with the envisaged synthesis of isocyanate 47 

 

Several attempts were made to displace the mesylate 43 for the fluorine moiety, as 

summarised Table 9. The attempted fluorination with KF in diethylene glycol, 

disappointingly, did not result in the distillation of 44.   

 

Table 9: Summary of attempted conditions for the fluorination of 43 

entry Fluoride Source Solvents Conditions 

a KF Diethylene glycol Kugelrohr 

b TBAF MeCN 90 °C 

c TBAF MeCN 50 °C 

d TBAF MeCN reflux 

 

 

The fluorination attempts with TBAF were also unsuccessful regardless of the conditions 

used and excess of the reagents used. These failures lead to the reconsideration of the most 

practical synthetic methods to synthesise the cold compounds for in vitro evaluation. The 

direct alkylation of potassium phthalimide with 42 was a low yielding reaction in DMF and 

was unsuccessful in THF, owing to the lower temperatures required for this solvent (Scheme 

18). Further fluorination attempts to displace this tosylate group were unsuccessful, therefore 

a literature search was performed to identify suitable aliphatic fluorination techniques. 
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Scheme 18: Alternative proposed fluorination method using the Gabiel synthesis 

 

 

2.4.5. Synthesis of fluoromethyl tosylate 52 

There are several examples in the literature highlighting the importance of fluoromethyl 

tosylate involved in both medicinal chemistry scaffolds and in PET imaging. Introduction of 

monofluoromethyl groups to drug candidates can offer enhanced biological properties; 

bioavailability, higher lipophilicity and metabolic stability.273 These fluoromethyl tosylates 

could be used in the synthesis of a cold standard for both the urea library discussed in this 

chapter and the indole library discussed in Chapter Three. Examples of 

monofluoromethylated drugs are shown in Figure 47. Fluticasone propionate (FP) is a 

synthetic anti-imflammatory steroid used in the treatment of asthma.274 Choline is an 

essential nutrient phosphorylated by choline kinases. Its derivative [18F]-FCH is used as a 

potential biomarker for cancer diagnosis.275 

 

 

Figure 47: Structures of two common monofluoromethylated drugs ([18F]-FP and [18F]-FCH) 

 

Scheme 19 highlights the synthesis of methylene ditosylate 51, from diiodomethane in a 

35% yield, and subsequent fluorination to synthesise 52, a suitable prosthetic group. 
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Scheme 19: Synthesis fluoromethyl tosylate 52 

 

Literature precedence for aliphatic radiolabelling is typically low yielding, involving a wide 

variety of fluorinating agents, phase transfer catalysts and catalysts. Table 10 summarises a 

some of the literature conditions applied to the fluorination of 51 (See Appendix One (7.2.1) 

for a full list of attempted conditions) 

 

Table 10: Initial attempts for the fluorination of ditosylate 51 

 

Entry Solvent 
F source/ 

PTCe (eq) 

Temp 

(ºC) 
Time (h) 

Conversion (%)b 
Methodology 

Ref* 
51 52 53 

ac MeCN TBAF 110 0.5 100 - - This work 

bc MeCN CsF 110 0.5 95 5 - This work 

c MeCN 
KF/K222 

(1.4) 
reflux 1 85 15 - 275 

d DMF CsF 120 24 75 5 20 This work 

e DMSO CsF 120 24 100 - - This work 

fc THF TBAF 110 0.5 100 - - 276 

gd 
t-amyl 

alcohol 
CsF 80 6 - 100 - 277 

hd t-BuOH CsF 80 6 57 43 - 277 

aUnless otherwise stated, all reactions were carried out with 20 mg of 51, 2 equivalents of the fluoride source 

in 1 mL of stated solvent. bconversion identified by 1H NMR. cmicrowave irradiation. d3 equivalents of CsF 

were used. ephase transfer catalyst (PTC) * these yields were determined experimentally using the literature 

methods 
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As shown in Table 10, there is a wide variety of fluorination methods available utilising a 

wide variety of fluoride sources and solvents. In Table 10, entry g highlights conditions 

which provided adequate fluorination of 51 to investigate further. It is well-known that the 

partial positive charge of polar protic solvents can aid the fluoride ion by increasing its 

nucleophilicity and by also enhancing the leaving group ability of the tosylate through 

hydrogen bonding.277, 278 

To optimise the identified conditions further, reactions were conducted to investigate the 

effect of the equivalents of caesium fluoride, length of reaction and microwave conditions. 

Initial investigations into a time dependence and equivalents of caesium fluoride were 

conducted. Figure 48 clearly demonstrates using one equivalent of caesium fluoride is not 

sufficient in adequate radiolabelling, only achieving a maximum 16%. Two equivalents 

achieves an 87% conversion after six hours, however using five equivalents achieves 

maximum conversion after one hour (For the full table see Appendix One (7.2.1)). 

 

 

Figure 48: Caesium fluoride equivalent dependant conversion of ditosylate 51 to 52 over six hours using t-

amyl alcohol (N=3), under conventional heating at 100 °C. Reported as average, with error bars indicating 

standard deviation. ^ No standard deviation calculated for these bars 

 

Despite one hour being an excellent time for a reaction, the half-life of fluorine-18 is 109 

minutes, therefore shortening the reaction further would be highly beneficial.277 Conducting 

the identified conditions (five equivalents of caesium fluoride in t-amyl alcohol) in the 

microwave significantly shortened the reaction times, which can be easily applied to 
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radiochemistry (Table 11). However also shown in the below table is the introduction of p-

tosyl fluoride impurity 53, which can be tolerated due to the decreased reaction time and 

should be easily separated from the target complex by semi-preparative radio-HPLC or SPE 

purification.279 

 

Table 11: Microwave assisted synthesis of 52a 

 

Entry Temp. (ºC) Time (min) 

Conversion(%)b 

51 52 53 

a 80 30 - 95 5 

b 80 15 45 55 - 

c 90 15 - 95 5 

a Reactions conducted in 1 mL of t-amyl alcohol, using  20 mg of 51 and 5 eq of CsF (n=3) b conversion 

identified by 1H NMR 

 

With the reaction times now shortened to 15 minutes, attention was focused to isolating 52. 

Larger scale reactions (~500 mg of 51) afforded unexpected problems. A yield of 37%, 

which is still greatly improved than the literature conditions shown in Table 10. Table 12 

summarises work-up conditions attempted to achieve an adequate isolated yield. Entry h 

highlights the conditions identified which gave the highest yield of 52. It should be noted 

complete removal of all residual solvent was required as 1H NMR evaluation was difficult, 

due to overlapping peaks. 
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Table 12: Scale up conditionsa A) t-amyl alcohol removed under reduced pressure then extracted with stated 

solvent; B) poured onto water extracted with stated solvent; C) solvent added to microwave vial then sonicated 

to break up the reaction mixture then filtered and washed with the solvent. The filtrate was concentrated under 

reduced pressure; D) t-amyl alcohol removed under reduced pressure and the solid was triturated with stated 

solvent and filtrate concentrate under reduced pressure 

Entry Work Up Solvent % Yield of 52b 

% impurity of 

53c 

a A EtOAc 37 5 

b B Et2O 36 5 

c C EtOAc 38 5 

d C Et2O 88 2 

e C DCM 40 5 

f D Et2O 60 5 

g D DCM 42 5 

h D Et2O 65 3 

a Reactions conducted in 5 mL of t-amyl alcohol, using 100 mg of 51 and 5 eq of CsF. b isolated yield c 

determined by 19F NMR. d reaction conducted with 500 mg of 51, 5 mL of t-amyl alcohol and 5 eq of CsF 
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2.5 Conclusions 

Despite initial publications by Huang et al. offering a scaffold which favours decreased 

cLogP values with a monocyclic structure capable of offering a pseudo-bicyclic structures, 

synthesis of the scaffold following the published procedure could not be achieved. The 

oxime core was predicted to form the hydrogen bond, as shown through primitive docking 

studies, and docking in a position which would classify this library as type II inhibitors. This 

urea focused library would have been interesting to biologically evaluate, owing to their 

predicted binding interactions being similar to Sunitinib. 

Although the reported synthesis from the original published method was not successful, 

literature searches highlighted other potential methods in order to synthesise this library. 

Alternative methods include; the Curtius rearrangement, the use of phosgene (to generate in 

situ isocyanates), the use of coupling reagents (25) and the use of 4-nitrophenyl 

chloroformates 36. These synthetic procedures were attempted, as discussed in this Chapter 

(2.4.3), but unfortunately did not yield the expected ureas. 

Also discussed in this Chapter (2.4.5) is the synthesis of fluoromethyl tosylate 52 in a yield 

and conversion greater than published literature. All aspects of the reaction were optimised 

to give ideal conditions: 15 minutes in the microwave using five equivalents of caesium 

fluoride, followed by complete removal of solvent and trituration with cold ether.  

Owing to the inaccessible nature of this library, a literature search was performed to identify 

a new scaffold, keeping the monocyclic nature of this library.  Chapter Three will discuss 

the design rationale and identification of the new library of compounds. 
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3. Indole focused library 

3.1 Indoles in medicinal chemistry  

Indoles are typically colourless, crystalline solids which are an important constituent in a 

variety of natural products.280 These indole containing natural products are alkaloid based, 

and small-molecule derivatives are known to bind to a range of cancer-associated therapeutic 

targets. This has led to an explosion of incorporating indoles into small-molecule inhibitors 

(Figure 49). An example of this is indol-3-carbinol which has potential use in targeting 

multiple pathways in cancer including; cell cycle regulation, caspase activation, cyclin-

dependant kinases activities, oestrogen metabolism and signalling and BRCA gene 

expression.281 

 

 

Figure 49: Use of indole core in drug therapies282 

 

Indoles have several different pharmacological and physiochemical features which makes 

them ideal for the incorporation into medicinal chemistry scaffolds. These features include: 

 pKa of NH is 16.7 – can affect the ability of a drug candidate to cross the cellular 

membrane 

 Enhanced nucleophilic substitutions of benzylic carbons – allows for structure 

activity relationships (SAR) to be conducted which could allow the identification of 

a more potent drug candidate 

 Less prone to oxidation in the presence of electron withdrawing group (EWG) on the 

indole core – enhanced metabolic stability 
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 Very electron rich, therefore easily oxidisable  – in the absence of EWG which allows 

for the extensive synthesis of analogues 

 Bioisosteric replacement for phenols– NH moiety can aid in the retention of 

aromaticity through resonance 

 

The indole core has also been integrated into synthetic small-molecule compounds which 

exhibit anti-cancer activity, including VEGFR2 inhibitors, as discussed in the next section.  

 

3.1.1. Indoles as VEGFR2 inhibitors 

Currently, there are limited examples of small-molecule synthetic indoles incorporated into 

the core scaffold of VEGFR2 inhibitors (Figure 50), apart from the closely related indol-2-

one core found in Sunitinib. However, there is a large precedence in the literature for the use 

of indoles as a part of a natural product scaffold, such as alkaloids. Tripathy et al. 

demonstrated the ability of indole 55 to inhibit HUVEC proliferation in vitro (IC50 6 nM).283 

6”-Debromohamacanthin A 58 is a bis-indole alkaloid from Spongosorites sp., a marine 

sponge, which has anti-tumour, anti-viral, anti-microbial and anti-imflammatory 

properties.284 Bis-indole alkaloid 58 exhibited modest activity for VEGF stimulated 

proliferation of HUVEC in a dose dependant manner.284 Again, brucine 56 is a natural plant 

alkaloid from Strychnos nux-vomica L. with similar properties as 10. Brucine 56 showed 

modest VEGFR2 inhibition of 21 μM and was found to inhibit the phosphorylation of 

VEGFR2 in a dose dependant manner.285 
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Figure 50: Structure of various indoles (pink) and indol-2-ones283-286 

 

Figure 50 highlights 58 (AZD2171) which contains the indole core initially developed by 

AstraZeneca and is a sub-nanomolar inhibitor of VEGFR2 (<1 nM), which exhibits no 

selectivity over VEGFR1 or VEGFR3 (5 nM and < 3 nM respectively).286 However, 58  

exhibits little selectivity over closely related kinases (c-kit and PDGFRβ) and excellent 

selectivity over non-related kinases.286 Importantly, 58 is also able to inhibit VEGFA 

stimulated phosphorylation of VEGFR2 in HUVECs, in a dose dependant manner.286 The 

binding mode of 58 is shown in Figure 49, binding is mediated through the quinazoline and 

a further interaction is formed between the indole NH and Asp1046, this places the indole 

within the hydrophobic back pocket. The binding mode for the closely related AG-028262, 

is similar to 58, with the interaction from Asp1046 formed from an amide group of the 

benzothiophene. Consequently, this demonstrates the ability of small-molecules which have 

incorporated the indole core to target the VEGFR2 binding pocket demonstrating potential 

to be developed into a PET imaging probe specific for VEGFR2. 
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Figure 51: Binding modes of AZD2171 58, AG-028262 and 1 with VEGFR2 (adapted from264) 

 

3.1.2. Indoles as PET imaging agents 

There are several examples in the literature of experimental radiotracers, radiolabelled with 

fluorine-18, containing the indole scaffold (Figure 52). Indole 59 has been developed to 

image β-amyloid plaques in Alzheimer’s disease.287 Serotonin (5-HT) receptors PET 

imaging with [18F]-60 exhibited favourable biological characteristics, whilst being capable 

of crossing the blood-brain barrier.288 GE-180 has been radiolabelled with fluorine-18 ([18F]-

61) and was developed to target translocator protein 18 kDa (TSPO), used in imaging 

inflammation.289, 290 Indole 62 targets COX-2, used as a biomarker for evaluating its 

expression in a variety of diseases including inflammation and cancer.  

 

Figure 52: Structures of some experimental PET candidates containing fluorine, the indole fragment is 

highlighted in pink and the positioning of fluorine-18 in red287-289, 291 
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The indole containing PET candidates highlighted above, all display favourable 

characteristics in biological assays. These characteristics include metabolic stability, ease of 

radiolabelling and favourable biodistribution. More importantly the indole core displayed 

sufficient stability during radiolabelling. 
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3.2 Rationale 

The indole heterocycle is ubiquitous in nature and has been incorporated into small-

molecules that target VEGFR2, as discussed in the previous section (3.1.1). Further analysis 

of the patent by Connolly et al. (WO2007/109783) revealed the same oxime-pyrimidine core 

as the library which incorporated the urea moiety (Chapter Two). However the urea was 

replaced with an indole.292 The new scaffold identifies an indole-pyrimidine ether bridged 

core, as shown in Figure 53. This lead scaffold 63 offers superior VEGFR2 enzyme activity 

and moderate cellular penetration, whilst retaining high affinity for VEGFR2, compared to 

the urea library as highlighted by Huang et al.266, 292  

 

 

Figure 53: New molecular architecture, with the indole fragment highlighted in pink and the previous 

pyrimidine highlighted in black, with some VEGFR2 affinity data from the literature292 

 

The binding mode of the urea focused library to VEGFR2 was discussed Chapter Two (2.2.1) 

and it was expected the binding mode of these two scaffolds would be identical. However 

docking studies revealed 63 binds in the opposite manner to the scaffold discussed in Chapter 

Two, as shown in Figure 54, and also opposite to the binding described for the indoles and 

closely related benzothiophenes (3.1.1). Notably, the pyrimidine forms a hydrogen bond 

with Glu885 not Cys919 as expected.293 Therefore this limits the functional groups, pendant 

from the oxime moiety, to smaller aliphatic groups for fluorine-18 radiolabelling. 
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Figure 54: A) expected binding mode, based on the predicted binding mode of the urea focused compounds 

B) Predicted binding mode provided by in silico docking using Schrӧdinger Gold (2014-2) and visualised on 

Chemical Computing Group MOE (2013-8802). (PDB: 2OH4) 

 

 

3.2.1. Design of an indole focused library 

Lipophilicity is an important factor when developing a successful candidate for PET 

imaging, avoiding high non-specific binding, as discussed in Chapter One (1.3.3.4). The 

optimal cLogP for PET imaging should ideally be around 1-4.149 In medicinal chemistry 

there are different strategies deployed to lower the cLogP of a scaffold. An extensive 

literature search conducted to find strategies in medicinal chemistry to lower cLogP 

highlights the use of electron withdrawing groups. These strategies include the use of nitrile, 

nitro and methoxy groups are also used to lower cLogP.294, 295 This strategy to lower cLogP 

was used to identify a compound easily radiolabelled with fluorine-18, whilst retaining the 

original selectivity for VEGFR2. The choice of functional group positioned around the indole 

has a marked effect on lipophilicity, as highlighted by cLogP in Table 13. 

 

 

 

 

 

A) B) 
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Table 13: Impact of the position of the functional group on cLogP1 

 

R1 R2 R3 cLog P 

H H H 3.89  ± 0.74 

Me H H 4.73  ± 0.76 

7-OMe   3.11  ± 1.07 

6-OMe   2.54  ± 0.76 

7-CF3   4.78 ± 1.21 

6-CF3   4.01 ± 1.21 

7-CN   3.69  ± 1.08 

6-CN   4.43 ± 0.76 

 CN  3.45  ± 1.08 

 CF3  4.88 ± 1.13 

 OMe  4.11 ± 1.08 

  CN 3.07 ± 1.11 

  CF3 4.48 ± 1.32 

  OMe 3.81 ± 1.08 

1clogP values calculated using ACD Chem Sketch V12.01 

As shown in Table 13, the optimal position for the incorporation of the OMe group is at the 

6 position and the CN group at either the R2 or R3 position and thus the proposed new 

molecular architecture is shown in Figure 55, also shows the proposed new position of the 

PET radiolabel on 63. Although not lowering the lipophilicity, the incorporation of a CF3 

group at the 2nd position of the indole, allows for 18F incorporation, as identified by Huiban 

et al. and Carroll et al.242, 296 It is envisaged that the PET tag will be incorporated off the 

oxime functionality through a simple alkylation, with a prosthetic group. 
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Figure 55: Structure of the molecular architecture showing the positions in which the library can be 

diversified from the original structure described by Connolly et al.292 

 

3.2.2. Considerations of the indole focused library for developing a successful PET 

candidate 

There are several criteria to be considered when developing this indole scaffold into a 

successful candidate: 

 Selectivity and affinity for the target – As previously described Huang et al. have 

demonstrated the indoles meet this requirement, through achieving a affinity of 42 

nM for ethyl substitution at the R2 position (Figure 51) with a 100 fold selectivity 

over other kinases  

 Ease of radiolabelling – As shown in Figure 55, there are several places in which 

fluorine-18 can be incorporated into the scaffold. Thus making the radiofluorination 

the last step, lowering the reaction time increasing the possibility of enhanced 

radiochemical yields 

 Lipophilicity – As previously discussed lipophilicity is important as this can 

determine the percentage of radiotracer bound in the plasma which can confound 

PET imaging. The synthesis of different indoles, with different cLogP values, 

attempting to alleviate any potential problems  

 

All the aforementioned criteria highlight the indole scaffold satisfies the requirements to be 

developed into a successful PET candidate and is, therefore, the focus of this Chapter.   

 

Either Fluorine or Hydrogen 

CH3, CF3, CN 

Aim: to drive 

down cLogP or to 

provide unique 

radiolabelling 

opportunities 

Smaller, aliphatic 

substituents  

Aim: incorporation of 

the PET tag 
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3.3 Synthesis of Indoles 

The useful nature of the indole scaffold has led to many methods being identified for their 

synthesis. These methods provide a multitude of substitution patterns, ranging from the 

unsubstituted to the highly substituted. The conventional numbering system and a selection 

of the most well-known methods are shown below in Figure 56.  

 

 

Figure 56: Common methods utilised to synthesise indole 54, also highlighting the conventional numbering 

system of indoles. 

 

3.3.1. Fischer indole synthesis 

The Fischer indole synthesis can be considered one of the most practiced methods in the 

preparation of indoles. First identified by Fischer in 1883, this method involves the 

conversion of arylhydrazones into indoles, in the presence of an acid, typically ZnCl2.
297 The 

aryl hydrazones are synthesised through the treatment of aryl hydrazines with an aldehyde 

or a ketone, the mechanism is shown in Figure 57.297 

 



Chapter Three  Indole focused library 

112 
 

 

Figure 57: Mechanism of Fischer indole synthesis 

 

The fischer indole synthesis is initiated through tautomerisation of the hydrazone i-ii, which 

is followed by a [3,3]-sigmatropic rearrangement. The final step in this mechanism is the re-

aromatisation of the system, with the evolution of ammonia. This indole synthesis can lead 

to a wide range of derivatives at the 2 and 3 position. The simplistic nature of Fischer indole 

synthesis often leads to mono-functionalised indoles. Also, relatively few aryl hydrazines 

are commercially available, due to their general toxicity, thus limiting the scope of the 

Fischer indole synthesis.298 Due to this there has been an explosion in the methodology for 

synthesising indoles. 
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3.4 Results and discussion 

3.4.1. Chemistry of the indole series 

As discussed in the rationale three different indole scaffolds were planned (3.2.1 – Figure 

53). As shown in Figure 58, 65 and 66 do not contain the fluorine at the 4th position of the 

indole, due the inability to synthesise appropriate precursors, as judged by retrosynthetic 

analysis. Therefore, 65 contains a radiolabelling opportunity of the 2nd position, whereas in 

66 the radiolabelling opportunity will be pendant of the oxime. The synthesis of each of 

these compounds and their incorporation into the main scaffold, will be discussed in this 

chapter.  

 

 

Figure 58: Structures of the indoles required 64-66 

 

3.4.1.1. Synthesis of 4-fluoro-2-methyl-1H-indol-5-ol 64 

The synthesis of 4-fluoro-2-methyl-1H-indol-5-ol 64 began with the nucleophilic 

substitution of 67 with ethyl acetoacetate. Tight temperature control (0-5 °C) was required 

for this reaction, otherwise poor yields were observed from over substitution (Scheme 20). 

Allowing ethyl acetoacetate to react, in the presence of sodium hydride, at low temperatures 

allowed the complete, irreversible formation of the enolate required for the nucleophilic 

substitution of 67. Subsequent acid deprotection and decarboxylation of the intermediate, 

revealed 68a in poor yields, also two regio-isomers, 68a (ortho) and 68b (para) to the nitro 

substituent were generated. This isomer generation can be rationalised through the resonance 

stabilising nature of the nitro group, which can only be achieved through nucleophilic attack 

on either the para or ortho fluorine. 

 

 

Scheme 20:  Synthesis of 68a and 68b 
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Generation of the ethyl acetoacetate enolate required stirring at -10 °C for 25 minutes before 

the careful addition of 67. This reaction generated two regio-isomers, as previously 

discussed, which could be separated by column chromatography and identified through 

NOESY interactions on NMR, identifying those protons which are close in space. Upon 

examination of the 1H NMR there was no preference between sites of attack, with both 

yielding a 1-to-1 ratio.  Figure 59 shows only the para isomer is likely to cause a signal on a 

NOESY NMR (protons responsible highlighted in red). Whereas for the ortho isomer no 

interaction should be seen as the corresponding protons are not located closely in space, the 

protons responsible are highlighted in blue. Despite this being an interesting finding the para 

isomer could not be taken forward for further chemical transformations due to the inability 

to synthesise the required indole 64. 

 

 

 

Figure 59: Identification of the protons likely to cause a signal on NOESY NMR evaluation of the isomers 

of 68b, a signal is seen in the area circled 

 

Literature conditions for the introduction of the hydroxyl at the para-nitro position were not 

successful (Scheme 21). The literature precedence involving the use of benzyl alcohol and 
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lithium hydroxide was unsuccessful, with the synthesis of unidentifiable compounds, 

producing a gum-like material. LCMS did not elucidate the products from this reaction 

further, as these nitro compounds did not ionise under ESI conditions. Comparison of the 

UV trace obtained revealed the complete disappearance of starting material. It can be 

postulated that some form of attack took place on the ketone. 

 

 

Scheme 21: Attempted introduction of the benzyl moiety to 69 

 

Further literature analysis revealed the benzyl group might be introduced through 

irreversible benzyl alkoxide formation with sodium hydride. However this method was not 

successful, presumably the benzyl alkoxide reacted at the ketone position undergoing a 

nucleophilic addition reaction. Further attempts to attach the benzyloxy group are shown in 

Table 14. 

 

Table 14: Attempts at the introduction of the benzyloxy moiety to 69 

Entry       Base Solvent              Outcome 

          a       LiOH           neat         unknown product 

          b               NaH           DMF 
probable attack on the ketone moiety                          

-  1H NMR highlighted several products 

          c               NaH           DMA                               as above 

          d K2CO3           DMF              no reaction 

 

 

Alternative strategies were explored to introduce the benzyloxy moiety of 69 and a literature 

precedence for the protection of the ketone was revealed. This ketone protection strategy 

avoids any attack on the ketone moiety (Scheme 22). Attempted protection with trimethyl 

orthoformate in the presence on Montmorillonite K10 (a catalytic clay) under anhydrous 
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conditions did not yield 70, even after several days, TLC analysis revealed starting material 

only. Disappointingly p-toluenesulfonic acid catalysed protection of the ketone was also 

unsuccessful. 

 

 

Scheme 22: Attempts at protecting the ketone functionality 

 

Examination of indole 64 revealed the need for an unprotected hydroxyl, consequently other 

protecting groups which introduced the hydroxyl into the scaffold were sought. A clear 

literature precedence highlighted the use of sodium and methanol, to generate fresh sodium 

methoxide. However, using commercially available sodium methoxide the methoxy group 

was successfully introduced to 71, without the need to use the moisture and air sensitive 

sodium metal (Scheme 23). Despite the modest yields, the reaction occurred over an 

extended 72 hour period, which could be followed by NMR analysis of the reaction mixture. 

Pleasingly, 68a could be recovered and recycled back into the reaction.  

 

 

Scheme 23: Attachment of the methoxy group to form 71 

 

The introduction of the methoxy moiety could be monitored by 1H NMR, by monitoring the 

change in the shifts of protons in 68a. As shown in Figure 60, the pure 1H NMR for 71 is at 

the bottom of the stacked image, the reaction appears to proceed slowly at 18 hours. The 

reaction seems to slow between 48 and 70 hours. After 70 hours the reaction was deemed 

finished as the ratios of 68a to 71 remained unchanged. Also shown in Figure 58 are the 

intermediates generated during the course of the reaction, these were not isolated and not 

present in the crude NMR after work up, also shown in Figure 58. 
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Figure 60: The transformation of 68a into 71 over a 72 hour time period; Pure 1H NMR of 71 (bottom) 

indicates a pure sample after column chromatography. The aromatic region (6.5ppm – 8.2 ppm) is 

represented as these highlight the marked differences in the aromatic regions and the transformations can be 

followed 

 

The remaining steps in the synthesis of 4-fluoro-2-methyl-1H-indol-5-ol 64 are shown in 

Scheme 24. The removal of the methyl group, to reveal the hydroxyl, proceeded smoothly 

under neat conditions using four equivalents of pyridine hydrochloride, giving 72 in a 50% 

yield. Unfortunately 71 could not be recovered and unwanted, unidentifiable by-products 

were observed due to the harsh conditions required.  

 

Hd 

Hd 
Hc 

Hc 

Hb 
Ha 

Intermediates 
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Scheme 24: Remaining steps towards the synthesis of 2-methyl-1H-indol-5-ol 64 

 

The reduction of 72 using sodium dithionite afforded the cyclised product 64 and monitoring 

by LCMS indicated this reductive cyclisation was typically complete in 90 minutes. None 

of the aniline was observed indicating once the aniline is formed a reductive cyclisation 

occurs. The yield was relatively disappointing (29-58%) for a simple intramolecular 

cyclisation, with the starting material 72 unrecoverable.  

The mechanism for the reductive cyclisation is shown below in Figure 61. The cyclisation 

occurs immediately, with aniline i not observable by LCMS. The mechanism is similar to 

the Riessert indole synthesis, which also comprises of a reductive cyclisation and is capable 

of synthesising highly diverse indoles.299  

 

 

Figure 61: Mechanism for the conversion of 72 to 64 
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3.4.1.2. Synthesis of 2-trifluoromethyl-1H-indol-5-ol 65 

The synthesis of 2-trifluoromethyl-1H-indol-5-ol 65 began with the BOC protection of 

aniline 73, allowed the single deprotonation of the aniline whilst directing the deprotonation 

to occur at the methyl group. Column chromatography purification of 74 was unachievable, 

therefore recrystallisation from hexane was utilised, as per the literature. Pre-stirring 74 with 

sec-BuLi allowed full deprotonation of the methyl group. Addition of Weinreb amide A 

resulted in the BOC protected indole, TFA deprotection afforded 75 in a 22% yield over the 

two steps, after column chromatography purification (Scheme 25). Deprotection of 75 using 

BBr3 to reveal indole 65 proceeded in a 95% yield, after column chromatography. 

 

 

Scheme 25:  Full synthesis of target indole 65 

 

Although the mechanism to form 75 is similar to the Smith modified Madelung synthesis, 

the mechanism does not involve a heteroatom Peterson olefination step. However the 

cyclisation step still involves a 5-exo-trig ring closure (Figure 62). The first step is the 

deprotonation of the methylene group of 74 using s-BuLi. The Weinreb amide A undergoes 

nucleophilic attack from the deprotonated methylene group, resulting in the expulsion of N, 

O-dimethylhydroxylamine. Nucleophilic attack on the ketone occurs from the BOC 

protected amine forming 65, after TFA mediated BOC deprotection. BOC deprotection did 

not occur during the synthesis of the indole, as evidenced by a crude 1H NMR and LCMS, 

but through deprotection using TFA. 
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Figure 62: Mechanism for the conversion of 74 to 75 

 

 

3.4.1.3. Synthesis of 5-hydroxy-1H-indole-2-carbonitrile 66 

The synthesis of indole 66 began with the conversion of the indole-2-carboxylic acid 76 to 

the corresponding acid chloride. Once synthesis of indole-2-acyl chloride was complete, 

evidenced by TLC, the reactants were removed under reduced pressure. The amide was 

afforded using 7N ammonia, in MeOH (Scheme 26).  

 

 

Scheme 26: Synthesis target indole 66 

 

Subsequent dehydration using neat, refluxing POCl3 afforded the nitrile 77 in 33% yield 

(over the three steps) after column chromatography purification. A plausible mechanism for 

the dehydration is shown below by Figure 63. 
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Figure 63: POCl3 mediated dehydration of 5-methoxy-1H-indole-2-carboxamide to 77 

 

The final step in the synthesis of indole 66 was the deprotection of 77 using BBr3 in DCM, 

affording 66 in an 86% yield after column chromatography purification, as shown in Scheme 

26. 

 

3.4.1.4. Synthesis of the indole core scaffold 

A convergent approach was utilised for the synthesis of the final compounds of the indole 

focused library. The synthesis is shown in Scheme 27 and began with the nucleophilic 

substitution of 26 with the indoles 64-66. 

 

 

Scheme 27: Synthesis of the final compounds 78a-i 

 



Chapter Three  Indole focused library 

122 
 

After the alkylation of the indoles with the core scaffold, the synthetic pathway diverged. 

For the commercially available O-alkylated oximes the final products were formed directly 

(78a, 78f and 78h). The mechanism is shown in Figure 64 below and is a simple 

condensation between the O-hydroxylamine hydrochloride and the aldehyde.  

 

 

Figure 64: Mechanism for the condensation of the carbaldehyde and O-methylhydroxylamine hydrochloride 

 

For the compounds where the corresponding hydroxylamines were not easily available, or 

for the easy incorporation of a fluorine-18 motif, the condensation of hydroxylamine was 

utilised. Alkylation of the hydroxylamine (79a-c) with the various alkyl groups proceeded 

in 3-18 hours to yield 78b, c, d, g, i. 

 

 

Scheme 28: Click synthesis of 78e from alkyne 78d 

 

Although not the result of a direct alkylation of 79a, 78e was synthesised via a copper-

catalysed azide-alkyne cycloaddition (CuAAC) of 78d with 81, as shown in Scheme 28. 

Although the formation of 78e proceeded overnight, this was a very poor yielding reaction 

(3%). A plausible rationale for this is the co-ordination the copper in the pyrimidine 

complex. Copper is important for this reaction due to its catalytic nature, as shown in Figure 

65. Presence of the copper made purification of 78e difficult, thus decreasing the yield of the 

reaction. 
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Figure 65: Catalytic cycle of Copper catalysed Azide Alkyne Cycloaddition 

 

A total of nine compounds were synthesised for initial biological evaluation, as shown in 

Table 15.  

 

Table 15: Structures of the final compounds synthesised for this indole focused library (78a-i) 

 

Compound X R1 R2 Yield (%) 

78a F CH3 CH3 98 

78b F CH3 CH2CH3 77 

78c F CH3 CH2CH2F 39 

78d F CH3 CH2CCH 30 

78e F CH3 

 

 

 
3 

78f H CF3 CH3 98 

78g H CF3 CH2CH2F 23 

78h H CN CH3 62 

78i H C N CH2CH2F 18 
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3.4.2. Biology of the indole series 

As discussed previously in Chapter One (1.3.3.3), selectivity is a major requirement when 

developing a novel PET candidate. A selectivity assay was developed using VEGFR2 non-

expressing cell lines HCT116 (human colorectal carcinoma cell line), A549 (human lung 

adenocarcinoma cell line), treated with high concentrations of probe.300-305 If the library is 

specific, they will not affect cell lines which do not express VEGFR2. However if they are 

unspecific they are likely to target more than one kinase or signalling pathway. It is known 

that VEGFR2 inhibitors do affect proliferation at higher concentrations only, therefore if 

effects on proliferation are observed at lower concentrations this can be attributed to off-

target effects. Consequently, assessing cell lines for their VEGFR2 expression is important 

before examining the libraries effects on proliferation. As Figure 66 shows whilst HUVECs 

demonstrated strong VEGFR2 expression as expected, both the HCT116 and A549 did not. 

It is known that VEGFR2 expression can be upregulated under hypoxic conditions, therefore 

this variable was also investigated.306 Although bands were detected with the harsh lysis 

buffers, this could not be characterised as VEGFR2 but non-specific binding of the antibody. 

This also confirmed that VEGFR2 is not expressed in either the HCT116 or A549 cell lines, 

which is consistent with the data Smith et al. report for VEGFR2 expression in cell lines.56 
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Figure 66: Effects of different lysis buffers on VEGFR2 pulldown in either normoxic or hypoxic conditions.s 

A) A549 B) HCT116 C) HUVEC. Cells were harvested by scraping and lysed in the different bussfers. 50 µg 

of lysate was loaded onto the 6% acrylamide gel and separated by SDS-PAGE. 

 

3.4.2.1. Cellular proliferation assay 

Establishing the non-VEGFR2 expression status of the A549 and HCT116 cell lines allows 

for the initial assessment of non-specific effects. As discussed previously (3.4.2) there should 

be no effect on proliferation at lower doses, as there is no VEGFR2 expression. Therefore, 

to assess this an MTS assay was selected to examine this. The MTS assay works on the basis 

of reducing the tetrazolium salt 84 to the formazan. However the tetrazolium salt is not able 

to penetrate the cellular membrane. To overcome this, MTS is used in combination with 

electron acceptor agents which are cell penetrable. The electron acceptor agent used is 

phenazine ethyl sulfate (PES – 82). The electron acceptor 82 is reduced in the mitochondria 

to 83, crosses the cell membrane back into the culture medium where tetrazolium 84 is 

converted into the formazan 85 (Figure 67).307 Data obtained from this assay can be used to 

 

250 kDa 

75kDa 

VEGFR2 
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determine half maximal inhibitory (IC50) data, the concentration required to cause 50% 

inhibition in vitro.  

 

 

Figure 67: Reduction of tetrazolium salt 84 to the formazan product 85 by the mitochondria - the main 

principle of an MTS assay 

 

As this cellular proliferation assay is based around the metabolic activity of the 

mitrochondria, any effects observed in cell lines that lack VEGFR2 expression can be 

attributed to off-target/non-selective interactions. VEGFR2 inhibition has a direct impact in 

proliferation, via various downstream pathways. 
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Table 16: IC50 data for the indole library (DMSO final concentration 0.0002%) 

 

Compound X R1 R2 
IC50 (µM) 

HCT116 A549 

78a F CH3 CH3 0.452 0.416 

78b* F CH3 CH2CH3 0.093 0.021 

78c F CH3 CH2CH2F 0.066 0.048 

78d* F CH3 CH2CCH 0.073 0.139 

78e F CH3 

 

>2 >2 

78f H CF3 CH3 >2 0.122 

78g H CF3 CH2CH2F 0.833 >2 

78h H CN CH3 >2 >2 

78i H CN CH2CH2F 0.289 >2 
*
Synthesised from the Connolly et al. patent292 the remaining compounds are novel. IC50 graphs are located in 

Appendix Two 7.2.2 

 

Table 16 highlights the IC50 data obtained from this assay. 78c appears to have the greatest 

effect on both HCT116 and A549 cell lines (66 nM and 48 nM respectively). The data 

obtained for 78b and 78d, synthesised to allow direct comparison with the literature, show 

slightly higher potencies than those published by Huang et al. for the HCT116 cell line (93 

nM and 73 nM versus 36 nM and 28 nM respectively), although no studies were performed 

to highlight any potential off-target effects.266 However this could be due to the different 

proliferation assay utilised. Despite 78e and 78h not exhibiting the same toxicities at low 

concentrations as the other seven compounds, these were not taken forward for further in-

depth biological characterisation. The yield for the CuAAC for synthesis of 78e was not high 

yielding and difficult purification did not allow for further in-depth biological validation. 

Whereas 78h does not contain a fluorine which could be radiolabelled for PET imaging.  

Although published VEGFR2 inhibitors affect proliferation, the effect on proliferation is 

only observed at much higher concentrations (Figure 68). Xia et al. obtained efficacy data 

for HCT116 against YLT192 86, in which a potency of 7.4 µM was observed.300 This effect 

on proliferation of a non-VEGFR2 expressing cell line is much higher and more in line with 

an inhibitor which is specific for VEGFR2. Solubility of this library was poor and led to a 

great variation in results. However it can be discerned, despite the poor solubility, this library 

was very toxic at very low concentrations. During treatment with the indole library, a ‘cell 



Chapter Three  Indole focused library 

128 
 

death’ like phenotype consisting of rounding and cellular detachment from the plate. Nuclear 

staining was then carried out for further characterisation. 

 

 

Figure 68: IC50 data for two developed VEGFR2 inhibitors 

 

 

3.4.2.2. Evidence of non-specific toxicities 

Nuclear staining 

Nuclear staining techniques, such as DAPI (4’-5-diaminophenylindole), can be used to 

visualise structures within a cell. DAPI forms complexes with DNA, through interactions 

with the minor groove of adenine-thymine rich regions.308 Visualisation of DNA is 

extremely important to assess whether the cells are undergoing an apoptosis-like death, in 

light of the cellular proliferation assay data.  Cells die by apoptosis (also known as 

programmed cell death) or by necrosis, both of which can by visualised by DAPI staining. 

Apoptosis is characterised by pyknosis, chromatin condensation followed by plasma 

membrane blebbing and karyorrhexis, with pyknosis the most characteristic feature of 

apoptosis.309 Figure 69 highlights data obtained from the nuclear staining, demonstrating 

pyknosis is not present but mutlinucleation can be observed. This could be indicative of 

mitotic catastrophe, although would require definite data to prove this which is beyond the 

scope of this project. As observed by the figure below, there is a decrease in cell number for 

both cell lines and some cells appear out of focus due to rounding.  
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Figure 69: DAPI staining of A549 (A-C) and HCT116 (D-F). Cells were treated for 16 hours, on coverslips, 

before being fixed for staining. DMSO concentration 0.2%. A and D) Vehicle (DMSO) treated B and E) 

Treatment with 78a at 452 nM C and F) Treatment with 78c at 66 nM. Blue channel only 

 

Effects observed on β-tubulin levels 

The assays utilised thus far indicate that this library exhibits off-target toxic effects at low 

concentrations. Nuclear staining assays indicating the cell lines were not undergoing 

apoptotic cell death, but exhibit a mitotic arrest-type phenotypic. This was further supported 

by an apparent dose dependant decrease in β-tubulin levels, presented below in Figure 70. 

The dose was selected around the IC50 calculated from the cellular proliferation assay 

described previously. Importantly, levels of GAPDH are not affected by treatment with 78a 

or 78c in any of the cell lines tested. This could indicate a specific effect on β-tubulin, 

although more extensive investigations are required to conclusively prove this.  
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Figure 70: Treatment of A549, HCT116 and HEK293 cells causes a dose dependent decrease in beta tubulin 

protein expression. A549, HCT116 and HEK293 cells were cultured in DMEM + 10% FCS until 60% 

confluent. Media was then removed and replaced with fresh media containing 0-1000 nM of indole 

compound 78a (panel a) or 78c (panel b) for 24 h. 

 

β-tubulin plays a pivotal role in cellular polarity and motility, intracellular traffic and 

mitosis.310, 311 β-tubulin forms heterodimers, smaller subunits of microtubules and upon 

transition from interphase to mitosis, the microtubule rearranges forming the mitotic spindle 

needed for chromosome segregation.311, 312 The turnover of the mitotic spindles is rapid, 60-

90 seconds, which can be associated with an increased catastrophe rate.313 If levels are 

depleted through unknown mechanisms, then the amount of β-tubulin available for mitosis 

is decreased. This could force the cell to a die through a mitotic catastrophe type mechanism. 

There is a class of compounds which are known to cause the tubulin to be degraded within 

the proteasome. The cinnamaldehydes which contained a α,β-unsaturated carbonyl unit 

forms interactions with tubulin, resulting in the aggregation of tubulin within the insoluble 

fraction.314 Importantly, the cinnamaldehyde based inhibitors were not characterised as a 

microtubule-targeting agent due to the lack of tubulin degradation. The imbalance between 

the soluble and insoluble tubulin prevents microtubule polymerisation dynamics, preventing 

cells from entering the M phase ultimately causing G2 arrest.314 However, it cannot be 

definitively prove if the indole focused library behaves in this manner.  

 

3.4.2.3. Evidence of the indole as mitotic inhibitors 

There is literature precedence which highlights the dual VEGFR2/β-tubulin inhibitor 

properties of some inhibitors, three examples of which are given in Figure 71. These 

inhibitors were purposely developed for this dual inhibitor status. All three examples 

comprise of the key features of either a VEGFR2 or a tubulin inhibitor, into one scaffold and 

assessed for its efficacy against both targets. There is structural similarity between 88 and 

89, but both were developed by independent groups. On examination of these three 

78a 78c 



Chapter Three  Indole focused library 

131 
 

structures, there is no similarity to the indole focused library described in this chapter. 

Moreover, more compelling evidence comes from the cellular proliferation assay where an 

IC50 obtained on 90 of approximately 1 µM for both HCT116 and A549 cell lines.315 

 

 

Figure 71: Structures of three dual VEGFR2, tubulin inhibitors316  

 

There is a large literature precedence where indoles have been incorporated into the scaffold 

of mitotic inhibitors, an excellent review can be found here.317 The earliest known indole 

based tubulin inhibitors are 91a and 91b (vinblastine and vincristine respectively - Figure 

72).318 From proliferation assays, 91a has an IC50 of 900 nM, whilst 91b has an IC50 of 23 

nM in the luekemia cell line HL-60.319 Both 91a and 91b are known to cause cell arrest 

during the M phase, through the direct binding to microtubules which disrupts the 

microtubule dynamics.320, 321 Recently developed as mitotic/tubulin inhibitors are 92 and 93, 

each having an IC50 of 2 nM (MCF-7) and 190 nM (A549) respectively, these values were 

obtained from cellular proliferation assays. 322, 323 More informative assays are required to 

determine the true mechanism of action of this indole focused library, however the evidence 

presented above precludes its use as a PET candidate. 
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Figure 72: Structures of mitotic/tubulin inhibitors318, 322, 323 
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3.5 Summary 

Patent WO2007/109783 highlighted a series of indole-pyrimidine ether bridged compounds 

which exhibited high affinity for VEGFR2, whilst maintaining cellular activity. In silico 

docking highlighted a potential reverse binding mode unlike the previous urea scaffold 

(Chapter Two) which limits the size of substituents, pendant to the oxime, to smaller 

aliphatic substituents. The focus of this indole library was to lower cLogP to increase cellular 

penetration and allow more efficient PET imaging, to allow for easier image interpretation 

through decreased non-specific binding. The indole scaffold identified to do this was the 5-

hydroxy-1H-indole-2-carbonitrile 66, through the withdrawal of electron density of the 

indole system. Although not lowering cLogP, 2-trifluoromethyl-1H-indole 65 was chosen in 

order to exploit the radiochemistry associated with trifluoromethylation identified by the 

Gouverneur and Sanford groups.  

Synthesis of the indole scaffolds was often difficult and required optimisation. Despite this, 

once the indole nuclei were synthesised, the main scaffolds were relatively simple to access, 

requiring little optimisation. The click reaction was disappointing with little conversion to 

the click compound, presumably through the co-ordination of the copper with the nitrogen 

contained in the scaffold. Overall nine compounds (78a-i), with seven entirely novel (78a, 

78c, 78e-i), were put forward for biological evaluation.  

A selectivity screen was first performed on this indole focused library, as selectivity is of 

major importance in the development of a PET candidate. A cellular proliferation assay 

carried out in cells lacking VEGFR2 expression was used to identify off-target binding. 

Results from this assay highlighted high affinity non-selective binding as evidenced by the 

low IC50 values obtained for entirely novel candidate 78c (IC50 of 42 nM against A549). This 

precludes the indole focused library’s use as a PET imaging agent. Further nuclear staining 

assays further confirmed a mitotic arrest type phenotype, although this requires further 

studies to confirm this.  

β-tubulin plays an important role during mitosis, through forming the mitotic spindles 

required for successful mitosis. Therefore, if levels of β-tubulin levels are depleted then this 

could also cause the results observed from the nuclear staining studies on the HCT116 and 

A549 cell lines. Although there are examples of dual VEGFR2/β-tubulin inhibitors, there is 

no structural similarity between the examples and the indole focused library. It is important 

to note the extremely low values obtained from cellular proliferation assays are similar to 

literature published for known mitotic inhibitors.  
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Despite the lack of data for the VEGFR2 targeting nature of this indole focused library, off-

target bindings were observed from the proliferation, nuclear staining and western blot 

assays. Non VEGFR2 expressing cell lines A549 and HCT116 were selected for the assays 

which all confirmed off-target binding was observed for this library. Therefore, this library 

of indole focused pyrimidine compounds lack the necessary specificity required for 

successful PET imaging. Widespread off-target binding is observed with this library and, 

therefore, cannot be taken forward for further biological characterisation, the manner of off-

target binding was not characterised. Chapter Four will discuss a new library of compounds 

synthesised and biologically evaluated, using a new, more informative biological assay. 
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4. Quinazoline focused library 

4.1 Quinazolines in medicinal chemistry  

Quinazoline 94 and 4(3H)-quinazolinone 95 (Figure 73) are fused heterocycles of immense 

interest in the pharmaceutical industry owing to their diverse use in anti-cancer, anti-

inflammatory, anti-convulsant and anti-hypertensive agents.324 The quinazoline scaffold can 

be considered an amalgam of both the pteridine and purine nuclei, therefore it is not a 

surprise that the vast majority of these compounds are ATP competitive type I kinase 

inhibitors which bind to the active conformation, discussed in detail in Chapter One 

(1.2.3).325 However to determine whether an inhibitor is a type I or a type II, the inhibitor 

needs to crystallise into the ATP of the kinase of interest and X-ray studies performed. As 

previously covered in Chapter One (1.2.3), type II inhibitors do not directly compete with 

ATP and bind to a hydrophobic pocket of the inactive kinase.326 Typically one to three 

hydrogen bonds are formed between the hinge region (around Cys919 of VEGFR2) and the 

inhibitor. It is well-known that kinases catalyse the attachment of phosphorous groups to the 

tyrosine residues, resulting in the conversion of ATP to ADP. In tyrosine kinases this occurs 

via the tyrosine residues, in serine-threonine kinases this occurs on the serine residues. 

Therefore if the inhibitor is bound within the nucleotide binding domain, the kinase cannot 

catalyse the attachment of phosphorous groups to the tyrosine residue of VEGFR2, which 

prevents downstream activation of the signalling pathway. 

 

 

Figure 73: Structure of quinazoline 94, 4(3H)-quinazolinone 95, adenine 19, purine 96 and pteridine bases 

97 

 

Quinazolines are distributed widely in the scaffolds of anti-cancer agents and, in particular, 

kinase inhibitors. Figure 74 highlights the quinazoline core in the use of inhibitors targeting 

specific kinase signalling pathways.  
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Figure 74: Common quinazoline based kinase inhibitors327-330 

 

4.1.1. Quinazoline as VEGFR2 inhibitors 

Examples of drugs that have gone to market or reached clinical trials containing the 

quinazoline core are presented in Figure 75. AZD2171 58 demonstrates excellent selectivity 

over non-related kinases but poor selectivity over the VEGFR family, as previously 

discussed in detail in Chapter Three (3.1.1). However, as discussed in Chapter Three (3.1.1), 

the key binding residues of 58 are through the quinazoline to hinge region around Cys919, 

identical to that of the other quinazolines. Vandetanib, 4, exhibits high affinity for VEGFR2 

but also targets EGFR and RET. Therefore, most examples of quinazoline based inhibitors 

could potentially lack the necessary specificity required for PET imaging, although this 

should be considered on a case by case basis. This is due to the conserved nature of the ATP 

binding pocket of kinases in the active conformation, therefore a lack of selectivity and 

specificity is observed between the kinases. The typical binding modes of these quinazolines 

in VEGFR2 is shown in Figure 73. 
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Figure 75: Common VEGFR2 inhibitors A) Structures of three relevant quinazoline (highlighted in 

purple) TKIs B) The typical binding mode of these VEGFR2 inhibitors with 1 as a comparison (adapted 

from264) 

 

ZM323881 98 (Figure 75) is the only reported selective inhibitor of VEGFR2, the selectivity 

profile is summarised in Table 17. This reported selective inhibitor is known to inhibit 

VEGFR2 phosphorylation, after stimulation with VEGFA, in an ex vivo assay with frog lung 

tissue, an organ known to express high levels of VEGFR2.
331 There is established literature 

precedence confirming 98 as a selective VEGFR2 inhibitor.331-334 

 

Table 17: The known selectivity profile for 98331 

Entry Kinase IC50 (µM) 

a VEGFR1 >50 

b VEGFR2 0.002 

c PDGFRβ >50 

d FGFR1 >50 

e EGFR >50 

f HER2 >50 
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4.1.2. Quinazolines as PET imaging agents 

Quinazolines have been incorporated into the scaffold of PET imaging probes, for example 

[18F]-9 (Figure 76) has been developed to image VEGFR2 expression and was found to be 

selective.205 Both [18F]-99 and [18F]-100 have been developed targeting EGFR.335, 336 The 

vast majority of literature describes the quinazoline scaffold being incorporated into the 

scaffold of EGFR PET candidates. Pitfalls with utilising quinazolines are reported to be low 

tumour uptake, low solubility and poor in vivo stability.337, 338 

 

 

Figure 76: Three fluorine-18 containing PET probes containing the quinazoline core 
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4.2 Rationale 

4.2.1. Selection of the target compounds 

As identified in the previous section 98 has well established biological data revealing this as 

the only VEGFR2 selective inhibitor. Therefore, this chapter is concerned with developing a 

PET candidate based on 98. Examining the docking pose of 98 with VEGFR2 reveals an 

unexpected binding configuration. Unlike the quinazoline based inhibitors discussed 

previously in Chapter Four (4.1.1.), the quinazoline core points towards the back 

hydrophobic pocket. This contrasts with the other quinazoline based structures, in which the 

quinazolines forms a hydrogen bond with the critical Cys919, via a bridging water (Figure 

77). Importantly, hydrophobic interactions are formed with Glu885 as well as Leu1035, 

which are all located in the ATP binding pocket, confirming this scaffold could potentially 

demonstrate affinity for VEGFR2. This unusual binding mode may be responsible for the 

selectivity profile observed for 98. 

 

 

Figure 77: Docking pose of 98 in VEGFR2 Docking was performed using Schrӧdinger Gold (2014-2) and 

visualised on Chemical Computing Group MOE (2013-8802). PDB code: 3VHE 
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4.2.2. Design of an quinazoline focused library 

Examining the structure of 98, three potential fluorination sites can be identified (Figure 78). 

The first potential site involves radiolabelling of the fluorine currently present on the aniline 

fragment of 98. This scaffold based around 98 is ideal as there is already biological 

evaluation indicating it is the only known selective inhibitor or VEGFR2. Modifications of 

the benzyl ring, smaller fluorine substitutions are ideal as its atomic size is similar with 

hydrogen and is thought to enhance metabolic activity either by electron withdrawing on the 

whole ring or blocking the site of metabolism.339  

 

 

Figure 78: Identification of possible fluorine-18 positions on the scaffold of 98  

 

4.2.3. Considerations of the quinazoline focused library for developing a successful PET 

candidate 

There are several criteria to be considered when developing this quinazoline scaffold into a 

successful candidate: 

 Selectivity and affinity for the target – As previously discussed in this Chapter 

(4.2.1), ZM323881 is the only known selective VEGFR2 inhibitor 

 Lipophilicity – As previously discussed lipophilicity is important as this can 

determine the percentage of radiotracer bound in the plasma which can confound 

PET imaging however this is not the most important consideration. Although cLogP 

is higher than ideal, several radiotracers have been successfully developed and these 

were not precluded from further studies. Important to note the cLogP of this library 

 

Incorporation of fluorine-18 here would 

be ideal as no modifications of 

ZM323881 would be required 

Incorporation of fluorine-18 here would 

allow for interesting oxidation 

radiochemistry 

Incorporation of 

fluorine-18 here would 

allow for minimum 

modifications of the 

structure  
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is within the same range as the newly developed quinazoline-based PET probes 

(Figure 77) 

 

 

Figure 79: cLogP* values (highlighted in red) for some quinazoline based PET candidates (* 

calculated using ACD Chem Sketch V12.01) 

 

 Ease of radiolabelling – As shown in Figure 78, there are several places in which 

fluorine-18 can be incorporated into the scaffold. Many of these sites are amenable 

to late-stage radiolabelling which is highly desired from the standpoint of ease of 

radiolabelling and should also allow for higher radiochemical yields  

 Metabolism – Incorporation of the fluorine has the potential to block metabolism at 

the benzyl position or the para phenyl position, leading to less radiolabelled 

metabolites which can confound image interpretation, discussed in Chapter One 

(1.3.3.5) 
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4.3 Results and discussion 

4.3.1. Chemistry of the Quinazoline series 

The target compounds for synthesis are shown in Figure 80. 

 

 

Figure 80: Structures of three proposed compounds and cLogP based around 98 (* calculated using ACD 

Chem Sketch V12.01) 

 

4.3.1.1. Synthesis via Quinazlinone 

Literature precedence for the synthesis of quinazolines revealed a synthetic route via the 

quinazolinone. The first step in the synthesis was the formation of the quinazoline scaffold 

(Scheme 29), via the Niementowski synthesis which is the most widely utilised approach for 

the synthesis of quinazolinones (Figure 81). Condensation of anthranilic acid derivatives 

with amides, proceed via an o-amidobenzamide, as shown in Figure 79.340 The scope of 

yields for this condensation is variable, ranging from poor to quantitative, with a typical 

reaction time of six hours. Recently publications have highlighted the use of microwave 

assisted Niementowski reactions.341-343 The Niementowski quinazoline synthesis of 104 

proceeded without any problems, giving a 97% yield, without the requirement for aqueous 

work-up or purification.  

 

 

Figure 81: Niementowski mechanism for the synthesis of 104 
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Scheme 29: Synthesis of quinazolinone intermediate 105a and 105b 

 

The next step in the synthesis towards the target quinazolines 98, 101 and 102 was the 

nucleophilic substitution of 104 with either benzyl alcohol or 4-fluorobenzyl alcohol. 

Rigorous temperature control (0-5 °C) for the generation of the irreversible benzyl alkoxide 

was required to avoid over deprotonation of the benzyl alcohol. Despite allowing the reaction 

mixture to warm to room temperature and subsequent stirring for 18 hours, no reaction 

occurred. Pleasingly, heating to 140 °C afforded the alkylated quinazolinones 105a and 

105b, with yields comparable to the literature. The penultimate step in the synthesis of these 

target quinazolines was the introduction of a suitable leaving group and re-aromatisation of 

the ring (Scheme 30).  

 

 

Scheme 30: Rearomatisation of 106, for the introduction of a suitable leaving group 

 

Despite a literature precedence for the introduction of a leaving group at the 4 position of 

106, this was not achieved. Table 18 summarises the different strategies to achieve the 

rearomatisation, suitable leaving groups attempted were Cl, Br and OTf.  
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Table 18: Attempts at the introduction of a suitable leaving group (X) on 106 

Entry X Conditions Outcome 

a Cl SOCl2, DMF (cat), reflux 1 h unidentifiable products 

b Cl SOCl2, DMF (cat), reflux 30 minute polymerisation of 105a 

c Cl SOCl2, DMF (cat),  50 °C, 1 h unidentifiable products 

d Cl POCl3, 50 °C, 30 minutes unidentifiable products 

e Cl POCl3, 50 °C, monitored 
reaction stuck at 

intermediate i 

f Br POBr3, 70 °C, monitored no reaction 

g OTf Tf2O, 2,6-lutidine, 0 °C, 2 h no reaction 

 

Interestingly, as entry e highlights, the reaction did not proceed beyond the intermediate. i 

These reactions were monitored by LCMS, after quenching with methanol to remove excess 

POCl3. Product 107 was the only species identified, apart from a small presence of 105a. 

Figure 82 highlights the mechanism in which the methoxy adduct is formed. Addition of 

excess POCl3 did not yield the expected product.  

 

 

Figure 82: Structure and mechanism of product 107 - identified by LCMS 

 

In light of the evidence presented above, a literature survey was conducted to identify 

alternative synthetic methods. The next section will discuss the new procedure for the 

synthesis of the quinazoline scaffold. 

 

4.3.1.2. Synthesis via PyBOP coupling 

The literature survey highlighted the potenital for synthesising the quinazoline scaffold 

utilising coupling reagents. For example, Wan et al. published a study in which quinazolines 

were synthesised from their respective quinazolinones in a one pot manner.344 This 

publication provided a wide scope of nucleophiles (nitrogen, oxygen and sulfur) using 
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benzotriazol-1-yl-oxy-tris(dimethylamino) phophonium hexafluorophosphate (BOP - 

Figure 83). 

 

 

Figure 83: Structures of coupling reagents BOP 108 and PyBOP 109 

 

Due to the well-known difficulty in working with hexamethylphosphoramide, Wan et al. 

modified the synthetic method to involve the use of 109 (Figure 83). The use of 109 was 

investigated as an alternative to 108 and found longer reaction times were needed, however 

this is tolerated due to not needing to remove hexamethylphosphoramide from the reaction 

mixture.344 Scheme 31 highlights the revised synthetic procedure for the synthesis of the 

quinazoline scaffold.  

 

 

Scheme 31: PyBOP mediated synthesis of target compound 98 

 

Following the reaction by LCMS indicated the reaction was complete in 30 minutes. Leaving 

the reaction for longer resulted in the formation of unidentified by-products. Upon column 

chromatography purification and subsequent NMR, this reaction was not successful in 

synthesising 98 and 111 was the identified product (Figure 84).  This was confirmed by 1H 

NMR, through the identification of the aniline peak (two protons at 5.13 ppm). 
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Figure 84: Structure of 111, the product of the PyBOP 109 mediated synthesis and 1H NMR identifying the 

aniline protons 

 

No trace of 98 was observed in either 1H or 13C NMR. The mechanism of the PyBOP 

mediated coupling is shown in Figure 85. Wan et al. postulated two possible mechanisms 

for this PyBOP mediated coupling. Initial tautomerisation of 105a, followed by the 

nucleophilic attack of anion ii on phosphonium 109 formed exclusively 112. 

 

 

Figure 85: Initial attack of PyBOP on 105a 

 

Aniline peak – 2 

protons 
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The second half of this mechanism is shown in Figure 86. The mechanism is divergent here 

for the two different nucleophiles present in 110. Although aniline is not considered a weak 

nucleophile, the phenol moiety of 110 will deprotonate first, thus making the phenol the 

stronger nucleophile. Therefore two different mechanisms can be proposed, for a weak 

nucleophile and a strong nucleophile. Firstly, for the strong nucleophile the mechanism is 

depicted by the red arrows. The deprotected phenol is strong enough to directly react with 

112, displacing 113 from the complex. For the weak nucleophile, deprotected hydroxyl 

benzotriazole reacts with 11 forming intermediate i. Aniline 110 is then able to displace the 

deprotected hydroxyl benzotriazole adduct forming 98. Through monitoring the reaction, no 

traces of 98 were observed or the intermediate i, thus explaining the preferential synthesis 

of 111. 

 

 

Figure 86: Second half of the PyBOP mediated synthesis of 98 and 111 

 

In order to circumvent this unwanted side reaction, phenol 110 was TIPS protected in an 

18% yield (Scheme 32). Unfortunately, during the course of the reaction 114 became 

deprotected and 111 was formed, not the expected 115. 
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Scheme 32: TIPS protection of 110 and subsequent PyBOP mediated coupling with 105a 

 

With the synthesis of the quinazoline scaffold inaccessible via the quinazolinone, a literature 

survey was performed to identify an alternative method not involving the quinazolinone 

intermediate.  

 

 4.3.1.3. Synthesis via the Dimroth rearrangement 

A literature survey highlighted the synthesis of two kinase inhibitors, 99 and 116 via the 

Dimroth rearrangement (Figure 87).345, 346 The Dimroth rearrangement offered fewer 

reaction steps with accelerated reaction times. 

 

 

 

Figure 87: Structures of Gefitinib 99 and Erlotinib 116 synthesised via the Dimroth rearrangement 

 

A proof of concept reaction was undertaken to assess the suitability of the Dimroth 

rearrangement for the synthesis of the target quinazolines (Scheme 33). Pleasingly, the 

reaction of DMF-DMA with 117 resulted in formamidine 118 in a 50% yield. Although no 

side products were observed by LCMS, column chromatography was required to remove 

excess DMF-DMA, due to its high boiling point. Dimroth rearrangement of 118 with 110 

resulted in quinazoline 119, in a 98% yield.  
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Scheme 33: Synthesis of 119, a trial Dimroth rearrangement 

 

Precipitation of quinazoline 119 was afforded by addition of diethyl ether, without the need 

for further chromatographic purification, as judged by LCMS and 1H NMR. As clearly seen 

in Figure 88, both the NH and OH peaks can be identified. Due to the success of this trial 

reaction, the Dimroth rearrangement was taken forward to synthesise the target quinazolines. 

 

 

 

Figure 88: 1H NMR for 119, highlighting the NH and OH proton 

 

 

The mechanism for the Dimroth rearrangement is shown in Figure 89. Attack of the aniline 

on the formamidine results in the expulsion of dimethylamine. Cyclisation of the scaffold 

follows, with aniline 110 forming part of the endocylic nitrogen ring. Attack by water results 

Phenol proton 

Aniline proton 
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in the ring opening of the system, tautomeristaion of iii allows for the aromatisation of iv to 

form quinazoline 119. 

 

 

Figure 89: Mechanism of the Dimroth rearrangement, as highlighted by Asgari et al.346 

 

Retrosynthetic analysis revealed the need for the fluorine at the para position to the nitrile. 

This allowed the introduction of the benzyl moiety required in the scaffold. Formation of the 

formamidine 121 was extremely successful with no side products identified in an 85% yield. 

Introduction of the benzyl moiety of 122a proved to be more successful than on the 

quinazolinone. Formation of the irreversible alkoxide at 0-5 °C, warming to room 

temperature and subsequent stirring for 18 hours afforded 122a and 122b in a 62 and 79% 

yield respectively. 122a did not require chromatographic purification, however 122b 

required purification from 4-fluorobenyl alcohol (Scheme 34). 

  

 

Scheme 34: Synthesis of formamidines 122a and 122b 
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The final step in the synthesis of these quinazolines was the Dimroth rearrangement. A 

hybrid compound 123 of 98 and 4 was included in the library as a quick probe into the origin 

of the selectivity for VEGFR2 arises from. The differences between 98 and 4 are shown in 

Figure 90. The differences are highlighted in pink at the 6 position of the quinazoline ring, 

further differences include the methoxy side chain at position 7 (highlighted in grey) and the 

substitution of the aniline ring (highlighted in blue). Docking studies revealed the benzyl 

groups points back into the hydrophobic pocket, limiting substitution here. The question 

posed is does the selectivity come from this unusual binding pose, or through interactions 

with Cys919 and the phenol moiety via a water molecule. Therefore, by substituting the 

aniline ring of 98 with the aniline ring of 4, this could provide some limited evidence for the 

selectivity demonstrated by 98. 

 

 

Figure 90: Structural similarities of 98 and 4, leading to the hybrid compound 123 

 

As highlighted through the synthesis of 119, the reaction is complete within 15 minutes. 

Purification of quinazolines 98, 101 and 123 was achieved through precipitation with diethyl 

ether followed by column chromatography (Scheme 35). The analysis (1H NMR) of 98 was 

identical to those published in the literature.331  
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Scheme 35: Synthesis of final compounds 98, 101 and 123 

 

Compounds for further biological evaluation are shown in Table 19. 

 

Table 19: Quinazoline library for biological evaluation 

 

Compound X R1 R2 Yield (%) 

98 H Me OH 86 

101 F Me OH 79 

123 H Br H 82 
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4.3.1.4. Benzylic fluorination  

As previously discussed, the introduction of a fluorine at the benzylic position of 98 would 

be interesting both for the radiochemical synthesis and to investigate if enhanced metabolic 

stability is observed. Bloom et al. developed a method using iron to catalyse benzylic 

fluorinations, shown in Scheme 36. Although this method did result in the introduction of 

fluorine on the scaffold (evidenced by LCMS), the desired product could not be isolated and 

adequately identified. Examination of 98 revealed two potential positions in which the 

reaction could occur, highlighted in red and blue. Liu et al. also published a manganese salen 

based benzylic fluorination.347, 348 However, this was also not successful in achieving the 

synthesis of 102.  

 

 

Scheme 36: Attempts to fluorinate the benzylic position of 102 from 98 
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4.3.2. Screening of the quinazoline focused library 

Although the biological evaluation used to evaluate the indole focused library (Chapter 

Three) was screening for non-specific toxicities, this library was based around the only 

known selective VEGFR2 inhibitor 98 (ZM323881). Therefore, the basic non-specific 

toxicity studies were not required, consequently this section will describe assays which 

highlight a radiochemical based biological evaluation and a kinase screen used to evaluate 

this library of compounds.  

 

4.3.2.2. Kinase based screening 

A kinase-based screen allows for data to be obtained for specific kinases, allowing for a 

probe into affinity and selectivity of this quinazoline library. The kinases tested were 

selected on the following premise: 

 Structurally related to VEGFR2 – all members of the VEGFR2 family, all members of 

the PDGFR family 

 Known inhibitors (mainly clinical) targeting kinases were selected for testing of this 

quinazoline focused library.349 

 

There are several methods available for the evaluation of a potential VEGFR2 inhibitor 

library. Several companies offer a wide range of targets for profiling, typically 100-400 

kinases, in parallel using different assays.350 The most common kinase profiling assay is a 

radioactive filter binding assay which is used by approximately half the commercial kinases 

profiling labs, due to its reliability.351 The radioactive filter binding assay gives a readout of 

direct kinase activity with the sensitivity required.350 Non-radioactive methods of kinase 

inhibitor profiling include fluorescence based assays, Caliper format or a competitive 

binding assay of kinases expressed on bacteriophages.350 Regardless of the assay format, the 

kinase inhibitor profiling falls into three distinct categories: 

 Dose-response binding – This assay gives a Kd readout for each target, in the 

absence of ATP350 

 Dose-response activity assay – This assay determines an IC50 for each target, in the 

presence of ATP. As this assay is ATP dependent, the ATP concentration used is at 

KM-ATP
350 
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 A single concentration measurement – This assay offers the potential for a quick 

assessment of kinases selectivity, however is liable to increased variation in 

results350 

 

A Z-LYTE assay was selected to evaluate this quinazoline focused library. The Z-LYTE 

assay works on fluorescence resonance energy transfer (FRET). The FRET assay does not 

require expensive radioactive substrates or antibodies. The Z-LYTE assays works on the 

premise that the peptide substrate tagged with coumarin (donor fluorophore) and fluorescein 

(acceptor fluorophore), making the FRET pair (Figure 91) which is used in the assay.  

 

 

Figure 91: Z-LYTE kinase assay - The principles. The investigated kinase transfers the γ-phosphate to the 

tyrosine/serine/threonine residue on the FRET peptide352 

 

The results of the Z-LYTE assay, performed by InvitrogenTM, are presented below in Table 

20. The results from the Z-Lyte assay highlight 98 is not selective, showing a lack of 

selectivity between the VEGFR family and the closely related PDGFRα and the non-related 

RET, EGFR. Unfortunately, the close analogue 101 also demonstrated this lack of selectivity 

against the same kinases. Unfortunately, 123 highlighted a profile which only demonstrates 

weak binding to the tested kinases. 
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Table 20: Heat map for the data obtained from the Z-LYTE assay (% inhibition against a panel of kinases at 

1 µM. ATP concentration is Kmapp. *ATP 100 µM) 

 98 101 123 

ABL 50 52 6 

Aurora A 5 -1 1 

Aurora B -14 3 -15 

bRAF* 12 1 3 

CSF1R 22 7 12 

EGFR 78 63 53 

HER2 -4 5 -2 

FGFR1 13 13 9 

VEGFR1 80 79 -7 

FLT3 4 -3 5 

VEGFR3 99 100 12 

VEGFR2 100 103 40 

cKIT 25 35 7 

MEK1 11 8 3 

cMET 7 5 6 

PDGFRα 67 69 12 

PDGFRβ 7 -4 8 

RET 98 99 32 

 

Due to the selectivity profile described above affinity data was obtained for VEGFR2. As 

shown in Table 21 the selectivity profile for 123 highlighted a weak binding profile and did 

not inhibit VEGFR2 activity, whereas, 98 demonstrates similar activity as that highlighted 

by previous literature. Pleasingly, the substitution for the fluorine on the benzyl ring, does 

not perturb activity too much (with a Ki of 3.75 versus 2.375 for 101 and 98 respectively).  

 

Table 21: Activity against VEGFR2 for 98, 101 and 123 (ATP concentration is at Kmapp) 

Compound VEGFR2 IC50 (nM) Ki 

98 4.75 2.375 

101 7.5 3.75 

123 >1000 n/a 

 

Due to 101 also exhibiting strong inhibition of both RET and VEGFR3 at the tested 

concentration (1 µM), a full dose response curve was obtained for these kinases. As shown 

in Table 22, the Ki for VEGFR3 and RET are 8.35 and 16.25 respectively. Full dose response 

curves are located in Appendix Three (7.2.3). 
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Table 22: Activity against VEGFR3 and RET for 101 (ATP concentration is at Kmapp) 

Kinase IC50 (nM) Ki 

VEGFR3 16.7 8.35 

RET 32.5 16.25 

 

The differences in activity against VEGFR2 for these three different quinazolines can only 

be explained by the substitution of the aniline. As previously explained in this Chapter 

(4.2.2), 98 had an unusual binding mode for VEGFR2, with the aniline moiety forming 

interactions with the hinge region of VEGFR2, and the phenol forming the critical hydrogen 

bond Cys919. In comparison, whilst 123 binds in the pocket in the same mode as 98 and 

123, there is no hydrogen bond formed with Cys919 which could explain the weak binding 

profile observed.  

As described in Chapter One (1.4.3.3), selectivity and affinity are essential in the 

development of a VEGFR2 specific PET imaging probe. As demonstrated by the biological 

data presented in this section, both 98 and 101 fulfil the affinity requirement, however this 

kinase screening needs to be expanded further. Despite 98 not showing the selectivity 

described in the literature,331 further in vitro studies are required to determine the expression 

levels of VEGFR3 and RET in VEGFR2 positive cell lines. This would determine whether 

the activity against either VEGFR3 or RET would cause difficult data interpretation due to 

similar expression levels and Ki to VEGFR2. 

 

4.3.2.1. Development of tools for evaluation of radiolabelled compounds 

Owing to the success Li et al. demonstrated with the specificity achieved with [64Cu]-

DOTA-ZDG2,206 this was developed for this project. Through modification the macrocycle 

which allows the incorporation of other radioiostopes such as gallium-68 and [18F]-AlF, the 

development of 125 (NOTA-ZD-G2 - Figure 92) was attempted. Unfortunately, despite 

following the method reported in the paper, the 125 complex was not successfully 

synthesised, Chapter Five will discuss the synthesis of this precursor. After establishing the 

specific nature of 125, this could have the potential to be used in a competition assay against 

98, 101 and 123.  
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Figure 92: Structure of target 125 
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4.4 Conclusions 

Several reports identified 98 (ZM323881) as a selective inhibitor of VEGFR2,
331, 353 

therefore it was used as the ‘molecular architecture’ for this chapter. This inhibitor consists 

of a quinazoline core and synthesis was attempted via the quinazolinone 104. However, the 

rearomatisation of 104 with SOCl2 and POCl3 were not successful. Alternative methods 

involving the use of coupling reagents were sought. Duspara et al. highlight the use of 108 

in the coupling of quinazolinones with various aromatic and aliphatic anilines.271 Due to the 

associated toxicities of by-product hexamethylphosphoramide from using coupling reagent 

108, 109 was selected for this coupling. Despite best efforts 98 was not formed during this 

reaction, rather 111 was the exclusive product. This can be explained through the pKa of 

both the aniline and phenol moieties of 110 (Figure 83). 

Literature precedence was highlighted for the synthesis of commercial, clinically relevant 

inhibitors 99 and 116, which did not include the quinazolinone intermediate. The Dimroth 

rearrangement was applied to a trial reaction and successfully synthesised quinazoline 119. 

For the synthesis of this quinazoline focused library, the synthetic procedure offered a route 

which is one step shorter than the published procedure with easier purifications, less toxic 

reagents and easier purifications. Synthesis of the key intermediate formamidine 121 was 

achieved in 15 minutes with quick chromatography purification. Nucleophilic substitution 

of the fluoro substituent was achieved overnight in excellent yields often not requiring 

chromatography purification. The Dimroth rearrangement was complete in 15 minutes with 

98 requiring precipitation with diethyl ether as its form of purification. Conversely, whilst 

also complete in 15 minutes 101 and 123 required simple chromatography purification. 

Unfortunately the proposed compound 102 could not be achieved through either Fe(acac)2 

or manganese salen benzylic fluorination conditions. 

Kinase based screening, using the Z-LYTE assay platform, was used to assess the selectivity 

of the quinazoline focused library. Firstly, this library was screened against a panel of closely 

related kinases and non-related kinases known to be targeted by clinically relevant VEGFR2 

inhibitors. This selectivity screen highlighted 98 and 101 not to be clearly selective, when 

tested at a 1 µM concentration. The other members of the VEGFR family (1 and 3) were 

targeted by 98 (81 and 101% inhibition respectively) and 101 (79 and 100% inhibition 

respectively). Other kinases targeted by 98 include ABL1 (50% inhibition), EGFR (78% 

inhibition), PDGFRα (73% inhibition) and RET (98% inhibition).  

Fortunately, both 98 and 101 exhibited activity against VEGFR2 (with a Ki of 2.375 and 3.75 

respectively). The activity exhibited by 98 was similar to that described in the literature (2 
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nM). Unfortunately, 123 did not inhibit VEGFR2 in the range of concentrations tested (IC50 

> 1 µM) and therefore can be concluded that 123 only weakly binds to this panel of kinases. 

However to completely preclude this quinazoline focused library from the development of a 

VEGFR2 specific PET probe, the expression levels of RET and VEGFR3 needs to be 

determined in VEGFR2 positive cell lines. Also, the synthesis of another hybrid compound 

should be developed is presented in Figure 93, to probe whether the selectivity comes from 

the piperidine moiety. 

 

 

Figure 93: Proposed compound which should be synthesised to determine where the selectivity for VEGFR2 

arises from 

 

In vitro selectivity assays were devised around dimer 124, published by Li et al.206 This 

assay presented an ideal opportunity to obtain on-target data for VEGFR2 inhibition. 

However, as will be discussed in Chapter Five (5.2.1.4), the synthesis of target 125 could 

not be achieved. 
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5. Radiochemistry 

5.1 Selection of the library for radiochemical evaluation 

Based on the results of Chapter Four, the quinazoline focused library was selected for 

evaluation of route for radiolabelling precursors. This chapter will describe the incorporation 

of fluorine-18 into the quinazoline focused library. 

 

5.2 Results and discussion 

5.2.1. Chemistry  

5.2.1.1. Synthesis of a precursor for 98 

Figure 94 highlights potential strategies for the synthesis of a suitable precursor for 

radiolabelling.   

 

 

Figure 94: Envisaged strategies for the radiochemical synthesis of [18F]-98 
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Despite having more established radiochemistry, both the nitro and trimethyl ammonium are 

not easily accessible through conventional chemistry. A survey of the literature highlighted 

a precedence for the radiolabelling of para-phenol groups and copper catalysed fluorination 

of boronic pinacol esters, as identified by both the Sanford and the Gouverneur groups, both 

discussed in Chapter One (1.3.1.1).249, 250 On further examination of 98, both these 

techniques could be utilised for the synthesis of a suitable precursor for radiolabelling. 

Figure 95 proposes the precursors required for adapting the procedures developed by the 

Gouverneur group.249  

 

 

Figure 95: Proposed structures of the precursors 126 and 127 for 98 

By examining the structures of 126 and 127 a convergent approach could be used for the 

synthesis of both these precursors. Scheme 37 highlights the approach used. Compound 129 

was synthesised by iodination of cresol 128 in a 95% yield,. The synthesis of 129 allows 

further diversification by Suzuki and Miyaura borylation reactions, synthesising fragments 

required for the Dimroth cyclisation to 126 and 127. 

 

 

Scheme 37: Synthesis of 129 for further diversification for an appropriate precursor 
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The synthesis of 130 was attempted using different conditions to borylate 129, as shown in 

Table 23. However, as the borylation of 129 was not achieved, attention was focused on the 

introduction of the tert-butyl moiety of 131. Examining the structure of 129, this was not 

surprising as the phenol moiety is unprotected and pushes electrons into the ring which 

deactivates the system from performing the oxidative addition to the palladium. 

 

 Table 23: Summary of the attempts to introduce the boronic pinacol ester on 129 

Entry 
Catalyst (% 

loading) 
Base Time Solvent 

Boron 

source 
Outcome 

a Pd (5%) NEt3 18 h 1,4-dioxane BH(pin) 
no 

reaction 

b PdCl2(PPh3)4 (5%) KOAc 2.5 h (mw) 1,4-dioxane B2(pin)2 
no 

reaction 

c PdCl2(PPh3)4 (5%) KOAc 2.5 h (mw) DMF B2(pin)2 
no 

reaction 

d PdCl2(PPh3)4 (7.5%) KOAc 1.5 h (mw) DMF B2(pin)2 
no 

reaction 

 

The reaction could have failed due to the electron donating nature of both the phenol and 

aniline moiety, deactivating 129 from undergoing oxidative addition to the palladium 

complex. Due to the failure to introduce the boronic ester moiety to 129, Scheme 37 also 

highlights the Suzuki reaction of cresol 129. As the synthesis of 131 was not successful, 

under standard conditions, priority was given to the synthesis of the other precursors for 

[18F]-101 and [18F]-123. 
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5.2.1.2. Synthesis of a precursor for 101 

An ideal precursor for 101 is a nitro, trimethyl ammonium or a boronic pinacol ester in that 

preceding order due to the complexity of the radiolabelling procedures (Figure 96). The nitro 

and trimethyl ammonium groups can be radiolabelled using conventional radiolabelling 

strategies. The boronic ester radiochemistry could be achieved using those methods 

highlighted by the Gouverneur group.249 In the interest of time and for easy radiolabelling, 

attention was focused solely on the synthesis of a nitro or trimethylammonium precursor. As 

discussed in Chapter One (1.3.3.7), one of the criterion of a PET tracer should be ease of 

radiolabelling. Both the nitro and trimethyl ammonium both satisfy this criteria as the 

radiolabelling step will be conducted in the last step. By examining the structure of 101, the 

synthesis of a nitro or trimethyl ammonium precursor requires less elaborate chemistry, due 

to ease of availability of all reagents.  

 

 

Figure 96: Proposed radiochemical strategies for the synthesis of [18F]-101 

 

Scheme 38 describes the synthesis of 132a which was initially attempted using the same 

methods as those highlighted in Chapter Four (4.3.1.3). The nucleophilic of 121 with 4-

nitrobenzyl alcohol 133a did not yield 132a over the course of 24 hours. Additional heating 

also only yielded a disappointing conversion to 132a as confirmed by LCMS which was not 

isolated (Scheme 38).  
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Scheme 38: Attempted synthesis of 132a and 132b 

 

Disappointingly, the reaction of 121 with 133b was not successful under any conditions. A 

plausible explanation could be when product 132b is formed it is debenzylated forming an 

aminoquinone type structure (Figure 97). Although the aminoquinone was not observed by 

LCMS, 134 was the only fragment isolated by the mass spec.  

 

 

Figure 97: Plausible side reaction - resulting in the synthesis of 146 

 

Revision of the synthetic strategy allowed the microwave assisted deprotection of the benzyl 

group of 122a, revealing the hydroxyl moiety of 134 in an 89% yield (Scheme 39). 

Alkylation of 134 with 1.5 equivalents of 135 afforded 132a in a 71% yield, after column 

chromatography purification.  

 

 

Scheme 39: Alternative strategy to synthesise 132a 

 

The Dimroth rearrangement of 132a proceeded in a smooth manner, affording 136 in an 

84% yield (Scheme 40). 
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Scheme 40: Synthesis of the precursor 136 

 

5.2.1.3. Synthesis of the radiochemical precursor to 123 

Two distinct strategies were envisaged for the synthesis of a precursor for 123. The first 

strategy involved direct fluorination on the quinazoline scaffold, whilst the second strategy 

involved fluorination of the aniline fragment (Figure 98). 

 

 

Figure 98: Approaches utilised for the synthesis of a precursor to 123 

 

The first strategy envisaged the direct fluorination of the scaffold, via a nitro precursor. The 

Dimroth rearrangement with the nitroaniline 139 and 122a, only reached a 10% conversion 

via LCMS over a 90 minute period (Scheme 41). This contrasts with the synthesis time of 

the cold standards, in which reaction times were 15 minutes and 137 could not be separated 

from 139, by TLC. Due to the half-life of fluorine-18 this strategy was attractive due to the 

fluorination occurring in the last step of the synthesis. Conversely, the scaffold is largely 

deactivated and not susceptible towards fluorination, therefore this precursor was dropped 

in favour of the more attractive strategy two which will be discussed further in this Chapter 

(5.2.2.2).  
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Scheme 41: Attempted synthesis of precursor 137 

 

5.2.1.4. Synthesis of NOTA-ZD-G2 125 

As discussed in Chapter Four, 125 was selected for use as a potential screening tool. 

Therefore, this section will discuss the synthesis of 125 only (Figure 99). 

 

 

Figure 99: Structure of target NOTA-ZD-G2 125 

 

The published method of synthesising quinazoline 4 fragment of 125 involves many 

protection and deprotection methods.203 Initially the synthesis of 4 was simple and the 

synthetic procedure is shown in Scheme 42. The first step was the benzylation of methyl 

vanillinate 140 in a 99% yield. According to literature precedence, nitration of 141 should 

have proceeded to completion at room temperature. After optimisation, it was found that 

cooling to 0 °C for a period of 20 minutes was enough for complete generation of the 

nitronium ion and avoiding exotherm, followed by gentle heating to 60 °C was sufficient to 

cause nitration of 141, but in varying yields of 19-57%. A literature survey highlighted two 

distinct methods for the reduction of 142. These methods included using either iron powder 

and ammonium acetate or sodium borohydride and nickel dichloride. Utilising the sodium 

borohydride, nickel dichloride reaction a gum-like product was obtained which could not be 
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successfully purified. Switching to the other literature method for reduction, iron powder 

and ammonium acetate, the reduction was successful but often resulted in variable yields 

(36-75%). This could be due to the iron powder and ammonium acetate aggregating in the 

reaction flask. The work-up procedure stated the sample is stirred in ethyl acetate, to extract 

any aniline from the aggregated reduction products. Insufficient extraction from the iron 

aggregates could be responsible for the observed varying yields. Reduction using 

conventional hydrogenation was not utilised due to sensitivity of the benzyl group towards 

cleavage.  

 

 

Scheme 42: Initial attempted synthesis of 4, via quinazoline 144 

 

The Niementowski cyclisation of 143,203 proceeded smoothly with a yield of 82%. Pivalate 

protection and debenzylation to afford 145, was very disappointing and the product was not 

successfully purified from the reaction mixture, leading to a review of the remaining steps 

of the synthetic pathway.  

Further analysis of the proposed synthetic pathway revealed several more protection and 

deprotection steps. Analysis of the literature revealed an 11 step synthesis to 146 (Figure 

100) prior the steps required for the conjugation of the NOTA macrocycle. 

 

 

Figure 100: Structure of key intermediate 146 
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Due to the success of the Dimroth rearrangement towards the synthesis of the quinazolines 

described in Chapter Four (4.4.1.3), this method was utilised for the synthesis of 146. The 

modified synthetic pathway is depicted by Scheme 43. First step in the synthesis was benzyl 

protection of 147, which resulted in a quantitative yield of 148 and did not require any 

aqueous work up procedure as precipitation with brine allowed for the collection of 148 

without any DMF impurity (as seen by 1H NMR). Again, the nitration of 148 proceeded 

more smoothly overnight and the addition of water afforded 149 as a precipitate in a 92% 

yield.  Thus far this procedure is simpler and higher yielding than the synthesis via 

quinazolinone 144, due to the minimal synthetic steps required and the lack of numerous 

protection and deprotection steps with the use of less toxic reagents. 

 

 

Scheme 43: Synthesis of N, N-dimethylformamidine 151 – the key intermediate for the Dimroth mediated 

synthesis  

 

Reduction of 149 required little optimisation, however it was determined that tetra-

butylammonium chloride (TBAC) was essential, as switching this phase transfer catalyst to 

another ammonium chloride was detrimental to the reaction. Work up of 150 required 

optimisation as 149 and 150 could not be separated on a TLC plate, due to very similar Rf 

values. Reducing the volume of the organic phase and addition of diethyl ether, cooling to 0 

°C followed by the addition of HCl in dioxane, resulted in the hydrochloride salt of 150. 

Collection of the hydrochloride salt and subsequent desalting in methanol and adjusting the 

pH to 8 affords 150 without any impurity, as judged by 1H NMR and LCMS. Formation of 

N, N-dimethylformamidine 151 required a large excess of DMF-DMA due to solubility 

issues in toluene and smaller volumes of DMF-DMA. Attempts to aid solubility failed as 

151 was insoluble in solvents required for the formation of formamidine. Therefore, column 

chromatography removed any excess DMF-DMA to afford 150 in an 85% yield.  
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Introduction of piperidine moiety was achieved through TFA deprotection of the benzyl 

group, as hydrogenation cannot be applied due to the sensitivity of the N, N-

dimethylformamidine group (Scheme 44). This TFA debenzylation was quantitative in yield 

and was alkylated with tosylate 157, which after column chromatography afforded 153 in a 

58% yield. The Dimroth rearrangement step was found to require one hour at 130 ºC to 

achieve the cyclisation to 154 in a 45% yield. Unfortunately, 153 underwent some 

decyanation (<5%) which is observed to some degree in all Dimroth rearrangements, also 

some 152 remained regardless of any extra heating.  

 

 

Scheme 44: Synthesis of 154 via the Dimroth rearrangement 

 

A literature precedence for the synthesis of tosylate 157, began with the simple alkylation of 

the hydroxyl 156 with tosyl chloride to achieve 157 in a 57% yield after column 

chromatography purification (Scheme 45).  

 

 

Scheme 45: Synthesis of tosylate 156 

 

Now the synthesis of quinazoline 154 had been achieved, deprotection of the BOC protecting 

group revealed piperidine 146. In contrast, the literature method utilises the standard TFA in 

DCM deprotection and an aqueous work up resulted in loss of product (Scheme 46).  
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However, performing direct chromatography (0-20% MeOH: DCM) afforded 146 in a 52% 

yield, without loss of product. 

 

 

Scheme 46: TFA deprotection of the piperidine to reveal 146 

 

In order to form the linker required to synthesise 159, triethanolamine 158 was reacted with 

25 (CDI) in the presence of triethylamine which yielded 159 (Scheme 47). 

 

 

Scheme 47: Synthesis of linker 158 

 

The linker 159 was combined with two equivalents of 146 and one equivalent of ethylene 

diamine to form 160, which was then purified by semi-prep HPLC in yields between 9-15% 

(Scheme 48). 
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Scheme 48: Synthesis of 125 

Attempts to conjugate the NOTA onto the scaffold of 160 consistently proved unsuccessful. 

Table 24 summarises attempts to perform this conjugation. 

 

Table 24: Attempts at the conjugation of NOTA-NHS with 160 

Time 
NOTA-NHS 

equivalents 
NEt3 equivalents Outcome 

18 h 1 1 No reaction 

48 h 
1 followed by 10 

after 18 h 
1 No reaction 

48 h 
1 followed by 10 

after 18 h 

1 followed by a 

further 1 after 18 h 
No reaction 

 

Alternative strategies to aid the NOTA-NHS conjugation with 146 were explored (Scheme 

49). Initial attempts to couple 159 with one equivalent of ethylene diamine resulted in the 

unexpected formation of 162. This occurred through displacement of all three imidazoles 

with ethylene diamine, which did not result in the synthesis of 161.  
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Scheme 49: Alternative strategies for NOTA-NHS conjugation 

 

Despite published procedures for the conjugation of the NOTA, no conjugation was 

observed. Alternative strategies using HPLC as an evaluation tool, led to the conjugation of 

163 with trityl chloride, incorporating protecting group into 164 with a chromophore for easy 

detection (Scheme 50). Initial attempts to conjugate the NHS-NOTA ester proved successful, 

although subsequent attempts at the conjugation failed.  

 

 

Scheme 50: Attempts at the NOTA conjugation with a chromophore 

 

However, due to time constraints an alternative strategy for biological evaluation was 

utilised as discussed in Chapter Four.  
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5.2.2. Radiochemistry 

Attempts to radiolabel via an SNAr reaction using no carrier added fluorine are outlined in 

this next section. Solubility of the quinazolines was a major issue, with the quinazoline 

compounds only being soluble in DMSO, DMF and DMA.  

 

5.2.2.1. Synthesis of [18F]-101 

Initial attempts to fluorinate 136 failed due to inactivated nature of the benzyl group towards 

nucleophilic substitution with the fluoride (Scheme 51). During the optimisation of the 

radiochemistry, a major side product was identified. The side product was identified as the 

debenzylated product 166. Unfortunately the precursor was base sensitive. The optimisation 

for this radiolabelling is shown in Table 25. 

 

 

Scheme 51: Radiosynthesis of [18F]-101 
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Table 25: Summary of the conditions utilised for the attempted fluorination of 136, using 2 mg of precursor 

with a 300 µL reaction volume.  

Entry 
K222 

(mg) 
Base (mg) Solvent 

Temperature 

(°C) 

Time 

(minutes) 

Conventional 

or 

microwave 

Outcome 

a 3 K2CO3 (2) DMSO 100 20 conventional 
no product, 

166 

b 2 

200µL of 

1M 

K2CO3 

DMSO 100 20 conventional 
no product, 

166 

c 2 
K2CO3 

(0.7) 
DMF 150 10 conventional 

no product, 

166 

d 2 
K2CO3 

(1.4) 
DMF 150 10 conventional 

some 

radiolabelling, 

166 

e 
2 (18-

C-6) 

K2CO3 

(0.7) 
DMF 150 10 conventional 

no product, 

166 

f - 
Cs2CO3 

(2) 
DMF 150 10 conventional 

no product, 

166 

g 2 
KHCO3 

(2) 
DMF 150 10 conventional 

no product, 

166 

h 2 
K2CO3 

(0.7) 
DMSO 150 5 conventional 

some 

radiolabelling, 

166 

i 2 
K2CO3 

(0.7) 
DMA 150 10 conventional 

no product, 

166 with lots 

of fluorinated 

by-products 

j 2 
K2CO3 

(0.7) 
DMF 150 5 mw 

some 

radiolabelling, 

166 

k 2 
K2CO3 

(0.7) 
DMF 150 10 mw 

complete 

degradation of 

136 and 166 

l 2 
K2CO3 

(0.7) 
DMSO 150 5 mw 

no 

radiolabelling, 

166 

 

Entries d and j in the above table are the only two conditions which successfully produced 

some fluorinated product. The microwave provided more consistent results than the 

conventional heating block. However, due to unknown reasons, the reaction could not 
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always be replicated. As shown in Figure 101b there is the presence of a large amount of by-

product with a retention time of four minutes.  

 

 

Figure 101: A) Radiochromatogram for entry J of Table 25, showing excess fluoride streaking the column 

with the peak at approximately eight minutes. B) HPLC chromatogram demonstrating by-product 166 at 

approximately four minutes, with UV detection. 

 

Figure 101b shows the development of the by-product 166, allowing the reaction mixture to 

decay, until no radioactivity was detected, mass spectrometry analysis was performed to 

identify the by-product. Mass spectrometry analysis highlighted the presence of the 

debenzylated product 166 (Figure 102), which occurred during the reaction This by-product 

was further confirmed through the synthesis of a cold standard of 166 and comparison of 

HPLC retention times. 

 

 

Figure 102: Structure of the identified by-product 166 by mass spectrometry. 

 

A method for the HPLC purification of 166 from 101 was not achieved due to overlapping 

peaks with narrow retention times. In order to investigate any purification methods and 

examining the structure of the compound, the only way to force separation was reduction of 

the nitro to the aniline. It is important to note that upon reduction of the nitro precursor, de-

benzylation was also observed. This could be suggestive that 136 is not suitable for 

radiolabelling via a SNAr approach.  
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Scheme 52: Reduction conditions utilised in order to purify the reaction, producing by-product 166 
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Owing to the lack of success thus far, the fluorination of 136 was attempted on a TRASIS 

automated synthesis module which removes any manual errors from the fluoride drying step, 

a possible source of variability or error in the radiolabelling proccedure. A fluoride drying 

programme is well established in-house on this system (Figure 103).  

 

   

 

Figure 103: A) Programme used for the attempted fluorination B) Picture of the TRASIS Allinone 

synthesiser used 

 

However, attempting the fluorination using identical conditions to those identified manually, 

except with a larger volume limiting any loss in the transfer to the reactor vessel, also proved 

unsuccessful. Table 26 shows the two conditions attempted on the TRASIS module. 
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Table 26: Attempts at the synthesis of [18F]-101 from 136 using the TRASIS allinone synthesiser 

Entry DMF (µL) MeCN (µL) outcome* 

a 400 0 0.03% radiolabelling not 

purified 

b 400 600 0.03% radiolabelling not 

purified 

*This is the % of activity remaining in the reaction vial (decay corrected) after measuring activity in waste and 

QMA cartridge 

The radiochemical peak was confirmed through spiking the sample with the cold standard, 

a delay of ten seconds is typical, as shown in Figure 104.  

 

 

 

Figure 104: A) UV trace for the crude reaction mixture from TRASIS labelling B) Fluorine-18 trace for the 

radioactivity for the crude reaction C) Spike sample for synthesis confirmation using the same crude reaction 

mixture D) Fluorine-18 trace for the spike sample (approximately 10 second delay from UV detection to 

radio-detection) 

 

Figure 104 shows the representative HPLC traces obtained from the TRASIS labelling 

method. Figure 104a and 104b are representative of the crude reaction mixture, however 

when the crude reaction mixture was spiked with an authentic sample of 101, a shift in the 

radioactivity peak was observed over a 20 minute period (Figure 104d). This demonstrates 

radiotracer instability highlighting its degradation and more studies are required to allow 

further biological evaluation, due to its lack of reproducibility. This lack of reproducibility 

stems from the production of by-product 166, occurring in every reaction to differing 

degrees.  
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To circumvent this, non-SNAr based fluorinations could be utilised for radiolabelling 

purposes. These strategies, as previously discussed in this section, are the copper mediated 

fluorinations of boron groups as identified by the Gouverneur and Sanford groups. The 

mechanism proposed by Sanford is shown in Figure 105. It would be interesting to note 

whether the instability observed during the TRASIS automated radiolabelling would also be 

a feature of the Sanford or the Gouverneur techniques. However as the unlabelled cold 

standard 101 is stable, this could be a feature of the matrix the radiolabelling occurs in, which 

causes the observed instability and changing the type of radiolabelling could circumvent this, 

such as switching from nucleophilic radiolabelling to the boron radiolabelling. 

 

 

Figure 105: Proposed mechanism for the fluorination of boronic species, postulated by Sanford's group248 
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5.2.2.2. Synthesis of [18F]-123 

As previously explained in this Chapter (5.2.1.3) the synthesis of 137, for the direct 

fluorination on the quinazoline scaffold, was not successful. A review of the literature 

highlighted the synthesis of [18F]-167 by Vasdev et al. which was synthesised via the 

Dimroth rearrangement (Scheme 53).354  

 

 

Scheme 53: Synthesis and structure of [18F]-167, synthesised via the Dimroth rearrangement 

 

Based on earlier work in Chapter Four (4.1.3.4), and due to the precedence established by 

Vasdev et al., the radiochemical synthesis of the quinazoline via the Dimroth rearrangement 

was attempted.354 The synthesis of the aniline fragment is shown in Scheme 54. A literature 

precedence for the synthesis of [18F]-fluoroanilines is well established, thus providing an 

excellent reference point for reaction optimisation.355 Scheme 54 highlights the synthetic 

procedure established for this reaction, whilst Table 27 describes the optimisation for the 

initial fluorination, when using 5 mg of 138. 
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Scheme 54: Radiosynthesis of the aniline fragment required for the Dimroth rearrangement, yields are 

reported as decay corrected 

 

As shown in Table 27, increasing the amount of potassium carbonate in the reaction was 

detrimental for successful fluorination of 138. Interestingly, the fluorination only occurs at 

the position shown in Scheme 54, due to the mesomeric effect of the bromine. This was 

further confirmed by HPLC comparison of the standards. 

 

Table 27: Investigation of the amount of base used in the initial fluorination attempts, using 5 mg of 138 

Entry K222 (mg) K2CO3 (mg) % Purity Major Product 

a 5 0.5 98 Yes 

b 5 1 52 No 

 

 

Figure 106a shows the crude HPLC chromatogram obtained for the initial fluorination, 

which highlights there is no competition for the fluorination position. Solvent exchange 

using a C18 cartridge allows the use of methanol directly into the scintillation vial. Reduction 

of [18F]-168 to proceeded smoothly, at room temperature using Pd/C in methanol. A crude 

sample (20 µL of a 2 mL reaction volume) injected onto the HPLC indicated [18F]-168 was 

not present after a five minute reaction time. Figure 106b indicates impurities (regions 1-3) 
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which are present in the initial step. These impurities can be detected when the baseline is 

expanded in Figure 106a. 

 

 

 

Figure 106: A) HPLC radiochromatogram for the radiosynthesis of [18F]-168, showing a minimum 

radiochemical purity of 95%. B) Reduction of [18F]-168 to [18F]-155 (region 4). Regions 1-3 can be seen 

upon expansion of the top chromatogram 

 

The third step in the radiosynthesis of [18F]-123 was the Dimroth rearrangement. Removal 

of methanol was necessary as the rearrangement required acetic acid for the rearrangement. 

Direct removal of the methanol under a nitrogen flow and heating, resulted in the loss of 

[18F]-155, owing to its volatility. An alternative removal of the methanol was required. 

Following filtration of the reaction mixture through a particle filter in order to remove 
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palladium-carbon catalyst, the reaction mixture was trapped by the utilisation of a HLB 

cartridge (Figure 107). This also allowed the facilitation of solvent exchange, from methanol 

to acetic acid.  

 

 

Figure 107: Schematic showing the position of the cartridges to identify where the activity would be trapped. 

The blue arrow indicates where the radioactivity was trapped 

 

Ensuring the radioactivity is trapped on the HLB cartridges, Figure 107 shows the initial 

positioning of the cartridges, each cartridge and vial is counted to locate the activity. 

Pleasingly the activity trapped on the first HLB cartridge, resulting in only one cartridge 

required in further experiments. A smaller 30 mg cartridge was utilised in order to ensure 

the smallest volume of acetic acid necessary to remove the activity from the cartridge for the 

final reaction step. The Dimroth rearrangement required optimisation as shown in Table 28. 

 

 

 

 

 

 

98% of the 

activity was 

trapped here 
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Table 28: Summary of the Dimroth rearrangement conditions used to synthesise [18F]-123 

 

Entry* Heating 
Time 

(minute) 

Temperature 

(°C) 
Outcome Solvent 

a conventional 10 100 decyanation AcOH 

b conventional 15 120 decyanation AcOH 

c conventional 20 120 decyanation AcOH 

d conventional 20 130 decyanation AcOH 

e microwave 10 118 decyanation AcOH 

f microwave 10 118 decyanation 
t-BuOH then 

AcOH 

g microwave 20 118 decyanation AcOH 

h microwave 15 118 

decyanation 

and probable 

product 

AcOH 

*10 mg of 122a used in this optimisation 

As indicated in Table 28, a major by-product was seen on the UV-HPLC trace. Allowing the 

sample to decay until no radioactivity remained, mass spectrometry revealed the starting 

material, using 10 mg, was probably decyanating (Figure 108). Interestingly, the main 

product obtained during the radiolabelling is 169, which is also observed in the synthesis of 

the reference standard to a lesser degree (<1%). A rational explanation for the decyanation 

is elusive; the reaction mixture has been purified by this stage to remove bulk free fluoride, 

potassium carbonate and kryptofix. Thermal instability is unlikely to cause the decyanation, 

as the reaction is conducted at the same temperature as the reference standard. 

 

 

Figure 108: Possible by-product obtained during the Dimroth rearrangement as indicated by LCMS 

 

Pleasingly the mass spectrometry analysis highlighted that the benzyl group on this scaffold 

is stable towards the fluorination conditions. Thus strengthening the theory, during the 

synthesis of [18F]-101, the product is debenzylating during the radiolabelling.  
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5.3 Conclusions 

This chapter describes the synthesis of precursors and their subsequent investigation under 

suitable radiolabelling conditions. Despite the biological validation described in Chapter 

Four (4.3.2.2), no suitable precursor could be synthesised for radiolabelling with fluorine-

18 for 98 (ZM323881). However, a precursor for the closely related analogue 101 was 

synthesised and fluorination of the nitro prosthetic group was attempted. 

Initial fluorination of 136 highlighted the scaffold underwent debenzylation which is 

postulated to be either base associated or as a by-product of the incorporation of the fluorine-

18 itself. Changes in the amount of base present, the solvent of choice, the reaction 

temperature and mode of heating had no influence on the debenzylation. The debenzylation 

product was identified by mass spectrometry and confirmed via HPLC to be 166, through 

the synthesis of a standard. All the optimisation were performed manually, therefore the 

reaction was conducted on a TRASIS allinone, which removes any manual error in drying 

of the fluoride, a by using well-established in-house drying programme. On one occasion the 

fluorination appeared successful, however the reaction showed decomposition. No examples 

of fluorination of a benzyloxy group are present in the literature and could, therefore, be 

interesting to develop on alternative scaffolds. However, alternative non-SNAr may allow 

the scaffold to be radiolabelled, utilising this otherwise inaccessible PET candidate. 

Two alternative strategies were planned for the radiosynthesis of [18F]-123; however only 

one strategy was utilised. Whilst fluorination of 138 was highly successful and reproducible, 

the Dimroth rearrangement required to complete the synthesis was not successful. Major by-

products were formed in this reaction, namely the production of 169 which did occur during 

the synthesis of the cold standards. It is interesting to note that the production of 169 only 

commenced after the addition of acetic acid. Despite literature conditions for the Dimroth 

rearrangement in the synthesis of [18F]-166, under the conditions outlined in this thesis, the 

Dimroth rearrangement was not successful.  

Interesting alternatives would be to attempt the coupling of the corresponding quinazolinone 

using [18F]-155 under the coupling conditions (pyBOP) described in Chapter Four (section 

4.4.1.2). This methodology has recently been utilised in the synthesis of [18F]-Afatinib, 

which has activity against EGFR, HER2 and HER4.356 Although the PyBOP coupling was 

not ideal for aniline 110, this method could be utilised for aniline 155. This is due to 155 not 

possessing the phenol which complicated the synthesis of the quinazolines via this coupling 

method. Another alternative would be to attempt resynthesis the 4-chloroquinazoline and 

proceed with the radiochemistry this route. 
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Scheme 55: Incorporation of fluorine-18 to afford [18F]-Afatinib, via BOP coupling 

 

This chapter also describes the attempted synthesis of 125, a dimer which has been described 

as having high affinity for VEGFR2 and has applications in the screening of potential 

VEGFR2 binding candidates. The initial synthesis, according to published literature, was 

slow and laborious with several protection and deprotection steps and the use of expensive 

reagents. The synthesis of key intermediate 146 was accessed via the Dimroth rearrangement 

previously described in Chapter Four. The synthesis of 146 was achieved in fewer steps with 

the use of more environmentally friendly reagents. Although dimer 160 was synthesised, the 

NOTA macrocycle could not be linked to successfully synthesise 125. Alternative 

chromophore based strategies were utilised, however the coupling of the NOTA macrocycle 

was not successful. Chapter Four has already described the biological evaluation of the 

quinazoline focused library, via a kinase assay. 

Upon successful radiosynthesis of either [18F]-101 or [18F]-123, cellular uptake, metabolism 

assays and serum stability is the next logical step. If favourable characteristics were observed 

from this biological characterisation, the next step is to evaluate the biodistribution in healthy 

mice. If favourable biodistribution is seen, the next step is to evaluate the tracer in VEGFR2 

positive and VEGFR2 negative xenografts, using U87-MG as the positive control.
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6.0 Summary 

6.1 Summary 

Angiogenesis is the development of vasculature from pre-existing vessels, and is tightly 

controlled in the physiological state. However in pathological settings, such as cancer, 

angiogenesis is widely dysregulated and this was first recognised by Judah Folkman 

(Chapter One - 1.1.2). Consequently, angiogenesis is widely recognised as a hallmark of 

cancer and is required for both tumour growth and metastatic spread. The angiogenic 

signalling process is highly complex, although the VEGF-VEGFR2 signalling system is 

thought to be the key mediator of angiogenic signalling. Therefore, considerable effort has 

focused on developing new therapeutic agents based on either mAB or TKI against this 

target. However despite the efforts to develop new therapeutic agents targeting the VEGF-

VEGFR2 signalling system, response to anti-angiogenic therapy exhibits significant inter-

patient variability. Therefore the identification of a biomarker capable of either determining 

those patients most likely to benefit from anti-angiogenic therapy or monitoring therapeutic 

response from anti-angiogenic therapy is required. Despite efforts to identify a circulating 

or tissue biomarker, no single suitable biomarker has been identified. Molecular imaging 

based biomarkers could be beneficial for patients as there is no requirement for repeated 

biopsies, however using US or MRI no biomarker has been identified.  

This project sought to develop a PET radioligand with the requirements outlined in Chapter 

One (1.3.3). The majority of clinically relevant TKI are promiscuous inhibitors, due to the 

highly conserved nature of the active kinase ATP binding site. This presents a challenge 

when developing a PET radioligand which is capable of selectively targeting the ATP 

binding site of VEGFR2. Another major challenging when developing a VEGFR2 specific 

probe is lipophilicity, as the majority of TKIs are bicyclic this can mean a higher than ideal 

cLogP for PET imaging. Therefore this project focused on reducing the lipophilicity of the 

proposed PET imaging candidates, while retaining the selectivity and affinity required for 

binding with VEGFR2 and also incorporating fluorine-18 at an easily accessible (for 

radiochemistry) position. 

Connolly et al. highlighted the use of a pyrimidine in the place of the traditional bicyclic 

structures, which is capable of mimicking the bicyclic structures through intra-molecular 

hydrogen bonding; this further utilised a urea scaffold attached to a phenyl and then ether 

linked to the pyrimidine. The urea allowed a handle to access the back hydrophobic pocket 

present in the active conformation of VEGFR2, which would be beneficial in forming ideal 

supramolecular interactions which could lead to increased affinity and selectivity. Synthesis 
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of the ureas via isocyanates, chloroformates and coupling agent CDI was not successful. 

Therefore an alternative library was identified where the phenyl urea was replaced with an 

indole, whilst retaining the pyrimidine-oxime. A library of nine compounds were synthesised 

with the intention of radiolabelling pendant to the oxime, via an alkylation reaction. Initial 

biological validation of this library in a proliferation assay, using non-VEGFR2 expressing 

cell lines, highlighted that this library was toxic at very low concentrations. Although 78e 

and 78h did not affect proliferation to the same degree, comparison with literature data of 

known VEGFR2 inhibitors revealed the effect on proliferation was still more pronounced 

than expected (Chapter Three – 3.4.2.1). Nuclear staining studies with DAPI, confirmed the 

cells were dying although could not identify the mechanism of cell death which was 

observed during the proliferation assay. Due to factors discussed this library was not taken 

forward for further development as a VEGFR2 specific PET radioligand. 

The only known VEGFR2 selective TKI is ZM323881, therefore a focused library derived 

from this structure to allow for facile radiochemistry was investigated. Synthesis of the 

ZM323881 analogues via the traditional quinzolinone was not successful (Chapter Four – 

4.3.1.1). The literature highlighted a precedence of using coupling agents BOP and PyBOP 

for the coupling of quinazolinones and anilines. Despite this precedence, attachment was via 

the phenol not the aniline as expected. Further literature highlighted the synthesis of 

quinazolines avoiding the quinazolinone, utilising the Dimroth rearrangement. Synthesis via 

the Dimroth rearrangement required little chromatography purification. A Z-Lyte assay, 

provided by Invitrogen, highlighted ZM323881 (98) not to be as selective as published in 

the literature. Pleasingly, analogue 101 did display moderate selectivity only targeting RET 

and VEGFR3 and based on this data, this library was selected for radiolabelling. The 

synthesis of a precursor for 98 was not achieved as there was no easily accessible precursor. 

Radiolabelling of 101 was attempted via the nitro prosthetic group; however the precursor 

demonstrated general instability regardless of the radiochemistry procedure employed. In 

future work, radiolabelling via a non-SNAr route is suggested, exploiting the work of 

Gouverneur and Sanford. 

Further future work for this project would be to assess the expression of RET and VEGFR3 

in cell lines. In addition the quinazoline library requires a metabolism study to assess for any 

radioactive metabolites that may confound in vivo imaging. The next step would be to 

perform biodistribution studies in healthy mice, then assess whether the PET radioligand 

accumulates within VEGFR2 positive xenografts (U87).  

This project highlights the common problems often seen when developing a PET 

radioligand, such as a lack of selectivity, unknown non-specific toxicities, inadequate 
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lipophilicity and the optimisation of radiolabelling procedures. This project identified a 

promising candidate with potential to be a successful VEGFR2 specific PET radioligand after 

further studies described above. The development of a VEGFR2 PET radioligand would still 

be highly beneficial to clinicians when deciding on treatment course, or monitoring these 

therapeutic agents to improve patient outcomes. 
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7. Experimental 

7.1 Chemistry 

7.1.1. General Comments 

Unless otherwise stated, reagents and solvents were purchased from commercial suppliers 

(Sigma Aldrich, Apollo Scientific, Fisher, Acros Organic and Alfa Aesar) and used without 

further purification. Chromatography solvents were HPLC grade and also used without 

further purification. 

 

TLC, Melting points and IR 

Thin-layer chromatography was conducted on standard commercial aluminium pre-coated 

plates with a 0.2 mm layer of silica gel (Merck 60-254) with UV254 detection. 

Chromatography was performed using silica gel 40 (Fluka 40-63 μm) or using a Biotage 

Isolera purification system, quoting solvents v/v. All melting points were determined on a 

Leica Galen III melting point apparatus and are uncorrected.  

Infrared spectra were recorded on a Bruker alpha-p FT-IR.  

 

NMR 

1H NMR spectra were recorded on a Bruker Advance 500 MHz spectrometer using an 

internal deuterium lock or a JEOL-ECP 400 MHz FT-NMR. Chemical shifts (δ) are 

measured in parts per million (ppm) were referenced to the following residual solvent peaks: 

CHCl3 (δ 7.26), DMSO (δ 2.5) or MeOH (δ 3.35). Compound assignments were aided by 

2D NMR techniques; COSY, HSQC, DEPT and NOSEY. Data is presented in the following 

format: chemical shift (multiplicity, integration, coupling constant (J in Hz)). Mulitplicities 

are quoted as following: s (singlet), brs (broad singlet), d (doublet), t (triplet), q (quartet), 

quin (quintet), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of 

doublet) and m (multiplet). All aromatic doublets are assumed to be true doublets. 

13C NMR spectra were recorded on a Bruker Advance 500 MHz spectrometer using an 

internal deuterium lock or a JEOL-ECP 400 MHz FT-NMR. Chemical shifts (δ) are 

measured in parts per million (ppm) relative to tetramethylsilane (TMS) and were referenced 

to the following residual solvent peaks: CHCl3 (δ 77.23) or DMSO (δ 39.51). Data is 



Chapter Seven  Experimental 

196 
 

presented in the following format: chemical shift (assignment). Where it is the case splitting 

is caused by fluorine, Data is presented in the following format: chemical shift (multiplicity, 

coupling constant (J in Hz)). 

19F NMR spectra were recorded on a Bruker Advance 500 MHz spectrometer and were 

referenced to an external standard of CFCl3 (neat) set to δ=0 ppm.  

 

HRMS and Purity 

High resolution mass spectrometry (HRMS) was performed on an Agilent 1200 series HPLC 

system, with diode array detector operating at 254 nm, fitted with a Merck Chromolith 

SpeedROD RP-18e 50 × 4.6 nm column at a temperature of 22 °C, connected to a Agilent 

6520 Quadrupole Time Of Flight (QToF) mass spectrometer (simultaneous ESI and APCI). 

The following solvent system, at a flow rate of 2 mL min-1 was used: solvent A: Methanol: 

solvent B: 0.1% formic acid in water. Gradient elution was as follows: 1: (A: B) to 9:1 (A: 

B) for 1 minute, then reversion back to 1:9 (A:B) over 0.3 minutes, 1:9 (A:B) for 0.2 minutes 

(Method A). 

Purity of compounds (at a concentration of 1 µM) are indicated by HPLC purity as described 

above (Method A) or on an Agilent 1200 series (Phenomenex Luna® 5 µm C18(2) 100 Å, 

LC Column 150 × 4.6 mm) utilising the following gradient system at 1 mL min-1 (2). Solvent 

A: Water and 10 mM NaH3PO4 Solvent B: Acetonitrile and 0.1% H3PO4. Gradient elution 

was as follows: 80:20 (A:B) to 55:45 (A:B) for 5 minutes, then to 5:95 (A:B) in 10 minutes 

and held for a further 5 minutes, followed by reversion back to 80:20 (A:B) over 1 minute 

and held for a further 9 minutes (Method B). 

All purities are expressed as a percentage (%). 

 

Semi-Prep HPLC purification 

Standard injections of 500µL of the sample (with needle wash) were made onto an ACE 5 

C18-PFP column (5 µ, 250 × 10 mm Advanced Chromatography Technologies, Aberdeen, 

UK). Chromatographic separation at ambient temperature was carried out using a 1200 

Series Preparative HPLC (Agilent, Santa Clara, USA) over a 15 minute gradient elution  

from 60:40 to 0:100 water: methanol (both modified with 0.1% formic acid) at a flow rate 

of 5 mL min-1. UV-Vis spectra were acquired at 254 nm on a 1200 Series Prep Scale diode 
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array detector (Agilent, Santa Clara, USA). Post-UV & pre-MS splitting was achieved using 

an Active Split (Agilent, Santa Clara, USA) before being infused into a 6120 Series Quad 

mass spectrometer fitted with an ESI/APCI Multimode ionisation source (Agilent, Santa 

Clara, USA). LC eluent and nebulising gas was introduced into the grounded nebuliser with 

spray direction orthogonal to the capillary axis. 2kV was applied to the charging electrode 

to generate a charged aerosol. The aerosol was dried by infrared emitters (200 °C) and heated 

drying gas (12 L min-1 of nitrogen at 350 °C, 4.13 MPa), producing ions by ESI. Aerosol 

and ions were transferred by nebulising gas to the APCI zone where infrared emitters 

vaporized solvent and analyte. A corona discharge was produced between the corona needle 

and APCI counter electrode by applying a current of 4 µA, ionizing the solvent to transfer 

charge to analyte molecules, producing ions by APCI. ESI and APCI ions simultaneously 

entered the transfer capillary along which a potential difference of 4 kV was applied. The 

fragmentor voltage was set at 175 V and skimmer at 65 V. Signal was optimised by 

AutoTune.m. Profile mass spectrometry data was acquired in positive ionisation mode over 

a scan range of m/z 60-1000 (scan rate 1.0). Collection was triggered by UV signal and 

collected on a 1200 Series Fraction Collector (Agilent, Santa Clara, USA). 

Microwave reactions were performed on a Biotage Initiator. Buchi Rotavapor 210 equipped 

with a diaphragm vacuum pump was used to remove bulk solvent; trace solvent was removed 

using a Schlenk line with an oil pump. 
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(E)-4-amino-6-chloropyrimidine-5-carbaldehyde O-methyloxime292 (27) 

 

4-Amino-6-chloropyrimidine-5-carbaldehyde (1.0 g, 6.35 mmol), O-methylhydroxylamine 

(0.94 g, 11.25 mmol) was dissolved in acetic acid (25 mL) and water (4 mL). The solution 

was stirred overnight at ambient temperature and concentrated under reduced pressure. The 

residue was dissolved in water (50 mL) and washed with EtOAc (3  70 mL). The combined 

organic phases were dried over MgSO4 and concentrated under reduced pressure to afford 

the title compound as a yellow solid (0.95 g, 91%). 

Rf: 0.59 (7:3 EtOAc: hexane) 

1H NMR (400 MHz, d6-DMSO) δ: 4.00 (s, 3H8, CNOCH3), 7.56 (s, 1H7, CHN), 7.82 (brs, 

2H9, ArNH2), 8.53 (s, 1H2, ArH) 

13C NMR (100 MHz, d6-DMSO) δ:  62.40 (s, C-8), 103.96 (s, C-5), 145.32 (s, C-7), 157.28 

(s, C-4), 158.93 (s, C-2), 160.85 (s, C-6) 

MS (ESI): 187.04 [M+H]+; 209.02 [M+Na]+ 

Data consistent with literature. 
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4-Amino-6-(4-amino-3-chlorophenoxy)pyrimidine-5-carbaldehyde O-methyl oxime292 

(28b) 

 

(E)-4-Amino-6-chloropyrimidine-5-carbaldehyde O-methyloxime (200 mg, 1 mmol), 4-

amino-3-chlorophenol (190 mg, 1.03 mmol) and caesium carbonate (300 mg, 343 mmol) 

were dissolved in DMSO (25 mL) and stirred at ambient temperature for two hours. The 

reaction mixture was poured onto water (25 mL) and washed with EtOAc (3  20 mL). The 

combined organic layers were dried over MgSO4 and concentrated under reduced pressure. 

The crude compound was purified by column chromatography (1:1 EtOAc: hexane) to afford 

the title compound as a red solid (161 mg, 51%). 

Rf: 0.61 (1:1 EtOAc: hexane) 

1H NMR (400 MHz, d6-DMSO) δ: 3.97 (s, 3H8, OCH3), 6.56 (d, 1H14, ArH, J = 7.9 Hz), 

6.67 (d, 1H13, ArH, J = 7.9 Hz), 7.79 (s, 1H10, ArH), 8.24 (s, 1H2, ArH), 8.48 (s, 1H7, ArH) 

 13C NMR (100 MHz, d6-DMSO) δ: 62.39 (s, C-8), 102.63 (s, C-13), 118.35 (s, C-14), 

118.68 (s, C-5), 123.21 (s, C-10), 126.54 (s, C-11), 140.25 (s, C-12), 145.32 (s, C-7), 146.98 

(s, C-9), 153.59 (s, C-4), 157.26 (s, C-2), 168.54 (s, C-6) 

LCMS (ESI): 294.2 [M+H]+ 

Data consistent with literature. 
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N-methyl-1H-imidazole-1-carboxamide271 (33a) 

 

1,1'-Carbonyldiimidazole (3.56 g, 22 mmol) was added to a flask charged with 

methylammonium chloride (1.35 g, 20 mmol). Anhydrous acetonitrile (6 mL) and DMF (2 

mL) under nitrogen was added resulting in an off white solution, the mixture is stirred at 

ambient temperature for three hours, and then placed in a freeze dryer overnight.  The 

resulting off white solid was purified by column chromatography (1:25 MeOH: DCM) to 

afford the title compound as a white solid. (2.14 g, 86%). 

Rf: 0.25 (1:25 MeOH: DCM) 

Mp: 110-112 ºC 

1H NMR (400 MHz, CDCl3) δ: 3.04 (d, 3H8, CH3, J = 4.5 Hz), 6.89 (brs, 1H7, NH), 7.07 

(brs, 1H4, ArH), 7.43 (s, 1H5, ArH), 8.18 (brs, 1H2, ArH) 

13C NMR (100 MHz, CDCl3) δ: 27.45 (s, C-8), 116.17 (s, C-5), 130.15 (s, C-4), 136.2 (s, C-

2), 149.58 (s, C-6) 

Data consistent with literature. 

  



Chapter Seven  Experimental 

201 
 

1-(4-Methoxybenzyl)-3-methylurea357 (35) 

 

A small flask was charged with N-methyl carbanoyldiimidazole (33 mg, 0.1 mmol) and 4-

methoxybenzylamine (27 mg, 0.1 mmol) with NEt3 (15 μl, 0.1 mmol) with anhydrous DCM 

(1 mL). The resultant red solution was stirred at ambient temperature for 18 hours. The 

solution was monitored using TLC (1:1 EtOAc: hexane). The solution was concentrated 

under reduced pressure and purified using column chromatography (1:25 MeOH: DCM 

followed by 6:4 EtOAc: hexane) to afford the title compound as a yellow solid (22 mg, 56%).  

Rf: 0.32 (6:4 EtOAc: hexane)  

1H NMR (400 MHz, CDCl3) δ: 2.72 (s, 3H9, NCH3), 3.73 (s, 3H10, OCH3), 4.25 (d, 2H7, 

NCH2, J = 6.3 Hz), 6.81 (d, 2H3, 5, ArH, J = 8.7 Hz), 7.17 (m, 2H2, 6, ArH) 

13C NMR (100 MHz, CDCl3) δ: 26.95 (s, C-9), 44.20 (s, C-7), 55.30 (s, C-10), 114.04 (s, C-

3 and C-5), 128.85 (s, C-2 and C-6), 130.61 (s, C-1)  

NB: C-8 not observed 

Data consistent with literature. 
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4-Nitrophenyl propylcarbamate358 (37a) 

 

To a round bottomed flask propylamine (80 µL, 1 mmol), pyridine (0.2 mL, 1 mmol) were 

dissolved in anhydrous DCM (10 mL). 4-Nitrophenyl chloroformate (202 mg, 1 mmol) was 

added and the resultant yellow solution was refluxed for a period of six hours. The resulting 

orange solution was quenched using DCM (5 mL) and washed with 1M NaHCO3 (5 mL), 

water (5 mL) and brine (10 mL). The organic phase was dried over Na2SO4 and concentrated 

under reduced pressure and purified using column chromatography (6:4 EtOAc: hexane) to 

afford the title compound as a yellow solid (96 mg, 43%).  

Rf: 0.51 (6:4 EtOAc: hexane) 

Mp: 99-101 °C 

1H NMR (400 MHz, CDCl3) δ: 0.92 (t, 3H10, CH3, J = 7.4 Hz), 1.55-1.59 (m, 2H9, CH2), 

3.19-3.23 (m, 2H8, CH2), 5.21 (brs, 1H11, NH) 7.24 (d, 2H2, 6, ArH, J = 9.0 Hz), 8.17 (d, 2H3, 

5, ArH, J = 9.0 Hz)  

13C NMR (100 MHz, CDCl3) δ: 11.28 (s, C-10), 22.92 (s, C-9), 44.01 (s, C-8), 121.9 (s, C-

2 and C-6), 125.1 (s, C-3 and C-5), 144.9 (s, C-4), 153.8 (s, C-7), 156.3 (s, C-1)  

LCMS: 247.1 [M+Na]+ 

Data consistent with literature. 
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3-Chloropropyl methanesulfonate359 (43) 

 

3-Chloropropan-1-ol (17.75 g, 187.5 mmol) and pyridine (19.75 g, 250 mmol) was cooled 

to 0 °C. Methanesulfonyl chloride (21.5 g, 187.5 mmol) was added slowly over a period of 

90 minutes and stirred for a further three hours. The solution was diluted with water (100 

mL) and acidified with 6M HCl and washed with diethyl ether (3  150 mL). The combined 

organic extracts were washed with water (100 mL) and Na2CO3 (100 mL), dried over Na2SO4 

and concentrated under reduced pressure. Column chromatography purification (100% 

EtOAc) on a neutral alumina column afforded the title compound as a pale yellow oil (10.28 

g, 32%). 

1H NMR (400 MHz, CDCl3) δ: 2.15 (quintet, 2H3, CH2, J = 6.1 Hz), 2.98 (s, 3H1, CH3), 

3.61 (t, 2H4, CH2, J = 6.1 Hz), 4.33 (t, 2H2, CH2, J = 6.0 Hz) 

13C (100 MHz, CDCl3) δ: 28.98 (s, C-3), 37.19 (s, C-1), 41.89 (s, C-4), 66.44 (s, C-2) 

Data consistent with literature. 
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2-(3-Fluoropropyl)isoindoline-1,3-dione360 (45) 

 

A solution of 3-fluoropropyl methane sulfonate (0.5 g, 3.2 mmol) in anhydrous DMF (5 mL) 

was treated with potassium phthalimide (0.65 g, 3.58 mmol) at ambient temperature. The 

white emulsion was heated to 70 °C for two hours, before the addition of water (10 mL). 

The yellow solution was stirred at ambient temperature for 10 minutes, before cooling to 0 

°C for one hour, where upon cooling a yellow solid crashed out. The yellow solid was filtered 

and washed with water (3  10 mL), yielding the title compound as a fine white powder 

(0.35 g, 53%). 

1H NMR (400 MHz, CDCl3) δ: 2.11 (dquin, 2H2, CH2, J = 6.9, 24.9 Hz), 3.83 (t, 2H3, CH2, 

J = 6.9 Hz), 4.55 (dt, 2H1, CH2, J = 6.7, 46.8 Hz), 7.75 (m, 4H6, 7, ArH). 

13C NMR (100 MHz, CDCl3) δ: 25.74 (d, C-2, J = 18.6 Hz), 30.75 (d, C-3, J = 5.5 Hz), 

77.00, 79.85 (d, C-1, J = 171.2 Hz), 119.79 (s, C-6), 130.16 (s, C-7), 130.51 (s, C-5), 165.40 

(s, C-4) 

19F NMR (376 MHz, CDCl3) δ: -219.01 

EI: 207.3 [M-1] 

Data consistent with literature. 
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2-(3-Hydroxypropyl)isoindoline-1,3-dione361 (48) 

 

Potassium phthalimide (1.5 g, 8.1 mmol) and 3-chloropropan-1-ol (0.69 g, 7.3 mmol) was 

dissolved in anhydrous DMF (20 mL) and the mixture was heated to 60 °C for four hours, 

in which time the rest of the potassium phthalimide dissolved. The reaction flask was 

allowed to cool to ambient temperature and filtered to remove any resultant KCl. The filtrate 

was concentrated under reduced pressure and diethyl ether (40 mL) added and washed with 

plenty of water (3  20 mL), 0.5M NaHCO3 (20 mL) and brine (20 mL). The combined 

organic extracts were dried over Na2SO4, concentrated under reduced pressure to gain a 

white precipitate and allow to crash out overnight in a desiccator over P2O5, affording the 

title compound as a white crystalline solid (201 mg, 13%). 

1H NMR (400 MHz, CDCl3) δ: 2.02 (quintet, 2H2, CH2, J = 6.5 Hz), 3.68 (t, 2H1, CH2, J = 

6.35 Hz), 3.87 (t, 2H3, CH2, J = 6.5 Hz), 7.79 (m, 2H6, ArH), 7.86 (m, 2H7, ArH).  

13C NMR (100 MHz, CDCl3) δ: 34.85 (s, C-2), 41.71 (s, C-3), 59.50 (s, C-1), 123.60 (s, C-

6), 130.68 (s, C-5), 134.33 (s, C-7), 159.86 (s, C-4) 

Data consistent with literature. 
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N-(3-tosyloxypropyl)-phthalimide362 (49) 

           

To a round bottomed flask charged with N-(3-hydroxypropyl)-phthalimide (0.2 g, 0.97 

mmol) in DCM (15 mL) with NEt3 (0.24 g, 1.455 mmol) was stirred  at 0 °C for 10 minutes. 

p-Toluene sulfonylchloride was added carefully, over a 20 minute period, to avoid excessive 

bubbling and the reaction was stirred at ambient temperature overnight. The reaction was 

quenched through the addition of water (30 mL), observing an exotherm, and washed with 

DCM (3  30 mL). The combined organic extracts were washed with brine (50 mL) and 

dried over Na2SO4. Concentration under reduced pressure afforded the title compound as a 

slightly oily yellow solid (0.20 g, 70%). 

1H NMR (400 MHz, CDCl3) δ: 1.34 (t, 2H2, CH2, J = 6.0 Hz), 2.29 (s, 3H12, CH3), 3.07 (m, 

4H1, 3, CH2), 7.12 (d, 2H9, ArH, J = 8.1 Hz), 7.35 (d, 2H10, ArH, J = 8.1 Hz), 7.74 (m, 2H7, 

ArH), 7.78 (m, 2H6, ArH). 

13C NMR (100 MHz, CDCl3) δ: 21.2 (s, C-12), 35.8 (s, C-2), 45.92 (s, C-3), 69.6 (s, C-3), 

125.90 (s, C-9), 127.03 (s, C-10), 128.75 (s, C-6), 130.23 (s, C-7), 132.3 (s, C-5), 139.5 (s, 

C-8), 142.3 (s, C-11), 160.1 (s, C-4) 

Data consistent with literature.  
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3-Fluoropropyl methanesulfonate363 (50) 

 

3-Fluoropropan-1-ol (0.781 g, 10 mmol) was dissolved in DCM (10 mL) and NEt3 (1.68 mL, 

12 mmol) was added. Methane sulfonylchloride (0.86 mL, 11 mmol) in DCM (5 mL) was 

added dropwise to the ice-cold reaction mixture. The reaction mixture was stirred at 0-5 °C 

for two hours. The reaction mixture was then washed with water (15 mL), saturated NaHCO3 

(15 mL), water (20 mL) and brine (20 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure to afford the title compound as a 

colourless oil (0.681 g, 45%). 

1H NMR (400 MHz, CDCl3) δ: 2.08 (quint, 2H2, FCH2CH2CH2. J = 5.7, 23.5 Hz), 2.97 (s, 

3H4, CH3), 4.30 (t, 2H3, FCH2CH2CH2, J = 5.7 Hz), 4.51 (dt, 2H1, FCH2CH2CH2, J = 5.7, 

39.2 Hz) 

13C NMR (100 MHz, CDCl3) δ: 26.85 (s, C-2, J = 20.60 Hz), 33.94 (s, C-4), 62.37 (s, C-3, 

J= 4.60 Hz), 76.17 (s, C-1, J= 165 Hz) 

19F NMR (376 MHz, CDCl3) δ: -178.85 

 Data consistent with literature.  
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2-Fluoroethyl tosylate364 (51) 

 

p-Toluenesulfonyl chloride (270 mg, 1.41 mmol) was added to a solution of 2-fluoroethanol 

(60 mg, 0.94 mmol) in anhydrous DCM (2 mL). NEt3 (200 mL, 1.41 mmol) and a catalytic 

amount of DMAP (13 mg, 0.11 mmol) was also added. The reaction mixture was stirred for 

two hours at ambient temperature. The reaction mixture was partitioned between 1M HCl 

(10 mL) and DCM (20 mL). The organic layer was washed with K2CO3 solution, dried over 

MgSO4 and the solvent removed under reduced pressure to afford fluoroethyl tosylate as a 

colourless soil (201 mg, 98%). 

Rf: 0.3 (8:2 hexane: EtOAc) 

1H NMR (500 MHz, CDCl3) δ: 2.42 (s, 3H7, ArCH3), 4.23 (ddd, 2H2, CH2, J = 3.0, 5.0, 27.5 

Hz), 4.54 (ddd, 2H1, CH2, J = 3.1, 5.0, 47.2 Hz), 7.34 (d, 2H5, ArH, J = 8.1 Hz), 7.77 (d, 

2H4, ArH, J = 8.1 Hz) 

13C (125 MHz, CDCl3) δ: 21.57 (s, C-7), 68.73 (d, C-2, J = 20.6 Hz), 80.61 (d, C-1, J = 

173.1 Hz), 127.89 (s, C-4), 129.99 (s, C-5), 132.49 (s, C-6), 145.27 (s, C-3) 

19F (471 MHz, CDCl3) δ: -223.27 

Data consistent with literature. 
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Methylene ditosylate365 (51) 

 

Diiodomethane (0.9 g, 7.46 mmol) was combined with silver tosylate (4.64 g, 16.6 mmol) 

in anhydrous acetonitrile and the mixture was heated at reflux for 20 hours. The mixture was 

cooled and the solvent removed under reduced pressure, the resultant residue was slurried 

with DCM and filtered through celite. The filtrate was evaporated yielding methylene 

ditosylate as a white solid (2.09 g, 35%). 

1H NMR (500 MHz, CDCl3) δ: 2.47 (s, 6H6, ArCH3), 5.83 (s, 2H1, CH2), 7.23-7.29 (m, 4H4, 

ArH), 7.58-7.64 (m, 4H3, ArH)  

13C NMR (125 MHz, CDCl3) δ: 21.73 (s, C-6), 87.97 (s, C-1), 127.97 (s, C-3), 129.76 (s, C-

4), 133.24 (s, C-5), 145.39 (s, C-2)  

HRMS (ESI, m/z): calc’d for C15H16O6S2Na 379.0281; obs 379.0274 [M+Na] 

Data consistent with literature.  
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Fluoromethyl tosylate366 (52) 

 

Methylene ditosylate (500 mg, 1.4 mmol) and caesium fluoride (1.065 g, 7.01 mmol) were 

dissolved in tert-amyl alcohol (3 mL) and irradiated in a microwave for 15 minutes at 90 °C. 

The reaction was allowed to cool and all tert-amyl alcohol was removed under reduced 

pressure, ice-cold diethyl ether was added, the suspension filtered and washed with plenty 

of ice-cold diethyl ether. The filtrate was concentrated under reduced pressure to yield the 

title compound as a colourless oil (272 mg, 65%). 

1H NMR (500 MHz, CDCl3) δ: 2.43 (s, 3H6, ArCH3), 5.72 (d, 2H1, CH2, J = 51.0 Hz), 7.35 

(d, 2H4, ArH, J = 8.0 Hz), 7.81 (d, 2H3, ArH, J = 8.0 Hz) 

13C (125 MHz, CDCl3) δ: 21.67 (s, C-6), 98.16 (d, C-1, J = 221 Hz), 127.87 (s, C-3), 129.96 

(s, C-4), 133.77 (s, C-5), 145.63 (s, C-2) 

19F (471 MHz, CDCl3) δ: -153.24 (t, J = 50.7 Hz) 

Data consistent with literature.  



Chapter Seven  Experimental 

211 
 

1-(2,3-Difluoro-6-nitrophenyl)propan-2-one367 (68a) 

 

Sodium hydride, 60% w/w in mineral oil, (450 mg, 18 mmol) was dissolved in anhydrous 

THF (5 mL), under a nitrogen blanket, and cooled to 10 °C. Ethyl acetoacetate (2.27 mL, 18 

mmol) was added whilst keeping the temperature below 15 °C. The mixture was stirred for 

15 minutes on ice, then 1,2,3-fluoro-4-nitrobenzene (1.03 mL, 9 mmol) was added. The 

mixture was stirred for a further 15 minutes on ice, before being allowed to slowly warm to 

ambient temperature and stirred for 24 hours. The mixture was concentrated under reduced 

pressure and the residue partitioned between EtOAc (50 mL) and 2M HCl (25 mL), the 

organics were washed with water (3  25 mL), brine (25 mL) and dried over MgSO4 before 

being concentrated under reduced pressure. The residue was dissolved in concentrated HCl 

(15mL) and acetic acid (10mL) and allowed to reflux for 15 hours. After 15 hours the 

mixture was allowed to cool to ambient temperature, concentrated under reduced pressure 

and partitioned between 5% NaHCO3 (25 mL) and EtOAc (3  25 mL), the combined 

organic layers were washed with saturated NaHCO3 (25 mL), water (25 mL) and brine (25 

mL). The combined organic layers were then dried over MgSO4 and concentrated under 

reduced pressure. Purification by column chromatography (4:3 EtOAc: hexane) yielded 1-

(2,3-difluoro-6-nitrophenyl)propan-2-one as a yellow oil (505 mg, 25%). 

Rf: 0.65 (3:1 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 2.33 (s, 3H1, CH3), 4.25 (d, 2H3, CH2, J = 1.6 Hz), 7.11 (ddd, 

1H7, ArH, J = 2.1, 6.5, 8.6 Hz), 7.86 (ddd, 1H6, ArH, J = 2.1, 6.6, 8.7 Hz) 

13C NMR (125 MHz, CDCl3) δ: 29.9 (s, C-1), 43.4 (s, C-3), 120.2 (t, C-6, J = 3.9 Hz), 125.5 

(t, C-7, J = 4.4 Hz), 130.4 (d, C-4, J = 13.6 Hz), 137.3 (s, C-5), 146.2 (dd, C-9, J =16.4, 16.2 

Hz), 149.8 (dd, C-8, J =12.3, 252.0 Hz), 201.8 (s, C-2)  

19F NMR (471 MHz, CDCl3) δ: -125.93 (s 1F11), -135.76 (s, 1F10) 

Data consistent with literature.  
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1-(2-Fluoro-3-methoxy-6-nitrophenyl)propan-2-one367, 368 (71) 

 

1-(2,3-Difluoro-6-nitrophenyl)propan-2-one (5 g, 23 mmol) and sodium methoxide (6.9 g, 

127 mmol) was dissolved in anhydrous methanol (10 mL) and stirred for 72 hours at ambient 

temperature. The solution was concentrated under reduced pressure and the residue extracted 

with EtOAc (100 mL) and 1M HCl (10 mL). The organic layer was washed with brine (2   

50 mL) and dried over MgSO4. Column chromatography purification (1:3 EtOAc: hexane) 

yielded the title compound as a white solid (2.89 g, 67%). 

Rf: 0.37 (1:3 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 2.37 (s, 3H1, CH3), 3.98 (s, 3H10, OCH3), 4.23 (d, 2H3, CH2, 

J = 4.0 Hz), 7.02 – 6.92 (m, 1H7, ArH), 7.99-8.04 (m, 1H6, ArH) 

13C NMR (125 MHz, CDCl3) δ: 30.18 (s, C-1), 40.53 (s, C-3), 56.57 (s, C-10), 110.13 (s, C-

7), 120.38 (s, C-4), 122.30 (s, C-6), 141.04 (d, C-9, J = 189.2 Hz ), 151.22 (s, C-5), 152.39 

(s, C-8), 202.64 (C-2) 

19F NMR (471 MHz, CDCl3) δ: -134.37  

Data consistent with literature. 
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1-(2-Fluoro-3-hydroxy-6-nitrophenyl)propan-2-one368, 369 (72) 

 

1-(2-Fluoro-3-methoxy-6-nitrophenyl)propan-2-one (50 mg, 0.23 mmol) was added to a 

flask charged with pyridinium chloride (9 mg, 0.78 mmol) and heated to 180 °C for 75 

minutes. The mixture was quenched with EtOAc (5 mL) and 2M HCl (2 mL) and filtered. 

The organic layer was washed with brine (2  10 mL) and dried over MgSO4 and 

concentrated under reduced pressure. The crude reaction mixture was purified by column 

chromatography (1:1 EtOAc: hexane) to yield the title compound as a yellow oil (39 mg, 

83%). 

Rf : 0.48 (50% EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 2.39 (s, 3H1, CH3), 4.23 (s, 2H3, CH2), 6.11 (brs, 1H10, OH) 

7.08 (dd, 1H7, ArH, J = 1.8, 9.0 Hz), 8.04 (dd, 1H6, ArH, J = 1.8, 9.0 Hz) 

13C NMR (125 MHz, CDCl3) δ: 30.10 (s, C-1), 39.87 (s, C-3), 115.71 (s, C-7), 119.67 (s, C-

4), 122.68 (s, C-6), 148.09 (s, C-5), 148.81 (d, C-9, J = 16.5 Hz), 149.98 (s, C-8), 203.16 

(C-2) 

19F NMR (471 MHz, CDCl3): -140.36  

Data consistent with literature. 
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4-Fluoro-2-methyl-1H-indol-5-ol367 (64) 

 

1-(2-Fluoro-3-hydroxy-6-nitrophenyl)propan-2-one (38.8 mg, 0.18 mmol) was dissolved in 

water (1 mL) and sodium dithionite (174.4 mg, 1 mmol) was added and the reaction 

monitored using LCMS. The mixture was extracted with EtOAc (3  15 mL) and the organic 

layer washed with brine (10 mL) and dried over MgSO4. The organic layer was concentrated 

under reduced pressure and purified using column chromatography (3:7 EtOAc: hexane) to 

afford the title compound as an off-white solid (11 mg, 29%). 

Rf: 0.42 (3:7 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 2.44 (s, 3H3, CH3), 4.21 (s, 1H8, OH), 6.24 (m, 1H4, ArH), 

6.81 (t, 1H9, ArH, J = 8.4 Hz), 6.94 (dt, 1H10, ArH, J = 0.9, 8.4 Hz), 7.83 (brs, 1H1, NH) 

13C NMR (125 MHz, CDCl3) δ: 13.74 (s, C-3), 95.94 (s, C-4), 105.95 (s, C-10), 111.39 (s, 

C-9), 132.61 (s, C-11), 135.87 (s, C-2), 136.14 (s, C-7), 141.94 (s, C-6) 

19F (471 MHz, CDCl3) δ: -151.73  

HRMS (ESI, m/z): calc’d for C9H10NOF 166.0663 found: 166.0674 [M+H]+ 

Data consistent with literature.  
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N-(tert-butoxycarbonyl)-4-methoxy-2-methylaniline370 (74) 

 

A solution of 4-methoxy-2-methylaniline (5 g, 36 mmol) and BOC2O (9.14 g, 41.9 mmol) 

was dissolved in THF (45 mL) and was slowly heated to reflux. Reflux was maintained for 

two hours before the solution was cooled and the mixture was concentrated under reduced 

pressure. The residue was dissolved in EtOAc (100 mL) and washed with 1M citric acid 

(100 mL), the organic layer was dried with MgSO4 and concentrated under reduced pressure. 

The crude product was recrystallised using hexane to yield the title compound as a purple 

solid (7.24 g, 80%). 

1H NMR (500 MHz, d6-DMSO) δ: 1.44 (s, 9H1, CCH3), 2.15 (s, 3H7, ArCH3), 3.70 (s, 3H12, 

OCH3), 6.69 (dd, 1H8, ArH, J= 3.0 Hz, 8.6 Hz), 6.75 (d, 1H11, ArH, J= 2.9 Hz), 7.11 (d, 

1H10, ArH, J= 8.6 Hz), 8.34 (brs, 1H4, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 18.46 (s, C-7), 28.64 (s, C-1), 55.55 (s, C-12), 78.72 (s, 

C-2), 110.85 (s, C-10), 111.56 (s, C-11), 127.97 (s, C-8), 134.61 (s, C-5), 146.66 (s, C-6), 

154.41 (s, C-3), 156.92 (s, C-9) 

HRMS (ESI):  C13H19NO3 calc’d: 238.1438 found: 238.1445 [M+H]+ 

Data consistent with literature.  
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5-Methoxy-2-trifluoromethylindole371 (75) 

 

N-(tert-butoxycarbonyl)-4-methoxy-2-methylaniline (1 g, 4.21 mmol) was dissolved in 

anhydrous THF (12.5 mL), cooled to -40 °C and sec-butyllithium (7.5 mL, 9.75 mmol) was 

added. The mixture was stirred at -40 °C for 15 minutes before the addition of N-methyl-N-

methoxytrifluoroacetamide (0.66 g, 4.21 mmol) in anhydrous THF (10 mL) was added. The 

mixture was stirred for a further one hour before being allowed to warm to ambient 

temperature. The mixture was poured onto diethyl ether: 1M HCl (1:1-50mL), the organic 

layer was separated and washed with water (50 mL), brine (50 mL) and dried over MgSO4 

and concentrated under reduced pressure. The crude product (0.7 g) was dissolved in DCM 

(4 mL) and TFA (0.75 mL) was added, the mixture was stirred at ambient temperature for 

three hours. The crude reaction mixture was concentrated under reduced pressure and 

partitioned between DCM (20 mL) and water (20 ml). The organic layer was washed with 

water (20 mL), brine (20 mL), dried over MgSO4 and concentrated under reduced pressure. 

Column chromatography purification (1:20 EtOAc: hexane) yielded the title compound as a 

brown solid (200 mg, 22%). 

Rf: 0.45 (1:20 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 3.88 (s, 3H11, OCH3), 6.87 (dp, 1H4, ArH, J= 1.1, 2.3 Hz), 

7.02 (dd, 1H8, ArH, J = 2.4, 8.9 Hz), 7.12 (d, 1H6, ArH, J= 2.4 Hz), 7.34 (dt, 1H9, ArH, J= 

0.8, 8.9 Hz), 8.33 (brs, 1H1, NH) 

13C NMR (125 MHz, CDCl3) δ: 55.76 (s, C-11), 102.74 (s, C-4), 103.92 (s, C-6), 112.56 (s, 

C-8), 115.84 (s, C-9), 120.13 (s, C-5), 122.26 (s, C-3), 127.10 (s, C-10), 131.25 (s, C-2), 

154.93 (s, C-7) 

19F NMR (471 MHz, CDCl3) δ: -60.51  

HRMS (ESI):  calc’d for C10H8F3NO: 216.0631 found: 216.0631 [M+H]+ 

Data consistent with literature.  
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2-(Trifluoromethyl)-1H-indol-5-ol371 (65) 

 

A solution of 5-methoxy-2-trifluoromethylindole (200 mg, 0.93 mmol) in DCM (1.5 mL) 

was cooled to -15 °C where a solution of 1M boron tribromide in DCM (1.86 mL, 1.85 

mmol) was added slowly over five minutes. The reaction was warmed to ambient 

temperature and stirred for 45 minutes. The mixture was cooled to 0 °C and saturated 

NaHCO3 (10 mL) was added and the mixture washed with EtOAc (3  10mL). The combined 

organic layer was dried over MgSO4 and concentrated under reduced pressure to yield the 

title compound as a pale yellow solid (177 mg, 95%). 

Rf: 0.79 (1:1 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 4.60 (s, 1H11, OH), 6.83 (dp, 1H4, ArH, J= 1.2, 2.4 Hz), 6.94 

(dd, 1H6, ArH, J = 2.5, 8.8 Hz), 7.08 (d, 1H8, ArH, J = 8.6 Hz), 7.32 (dt, 1H9, ArH, J = 8.7, 

0.8 Hz), 8.28 (brs, 1H1, NH)  

13C NMR (125 MHz, CDCl3) δ: 103.59 (C-4), 105.91 (C-6), 112.55 (C-9), 115.11 (C-8), 

123.45 (C-3), 127.37 (C-5), 127.92 (C-10) 139.70 (C-2), 152.38 (C-7) 

19F NMR (471 MHz, CDCl3) δ: -60.06  

HRMS (ESI): calc’d for C9H6F3NO: 202.0474 found: 202.0.477 [M+H]+ 

Data consistent with literature.  
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5-Methoxy-1H-indole-2-carbonitrile372, 373 (77) 

 

Indole-2-carboxylic acid (2.0 g, 12.4 mmol) was dissolved in anhydrous diethyl ether (15 

mL) and thionyl chloride (1.9 mL, 26 mmol) was added. The solution was stirred at ambient 

temperature for one hour before being concentrated under reduced pressure. The residue was 

suspended in 7M NH3 (in MeOH, 25 mL) and stirred for 72 hours. The solvent was removed 

under reduced pressure and then suspended in POCl3 (15 mL) and refluxed for one hour. 

The reaction was cooled to ambient temperature and poured onto ice-water, basified with aq 

ammonium hydroxide to pH 9 and washed with DCM (3  50 mL). The combined organic 

layers were dried over MgSO4 and concentrated under reduced pressure. Column 

chromatography afforded the title compound as a brown solid (586 mg, 33%). 

Rf : 0.77 (1:1 EtOAc: hexane) 

Mp: 129-133 °C 

1H NMR (500 MHz, CDCl3) δ: 3.87 (s, 3H11, OCH3), 7.05-7.09 (m, 2H3, 7, ArH), 7.13 (dd, 

1H5, ArH, J = 1.0, 2.1 Hz), 7.30 -7.35 (m, 1H8, ArH), 8.44 (brs, 1H1, NH) 

13C NMR (125 MHz, CDCl3) δ: 55.68 (s, C-11), 101.95 (s, C-3), 112.54 (s, C-10), 113.92 

(s, C-5), 117.63 (s, C-8), 118.00 (s, C-7), 124.32 (s, C-2), 126.74 (s, C-9), 132.05 (s, C-4), 

155.41 (s, C-6) 

Data consistent with literature.  
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5-Hydroxy-1H-indole-2-carbonitrile (66) 

 

A solution of 5-methoxy-1H-indole-2-carbonitrile (200 mg, 1.16 mmol) in anhydrous DCM 

(1.5 mL) was cooled to -15 °C where a solution of 1M boron tribromide in DCM (0.5 mL) 

was added slowly over five minutes. The reaction was warmed to ambient temperature and 

stirred for 45 minutes. The mixture was cooled to 0 °C and saturated NaHCO3 (2 mL) was 

added and the mixture washed with EtOAc (3  5 mL). The combined organic layers were 

dried over MgSO4 and concentrated under reduced pressure to yield the title compound as a 

dark brown solid (163 mg, 89%). 

Rf : 0.58 (1:1 EtOAc: hexane) 

Mp: 207-209 °C 

1H NMR (500 MHz, CDCl3) δ: 6.99-7.02 (m, 2H3, 5, ArH), 7.17 (dd, 1H5, J = 1.6, 2.3 Hz, 

ArH), 7.28 -7.31 (m, 1H5, ArH), 8.38 (brs, 1H1, NH) 

13C NMR (125 MHz, CDCl3) δ: 103.08 (s, C-3), 110.23 (s, C-10), 114.99 (s, C-8), 115.42 

(s, C-5), 118.00 (s, C-7), 124.32 (s, C-2), 126.74 (s, C-9), 132.05 (s, C-4), 155.41 (s, C-6) 
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General procedure for the alkylation of 4-amino-6-chloropyrimidine-5-carbaldehyde 

with the appropriate indole (77a-c) 

The appropriate indole (1 eq) was added to a flask charged with 4-amino-6-

chloropyrimidine-5-carbaldehyde (1.12 eq) and caesium carbonate (2 eq) in DMSO (0.5 

mL). The mixture was stirred at ambient temperature for two hours before being poured onto 

water (5 mL) and extracted with EtOAc (3  5 mL). The combined organic layers were 

washed with brine (10 mL) and dried over MgSO4, concentrated under reduced pressure and 

purified by column chromatography to yield the title compound. 

4-Amino-6-((4-fluoro-2-methyl-1H-indol-5-yl)oxy)pyrimidine-5-carbaldhyde292 (77a) 

 

White solid (128 mg, 37%) 

Rf : 0.56 (9.5:0.5 DCM: MeOH) 

Mp: 213 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.4 (s, 3H11, CH3), 6.22 (dt, 1H10, ArH, J = 0.9, 2.1 Hz), 

6.93 (dd, 1H16, ArH, J = 7.4, 8.5 Hz), 7.11 (dd, 1H15, ArH, J = 0.9, 8.5 Hz), 8.15 (s, 1H4, 

ArH), 8.50 (brs, 2H6, NH2), 10.42 (s, 1H1, CHO), 11.32 (s, 1H13, NH)  

13C NMR (125 MHz, d6-DMSO) δ: 13.80 (s, C-11), 95.56 (s, C-10), 97.19 (s, C-2), 107.08 

(s, C-15), 115.95 (s, C-9), 118.09 (s, C-14), 118.24 (s, C-16), 136.68 (s, C-7), 138.06 (s, C-

12), 147.11 (s, C-8), 162.08 (s, C-5), 163.37 (s, C-4), 171.14 (s, C-3), 189.24 (s, C-1) 

19F (471 MHz, d6-DMSO) δ: -139.95  

HRMS (ESI, m/z) = calc’d for C14H11N4O2F 287.0939 found: 287.0934 [M+H]+ 

Data consistent with literature.  
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4-Amino-6-((2-trifluoromethyl)-1H-indo-5-yl)oxy)pyrimidine-5-carbaldhyde (77b) 

 

Yellow solid (156 mg, 52%) 

Rf : 0.72 (9.5:0.5 DCM: MeOH) 

Mp: 203 °C 

1H NMR (500 MHz, d6-DMSO) δ: 7.03 (dt, 1H10, ArH, J = 1.2, 2.1 Hz), 7.18 (dd, 1H16, 

ArH, J = 2.4, 8.8 Hz), 7.48-7.54 (m, 2H8, 15, ArH), 8.14 (s, 1H4, ArH), 8.40 (brs, 1H6, NH2), 

8.50 (brs, 1H6, NH2), 10.40 (s, 1H1, CHO), 12.40 (s, 1H13, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 97.61 (s, C-10), 103.77 (s, C-2), 113.42 (s, C-15), 114.45 

(s, C-16), 119.49 (s, C-8), 120.07 (s, C-11), 126.53 (s, C-9), 134.91 (s, C-14), 146.56 (s, C-

12), 149.58 (s, C-4), 161.99 (s, C-5), 163.99 (s, C-7), 171.67 (s, C-3), 189.50 (s, C-1) 

19F (471 MHz, d6-DMSO) δ: -58.97  

HRMS (ESI, m/z) = calc’d for C14H9N4O2F3 323.075 found: 323.0759 [M+H]+ 
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5-((6-Amino-5-formylpyrimidine-4-yl)oxy)-1H-indole-2-carbonitile (77c) 

 

Brown solid (58 mg, 39%) 

Rf : 0.65 (9.5:0.5 DCM: MeOH) 

Mp: 199-201 °C 

1H NMR (500 MHz, d6-DMSO) δ: 7.23 (dd, 1H16, ArH, J = 2.3, 8.9 Hz), 7.37 (dd, 1H10, 

ArH, J = 0.9, 2.1 Hz), 7.51 (dt, 1H8, ArH, J = 0.9, 8.9 Hz), 7.53 (d, 1H15, ArH, J = 8.9 Hz), 

8.16 (s, 1H4, ArH), 8.45 (brs, 2H6, NH2), 10.39 (s, 1H13, NH), 12.52 (s, 1H1, CHO) 

13C NMR (125 MHz, d6-DMSO) δ: 97.60 (s, C-2), 107.40 (s, C-12), 113.40 (s, C-10), 113.61 

(s, C-8), 114.26 (s, C-15), 121.47 (s, C-16), 124.56 (s, C-11) 126.23 (s, C-9), 146.98 (s, C-

14), 161.98 (s, C-4), 163.39 (s, C-5), 171.59 (s, C-7), 181.94 (s, C-3), 189.46 (s, C-1) 

HRMS (ESI, m/z) = calc’d for C14H9N5O2 280.0829 found: 280.0826 [M+H]+ 
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General procedure for the synthesis of methyl oxime derivatives (78a, 78f and 78h) 

To a solution of the appropriate aldehyde (1 eq) in DMSO (2 mL), O-methylhydroxylamine 

hydrochloride (4.7 eq) was added and stirred at ambient temperature for two hours. The 

mixture was then poured onto water (10 mL) and partitioned with EtOAc (3  10 mL), dried 

with MgSO4 and concentrated under reduced pressure. Column chromatography purification 

yielded the title compound. 

(E)-4-Amino-6-((4-fluoro-2-methyl-1H-indol-3yl)oxy)pyrimidine-5-carbaldehyde O-

methyl oxime (78a) 

 

White solid (31 mg, 98%)  

Rf : 0.25 (1:1 EtOAc: hexane) 

Rt: 3.00 minutes, 98.3% (Method A) 

Mp: 160-162 °C  

1H NMR (500 MHz, d6-DMSO) δ: 2.40 (s, 3H13, CH3), 3.97 (s, 3H1, CH3), 6.21 (s, 1H11, 

ArH), 6.88 (t, 1H17, ArH, J = 7.3 Hz), 7.08 (d, 1H16, ArH, J = 7.3 Hz), 8.02 (s, 1H5, ArH), 

8.60 (s, 1H2, ArH), 11.25 (s, 1H14, NH). 

13C NMR (125 MHz, d6-DMSO) δ: 13.78 (C-13), 65.52 (C-1), 91.01 (s, C-3), 95.50 (s, C-

11), 106.95 (s, C-10), 106.99 (s, C-16), 116.13 (s, C-17), 131.22 (s, C-15), 137.91 (s, C-8), 

138.52 (s, C-12), 143.96 (s, C-9), 153.62 (s, C-2),157.95 (s, C-6), 161.79 (s, C-5), 167.16 

(C-4) 

19F (471 MHz, d6-DMSO) δ: -140.20 

HRMS (ESI, m/z) = calc’d for C15H14N5O2F 316.1204 found: 316.1201 [M+H]+ 
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(E)-4-Amino-6-((2-trifluoromethyl)-1H-indo-5-yl)oxy)pyrimidine-5-carbaldehyde O-

methyl oxime (78f) 

 

Yellow solid (68mg, 98%) 

Rf : 0.46 (10% EtOAc: hexane) 

Rt: 2.991 minutes, 97.2% (Method A) 

Mp: 168 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 3.95 (s, 3H1, OCH3), 7.01 (dt, 1H11, ArH, J = 1.1, 2.3 

Hz), 7.10 (dd, 1H17, ArH, J = 3.3, 8.9 Hz), 7.45 (d, 1H9, ArH, J = 2.3 Hz), 7.48 (d, 1H16, 

ArH, J = 8.9 Hz), 7.58 (brs, 1H7, NH2), 8.02 (s, 1H5, CHN), 8.12 (brs, 1H7, NH2), 8.59 (s, 

1H2, ArH), 12.36 (s, 1H, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 62.49 (C-1), 91.53 (s, C-3), 103.71 (s, C-11), 113.33 (s, 

C-9), 114.24 (s, C-16), 120.08 (s, C-17), 126.54 (s, C-13), 131.05 (s, C-10), 134.75 (s, C-

15), 136.31 (s, C-8), 144.21 (s, C-2), 147.02 (s, C-12), 157.91 (s, C-6), 161.81 (s, C-5), 

167.64 (s, C-4) 

19F (471 MHz, d6-DMSO) δ: -58.95  

HRMS (ESI, m/z) = calc’d for C15H13N5O2F3 352.1016 found: 352.1038 [M+H]+ 
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(E)-5-((6-Amino-5-((methoxyimino)methyl)pyrimidin-4-yl)oxy)-1H-indole-2-

carbonitrile (78h) 

 

White solid (15 mg, 62%)  

Rf : 0.33 (50% EtOAc: hexane) 

Rt: 2.852 minutes, 96.2% (Method A) 

Mp: 155 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 3.95 (s, 3H1, OCH3), 7.16 (dd, 1H17, ArH, J = 2.3, 8.9 

Hz), 7.34 (s, 1H11, ArH), 7.46 (d, 1H9, ArH, J = 2.3 Hz), 7.48 (d, 1H16, ArH, J = 8.9 Hz), 

7.58 (brs, 2H7, NH), 8.03 (s, 1H5, ArH), 8.58 (s, 1H2, CHN), 12.48 (s, 1H14, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 63.27 (s, C-1), 91.96 (s, C-3), 109.53 (s, C-9), 113.01 (s, 

C-13) 116.36 (s, C-11), 118.69 (s, C-16), 120.21 (s, C-17), 123.29 (s, C-12) 127.98 (s, C-

10), 134.19 (s, C-15), 136.21 (s, C-8), 142.98 (s, C-2), 155.99 (s, C-6), 162.02 (s, C-5), 

166.65 (s, C-4) 

HRMS (ESI, m/z) = calc’d for C15H12N6O2 309.1095 found: 309.1088 [M+H]+ 
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General procedure for the synthesis of hydroxyl oxime  

To a solution of the appropriate aldehyde (1 eq) in DMSO (2 mL), hydroxylamine 

hydrochloride (4.7 eq) was added and stirred at ambient temperature for two hours. The 

mixture was then poured onto water (10 mL) and partitioned with EtOAc (3  10 mL), dried 

with MgSO4 and concentrated under reduced pressure. Column chromatography purification 

yielded the title compound. 

(E)-4-Amino-6-((4-fluoro-2-methyl-1H-indol-5-yl)oxy)pyrimidine-5-carbaldehyde 

oxime292 (79a) 

 

White solid (50 mg, 60%) 

Rf : 0.33 (7:3 EtOAc: hexane) 

Mp: 152 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.39 (s, 3H13, CH3), 6.20 (dt, 1H11, ArH, J = 1.0, 2.1 Hz), 

6.87 (dd, 1H17, ArH, J = 2.8, 8.6 Hz), 7.08 (dd, 1H16, ArH, J = 1.0, 8.6 Hz), 7.69 (brs, 1H7, 

NH), 7.98 (s, 1H2, CHN), 8.00 (brs, 1H7, NH), 8.54 (s, 1H5, ArH), 11.27 (s, 1H14, NH), 11.46 

(s, 1H1, OH) 

13C NMR (125 MHz, d6-DMSO) δ: 13.79 (s, C-13), 95.50 (s, C-3), 106.96 (s, C-11), 116.20 

(s, C-16), 118.14 (s, C-17), 118.28 (s, C-10), 131.30 (s, C-15), 136.59 (s, C-8), 137.89 (s, C-

12), 143.64 (s, C-2), 147.35 (s, C-9) 157.38 (s, C-6), 161.87 (s, C-5), 166.68 (s, C-4) 

19F (471 MHz, d6-DMSO) δ: -140.26  

HRMS (ESI, m/z) = calc’d for C14H12N5O2F 302.1048 found: 302.1036 [M+H]+ 

Data consistent with literature.  



Chapter Seven  Experimental 

227 
 

(E)-4-Amino-6-((2-trifluoromethyl)-1H-indo-5-yl)oxy)pyrimidine-5-carbaldehyde 

oxime (79b) 

 

Yellow solid (58 mg, 52%) 

Rf : 0.18 (7:3 EtOAc: hexane) 

1H NMR (500 MHz, d6-DMSO) δ: 6.56 (s, 1H9, ArH),  6.90 (dd, 1H17, ArH,  J =  2.3, 8.9 

Hz), 7.44 (d, 1H, ArH, J = 2.3 Hz), 7.13 (dt, 1H16, ArH, J = 0.8, 8.9 Hz), 7.89 (d, 1H11, ArH, 

J = 2.8 Hz), 8.00 (s, 2H7, NH),  8.44 (s, 1H2, ArH), 8.53 (s, 1H5, ArH), 11.09 (s, 1H1, OH) 

11.86 (s, 1H14, NH). 

13C NMR (125 MHz, d6-DMSO) δ: 94.06 (s, C-3), 102.99 (s, C-11), 113.20 (s, C-9), 115.81 

(s, C-16), 122.32 (s, C-17), 126.10 (s, C-13), 130.99 (s, C-10), 134.01 (s, C-15), 136.92 (s, 

C-8), 143.28 (s, C-2), 147.98 (s, C-12), 159.99 (s, C-5), 161.02 (s, C-6), 167.52 (s, C-4) 

19F (471 MHz, d6-DMSO) δ: -58.94  

HRMS (ESI, m/z) = calc’d for C14H10N5O2F3 338.0859 found: 338.0849 [M+H]+ 
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(E)-5-Amino-((6-amino-5-((hydroxyimino)methyl)pyrimidine-4-yl)oxy)-1H-indole-2-

carbonitrile (79c) 

 

Off-white solid (68mg, 63%)  

Rf : 0.45 (7:3 EtOAc: hexane) 

1H NMR (500 MHz, d6-DMSO) δ: 7.16 (dd, 1H17, ArH, J = 2.1, 8.9 Hz), 7.34 (dd, 1H11, 

ArH, J = 0.9, 2.1 Hz), 7.45 (d, 1H9, ArH, J = 2.3 Hz), 7.47 (dt, 1H16, ArH, J = 0.8, 8.9 Hz), 

7.61-7.77 (brs, 2H7, NH2), 8.00 (s, 1H5, ArH), 8.52 (s, 1H2, CHN), 11.43 (s, 1H14, NH), 

12.48 (s, 1H1, CN-OH) 

13C NMR (125 MHz, d6-DMSO) δ: 92.56 (s, C-3), 107.24 (s, C-13), 113.32 (s, C-9), 113.54 

(s, C-11), 113.96 (s, C-16), 114.89 (s, C-12), 121.51 (s, C-17), 126.51 (s, C-10), 135.06 (s, 

C-15), 143.81 (s, C-2), 147.55 (s, C-8), 157.32 (s, C-5) 161.90 (s, C-6), 167.04 (s, C-4) 

HRMS (ESI, m/z) = calc’d for C14H10N6O2 295.0865 found: 295.0859 [M+H]+ 
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General procedure for the alkylation of the appropriate oxime 

The appropriate oxime (1 eq) was added to flask charged with caesium carbonate (1 eq) and 

the alkylating agent (1.1 eq) in DMF (1 mL/mmol). The mixture was heated to 50 °C until 

TLC indicated the reaction was finished (typically 3-18 hours). The reaction mixture was 

diluted with water (10 mL) and washed with EtOAc (3  10mL). The combined organic 

layers were washed with water (30 mL) and purified via column chromatography. 

(E)-4-Amino-6-((4-fluoro-2-methyl-1H-indol-3yl)oxy)pyrimidine-5-carbaldehyde O-

ethyl oxime292 (78b) 

 

Synthesised from ethyl bromide 

White solid (17 mg, 77%)  

Rf: 0.69 (100% EtOAc) Rt:  2.879 minutes, 96.26% (Method A) 

Mp: 185 °C (decomp) 

1H NMR (500 MHz, MeOD) δ: 1.22-1.38 (m, 3H1, CH2CH3), 2.44 (d, 3H14, CH3, J = 1.0 

Hz), 4.27 (q, 2H2, CH2, J = 7.1 Hz), 6.22 (p, 1H12, ArH, J = 0.9 Hz), 6.85 (dd, 1H17, ArH, J 

= 7.3, 8.6 Hz), 7.09 (dt, 1H18, ArH, J = 0.6, 8.5 Hz), 7.95 (s, 1H6, ArH), 8.67 (s, 1H15, CHN) 

13C NMR (125 MHz, MeOD) δ: 11.99 (s, C-1), 13.35 (s, C-14), 69.73 (s, C-2), 91.81 (s, C-

4), 95.00 (s, C-12), 105.90 (s, C-18), 111.01 (s, C-17), 115.10 (s, C-11), 131.02 (s, C-16), 

135.62 (s, C-13), 137.11 (s, C-9), 143.02 (s, C-3), 147.31 (s, C-10), 156.75 (s, C-6), 161.53 

(s, C-7), 167.10 (s, C-5) 

19F (471 MHz, MeOD) δ: -142.34 (d, J = 7.1 Hz) 

HRMS (ESI, m/z) = calc’d for C16H16N5O2F 330.1361 found: 330.1358 [M+H]+ 

Data consistent with literature.  
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(E)-4-Amino-6-((4-fluoro-2-methyl-1H-indol-3yl)oxy)pyrimidine-5-carbaldehyde O-

(2-fluoroethyl) oxime (78c) 

 

Synthesised from fluoroethyl tosylate 

Off-white solid (41 mg, 39%)  

Rf: 0.58 (100% EtOAc)  

Rt: 2.884 minutes, 99.1% (Method A) 

Mp: 215 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.39 (d, 3H14, CH3, J = 1.1 Hz), 4.43 (ddd, 2H2, CH2,  J 

= 3.3, 4.5, 30.4 Hz), 4.71 (ddd, 2H1, CH2, J = 3.3, 4.5, 48.0 Hz), 6.20 (dt, 1H12, ArH, J = 1.0, 

2.0 Hz), 6.88 (dd, 1H18, ArH, J = 7.4, 8.6 Hz), 7.09 (dd, 1H17, ArH, J = 0.9, 8.7 Hz), 7.57 

(brs, 1H8, NH), 8.02 (s, 1H6, ArH), 8.14 (brs, 1H8, NH) 8.65 (s, 1H3, CHN) 11.28 (brs, 1H15, 

NH) 

13C NMR (125 MHz, d6-DMSO) δ: 13.79 (s, C-14), 73.69 (d, C-2, J = 18.4 Hz), 82.10 (d, 

C-1, J = 166.0 Hz), 90.98 (s, C-4), 95.50 (s, C-12), 106.98 (s, C-17), 116.14 (s, C-18), 118.11 

(s, C-11), 125.65 (s, C-16), 130.32 (s, C-13), 136.62 (s, C-9), 137.81 (s, C-10), 144.54 (s, C-

3), 158.07 (s, C-6), 161.77 (s, C-7), 167.25 (s, C-5) 

19F (471 MHz, d6-DMSO) δ: -140.21 (s), -180.87 (s) 

HRMS (ESI, m/z) = calc’d for C16H15N5O2F2 348.1267 found: 348.1282 [M+H]+ 
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 (E)-4-Amino-6-((4-fluoro-2-methyl-1H-indol-3yl)oxy)pyrimidine-5-carbaldehyde O-

prop-2-yn-1-yl oxime292 (78d) 

 

Synthesised from propargyl bromide 

White solid (10 mg, 30%)  

Rf: 0.70 (100% EtOAc)  

Rt: 2.771 minute, 97.3% (Method A) 

Mp: 219 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.39 (s, 3H15, CH3), 3.57 (t, 1H1, CCH, J = 2.4 Hz), 4.87 

(d, 2H3, CH2, J = 2.4 Hz), 6.20 (dt, 1H13, ArH, J = 1.0, 2.1 Hz), 6.88 (dd, 1H19, ArH, J = 

7.4, 8.6 Hz), 7.09 (dd, 1H18, ArH, J = 0.9, 8.5 Hz), 7.59 (brs, 1H9, NH), 8.03 (s, 1H, ArH), 

8.23 (s, 1H7, ArH), 8.23 (brs, 1H9, NH), 8.64 (s, 1H4, ArH), 11.28 (s, 1H16, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 13.79 (s, C-15), 62.11 (s, C-3), 78.29 (s, C-1), 80.42 (s, 

C-2), 90.84 (s, C-5), 95.51 (s, C-13), 106.89 (s, C-18), 114.23 (s, C-10), 116.36 (s, C-19),  

128.54 (s, C-12), 132.65 (s, C-14), 136.75 (s, C-11), 137.92 (s, C-17), 145.23 (s, C-4), 157.23 

(s, C-8), 158.87 (s, C-7), 161.82 (s, C-6) 

19F (471 MHz, d6-DMSO) δ: -140.18 (dd, J = 2.7, 7.5 Hz) 

HRMS (ESI, m/z) = calc’d for C17H14N5O2F 340.1204 found: 340.1189 [M+H]+ 

Data consistent with literature.  
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 (E)-4-Amino-6-((2-trifluoromethyl)-1H-indo-5-yl)oxy)pyrimidine-5-carbaldehyde O-

2-fluoroethyl oxime (78g) 

 

Synthesised from fluoroethyl tosylate 

Light yellow solid (11 mg, 23%) 

Rf : 0.30 (1:1 EtOAc: hexane)  

Rt: 2.975 minutes, 96.7% (Method A) 

Mp: 183 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 4.43 (dt, 2H2, CH2, J = 4.0, 30.4 Hz), 4.63-4.79 (m, 2H1, 

CH2F), 7.05 (dt, 1H11, ArH, J = 1.3, 2.0 Hz), 7.11 (dd, 1H18, ArH, J = 2.1, 8.3 Hz), 7.48 (d, 

1H10, ArH, J = 2.3 Hz),  7.51 (d, 1H17, ArH, J = 8.3 Hz), 7.57 (brs, 1H8, NH), 8.03 (s, 1H, 

ArH), 8.13 (brs, 1H8, NH), 8.64 (s, 1H3, CHN), 11.89 (brs, 1H15, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 74.32 (s, C-2, J = 19.1 Hz), 81.65 (d, C-1, J = 164.8 

Hz), 90.99 (s, C-4), 113.98 (s, C-10), 116.04 (s, C-17), 121.32 (s, C-18), 127.05 (s, C-14), 

131.11 (s, C-16), 135.62 (s, C-9), 104.23 (s, C-12), 145.96 (s, C-13), 149.32 (s, C-3), 154.56 

(s, C-6), 162.01 (s, C-7), 166.9 (s, C-5) 

19F (471 MHz, d6-DMSO) δ: -181.23 (s, 1F), -57.34 (d, 3F, J = 4.9 Hz) 

HRMS (ESI, m/z) = calc’d for C16H13N5O2F4 384.1078 found: 384.1073 [M+H]+ 
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(E)-5-((6-Amino-5-(((2-fluoroethoxy)imino)methyl)pyrimidin-4-yl)oxy)-1H-indole-2-

carbonitile (78i) 

 

Synthesised from fluoroethyl tosylate 

Light brown solid (9 mg, 18%) 

Rf : 0.68 (100% EtOAc) 

Rt: 2.74 minutes, 95.6% (Method A) 

Mp: 179 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 4.43 (ddd, 2H2, CH2, J = 3.1, 5.8, 30.5 Hz), 4.71 (dt, 2H1, 

CH2F, J = 3.1, 5.8, 30.5 Hz), 7.18 (dd, 1H18, ArH, J = 7.4 Hz), 7.35 (m, 1H12, ArH), 7.46 

(dd, 1H17, ArH, J = 0.9, 7.4 Hz), 7.51 (dd, 1H10, ArH, J = 2.3, 4.4 Hz), 8.02 (s, 1H6, ArH), 

8.67 (s, 1H3, CHN), 11.43 (brs, 1H15, NH) 

19F (471 MHz, d6-DMSO) δ: -180.98  

NB: Amine 8 not observed, not enough material for carbon (too dilute sample) 

HRMS (ESI, m/z) = calc’d for C16H13N6O2F 341.1164 found: 341.1161[M+H]+ 
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(E)-4-amino-6-((4-fluoro-2-methyl-1H-indol-5-yl)oxy)pyrimidine-5-carbaldehyde O-

((1-(2-fluoroethyl)-1H-1,2,3-triazol-4-yl)methyl) oxime (78e) 

 

2-Fluoroethyl tosylate (436 mg, 2 mmol) and sodium azide (390 mg, 6 mmol) in dry DMF 

(10 mL) were allowed to stir at ambient temperature for two days under a blanket of nitrogen. 

Product was not isolated due to the volatility of fluoroethyl azide and assumed to have 

reacted to 100% completion, giving a fluoroethylazide reagent (0.2 M). Copper (II) sulphate 

(4.6 mg, 0.02 mmol), ascorbic acid (6 mg, 0.035 mmol) was added to a flask under nitrogen, 

followed by (E)-4-amino-6-((4-fluoro-2-methyl-1H-indol-3yl)oxy)pyrimidine-5-

carbaldehyde O-prop-2-yn-1-yl oxime (156 mg, 0.46 mmol) in anhydrous DMF (5 mL) was 

added, followed by the addition of fluoroethylazide solution (10 mL). The reaction was 

heated to 90 °C and stirred for two hours. The solution was allowed to cool down and poured 

into 10% aq NH4Cl, extracted with DCM and the organic phase dried over Na2SO4. Bulk 

solvent was removed in vacuo and pure product was isolated by column chromatography 

(100% EtOAc) to give a pale brown solid (5 mg, 3%) 

Rf : 0.78 (100% EtOAc) 

Rt: 2.621 minutes, 97.1% (Method A) 

Mp: 179 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.38 (s, 3H19, CH3), 4.76-4.80 (m, 2H2, CH2), 4.71-4.89 

(ddd, 2H1, CH2, J = 4.7, 18.6, 33.2 Hz), 5.30 (s, 2H5, CH2), 6.19 (s, 1H13, ArH), 6.87 (dd, 

1H18, ArH, J = 6.9, 8.6 Hz), 7.09 (dd, 1H17, ArH, J = 1.3, 8.6 Hz8.00 (s, 1H8, ArH), 8.16 

(brs, 2H20, NH) , 8.31 (s, 1H3, ArH), 8.59 (s, 1H6, CHN), 11.27 (brs, 1H15, NH) 

19F (471 MHz, d6-DMSO) δ: -140.20, -179.09 (CH2CH2F) 

NB: not enough material for 13C NMR characterisation 

HRMS (ESI, m/z) = calc’d for C19H18N8O2F2 429.1594 found: 429.1589 [M+H]+ 
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7-Fluoroquinazolin-4-(3H)-one374 (104) 

 

2-Amino-4-fluorobenzoic acid (3 g, 19.3 mmol) was stirred in formamide (30 mL) at 150 

°C for six hours. The reaction mixture was allowed to cool and then poured onto ice water 

(100 mL) and the resultant precipitate collected as a pale yellow solid (3.07 g, 97%). 

Mp: 239-241 °C 

1H NMR (500 MHz, d6-DMSO) δ: 7.39 (td, 1H7, ArH, J = 6.3 Hz, 8.8 Hz), 7.45 (dd, 1H8, 

ArH, J = 2.6 Hz, 8.7 Hz), 8.13 (s, 1H5, ArH), 8.18 (dd, 1H3, ArH, J = 6.3 Hz, 8.8 Hz), 12.33 

(brs, 1H1, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 110.6-117.3 (C-5 and C-7) 120.10 (C-9), 129.41(C-8), 

147.33 (C-3), 151.33 (C-4), 165.02 (C-1), 167.01 (C-6) 

19F NMR (471 MHz, d6-DMSO) δ: -104.53 (td, J = 6.3, 9.4 Hz) 

HRMS (ESI, m/z): calc’d for C8H6FN2O 165.0459 [M+H]+; found 165.0463 [M+H]+ 

Data consistent with literature.  
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7-(Benzyloxy)fluoroquinazolin-4-(3H)-one374 (105a) 

 

Sodium hydride, 60% dispersed in mineral oil, (300 mg, 7.24 mmol) was cooled to 0°C in 

anhydrous DMF (8 mL), benzyl alcohol (0.76 mL, 7.24 mmol) was added slowly and the 

solution stirred at 0 °C for a further 15 minutes.  7-Fluoroquinazolin-4-(3H)-one (300 mg, 

1.81 mmol) in anhydrous DMF (5 mL) was added slowly to avoid an exothermic reaction. 

The reaction mixture was then heated to 140 °C for 90 minutes and then cooled to ambient 

temperature. The mixture was acidified to pH 3, filtered and washed with water (20 mL) and 

diethyl ether (20 mL) to yield 7-(benzyloxy)fluoroquinazolin-4-(3H)-one as a grey  solid 

(198 mg, 43%). 

Mp: 210-212 °C 

1H NMR (500 MHz, d6-DMSO) δ: 5.26 (s, 2H10, ArCH2), 7.14-7.21 (m, 2H5,7, ArH), 7.33-

7.38 (m, 1H13, ArH), 7.39-7.44 (m, 2H12, ArH), 7.46-7.51 (m, 2H11, ArH), 7.99-8.07 (m, 

2H3,8, ArH), 12.10 (brs, 1H2, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 70.13 (s, C-10), 109.93 (s, C-5), 116.63(s, C-7), 117.17 

(s, C-9), 127.96(s, C-8), 128.27(s, C-12), 128.52 (s, C-14), 128.99 (s, C-13), 136.87 (s, C-

11), 146.46(s, C-3), 151.39 (s, C-4), 160.69 (s, C-1), 163.38 (s, C-6) 

HRMS (ESI, m/z): calc’d for C15H12FN2O2 253.0972 [M+H]+; found 253.0972 [M+H]+ 

Data consistent with literature. 
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7-((4-Fluorobenzyl)oxy)fluoroquinazolin-4-(3H)-one375 (105b) 

 

Sodium hydride (1 g, 24.3 mmol) was cooled to 0°C in DMF (8 mL), 4-fluorobenzyl alcohol 

(2.65 mL, 24.3 mmol) was added slowly and the solution stirred at 0 °C for a further 15 

minutes.  7-Fluoroquinazolin-4-(3H)-one (1 g, 6.09 mmol) in DMF (5 mL) was added slowly 

to avoid an exothermic reaction. The reaction mixture was then heated to 140 °C for 90 

minutes and then cooled to ambient temperature. The mixture was acidified to pH 3, filtered 

and washed with water (20 mL) and diethyl ether (20 mL) to yield 7-((-

4fluorobenzyl)oxy)fluoroquinazolin-4-(3H)-one as a cream  solid (321 mg, 20%). 

Mp: 191-193 °C 

1H NMR (500 MHz, d6-DMSO) δ: 5.24 (s, 2H10, ArCH2), 7.14-7.27 (m, 6H5, 7, 12 ,13, ArH), 

7.52-7.58 (m, 2H3,8, ArH), 7.98-8.09 (m, 2H3,8, ArH), 12.11 (brs, 1H2, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 69.41 (s, C-10), 109.87 (s, C-5), 115.80 (d, J = 21.5 Hz), 

117.15 (s, C-13), 127.97 (s, C-8), 130.61 (d, C-14, J = 8.2 Hz), 133.10 (s, C-4), 146.51 (s, 

C-3), 149.89 (s, C-4), 161.37 (s, C-1), 163.27 (s, C-6) 

19F NMR (471 MHz, d6-DMSO) δ: -114.14 (tt, 1F14, J = 5.6, 9.0 Hz) 

HRMS (ESI, m/z): calc’d for C15H12FN2O2 271.0877 [M+H]+; found 271.0874 [M+H]+ 

Data consistent with literature. 
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5-((7-(Benzyloxy) quinazolin-4-yl)oxy)-2-fluoro-4-methylaniline (111) 

 

7-(Benzyloxy)fluoroquinazolin-4-(3H)-one (100 mg, 0.396 mmol), pyBOP (268 mg, 0.515 

mmol) was dissolved in MeCN (5.9 mL) and stir for one minute. DBU (91 mg, 0.595 mmol) 

and 2-fluoro-5-hydroxy-4-methylaniline (168 mg, 1.19 mmol) was added and mixture stirred 

at ambient temperature for 30 minutes. The reaction mixture was concentrated under reduced 

pressure and columned (1:1 to 8:2 EtOAc: hexane), yielding 5-((7-benzyloxy) quinazolin-4-

yl)oxy)-2-fluoro-4-methylaniline as an off-white solid (67 mg, 45%). 

Rf: 0.33 (1:1 EtOAc: hexane) 

1H NMR (500 MHz, d6-DMSO) δ: 1.89 (s, 3H21, ArCH3), 5.13 (s, 2H19 NH2), 5.35 (s, 2H14, 

ArCH2), 6.60 (d, 1H6, ArH, J =  8.1 Hz), 6.97 (d, 1H3, ArH, J =  11.8 Hz) 7.34-7.39 (m, 

1H18, ArH), 7.40-7.46 (m, 3H17, 12, ArH), 7.47 (d, 1H10, J = 2.5 Hz), 7.51-7.56 (m, 2H16, 

ArH), 8.27 (d, 1H13, ArH, J = 9.0 Hz), 8.62 (s, 1H8, ArH) 

13C NMR (125 MHz, d6-DMSO) δ: 15.30 (s, C-21), 70.33 (s, C-14), 108.24 (s, C-10), 

110.05-110.40 (m, C-6), 116.78 (s, C-2) 117.10-117.31 (m, C-3), 120.74 (s, C-12) 125.37 

(s, C-13), 128.32 (s, C-16), 128.56 (s, C-18), 129.01 (s, C-17), 135.59 (d, C-1, J = 14.8Hz), 

136.70 (s, C-15), 147.06 (s, C-5), 148.67 (d, C-2, J = 234.8Hz) 153.98 (s, C-9), 155.24 (s, 

C-8), 163.36 (s, C-11), 165.98 (s, C-5) 

19F NMR (471 MHz, d6-DMSO) δ: -138.50 (dd, 1F20, J = 8.1, 11.9 Hz) 

HRMS (ESI, m/z): calc’d for C22H18N3O2F 376.1456 [M+H]+; found 376.1442 [M+H]+ 
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2-Fluoro-4-methyl-5-(triisopropylsilyl)oxy)aniline (114) 

 

Triisopropylsilyl chloride (227 μL, 1.06 mmol) was added to a stirred solution of 2-fluoro-

5-hydroxy-4-methylaniline (100 mg, 0.708 mmol), imidazole (72 mg, 1.06 mmol) in 

anhydrous DCM (2 mL). The resultant mixture was stirred at ambient temperature overnight 

before the addition of water (5 mL). The reaction mixture was separated and the organic 

phase was dried over MgSO4 and concentrated under reduced pressure. Column 

chromatography purification (4:6 to 8:2 EtOAc: Hexane) afforded the title compound 

(30mg, 18%). 

Rf: 0.82 (3:7 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 1.12 (d, 18H9, CHCH3), 1.23-1.32 (m, 3H10, CH), 2.13 (s, 

2H8, CH3), 3.50 (brs, 2H7, NH2), 6.26 (dd, 1H6, ArH, J = 7.9 Hz), 6.75 (ddd, 1H3, ArH, J = 

0.8, 11.4 Hz) 

13C NMR (125 MHz, CDCl3) δ: 13.00 (s, C-8), 16.21 (s, C-9), 18.04 (s, C-10), 107.12 (d, C-

6, J = 3.4 Hz), 116.82 (d, C-3, J = 19.6 Hz), 118.49 (d, C-4, J = 6.3 Hz), 138.82 (d, C-1, J = 

14.4 Hz), 146.22 (d, C-2, J = 231 Hz), 150.20 (d, C-5, J = 2.2 Hz), 

19F NMR (471 MHz, d-CDCl3) δ: -145.11 (dd, J = 7.8, 11.4 Hz) 

HRMS (ESI, m/z): calc’d for C16H28FNOSi 298.1997 [M+H]+; found 298.1994 [M+H]+ 
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(E)-N’-(2-cyanophenyl)-N, N-dimethylformimidamide376 (118) 

 

Anthranilonitrile (500 mg, 4.2 mmol) was suspended in DMF-DMA (1.25 mL, 10.5 mmol) 

and subjected to microwave irradiation for 15 minutes at 90 °C. The solution was cooled to 

ambient temperature and purified by column chromatography (2:8 EtOAc: DCM) to afford 

the title compound as an oil which crystallised on standing (368 mg, 50%). 

Rf: 0.67 (2:8 EtOAc: DCM) 

Mp: 30-33 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.93 (s, 3H8, NCH3), 3.06 (s, 3H8, NCH3), 7.00 (td, 1H4, 

ArH, J = 1.1, 7.7 Hz), 7.10-7.16 (m, 1H6, ArH), 7.48 (ddd, 1H5, ArH, J = 1.6, 7.7, 8.2 Hz) 

7.58 (dd, 1H3, ArH, J = 1.5, 7. 8 Hz), 7.92 (s, 1H7, NCHN)  

13C NMR (125 MHz, d6-DMSO) δ: 34.45 (s, C-8), 40.01 (s, C-8), 106.33 (s, C-2), 119.10 (s, 

C-6), 119.43 (s, C-9), 122.01 (s, C4), 133.40 (s, C-3), 134.15 (s C-5), 155.31 (s, C-1), 155.50 

(s, C-7) 

HRMS (ESI, m/z): calc’d for C10H11N3 174.1026 found: 174.1033 [M+H]+ 

Data consistent with literature. 
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4-Fluoro-2-methyl-5-(quinazolin-4-ylamino)phenol (119) 

 

(E)-N’-(2-cyanophenyl)-N, N-dimethylformimidamide (150 mg, 0.866 mmol) was 

combined with 5-amino-4-fluoro-2-methylphenol (120 mg, 0.85 mmol) in acetic acid (1 mL) 

and subjected to microwave irradiation for 15 minutes at 118 °C. Diethyl ether (2 mL) was 

added to the reaction mixture and the resultant precipitate was collected to afford the title 

compound as a white solid (228 mg, 98%). 

Rf: 0.19 (1:1 EtOAc: hexane) 

Rt: 1.793 minutes, 99.5% (Method A) 

Mp: 206-208 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.15 (s, 3H17, ArCH3), 6.91 (d, 1H6, ArH, J = 10.7 Hz), 

7.02 (d, 1H3, ArH, J = 10.7 Hz),7.61 (ddd, 1H12, ArH, J = 1.4, 6.8, 8.1 Hz), 7.74-7.80 (m, 

1H11, ArH), 7.85 (ddd, 1H13, ArH, J = 1.4, 6.9, 8.2 Hz), 8.41-8.48 (m, 2H8, 10, ArH), 9.40 (s, 

1H16, OH), 9.69 (brs, 1H15, NH)  

13C NMR (125 MHz, d6-DMSO) δ: 16.11 (s, C-17), 114.16 (s, C-6), 115.23 (s, C-2), 117.42 

(s, C-3), 117.98 (s, C-14), 123.50 (s, C-12), 126.70 (s, C-13), 128.09 (s, C-10), 133.50 (s, C-

11), 149.5 (s, C-16), 149.93 (s, C-9), 150.45 (d, C-4, J = 237.0 Hz), 151.60 (s, C-1), 155.20 

(s, C-8), 159.17 (s, C-7) 

19F (471 MHz, d6-DMSO) δ: -132.12 (dd, J = 6.8, 10.9 Hz) 

IR (cm-1): 1023, 1208, 1469, 1549, 1636, 2903, 3447 

HRMS (ESI, m/z): calc’d for C15H12FN3O 270.1037 found: 270.1038 [M+H]+ 
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(E)-N’-(2-cyano-5-fluorophenyl)-N, N-dimethylformimidamide (121) 

 

2-Amino-4-fluorobenzonitrile (250 mg, 1.8 mmol) was suspended in DMF-DMA (0.61 mL, 

4.59 mmol) and subjected to microwave irradiation for 15 minutes at 90 °C. The solution 

was cooled to ambient temperature and purified by column chromatography (2:8 EtOAc: 

DCM) to afford the title compound as an oil which crystallised on standing as colourless 

needles (298 mg, 85%). 

Rf: 0.72 (2:8 EtOAc: DCM) 

Mp: 50-53 °C 

1H NMR (500 MHz, d6-DMSO) δ: 3.00 (s, 3H8, NCH3), 3.08 (s, 3H8, NCH3), 6.83 (td, 1H4, 

ArH, J = 2.5, 11.5 Hz), 7.07 (dd, 1H6, ArH, J = 2.5, 11.5 Hz), 7.65 (dd, 1H3, ArH, J = 6.5, 

8.6 Hz), 8.03 (s, 1H7, NCHN)  

13C NMR (125 MHz, d6-DMSO) δ: 34.52 (s, C-8), 40.48 (s, C-8), 103.05 (d, C-2, J = 2.3Hz), 

105.76 (d, C-6, J = 22.4 Hz), 109.34 (d, C-4, J = 23.6 Hz), 118.46 (s, C-9), 135.62 (d, C-3, 

J = 11.3 Hz), 156.24 (s, C-7), 158.19 (d, C-1, J = 9.9 Hz), 165.77 (d, C-5, J = 251.7 Hz) 

19F (471 MHz, d6-DMSO) δ: -104.09- -104.18 (m, 1F) 

IR (cm-1): 971.93, 1754, 2976 

HRMS (ESI, m/z): calc’d for C10H10FN3 192.0932 found: 192.0931 [M+H]+ 
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General procedure for the nucleophilic substitution of (E)-N’-(2-cyano-5-

fluorophenyl)-N, N-dimethylformimidamide  

To a solution of sodium hydride (4 eq) in DMF (2 mL), substituted benzyl alcohol (4 eq) 

and stirred at ambient temperature. After 30 minutes (E)-N’-(2-cyano-5-fluorophenyl)-N, N-

dimethylformimidamide (1 eq) in DMF (1 mL) was added and the solution stirred overnight 

at ambient temperature. The reaction was quenched through the addition of water (10 mL) 

and washed with EtOAc (3  10mL). The combined organic phases were and dried over 

MgSO4 and concentrated under reduced pressure to afford the title compound. 

(E)-N’-(5-benzyloxy-2-cyanophenyl)-N, N-dimethylformimidamide (122a) 

 

Colourless crystalline solid (136 mg, 62%) 

Rf: 0.40 (1:1EtOAc: hexane) 

Rt: 2.055 minute, 99.1% (Method A) 

Mp: 123-125 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.98 (s, 3H14, NCH3), 3.07 (s, 3H14, NCH3), 5.15 (s, 2H7, 

ArCH2C), 6.66 (dd, 1H4, ArH, J = 2.4, 8.6 Hz), 6.79 (d, 1H6, ArH, J = 2.4 Hz), 7.32-7.38 

(m, 1H11, ArH), 7.38-7.43 (m, 2H10, ArH), 7.43-7.47 (m, 2H9, ArH) 7.50 (d, 1H3, ArH, J = 

8.6 Hz), 7.96 (s, 1H13, NCHN)   

13C NMR (125 MHz, d6-DMSO) δ: 34.47 (s, C-14), 40.18 (s, C-14), 69.98 (s, C-7), 98.91 (s, 

C-2), 104.97 (s, C-6), 109.66 (s, C-4), 119.39 (s, C-12), 128.33 (s, C-10), 128.50 (s, C-11), 

128.95 (s, C-9), 134.65 (s, C-3), 136.93 (s, C-8), 155.49 (s, C-13), 157.45 (s, C-1), 162.92 

(s, C-5) 

HRMS (ESI, m/z): calc’d for C17H17N3ONa 302.1264 found: 302.1261 [M+H]+  
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(E)-N`-(2-cyano-5-((4-fluorobenzyl)oxy)phenyl)-N,N-dimethylformimidamide (122b) 

 

colourless oil (236 mg, 79%) 

Rf: 0.35 (1:1 EtOAc: hexane) 

1H NMR (500 MHz, d6-DMSO) δ: 2.98 (s, 3H15, NCH3), 3.07 (s, 3H15, NCH3), 5.13 (s, 2H7, 

ArCH2), 6.66 (dd, 1H4, ArH, J = 2.4, 8.6 Hz), 6.79 (d, 1H6, ArH, J = 2.4 Hz), 7.11-7.17 (m, 

2H9, ArH), 7.31-7.36 (m, 3H3, 10, ArH), 7.96 (s, 1H14, CHN) 

13C NMR (125 MHz, d6-DMSO) δ: 35.62 (s, C-15), 42.01 (s, C-15), 69.98 (s, C-7), 97.65 (s, 

C-2), 105.51 (s, C-6), 107.99 (s, C-4), 117.39 (s, C-10), 127.87 (s, C-9), 128.50 (s, C-11), 

132.13 (s, C-8), 135.31 (s, C-3), 148.32 (s, C-11), 153.99 (s, C-14), 157.45 (s, C-1), 162.92 

(s, C-5) 

19F NMR (471 MHz, d6-DMSO) δ: -116.52 (tt, J = 5.6, 9.8 Hz).  

IR (cm-1): 819, 977.08, 1095, 1173, 2213 

HRMS (ESI, m/z): calc’d for C17H16FN3O 298.135 found: 298.1352 [M+H]+ 
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General procedure for the Dimroth mediated rearrangement  

The appropriate N, N-dimethylformimidamide (1 eq) was combined with 5-amino-4-fluoro-

2-methylphenol (1 eq) in acetic acid (0.6 mL) and subjected to microwave irradiation for 15 

minutes at 118 °C. Either diethyl ether (3 mL) was added to the reaction mixture and the 

resultant precipitate collected or the reaction mixture was loaded on a column and purified 

by column chromatography to afford the respective quinazolines. 

5-((7-Benzyloxyquinazolin-4-yl)amino)-4-fluoro-2-methylphenol (98) 

 

Off-white solid (115 mg, 86%) 

Rf:  0.23 (1:1 EtOAc: hexane) 

Rt: 7.42 minutes, 98.92% (Method B) 

Mp: 201 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.14 (s, 3H22, ArCH3), 5.29 (s, 2H15, ArCH2C), 6.90 (d, 

1H6, ArH, J = 6.8 Hz), 7.00 (d, 1H3, ArH, J = 10.7 Hz), 7.25 (d, 1H10, ArH, J = 2.6 Hz), 

7.29 (dd, 1H12, ArH, J = 2.6, 9.1 Hz), 7.33-7.38 (m, 1H19, ArH), 7.40-7.45 (m, 2H18, ArH), 

7.48-7.54 (m, 2H17, ArH), 8.35 (d, 1H13, ArH, J = 9.1 Hz), 8.38 (s, 1H8, ArH), 9.36 (s, 1H21, 

OH), 9.50 (brs, 1H20, NH)  

13C NMR (125 MHz, d6-DMSO) δ: 16.08 (s, C-22), 70.04 (s, C-15), 108.52 (s, C-10), 109.63 

(s, C-14), 114.17 (s, C-6), 117.43 (d, C-3, J = 21.3 Hz) 118.39 (s, C-12), 123.17-123.94 (m, 

C-4), 125.15 (s, C-13), 128.30 (s, C-18), 128.47 (s, C-17), 128.97 (s, C-19), 136.95 (s, C-

16), 149.48 (s, C-5), 151.36 (s, C-9), 151.54 (s, C-7), 152.35 (s, C-1), 155.77 (s, C-8), 158.77 

(s, C-11), 162.11 (s, C-7) 

19F (471 MHz, d6-DMSO) δ: -132.37 (dd, 1F, J = 6.9, 10.8 Hz) 

IR (cm-1): 1056, 1193, 1334, 1414, 1509, 1582, 1618, 2917, 3129, 3444 

HRMS (ESI, m/z): calc’d for C22H18FN3O2 376.1037 found: 376.1444 [M+H]+ 
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4-Fluoro-5-((7-(4-fluorobenzyl)oxy))quinazoline-4-yl)amino)-2-methylphenol (101) 

 

White solid (98 mg, 79%) 

Rf:  0.35 (1:1 EtOAc: hexane) 

Rt: 7.18 minute, 98.42% (Method B) 

Mp: 207 °C (decomp) 

1H NMR (500 MHz, d6-DMSO) δ: 2.14 (s, 3H22, ArCH3), 5.27 (s, 2H15, ArCH2C), 6.90 (dd, 

1H6, ArH, J = 2.3, 6.8 Hz), 7.00 (d, 1H3, ArH, J = 10.7 Hz), 7.21-7.31 (m, 4H17, 18, ArH, J 

= 2.4, 9.7, 12.5 Hz), 7.57 (dd, 2H10, 12, ArH, J = 5.5, 8.9 Hz), 8.36 (d, 1H13, ArH, J = 8.9 

Hz), 8.39 (s, 1H8, ArH), 9.36 (s, 1H21, OH), 9.51 (brs, 1H20, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 16.08 (s, C-22), 69.32 (s, C-15), 108.51 (s, C-14), 109.66 

(s, C-10), 114.16 (s, C-6), 115.72 (s, C-2), 115.89 (s, C-18) , 117.53 (s, C-3), 118.37 (s, C-

12), 123.91 (s, C-5), 125.91 (s, C-17), 130.61 (s, C-13), 130.63, 130.68 (s, C-16), 149.49 (s, 

C-9), 151.54 (m, C-4), 155.80 (s, C-1), 156.98 (s, C-11), 158.02 (s, C-7), 158.78 (s, C-8), 

162.02 (s, C-19)  

19F (471 MHz, d6-DMSO) δ:-114.17 (td, J = 4.8, 8.9 Hz), -132.37 (dd, J = 6.9, 11.0 Hz) 

IR (cm-1): 1339, 964, 1508, 1607, 1672, 2852 

HRMS (ESI, m/z): calc’d for C22H17F2N3O2 394.1362 found: 394.1348 [M+H]+ 
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7-(Benzyloxy)-N-(4-bromo—fluorophenyl)quinazolin-4-amine (123) 

 

Cream solid (183 mg, 82%) 

Rf: 0.67 (1:1 EtOAc: hexane) 

Rt: 8.59 minutes, 98.24% (Method B) 

Mp: 186-189 °C 

1H NMR (500 MHz, d6-DMSO) δ: 5.30 (s, 2H15, ArCH2), 7.29 (d, 1H6, ArH, J = 2.6 Hz), 

7.30 – 7.42 (m, 4H1, 3, 10, ArH), 7.42 – 7.48 (m, 2H18, ArH), 7.52 (m, 3H17, 19, ArH), 7.66 

(dd, 1H12, ArH, J = 2.2, 9.9 Hz), 8.37 (d, 1H13, ArH, J = 9.1 Hz), 8.42 (s, 1H8, ArH), 9.73 

(s, 1H20, ArNH). 

13C NMR (125 MHz, d6-DMSO) δ: 70.10 (s, C-15), 99.99 (s, C-2), 108.46 (s, C-1), 109.63 

(s, C-14), 118.75 (s, C-12), 119.70 (s, C-10), 119.89 (s, C-3), 125.20 (s, C-13), 127.96 (s, C-

6), 128.32 (s, C-18), 128.50 (s, C-17), 128.97 (s, C-19), 130.13 (s, C-5), 136.88 (s, C-16), 

152.31 (s, C-9), 155.51 (s, C-8), 158.43 (s, C-7), 159.73 (m, C-4), 162.31 (s, C-11) 

19F (471MHz, d6-DMSO) δ: -115.48 (t, J = 8.8 Hz) 

IR (cm-1): 1308, 1566, 1619, 2930, 3052, 3446 

HRMS (ESI, m/z): calc’d for C21H15FBrN3O 394.1362 found: 394.1348 [M+H]+ 
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 (E)-N’-(2-cyano-5-hydroxyphenyl)-N,N-dimethylformimidamide (134) 

 

(E)-N’-(5-benzyloxy-2-cyanophenyl)-N, N-dimethylformimidamide (160 mg, 0.358 mmol) 

was dissolved in TFA (1.29 mL) and subjected to microwave irradiation for 45 minutes at 

70 °C. The reaction mixture was concentrated under reduced pressure and dissolved in DCM 

(10 mL) and washed with saturated NaHCO3 (10 mL), dried over MgSO4 and concentrated 

under reduced pressure to afford the title compound as a white solid (107 mg, 99%). 

Rf: 0.63 (1:1 EtOAc: hexane) 

Mp: 173-175 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.95 (s, 3H9, NCH3), 3.05 (s, 3H9, NCH3), 6.42 (d, 1H4, 

ArH, J = 2.2 Hz), 6.50 (dd, 1H6, ArH, J = 2.3, 8.4 Hz), 7.38 (d, 1H1, ArH, J = 8.4 Hz), 7.82 

(s, 1H8, ArH), 10.17 (s, 1H10, OH) 

13C NMR (125 MHz, d6-DMSO) δ: 34.46 (s, C-9), 39.74 (s, C-9), 97.17 (s, C-2), 105.80 (s, 

C-4), 110.39 (s, C-7), 113.73 (s, C-6), 155.00 (s, C-3), 157.58 (s, C-8), 162.50 (s, C-5) 

IR (cm-1): 1173, 1309, 1672, 2213, 2922 

HRMS (ESI, m/z): calc’d for C10H11N3O 190.0985[M+H]+; found 190.0981 [M+H]+ 
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(E)-N’-(2-cyano-5-((4-nitrobenzyl)oxy)phenyl)-N,N-dimethylformimidamide (132a) 

 

(E)-N’-(2-cyano-5-hydroxyphenyl)-N,N-dimethylformimidamide (160 mg, 0.846 mmol), 4-

nitrobenzyl chloride (609 mg, 1.05mmol) and caesium carbonate (550 mg, 1.69mol) was 

dissolved in MeCN (15 mL) and heated at reflux for two hours. The reaction mixture was 

concentrated under reduced pressure, then stirred in saturated NaHCO3 solution (20 mL) and 

washed with EtOAc (3  15 mL). The organic layers were combined and dried over MgSO4 

and concentrated under reduced pressure. Column chromatography purification (1:1 to 

100% EtOAc: hexane) afforded the title compound as a colourless oil which solidified on 

standing (186 mg, 68%). 

Rf: 0.63 (7:3 EtOAc: hexane) 

Mp: 122-124 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.98 (s, 3H9, NCH3), 3.07 (s, 3H9, NCH3), 5.34 (s, 2H10, 

ArCH2), 6.69 (dd, 1H4, ArH, J = 2.4, 8.6 Hz), 6.81 (d, 1H6, ArH, J = 2.4 Hz), 7.53 (d, 1H1, 

ArH, J = 8.6 Hz,), 7.69 – 7.77 (m, 2H12, ArH), 7.96 (s, 1H8, ArH), 8.24 – 8.31 (m, 2H13, 

ArH), 

13C NMR (125 MHz, d6-DMSO) δ: 34.49 (s, C-9), 40.25 (s, C-9), 68.70 (s, C-10), 99.30 (s, 

C-2), 105.10 (s, C-6), 109.56 (s, C-4), 119.21 (s, C-7), 124.14 (s, C-13), 128.83 (s, C-12), 

134.78 (s, C-1), 144.83 (s, C-11), 147.57 (s, C-14), 155.53 (s, C-8), 157.53 (s, C-3), 162.50 

(s, C-5) 

IR (cm-1): 1235, 1564, 2204, 2960, 3447 

HRMS (ESI, m/z): calc’d for C17H17N4O3 325.1295 [M+H]+; found 325.1294[M+H]+ 
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4-Fluoro-2-methyl-5-((7-((4-nitrobenzyl)oxy)quinazolin-4-yl)amino)phenol (136) 

 

(E)-N’-(2-Cyano-5-((4-nitrobenzyl)oxy)phenyl)-N,N-dimethylformimidamide (90 mg, 

0.277 mmol) was combined with 5-amino-4-fluoro-2-methylphenol (39 mg, 0.277 mmol) in 

acetic acid (0.6 mL) and subjected to microwave irradiation for 15 minutes at 118 °C. The 

reaction mixture was loaded directly onto a column chromatography (1:1 to 100% EtOAc: 

hexane) which afforded the title compound as an off-white solid (88 mg, 76%). 

Rt: 7.22, 97.48% (Method B) 

Mp: 122-124 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.14 (s, 3H21, ArCH3), 5.49 (s, 2H15, ArCH2), 6.89 (d, 

1H6, ArH, J = 6.9 Hz), 7.00 (d, 1H3, ArH, J = 10.8 Hz), 7.26 (d, 1H10, ArH, J = 2.6 Hz), 

7.34 (dd, 1H12, ArH, J = 2.6, 9.1Hz), 7.76 – 7.82 (m, 2H17, ArH), 8.32 – 8.26 (m, 2H18, 

ArH), 8.41 – 8.35 (m, 2H8, 13, ArH), 9.36 (s, 1H22., OH), 9.53 (s, 1H20, NH)  

13C NMR (125 MHz, d6-DMSO) δ: 16.08 (s, C-21), 68.79 (s, C-15), 108.69 (s, C-10), 109.85 

(s, C-14), 114.16 (s, C-6), 117.53 (s, C-3), 118.27 (s, C-12), 123.31 (s, C-5), 124.15 (s, C-

18), 125.32 (s, C-13), 128.82 (s, C-17), 138.92 (s, C-16), 144.89 (s, C-9), 147.56 (s, C-19), 

149.48 (d, C-4, J = 235.1 Hz), 151.54 (s, C-1), 152.31 (s, C-11), 155.86 (s, C-8), 161.67 (s, 

C-7) 

19F NMR (471 MHz, d6-DMSO) δ: -132.35 (dd, J = 7.0, 10.8 Hz) 

IR (cm-1): 971.93, 1135, 1410, 1619, 2962, 3431 

HRMS (ESI, m/z): calc’d for C17H17N4O3 325.1295 [M+H]+; found 325.1294 [M+H]+ 
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4-(2-Fluoro-5-hydroxy-4-methylphenyl)amino quinazolin-7-ol (166) 

 

(E)-N’-(2-cyano-5-((4-nitrobenzyl)oxy)phenyl)-N,N-dimethylformimidamide (90 mg, 

0.277 mmol) was combined with 5-amino-4-fluoro-2-methylphenol (39 mg, 0.277 mmol) in 

acetic acid (0.6 mL) and subjected to microwave irradiation for 15 minutes at 118 °C. The 

reaction mixture was loaded directly onto silica column chromatography (1:1 to 100% 

EtOAc: hexane) which afforded the title compound as an off-white solid (88 mg, 65%). 

Rf: 0.32 (100% EtOAc) 

Rt: 7.22, 97.48% (Method B) 

Mp: 122-124 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.13 (s, 3H17, ArCH3), 6.90 (d, 1H3, ArH, J = 6.9 Hz), 

6.96-7.02 (m, 2H6, 10, ArH), 7.07 (dd, 1H12, ArH, J = 2.5, 9.0 Hz), 8.27 (d, 1H13, ArH, J = 

9.0 Hz), 8.31 (s, 1H8, ArH), 9.33 (s, 1H16/17, OH), 9.38 (s, 1H16/17, OH), 10.43 (s, 1H15, NH)  

13C NMR (125 MHz, d6-DMSO) δ: 16.07 (s, C-18), 108.70 (s, C-2), 109.86 (s, C-6), 111.21 

(s, C-14), 114.18 (s, C-3), 117.23 (s, C-12), 117.98 (s, C-10), 125.28 (s, C-13), 126.31 (s, C-

5), 144.63 (s, C-9), 149.99 (s, C-1), 151.77 (s, C-11), 152.28 (d, C-4, J = 230.9 Hz), 155.52 

(s, C-8), 161.72 (s, C-7) 

19F NMR (471 MHz, d6-DMSO) δ: -132.50 (dd, J = 6.9, 10.7 Hz). 

HRMS (ESI, m/z): calc’d for C15H12N3O2F 286.0986 [M+H]+; found 286.0982[M+H]+ 
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Methyl-4-(benzyloxy)-3-methoxybenzoate377 (141) 

 

Methyl vanillate (1 g, 5.43 mmol), potassium carbonate (0.835 g, 6.03 mmol) and benzyl 

bromide (1.40 g, 80.2 mmol) was dissolved in DMF (3.4 mL) under anhydrous conditions 

and heated to 100 °C for three hours. The reaction mixture was then cooled, poured onto 

water (25 mL) and washed with ethyl acetate (3  25 mL) and with brine (50 mL). The 

combined organic extracts were dried over MgSO4 and concentrated under reduced pressure 

to yield methyl-4-(benzyloxy)-3-methoxybenzoate as a white solid (1.57 g, 99%). 

Rf: 0.62 (3:7 EtOAc: hexane) 

Mp: 84-86 °C 

1H NMR (500 MHz, CDCl3) δ: 3.90 (s, 3H12, OCH3), 3.96 (s, 3H14, OCH3), 5.23 (s, 2H7, 

CH2), 6.91 (d, 1H6, ArH, J = 8.4 Hz), 7.31-7.36 (m, 1H11, ArH), 7.38-7.41 (m, 2H10, ArH), 

7.44-7.45 (m, 2H9, ArH), 7.58 (d, 1H3, ArH, J = 2.0 Hz), 7.62 (dd, 1H1, ArH, J = 2.0, 8.4 

Hz) 

13C NMR (125 MHz, CDCl3) δ: 51.99 (s, C-14), 56.09 (s, C-12), 70.78(s, C-7), 112.42 (s, 

C-6), 112.45 (s, C-3), 122.97 (s, C-2), 123.36 (s, C-1), 127.21(s, C-11), 128.07(s, C-9), 

128.65 (s, C-10), 136.35 (s, C-8), 149.11 (s, C-4), 152.07 (s, C-5), 166.85 (s, C-13) 

HRMS (ESI, m/z): calc’d for C16H16O4 273.1127 [M+H]+; found 273.1128 [M+H]+ 

Data consistent with literature.  
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Methyl-4-(benzyloxy)-5-methoxy-2-nitrobenzoate377 (142) 

 

Methyl-4-(benzyloxy)-3-methoxybenzoate (500 mg, 1.84 mmol) in acetic acid (5 mL) was 

added to a cooled solution of acetic acid (2 mL) and 70% nitric acid (2 mL, 19 equivalents). 

The reaction mixture was allowed to stir for 20 minutes at -10 °C before being heated to 60 

°C for one hour. The reaction mixture was poured onto ice water (100 mL) and the pH 

adjusted to 7 using 10 M NaOH. The resultant precipitate was collected affording methyl-4-

(benzyloxy)-5-methoxy-2-nitrobenzoate as a bright yellow solid (332 mg, 57%). 

1H NMR (500 MHz, CDCl3) δ: 3.92 (s, 3H13, OCH3), 4.00 (s, 3H14, OCH3), 5.23 (s, 2H7, 

CH2), 7.10 (s, 1H3, ArH), 7.35-7.47 (m, 5H9-11, ArH), 7.53 (s, 1H6, ArH) 

13C NMR (125 MHz, CDCl3) δ: 53.28 (s, C-12), 56.65 (s, C-14), 71.44 (s, C-7), 108.90 (s, 

C-6), 111.02 (s, C-3), 122.00 (s, C-2), 127.53 (s, C-9), 128.59 (s, C-11), 128.85 (s, C-10), 

135.09 (s, C-8), 140.17 (s, C-1), 149.36 (s, C-4), 153.07 (s, C-5), 166.30 (s, C-13) 

Data consistent with literature.  
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Methyl-2-amino-4-(benzyloxy)-5-methoxylbenzoate378 (143) 

 

Methyl-4-(benzyloxy)-5-methoxy-2-nitrobenzoate (300 mg, 0.95 mmol), ammonium 

acetate (306 mg, 3.97 mmol) and iron powder (211 mg, 3.78 mmol) was dissolved in toluene 

(5 mL) and water (5 mL). The reaction mixture was heated to 105 °C overnight, before 

cooling and the addition of ethyl acetate (10 mL). The mixture was stirred at ambient 

temperature for a further three hours before filtering. The filtrate was washed with water (2 

 15 mL) and brine (15 mL). The organic extracts were dried over MgSO4 and concentrated 

under reduced pressure affording methyl-2-amino-4-(benzyloxy)-5-methoxylbenzoate as a 

pale yellow solid (204 mg, 75%). 

Mp: 119-121 °C 

1H NMR (500 MHz, CDCl3) δ: 3.85 (s, 3H12, OCH3), 3.87 (s, 3H14, OCH3), 5.16 (s, 2H7, 

CH2), 6.22 (s, 1H6, ArH), 7.29-7.46 (m, 6H3, 9, 10, 11, ArH) 

13C NMR (125 MHz, CDCl3) δ: 51.39 (s, C-12), 56.68 (s, C-14), 70.53 (s, C-7), 101.42 (s, 

C-6), 102.8 (s, C-2), 113.40 (s, C-3), 127.13 (s, C-9), 128.05 (s, C-11), 128.66 (s, C-10), 

136.24 (s, C-8), 141.22 (s, C-1), 146.32 (s, C-4), 154.03 (s, C-5), 158.10 (s, C-13) 

HRMS (ESI, m/z): calc’d for C16H16NO4 288.1263 [M+H]+; found 288.1264 [M+H]+ 

Data consistent with literature.  
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7-(Benzyloxy)-6-methoxyquinazolin-4-(3H)-one379 (144) 

 

Methyl-2-amino-4-(benzyloxy)-5-methoxylbenzoate (200 mg, 0.69 mmol) and ammonium 

formate (39 mg, 0.626 mmol) was dissolved in formamide (6 mL) and heated to 160 °C for 

two hours. The reaction mixture was cooled and ice water added and the precipitate filtered. 

The precipitate was washed with water (3  15 mL) affording 7-(benzyloxy)-6-

methoxyquinazolin-4-(3H)-one as a white solid (153 mg, 82%). 

1H NMR (500 MHz, d6-DMSO) δ: 3.86 (s, 3H10, OCH3), 5.24 (s, 2H11, CH2), 7.22 (s, 1H5, 

ArH), 7.35 (s, 1H8, ArH), 7.41 (t, 2H14, ArH, J = 7.5 Hz), 7.44-7.50 (m, 3H13, 15, ArH), 7.96 

(s, 1H3, ArH) 

13C NMR (125 MHz, d6-DMSO) δ: 56.20 (s, C-10), 70.51 (s, C-11), 105.55 (s, C-8), 109.71 

(s, C-5), 116.15 (s, C-9), 128.41 (s, C-13), 128.57 (s, C-15), 128.98 (s, C-14), 136.69 (s, C-

12), 144.30 (s, C-3), 145.10 (s, C-4), 149.19 (s, C-7), 153.82 (s, C-6), 163.55 (s, C-1) 

HRMS (ESI, m/z): calc’d for C16H14N2O3 283.1082 [M+H]+; found 283.1083 [M+H]+ 

Data consistent with literature. 
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4-Benzyloxy-3-methoxybenzonitrile380 (148) 

 

4-Hydroxy-3-methoxybenzonitrile (3.4 g, 22.8 mmol) was dissolved in DMF (45 mL), 

potassium carbonate (4.73 g, 34.2 mmol) was added slowly, followed by benzyl bromide 

(3.0 mL, 25.1 mmol). The reaction mixture was stirred overnight at ambient temperature 

then brine (50 mL) solution was added. The precipitate was collected affording the title 

compound as a white solid (5.45 g, 100%). 

Rf: 0.37 (2:8 EtOAc: Hexane) 

Mp: 81-83 °C 

1H NMR (500 MHz, CDCl3) δ: 3.91 (s, 3H12, OCH3), 5.21 (s, 2H7, Ar-CH2), 6.92 (d, 1H5, 

ArH, J = 8.3 Hz), 7.11 (d, 1H2, ArH, J = 1.9 Hz), 7.22 (dd, 1H5, ArH, J = 1.9, 8.3 Hz), 7.30-

7.46 (m, 5H9, 10, 11, ArH) 

13C NMR (125 MHz, CDCl3) δ: 56.19 (s, C-12), 70.89 (s, C-7), 104.17 (s, C-1), 113.31 (s, 

C-5), 114.39 (s, C-2), 119.21 (s, C-13), 126.25 (s, C-6), 127.24 (s, C-9), 128.31 (s, C-11), 

128.76 (s, C-10), 135.80 (s, C-8), 149.66 (s, C-3), 151.99 (s, C-4) 

IR (cm-1): 1025, 1134, 1332, 1408, 1509, 1594, 1677, 2220, 3013, 3453 

HRMS (ESI, m/z): calc’d for C15H13NO2 240.1019 found: 240.1017 [M+H]+ 

Data consistent with literature.  
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4-Benzyloxy-5-methoxy-2-nitrobenzonitrile381 (149) 

 

4-Benzyloxy-3-methoxybenzonitrile (3.5 g, 14.62 mmol) was dissolved in acetic anhydride 

(40 mL), nitric acid (3.6 mL, 65 mmol) was added slowly over a 30 minute period and then 

stirred overnight. The reaction was poured onto ice-water (25 mL) and the precipitate 

collected, washed with water affording the title compound as a yellow solid (3.87 g, 93%). 

Rf: 0.47 (100% DCM) 

Mp: 159-162 °C 

1H NMR (500 MHz, d6-DMSO) δ: 3.97 (s, 3H12, OCH3), 5.33 (s, 2H7, ArCH2), 7.38 (d, 2H9, 

ArH, J = 7.2 Hz), 7.42 (ddd, 2H10, ArH, J = 6.8, 8.8 Hz), 7.48 (d, 1H11, ArH, J = 6.8 Hz), 

7.72 (s, 1H3, ArH), 8.01 (s, 1H6, ArH) 

13C NMR (125 MHz, d6-DMSO) δ: 57.60 (s, C-12), 71.32 (s, C-7), 100.28 (s, C-1), 110.05 

(s, C-3), 116.19 (s, C-13), 117.16 (s, C-6), 128.62 (s, C-9), 128.96 (s, C-11), 129.06 (s, C-

10), 135.89 (s, C-8), 142.59 (s, C-2), 151.23 (s, C-4), 153.91 (s, C-5) 

IR (cm-1): 971.93, 1514, 1571, 2223, 2943 

HRMS (ESI, m/z): calc’d for C15H12N2O4 285.087 found: 285.0888 [M+H]+ 

Data consistent with literature.  
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2-Amino-4-benzyloxy-5-methoxybenzonitrile380 (150) 

 

4-Benzyloxy-5-methoxy-2-nitrobenzonitrile (3.46 g, 12.18 mmol), NaHCO3 (0.22 g, 2.03 

mmol) and tert-butylammonium chloride (2.25 g, 8.1 mmol) was dissolved in DCM (41 mL) 

and water (56 ml).  The solution was stirred vigorously and sodium dithionite (4.93 g, 28.5 

mmol) was added over a two hour period. The solution was stirred for a further hour and 

extracted. The aqueous phase was extracted twice with DCM (50 mL) and the combined 

organic layer washed with water (75 mL). The organic layer was dried over MgSO4 and 

concentrated to a quarter of the initial volume. HCl in dioxane (0.6 mmol) and ether was 

added and cooled to 0 °C, the precipitate was collected and washed with diethyl ether. The 

residue was re-suspended in methanol (45 mL) and basified with saturated NaHCO3 to pH 

8. The solid was collected and to afford the title compound as a yellow solid (1.98 g, 64%). 

Rf:  0.76 (1:9 EtOAc: DCM) 

Mp: 184-186 °C 

1H NMR (500 MHz, d6-DMSO) δ: 3.66 (s, 3H12, OCH3), 5.05 (s, 2H7, ArCH2), 5.62 (brs, 

2H13, NH2), 6.51 (s, 1H3, ArH), 6.91 (s, 1H6, ArH), 7.33-7.37 (m 1H11, ArH), 7.40 (ddd, 

2H10, ArH, J = 0.9, 6.8, 7.9 Hz), 7.42-7.46 (m, 2H9, ArH)  

13C NMR (125 MHz, d6-DMSO) δ: 56.71 (s, C-12), 70.00 (s, C-7), 84.31 (s, C-1), 100.63 (s, 

C-3), 114.76 (s, C-6), 119.11 (s, C-14), 128.39 (s, C-9), 128.53 (s, C-11), 128.92 (s, C-10), 

136.69 (s, C-4), 140.89 (s, C-5), 148.67 (s, C-2), 153.82 (s, C-8) 

IR (cm-1): 971.93, 1381, 1638, 2204, 3241, 3349, 3429 

HRMS (ESI, m/z): calc’d for C15H14N2O2 255.1128 found: 255.1124 [M+H]+ 

Data consistent with literature.  
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(E)-N`-(5-benzyloxy-2-cyano-4-methoxyphenyl)-N,N-dimethylformimidamide382 (151) 

 

2-Amino-4-benzyloxy-5-methoxybenzonitrile (500 mg, 1.97 mmol) was dissolved in DMF-

DMA (326 µL, 2.46 mmol) and irradiated for 15 minutes at 90 °C. The solution was purified 

by column chromatography (2:8 EtOAc: DCM) to afford the title compound as an orange 

solid (316 mg, 52%). 

Rf:  0.62 (2:8 EtOAc: DCM) 

Mp: 130-132 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.96 (s, 3H14, NCH3), 3.06 (s, 3H14, NCH3), 3.73 (s, 3H12, 

OCH3), 5.15 (s, 2H7, ArCH2), 6.88 (s, 1H6, ArH), 7.12 (s, 1H3, ArH), 7.34-7.38 (m, 1H11, 

ArH), 7.39-7.44 (m, 2H10, ArH), 7.44-7.48 (m, 2H9, ArH), 7.90 (s, 1H13, NCHN) 

13C NMR (125 MHz, d6-DMSO) δ: 34.41 (s, C-14), 40.37 (s, C-14), 56.49 (s, C-12), 70.40 

(s, C-7), 96.61 (s, C-2), 104.40 (s, C-6), 115.00 (s, C-3), 119.51 (s, C-15), 128.51 (s, C-10), 

128.56 (s, C-11), 128.97 (s, C-9), 144.60 (s, C-1), 150.93 (s, C-4), 152.88 (s, C-5), 155.01 

(s, C-13) 

HRMS (ESI, m/z): calc’d for C18H19N3O2 310.155 found: 310.1544 [M+H]+ 

Data consistent with literature.  
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(E)-N`-(2-cyano-5-hydroxy-4-methoxyphenyl)-N,N-dimethylformimidamide382 (152) 

 

(E)-N`-(5-benzyloxy-2-cyano-4-methoxyphenyl)-N,N-dimethylformimidamide (100 mg, 

0.323 mmol) was dissolved in TFA (1.29 mL) and irradiated for 45 minutes at 70 °C. The 

reaction mixture was concentrated under reduced pressure and dissolved in DCM (10 mL) 

and washed with saturated NaHCO3 (10 mL), dried over MgSO4 and concentrated under 

reduced pressure to afford the title compound as a yellow solid (70 mg, 99%). 

Mp: 109-111 °C 

1H NMR (500 MHz, d6-DMSO) δ: 2.93 (s, 3H8, NCH3), 3.02 (s, 3H8, NCH3), 3.74 (s, 3H10, 

OCH3), 6.50 (s, 1H6, ArH), 7.08 (s, 1H3, ArH), 7.76 (s, 1H7, NCHN), 9.84 (s, 1H11, OH) 

13C NMR (125 MHz, d6-DMSO) δ: 34.44 (s, C-8), 40.03 (s, C-8), 56.60 (s, C-10), 95.48 (s, 

C-2), 106.62 (s, C-6), 115.56 (s, C-3), 119.71 (s, C-9), 143.69 (s, C-5), 148.65 (s, C-1), 

152.27 (s, C-4), 154.66 (s, C-7) 

IR (cm-1): 1021, 1135, 1251, 1372, 1493, 1509, 1673, 2214, 2852, 2921, 3023 

HRMS (ESI, m/z): calc’d for C11H13N3O2 220.1081 found: 220.1076 [M+H]+ 

Data consistent with literature.  
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(E)-tert-butyl-4-((4-cyano-5-(((dimethylamino)methylene)amino)-2-

methoxyphenoxy)methyl)piperidine-1-carboxylate383 (153) 

 

(E)-N`-(2-cyano-5-hydroxy-4-methoxyphenyl)-N,N-dimethylformimidamide (863 mg, 3.94 

mmol), tosylate (1.6 g, 4.33 mmol) and caesium carbonate (3.2 g, 9.85 mmol) was dissolved 

in MeCN (25 mL) and heated at reflux for three hours. The reaction mixture was 

concentrated under reduced pressure, then stirred in saturated NaHCO3 solution (30 mL) and 

extracted with EtOAc (3  50 mL). The organic layers were combined and dried over MgSO4 

and concentrated under reduced pressure. Column chromatography purification (1:1 to 

100% EtOAc: hexane) afforded the title compound as a colourless oil which solidified on 

standing (853 mg, 52%). 

Rf: 0.24 (1:1 EtOAc: hexane) 

1H NMR (500 MHz, d6-DMSO) δ: 1.10-1.18 (m, 2H9, CH2), 1.40 (s, 9H13, CCH3), 1.68 (d, 

2H9, CH2, J = 10.9 Hz), 2.03 (m, 1H8, CCH), 2.92 (m, 2H10, CH2) 2.95 (s, 3H16, NCH3), 

3.05 (s, 3H16, NCH3), 3.18 (m, 2H, CH2), 3.72 (s, 3H14, OCH3), 3.89 (d, 2H7, OCH2C, J = 

6.5 Hz) 6.72 (s, 1H6, ArH), 7.08 (s, 1H3, ArH), 7.88 (s, 1H15, NCHN). 

13C NMR (125 MHz, d6-DMSO) δ: 26.92 (s, C-9), 28.56 (s, C-13), 34.40 (s, C-16), 35.72 (s, 

C-8), 39.74 (s, C-16), 42.53 (s, C-10), 56.58 (s, C-14), 72.82 (s, C-7), 78.98 (s, C-12), 96.35 

(s, C-4), 103.90 (s, C-6), 115.05 (s, C-3), 119.55 (s, C-17), 141.21 (s, C-5), 144.51 (s, C-2), 

153.29 (s, C-1), 154.38 (s, C-15), 154.96 (s, C-11) 

HRMS (ESI, m/z): calc’d for C22H32N4O4 417.2496 found: 417.2507 [M+H]+ 

Data consistent with literature.  
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tert-Butyl-4-(tosyloxy)methyl)piperidine-1-carboxylate384 (157) 

 

tert-Butyl-4-(hydroxymethyl)piperidine-1-carboxylate (1 g, 4.64 mmol) was stirred in 

pyridine (3.7 mL) at 0 °C. p-Toluene sulfonyl chloride (0.974 mg, 5.11 mmol) was added in 

one batch under nitrogen and the mixture stirred for 100 minutes at 0 °C. The mixture was 

allowed to warm to ambient temperature and stirred overnight. The mixture was poured onto 

water (25 mL) and extracted with ethyl acetate (3  15 mL). The organic layer was washed 

with 1M HCl (15 mL) and brine (15 mL), dried over MgSO4 and concentrated under reduced 

pressure. Purification by column chromatography (1:20 to 1:1 EtOAc: hexane) afforded tert-

butyl-4-(tosyloxy)methyl)piperidine-1-carboxylate as a colourless oil which solidified on 

standing (0.981 g, 57%). 

Rf = 0.58 (1:1 EtOAc: hexane) 

1H NMR (500 MHz, CDCl3) δ: 1.11 (dtd, 2H8, CH2, J = 4.9, 10.0, 13.2 Hz), 1.42-1.52 (m, 

9H14, CH3), 1.61-1.69 (m, 2H9, CH2), 1.83 (dddd, 1H7, CH, J = 2.4, 5.0, 10.0, 11.8 Hz), 2.47 

(s, 3H1, CH3), 2.61-2.73 (m, 2H10, CH2), 3.86 (d, 2H6, CH2, J = 6.5 Hz), 7.36 (d, 2H3, ArH, 

J = 8.0 Hz), 7.79 (d, 2H4, ArH, J = 8.0 Hz) 

13C NMR (125 MHz, CDCl3) δ: 14.20 (s, C-1), 21.66 (s, C-8 and C-9), 28.42 (s, C-14), 

35.78, (s, C-7) 43.16 (s, C-10 and C-11), 73.98 (s, C-6), 79.54 (s, C-13), 127.87 (s, C-4), 

129.88 (s, C-5), 132.90 (s, C-3), 144.85 (s, C-2), 154.66 (s, C-12) 

HRMS (ESI): calc’d for C18H27NO5SNa [M+H]+ 392.1502; found [M+H]+ 392.1479 

Data consistent with literature.  
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tert-Butyl 4-(((4-((4-bromo-2-fluorophenyl)amino)-6-methoxyquinazolin-7-

yl)oxy)methyl)piperidine-1-carboxylate203, 385 (154) 

 

 (E)-tert-Butyl-4-((4-cyano-5-(((dimethylamino)methylene)amino)-2 

methoxyphenoxy)methyl)piperidine-1-carboxylate (220 mg, 0.528 mmol) was combined 

with 4-bromo-2-fluoroaniline (101 mg, 0.528 mmol) in acetic acid (1 mL) and subjected to 

microwave irradiation for one hour at 130 °C. The reaction mixture was loaded directly onto 

a column (1:1 EtOAc: hexane) to afford the title compound as a white solid (135 mg, 45%). 

Rf: 0.50 (9.5:0.5 DCM: MeOH) 

Mp: 221-223 °C 

1H NMR (500 MHz, d6-DMSO) δ: 1.14-1.28 (m, 4H19, CH2), 1.41 (s, 9H25, CCH3), 1.79 (d, 

2H20, CH2, J = 11.3 Hz), 1.99-2.07 (m, 2H21, CH2), 2.77-2.86 (m, 1H18, CH2), 3.32 (s, 2H, 

CH2), 3.95-4.07 (m, 5H16, 22, CH2), 7.19 (s, 1H5, ArH), 7.47 (m, 2H6, 14, ArH), 7.53 (t, 1H2, 

ArH, J = 8.4 Hz), 7.66 (dd, 1H14, ArH, J = 2.2, 10.0 Hz), 7.79 (s, 1H11, ArH), 8.35 (s, 1H9, 

ArH), 9.53 (s, 1H7, NH).  

13C NMR (125 MHz, d6-DMSO) δ: 27.98 (s, C-25), 28.58 (s, C-19 and C-20), 35.55 (s, C-

18), 39.73 (s, C-21 and C-22), 56.63 (s, C-16), 72.88 (s, C-17), 78.98 (s, C-24), 102.43 (s, 

C-14), 108.18 (s, C-11), 109.05 (s, C-10), 113.96 (s, C-1), 115.32 (s, C-15), 119.88 (s, C-2), 

121.65 (s, C-5), 127.94 (s, C-4), 130.01 (s, C-6), 153.38 (s, C-9), 154.16 (s, C-13), 154.37 

(s, C-12), 157.32 (s, C-23), 159.23 (s, C-3), 162.53 (s, C-8) 

19F (471 MHz, d6-DMSO) δ: -115.56 (t, J = 9.0 Hz) 

HRMS (ESI, m/z): calc’d for C26H31N4O4FBr 561.1507 found: 561.1511 [M+H]+ 

Data consistent with literature.  
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N-(4-Bromo-2-fluorophenyl)-6-methoxy-7-(piperidin-4-ylmethoxy)quinazolin-4-

amine203, 385 (146) 

 

(E)-tert-butyl-4-((4-cyano-5-(((dimethylamino)methylene)amino)-2-

methoxyphenoxy)methyl)piperidine-1-carboxylate (600 mg, 1.07 mmol), was dissolved in 

DCM (1 mL) and TFA (0.3 mL) was added, the solution was stirred at ambient temperature 

for two hours. The reaction mixture was then concentrated under reduced pressure and 

loaded directly onto a column (0-1:100-5 MeOH: DCM), affording the title compound as a 

colourless solid (256 mg, 52%).  

Rf: 0.27 (9.5:0.5 DCM: MeOH) 

Mp: 222-224 °C 

1H NMR (500 MHz, d6-DMSO) δ: 1.30 (ddd, 2H19, CH2, J = 3.9, 12.6, 24.9 Hz), 1.86 (d, 

2H20, CH2, J = 12.5 Hz), 2.08–2.11 (m, 1H18, CCH), 2.66 (dt, 2H21, CH2, J = 2.5, 11.9 Hz), 

3.13 (d, 2H22, CH2, J = 12.0 Hz), 3.98 (d, 2H17, OCH2, J = 6.5 Hz), 4.00 (s, 3H16, OCH3), 

7.01 (s, 1H5, ArH), 7.23 (s, 1H6, ArH), 7.33 (s, 1H2, ArH), 7.35 (s, 1H11, ArH), 7.36 (s, 1H14, 

ArH), 8.46 (s, 1H9, ArH), 8.67 (s, 1H7, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 27.02 (s, C-19 and C-20), 34.69 (s, C-18), 36.37 (s, C-

21 and C-22), 56.68 (s, C-16), 71.99 (s, C-17), 79.01 (s, C-24), 103.32 (s, C-14), 108.86 (s, 

C-11), 109.51 (s, C-10), 114.07 (s, C-1), 114.99 (s, C-15), 119.58 (s, C-2), 122.69 (s, C-5), 

128.32 (s, C-4), 132.61 (s, C-6), 151.99 (s, C-9), 155.09 (s, C-13), 156.32 (s, C-12), 157.98 

(s, C-23), 158.99 (s, C-3), 165.35 (s, C-8) 

19F (471 MHz, d6-DMSO) δ: -116.99 (m, 1F) 

HRMS (ESI, m/z): calc’d for C22H24N4O2FBr 463.0018 found: 463.0016  [M+H]+ 

Data consistent with literature.  
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N-(4-bromo-2-fluorophenyl)-6-methoxy-7-((1-methylpiperidin-4-

yl)methoxy)quinazolin-4-amine203, 385 (Vandetanib- 4) 

 

N-(4-bromo-2-fluorophenyl)-6-methoxy-7-(piperidin-4-ylmethoxy)quinazolin-4-amine (30 

mg, 0.065 mmol), sodium triacetoxyborohydride (19 mg, 0.091 mmol) was added to a flask 

containing formic acid (6 µL, 0.0845 mmol), acetic acid (5 µL, 0.078 mmol), DCM (1.6 mL) 

and methanol (3.2 mL). The flask was stirred for two hours at ambient temperature and then 

solvent removed under reduced pressure. Saturated NaHCO3 (3 mL) was added to the 

residue and the suspension filtered, washed with water (2 mL) and brine (2 mL). The filtrate 

was extracted with DCM (3 mL) and dried over MgSO4, solvent removed under reduced 

pressure, triturated with diethyl ether to afford the title compound as a white  solid (6 mg, 

20%).  

Rf: 0.24 (1:10 MeOH: DCM) 

Mp: 228-230 °C 

1H NMR (500 MHz, d6-DMSO) δ: 1.44 (ddd, 2H19, CH2, J = 3.9, 12.6, 24.8 Hz), 1.85 (d, 

2H20, CH2, J =12.5 Hz), 1.94-1.99 (m, 3H17, 21, CH and CH2), 2.32 (s, 3H23, NCH3), 2.85 (d, 

2H22, CH2, J = 11.6 Hz), 3.98 (s, 3H16, OCH3), 4.03 (d, 2H17, OCH2, J = 5.5 Hz), 6.99 (s, 

1H5, ArH), 7.21 (s, 1H6, ArH), 7.26 (s, 1H2, ArH), 7.34 (d, 1H11, ArH, J = 1.2 Hz), 7.36 (d, 

1H14, ArH, J = 1.2 Hz), 8.51 (s, 1H9, ArH), 8.68 (brs, 1H7, NH) 

13C NMR (125 MHz, d6-DMSO) δ: 28.68 (s, C-19 and C-20), 34.92 (s, C-18), 46.98 (s, C-

23), 49.32 (s, C-21 and C-22), 55.69 (s, C-16), 70.65 (s, C-17), 79.86 (s, C-24), 102.82 (s, 

C-14), 107.52 (s, C-11), 108.91 (s, C-10), 114.21 (s, C-15), 114.74 (s, C-1), 117.65 (s, C-2), 

121.21 (s, C-5), 127.68 (s, C-4), 131.32 (s, C-6), 153.04 (s, C-9), 155.23 (s, C-13), 155.99 

(s, C-12), 157.08 (s, C-23), 158.86 (s, C-3), 164.06 (s, C-8) 

19F NMR (471 MHz, d6-DMSO) δ: -115.86 (m, 1F) 

HRMS (ESI, m/z): calc’d for C21H22N4O2FBr 462.1013 found: 462.1003 [M+H]+ 

Data consistent with literature.   
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Nitrilotris(ethane-2,1-diyl) tris(1H-imidazole-1-carboxylate)386 (159) 

 

 

Triethylamine (4.0 mL, 28 mmol) was added to a stirred solution of triethanolamine (0.45g, 

3mmol) in anhydrous DCM (50 mL). 1,1’-Carbanoyl diimidazole (4.06 g, 24 mmol) was 

added and the mixture was stirred at ambient temperature for 12 hours. The mixture was 

cooled to 0 °C, then water (50 mL) was added and stirred for a further 30 minutes. The water 

was separated and the organic layer was washed with ice-cold water (2  50 mL) and brine 

(50 mL). The organic phase was dried over MgSO4 and concentrated under reduced pressure 

to afford the title compound as a colourless oil (1.01 g, 78%).  

1H NMR (500 MHz, CDCl3): 3.06 (d, 6H6, NCH2, J = 5.9 Hz), 4.43 (t, 6H5, OCH2, J = 5.9 

Hz), 7.08-7.11 (m, 3H2, ArH), 7.24 (t, 3H3, ArH, J = 1.1Hz), 8.13 (s, 3H1, ArH) 

Data consistent with literature. 
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(2-(((2-Aminoethyl)carbamoyl)oxy)ethyl)azanediyl)bis(ethane-2,1-diyl) bis (4-(((4-((4-

bromo-2-fluorophenyl)amino)-6-methoxyquinaolin-7-yl)oxy)methyl)piperidine-1-

carboxylate 386 (160) 

 

 

ZD-G1 (210 mg, 0.42 mmol) was added to a solution of 2,2',2''-nitrilotris(ethane-2,1-diyl)-

tris(1H-imidazole-1-carboxylate) (85 mg, 0.22 mmol) in DMSO (2 mL). NEt3 (400 μL, 

2.80mmol) was added to this solution. The solution was stirred overnight at ambient 

temperature, ethylene diamine (50 µL) was added and stirred for a further 24 hours. The 

reaction was quenched by the addition of TFA (20 µL). Purification of the crude ZD-G2 was 

achieved using the semi-prep method highlighted in the general comments section. The peak 

containing ZD-G2 was collected, lyophilized and stored in the dark at -20 °C until use.  

LCMS: calc’d 1209.92 for C53H61N11O10Br2F2 found 1210.5 [M+H]+ 

Data consistent with literature. 
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N1-tritylethane-1,2-diamine387 (164) 

 

Anhydrous ethylenediamine (500 mg, 8.32 mmol), potassium carbonate (1.15 g, 8.32 mmol) 

in DCM (10 mL) were stirred under nitrogen at ambient temperature. Then, triphenylchloro 

benzene (3.48 g, 12.48 mmol) in DCM (10 mL) was added dropwise to the solution over a 

period of four hours, and stirring was continued overnight at ambient temperature. The solid 

material formed and potassium carbonate were filtered off and the filtrate was washed with 

water (3  100 mL). The solution was dried over MgSO4, concentrated under reduced 

pressure to afford the title compound as a colourless oil (1.88 g, 73%).  

Mp: 81-83 °C.  

1H NMR (500 MHz, MeOD) δ: 2.24 (t, 2H, CH2, J = 6.2 Hz), 2.74 (t, 2H, CH2, J = 6.2 Hz), 

7.15-7.21 (m, 3H7, ArH), 7.24-7.31 (m, 6H5, ArH), 7.46-7.50 (m, 6H6, ArH) 

13C NMR (125 MHz, MeOD) δ: 41.64 (s, C-1), 45.82 (s, C-2), 70.58 (s, C-3), 125.88 (s, C-

7), 127.32 (s, C-5), 128.50 (s, C-6), 146.14 (s, C-4) 

NB: degradation of product occurred after a period of 7 days when stored under nitrogen at 

0 °C 

Data consistent with literature. 
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7.2 Biology 

7.2.1. Table of standard solutions 

Table 29: General stock solutions 

Name Recipe 

10% Sodium dodecyl sulfate 10% (w/v) SDS pH 7.0 in deionised water  

5x Laemmli sample buffer 60 mM Tris (pH 6.8), 25% (v/v) glycerol, 2% SDS, 

0.1% (w/v) bromophenol blue, 14.4 mM 2-

mercaptoethanol, made up to the required volume 

with deionised water, aliquoted and stored at -20OC.  

2x Laemmli sample buffer 5x Laemmli buffer diluted with deionised water to  

required volume 

Kinase buffer 50 mM Tris (pH 7.5), 50 mM NaF, 10 mM β-

glycerophosphate, 1 mM EDTA pH 8.0, 1 mM 

EGTA pH 8.0, 0.2% (v/v) Triton-X-100 

10x TBS 500 mM Tris.HCl, pH 7.4 

1x TBS-Tween 20 50 mM Tris.HCl, 0.1% Tween 20  

Western blot stack (5%)  30% Acrylamide, 0.5M Tris (pH 6.8), 10% SDS, 

10% APS, TEMED 

Western blot resolve (6%) Protogel, 1.5 M Tris HCl, 10% SDS, 10%APS, 

TEMED, dH2O 

1x Running buffer 25 mM Tris, 0.2 M glycine, SDS 

1x Transfer buffer 50 mM Tris, 0.4 M glycine, MeOH 

RIPA buffer 150 mM NaCl, 1% Triton-X, 0.5% sodium 

deoxycholate, 0.1% SDS 50 mM Tris (pH 8.0) 

Coomassie stain 0.2% (w/v) Coomassie brilliant blue R250 (Sigma), 

45% (v/v) Methanol, 10% (v/v) ethanoic acid. Made 

upto volume with deionised water 
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7.2.3. Culture of cell lines 

HCT116, human colon carcinoma, was obtained from the European Collection of 

Authenticated Cell Cultures (ECACC) and routinely passaged with a ratio of 1:10 biweekly. 

A549, human caucasian lung carcinoma, was purchased from ECCAC and routinely 

passaged 1:8 biweekly. HEK293 were kindly donated by Francisco Rivero (Hull-York 

Medical School) and routinely passaged 1:10 biweekly.  

Cell lines were cultured in 10cm dishes (Greiner, UK) containing 10mL of complete 

medium: Dulbeco`s Modified Eagles Medium (DMEM; Lonza, UK), supplemented with 

10% fetal bovine serum (FBS, GIBCO, UK). Cells were maintained in a humidified 

incubator at 37 °C, in an atmosphere of 5% CO2. 

Upon reaching desired confluence, typically 80-90%, the cell monolayers were passaged in 

a class II biological safety cabinet (Airstream, ESCO, UK). The medium was removed and 

the cell monolayer washed with sterile phosphate buffer saline (PBS; Lonza). To dissociate 

adherent cells, 0.05% trypsin-ethylenediaminetetra acetic acid (Lonza) in PBS was added to 

the dish (3 mL) for 3-5 minutes at 37 °C and agitated to ensure thorough removal of the 

monolayer. Complete medium (7 mL) was added to the flask to inhibit the enzymatic action 

of the trypsin, the cell suspension was recovered and centrifuged at 1000 x g for 5 minutes 

to pellet the cells. Following removal of the supernatant, the pellet was re-suspended in 

complete medium, cells were counted and the appropriate number of cells and were placed 

in a dish with fresh complete medium (10 mL). 

 

Cell counting 

The number of cells in suspension were calculated using an improved neubauer 

haemocytometer. Cell suspension (10 μL) was added to the haemocytometer and the number 

of viable cells in the 25 squares (volume = 1x10-4 cm3) were counted under a light 

microscope. The average of four counts was taken and the number of cells were calculated. 

Cell number = Average cell count x 104 (cells/mL) 
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7.2.3. Cell proliferation assay 

Cells (A549, HCT116) were seeded in a 96 well plate, at 1-3.2 x103 cells per well, and 

allowed to adhere for 48 hours, thus allowing externalisation of transmembrane proteins. 

After the 48 hour period, the media was replaced with fresh media supplemented with 0-µM 

of the compounds to be tested and the plates were incubated for a further 24 hours. After the 

stated 24 hours the compound-containing media was removed and replaced with fresh 

complete media (100 μL). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium phenazine ethosulfate (MTS) was added in a 20 μL volume. 

The plates were incubated for 4 hours and the absorbance was read using a biotek plate 

reader. All experiments were completed in triplicate. The IC50 values were calculated using 

Graphpad Prism 6 software. 

 

7.2.4. Nuclear Staining 

Cells (A549, HCT116) were seeded into 6 well plates containing glass coverslips at a density 

of 8.6-19 x104 cells per well in 4 mL of complete medium. The cells were incubated for 24 

hours before the media was removed and refreshed with complete media containing the IC50 

dose. The plates were returned to the incubator for 16 hours. After the 16 hour period the 

medium was removed and the wells washed with warm PBS (1x), ice cold methanol was 

added and allowed to fix at -20 °C for five minutes. After the allotted five minutes the wells 

were washed with PBS (3x) and the coverslips removed from the well and fixed onto a glass 

slide. The glass slides were stained with 2-(4-Amidinophenyl)-1H-indole-6-carboxamidine 

(DAPI) and the slides were analysed using an Axiovert fluorescence microscope and Zen 

Blue analysis software (Zeiss). 
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7.2.5. Protein preparation and Western blot analysis 

7.2.5.1. Protein extraction from cells 

Cells (A549, HCT116 and HEK293) were harvested from 10 cm dishes using a scraper, to 

be able to analyse transmembrane receptors, cell suspensions were centrifuged for five 

minutes at 1000 × g. Cell pellets were re-suspended in warm PBS and centrifuged for a 

second time at 600 × g for 5 minutes. Cell pellets were resuspended in equal volumes of 

kinase buffer (see general stock solutions Table 29) containing protease inhibitor cocktail 

(Sigma Aldrich, Gillingham, UK) and 1 × phosphatase inhibitor cocktail (Roche, UK). Cells 

were lysed on ice for one hour then sonicated on ice in 30s bursts over a five minute period 

using a bioruptor (Diagenode, Belgium). Any remaining unlysed cells and cellular debris 

were removed by centrifuging at 20,000 × g for 15 minutes at 4°C. Protein content of the 

samples was determined as per section 6.2.5.2 

 

7.2.5.2. Determination of protein content 

Concentration of protein extracts were determined using the Bradford assay and used as per 

the manufacturer`s instructions. The absorbance at 595 nm was measured using a biotek 

plate reader. The protein concentration was calculated by comparison with bovine serum 

albumin standards of known concentration. 

 

7.2.5.3. Sample preparation for SDS polyacrylamide gel electrophoresis 

To each protein sample, 5 × Laemmli was added to create a final concentration of 1x 

Laemmli solution. Samples were then heated to 65 °C for 15 minutes prior to loading or 

storage at         -20 °C. 

 

7.2.5.4. SDS polyacrylamide gel electrophoresis 

Resolving gels were prepared with either 6% or 10% acrylamide in separating buffer (see 

Table 29). A 5% acrylamide stacking gel was prepared using stacking buffer (see Table 29). 

Gels were run in SDS-PAGE running buffer (Table 29) for 135 or 60 minutes, dependant on 

% acrylamide, at 100 V. All blue markers (Biorad) were used as a size reference marker. 

 

7.2.5.5. Coomassie staining of SDS gels 

Although the majority of gels were used for western blotting, in each case a gel was retained 

for coomassie staining to assess total protein levels and equal loading. To assess total protein 
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loading, the gels were stained with Brilliant Blue Coomassie (Sigma Aldrich, see Table 29) 

for a minimum of one hour, before in destaining 5% methanol, 10% acetic acid in dH2O for 

a minimum of one hour. The gels were imaged using a Biorad XRS+ ChemiDoc with an 

exposure time of five minutes.  

 

7.2.5.6. Protein transfer 

For immunodetection, the separated proteins were transferred onto a polyvinylidene 

difluoride (PVDF) membrane (Millipore). The PVDF membrane was pre-soaked in 

methanol then placed in transfer buffer along with four pieces of filter paper (Whatman) and 

two Teflon sponges (Biorad) per gel. The components were assembled onto the black side 

of the transfer cassette in the following order: Teflon sponge, two pieces of filter paper, gel, 

membrane, two pieces of filter paper, Teflon sponge. After the addition of each layer the 

assembly was rolled gently to remove air bubbles, at no point was the PVDF membrane 

touched. The closed cassette was placed into a tank containing cold transfer buffer, with ice 

packed around the outside of the tank and transferred at 30 V for six hours allowing for 

sufficient transfer of larger proteins. 

 

7.2.5.7. Immunoblotting 

The PVDF membranes were incubated with 5% bovine serum albumin (BSA) in TBS-

Tween 20 (Sigma Aldrich) for one hour at ambient temperature with agitation, preventing 

any non-specific interactions. Primary antibodies were incubated with the membrane under 

the appropriate conditions (see Table 30). Following incubation with primary antibody, the 

membranes were washed with TBS-Tween 20, 3 × ten minutes prior to incubation with 

horseradish peroxidase (HRP) conjugated secondary antibody for one hour at ambient 

temperature (see Table 30). Following secondary antibody incubation the membrane was 

washed with TBS-Tween 20 in order to remove any unbound antibody. 

 

7.2.5.8. Enhanced Chemi-Luminescence (ECL) detection of HRP-conjugated secondary 

antibody binding 

The detection of antibody binding was assessed using ECL reagents purchased from 

Millipore. The working solution was prepared by combining equal amounts of the stable 

peroxide solution and Luminol/Enhancer solution and used immediately. The washed 

membrane was incubated with the working solution for five minutes, then placed in a plastic 

folder. Chemiluminescence was captured on a Chemidoc XRS+ system using exposure times 
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of 5-15 minutes. To allow size estimation, a white light image of the coloured markers was 

also collected. 

 

Table 30: Western blotting antibodies and conditions used 

Antigen 
Antibody 

type 

Species 

raised in 

Species 

raised 

against 

Dilution 

factor 
Conditions 

Supplier 

information 

VEGFR2 1º rabbit human 1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

p-VEGFR2 

(Y951) 
1º rabbit human 1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

p-VEGFR2 

(Y996) 
1º rabbit human 1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

p-VEGFR2 

(Y1054) 
1º rabbit human 1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

p-VEGFR2 

(Y1175) 
1º rabbit human 1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

β-tubulin 1º rabbit  1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

GAPDH 1º mouse rabbit 1:000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 

cleaved 

caspase-3 
1º rabbit  1:1000 

4 °C 

overnight, 

5% BSA 

Cell 

signalling 

technology 
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7.3 Radiochemistry 

7.3.1. Production 

[18F]-Fluoride was provided by Alliance Medical Radiopharmacy Ltd at the Royal Marsden 

NHS Foundation Trust (Sutton site). [18F]-Fluoride was generated from H2
18O by an 

accelerated cyclotron proton beam via the 18O(p, n)18F reaction on a GE PETrace 16 MeV 

cyclotron. The beam is directed on a target containing 18O enriched water, producing no 

carrier added [18F]-fluoride which was aliquoted from stock activity for all reactions. Yields 

quoted for the reactions are expressed as the decay corrected format, for example a reaction 

began with 200 MBq and 20 MBq were isolated on a cartridge after a 109 minute reaction, 

decay corrected this would be 40 MBq isolated – a 40% yield. 

 

7.3.2. Manual Radiolabelling 

Smaller aliquots were taken from stock activity, typically between 94-500 MBq was 

collected in a 2 mL V glass vial containing Kryptofix2.2.2 and the appropriate base (Table 

31). Acetonitrile (300 µL) was added to the flasks and azeotropically dried under a stream 

of nitrogen at 100-110 °C, followed by a further two additions of acetonitrile (250 µL). Upon 

dryness, the precursor in the appropriate solvent (DMSO, DMF, DMA) was heated for the 

given times and temperatures using a heating block or the microwave reactor. Reactions 

were monitored by taking small aliquots of the reaction mixture and diluted in the starting 

HPLC phase and using the HPLC programme outlined in the general comments section.  

 

Table 31: Optimised radiolabelling conditions 

Entry Precursor Base (mg) K2.2.2 

a 

 

K2CO3 (0.7 mg) 2 mg 

b 

 

K2CO3 (0.5 mg) 5 mg 
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7.2.3. Automated Radiolabelling 

No carrier added aqueous [18F]-fluoride (500-600 MBq) in enriched 18O water was aliquoted 

from stock solution, delivered from the cyclotron, directly to the synthesiser. The activity 

was trapped on a QMA cartridge. 1 mL of eluent solution (2 mg of K2.2.2, 0.5 mg of K2CO3 

in water and acetonitrile) was delivered into the reactor vessel. The [18F]-fluoride solution 

was evaporated to dryness by a combination of a nitrogen stream and vacuum at a 

temperature of 100 °C for ten minutes, obtaining an [18F]-fluoride/K2.2.2/carbonate mixture. 

Following the evaporation, the nitro precursor (2 mg) in 500 µL of a MeCN: DMF solution 

was added to the reactor vessel and heated at 150 °C for ten minutes. An aliquot of the 

reaction mixture was removed for HPLC analysis. 
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8.2 Appendices 

8.2.1. Appendix One 

Appendix One describes the optimisation conditions, in full, for the fluorination of 51. 

Table 32: Identification of successful conditions. (amicrowave heating) 

Entry 
Eq of F 

source 
F Source Solvent Temp (°C) Conversion Notes 

a 1 TBAF MeCN 75 NR 
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b 1.1 TBAF MeCN 75 NR 

c 1.5 TBAF MeCN 75 NR 

d 2 TBAF MeCN 75 NR 

ea 2 TBAF MeCN 110 NR 

fa 5 TBAF MeCN 110 NR 

ga 1 TBAF THF 110 NR 

ha 1.1 TBAF THF 110 NR 

ia 1.5 TBAF THF 110 NR 

ja 2 TBAF THF 110 NR 

ka 5 TBAF THF 110 NR 

la 2 CsF MeCN 110 <10% 

ma 5 CsF MeCN 110 <10% 

n 1 CsF MeCN 75 NR 

o 1.1 CsF MeCN 75 NR 

p 1.5 CsF MeCN 75 NR 

q 2 CsF MeCN 75 NR 

r 1 CsF DMF 120 pTsF 

s 1.1 CsF DMF 120 pTsF 

t 1.5 CsF DMF 120 pTsF 

u 2 CsF DMF 120 pTsF 

v 1 CsF DMSO 120 NR 

w 1.1 CsF DMSO 120 NR 

x 1.5 CsF DMSO 120 NR 

y 2 CsF DMSO 120 NR 

z 2 CsF DMF^ 120 pTsF 

aa 2 CsF DMSO^ 120 NR 

ab 3 CsF t-BuOH 80 <25% 

ac 3 CsF 
t-amyl 

alochol 
80 >50% ^anhydrous 

 

Table 33: Use of a phase transfer catalyst for the fluorination of 51 with KF with a reaction time of one hour 

Entry 
Eq of 

KF  

Eq of 

PTC 
PTC Solvent Temp (°C) Conversion 

a 1.5 1.4 K222 MeCN 110 <15% 

b 1.5 1.5 18-C-6 MeCN 110 NR 
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Table 34: Time course conversion of 51 to 52 using differing equivalents of CsF using t-amyl alcohol whilst 

heating at 100 °C. Aliquots taken at the allotted time, solvent removed and conversion judged by 19F NMR 

Entry 
Time 

(hour) 

Product Conversion % using different equivalents of 

CsF (average) 

1 2 5 10 

a 0 0 0 0 0 

b 1 5 50 95 97 

c 2 8 68 94 99 

d 3 10 77 96 97 

e 4 10 85 97 98 

f 5 16 87 97 100 
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8.2.2 Appendix Two 

Appendix Two highlights IC50 curves obtained from the cellular proliferation assay 

described in Chapter Three (3.4.2.1). Data is presented with A549 at the top and HCT116 at 

the bottom. 
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Figure 109: IC50 curves for 78a 
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Figure 110: IC50 curves for 78b 
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Figure 111: IC50 curves for 78c 
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Figure 112: IC50 curves for 78d 
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Figure 113: IC50 curves for 78e 
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Figure 114: IC50 curves for 78f 
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Figure 115: IC50 curves for 78g 
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Figure 116: IC50 curves for 78h 
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Figure 117: IC50 curves for 78i  
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8.2.3. Appendix Three 

Appendix Three describes the activity data obtained for 98, 101 and 123 using the Z-LYTE 

assay platform from Chapter Four (4.2.2.2). The data is presented in the form of IC50 curves.  

 

 

Figure 118: VEGFR2 IC50 curve for 98 

 

 

 

Figure 119: VEGFR2 IC50 curve for 101 
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Figure 120: VEGFR2 IC50 curve for 123 

 

 

 

Figure 121: VEGFR3 IC50 curve for 101 
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Figure 122: RET IC50 curve for 101 
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8.2.4. Appendix Four 

Appendix Four highlights the 1H NMR’s and HPLC chromatograms for final compounds 

98, 101, 123, 136 and 166 from Chapters Four and Five. 

 

 

Name Start 

(mm:ss) 

End 

(mm:ss) 

Retention 

(mm:ss) 

Area 

(mAU·s) 

%ROI 

(%) 

Region 1 6:01 6:12 6:06 73.2 0.17 
Region 2 7:31 8:20 7:42 43634.9 98.92 
Region 3 22:38 23:06 22:44 403.7 0.92 

3 Peaks    44111.8 100.00 

 

Figure 123: 1H NMR and HPLC chromatogram for 98  
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Name Start 
(mm:ss) 

End 
(mm:ss) 

Retention 
(mm:ss) 

Area 
(mAU·s) 

%ROI 
(%) 

Region 1 7:09 7:37 7:18 56922.9 98.42 

Region 2 8:44 8:54 8:49 111.3 0.19 
Region 3 9:01 9:15 9:08 113.9 0.20 
Region 4 9:16 9:30 9:23 335.9 0.58 

Region 5 22:42 23:01 22:47 351.2 0.61 

5 Peaks    57835.1 100.00 

 

Figure 124: 1H NMR and HPLC chromatogram for 101 
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Name Start 

(mm:ss) 

End 

(mm:ss) 

Retention 

(mm:ss) 

Area 

(mAU·s) 

%ROI 

(%) 

Region 1 6:48 7:06 6:56 625.4 0.88 
Region 2 8:07 8:26 8:17 211.6 0.30 

Region 3 8:47 9:35 8:59 70106.3 98.24 
Region 4 9:35 10:22 10:12 296.1 0.41 
Region 5 11:24 11:29 11:24 11.8 0.02 
Region 6 22:40 22:50 22:43 110.4 0.15 

6 Peaks    71361.6 100.00 

 

Figure 125: 1H NMR and HPLC chromatogram for 123  
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Name Start 
(mm:ss) 

End 
(mm:ss) 

Retention 
(mm:ss) 

Area 
(mAU·s) 

%ROI 
(%) 

Region 1 7:13 7:42 7:22 42924.2 97.48 

Region 2 9:09 9:21 9:16 230.6 0.52 
Region 3 9:22 9:38 9:30 228.8 0.52 
Region 4 22:38 23:02 22:45 649.1 1.47 

4 Peaks    44032.7 100.00 

 

Figure 126: 1H NMR and HPLC chromatogram for 136  
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Name Start 
(mm:ss) 

End 
(mm:ss) 

Retention 
(mm:ss) 

Area 
(mAU·s) 

%ROI 
(%) 

Region 1 3:36 4:10 3:58 18494.9 97.84 
Region 2 5:00 5:21 5:11 407.9 2.16 

2 Peaks    18902.8 100.00 

 

Figure 127: 1H NMR and HPLC chromatogram for 166  

 

  


