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Abstract 

In recent years, there has been a major movement in the pharmaceutical industry towards the 

development of molecules that selectivity inhibit a previously-validated specific target. This 

is referred to as target-based drug discovery. It was hoped that adopting this approach would 

usher in a new golden age of drug discovery. However, this has not been the case, with 

issues arising such as the target’s mechanism of action being poorly understood, with it not 

playing the expected role in the disease progression, or feedback resistance mechanisms 

causing the target to lose its role in the disease. In contrast to this, in the past 20 years it has 

been argued that developing drugs in a target-agnostic way and screening them against an 

expressed phenotype i.e. phenotypic drug discovery, has been more successful, despite fewer 

programs being run in the manner. 

The AXL kinase is a receptor tyrosine kinase (RTK) and a member of the TAM family, 

along with MER and TYRO3.  AXL has long been associated with numerous types of 

cancer. Having been first discovered in 1991 in acute myeloid leukaemia (AML), it has gone 

on to be more associated with advanced solid tumours such as brain, breast, and lung, with 

the trend being that increased AXL correlates with a poorer prognosis for the patient. Upon 

the activation of AXL by the vitamin K ligand GAS6, a series of downstream pathways are 

activated that go on to encourage cell survival, proliferation, and migration. In addition to 

this, AXL has been shown to be involved in crosstalk with other kinase pathways, resulting 

in AXL expression being associated with chemoresistance and survival mechanisms. Despite 

the promising outlook for AXL inhibitors, to date only one selective AXL inhibitor, BGB324 

(formally R428) has entered clinical trials, with selective AXL inhibitors being difficult to 

develop due to a lack of a crystal structure or a reliable homology model. 

To address the aforementioned issues that target-based approaches can suffer from, and due 

to AXL lacking a crystal structure, the work in this thesis utilised a pragmatic drug design 

method that started from ligands/existing scaffolds known to inhibit the target from the 

literature (publications, clinical trials and patents). A series of small libraries were prepared 

and then tested against a selected phenotype e.g. cell viability, in at least two cell types: one 

that expressed the target (e.g. AXL) and one that did not. Hits were optimised for potency 

against the desired phenotype. The compounds then went through target deconvolution 

(kinase screening) to confirm the target of the inhibitors.  

Employing this approach, we initially synthesised two small libraries of potential AXL 

inhibitors. The potency of these compounds was tested using cell-based phenotypic assays, 
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by evaluating cell viability in both native and chemo-resistant breast cancer cells. These 

libraries were optimised through focused combinatorial synthesis and phenotypic screening, 

to yield a small collection of antiproliferative hits. These hits were then profiled against a 

panel of twelve select kinases. The first library, while giving some important structural 

information, did not inhibit the kinases screened in a meaningful manner. However, the 

second library gave several potent compounds, inhibiting AXL, FLT3, and RET, with one 

compound being selective for AXL. The leads from this series were optimised further, 

through SAR studies, gaining important structural information in order to improve potency 

and selectivity of the compounds. The flexibility of the phenotypic cell-based approach 

allowed the pursuit of FLT3 inhibitors, resulting in the synthesis of one of the most potent 

FLT3 inhibitors synthesised to date. 
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Lay summary of thesis 

In recent years there has been a major movement in the pharmaceutical industry towards the 

development of drugs that selectivity modulate a specific target shown to play a key role in 

disease. This is referred to as target-based drug discovery. It was hoped adopting this 

approach would usher in a new golden age of drug discovery. However, due to a limited 

understanding of the disease, or drug resistance occurring, this has not always been the case, 

with drugs being less effective than hoped. In contrast to this in this period it has been 

argued that developing drugs with little regard to targets and screening them against an 

expressed characteristic, or phenotype (phenotypic drug discovery) has been more 

successful, despite fewer programs being ran in the manner.  

The AXL kinase is a protein commonly expressed in the cell membrane in both healthy and 

cancerous cells. Having been first discovered in 1991 in acute myeloid leukaemia (AML) it 

has gone on to be more associated with advanced solid tumours such as brain, breast, and 

lung, with the trend being increased AXL resulting in a poorer prognosis for the patient. 

Activation of AXL in cancerous cells encourages cell survival, growth, and migration. AXL 

can also make cells become drug-resistant and more prone to survive treatment. Despite the 

promising outlook for AXL inhibitors, to date only one selective AXL inhibitor has entered 

clinical trials, as selective AXL inhibitors have been difficult to develop. 

To address the issues that target-based drug discovery can suffer, the work in this thesis 

utilises a pragmatic drug design method that starts from drug-like structures already known 

to inhibit the target. A series of similar compounds called a drug library are prepared and 

then tested against a selected phenotype like cell viability, with at least two cell types: one 

that has the relevant target (e.g. AXL) and one that does not. The best drugs are then 

optimised for greater potency against the tested phenotype, and then the targets of the drugs 

can be confirmed. 

Initially, we designed two libraries of potential AXL inhibitors. The potency of these 

compounds was tested to evaluate cell viability in both normal and chemo-resistant breast 

cancer cells. These libraries were optimised through logical design and phenotypic screening 

for cell viability to yield a small collection of the best inhibitors. These successes then were 

profiled against a set of 12 specific kinases similar to and including AXL. The first library, 

while giving some important structural information, did not act upon the kinases screened in 

a meaningful manner. However, the second library gave several potent compounds, 

inhibiting AXL, and two other similar kinases (FLT3 and RET), with one compound being 

selective for AXL. The best drugs from this series were optimised further, in order to 

improve potency and selectivity of the compounds, resulting in the synthesis of one of the 

most potent FLT3 inhibitors synthesised to date. 
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1.0: Introduction 

1.1: Shifting trends in drug development 

The cost of drug discovery is higher than ever, with the figure of $1 billion regularly being 

quoted as the speculated average cost of research, development, and bringing a drug to 

market
1
. In table 1 the average cost of drug development between 1997 and 2011 is reported.  

Table 1- Research spending per new drug from 1997-2011. Adapted from source: 

http://www.forbes.com/sites/matthewherper/2012/02/10/the-truly-staggering-cost-of-inventing-new-

drugs/#4ec5025d4477 

Research Spending Per New Drug 

Company Number of drugs 

approved 

R&D Spending Per 

Drug ($Mil) 

Total R&D Spending 

1997-2011 ($Mil) 

AstraZeneca 5 11,790.93 58,955 

GlaxoSmithKline 10 8,170.81 81,708 

Sanofi 8 7,909.26 63,274 

Roche Holding AG 11 7,803.77 85,841 

Pfizer Inc. 14 7,727.03 108,178 

Johnson & Johnson 15 5,885.65 88,285 

Eli Lilly & Co. 11 4,577.04 50,347 

Abbott Laboratories 8 4,496.21 35,970 

Merck & Co Inc 16 4,209.99 67,360 

Bristol-Myers Squibb 

Co. 

11 4,152.26 45,675 

Novartis AG 21 3,983.13 83,646 

Amgen Inc. 9 3,692.14 33,229 
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From table (1) it can be seen that the average R&D spending for this period is $66 billion, 

with some companies spending much higher than this: in Pfizer’s case, spending almost 

double this at over $108 billion. To truly take these numbers into context, the success rate of 

these companies must be examined; comparing the cost per successful drug provides 

interesting reading. Once the success rate is considered, the cost-average spent by each 

pharma company’s successful drugs rises to a staggering $6.2 billion. AstraZeneca’s 

unsuccessful period during these years yielded only five successful drugs that entered the 

market, giving them a staggering £12 billion per drug, which is clearly unsustainable, 

equalling the top-grossing pharmaceutical Humira ever made in sales. 

Amgen spend a comparably modest amount, $3.6 billion, a figure that could potentially 

make a profit, however this figure still vastly overshoots the quoted figure of $1 billion. The 

reasons for these immense figure are numerous, such as the FDA’s increasing restrictions on 

what can be passed for approval
2
, or the rising cost of the clinical trials with human trials 

reaching as high as $100 million dollars
3
. 

However, the main factor contributing to the rising costs of R&D is drug failure, as can be 

seen from AstraZeneca’s performance in this period, spending less than seven of the other 

pharma companies in the sample. In this period they only successfully brought five drugs to 

market, resulting in the costly figure per drug reported above. In this chapter the reasons for 

this are investigated; what approaches to drug discovery are showing the most success; how 

this problem is being addressed by large pharmaceutical and biotech companies, and 

academia; and what the future holds for drug discovery in oncology.  
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1.2: Target-based versus phenotypic approaches 

1.2.1: Target-based drug design 

Target-based drug design is a method of drug discovery wherein a biological target is 

identified, be it enzymes (such as kinase inhibitors), nucleic acids (such as DNA 

complexation with Cisplatin), or ion channels(such as the anti-arrhythmic drug Mexiletine 

knocking down NAV 1.7 activity
4
), amongst others

5,6,7
 and modulated in some way, with the 

most common targets being cellular proteins. The target usually plays a role in the 

mechanism of action of the disease due to its expression or activity, and thus modulation of 

the proposed target, if successful, would provide a therapeutic response. Targets are usually 

identified through the investigation of molecular pathways, and the number of proposed 

targets has increased in the past 20 years with the development of technology such as new 

sequencing technologies that have enabled projects such as the human genome project.
8
 

Different targets have differing degrees of druggability, which is described as how 

susceptible a target is to being modulated by a small molecule. More conventionally 

druggability concerns the nature of the site being targeted: that is the size of the target and 

the presence of pockets within the target, the overall charge, and the hydrophobicity of the 

interaction surface. Undruggable sites include strongly hydrophilic sites or those with little 

hydrophobic character, those that are very shallow or those that require covalent binding. 

Factors for a target to have a high druggability include whether a 3D crystal structure is 

available, its similarity to other related targets; whether the targets has a proven function in 

the pathophysiology of the disease; whether the target is not universally expressed in normal 

physiological conditions; whether assays already exist for the target; and the target has a 

favourable IP situation i.e. there is no competition for the target. 

Following target validation assays are developed to demonstrate target modulation which 

allows large numbers of compound to be screened. The screening of these compounds can be 

done in silico, or through the use of high throughput screens from the many commercially-

available large pharmaceutical compound libraries. Upon completion of this step, hits are 

identified, and ‘hit to lead’ optimisation occurs. The compounds that inhibit the target the 

most are optimised for their selectivity, potency and Drug Metabolism & Pharmacokinetic 

(DMPK) profile; from here, the compounds go through clinical trials before eventual 

approval by the corresponding regulatory office, if all is successful. This approach is shown 

graphically in Figure (1).  
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Figure (1)-Drug discovery method for target-based drug design. 

This has been the industry’s primary means of conducting drug discovery in the past 20 

years, with the assumption that a hypothesis-driven approach will lower attrition rates and 

bring closer the aim of clinical research – personalised medicine
9
. As discussed later in this 

chapter, this approach has not produced a second golden age of drug design, as R&D costs 

have never been higher and productivity is at an all-time low. The inherent difficulty in 

target-based approaches is target validation, and with good models being unavailable, bad 

ones are commonly used, which translate poorly in vivo, as discussed later on. Target 

validation can be an expensive process with knockout mice commonly having to be used to 

complete the process; these experiments add on time to the already lengthy process that is 

drug discovery.  

Target-based approaches, if utilised correctly, do benefit the patient greatly when applied in 

the clinic as, if the molecular drivers behind the disease can be identified, the correct drug 

can be matched to the patient and administered to inhibit the target responsible for disease 

progression, one such example is the targeting of BCR-ABL in CML
10

. If multiple targets 

are present in the disease mechanism, drug combinations can be better administered as, 

again, the specific driver behind the disease progression can be targeted. 

There are cases of the wrong target being hit using target-based approaches, where the 

molecular mechanism is not well understood
11

, with either the target not being vital for 

disease progression or the disease adopting a resistance mechanism to bypass the need of 

that protein. Therefore it is critical that the mechanisms of action are well understood before 

target-based approaches are adopted. 

1.2.2: Phenotypic drug design in cancer 

In phenotypic drug design, molecules are screened for their ability to modulate an observed 

phenotype in the cells: examples of phenotypes are cell viability, cell death, proliferation, or 

migration. The phenotypes like cell viability have become mainstays of phenotypic drug 

discovery, utilised for a multitude of potential target diseases
12

. In classic phenotypic drug 

design, compounds are screened in a high throughput manner, utilising large compound 

libraries available from pharmaceutical companies against a phenotype expressed by the 
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disease of interest, like cell viability of breast cancer cells. The main weakness of this 

approach is that identifying the mechanism of the drug working upon the disease can be 

difficult or impossible making the prediction of potential complications or side effects from 

using the drug harder, in addition to gaining regulatory approval and designing follow on 

drugs for improved treatment. 

From here, hits are identified and are taken through hit to lead drug design, and then on to 

lead optimisation. It is not necessary to perform target deconvolution, as drugs have gone 

through clinical trials without this information: as of 2012, 7% of clinically approved drugs 

had no known target, and 18% had a poorly-understood mechanism of action
13

. However, 

this is a rarity and usually FDA approval needs some recognition of the molecular pathway 

so target deconvolution is required before the compound goes onto preclinical trials. This 

process can be seen in figure (2). 

 

Figure (2)-Drug discovery method for phenotypic drug design. 

What is noticeable is that this process does not involve target selection, as the assay is 

carried out in a target agnostic manner saving valuable time in the drug development 

process. This process reduces some of the risk associated with target-based design, where, 

upon target selection, it is found that either the target is not vital or can be negated by 

feedback loop mechanisms; observing the phenotype in an agnostic manner indicates that the 

drug shows efficacy regardless of target. 
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The process of phenotypic screening has been seen in recent years as an outdated approach, 

with the hypothesis-driven methods of target-based drug discovering making up the majority 

of modern drug discovery programs. However as discussed later on in the paper by Swinney, 

between 1998-2008 phenotypic drug discovery methods showed a higher success rate, 

despite a lower number of programs being run using this method. This suggests that although 

understanding of disease pathways has greatly increased in the past 30 years, this has not 

yielded target-based methods with regular success, and that phenotypic screening could offer 

a viable alternative to improve success rates. Additionally, phenotypic screening in recent 

years has been modernised, gaining some important tools to allow the investigation of more 

complex phenotypes such angiogenesis, cell motility and evasion of the immune system 

through the use of tools like quantitative in vitro and in vivo molecular imaging
14

.  

1.2.3: Comparison of target-based and phenotypic approaches to drug 

discovery in previous years 

The comparative successes of target-based and phenotypic approaches to drug discovery 

have been assessed by conducting a thorough literature search.  

In the past 20 years, the number of potential oncogenes has increased immensely with the 

work from the human genome project, the exploration of the kinome, and the extensive 

advances in technology. The understanding of biological pathways and mechanisms has 

developed in this period, and it was thought that this would herald a second golden age for 

drug design. 

This has not been achieved, with the number of approved drugs per year remaining largely 

constant throughout the past 30 years, excepting a small increase in 1995
15

. A recent review 

looking at the method of development of the drugs approved from 1999-2008 reported that 

of the first in class molecules – ‘Drugs that modulate an as-yet unprecedented drug target or 

biological pathway
12

‘ – 28 were discovered by phenotypic approaches (7 infectious disease, 

3 cancer, 7 central nervous system, 2 metabolic, 3 cardiovascular, 1 gastrointestinal, 3 other 

and 2 rare disease), compared to 17 discovered by target-based approaches (3 infectious 

disease, 1 autoimmune, 5 cancer, 1 central nervous system, 3 metabolic, 2 cardiovascular, 1 

gastrointestinal and 1 other). Of the 28 compounds discovered by phenotypic drug design, 3 

were discovered through serendipitous means, and 25 from initial screening against a 

phenotype. These compounds were developed in a target agnostic manner, but after their 

discovery they were frequently utilised to identify the mechanism of action for the observed 

phenotype: such is the case with linezolid, an oxazolidinone antibiotic. 
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The majority of discoveries in this period used an existing scaffold or chemical structure that 

was already associated with an observed phenotype, with several compounds being 

described decades prior, but the emergence of new molecular screening technologies allowed 

these old drugs to gain new function.  

It should also be noted that some of these discovered compounds were isolated from natural 

products, as in the case of the nucleoside analogues, nelarabine and azacitidine, amongst 

others. Additionally, 5 of the 75 first in class new molecular entities (NME’s) were 

developed through the modification or synthetic development of natural products. In some 

cases these would be used as a starting point for small library phenotypic screening (10 

NME’s) or target-based approaches (3 NME’s). These findings give support to the long 

touted hypothesis of big pharma that natural products are a good place to begin drug 

design
16

.  

Target-based approaches in this study made up 17 of the 50 small molecule NME’s, various 

approaches contributed to the success of the studies: computational aided drug design, target 

directed screening, and screening small molecule libraries. It should be noted that knowledge 

of the intended targets pathway did not necessarily help the process of drug design. Often, 

the molecular mechanism of action (MMOA) had been identified upon discovery of the 

compound, which can add time to the already-lengthy process that is drug design. A failure 

to properly take into account the MMOA was proposed by this group as a potential reason 

for the high attrition rates currently being experienced in the pharmaceutical industry. It was 

acknowledged that it is difficult given the current understanding of biological pathways to 

determine the specific molecular interactions from all the possible dynamic molecule 

interactions that will contribute to an optimal MMOA
17

.  

It is interesting to note that this study saw that follow-on drugs, those not first in class but 

subsequent to the initial drug, were more numerously developed by target-based approaches, 

with 83 (51%) of NME’s, compared to 30 (18%) NME’s for phenotypic-based approaches. It 

is thought that the reason behind this is that the target is better understood in follow-on 

drugs, and therefore the MMOA is better understood, increasing the overall effectiveness of 

target-based approaches. 

Another potential reason for the high cost associated with R&D in the pharmaceutical 

industry is that a large number of follower drugs were initialised before first in class 

approval. This creates a culture wherein competing pharmaceutical companies race in 

developing compounds with similar structures, or the same mechanism of action, before any 
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drug has reached FDA approval
1
. Therefore, whenever a scaffold or mechanism of action 

shows promise, drug companies immediately begin investigating it in secret, causing a high 

level of redundancy in the research performed in both industry and academia. This reduces 

the amount of targets that can be explored as well as increasing the cost of drug discovery. 
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Figure (3)- The number of NME's per year in comparison with R&D spend. Source: 

http://www.discoverymanagementsolutions.com/the-organization-of-biopharmaceutical-rd/common-goals-

between-discovery-and-development/innovation/nme-output-versus-rd-expense-perhaps-there-is-an-

explanation/ 

In another recent study, the scope was increased by five years, extending the range to 1999-

2013
12

; given the relatively recent advances in technology, and the lengthy process that is 

drug design, the authors suggested more time was needed to truly evaluate the success of 

target-based approaches. Further, the study sought to clarify what is meant by phenotypic-

based drug design, as the authors questioned the use of the term in the previous paper where 

phenotypic drug design was described as any study where the target was unknown. 

Eder et al defined phenotypic screening more specifically as testing a large number of 

usually randomly-selected compounds through a high throughput method in a target-agnostic 

assay, measuring a change in a specific phenotype. Using this definition excluded from the 

category compounds that had a specific structure or substructure that had shown some 

medicinal qualities in past studies. This was the main method of design before the 

technological advances of the late 1980’s, where a compound would be extracted from 

natural products or developed from existing drugs to generate new leads and tested in a 

target-agnostic manner
18

. 

In this study, the authors coined the term ‘chemocentric drug discovery’ to define target-

agnostic strategies that focus on the chemical derivatization and phenotypic screening of a 

known bioactive compound. Chemocentric drug design encompasses compounds found from 
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natural products, in addition to synthetic compounds which are often products of serendipity 

in the years previous. With this description established, the study split the drug discovery 

approaches into two categories, which were further split into two subcategories:  

 System-based approaches like phenotypic screening and chemocentric drug 

discovery 

 Target-based approaches like small molecule and biologics. 

Using these new classifications, 33 (30%) of the first in class drugs found in this period came 

from system-based approaches, whereas 78 (70%) came from target-based approaches. 

Furthermore, in the 14-year period of the study, only two years (2002 and 2006) yielded 

more first in class drugs from system-based approaches than target-based approaches. It is 

apparent from these findings that they clearly conflict with the study conducted by Swinney 

et al. 

The reasons for the discrepancy are numerous: firstly, the reclassification of phenotypic 

screening meant that some of the compounds that would have been classified as ‘phenotypic’ 

would now come under chemocentric drug discovery or target-based approaches. But, more 

importantly, the authors cite technological lag as the prime reason behind the increase in 

target-based approaches. Given that the study was lengthened for a further five years, with a 

medium time for discovery of initial concept, target, or phenotype to regulatory approval of 

22 years over this period, any effect from the discoveries that led to target-based drug design 

in the late 1980’s-early 1990’s would not have been observed until very recently. 

In the same studies, the authors stated that target-based approaches had a reduced median 

time from concept to approval of 20 years, compared to the 25 years in system-based 

approaches. The length of the system-based approaches is touted as one of the causes by 

which discoveries are being made now, with all but four of the drugs discovered by system-

based approaches being initiated before 1985, suggesting that the slow drug discovery in 

system-based approaches process skews the data. 

The reason for the time difference in drug discovery was investigated further, and it was 

revealed that a major contributor to this time was the difference in the periods between 

patent publication and regulatory approval, with target-based approaches taking eight years 

compared to sixteen years for system-based approaches.  While this could be coincidence, it 

could also be that the regulatory agencies (FDA, MHRA, etc) are more likely to approve a 

drug if the target is known, therefore system-based approaches would have to go through 
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target deconvolution to achieve regulators’ approvals. While this is speculation, it should be 

noted that drugs being granted FDA approval without known targets is a rare event. 

The authors argue that phenotypic screening has changed in the past three decades, urging 

movement away from chemocentric approaches, and into a ‘new era’ of phenotypic 

screening. In this context, phenotypic screening is not considered a dated approach but rather 

an evolution of target-based approaches, where screens are built upon the data found from 

target-based approaches. It is argued that this new version of phenotypic screening should be 

used in tandem with target-based approaches. 

1.2.4: Conclusion 

It should be noted that the number of programs run in this period differs, with target-based 

programs being much more popular in the past 20 years than phenotypic approaches, which 

have fallen out of scientific fashion. With this in mind it is difficult to directly compare the 

success rates of the two approaches, however what can be seen is that this is a polarising 

issue with many arguments for and against both phenotypic and target-based approaches. It 

is clear that the Swinney paper favours the former, and the Eder review favours the latter. 

In truth, neither approach should be ignored. It has been demonstrated that target-based 

approaches have shown remarkable benefits for follow on drugs, thought to be because the 

mechanism of action and target have been validated by the first in the class drugs. 

Phenotypic approaches may hold the key for initial efficacy and target deconvolution, and 

therefore, approaching drug discovery in a more target-based approach has made it easier to 

get drugs through clinical trials and onto FDA approval.  

It is possible to combine the approaches, seen in work previously performed in this author’s 

group by Craig Fraser
19

. In an effort to introduce much-needed innovation to the drug 

discovery process, studies were conducted in a target agnostic manner, initially modifying 

the promiscuous inhibitor PP1, known to inhibit multiple pathways, and then constructing 

analogues and screening them in a phenotypic manner, with the aim to improve the 

physiochemical properties of the drug at the same time that exploring favourable 

pharmacological features. Chemical modifications were tailored towards the treatment of 

breast cancer cell line MCF7 rather than a specific target; in this respect, the approach begins 

as a traditional phenotypic approach rather than a target-based approach, due to its pseudo-

target agnostic manner. This approach allows molecules to be selected that target cell 

survival pathways and disregard those with a poor cell permeability and therefore do not 

have sufficient ‘drug-likeness’.  
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From this point, lead molecules with a high activity in the MCF7 cell line and a good 

solubility in water where identified and, upon surveying the literature to identify appropriate 

targets, two target-based medicinal chemistry campaigns were created: one driving for 

MTOR inhibition, and the other cSRC in a target-based approach.  

Furthermore, it is possible to begin the drug discovery in a target-based manner, starting with 

a chemotype that is known to select a target or subset of targets
20

, and then going on to 

optimise this through phenotypic drug discovery. This is the approach that is utilised in the 

work covered by this thesis, as the initial studies are based upon a scaffold developed by 

Zhang et al when developing UNC2025
21

, a potent and selective MER inhibitor examined 

more closely in the next chapter when discussing AXL and its inhibitors. As the scaffold is 

known to target the TAM family, it is likely that the library will produce TAM family 

inhibitors (such as AXL), or any of the closely related RTK’s. 

However, after this point the compounds were rationally designed and optimised to modulate 

a known phenotype, though these phenotypic studies were conducted in two breast cancer 

cell lines: one cell line that does not express the desired target, and one chemoresistant cell 

line that does. In this way it was hoped that this approach can guide the chemical 

modifications towards the target while conducting the studies in cell-based models. This 

approach directed the drug discovery process towards molecules that inhibit the target, 

however it was not truly a target-based approach as it also ended up inhibiting other kinases 

that are important in the chemoresistance phenotype. In this manner it can be considered a 

subtype of chemocentric drug design and it is hoped that this could give a practical method 

to future drug discovery programs, especially in academia. 
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1.3: Industry trends and problems facing the drug discovery process 

The problems facing modern drug discovery are numerous, and affect everyone in the 

industry, from academia to biotech and large pharmaceutical companies. In this subchapter 

these issues are explored further, seeking to explain possible reasons behind this slump, and 

potential solutions that may address these immediate concerns. 

1.3.1: Drug failure rates and low pharma productivity 

A trend in drug discovery has been observed since 1950, wherein the number of drugs 

approved by the FDA per billion dollars of inflation adjusted R&D funding, has halved 

roughly every 9 years, in a phenomenon described as ‘Eroom’s Law’
22

. The normal 

explanation for this is that the previous discoveries made were somehow easier, often 

colloquially described as ‘low hanging fruit’. This theory has been heavily criticised
22

, 

accused of devaluing and trivialising the significance and effort put into historical drug 

discoveries. 

It has been argued that a real reason for this phenomenon is the movement away from 

models with a high predictive value (PV), which is defined as ‘the degree to which the 

ordering of the population of candidates on the decision variable would match the ordering 

of the candidates on a corresponding reference variable, in the limit case when sample sizes 

are large
23

’. Put simply, it addresses how well an assay or filter (screening data, cell viability 

assay etc.) correlates with what the researcher is trying to discover. The action of switching 

to models with a lower PV, can have a dramatic negative effect in overall efficiency, as the 

small changes in PV compound. The switch to these models with poorer PV occurs once the 

ones with higher PV, having yielded successful clinical treatments already in perhaps easier-

to-treat diseases, are considered exhausted, and research switches to diseases where such 

models are not initially available. As these uncured diseases must be treated, research 

continues with these poor models, as they have no alternative, resulting in a higher rate of 

failure further on in the pipeline. 

 It has also been argued that industry has relied for too long on very simple reductionist 

predictive models (PM’s) with low PV’s
11, 24

.  While this simple approach has its merits, 

good reductionist models have been hard to come by, especially in common diseases with 

poorly understood genetic risk factors. These hard rules make drug discovery in a larger 

organisation easier to manage, as they offer a qualitative set of guidelines that researchers 

can follow. Implementing more complex PM’s could generate improved efficiency, however 

this approach is hard to manage and thus is often shunned by industry
25

. 



14 
 

It has been observed that since 2012 there has been a small upturn in approvals, possibly 

accredited to the adoption of PM’s with higher PV’s in rare diseases and cancer with clearer 

and better understood genetic risk factors. This movement to models with higher PV 

emulates what was seen in the golden age of drug discovery, where throughput was low, as 

was understanding, with industry relying on phenotypic screening in the main.  While these 

practices are clearly out dated, they did possess a high PV, therefore to really give R&D the 

aid it needs it could be suggested that in order to see an improvement in pharmaceutical 

efficiency, first the models must be improved.  

Pharmaceutical R&D has become more and more challenging over the past few years, with 

the number of available targets increasing dramatically due to advancement in molecular 

biology, though the majority of these are yet to be validated. The pharmaceutical industry 

has a culture which heavily discourages further investment in a research area once an 

effective treatment is already available, meaning that companies switch to less explored 

targets in the hope of getting less competition if they are successful, but this comes with an 

inherent greater risk of failure. Recent studies have cited this investment strategy as a cause 

for most of the recent decline in productivity in pharmaceutical R&D, as measured in terms 

of attrition rates, development times and the number of NMEs launched.
26

  

The cost of modern drug design is ever-increasing and is worsened by the productivity crisis 

currently facing R&D. The pharmaceutical industry spends more on R&D than any other 

industry; this, combined with the statistic that only 20% of FDA approved drugs make a 

return on the initial investment, shows that problems have to be resolved to address these 

issues. The reduction in FDA approval may have caused the trend that has been seen in 

recent years of the movement away from blockbuster drugs to speciality drugs, with 24% of 

drugs being approved between 2009-2010 belonging to the orphan drug and speciality drug 

target groups. 

 While this isn’t necessarily entirely negative, and in fact could be interpreted as the 

industry’s pursuit of personalised healthcare, it cannot be ignored that these speciality drugs 

do not make the return blockbuster drugs do.  While the era of blockbuster drugs may be 

over, it has had a lasting effect on the way large pharmaceutical companies conduct research 

with their strategic thinking, as they could not afford to invest in products with a low to 

moderate market size (less than $300 million). This has meant a lack of quality in the 

pipeline for these companies as products with larger market size have proven elusive. 

Additionally, the fact that the blockbuster drugs discovered in the 1990’s have matured and 

are coming to the end of their patents has fed speculation that the coming years could be hard 
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for the pharmaceutical industry, with $209 million dollars lost through patent expiration
27

. 

Another contributing factor is safety, with numerous high-profile established drugs
28

 

showing life threatening side effects, and as such being pulled from the market, causing 

regulatory agencies to enforce stricter guidelines, which in turn raises the cost of drug 

discovery further
2
.  

The reasons for the failure rates have been analysed
27

, and it has been found that there are 

notable trends in these attritions rates. In the period between 1991-2000, it was found that the 

majority of drug failures occurred due to on target activity in humans
29

. Since this was 

discovered, vast improvements have been made in addressing  (absorption, distribution, 

metabolism, and excretion) (ADME) issues, with demonstrated success
27

. These 

improvements can still be seen today, with drugs regularly entering the pipeline with good 

DMPK properties. A recent study
30

 has suggested that phase II is currently the area in which 

a drug is most likely to fail, with success rates down to 18% between 2008-2009, a rate that 

has decreased from 2006-2007 (28%). The foremost reason for the failure at this stage was 

cited as efficacy (51%), though a sizable amount of the failures reported (29%) were 

cancelled at this stage due to strategic reasons, such as a lack of discrimination versus 

competitors or a risk/benefit ratio. Interestingly the majority of failures at this stage belonged 

to the same research areas, with 68% of the failures belonging to cardiovascular, cancer and 

neuroscience
31

, all of which suggests that these are high risk areas.  

Phase III trials showed similar trends to phase II trials, with 50% of drugs failing on reaching 

this stage. Lack of efficacy was once more the greatest reason for attrition (66%); safety and 

risk/benefit ratio were the second most with attrition rates of 21% each. Of the failures that 

occurred due to efficacy reasons, 32% showed no significant benefit over the placebo, 5% 

lacked of discrimination over the control, and 32% lack benefit of the treatment as an add on 

therapy. 

The complex and poorly understood mechanisms of cancer and neurodegenerative diseases 

accounted for a larger number of these failures. In cancer, many of these failures were in 

studies seeking to increase survival rates in patients, and  while the treatment may show 

positive effects in the treated cancer, it would show poor effects in the main clinical output
32

. 

Between 2000 and 2010 it was observed that the average time for clinical trials and approval 

was 95 months; this is up from 77 months in the 1990’s, showing a delay in drugs getting to 

market, possibly be due to aforementioned stricter regulations. 
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The main reason shown for these failure rates was a lack of clinical efficacy. This once more 

brings the target-based approach to light and asks if it may be the best method going 

forward. The increase of potential molecular targets, despite early optimism, has not resulted 

in the amount of drugged targets being increased. While there have been successes, and 

useful targets for understanding disease progression have been identified, relatively few have 

shown clinical success in humans. The reasons for their failure has been linked to safety 

concerns such as side effects from a lack of selectivity
27

, the target being not as critical for 

the disease survival as first thought, or compensatory mechanisms rendering the target 

redundant.  

It is a common thought in the pharmaceutical industry that the larger the size of the clinical 

investment, the greater success will be achieved even once attrition is considered. Scientists 

are put under pressure to keep to strict timelines with the drugs in the pipeline. If the pipeline 

becomes compromised and the lead molecules fail in the clinic, this causes intense pressure 

in the pipeline and the existing sub-optimal candidates are pushed through, causing a vicious 

cycle
27

. Therefore, it is important to ensure the quality of initial lead molecules, especially 

important in smaller organisations such as biotechs, who may not have the capital to test 

more than one hypothesis. 

Rather than adopting the approach favoured by large pharmaceutical companies, a more 

selective process at the preclinical phase can lead to a lower attrition rate later on. This can 

be achieved by using the robust drug discovery technologies that are now accessible to 

modern drug discoverers such as ‘target identification and/or validation (over expression and 

knockout), hit generation phase (X-ray crystallography, structure guided drug discovery 

(SGDD), fragment-based, virtual screening, high throughput screening (HTS)) to lead 

optimization (scaffold hopping, allosteric versus active site modulation, drug 

pharmacokinetics properties such as ADME, selectivity and safety screens’
33, 34, 35

). 

1.3.2: Academia’s reproducibility crisis 

Academia has consistently been accused of generating unreliable, unpredictable data
36

, 

undoubtedly contributing to the increased cost of the R&D, and this unpredictable research is 

a waste of the often small amount of funding academia receives. Many speculations have 

been made as to why academia is currently going through this period, one notably linking it 

to the low approval rate of drugs in recent years. It might be explained by the adoption of 

models with relatively low PV’s, due to ‘reasons of exhaustion and/or scientific fashion
23

.’ 

Models with a higher PV typically give scientific findings that are useful but obvious, so 

what can be found with these models is quickly discovered and the models themselves 
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rendered redundant. These models are therefore retired and replaced with models with lower 

PV’s, resulting in the decline of noise/signal ratio and test-retest reliability. As the 

noise/signal ratio declines, chance
37, 38

 and personal bias become bigger factors, which result 

in lower reproducibility of the scientific literature coming out of academia.
39, 40 

Assuming the arguments made by Scannell et al are correct, PV would appear to have a 

major effect on both the amount of money it takes to get new drugs past regulatory approval, 

and the reliability and reproducibility of academic scientific publications. The improvement 

of PV is therefore something that should be looked at further. This, however, is fairly 

difficult to achieve, due to the fact that it is not practical to test a large number of candidates 

across numerous predictive models and then onto humans, making it impossible to predict 

PV. Additionally, once a therapy area becomes better understood, there is a less pressing 

need to develop new PM’s, meaning that PV is always, at best, a guess. To aid this 

estimation, trust must be put in senior researchers that they have, through intuition, an idea 

of which PM’s provide the best PV’s, but that they elect not to use them for various reasons, 

such as ‘unit cost, throughput, convenience, or scientific fashion’. It should be observed that 

both industry and academia both use these poor models, meaning that the choice of poor 

models in not solely to blame for the lack of reproducibility observed in academia. 

It would be advisable that they change their research habits to select better models with 

higher PM’s, even if this results in a lower output of papers of fewer drugs heading through 

these models. Furthermore, if these alterations are to be undertaken, predictive viability of 

the models used should be communicated when writing grants and projects; this would give 

a better way to gauge whether a project is likely to show success, as the data is more likely to 

be reproducible and therefore journals would be more willing to accept papers with high PV 

models, thus removing some of the unreproducible data associated with academia. Lastly, to 

encourage the use of models with higher PV, substantial investment should be put into 

develop new models. This could be done in diseases with some approved drugs, and the data 

then correlated between the outputs and the qualitative analysis of the models. While this is 

currently being undertaken by several groups, more work is required
41

. Furthermore it should 

be noted at a more basic level experiments are not repeated with the appropriate checks and 

controls not being used. 

1.3.3: Conclusion 

The pharmaceutical industry is facing great obstacles currently, with R&D costs at 

unsustainable amounts and with many of the previous generation of blockbuster drugs 

patents close to expiring or already expired. The industry had hoped that the technological 
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advances of late last century would propel drug design into a new golden age of hypothesis 

driven and target-based approaches enabling the use of personalised medicine. However, a 

lack of well-validated targets and properly understood mechanisms of action have meant that 

these approaches have routinely failed in preclinical development and clinical trials, 

displaying a lack of efficacy and issues of safety due to off-target effects. The process of 

validating these targets has been hindered by the use of models with poor predictive 

viability, and the models with a high predictive viability have been exhausted with no new 

models coming to the fore. Additionally, many drugs have failed due to poor differentiation 

from competitor molecules; with so few targets, many pharmaceutical companies are chasing 

the same goals and only impeding each other. 

To aid the target-based approach, phenotypic drug discovery has once again attained 

popularity in research circles; without needing to validate the target, programs have shown 

some success in the past 10 years. This is particularly true for first in class inhibitors where 

the molecular drivers behind the disease are poorly understood, and an observed phenotypic 

response delivers more efficacious drugs, as they do not rely on understanding the 

mechanism. Furthermore, the recent advances in phenotypic screening such as imaging 

techniques has meant that the approach has become modernised, allowing phenotypes that 

have been traditionally difficult to screen for, such as angiogenesis, to be examined.  

To combat the rising issues of modern drug discovery it is clear new approaches are needed, 

and it would appear that neither target-based drug discovery nor phenotypic approaches can 

be used alone to solve this issue. Instead, integrative strategies that combine these two 

techniques could be best suited to face these issues. This has been shown with the success of 

target-based approaches in follow on drugs; building on the work performed by phenotypic 

approaches, it has been possible to identify the targets responsible for the observed 

phenotypes through target deconvolution, allowing for the successful synthesis of second-

generation inhibitors. Likewise, utilising compounds and scaffolds that are known to show 

preferential inhibition of targets or groups of targets, and then testing them in a phenotypic 

manner, can show success in developing molecules with real efficacy. This is the approach 

that is proposed and utilised in this thesis, employing rational phenotypic drug design based 

upon a previously established scaffold that shows good selectivity for the TAM kinase 

family. This strategy, in a relatively short time and with comparatively lower expenditure, 

has managed to produce a series of potent kinase inhibitors that will be explored later on in 

this thesis, giving credence to this technique as a method of drug discovery. 
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1.4 Physiochemical parameters and DMPK  

Physiochemical parameters are key in any drug discovery program with the aim to couple 

desirable biological activity with an appropriate physiochemical profile. As stated 

previously, one of the reasons for attrition rates in drug development is poor 

physicochemical properties, showing the need for developing compounds with this in mind. 

In the past the optimisation of these properties was done later on in the drug discovery 

process, however, increasingly due to the aforementioned attrition rates high throughput, 

assays have been developed to screen for compounds with favourable physicochemical 

properties. 

One important physiochemical parameter is solubility, with many compounds failing due to 

poor solubility. Poor solubility can be overcome if the compound is suitably lipophilic and 

therefore possess a high enough membrane permeability (logP). It is noted that as solubility 

increases, generally logP decreases, and vice versa, meaning a middle ground must be met. 

Another key physiochemical parameter is the acid dissociation constant (pKa), which 

describes the ionisation state of a compound at a given pH. Knowing the pKa at different 

parts of gastrointestinal system is vital for understanding drug absorption. To develop a 

desirable physicochemical parameter profile that has drug-like values, a guide has been 

developed named Lipinski’s rules of 5 and described below
42

: 

 No more than 5 hydrogen bond donors  

 No more than 10 hydrogen bond acceptors 

 A molecular mass < 500Da 

 log P between -0.4 and 5. 
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As compounds go through the hit to lead optimisation step, they generally gain more 

molecular mass and lipophilicity, as the drug discovery program attempts to improve 

selectivity and potency of the compounds. With this is in mind, Lipinski’s original 

parameters have become modified to select for what have been dubbed “lead-like 

compounds”
43

. These molecules generally possess a lower molecular weight and are less 

lipophilic to allow space for optimisation. The criteria for this are: 

 No more than 3 hydrogen bond donors 

 No more than 3 hydrogen bond acceptors 

 No more than 3 rotatable bonds  

 a molecular mass < 300Da 

 log P < 3 

This approach lends itself well to fragment-based drug discovery, where these smaller 

molecules are screened in high throughput using an X-ray crystal structure, identifying key 

interactions of the protein while lowering the potential for undesirable off-target binding 

interactions due to their relatively small size. Once these binding interactions have been 

identified it is possible to include the key fragments within the compounds and proceed with 

optimisation. When fragment design is possible it can provide an excellent start to the 

optimisation process.  

These physicochemical parameters can be reasonably simple to calculate and help select 

suitable candidates to go further through to hit to lead optimisation. In the preclinical phase 

of drug discovery, the drug metabolism and pharmacokinetic parameters are considered. 

Metabolism can be described as the process of elimination of undesirable compounds from 

an organism and the control of levels desirable compounds such as vitamins. The main point 

of metabolism within the body is the liver, occuring in two phases. Phase I metabolism 

occurs in microsomes within the liver, and are catalysed by enzymes known as the 

cytochrome p450 system: this simple functionalisation of the compounds aids the process of 

elimination through reactions such as hydroxylation, oxidative N and O dealkylation, S 

oxidation, and hydrolysis. Phase II metabolism adds further conjugation to the compounds in 

an additional aim to aid elimination from the organism
44

. When considering drug 

metabolism, studies often look at how stable the metabolised compound is (metabolite 

stability); what the metabolised products are (metabolic profile and identification); the 

toxicology of the metabolised compound; and the enzymes involved in the metabolism of the 

compound. These studies can be carried out through a variety of means, either through 
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interaction of the compound with an expressed enzyme, incubation with microsomes, 

isolated cells such as hepatocytes, or tissue slices. 

Upon completion of metabolic studies, but still in the preclinical phase, the pharmacokinetic 

(PK) studies are conducted. PK can be defined as the quantitative study of the time course of 

absorption, distribution, metabolism, and excretion of a compound. PK also involves the 

time course of therapeutic and toxicological effects of compounds; this in turn can be used to 

help calculate dosage and dosage frequency
45

. 

Within PK, pharmacokinetic parameters exist. The first of these is half-life, which is defined 

as the time it takes for the compound to concentration to be halved within the body: this is 

commonly used to help calculate dosage, with the general trend being a drug should be 

administered once every half-life. 

The second parameter is the volume of distribution, usually uneven within the body, with 

certain areas such as the brain being traditionally difficult for compounds to access, whereas 

other areas of the body may have a greater affinity for the compound. Despite this, the 

concentration of drug within the blood plasma is proportional to the drug dosage 

administered through intravenous means. Because of this the volume of distribution can be 

described by the parameter V, which is the proportionality constant.  

Bioavailability is the third parameter and describes the proportion of a dose which reaches 

systemic circulation within the body, abbreviated to (F). If a drug is administered through 

intravenous means, bioavailability is not considered, as the compound reaches systemic 

circulation immediately, and it instead refers to administration via other means. The 

previously mentioned physiochemical properties effect bioavailability: compounds that are 

weakly permeable i.e. have a low logP or show a poor solubility, tend to have a poor 

bioavailability. Molecules that show a low logP but a high degree of solubility are said to be 

limited by the rate of permeability, and drugs with a lower solubility than logP are said to be 

limited by the rate of dissolution
46

.  

The final parameter is clearance, and describes the body’s ability to metabolise and excrete a 

compound through the liver and kidneys: it is essentially defined as the volume of blood 

cleared through a particular organ during a certain time.  

To conclude, above shows that the development of compounds with a robust physiochemical 

profile aids the development of compounds that are likely to give favourable DMPK 

properties: this will aid the generation of compounds that are not only biological active or 
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selective but can absorbed, distributed, metabolised, and excreted desirably, lessening the 

change of attrition later on in the drug development process. The calculation of DMPK 

parameters can also feed back to the hit to lead development, in order to keep high quality 

molecules flowing through the pipeline.  

1.5 An introduction to kinase biochemistry 

Protein kinases are enzymes that catalyse a simple reaction: the transfer of the terminal γ-

phosphate of ATP to the hydroxyl residue within an amino acid. This can be serine, 

threonine, or tyrosine, as such kinases are classified as either a serine, threonine or tyrosine 

kinase. Since their discovery in 1955
47

, research into kinases has rapidly increased, with 100 

being known in 1988
48

. This has continued to increase with currently over 500 kinases 

known
49

. The known kinases make up 2% of the human genome, with serine and threonine 

kinases being the most common, followed by the 90 tyrosine kinases. It has been observed 

that some kinases can act through either tyrosine or serine/threonine. These are considered to 

be dual specify kinases; examples of this include MEK and CLK
50

.  

In general, all kinases share a similar structure: the catalytic kinase domain, which consists 

of two major subdomains connected via a hinge region. The interconnecting space between 

these two regions constitutes the kinase active site. The first subunit is a small N-terminal 

lobe consisting of 5 β-strands with one vital α-helix. The second is a larger C-terminal lobe, 

mainly consisting of α-helices. The active site is further split into two sections: a front 

pocket, which is involved with ATP catalysis, and a hydrophobic back pocket which aids 

regulatory functions.  

When ATP binds in the front pocket of the active site it does so by binding to the amide 

backbone of the hinge region. An initial flexible N-terminal loop containing three conserved 

glycine residues binds to the α- and β-phosphate groups with the ATP molecule through 

ionic interactions. Enzymic activity is regulated through the activated segment, which 

contains multiple groups including a conserved DFG sequence which can bind to an Mg
2+

 

ion - critical for catalysis, as the aspartate residue binds to the magnesium ion, which in turn 

positions the γ-phosphate group ready for transfer. Within the active site, phosphorylation 

sites are present, which form a series of hydrogen bonds positioning the catalytic residues 

within the both active site and the phosphoacceptor binding sites. When the binding site is in 

its inactive conformation, the αC helix is rotated away from the ATP binding site, which 

prevents necessary ionic interactions
51

. 
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In recent years, understanding of the back pocket binding site has increased as it has been 

investigated whether inhibitors can bind in this region. Access to this region is modulated by 

a lysine residue and a gatekeeper residue that tends to differ from kinase to kinase: 

gatekeeper residues with larger amino acid side chains such as F in CDLK2 block access to 

this hydrophobic site. Conversely, smaller amino acid side chains such as T in EGFR allow 

access to this site, meaning that it can be bound to by type II kinase inhibitors which are 

described later on in the text. 
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Figure (4)- Permission granted from source, protein kinase structure and molecular interactions with 
substrates (Protein Data Bank ID code 2PHK). (A) Ribbon representation of phosphorylase kinase (magenta), 
bound with an ATP analogue (AMP–PNP), two Mn2+ ions (yellow) and peptide substrate (orange) [235]. 
Structural features are annotated: N-terminus, C-terminus, C helix, hinge, A-loop. (B) Phosphorylase kinase 
catalytic region bound with ATP analogue and Mn

2+
 ions (yellow). Key residues and binding pockets are 

highlighted. (C) Simplified illustration of the molecular contacts between the substrates and conserved active 
site residues and cofactors 
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1.6: AXL 

1.6.1: Introduction to AXL 

The AXL protein (formally known as UFO, ARK, TYRO7) is a receptor tyrosine kinase 

(RTK): these are multi-domain transmembrane proteins that function by initialising 

signalling pathways
52

 through the interactions with extracellular ligands, which go on to 

modulate a variety of biological processes. To date, 58 RTK’s have been identified. 

AXL is a member of the TAM family, comprising of the three RTK’s: TYRO3 (SKY), AXL, 

and MER. Members of the TAM family all consist of an extracellular β stranded N terminal 

immunoglobulin (IG) like domain, connected through a transmembrane linker to an 

intracellular domain, which is connected to two fibronectin repeats that make up the C 

terminal domain as seen in Figure (5a)
53

. AXL plays a role in intracellular signalling 

contributing to cell survival and proliferation. In addition the TAM family kinase have also 

has been shown to play a role in cell adhesion with AXL mediating adhesion in the 32D 

myeloid cell line
54

. Lastly the TAM family kinases have been suggested to influence the 

immune response. 

Members of the TAM family typically are activated by vitamin K ligands, growth arrest 

specific protein (GAS6), and Protein S. Protein S has been shown to bind to MER and 

TYRO3 but not AXL,  while GAS6 has been shown to bind to all members of the family 

though with greater affinity for AXL
55

, and is AXL’s primary means of activation
53

. The 

method of this activation is not well understood
56

. Other ligands have been observed binding 

to the TAM family such as TUBBY, TULP-1, and galectin-3
57, 58

, however AXL has only 

been seen binding to TULP-1
57

. AXL most typically activates in the presence of GAS6, 

through dimerisation as seen in Figure (5); this causes phosphorylation of three tyrosine 

residues on the intracellular kinase domain (Y
779

, Y
821

, and Y
866

), which then go on to cause 

a downstream signalling cascade of pro-survival and anti-apoptotic proteins. 

AXL can also be activated in a manner independent of GAS6
59

, typically when AXL 

expression is greatly upregulated or in the presence of reactive oxygen species, as has been 

seen with GAS6 independent activation in smooth muscle cells
60

. AXL has been shown to 

dimerise with the other TAM family kinases, with observed binding to TYRO 3 chronic 

lymphocytic leukaemia B-cells
61

. Although AXL/MER complex is yet to be observed, it has 

been theorised. AXL has been shown to exhibit crosstalk with other common cancer 

pathways
62

, thought to occur through dimerisation with non-TAM family kinases. This has 
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been observed with EGFR,
63

 and MET
62

. This ability of AXL to bind with non-TAM family 

kinases is one of the likely mechanisms for AXL to be used in a chemoresistance pathway. 

Finally, AXL has been shown to bind in an extracellular manner where the extracellular 

regions of AXL bind to one another causing cell aggregates to form, resulting in increasing 

AXL activity
64

. In normal biological conditions, members of the TAM achieve optimal 

stimulation in the presence of GAS6/protein S in addition to the phospholipid 

phosphatidylserine (PtdSer). PtdSer is ubiquitously expressed throughout the cell membrane, 

but is mostly found in the inner layer, with its polar head pointing inwards towards the 

cytoplasm due to the actions of a class of enzymes called flipases,
65

 which inverts PtdSer to 

point outwards from the cell. Apoptotic cells, exosomes, virus envelopes and aggregating 

platelets display PtdSer at their surface which further activates TAM kinase activity
53

. 
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Figure (5)- (a) AXL kinase and its extracellular ligand GAS6. (b) Types of AXL activation: (1) GAS6 ligand-

dependent activation of AXL; (2) ligand independent activation of AXL; (3) heterophilic activation of AXL with 

a non-TAM family protein; (4) Heterophilic activation of AXL with MER or TYRO3; (5) transcellular ligand 

independent activation of AXL. 
1.6.2: AXL signalling 

Activation of AXL causes phosphorylation of three tyrosine residues, Y
779

, Y
821

, and Y
866

 on 

the intracellular kinase domain, going on to begin a series of downstream signalling 

cascades
53

. One of the prominent pathways AXL takes causes phosphorylation of GRB2, 

which then goes on to cause the activation of RAS then RAF/MEK, and finally activates 

ERK1/2: this pathway has been shown to increase proliferation
66

. AXL activation also 

causes the activation of PI3K, going on to cause the activation of AKT through 

phosphorylation which is responsible for the activation of numerous other pathways. 

Activation of the AKT pathway stops the production of the pro-apoptosis protein BAD, a 

member of the BCL-2 family. AKT also inhibits GSK3, which increases the levels of cyclin 

D1. AKT causes the upregulation of mTOR, MDM-2, and IKK; the combined effects of 

these are increased survival, proliferation, metastases and invasion
53

. 



28 
 

AXL, as previously stated, is capable of exhibiting crosstalk with other kinases; this allows it 

to activate the SRC kinase and subsequently FAK, these kinases are linked to invasiveness 

and migration of the cell. These downstream signalling pathways are depicted in Figure (6). 

The members of the TAM family have all been shown to some degree to have a role in 

inflammatory processes
53

; AXL does this through the upregulation of SOC proteins and 

STAT-1.
67

 The role of AXL in the immune response is reported later in this chapter. 

 

Figure (6)-  Downstream AXL signalling pathways upon classical GAS6-mediated activation. 
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1.6.3: AXL’s role in cancer 

AXL has long been linked to cancer since its discovery in 1991 by O’Bryan et al in acute 

myeloid leukaemia
68

.  While it was initially linked to leukaemia, it has in recent years 

become more associated with solid tumours such as glioma, breast, lung, and prostate, with 

the general consensus being that increased AXL expression correlates with poorer prognosis 

for the patient. AXL is generally associated with chemoresistance and survival pathways, 

with its specific role in various cancers highlighted below. 

Acute Myeloid Leukaemia (AML) 

Originally discovered in AML in 1991, AXL has been thought of as a potential clinical 

target for the treatment for this disease for some time. The development of AML causes the 

upregulation of GAS6 by bone marrow−derived stromal cells, which go on to cause AXL 

upregulation, leading to increased chemoresistance and cell survival.
69

  While AXL 

inhibitors are usually proposed to be administered in combination with other treatments, 

AXL inhibition has shown notable improvement in clinically relevant factors for AML, 

suggesting it could be administered as a single agent, though no such treatment has come to 

the fore as yet. 

Glioma 

AXL expression has been shown to correlate with poorer prognosis and increased cancer 

recurrence in glioma patients
68

. In vivo studies have shown that through the inhibition of 

AXL tumours became less invasive, and the animals’ survival rate increased
70

. AXL 

silencing has been used in combination with traditional cytotoxic agents such as Cisplatin to 

increase chemosensitivity: this gives further evidence to AXL inhibitors being used in 

combination with cytotoxic agents within the clinic
71

.  

Lung Cancer 

In recent years, AXL has been shown to exhibit cross talk with EGFR, one of the primary 

biomarkers for non-small cell lung cancer (NSCLC), making it a proposed target for 

addressing the chemoresistance that commonly occurs with EGFR inhibitors such as 

Erlotinib, a common current therapy for the treatment of this disease. When this 

chemoresistance occurs it is thought this triggers the expression of GAS6, which goes on to 

cause an increase in AXL activity
72

. This theory is given support by the findings that MER 

and AXL are the most commonly phosphorylated RTK’s in 50% of NCSLC patients
73

. AXL 

expression in NCSLC is associated with poorer patient prognosis and lymph node 
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metastasis
74

. In vivo studies in mice have shown that AXL knockout decreases the growth of 

NCSLC cells, showing reduced invasiveness and migration
75

.  

Breast Cancer 

AXL is ubiquitously expressed in healthy breast tissue in low levels, though upon the 

development of advanced stage breast cancer, AXL expression is greatly upregulated, 

particularly in ER+ cells
76

, generally presented as a highly invasive phenotype
77

. AXL has 

also been shown to be present in breast cancer due to progesterone factor B causing an 

upregulation in GAS6, which goes on to activate AXL. It has also been shown that AXL can 

be activated by HER2 signalling
78

. Furthermore, AXL has been shown to play a role in triple 

negative breast cancer, where a previous study showed genetic knockout of AXL causes a 

reduction in tumour growth and metastasis in vivo models.
79

 

Prostate cancer 

Previous studies have shown a direct correlation between the expression of GAS6 and 

subsequently AXL, and the malignancy of prostate cancer in undifferentiated metastatic 

human prostatic cancer cells. This goes on to activate downstream pathways involving AKT, 

which in turn causes the upregulation of MAPK phosphorylation
80

.  

1.6.4: Classifications of kinase inhibitors 

Kinase inhibitors can be roughly grouped into type I and type II. Type I inhibitors bind to the 

ATP binding site of RTK’s in their active conformation, forming 1-3 hydrogen bonds with 

the DFG (aspartate−phenylalanine−glycine) (DFG-in) residues in the backbone of the hinge 

region. Type I inhibitors typically present the same pharmacophore, comprising of two 

proton donors, one proton acceptor, and hydrophobic region
81

. It has been thought that type I 

inhibitors are generally less selective than type II inhibitors due to binding at the ATP 

binding site, which is less differentiated between different kinases. However, it is also 

thought that any type I inhibitors are less prone to acquired chemoresistance, and any change 

in the binding site would also block ATP binding. 

By contrast, type II inhibitors bind to the out-of-conformation DFG motif (DFG-out): by 

doing so, the inhibitors can access a large hydrophobic pocket known as the allosteric site, 

adjacent to the active region of the kinase. This is only accessible to the inhibitor when in the 

DFG-out
81

. Type II inhibitors are generally thought to be more selective, as the inhibitors do 

not bind directly to the ATP binding site which shows similarities between each kinase. 

Instead, they make use of different conformations of the kinase binding site; whether this 
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causes an increase in selectivity has been disputed
81

 and is not the observed case with AXL 

inhibitors. Type II inhibitors are also thought to be more prone to acquired chemoresistance, 

as any mutation in the gatekeeper residue will not stop ATP binding. 

It has been theorised that a type I ½ inhibitor is possible for some kinases: these show ATP 

competitive binding to the DFG active conformation in a manner similar to type I inhibitors, 

but through the use of a linker can also bind to the allosteric pocket in a similar fashion to 

type II inhibitors. It is thought that these type I ½ inhibitors would keep the type I’s 

reduction to acquired chemoresistance and the increased selectivity thought to be associated 

with type II inhibitors. The ability for a kinase to be modulated by a type I ½ inhibitor is 

thought to be dependent on the size of the gatekeeper residue, with smaller gatekeeper 

residues being preferred as this allows better access to the allosteric site. Due to the medium-

sized gatekeeper residue present in AXL, it is questioned whether type I ½ inhibitors could 

be utilised in this kinase.  
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Figure (7)- (A) ATP binding site regions and ATP interactions with the hinge residues. Hydrogen bonds are 
represented by orange dashed lines. (B) Type I kinase inhibitor pharmacophore representing the potential 
hydrogen bonds with the hinge region. (C) Type II kinase inhibitor pharmacophore representing interactions 
with the hinge region and the allosteric site present in the DFG “out” conformation. (D) Type I1 /2 
pharmacophore representing the potential interactions at the hinge and in the back cavity. Hydrogen bond 
donors are represented by circles labeled D, hydrogen bond acceptors by circles labeled A. The larger circles 
labeled HYD indicate the moieties, hydrophobic in nature, that occupy the adenine ring region (green) and 
the allosteric site (orange). Reprinted and adapted with permission from journal of medicinal chemistry

82
. 

  

1.6.5: Current AXL inhibitors 

In recent years, a wide field of inhibitors that target the ever-more attractive AXL have been 

developed, culminating in the first AXL-branded inhibitor BGB324
83

 (formally R248) (17) 

entering clinical trials in 2013. However, AXL inhibition is often an unintended off-target 

effect for tyrosine kinase inhibitors. As AXL shares a common structure of many of the 58 

other RTK’s, selectivity within the kinome has been hard to achieve, with the majority of 

RTK inhibitors designed to target  kinases such as MET, RET or the TAM family members 

hitting AXL as an unintended consequence. 
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AXL activity is often lower than the intended target of the inhibitor. Inhibitors that fall into 

this category are molecules such as the promiscuous drugs Carbozatinib
84

 or Foretinib
85

. This 

is not always the case, as with BMS-777607
86

 which, although its primary purpose is that of 

a MET inhibitor, shows a tenfold increase in potency for AXL over MER in biochemical 

assays.  

A common problem for the current crop of AXL inhibitors is promiscuity, with several of 

the same kinases being hit by very similar compounds. This can be seen with a selection of 

type II inhibitors (Foretinib, Cabozantinib, LY2801653, MGCD265, BMS-777607, NPS-034 

and LDC 1267) all showing a common structure, as seen in Figure (8). These seven 

structures comprise of a hinge binding heterocycle, which is connected via an F-substituted 

phenyl amide linker to a terminal phenyl ring, which is para-substituted by a fluoride group 

with the exception of MGCD265. This lack of structural diversity and redundancy in these 

compounds results in off-target kinases being commonly hit. All compounds in this series 

are MET inhibitors, with MER, TYRO 3, RON and VEGFR also being commonly hit.  

While some of these compounds have shown some success in clinical trials, and 

Cabozantinib has been approved for the treatment medullary thyroid cancer, these 

compounds similarity and off-target effects show this is not a chemotype that should be 

explored in the future generations of AXL inhibitors. Below a brief report is given of these 

inhibitors, their targets, and their potential uses.  
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Figure (8)- Type II inhibitors of AXL, structural similarities are highlighted in blue and red. 

Foretinib (1) is a MET/VEGFR inhibitor (IC50 = 0.4 and 0.9 nM in cell-free assays, 

respectively) that shows a high degree of promiscuity. The drug has been shown to exhibit 

type II binding upon its successful cocrystallisation with the MET kinase, with Foretinib 

being shown to sit in the ATP pocket in addition to accessing the allosteric site of the 

inactive form of the kinase
87

. Successful phase I trials established the safety of the drug in 

healthy volunteers
85

, with Foretinib moving to phase II trials in lung, papillary renal 

carcinoma, hepatocellular carcinoma, and refractory gastric cancer, with all trials but one 

having been completed
88

. Phase III trials are yet to be conducted.  While MET/VEGFR is the 

primary target amongst other kinases, it hits AXL (11 nM in cell-free assays
85

). It has been 

shown functioning as an AXL inhibitor in Lapatinib resistant breast cancer, causing almost 

complete inhibition of AXL phosphorylation in addition to restoring Lapatinib sensitivity in 

treated breast cancer cells
89

. 

Cabozantinib (2) is a very potent VEGFR inhibitor (showing an IC50 of 35 pM in cell free 

assays), inhibiting many other kinases in the low nanomolar range including MET, RET and 
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AXL
90

. In 2012 it received FDA approval for the treatment of medullary thyroid cancer at 

orphan drug status
84

. Cabozantinib has been utilised in numerous clinical trials sponsored by 

different parties for the treatment of NSCLC, breast, and prostate, amongst others
88

. 

Cabozantinib shows good selectivity for its target VEGFR over other hits in biochemical cell 

free assays (MET1.3 and AXL 7 nM) showing a 35-400-fold selectivity. However, this is not 

observed in cell-based assays, with VEGFR, MET and AXL inhibition showing IC50 values 

of 1.9, 7.8, and 42 nM, respectively
90

. 

As stated previously, Foretinib and Cabozantinib show very similar structures to the other 

type II inhibitors reported, and therefore hit similar kinases such as MET, VEGFR, MER and 

AXL. LY2801653  (3) is a MET inhibitor which hits several other kinases, but most notably 

the TAM family in the nanomolar range, in both biochemical and cell-based assays. In 2013 

LY2801653
91

 successfully completed phase I trials in healthy volunteers and is currently 

recruiting patients with advanced cancer in combination with current approved drugs 

(Cisplatin, cetuximab, gemcitabine, and ramucirumab), aiming to establish the recommended 

phase II dose for combination with chemotherapy and/or immunotherapy.  

MGCD265 (4) is a potent MET and VEGFR inhibitor, hitting various other kinases in a 

range between 1 and 10 nM
92

. It has entered phase I clinical trials to establish its safety in 

healthy patients, in addition to patients with advanced malignancies under the sponsorship of 

Mirati Therapeutics. Another trial is being performed to study the safety of daily doses of the 

drug in advanced cancer patients. Preliminary results reveal a patient with advanced NSCLC 

with AXL gene amplification showed an approximate 50% lesion reduction after 4 doses of 

the drug
93

, suggesting AXL abnormalities may be clinically relevant in NSCLC. 

BMS-777607 (5) was developed by Bristol Myers Squib for the purpose of MET inhibition, 

which has been shown through cocrystallisation of the inhibitor in the ATP pocket of MET
86

 

by binding to the DFG-out conformation, making BMS-777607 a type II inhibitor. The 2 

aminopyridine core interacts with the hinge region of the kinase through hydrogen bonding, 

with the chloro-group on this ring sitting in the ribose pocket. The attached fluorobenzyl 

group shows π stacking interactions with the phenylaniline group of the DFG-out hinge 

region, while the proton from the amide and the carbonyl present on the pyridine ring form 

hydrogen bonding interactions with the glutamate group. The type II nature of BMS-777607 

allows it to access the allosteric pocket of MET in which sits the para fluorobenzyl ring: 

these interactions can be seen in figure (9). 
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Although BMS-777607 was rationally designed to inhibit MET, which shows activity in 

biochemical assays of IC50 3.9 nM, it actually shows more potency towards AXL (IC50 1.1 

nM in biochemical assays)
86

, making BMS-777607 the most potent AXL inhibitor with AXL 

as its primary target. BMS-777607 has gone through phase I and phase II clinical trials for 

advanced or metastatic solid tumours
88

.  

 

Figure (9)-Co-crystal structure of BMS-777607 (5) bound to the inactive conformation of MET kinase 

NPS-034 (6) is a promiscuous inhibitor developed by NeoPharm that shows activity against 

numerous kinases including AXL, MET and FLT3
94

. In biochemical assays, NPS-034 

showed an IC50 against MET and AXL of 48 and 10 nM respectively
94

. The drug has shown 

some success in the inhibition of AXL signalling of NSCLC cells that had acquired 

resistance to EGFR inhibitors, with combination treatment of NPS-034 with the EGFR 

inhibitors Gefitinib and Erlotinib restoring chemosensitivity to these drugs and resulting in 

cell death
94

. LDC1267 (7) is a pan TAM inhibitor hitting all members of this family in low 

nanomolar levels
95

. Treatment of wild-type natural killer (NK) cells with LDC1267 

efficiently enhanced anti-metastatic NK cell activity in vivo. 

The Type I inhibitors of AXL, much like type II inhibitors, show structural similarity, 

showing the same chemical redundancy. Type I inhibitors, as stated previously, bind to the 

DFG-in conformation of the hinge region. The molecules Bosutinib, Gilteritinib, SGI-7079, 

and TP-0903 share a common scaffold, with a 6 membered nitrogen-containing heterocycle 

attached via an amine bridge to a benzyl group. Gilteritinib, SGI-7079, and TP-0903 share 

further similarities, in that they possess a benzyl group which is substituted with an aliphatic 

nitrogen-containing ring, either a piperazine ring or a piperidine ring. Interestingly, 

Bosutinib shares common structural themes with Foretinib and Cabozantinib, with all three 
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compounds containing a 6-methoxyquinoline core with substitutions at the C4 and C7 

positions of the heterocycle. 

Foretinib (1) can be considered a hybridised molecule of Cabozantinib (2) and Bosutinib (8), 

since, like Bosutinib, it contains a morpholinopropyloxy group at the C7 position, and the 

same fluorophenoxy group at the C4 position of the quinolone. All three compounds share a 

central phenyl group that could, in theory, π-stack with the Phe group of the DFG-out 

conformation of the enzyme, however Bosutinib lacks the cyclopropyl-1,1-dicarboxamide 

linkage, and the terminal p-fluorophenyl group responsible for allowing access to the 

allosteric site of the enzyme, which prevents Bosutinib from binding as a type II inhibitor. 

This may explain why it has been confirmed through the co-crystal structure of Bosutinib 

with its primary target ABL that it binds to as a type I inhibitor.
96

  

The common motifs between Bosutinib and the other type I inhibitors may go some way to 

explain the similarity in the targets hit, with Bosutinib and TP-0903 (11) both hitting the 

ABL kinase, TP-0903 and Gilteritinib (9) both inhibiting the ALK kinase, and TP-0903 and 

SGI-7079 (10) both hitting the MER kinase. Again, this structural similarity between 

promiscuous inhibitors is causing similar off-target effects and a large amount of redundancy 

in the field.  The remaining type I inhibitors do not share the same structural similarities as 

the 4 compounds highlighted, due to their structural differences:  while some do exhibit 

promiscuity, common off-targets other than AXL are rarer than in the previous groups. 

These compounds are covered in more detail below. 
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Figure (10)-Co-crystallisation of Bosutinib with MET and Type I inhibitors showing structural similarities to 

Bosutinib, structural similarities are highlighted in blue. 

Bosutinib (8) as mentioned previously is a type I inhibitor that has been utilised in the 

treatment of CML after acquired resistance to conventional therapy Imatinib, due its ability 

to inhibit most forms of the Imatinib resistant BCR-ABL fusion protein. Bosutinib, however, 

exhibits a high degree of promiscuity, also hitting various other kinases in the low nanomolar 

range such as AXL, SRC and ABL
97

. Through the use of high throughput compound library 

screening for AXL inhibitors, it was discovered that Bosutinib inhibits GAS6 mediated 

tyrosine phosphorylation of AXL in breast cancer cells (IC50= 0.34 μM, similar levels to 

those found for SRC inhibition in the same cell line), inhibiting cell motility and 

invasiveness
98

. In this respect Bosutinib is unique since it is targeting a receptor tyrosine 

kinase in addition to non- receptor tyrosine kinases. It has also been shown that Bosutinib 

mediates AXL signalling in hepatocellular carcinoma cells and decreases their evasiveness 

by suppression of the EMT-transcription factor, SLUG
99

. This further suggests that 

Bosutinib could be utilised in the treatment of metastasis. 

Gilteritinib (9) is a very potent inhibitor of FTL-3 (including mutant forms) showing a sub 

nanomolar IC50
100

. The drug has been shown to exhibit potent activity against AML, with 

either or both FLT3-ITD and FLT3-D835 mutations
101

. Gilteritinib is currently undergoing 

phase I/II trials sponsored by Astellas Pharma to assess the safety and maximum tolerated 
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dose for combination with traditional chemotherapy agents in patients with either relapsed or 

treatment- refractory AML. FLT-3 inhibitors are covered in greater depth later on in this 

chapter
88

.  

SGI-7079 (10) is a reasonably potent AXL, FTL3, MET, MER, RET, and YES inhibitor that 

shows an IC50 against AXL of 58 nM, and a similar potency across its other targets
102

. SGI-

7079 has been shown to inhibit GAS6 stimulated AXL signalling in inflammatory breast 

cancer cells, reducing proliferation and invasion
103

. Utilising SGI-7079, previous studies 

established AXL as a potential therapeutic target for overcoming EGFR chemoresistance in 

NSCLC, with SGI-7079 sensitising lung cancer cells to Erlotinib in an acquired resistance 

setting.
102

 

TP-0903 (11) was developed at the Huntsman Cancer Institute
104

, and is currently 

undergoing preclinical development by Tolero pharmaceuticals. The compound was 

rationally designed using a homology model of AXL and inhibits AXL in biochemical 

assays at 27 nM, however it had been shown in the same assays to have a higher affinity for 

Aurora A and B, JAK2 , ALK, and ABL
104

. It has been demonstrated that TP-0903 is able to 

induce apoptosis in chronic lymphocytic leukaemia (CLL) cells as a single agent at 

nanomolar concentrations, in addition to showing synergistic effects with BTK inhibitors
61

. 

Notably, in these same studies, the cells were found to not only express AXL but also 

TYRO3, though AXL was shown to be the primary driver behind pro-survival pathways. 
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Figure (11)-Type I inhibitors of AXL, structural similarities are shown in blue. 

Crizotinib (12) is a MET, ALK, and AXL (IC50 = 8, 20, and 294 nM, respectively, in 

biochemical assays
105

), orally bioavailable inhibitor that was approved for treatment of 

NSCLC in 2011. This drug was developed through structure-based drug design by Pfizer, 

utilising the MET kinase domain for cocrystallisation experiments
105

. Crizotinib has been 

shown to potently inhibit cell growth and exhibits antiangiogenic
106

 properties in cell lines 

possessing fusion variants and activating mutations of ALK
107

. This led to it being used in 

studies in ALK- rearranged NCSLC, seeing significant clinical benefits
108, 109

 and leading it 

to gain FDA approval
110

. Crizotinib has also been in phase III trials for the treatment of 

patients with advanced ALK-rearranged NCSLC and at 12 weeks of treatment it was 

associated with intracranial disease control
111

. However, after this period, acquired resistance 

to Crizotinib was commonly observed, resulting in the development of existing or new 

intracranial metastatic lesions
111

. Crizotinib is currently enrolled in a series of phase I 

trials.
110, 87 

Amuvatinib (13) is a promiscuous inhibitor developed by Astex pharmaceuticals that hits, 

amongst others, AXL, RET, and FLT3. In the triple negative breast cancer cell line MDA-

MB-231 inhibition of the phosphorylation of AXL has been observed at 1 μM. Amuvatinib 
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has been observed to reverse EMT in murine breast cancer cells, reducing self-renewal and 

increasing chemosensitivity
112

. The drug passed phase I trials in patients with solid 

tumours
113

 and moved on to phase II trials, with current standard of care chemotoxic agents. 

Despite favourable safety and preclinical activity, clinical development was terminated by 

Astex pharmaceuticals in 2012. 

UNC2025
114

  (14) is a MER/FLT3 inhibitor developed by Wang et al, at the University of 

the North Carolina, exhibiting an IC50 in biochemical assays of less than 1 nM. The drug has 

also been shown to inhibit AXL (IC50 of 14 nM in biochemical assays)
115

. It has shown some 

success in targeted inhibition of MER/FTL3 in bone marrow leukaemia cells. The molecule 

is derived from a previous inhibitor developed by the group, UNC1062
116

, which has been 

shown to inhibit MER-reliant downstream signalling melanoma cells, inducing apoptosis and 

reducing invasion
117

. 

UNC2025 is of interest to this project due to its development, which yielded several 

molecules with potent AXL inhibition. This is thought to be due to the similarities between 

MER and AXL making targeting inhibition difficult. Due to the scaffolds unintentional 

success in producing AXL inhibitors, it would help design the scaffold utilised in chapter 4 

seen later in this thesis.  

S49076 (15), is a MET, AXL, MER, and FGFR inhibitor, showing an IC50 for AXL at 7 nM 

in biochemical assays and 56 nM in cells (in murine embryonic fibroblasts engineered to 

express human AXL). S49067 was designed as a potent MET inhibitor, using a structure-

based approach, with its mode of binding mode being inferred by X-ray resolution of 

cocrystallisation of analogues of S49076 with MET.
118

 S49079 shows anti-proliferative 

properties in MET and FGFR2-dependent gastric cells, in addition to inhibiting migration of 

lung carcinoma cells. It has also been shown to inhibit the phosphorylation of MET, AXL, 

and FGFR’s in tumour xenograft models. Combination studies of S49076 with bevacizumab 

in xenograft models of colorectal cancer resulted in near-total suppression of tumour growth, 

and S49076 administered as a single agent induced arrest in bevacizumab-resistant tumours. 

A phase I dose escalation study is currently underway in patients with advanced solid 

tumours to establish the safety profile of the drug.
118

 

As stated previously, only one compound has entered clinical trials as a dedicated AXL 

inhibitor: BGB324 (formally R428) (17) structure shown in figure (11). Originally 

developed by Rigel Inc
119

, it was licensed to Bergen Bio in 2011 who are currently 

conducting the clinical trials. In vitro studies have shown in to be less potent than some of 
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the promiscuous inhibitors, showing 14 nM potency against the recombinant protein, 

compared to 1 nM for Gilteritinib (9) and Cabozantinib (2); however, its selectivity profile is 

much better, showing a 40-fold selectivity for AXL over the other TAM family members
83

. 

Holland et al have been able show that BGB324 (17) is capable of blocking AXL reliant 

processes cells such as AKT phosphorylation, the production of inflammatory cytokines, and 

the migration of breast cancer
83

. In vivo work has shown success in reducing the EMT 

transcriptional regulator, SNAIL, in triple negative breast cancer cell xenografts in mice, in 

addition to increasing survival by 35%. The drug has seen further success in combination 

treatment with Cisplatin, giving enhanced reduction in liver micro-metastases
83

. The 

compound is currently in two clinical trials, which aim to establish its safety and tolerability 

as a single agent and in combination with current FDA approved drugs Cytarabine and 

Erlotinib. The first of the clinical trials is for the treatment of AML in which BGB324 (17)  

has been given orphan drug status, with the second trial being focused on the treatment of 

NCSLC
88

.  
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1.6.6: Medicinal chemistry program leading to the discovery of UNC2025 

The scaffold generated by the drug discovery program leading to the discovery of UNC2025 

would go on to play a major role in the design of the inhibitor later described in this thesis; 

therefore it seemed necessary to discuss the drug discovery program.  

 

Figure (12)-Drug discovery program for the synthesis of UNC2025 a selective MER inhibitor. 

As discussed previously, this program focused on the synthesis of a selective MER inhibitor. 

MER is an RTK and a member of the TAM family associated with acute lymphoblastic 

leukaemia (ALL)
120

. MER is not present in healthy normal T lymphocytes, however it is 

ectopically expressed in over 50% of paediatric T-cell ALL. Prior to this drug discovery 

program, potent selective MER inhibitors had not been synthesised. One of the only MER 

inhibitors described previously was developed by the Shultz lab: Compound 52
121

 (18), a 

weak MER inhibitor showing an IC50 of 11.3 μM. Using this compound, a co-crystal 

complex was formed with the MER protein and the structure resolved by Dhe-Paganon et 

al
122

. This information enabled Wang et al
115

, to develop a docking model for MER 

inhibition, which was used to propose a tri-substituted pyrazolopyrimidine scaffold to be 

utilised in the search for new MER inhibitors.  
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Initial SAR studies showed 19 and 20 (both possessing a 4-aminocyclohexylmethyl group at 

the R
2
 position) displayed a nanomolar activity against MER with the trans isomer showing a 

3-fold superior activity over the cis isomer. As previously stated, the TAM family kinases 

show remarkable similarities to one another, so all compounds in this series were tested 

against AXL and TYRO3 in addition to MER. Upon testing 19 and 20 for inhibition against 

AXL and TYRO3, 19 and 20 showed a lower potency against AXL than MER. Exploration 

at the R
3
 position with various alkylamino groups showed that the larger the alkyl group, the 

higher degree of selectivity for MER. 

Using the small methylamine group at this position resulted in potent AXL inhibitors such as 

21
115

 which showed superior potency for AXL than for MER, a key discovery that would 

govern the drug discovery program described in this thesis. Exploring the R
1
 position with 

various aromatic groups revealed the 4-piperazinylphenyl group generated the most potent 

AXL inhibitiors (compounds 21 and 23), with 23 showing an IC50 of 0.15 nM in cell-free 

assays. The most potent MER inhibitors contained a phenylpropylamino group in the R
1
 

position
115

. Due to its lower molecular weight, UNC569 (24, IC50 of 2.9 and 37 nM for MER 

and AXL, respectively
115

) was chosen for further pharmacodynamics (the effect of the 

compound within the body) and pharmacokinetic (how the compound is absorbed, , 

distributed metabolised and excreted from the body)   analysis; the drug showed an IC50 of 

141 nM in human pre-B leukaemia 697 cells and good oral bioavailability (57%). 

Upon discovery of UNC569, the drug discovery program branched into two distinct avenues, 

of which the first was developed by use of scaffold hopping, breaking up the pyrrole ring
123

. 

From this study, compound 25
123

 was developed, which was the most potent in terms of 

AXL inhibition in this series (IC50 37 nM in biochemical assays). The lead MER inhibitor 

from this series was the drug UNC2881
124

 (26), a potent, highly selective MER inhibitor 

which demonstrated inhibition of platelet aggregation in collagen-stimulated human platelet-

rich plasma. 

The second branch went on to optimise the inhibitor 24
116

 to drive for increased selectivity 

for MER and better DMPK properties. From these studies 27 was identified a highly potent 

MER inhibitor that showed a 75-fold selectivity over the other members of the TAM family. 

In addition to this drug, the final drug candidate, UNC2025
114

 (14), was identified as a dual 

MER/FLT3 inhibitor with sub nanomolar potency but a lower selectivity over TYRO3 and 

AXL. However, it also shows excellent bioavailability (100%) and the capability to inhibit 

MER phosphorylation in vivo in leukemic blasts of mouse bone marrow. 
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1.6.7: Conclusion 

As AXL becomes better understood, the attention given to this kinase will inevitably 

increase. While this is encouraged, there are several factors that must be considered when 

developing novel AXL inhibitors. Firstly, as mentioned previously, the majority of inhibitors 

that target AXL suffer from a poor selectivity profile. This is due to AXL’s similarity
52

 with 

not only TAM inhibitors MER and TYRO3, but other RTK’s such as Aurora A, MET, and 

VEGFR, amongst others
96, 104, 125, 126

. Off-target effects may not always be a cause for 

concern in these inhibitors, however. Drugs that hit multiple related kinases at once can 

show increased effect, and it is thought that this is the reason behind Cabozantinib’s (2) 

success in treating advanced renal cell carcinoma, which it achieves through inhibiting the 

three kinases: VEGFR2, MET, and AXL
127

. However, it is well documented
128

 that unknown 

or unwanted off-target inhibition can increase side effects, a cause for concern in current 

cancer medications. This is worsened with AXL inhibitors, as due to its nature mediating 

chemoresistance pathways, they will be rarely administered as a single agent. Off-target 

effects may be worsened by drug combinations with current AXL inhibitors. 

As previously mentioned, type II inhibitors are traditionally thought to be more selective 

than their type I counterparts, due to them binding to DFG-out conformation that is more 

differentiated from kinase to kinase. However, this does not appear to be the case in AXL 

inhibitors, with some of the most promiscuous inhibitors, such as Foretinib (1) and 

Cabozantinib (2), being type II, and the most selective inhibitor, BGB424 (17), being a type I 

ATP competitive inhibitor. Instead of concentrating research in the pursuit of type II 

inhibitors, academia and the pharmaceutical industry may be best served focusing on the 

synthesis of allosteric or non-reversible inhibitors
,129

 that are yet to be observed in the 

targeting of AXL. 

Something that must be considered when developing AXL inhibitors is its role in the 

immunoregulatory response, in addition to MER and TYRO3. Studies have shown that TAM 

triple negative knockout mice suffer broad spectrum autoimmunity and a severe 

lymphoproliferative disorder
130

. It has also been shown that the inhibition of the MER and 

AXL pathways in the colon increase the production of proinflammatory cytokines and 

reduces clearance of apoptotic neutrophils in the intestine creating a tumour promotion 

environment
131

. In contrast, TAM inhibitors play a role in reducing the innate immune 

response to reverse the immunosuppressive nature of the tumour microenvironment
95

. 

Additionally, it has been demonstrated that crosstalk is possible between tumours and 

macrophages, which in turn causes the secretion of GAS6, going on to create an environment 
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that promotes the expression of all TAM family kinases, particularly AXL
132

. It has been 

suggested that the chronic inhibition of the TAM family members, especially MER, could 

result in autoimmune side effects
53

 
133

. However, the potential benefit from the temporary 

inhibition of AXL may well outweigh these risks. To try to mitigate these factors, selectivity 

within the TAM family must be achieved with future generations of AXL inhibitors, 

prioritising AXL inhibition, which would appear to play a lesser role in the immune response 

than MER or TYRO3_ENREF_253
. 

As the pharmaceutical industry and the medical community moves towards the pursuit of 

personalised medicine genotype-guided therapeutic intervention, the need for single target 

and specific multi-target inhibitors is always increasing
134

. These more selective medicines 

have a narrower scope of patients they can treat, as the number of patients that possess the 

specific biomarkers that these drugs target is smaller, but the effectiveness and safety of 

these drugs can be much greater due to fewer off-target effects and side effects. 

However, as understanding of cancer increases, it is becoming more apparent that the 

majority of malignancies are driven by multiple pathways, limiting the scope for these 

monotarget therapies. These strategies are inefficient at treating and controlling the 

disease
135

. Furthermore, acquired resistance is common with these single target therapies as 

mutations occur, or alternate survival pathways are utilised by the cancerous cells
136

. With 

this in mind the need for combination therapies is great, giving the ability to treat the 

oncological drivers in addition to any potential resistance pathways
 135, 136

. There are multiple 

hurdles that must be overcome to implement these combination therapies; many oncological 

targets lack specific inhibitors, so the need to develop more selective inhibitors becomes ever 

greater. This, combined with a greater understanding of cancer pathways to identify more 

key oncological targets, and greater understandings of the potential drug-drug interactions, 

are all issues that must be resolved. 
 

AXL has been shown to play a key role in the survival and spread of various solid and blood 

cancers, strongly supporting potential for AXL to be used in treating these cancers, 

especially in advanced disease, or disease phenotypes presenting chemoresistance
137, 55, 138, 53, 

139
. As a result of this, numerous AXL inhibitors have been developed with more 

undoubtedly in the pipeline. Preclinical studies have shown that MGCD265 exhibited 

success in a patient with AXL gene amplification in NSCLC cancer, suggesting that AXL 

may be clinically relevant in NSCLC
93

. However, this is not the norm, as cancers with AXL 

as a main driver are rare and therefore combination therapies are more likely to be how AXL 

inhibitors are employed moving forward. 
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There are numerous examples supporting this claim, with AXL inhibitors being combined 

successfully with anti-EGFR
140

, anti-HER2
72

, and anti-VEGFR
89

 therapies. AXL inhibitors 

have been shown to decrease the incidence of metastasis, however employing this in the 

clinic could be problematic, therefore it is more likely that AXL inhibitors will be utilised in 

the treatment of drug-resistant disease. The upregulation of AXL is a prominent 

chemoresistance mechanism for several cancer types
141

;
 
therefore, AXL has potential to be 

employed with current standard of care chemotherapeutics such as Cisplatin. If a selective 

AXL inhibitor could be developed that showed synergistic drug-drug interactions, this would 

open the door for patients, gaining a new tool to fight the most aggressive forms of advanced 

cancer. 

As stated in this chapter there are currently very few selective inhibitors for AXL, with 

inhibitors that hit AXL frequently targeting other members of the TAM family or other 

related RTK’s, with currently one dedicated AXL inhibitor reaching clinical trials.  While 

more are sure to follow, a challenge that faces the development of new AXL inhibitors is the 

lack of a solved crystal structure for the kinase. Until this becomes available, ligand-based 

approaches will continue to provide a viable alternative in the drug discovery process to 

develop inhibitors with more attractive properties. 
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1.7: RET 

1.7.1: Introduction to RET 

RET, like AXL, is a receptor tyrosine kinase (RTK), and much like the other RTK’s it 

consists of a large extracellular domain, an intracellular domain, and smaller kinase 

domain
142

. Within the extracellular region exist four cadherin-like repeats, which aid the 

stabilisation of RET dimerisation. In addition, the region contains a cytosine-rich region in 

the proximity of the cell membrane, which is vital in maintaining protein conformation and 

for the process of ligand binding. RET signalling is mediated by glial cell line-derived 

neurotrophic factor (GDNF) family ligands (GFLs), a group of proteins that also contain 

Neurturin (NRTN), Artemin (ARTN) and Persephin (PSPN)
143

. Through the use of a co-

receptor, GDNF family receptor α (GFRα), one of the 4 members of the GDNF family, RET 

forms binary complexes with GFL’s. This enables RET to be recruited to lipid rafts, which 

are cholesterol-rich sub domains within the membrane, wherein RET signalling can occur. 

RET can also be activated through the stabilisation with other RTK’s, utilising crosstalk
144

 to 

increase RET activity and to aid downstream signalling pathways
145

.  

 

Figure (13)-RET protein crystal structure obtained from the RSCB protein data bank 
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1.7.2: RET signalling 

 

Figure (14)-Ret Signalling pathways- permission granted for use from source author
146

 

When RET is activated, a series of downstream signalling pathways are activated which 

encourage survival and proliferation. RET’s signalling pathway is similar to that of many 

other RTK’s, proceeding via the RAS/MAPK, PI3K/AKT, and the PLCγ pathways. Upon 
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activation of RET, residues on the intracellular kinase domain are phosphorylated and the 

signalling effectors containing the SRC homology 2 (SH2) or phosphotyrosine-binding 

(PTB) domains are recruited. It has been shown that 14 out of the 18 tyrosine residues on the 

intracellular domain are phosphorylated in this process
147

. Y
900

 and Y
905

 are involved in full 

activation of the kinase, and Y
1062

 is responsible for the activation of the RAS/MAPK and 

PI3K/AKT pathways. The tyrosine residue, Y
1062

, appears to be vital for RET function with 

mice bearing a single point mutation at this tyrosine residue resulting in a loss of function of 

the kinase
148

. 
 

1.7.3: RET in Cancer  

RET has been increasingly linked to numerous cancer types in recent years, with its 

expression being shown to have effect on tumour progression. In pancreatic cancer, RET has 

been shown to be present in 50-65% of pancreatic ductal carcinomas
149

, with expression 

being more frequent in metastatic and more advanced tumours
150

. RET would appear to have 

little effect on cell proliferation, however, it has been linked to invasion and metastasis to the 

central nervous system and into the perineal space, which is a predictor of poor patient 

prognosis. It has also been observed that the secretion of the RET-binding ligands GDNF 

and ARTN from pancreatic nerve cells, in addition to macrophages in the perineal space, 

cause the migration of RET expressing tumour cells
151

. 

In breast cancer, RET has been observed in 30-70% of invasive breast cancer tumours, with 

its expression being more common in ER positive tumours.
152

 Co-expression of RET and 

GFL’s have been detected in breast cancer tumours causing autocrine activation; this goes on 

to encourage metastasis and relapse, decreasing overall patient survival rates
153

. RET 

expression is largely unregulated in advanced and recurrent tumours compared to healthy 

breast tissue and primary tumours. It is possible to draw correlations between RET 

expression, tumour size, tumour stage, decreased metastasis-free survival, and lower patient 

survival
154

. In breast cancer models, RET has been shown to encourage cell proliferation and 

survival, and its presence has been shown to correlate with resistance to endocrine therapies 

such as tamoxifen, aromatase inhibitors, and fulvestrant
152a

, causing a poorer prognosis for 

patients with hormone receptor positive tumours. With this in mind, it has been suggested 

that RET expression could be utilised as a predictive biomarker for acquired resistance, and 

that RET inhibition could sensitise breast cancer to endocrine treatment.  

RET has also been shown to be present in various blood cancers such as AML with 

monocytic differentiation
155

 as well as chronic myelomonocytic leukaemia (CMML)
156

. 

Furthermore it has been shown to be present in numerous other cancer types such as prostate, 
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small cell lung cancer (SCLC), melanoma, renal cancer, and head and neck tumours; 

however the clinical relevance of RET expression in these cancers is yet to be explored
157

.  

1.7.4: Current RET inhibitors 

RET’s role has been well established in several cancer types, therefore antagonists against 

RET have begun being investigated. RET, like AXL, is an RTK and, in a similar fashion to 

AXL, RET shows a remarkable structural similarity to other members of this group. Because 

of this, specific RET inhibition is typically difficult to obtain, with other kinases often being 

hit as off-targets in addition to the RET kinase. Currently, the lead RET inhibitors have made 

use of this similarity with other kinases, utilising promiscuous inhibitors that were originally 

developed to target other kinases. Two such inhibitors have been approved for the treatment 

of locally advanced and Metastatic Thyroid Cancer (MTC).
128, 158

These are Vandetanib (29), 

a VEGFR2 and EGFR inhibitor, and the previously reviewed promiscuous MET, VEGFR, 

and AXL inhibitor, Cabozantinib (2). Furthermore, in phase III clinical trials both inhibitors 

have demonstrated significant improvement in progression free survival in patients with 

advanced MTC, however the long term effects of this treatment are yet to be observed
88

. A 

partial response to Vandetanib has been shown in MTC patients aged 5-18 with germline 

MET mutations
159

. However, mutations in the gatekeeper residue have been shown to block 

the inhibitory effects of Vandetanib
160

. Additionally, both of these inhibitors are in phase II 

clinical trials, testing the efficacy of Vandetanib and Cabozantinib in NSCLC cells with 

KIF5B-RET rearrangements. 

These two inhibitors have paved the way for a second generation of promiscuous RET 

inhibitors, including Sorafenib and Ponatinib
160

, for use in treatment of thyroid cancers, and 

are currently undergoing clinical trials
88

. These second generation inhibitors experience less 

issues with acquired resistance than Vandetanib, showing an improvement in the field
160

.  

 

Figure (15)-Vandetanib & Cabozantinib 
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The results of RET inhibitors should be considered in a pragmatic fashion, as it is likely that 

the majority of the effects seen with these promiscuous inhibitors is down to the primary hit 

of the inhibitors, i.e. the other RTK’s rather than RET. This has been demonstrated, as the 

results with these drugs have been similar in patients not presenting RET mutations
161

. 

However additional RET inhibition may circumvent chemoresistance. As previously 

mentioned, prolonged systemic exposure to VEGFR or EGFR inhibitors will develop 

acquired resistance over time; to try to correct this, and achieve greater efficacy, combination 

studies are under investigation.
162

 To aid combination studies, the development of selective 

RET inhibitors is being currently being examined
163

 to minimise off-target effects that can be 

more frequent during combination trials.  

It should be noted that the inhibition of RET has been observed to give adverse effects. RET 

has been shown to play a key role in survival and function of normal mature neuron 

populations, with GFL-RET being involved in the long term upkeep of multiple neural 

lineages
164

. It has therefore been proposed that the inhibition of RET could make aging 

neurons more prone to damaging agents or degradation, which suggests, these inhibitors 

should not cross the blood brain barrier. Additionally, it has been suggested that the 

reduction of GFL-RET signalling could cause an increase in inflammation-induced pain, a 

common occurrence in the cancer types where a RET inhibitor would be deployed, 

presenting another barrier that RET inhibitors must overcome
165

.  

Currently there are no RET inhibitors in clinical development. While various groups are 

investigating this, this is clearly an area that could be explored to replace the promiscuous 

Vandetanib and Cabozantinib in the future. 
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1.7.5: Conclusion 

RET is a RTK that shows structural similarities to other RTK’s such as AXL, and has been 

demonstrated to play a key role in various cancers. Its inhibition is thought to be partially 

responsible in the success of Vandetanib and Cabozantinib, two promiscuous inhibitors that 

have been approved for use in MTC; these drugs are far from perfect, with acquired 

resistance being a known issue with both, especially Vandetanib. In a hope to address this 

issue, improved RET inhibitors would hopefully in the future be employed, not only in the 

form of a multi-target promiscuous inhibitor, but also through combination studies. To 

conduct such studies, a selective RET inhibitor could be synthesised, so that off-target 

effects are minimised. Currently, there is an absence of selective RET inhibitors, suggesting 

a therapeutic space that is worthy of further exploration. 
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1.8: FLT3 

1.8.1: Introduction to FLT3 

FLT3, like RET and AXL, is a receptor tyrosine kinase; this classification of kinases also 

includes KIT, FMS and PDGFR. The protein bears a structural resemblance to other RTK’s, 

consisting of an extracellular domain containing 5 IG like domains, a linker domain, and a 

tyrosine kinase domain separated via a kinase insert domain to a C terminal intracellular 

domain
166

. It is usually expressed on the surface of normal healthy hematopoietic stem cells. 

 

Figure (16)- FLT3 protein crystal structure RSCB protein data bank 
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1.8.2: FLT3 signalling and in cancer 

 

Figure (17) - The FLT3 signalling cascade, permission granted for use from source author
167162158157156156156155154

 

FLT3 is typically activated by the FLT3 ligand (FL); this causes dimerisation of FLT3, 

which leads to a series of signalling pathways activating, resulting in certain downstream 

effectors being activated such a MAPK and AKT, which encourage proliferation and the 

activation of the stem cell
168

. In contrast, FLT3 mutants can be activated in the absence of 

the FL. When this occurs in addition to the signals from MAPK and AKT that are seen in 

healthy cells, STAT5 is activated
169

. STAT5, therefore, has been speculated as a potential 

biomarker for the presence of FLT3 mutants
170

. 

FL and FLT3 are expressed in normal healthy cells in which the FL-FLT3 interaction 

modulates cell survival, proliferation and the differentiation of hematopoietic stem cells
171

. 
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FLT3 has been heavily linked to leukaemia, with FLT3 mutations having been identified in 

about 30% of adult AML patients. Additionally, FLT3 is upregulated in ALL, where the 

expression of FL has been shown to correlate with increased proliferation and survival.
172

 

The result is a high degree of leucocytosis and a poor patient prognosis. The world health 

organisation (WHO), because of this, has recommended that FLT3 mutations should be 

analysed upon the diagnosis of AML
173

. 

1.8.3: FLT3 inhibitors 

Due to FLT3’s links to various forms of leukaemia, its inhibition has been looked at as a 

potential way to treat these cancers. While no FLT3 inhibitors have been approved for the 

treatment, some have had preclinical success or paved the way for future compounds: these 

are discussed below. 
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1
st
 Generation FLT-3 inhibitors 

 

Figure (18)-1
st

 generation of FLT3 inhibitors 

Tandutinib (30) is a selective FLT3 inhibitor designed by Millennium; it selectively targets 

the FLT3-ITD mutation over the FLT3-KDM mutation
174

, and also targets KIT and 

PDGFRB to a lesser extent
175

. In a phase I study on patients with relapsed or refectory AML, 

three patients showed a 40-50% reduction in bone marrow blasts.. The drug then moved onto 

phase II trials, where it was administered to 25 patients with relapsed or refractory AML 

harbouring a FLT3 mutation, where 7 out of 15 patients saw a decrease in stem cell and bone 

marrow leukaemia cell numbers. However, 8 of the patients could not be evaluated for 

clinical response due to rapid disease progression or issues with toxicity, and therefore the 

patients were pulled from these trials. Tandutinib, while showing that FLT-3 inhibitors could 

theoretically be utilised in the treatment of AML, suffered from an unimpressive IC50 (220 

nM), which might be the cause for its lack of success in clinical trials as the doses required 

were very high, increasing the risks of adverse effects.  
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Sunitinib (31) is an indolinone derivative developed by Pfizer, which has been approved in 

Japan for the treatment of renal cell carcinoma, gastrointestinal stromal tumour (GIST), and 

neuroendocrine tumour (NET). While this compound does inhibit FLT3, it hits its other 

targets KIT, KDR, and PDGFR, to a greater degree. It previously entered phase I trials for 

the treatment of advanced AML, where 7 in 15 patients saw a slight reduction in peripheral 

blast cells
176

. However, the deaths of two patients by cardiovascular issues when the drug 

was brought to biologically efficacious levels meant that this drug has been discontinued for 

the treatment of AML. 

Midostaurin (32) is a benzoylstaurosporine developed by Novartis as a KDR inhibitor
177

, and 

has shown to inhibit both FLT3-IDT and FLT3-KDM. Midostaurin was enrolled in phase II 

trials for AML, in a study consisting of 61 patients, with 11 showing FLT3-IDT and 4 

showing FLT3-KDM mutations respectively. Over half of the patients treated with 

Midostaurin showed a 50% reduction in bone marrow blasts, with one patient showing a 

very short period of complete remission
178

. Due to the indoloscarbozole moiety in its core 

scaffold, which is known to be highly associated with the acid-a-glycoprotein (AGP), the 

drug could not be maintained at a biologically efficacious level for long in human plasma. In 

the same study, two patients unfortunately died from pulmonary edema; this was thought to 

be due to drug induced toxicity. Midostaurin was deemed not effective enough as a single 

agent in patients with FLT3 expressing tumours, so combination trials are currently being 

undertaken with other chemotherapeutics.  

It can be seen from figure (18) that Lestaurtinib (33) is structurally very similar to 

Midostaurin, utilising the same indoloscarbozole scaffold. Lestaurtinib, developed by 

Cephalon, is highly potent against the FLT3 kinase; an IC50 of 3 nM makes it the most potent 

FLT3 inhibitor of the first generation
179

. In phase IIa trials for AML patients with FLT3 

mutations, 14 patients showed a 5% reduction in peripheral blast cells of bone marrow blast 

cells, while no patients went into complete remission
180

. As this compound is similar to 

Midostaurin, it also experienced a low free plasma concentration, along with low efficacy as 

single agent. Therefore, a phase II combination trial with conventional chemotherapeutic 

agents was conducted
181

. In this study, 224 patients were randomly assigned to one of two 

groups, a group treated with only chemotherapy, and another treated with a combination of 

chemotherapy and Lestaurtinib; the number of patients that went into complete remission 

was not statistically different, with the first group showing 16% and the second 21%. 

Because of this the clinical development of Lestaurtinib was discontinued. 
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Second generation FLT3 Inhibitors 

With the lack of success from the first generation of inhibitors, a second generation of 

inhibitors have been developed. Notably, the first generation of inhibitors were repurposed 

kinase inhibitors originally designed for inhibition of other targets; with this in mind, the 

second generation of FLT3 inhibitors were primarily screened for selectivity and potency 

against the FLT3 inhibitors. The lead inhibitors from recent drug discovery programs are 

listed below. 

 

Figure (19)- 2nd Generation FLT-3 Inhibitors 

KW-2449 (34), developed from the funding provided by Bristol Myers Squib and conducted 

by Kiyoi et al
182

, possesses a unique selectivity profile that is not shown by the first 

generation of FLT3 inhibitors. In addition to inhibiting FLT3 (IC50 6 nM), KW-2449 hits 

also ABL, the T315I-mutant ABL, and the Aurora kinases. This drug entered phase I clinical 

trials with 37 patients with AML, in which 11 presented FLT3 mutations. 32% of the 

evaluated patients showed a 50% reduction in bone marrow and peripheral leukaemia cells. 

The compound presented a higher clearance than expected, with the majority of FLT3 and 

STAT5 being dephosphorylated for only 8 hours; to take account of this, in a phase I half 

trial the drug was changed to be being administered twice, three, and four times daily. This 

drug has been subsequently discontinued due to gastrointestinal toxicity. 
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Sorafenib (35) was developed by Bayer; in addition to being a FLT3 inhibitor (IC50 58 nM) it 

hits RAF-1, VEGFR, PDGFR, and KIT
183

, and was approved in 2013 for the treatment of 

hepatocellular carcinoma and renal cell cancer. In phase I trials, Sorafenib showed limited 

success as a monotherapy, with only a reduction in transient blasts and no effect on patients 

entering complete remission. However, upon subsequent combination studies with 

chemotherapy, patients with AML presenting FLT3 mutations showed a 93% complete 

remission rate
184

. Further safety evaluations are required, as the combination of Sorafenib 

with chemotherapy shows no increase over chemotherapy as a monotherapy in terms of 

overall survival and event free survival in elderly AML patients
185

. 

Quizartinib (36) was developed by Ambit and is the most selective FLT3 inhibitor to date, 

with an IC50 less than 1 nM being observed by the use of the KinomeScan technique
186

. The 

drug shows preferential inhibition of phosphorylation for FLT3-ITD (IC50 1.1 nM) over 

FLT3-KDM, for which it shows no affinity. Quizartinib showed good bioavailability in 

preclinical trials
187

. Phase I clinical trials demonstrated that the dose limiter was QT 

prolongation through modulation of hERG, with one of the 18 tested patients with AML 

harbouring FLT3-ITD entering complete remission, and four entering incomplete remission. 

In a phase II study of 70 patients with relapsed and/or refectory AML harbouring FLT3-ITD 

mutations, 50.6% of patients went into either incomplete remission or partial remission; no 

patients entered complete remission due to bone marrow suppression. It was also observed 

that QT prolongation was again an issue, even at the lower recommended dose found from 

the phase I study.  While these results show a clear potency against tumours harbouring the 

FLT3-ITD mutation, further study is required to determine the safe optimal dose of the drug 

due to associated cardiac issues. 

Despite none of the above compounds being approved for clinical use, resistance 

mechanisms have been identified for FLT3 inhibitors during preclinical studies. These 

resistance mechanisms can be classed into two broad categories: primary and secondary 

resistance mechanisms. Primary resistance mechanisms include differing potency levels 

between different FLT-3 mutations, such as between FLT3-ITD and FLT-KDM, and the 

lower potency observed against leukaemia stem cells. Secondary resistance mechanisms 

present as either FL dependent resistance, the overexpression of FLT3, or the acquirement of 

resistance mutations
188

. 

The first two are the most minor; FL dependent resistance has been observed in a phase II 

trial of Lestaurtinib, where, after treatment with the drug, the levels of FL increased and 

resulted in a drop in clinical efficacy
189

. It is thought that the acquisition of resistance 
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mechanisms is a much larger factor in acquired chemoresistance to FLT3 inhibitors. These 

resistance mechanisms were poorly understood in the first generation of FLT3 inhibitors; 

however, in the second generation of kinase inhibitors, Quizartinib (36) has been a useful 

tool in identifying these mutations. It has been reported that eight of the patients who went 

into complete remission from the Quizartinib treatment as a monotherapy relapsed and 

acquired DY
835

, DV
835

, DF
835

 or FL
691

 mutations
190

. The mutations that occurred are in the 

proximity of the ATP pocket, with the F6911 mutation existing in the gatekeeper residue: 

from this we can infer that the compounds losing potency are that of type II inhibitors, as 

gatekeeper mutations are typically associated with a drop in potency in type II inhibitors, as 

was the case with Quizartinib. 

1.8.4: Conclusion 

FLT3 is an RTK that, like AXL and RET, is structurally similar to the other RTK’s. FLT3 

and its mutants, FLT3-ITD and FTL3-KDM, are thought to be heavily involved in AML; 

while this is a narrow field, FTL3 is thought to be expressed in approximately 30% of AML 

patients, suggesting the possibility of FLT-3 being utilised as a potential clinical target. The 

first generation of FLT3 inhibitors consisted of mostly multikinase promiscuous inhibitors; 

while these showed some success in reducing the number of peripheral and bone marrow 

blast cells, all suffered from a lack of efficacy or associated safety/toxicity issues. The 

second generation of FLT3 inhibitors comprised mostly of relatively selective FLT3 

inhibitors, with Quizartinib (36) showing the best selectivity to date with a potency of under 

1 nM. These inhibitors showed more promise than the first generation of inhibitors, with 

Sorafenib and Quizartinib treatment, in combination studies, resulting in complete remission. 

However, these drugs again suffered from a range of toxicity issues and did not mediate 

statistically significant improvement over conventional chemotherapy. 

The evidence that the inhibition of FLT3 and its mutants are involved in AML is apparent, as 

it has been for many years, but to date none of the inhibitors that hit these targets have been 

able to enter the clinic. To minimise the toxicity and efficacy issues, compounds that 

selectively target FLT3-ITD and FLT3-KDM are required. Currently, two compounds that 

do this, Ponatinib
191

 and Crenolanib
192

 (structures not included), are under clinical 

investigation; it is hoped that they could pave the way for selective FLT3 inhibitors in the 

clinic. 
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2.0: Research Rationale and Aims  

With the issues that have been highlighted in the previous chapter discussing modern drug 

design, it is clear new approaches are needed. To address this, our group has developed a 

novel chemocentric drug discovery approach that exploits the distinct genetic characteristics 

that differentiate chemoresistant cancer cells from their parental counterparts.  

Firstly a chemotype, defined as a compound or series of compounds with known drug-like 

properties of which a drug screening approach can be built around
12

, is identified. In this 

approach, we find a chemotype that matches the target ligand for the intended target. Once 

this has been identified, a series of small libraries are synthesised, typically 5-15 in number, 

and screened, investigating a phenotypic response such as cell viability. From here, hits are 

identified and further libraries synthesised with the aim of increasing selectivity and potency 

for the intended target. Once leads have been identified, target identification is performed to 

identify whether the intended target is being inhibited. However, if the intended target is not 

the one inhibited, this does not stop the drug discovery process; instead, the program can be 

altered to achieve potency in the actual target. This adaptive approach gives ligand-based 

chemocentric drug design a flexibility which cannot be replicated with target-based 

approaches. 

This pragmatic approach makes possible to synthesise novel selective kinase inhibitors on a 

budget and timescale much reduced from industry
193

. This approach can be seen to be a 

hybrid of both the target and phenotypic approaches, as it is a target agnostic approach to a 

point; however, upon lead optimisation through rational drug design, it moves towards a 

target-orientated approach, hoping to achieve selectivity for certain targets. This approach 

differs to a previous approach adopted by the group conducted by Craig Fraser, wherein 

phenotypic drug discovery was carried out against a single cell line, adapting a promiscuous 

inhibitor to target selectivity in this cell line. This target agnostic approach can be seen to be 

phenotypic first, and then become target-based upon identifying the molecular drivers behind 

the inhibition.  

The main aim of this thesis was to establish if the proposed approach could be applied to 

drive ligand optimisation to the discovery of potent AXL inhibitors. As previously 

discussed, AXL’s crystal structure is yet to be solved and homology models have not yet 

succeeded in finding distinctive structural motifs that would help to improve selectivity, 

which has made the rational design of AXL inhibitors difficult to achieve. We therefore 

proposed that employing this approach was the best rational way of developing potent 
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selective inhibitors, as high throughput screening methods have yielded promiscuous AXL 

inhibitors previously. A second objective of the thesis was to evaluate the SAR data 

generated to shed some light on key structural features of the active site of the target, by 

observing how minor chemical modifications affect the potency and selectivity of the 

molecule. 
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3.0: Design and synthesis of chemical library 1 

3.1: Design of the library 

The initial chemotype was a scaffold developed within the group previously, when 

investigating mTOR inhibitors, chosen due to its structural similarities to other AXL 

inhibitors. The scaffold was adapted from PP1 (37), a promiscuous kinase inhibitor that 

shows several structural similarities for the ligand of numerous kinases including receptor 

and non-receptor tyrosine kinases, e.g. AXL, RET and SRC. 

 

Figure (20) -PP1 and initial library scaffold 

 The initial library would serve as a gateway to the drug discovery process, as variation upon 

these molecules was a key factor in their design. Once these compounds were synthesised, 

they would be tested using cell viability assays to quantify their potency in cells. From here, 

the lead compounds would undergo target deconvolution to identify whether this scaffold 

yielded AXL inhibitors.  

As previously mentioned, the inhibitors in the initial library utilised a scaffold developed by 

a member of the group, Craig Fraser, when investigating mTOR inhibitors. This scaffold was 

structurally very similar to scaffold 2, that would be used later on in the project based on 

examples of AXL inhibitors found in the literature as seen in section 4.0. Note that the only 

difference between scaffolds 1 and 2 is the position of the amine group and this amine group 

was methylated, as shown in figure (20). 
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Figure (21)-Comparison of library scaffolds 

A methylcyclopentane group was introduced at the N
1
 position of the pyrazolopyrimidine 

core: previous work performed by the group suggested that the inclusion of this substituent 

increased the general potency of compounds utilising this scaffold in phenotypic cell 

viability assays of breast cancer cells, thus it was included in the compounds in this library.  
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3.2: Synthesis of the chemical library 1 

To construct the scaffold, 5-amino-1H-pyrazole-4-carbonitrile (38) underwent a ring closure 

reaction to yield compound 39. This occurred in 70% yield without need for purification and 

from here compound 39 was reacted with N-iodosuccinimide to introduce an iodine group at 

the C
3
 position, yielding compound 40, providing a handle for Suzuki- Miyaura reactions to 

introduce various R groups at the C
3
 position of the pyrazolopyrimidine core. This was 

completed in 52% yield and without need for further purification steps. Compound 40 then 

underwent an alkylation reaction to introduce the methylcyclopentane group, which occurred 

in a slightly lower yield only 26 % resulting in the successful synthesis of compound 41. 

 

Scheme (1)- Synthesis chemical library 1. 

The crystal structure of AXL, as previously mentioned, is unsolved, therefore selecting 

groups to substitute at the C
3
 position becomes much harder. Previous literature

115
 had 

shown some success obtaining AXL inhibition in a similar scaffold, utilising para-

substituted aryl groups, with alkyl groups, ortho, meta, and branched substituents being less 

effective. Taking account of these trends, Library 1 was synthesised, containing compounds 

42-51, this was achieved via a Suzuki-Miyaura cross-coupling reaction of 41 with a R 

containing boronic acid or ester as scheme (1). Being the initial derivatives in the drug 

discovery process, the compounds were selected with variation in mind so to explore as 

much chemical space as possible with an initial library. Compound 42 and 43 sought to 

verify whether the theory that a branched aryl group was less tolerated than an unbranched 

group. Compound 44 contained a (piperazin-1-yl) pyridine group which has shown success 

in literature. Compound 45 and 46 sought to investigate whether the para-aryl group was, as 
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suggested by literature, more effective than the ortho-aryl group. The inclusion of a furan 

group in compound 47 at the C
3
 position of pyrazolopyrimidine core had been effective with 

this scaffold in the past, and so was included in this library. Compounds 48-51 completed the 

library with other groups from literature that had been effective in the synthesis of AXL 

inhibitors. 
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Table (2)- Chemical library 1 (a) clogP Calculated by Chemsketch 

Compound R group Molecular 

Weight 

Yield of Suzuki- 

Miyaura reaction 

with 41 /% 

clogP
a 

42 

 

353.43 37 2.94 

43 

 

323.40 71 3.26 

44 

 

378.48 45 1.60 

45 

 

336.40 55 1.29 

46 

 

336.40 25 1.30 

47 

 

283.34 85 2.61 

48 

 

361.37 55 4.42 

49 

 

311.36 63 3.38 



69 
 

Compound R group Molecular 

Weight 

Yield of Suzuki- 

Miyaura reaction 

with 41 /% 

clogP
a
 

50 

 

369.47 52 5.11 

51 

 

377.50 36 2.34 

 

3.3: Cell viability studies 

With library 1 now complete, compound were tested for cell viability against two breast 

cancer cell lines: SKBR3 and SKBR3 8931c. SKBR3 8931c is a variant of the SKBR3 

parental cell line, with acquired resistance to the HER family kinase inhibitor AZD8931 

developed by AstraZeneca
194

. The resistant SKBR3 8931 cells have been shown previously 

to upregulate AXL
195

 expression, which is absent in the parental cell line, thus giving these 

studies an AXL expressing cell line and a cell line that doesn’t express AXL upon which to 

test the compounds generated in the drug discovery program. The cells were incubated in the 

compound for 5 days, and compared to a known promiscuous AXL inhibitor Foretinib.  

Addendum: 

Following completion of my research it was found that the SKBR3 8931c cells were not in 

fact a derivative of the SKBR3 parental line. However they did still express high levels of 

AXL providing a valid screening platform for identifying AXL dependent and independent 

inhibitors. The original cell line name is retained while ongoing efforts continue to validate 

the true source of the AXL expressing cells. 
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 pEC50 

 42 43 44 45 46 47 48 49 50 51 F 

SKBR3 

8931C 

5.3 5.3 4.8 4.3 4.4 5.0 5.0 4.6 5.1 4.4 6.8 

SKBR3 
5.1 4.2 5.2 4.0 4.5 5.0 4.0 4.0 4.3 5.0 6.0 

Figure (22)- Comparison of pEC50 values between SKBR3 and SKBR3 8931C for chemical library 1. These were 
compared with the commercial promiscuous AXL inhibitor Foretinib which was used as a positive control (F= 
Foretinib). The EC50 values were obtained in M and negative logged to the base 10 to calculate the pEC50, n=1. 
Values in the table are shown as the mean. 

 

  

Figure (23)- Foretinib 
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The cell viability assay functions by the addition of PrestoBlue™ to cells after 5 days of 

inhibitor treatment. The PrestoBlue™ contains resazurin, a blue compound with no 

fluorescent value which, upon entering the cell, is reduced to resorufin, a red compound that 

is highly fluorescent. Cells that have a higher degree of confluence will more readily reduce 

the resazurin and, conversely, wells with fewer cells due to cell death or reduced 

proliferation will cause less reduction of resazurin, resulting in less fluorescence. Therefore 

if AXL is causing increased proliferation and/or survival for the cell lines, inhibition of this 

should result in fewer viable cells and in a lower level of fluorescence.  

The EC50 values of Foretinib, the positive control, shows a gap in potency between the two 

cell lines, with a magnitude of 10. It can be seen that Foretinib is more potent than the tested 

compounds from this library and shows a bigger differential between the two cell lines. 

Foretinib is more potent in the AXL expressing SKBR3 8931c cell line showing consistency 

with its ability to inhibit AXL activity. It also potently inhibits the parental SKBR3 cell line 

which does not express AXL highlighting Foretinib’s well-established promiscuous nature. 

Thus these cells are a good model for identifying inhibitors of AXL dependent proliferation. 

In the SKBR3 8931c cell line, the most potent compounds from the screen were 42, 43 and 

47. Compound 42 demonstrated similar potency in the parental cells, whereas 43 showed a 

greater than tenfold increase in potency in the drug-resistant cell line over the parental cell 

line. These two compounds are extremely similar, with only the meta-methoxy group being 

present in 42 and not present in 43; this would suggest that if the compounds from this 

library were found to be acting through AXL, then 42 is experiencing off-target promiscuity 

due to this methoxy group. The only cell line to show an increase in potency in the parental 

cells was 48; this was unexpected, as the (piperazin-1-yl) pyridine group had shown previous 

success in AXL inhibitors. The remainder of the compounds in this series did not achieve a 

potency of 10 μM or lower in the SKBR3 8931c cell line, and so were not deemed potent 

enough to warrant further study. Upon completion of these studies, 42 and 43 were found to 

be the most potent hits from the series and were the candidates for further optimisation, once 

target validation had occurred.  
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3.4: Kinase screen 

The most potent hits from this series underwent a kinase inhibition study to see whether this 

scaffold was hitting the intended target, AXL. This was performed by Reaction Biology, a 

biotech operating out of Pennsylvania in the United States. Compounds 42 and 43 were 

tested against a panel of 12 recombinant kinases: including the complete TAM family (AXL, 

MER, TYRO-3), to establish whether the compounds were hitting AXL, and what selectivity 

they exhibited over the rest of group, a typical problem for previous generations of AXL 

inhibitors. In addition to these three kinases, ATK1, Aurora A, c-KIT, c-MET, FLT3, 

VEGFR2, and RET were identified as common off-target hits for other AXL inhibitors in the 

field. Other screens for AXL inhibitors had tested for potency against these kinases, so this 

approach was adopted in the screen for this library. Lastly, the compounds were tested for 

mTOR and SRC potency: as previously stated, this scaffold had yielded mTOR inhibitors in 

the past.
19

 As another branch of compounds utilising this scaffold had also been shown to be 

potent SRC
193

 inhibitors, SRC was also included in the screen. 

Table (3)- Kinase screen data for chemical library 1. The compounds were screened against a panel of 12 
kinases including AXL, the other TAM family members, and other RTK's that are commonly hit by AXL 

inhibitors due to their structural similarity with AXL. Hits were tested by Reaction Biology against 12 kinases 
in a 10-dose IC50 mode with 3-fold serial dilution starting at 10 µM and compared to 2 control compounds 

Staurosporine and PI-103 which tested in a 10-dose IC50 with 3 or 4-fold serial dilution starting at 20 µM. All 
kinase reactions were performed at 10 µM ATP. Blank boxes denote a IC50 greater than 10μM.  

 IC50 μM 

Kinase Compound 42 Compound 43 

AKT-1 >10 >10 

Aurora A >10 >10 

AXL >10 >10 

c-KIT >10 8.3 

c-MER >10 5. 

c-MET >10 >10 

SRC 3.0 1.2 

FLT3 >10 >10 

mTOR 5.2 2.5 

RET 5.0 0.66 

TYRO3 >10 >10 

VEGFR2 >10 >10 
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What can be initially seen from this screen is that the compounds from this library are not 

hitting AXL. However, due to the adaptive approach of this drug discovery method, this is 

not necessarily the end of this library, as the studies are phenotypically driven and the drugs 

are showing a phenotypical effect on the cells, even if this effect is not driven by AXL. Both 

of the leads from this series, as expected, hit MTOR to some degree, showing a similar 

potency of 5.1 and 2.5 μM, respectively. Compound 43 had a wider hit range, inhibiting c-

KIT, c-MER, and VEGFR2 where 42 does not, suggesting a more promiscuous compound. 

Compound 43, in this small screen, inhibits SRC as its major target which was somewhat 

expected as previous compounds generated from this scaffold has also inhibited SRC, where 

5 hits RET as its major target, exhibiting nanomolar potency, which could be studied further 

in subsequent studies investigating this library, as RET is a major oncogene is several cancer 

pathways
143

.  

What can also be seen from these studies is the importance of the amine group at the 4-

position of the pyrazolopyrimidine ring. Should the second scaffold yield AXL inhibitors, 

this data would suggest the position of amine motif is key for target binding, as without the 

amine group at the 6 position, the activity against AXL is negligible: in the absence of 

structural information due to the lack of crystal structure, this will help to identify a key 

pharmacophoric feature of pyrazolopyrimidine-based AXL inhibitors. It can also be noted 

that the inhibitors showed no activity against either of the other TAM family members, MER 

and TYRO 3, suggesting that the need for the amine in this position is important for all 

members of this kinase family. 

 

Figure (24)- Comparison of two scaffolds used in this thesis 
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3.5: Conclusion 

An initial compound library based upon a 4-aminopyrazolopyrimidine scaffold, an adenine-

like heterocycle found in many Type-I kinase inhibitors,  was successfully synthesised in a 4 

step synthesis. It was hoped that the compounds would inhibit AXL, since this scaffold had 

previously shown potent activity against several receptor tyrosine kinases such as RET. The 

library consisted of 10 compounds with variations upon the 3 position carbon. This library 

was then tested upon two different HER 2 positive cells: the SKBR3 parental cell, and the 

AXL expressing, AZD8931c resistant cell line, SKBR3 8931c. These studies identified 42 

and 43 as potential hits, with both compounds being potent in the resistant cell line, showing 

4.5 and 4.5 μM respectively. However, 42 retained its potency in the selectivity in the 

parental cell line, whereas 43 did not and showed a greater than tenfold drop in potency. To 

shed some light over this data, biochemical screening was performed using a selected group 

of kinases including the TAM family members on these two hits. It was revealed from this 

screen that neither of these compounds inhibits AXL; however, both showed activity against 

mTOR and SRC, with 43 showing activity as a potent RET inhibitor, with a 655 nM activity 

against this kinase. A possibility for compound 42’s indiscriminative activity against both 

parental and chemoresistant cell lines, is that it also inhibits an untested target, most 

probably an EGFR family member, as the cells are HER2 positive. In the pursuit of AXL 

inhibitors, this compound library was unsuccessful, but it did bring to attention the 

importance of the nitrogen group of pyrazolo [3, 4-d] pyrimidine ring. It is also opens the 

way for subsequent studies to investigate the synthesis of RET inhibitors. 

 

Figure (25)- Compounds 42 and 43 the two most promising hits from chemical library 1 
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4.0: Design and synthesis of chemical library 2 

4.1: Design of the library 

As discussed in the previous chapter a second library was designed to contain a subtly 

different scaffold to that utilised in the first library. This change was guided by previous 

work performed in the synthesis of UNC2025 which is described in further detail in section 

1.4.5. On the 6-position of the pyrimidine ring it was decided that the alkyl group attached to 

the amine would be kept short. The reason for this can be seen by comparing compounds M3 

and M4 which can be seen in figure (26). Derivative M3, which contains a methyl group at 

this position, shows an IC50 for AXL of 14 nM and a similar potency for MER of 18 nM. 

This was one of the least selective molecules of the drug discovery program reported by 

Zhang, suggesting that small alkylamino groups at the 6 position of the ring favours AXL 

inhibition as much as for MER
116

.   



76 
 

 

Figure (26)- Compound 22 and 23  potent AXL and MER inhibitors from the studies conducted by Zhang et al, 

involved in the development of UNC2025 (14) 

In contrast, as seen in M4, if the chain length is increased, the selectivity towards MER 

increases dramatically showing a 50-fold drop of potency for AXL. This lengthening of the 

chain is therefore thought to favour MER inhibition and thus in the scaffold used in this 

library it would be kept short to only a methyl group. 

With these matters in mind, a scaffold for the second library was constructed figure (27). The 

majority of the variations would occur at the 3-position of the pyrazolopyrimidine core, by 

introducing these groups through Suzuki-Miyaura cross coupling, and utilising what we had 

learnt from the previous library and literature to direct the choices for the R groups at the 3 

position. The N
1
 position of the pyrazolopyrimidine core would once again mostly be the 

methylcyclopentane group, in order to increase the lipophilicity of the molecule to allow the 
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compounds to more readily cross the cell membrane. The inclusion of this group was 

supported by the positive results observed in the first library and previous work carried out in 

the group, as while these compounds did not inhibit AXL, the potency of these compounds 

was desirable for initial hits
19

. Lastly, it was decided to keep the methylamine group at the 6 

position of the ring due to the literature data and based on a computer modelling of TAM 

inhibitors also from literature that appeared to echo the same conclusions.
196

  

 

Figure (27)- Chemical library 2 scaffold 
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4.2: Attempted synthesis of chemical library 2 

The work reported by Zhang et al described a synthesis route to access scaffold 2 beginning 

with commercially available compound 6-(methylthio)-1H pyradozolo[3,4-d] pyrimidine 

(52)
115

. As described in Scheme (2), this route begins with alkylation of the starting material 

to give 53, followed by the oxidation of the thio group to give 54 to allow introduction of the 

methylamine group to give 55. This would be concluded by the introduction of the iodine 

group at the 3-postion of the pyrazolopyrimidine core to give the intermediate 56. In contrast 

to what was described in this literature, this route proved to be unsuccessful, as, while the 

alkylation step could be completed successfully, as could the oxidation of the methylthio 

group, upon oxidation it could not be displaced by methylamine (not even in large excess 

and heating), suggesting the methylsulfonyl group was not an adequate leaving group.  

Subsequently, the order of the reactions was changed. Firstly, the iodination preceded the 

methylamine substitution that would be followed by the alkylation. Secondly, the order was 

changed so the methylamine substitution occurred first, followed by the alkylation and the 

iodination. Unfortunately in both of these cases methylamine could not displace the 

methylsulfonyl moiety. After these attempts of optimisation, and changing around the order 

of the reaction, this route was ultimately terminated and starting material changed to 6-

chloro-1H-pyrazolo[3,4-d]pyrimidine. The lack of the success in performing this scaffold’s 

synthesis was unexpected, despite being reported in the literature; the reason for this 

scaffold’s failing was never established. 
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Scheme (2)- Proposed synthesis of the scaffold used in chemical library 2, beginning with the commercially 

available compound 6-(methylthio)-1H pyrazolo[3,4-d] pyrimidine compound. This route could not be 

completed due to a failure to substitute the methylamine group onto the pyrimidine ring. 

Upon switching to 6-chloro-1H-pyrazolo [3, 4-d] pyrimidine as the starting material, a 

synthesis was designed in order to complete the scaffold. Due to the difficulties previously 

encountered introducing the methylamine group, the first attempt of this new route was to 

see whether the chloro group could be displaced by methylamine; it was hoped this would be 

possible, as it is a better leaving group than the methylsulfonyl group. This was successfully 

completed in 59% yield, with the product precipitating out of the THF solution. After this, 

the scaffold was alkylated to introduce the methylcyclopentane group. This was completed, 

albeit at the low yield of 25%, an issue typical of this kind of alkylations that would be seen 
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subsequently, as it appears this scaffold is not alkylated easily. Lastly, the iodination step 

using N-Iodosuccinimide was attempted, however this step was unsuccessful: this route is 

described in scheme (3). In an attempt to complete the scaffold, the iodination and alkylation 

steps were switched, though the iodination did not work either. This route was later solved, 

and is described in the next section.  

 

Scheme (3)- Unsuccessful synthesis of the scaffold for chemical library 2 using 6-chloro-1H-pyrazolo [3,4-

d]pyrimidine as starting material. 
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4.3: Synthesis of the chemical library 2 

The importance of the amino position upon the pyrazolo [3, 4-d] pyrimidine ring had been 

suggested by the results from the initial library; it was hoped that the second library would 

confirm this and produce potent AXL inhibition, rather than the mTOR and SRC inhibition 

seen in the first library. The synthesis of trifunctionalized derivative 56 was accomplished as 

described in Scheme (4). To begin with, iodination was completed upon the commercially-

available starting material 6-chloro-1H-pyrazolo [3,4-d]pyrimidine (57), to introduce a 

handle for Suzuki-Miyaura reactions at the 3-position; this was completed in a high yield of 

91%, to produce compound 59. It did, however, require a purification step, unlike the 

iodination of the scaffold utilised in the first library. After this step, a methylamine group 

was introduced, substituting at the 6-position to remove the chloro atom. This was completed 

without need for purification, in a lower yield 55%, to obtain compound 60. Initially, it was 

feared that the methylamine may preferentially substitute at the 3-position (iodo-position), 

rather than the chloro one, however this did not occur. Upon successful synthesis of 60, the 

methylcyclopentane group that had yielded potent compounds in the first library was 

introduced at the 1-position via an alkylation reaction, being completed in 40% yield to 

produce compound 56: the aimed intermediate for subsequent Suzuki-Miyaura cross-

coupling. 

 

Scheme (4)- Synthesis of chemical library 2. 
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With 56 successfully synthesised, the second library was designed: the initial two 

compounds, 61 and 62 were proposed based upon the most potent inhibitors from the first 

library, utilising the methoxy- and dimethoxyphenyl groups. The amide group present in 63 

and 65, in addition to the aminobenzo[d]oxazol group present in 66, had shown some 

previous success in work completed by the group against other RTK targets, and so was 

included in this library screen. Compound 64 made use of the (piperazin-1-yl) pyridine 

group that had been successful in literature; this group had not been particularly effective in 

the first library, suggesting it would not inhibit the same targets as library one, which would 

have potential to produce a more selective inhibitor. 

The first two inhibitors in this series, 61 and 62, showed solubility issues in DMSO, 

rendering their subsequent cell viability data unreliable. While this wasn’t an issue observed 

for compounds 63-66, it was acknowledged that this could be an issue with subsequent 

compounds, so to address this derivatives were also prepared with the methylcyclopentane 

group replaced with a methyl-1,3-dioxolane group. It was hoped that the two oxygen atoms 

present in the aliphatic ring would bring up the overall polarity of the molecule so these 

problems would not reoccur. To identify what effect on potency the dioxalane group was 

having, analogues of 61 and 62 were synthesised using the methyl-1,3-dioxolane group, to 

yield compounds 68 and 69. With variability in mind, compounds 70 and 71 were 

synthesised to try to explore as much chemical space as possible. Also, as previously stated 

in chapter 1.4.4, the p-fluorophenyl group present in 70 is common in previous generations 

of AXL inhibitors, and so the group was included in the study. A final compound was hoped 

to be included in this library that possessed a biphenyl group at the 3-position of the 

pyrazolopyrimidine core, as this had yielded potent AXL inhibition in literature, however the 

Suzuki-Miyaura reaction to yield this compound would not work despite numerous 

optimisation attempts, and therefore the synthesis was terminated. This compound, and the 

others in this series, can be seen in table (4). 
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Table (4)-Chemical library 2. (a) clogP calculated by chemsketch 

 

 

Compound R
1
 group R

2
 Molecular Weight Yield of 

Suzuki- 

Miyaura 

reaction 

with 56 or 

67 /% 

clogP
a 

61 

 

 

337.43 72 3.88 

62 

 

 

367.45 55 3.55 

63 

 

 

350.43 29 2.48 

64 

 

 

392.51 59 2.22 

65 

 

 

350.43 56 2.59 

66 

 

 

363.43 44 3.71 

68 

 

 

341.57 5 1.11 
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Compound R
1
 group R

2 Molecular Weight Yield of 

Suzuki- 

Miyaura 

reaction 

with 56 or 

67 /% 

clogP
a
 

69 

 

 

396.45 53 -0.55 

70 

 

 

329.34 39 1.23 

71 

 

 

379.34 55 2.27 

- 

 

 

387.44 Not 

completed. 

- 

4.4: Cell viability studies 

Once the second library had been completed, the novel derivatives were tested against breast 

cancer cells, checking for cell viability. The compounds were again tested in the SKBR3 

8931c cells, however instead of comparing these to the parental SKBR3 line, another breast 

cancer HER2 expressing cell line, BT474, was used instead. The reason for this change was 

that I had seen the parental SKBR3 cells readily undergo epithelial–mesenchymal transition 

(EMT) over time, and due to the sometimes-lengthy pauses between studies to synthesise the 

chemicals for the screen, the data showed high margins of error, making it unreliable. The 

BT474 cells were found to be much more stable and importantly, did not express AXL
195

. 

Consequently, these cells were used from this point onwards in this thesis. The cells were 

once more incubated in the presence of compounds for five days, two days after seeding, in a 

concentration range 100 μM-30 nM, and compared to Foretinib.  
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 pEC50 

 61 62 63 64 65 66 68 69 70 71 F 

BT474  4.7 4.6 4.0 5.8 4.6 4.0 4.7 4.9 4.4 4.0 6.6 

SKBR3 

8931C  

5.1 5.1 4.0 6.1 4.8 4.0 5.0 5.3 4.2 4.0 6.9 

Figure (28)- Comparison of EC50 values between BT474 and SKBR3 8931C cells for chemical library 2. These 
were compared with the commercial promiscuous AXL inhibitor Foretinib which was used as a positive 
control (F= Foretinib). The EC50 values were obtained in M and negative logged to the base 10 to calculate the 
pEC50. Error bars denote standard deviation, n=2.  Values in the table are shown as the mean. 

 

The data showed that the majority of the drugs from this series are more active in the AXL 

expressing SKBR3 8931c, with three compounds, 64, 68, and 69 showing potency of less 

than or equal to 10 μM in this cell line. The most potent compound from this series was 64, 

which showed potency of 880nM, with nearly a twofold increase in potency compared to the 

BT474 non AXL expressing cell line. This result was encouraging: as previously mentioned, 

the (piperazin-1-yl)pyridine group yielded good potency against AXL in derivatives 

prepared by Zhang et al. Therefore 64 was the most promising hit going forward from these 

studies, and a prime candidate for optimisation. 
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It can be also be observed that in 69, a close analogue of the lead compound, 64, the 

introduction of the dioxolane group caused a dramatic drop in potency, suggesting that to 

maintain potency this group should not be incorporated into future molecules. It can also 

been observed that increased branching at the 3-position of the pyrazolopyrimidine core has 

a negative effect in potency, with 62 being less potent across both cell lines than 61. This 

branching effect could explain why no potency is observed in 65; however it could be the 

case that the amide group is not well tolerated. 
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4.5: Synthesis of ‘click’ library  

 

Scheme (5)- Synthesis of the click library, beginning with the introduction of a propargyl group in at the N1 

position of the pyrazolopyrimidine core, this is then converted to an R-containing triazole which is then 

reacted through a Suzuki-Miyaura reaction with 2(piperazin-1-yl) pyridine boronic acid- pinacol ester to yield 

the final compounds. 

Upon completion of the second library, 64 had been identified as the lead. The compound 

possessed three potential areas to optimise, and so these were considered. Firstly, the 

methylamine group on the 6-position was considered for optimisation; however the previous 

library had shown the importance of having the amine group at this position, and, not 

wanting to interfere with this apparently crucial process for suspected AXL inhibition, this 

part of the compound remained untouched. The second group considered was 3-position: 

variations at this position had produced the second library and showed a clear range of 

potency, suggesting this area had a profound effect on potency. However, as this was already 

partly explored, the attention of this project moved to N
1
 position of the pyrazolopyrimidine 

core. 
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Compound 64 contained the methylcyclopentane group which was a suspected contributor to 

the high potency seen in previous libraries; however, with no heteroatoms present in the ring, 

at the N
1
 position of the pyrazolopyrimidine core, it will be unable to engage in hydrogen 

bonding interactions that would improve selectivity. Therefore it was expected that 64 will 

show high promiscuity due to the similarity between many RTKs’ active regions. While the 

methyldioxolane group had not been well tolerated, other heteroaromatic rings were 

considered, and the SAR’s focused on N
1
-substituted triazoles. With several hydrogen 

acceptors present in this triazole and additional moieties in the R position, the selectivity 

profile of the resulting compounds should change and a small library can be readily 

synthesised by utilising the click reaction. Lastly, this approach was truly novel, as the 

triazole ring had not been used in the previous generations of AXL inhibitors, therefore 

adding to the chemical space explored by this drug discovery program.  

With this in mind, a small library dubbed the ‘click’ library was designed. To synthesise 

these compounds, intermediate 60 was alkylated with propargyl bromide to introduce a 

propargyl group, providing an alkyne upon which to perform click chemistry, giving 

compound 72 in 23% yield, a typically low yield for alkylations on this scaffold. This then 

underwent a click cycloaddition reaction, with a series of organic azides containing the R 

groups that would be substituted on the triazole ring. This was done using classical 

conditions: copper iodide and sodium ascorbate. Palladium-catalysed Suzuki-Miyaura cross-

coupling of the triazole-containing compounds with a (piperazin-1-yl) pyridine boronate 

ester gave molecules 77-80.  

Analogues 77 and 80 were synthesised with aromatic R groups, 77 possessing the 

methylbenzyl group in the R position while 80 possessed a further heterocycle, the thiophene 

group. 78 and 79 both contained aliphatic rings with a branched hydroxyl group present. It 

was hoped a fifth compound in this library containing a butyl-4-piperidine-1-carboxylate at 

the R position to expand upon the chemical space and enabled further functionalisation. 

Unfortunately, it was unable to be synthesised, and therefore was not included. The library 

including the failed fifth compound can is described in figure (29).  

The size of these molecules is larger than is expected for most small molecule inhibitors with 

all being near or over 500 Da, which is in violation of Lipinski’s rule. However large groups 

had been seen at this position previously with some success, it was hoped that upon hit 

identification optimisation of these compounds could occur to reduce the molecular weight 

of these compounds to make them more drug like. 
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Figure (29)-Completed 'click' library including the fifth compound that was unable to be synthesised, clogP 

calculated by chemsketch 
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4.6: Cell viability studies of ‘click’ library 

Following the synthesis of the ‘click’ library, the compounds were tested for cell viability 

with the same procedure used for chemical library 2, testing them against the AXL 

expressing SKBR3-8931c cells and the AXL non-expressing BT474 cells.  
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 pEC50 

 Compound 

77 

Compound 

78 

Compound 

79 

Compound 

80 

Compound 

64 

BT474 5.5 4.7 4.5 5.2 5.8 

SKBR3-

8931c 

5.8 4.5 4.8 5.8 6.1 

Figure (30)- Comparison of EC50 values between BT474 and SKBR3 8931C cells for the ‘click’ library. These 
were compared with compound 64. The EC50 values were obtained in M and negative logged to the base 10 to 
calculate the pEC50. Error bars denote standard deviation, n=2. Values in the table are shown as the mean. 

 

This small screen showed that the triazole group, as anticipated, was causing a drop in 

potency compared to that of the methylcyclopentane group. However, the drop wasn’t too 

severe, as compounds 77 and 80 still exhibited potency at levels between 1-2μM, with both 

showing potency greater than 64, the second most potent compound from the second 

inhibitor library. Compounds 77 and 80 showed that the aromatic R group of the triazole was 

well tolerated, whereas the aliphatic rings or the hydroxyl group present in 78 and 79 were 

not tolerated, with a dramatic drop in activity (>10-fold). This library, in addition to 64, 

found 77 and 80 as potential validated hit compounds going forward.  
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4.7: Kinase screen 

The five best compounds (64, 68, 69, 77, and 80) from this stage of the research, and 79 

(negative control), were then submitted for a kinase screen against the same 12 kinases as 

tested by Reaction Biology in the kinase screen for the initial library. This was done to 

compare the difference between the two scaffolds, so that target identification and selectivity 

for the inhibitors of this library could be informed and the theory of the effect of the placing 

of the amino position could be verified. It was also hoped that, by the inclusion of 79, it 

could be established which kinases in particular were experiencing a drop in potency by the 

inclusion of the hydroxyl-aliphatic ring. 
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Table (5)-Kinase screen of the 6 hit compounds from the chemical library two libraries. The compounds were 

screened against a panel of 12 kinases including AXL, the other TAM family members, and other RTK's that 

are commonly hit by AXL inhibitors due to their structural similarity with AXL. Hits were tested by Reaction 

Biology against 12 kinases in a 10-dose IC50 mode with 3-fold serial dilution starting at 10 µM and compared 

to 2 control compounds Staurosporine and PI-103 which tested in a 10-dose IC50 with 3- or 4-fold serial 

dilution starting at 20 µM. All kinase reactions were performed at 10 µM ATP. Blank boxes denote a IC50 

greater than 10μM.  

 IC50 μM 

Kinases 64 68 69 77 79 80 

AKT1 >10 >10 >10 >10 >10 >10 

Aurora A 0.16 0.56 0.66 1.8 5.6 0.79 

AXL 0.12 1.3 0.53 0.40 3.5 0.78 

c-KIT 1.1 >10 7.5 >10 >10 >10 

c-MER 0.64 8.7 6.2 2.3 >10 8.9 

c-MET 2.1 >10 >10 >10 >10 >10 

SRC 1.1 7.2 0.89 1.0 7.2 >10 

FLT3 0.02 0.25 0.10 0.53 2.9 0.86 

VEGFR2 0.69 7.5 4.5 >10 >10 >10 

mTOR >10 >10 >10 >10 >10 >10 

RET 0.05 1.2 0.16 0.60 2.1 0.43 

TYRO3/SKY >10 >10 >10 >10 >10 >10 

 

From this screen, it is possible to observe that all inhibitors were inhibiting AXL to some 

degree, reiterating the point brought up in the previous chapter about the importance of the 

6-amino group on the scaffold. Furthermore, by this changing of the amine position, this 

library does not inhibit mTOR, setting it clearly apart from Chemical Library 1. The most 
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potent AXL inhibitor from this series is 64, as was expected since it was the most potent 

inhibitor in cells. Also, as expected, due to the lack of heteroatoms and superior 

hydrophobicity of the methylcyclopentane group, 64 shows a higher degree of promiscuity 

compared to compounds 77-80 from the ‘click’ library. Interestingly, the screening revealed 

that 64 does not inhibit AXL as its prime target and is in fact primarily a potent FLT3 

inhibitor, with an activity of 17 nM, in addition to blocking RET activity to a similar level of 

53 nM. The promiscuous nature of 64 is analogous to the majority of the current crop of 

AXL inhibitors, with Carbozantinib and Sunitinib also hitting RET as a primary target.
197

 

The activity trend against FLT3 and RET is mirrored across the screen. 

Compound 77, unlike 64, inhibits AXL as its primary target, whilst it is not as potent as 64. 

Targeted AXL inhibition has been difficult to achieve in the past, with only two AXL 

inhibitors hitting AXL as their primary target recorded to date: the current market lead, 

BGB324 (17), and the Bristol Myers-Squib inhibitor BMS-777607
86

  (5), which is advertised 

as MET inhibitor but hits AXL to a greater degree. It can also be observed that the 

compounds from this screen largely do not hit TYRO3, and have a much greater potency in 

AXL than in MER. This selectivity for AXL over the other TAM family kinases has been 

previously hard to accomplish, due to the similarities in the active region of these kinases. 

Furthermore, it can be observed that only 64 hits MET, one of the most common off-targets, 

with the majority of current AXL inhibitors hitting it as a primary target.  

The synthesis of a selective AXL inhibitor is relevant due to its rarity, however 77’s potency 

is tenfold behind the current crop of AXL inhibitors, so this is something that needs to be 

improved going forward. It was hoped that it would be possible to increase AXL inhibition 

tenfold whilst not increasing the other kinases shown in this screen. 
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4.8: Phagocytosis assay of apoptotic neutrophils 
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Figure (31)- Phagocytosis of apoptotic neutrophils is indicated by the movement of MDM (monocyte-derived 

macrophages) from the lower right to the upper right gate (Q2). In the case of inhibition of phagocytosis, 

fluorescence decreases, thus the population moves to the lower right gate. DEX stimulates MER expression, in 

the MDM’s, whilst AXL expression is augmented upon IFN- treatment. B) This can be seen in greater detail in 

the bar graphs comparing the phagocytosis assay data for both DEX treated and IFN-γ data. 
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With AXL inhibition established for the compounds in the second library series through 

kinase screening, it was hoped that other phenotypic effects could be observed that were the 

result of AXL inhibition. Prof Ian Dransfield (QMRI, University of Edinburgh) has been 

conducting research on the role of MER in the field of immunology
198

. As previously 

discussed in chapter 1.4.6, all three members of the TAM family have been shown to be 

involved in the immune response in some way, therefore it would be interesting to see 

whether AXL inhibition would have an effect on these biological processes. In collaboration 

with Prof Dransfield, I studied the capacity of monocyte-derived macrophages (MDM) to 

phagocytise apoptotic neutrophils in the presence and absence of MER and AXL inhibitors. 

The results, which were analysed by flow cytometry, are shown in figure (31). Phagocytosis 

of apoptotic neutrophils is indicated by the movement of MDM population from the lower 

right to the upper right gate (Q3 and Q2, respectively). 

To conduct this study the three best compounds from the second library, 64, 77, and 80, were 

selected and compared to a known AXL inhibitor: the Bristol Myers Squib compound BMS-

777607. The compounds from this project were used at 10x the concentration of the 

BMS777607 compound (1 μM and 100 nM respectively), this was done to reflect the 

difference in potency, with the industry compound having 10x the potency of the most potent 

inhibitor from our screen, 64. The compounds were tested against untreated MDM’s as a 

control, MDM’s that had been treated with Dexamethasone (DEX), a glucocorticoid which 

enhances the expression of MER, and MDM’s that had been treated with IFN-γ, which 

enhances AXL expression and, to a much lesser degree, MER expression. The MDM’s were 

treated with and without the presence of GAS 6. The work was conducted with Nicole Barth, 

a member of the Dransfield Lab, and the results can be seen in figure (31). 

What can be seen in the untreated MDM’s is that the BMS-776707 compound has little 

effect on phagocytosis. Upon the addition of GAS6, apoptosis is observed in the drug free 

cells, and this is slightly lessened after the treatment of BMS-77607. There is also a slight 

increase in the cells with protein S added, however the addition of BMS-777607 has little 

effect on the inhibition of phagocytosis. 

In the MDM’s treated with DEX, phagocytosis increased in both the Protein S and Gas 6 

stimulated samples. Inhibition of phagocytosis can be observed in the BMS-777607 

experiments, in both the samples that were treated by Protein S and GAS 6, with more 

inhibition present in the Protein S treated cells, due to its greater affinity to MER than GAS6. 

This inhibition of the phagocytosis process by the Bristol Myers Squib inhibitor suggests a 

lack of selectivity within the TAM group. This was not observed in 64, 77, and 80, with no 
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inhibition of phagocytosis being observed, showing a greater selectivity within the group, 

reinforcing the data found by the kinase screen.  

In the MDM cells treated by IFN-γ, the untreated cells show little phagocytosis, and upon 

stimulation by GAS 6, phagocytosis occurred. It can also been observed that, upon 

stimulation by protein S, phagocytosis increased. This is presumably due to the small 

increase in MER expression upon treatment with IFN-γ, as Protein S has not been shown to 

stimulate AXL previously. In the drug-treated samples, BMS-777607 showed inhibition of 

the GAS 6 stimulated MDM’s, causing a drop in apoptotic neutrophils from 55.3 to 33.8. 

Compound 64 showed a response similar to this, exhibiting a drop in phagocytosis from 55.3 

to 37.4. This data must be framed in the context of 64 being at 10 times the concentration of 

BMS777607, but seeing a similar response rate is promising and, if the tenfold potency 

increase through optimisation is obtained, this data adds to evidence that this would be a 

viable drug candidate. Compounds 77 and 80 did not see a response; it is thought that this is 

due to their reduced potency compared to 64, and that with increased potency at higher doses 

they would mirror the effect of 64.  
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4.9: Conclusion 

A second inhibitor library was successfully synthesised using a scaffold adapted from 

previous work completed by the authors group, and the work completed by Zhang et al when 

investigating MER inhibition. This library was completed in a four-step synthesis, exploring 

alterations upon the 3-position of the pyrazolopyrimidine core in addition to comparing the 

potency difference between a methylcyclopentane group and a methyldioxolane group at the 

N
1
 position of the pyrazolopyrimidine core. This library was then tested in a pair of breast 

cancer cell lines, one of which was AXL-expressing. From these studies, 64 was identified as 

a phenotypic lead compound, showing a sub-micromolar potency. Additionally, it was found 

that the methyldioxolane group reduced potency in this scaffold. Compound 64 was then 

optimised, altering the N
1
 position of the pyrazolopyrimidine core to include the 

heteroaromatic triazole ring, to give the possibility of introducing specific binding sites that 

specific kinases such as AXL could interact with. This yielded the ‘click’ library, which was 

completed in a five-step synthesis. The two lead compounds from this library, 77 and 80, 

showed reduced but still acceptable potency compared to 64. The six most interesting 

compounds from these series of screens were then put through kinase screening, identifying 

AXL, RET, and FLT3 as the prime targets, with 77 being a specific AXL inhibitor, and 64 

being a potent but promiscuous inhibitor. These compounds were then tested to see a 

phenotypic response in inhibiting AXL-reliant phagocytosis, where 64 exhibited efficacy 

while 77 and 80 were not active at the concentration used.  

From these two libraries, two compounds, 64 and 77, are the most promising hits. Moving 

forward, 64 will be optimised, rather than as a selective AXL inhibitor, but instead moving 

to investigate FLT3, RET, or any other viable kinase hit, continuing in the phenotypic hit to 

lead process. Compound 77 will be optimised as a selective AXL, hoping to increase its 

potency against AXL inhibitor tenfold while not increasing its activity against other closely 

related RTK’s. If this achieved, the wider kinome will be explored to investigate the 

resulting compounds overall selectivity. 
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5.0: Optimisation of lead compound 77 to create the AXL 

library 

5.1: Design of AXL library 

From the results of the second library and ‘click’ library, two promising hits had been 

identified: 20, a potent but promiscuous inhibitor, and 30, slightly less potent but the most 

selective inhibitor from this project so far. In order to improve the potency and specificity of 

these molecules more must be understood regarding what parts of the molecule are vital in 

governing these traits. With this in mind, an additional library was designed by small 

modifications of 30. Firstly, an area to investigate was the molecular mass of the compound, 

with an initial molecular weight of 481.57; this gave little room for the addition of groups to 

the molecule, as ideally the mass of any optimised drug would be less than 500 Daltons, in 

order to obey the Lipinski rule of 5.
199

 Then I investigated if the methylene group between 

the benzyl group attached to the triazole ring was necessary. In further pursuit of obeying 

Lipinski’s rule, lower number of nitrogen atoms was sought to identify which nitrogen atoms 

in at the 3-position of the pyrazolopyrimidine core are required for potency or specificity. 

 

Figure (32)-Proposed modifications of compound 30 
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The benzyl ring at the N
1
 position of the pyrazolopyrimidine core could be optimised further 

by substitution, to attempt to gain more selectivity and potency; it has already been shown by 

the work in the ‘click’ library that at the N
1
 position of the pyrazolopyrimidine core has a 

profound effect on the selectivity of the compound, so this would be explored further. 

Alterations to at the 3-position of the pyrazolopyrimidine core had shown the largest range in 

potency from the second library and click library, so it was suspected that further 

modifications in this region could provide improvements to the drug’s properties. However, 

to guide these optimisations, it must be understood what parts of the molecules can and 

cannot be changed. The importance of the piperazine ring was hoped to be established, in 

addition to the proton at the terminal amine upon this ring.  
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5.2: Synthesis of the AXL library 

Initially, the piperazine NH was investigated to see whether this could be replaced by an 

alkyl chain: this NH was first replaced with a methyl-substituted amine. This was completed 

by reacting 73 with 2-(4-methylpiperazin-1-yl) pyridine-5-boronic acid in a Suzuki-Miyaura 

cross coupling reaction, to yield 81 in a 57% yield. Subsequently, an analogue of 77, 

replacing the pyridine ring with a phenyl ring, was synthesised, again through a Suzuki-

Miyaura cross-coupling reaction of 73 with 4-(4-methylpiperazin-1-yl) phenylboronic acid 

pinacol ester to give 82 in 58% yield. 

 

Figure (33)- Suzuki-Miyaura cross coupling of 73 to synthesise 81 and 82 

Alterations were then made upon the substituted triazole group. With the aim to reduce the 

high molecular mass of the compounds in this library, 72 was reacted via a click 

cycloaddition with benzyl azide, to give the intermediate benzyl-substituted triazole (83), 

removing the methyl linker between the triazole and the aromatic ring. To explore the 

possibility of substituting onto the benzyl group, intermediate 72 was also reacted via a click 

cycloaddition with 1-azido-4-methoxybenzene (84) and 1-azido-4-chlorobenzene (85). These 

three triazole intermediates were then reacted using a Suzuki-Miyaura cross-coupling with 

2(piperazin-1-yl) pyridine boronic acid to yield 86 (46% yield), 87 (62% yield), and 88 (71% 

yield).  
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Figure (34)-Click coupling and subsequent Suzuki-Miyaura cross coupling reaction of 72 to synthesise 86-88 

Adjustments were once again made at the 3-position of the pyrazolopyrimidine core, to see 

whether the piperazine group could be removed. This was done with two different 

molecules: the piperazine group was replaced with an Aza Indole group, as it was theorised 

there could have been dual-binding between the protein and both indole nitrogens (see figure 

(36)); and by a small dimethylamino group, to give compounds 89 and 90, respectively. This 

was achieved through a Suzuki-Miyaura cross-coupling reaction with 73 and the 

corresponding boronic acid/pinacol ester.  

 

Figure (35)-Suzuki-Miyaura cross coupling of 73 to synthesise 89 and 90. 
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Figure (36)-Suspected hydrogen bonding sites at the 3-position of the pyrazolopyrimidine core of molecules 

30 and 39. 

Two more compounds were synthesised. Firstly, to eliminate the basic character of 

piperazine NH group, compound 77 was alkylated with pivaloyl chloride to produce 91 

(40% yield). In addition, to investigate if larger alkyl groups could be tolerated at that 

position, the ethyl analogue of 81 was synthesised through a reductive amination of 30 with 

acetaldehyde, to produce 92 (53% yield). 
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Figure (37)-Alkylation of 77 to synthesise 91, and reductive amination of 77 to synthesise 92. 

 



104 
 

 

Figure (38)-SAR optimised library of lead compound 30, clogP calculated by chemsketch 
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5.3: Cell viability studies 

The drugs from this SAR study of 30 were tested in the two cells lines from the second 

library studies: the BT474 breast cancer non AXL expressing cell line, and the AXL 

expressing SKBR3-8931c breast cancer cell line. These were compared to the potency of 30, 

what can be observed from these studies.  
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 pEC50 

 77 81 82 86 87 88 89 90 91 92 

BT474 5.5 4.6 4.8 4.6 4.8 5.6 4.6 4.0 4.9 4.0 

SKBR3-8931c 5.8 5.2 4.4 5.4 5.4 5.2 4.9 4.0 5.0 4.4 

Figure (39- Comparison of EC50 values between BT474 and SKBR3 8931C cells for the optimised library of 64. 
These were compared compound 30. The EC50 values were obtained in M and negative logged to the base 10 
to calculate the pEC50. Error bars denote standard deviation, n=2. Values in the table are shown as the mean. 

The activity of 81 seems to indicate that the proton present on the NH of the piperazine ring 

may not be essential for activity, with a relatively small potency drop of in the SKBR3-

8931c cell line. The difference in potency between the two cell lines in 81 is increased 

compared to that of 77, with the potency in the BT474 cell line dropping to 24 μM; this may 

hint at an increased selectivity. Interestingly, compound 82 exhibited a dramatic drop in 

potency of >25-fold against SKBR3-8931c cells relative to that of 74, which indicate that the 
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nitrogen present in the pyridine ring is essential for potency in the AXL expressing cell line. 

The changes at the N
1
 position of the pyrazolopyrimidine core in compounds 86 and 87 

showed very similar potency to one another. While less potent than 77, the compounds 

showed superior selectivity over the AXL expressing cells. 88 showed a slightly reduced 

potency in the SKBR3 8931c cell line but interestingly showed a greater potency in the 

BT474 cells, whilst the reason this is unknown, it is unique amongst this series, in that it hits 

the AXL negative cell line to a greater degree.   These results would suggest that minor 

changes at the N
1
 position of the pyrazolopyrimidine core while the benzyl-triazole is present 

will not yield dramatic potency increases, however it may affect the selectivity of the 

compound. Should weight need to be saved in the future minor changes may be made in this 

position. Compounds 89 and 90 showed a dramatic drop in potency, with 90 losing potency 

all together in both cell lines, suggesting that the piperazine ring is necessary for the activity 

of the drug in these cell lines. Compound 89 only shows a roughly tenfold potency drop, 

suggesting that this change does not stop activity all together, potentially due to hydrogen 

bonding that is still possible with the Indole nitrogen atoms. From this screen, is it possible 

to direct the drug design process, with the only position with room to innovate being the 

proton on the terminal nitrogen. With this is mind, compounds 91 and 92 were designed to 

explore this position. Compound 91 showed a drop in potency to 11.35μM compared to the 

lead from this series 77. 92, whose only difference with 81 is an N-ethyl instead of a N-

methyl group of the piperazine, showed a complete loss of potency, indicating that the N-

methyl group is the only substitution tolerated at that position. This could reflect the nature 

of the binding site of AXL. 
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5.4: Kinase screening 

Upon completion of cell viability assays, six compounds were chosen based upon their 

potency in the AXL positive cell lines, and to understand the effect of the structural changes 

implemented in optimising 77. To establish the effect on selectivity of replacing the terminal 

amine’s proton with a methyl group, 81 was included in this screen. In addition to 81 the 

ethyl containing analogue of this compound 92, was also included in this screen to establish 

the effect of increasing chain length upon selectivity. The effect on selectivity of the nitrogen 

atom within the piperazine ring was also established with 82, as the cell data appeared to 

show this was crucial for potency in this scaffold and it would be interesting to see if 

biochemical assays followed the same pattern.  

It had been noted in cells that the inclusion of a carbonyl group in the attached to the 

piperazine ring via the trimethylacetyl group resulted in a slight drop in potency, in both 

AXL expressing and non-expressing cell lines. To establish a reason for this observed drop 

in potency, 91 was included in this screen. It was observed from the previous cell studies that 

substitutions upon the triazole at the N
1
 position of the pyrazolopyrimidine core had little 

effect on modulating potency, but had the most profound effect on selectivity; therefore, 88 

was included, to see whether changes at the N
1
 position of the pyrazolopyrimidine core can 

alter selectivity further. To establish how the drugs developed by this thesis program 

compare in selectivity profile to the current gold-standard AXL inhibitor, BGB324 (17) was 

also submitted for this kinase screen. While it is known that BGB324 (17) is a selective AXL 

inhibitor, its selectivity against similar kinases to AXL has not been reported, so this 

information would enable direct comparison between the compounds generated by the 

project and BGB324 (17). The screen of ten compounds was conducted by Reaction 

Biology, once more against the same twelve kinases as in the previous screens seen in earlier 

chapters.  
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Table (6)-Kinase screening of the lead compounds resulting from the SAR studies of compound 30. The 
compounds were screened against a panel of 12 kinases including AXL, the other TAM family members, and 
other RTK's that are commonly hit by AXL inhibitors due to their structural similarity with AXL. Hits were 
tested by Reaction Biology against 12 kinases in a 10-dose IC50 mode with 3-fold serial dilution starting at 10 
µM and compared to 2 control compounds Staurosporine and PI-103 which tested in a 10-dose IC50 with 3 or 
4-fold serial dilution starting at 20 µM. All kinase reactions were performed at 10 µM ATP. Blank boxes 
denote a IC50 greater than 10μM.  

 IC50 μM 

Kinases 77 81 82 88 91 92 BGB324 

(17) 

AKT1 >10 >10 >10 >10 >10 >10 >10 

Aurora A 1.8 0.73 >10 1.9 0.84 6.2 0.03 

AXL 0.40 0.38 >10 2.1 0.76 1.9 0.0007 

c-Kit >10 >10 >10 >10 >10 >10 1.0 

c-MER 2.3 2.0 >10 >10 5.4 >10 0.02 

c-MET >10 >10 >10 >10 >10 >10 3.4 

c-Src 1.0 8.3 >10 >10 >10 >10 0.04 

FLT3 0.53 0.70 >10 0.46 1.2 6.3 0.0009 

KDR/VEGFR2 >10 7.6 >10 >10 >10 >10 0.01 

MTOR/FRAP1 >10 >10 >10 >10 >10  >10 >10 

RET 0.57 0.90 >10 0.69 4.0 7.7 0.01 

TYRO3/SKY >10 >10 >10 >10 >10 >10 0.02 

 

The data shown from the kinase screen reveals much that could not be identified through the 

cell viability assays. Firstly, it can be seen that this screen has produced another selective 

AXL inhibitor in 81, an analogue of 77, but instead has had its piperazine terminal proton 

replaced by a methyl group. This modification has kept the same level of potency, though it 

is marginally more selective for AXL over FLT3 and RET. It can also be noted that in 81, 
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Aurora A was inhibited to a greater degree, giving 81 a slightly different selectivity profile 

compared to its precursor, 77. 

Mirroring the results from cell data, which saw 82 show a drop in potency in the SKBR3 

8931c cell line, 82 saw a complete drop in potency across all tested kinases. It is suspected 

that this confirms what was seen in cells: that the nitrogen atom on the pyridine ring is 

necessary for interaction with the target with compounds that contain the triazole group at 

the N
1
 position of the pyrazolopyrimidine core. From 88 it can be seen in the kinase screen 

that, although cell viability was not significantly decreased, the level of AXL inhibition 

compared to that of 77 is reduced 5-fold.  

Interestingly, compound 91, saw a 2-fold and 4-fold drop in AXL and RET inhibition 

compared to 77, respectively, while maintained the level of inhibition of Aurora A, showing 

that the pivaloyl group induces a different selectivity profile in the scaffold. The data also 

revealed that BGB324 (17) inhibited AXL and FLT3 to similar levels, however this is 

discussed later on in the text. 
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5.5: Conclusion 

Due to the lack of a solved crystal structure, any structural information gained about AXL 

must come from studies such as the one described in this chapter; through SAR analysis of 

closely related compounds, it is possible to glean information about the active site. The 

original optimisation of the lead molecule compound, 77, proved to be initially unsuccessful 

in terms of increasing potency in the cell lines, though it did reveal some important 

information about the triazole-containing molecules and what alterations could be tolerated 

to both the 3-position of the pyrazolopyrimidine core and at the triazole substituent. It was 

discovered that the methylation of the piperazine ring NH would only result in a slight 

reduction in potency. However, the introduction of an ethyl group significantly affected 

potency and the acylation of the NH group induced a different selectivity profile. 

Furthermore, it was found that removal of the endocyclic nitrogen group (an H-bond 

acceptor) from the pyridine heterocycle at the 3-position of the pyrazolopyrimidine core, or 

the removal of the piperazinyl group, resulted in a dramatic drop in potency. Modifications 

to the triazole substituents proved to have moderate effect on the potency of the compound, 

with 87 and 88 showing very similar potency levels, suggesting that significant increase in 

potency would come from modification to the 3-position of the pyrazolopyrimidine core.  
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6.0: Optimisation of lead molecule 64 to create the RTK 

library 

6.1: Design of the RTK library 

Apart from finding AXL inhibitors with an uncommonly high level of selectivity such as 77 

and 81, it was found that compound 64 strongly inhibited the AXL expressing cells and, 

through biochemical assays, FLT3 and RET were identified as its primary targets. In an aim 

to exploit this new avenue, the attention of my work turned back to 64 to explore its 

potential. 

The previous optimization studies of 77 had revealed that the majority of potency and 

selectivity changes that could occur with this scaffold where mediated through small 

modifications at the 3-position of the pyrazolopyrimidine core. Following the same 

approach, a range of modifications at the 3-position of the pyrazolopyrimidine core of 

compound 64 were explored, through introduction of a variety of R groups including ureas, 

esters and carbamates.  

In addition the relevance of the terminal NH group was explored, considering its capacity to 

become protonated in water and how this might affect the activity in cell and biochemical 

assays in addition to its physiological properties. To assess this, derivatives with methyl and 

ethyl groups attached to this terminal nitrogen were included in this library. Lastly the role of 

the pyridine nitrogen was once more investigated to determine its importance for the binding 

to other targets such as FLT3. 

 

 

 

 

 

 

 

Figure (40)-Lead compound 20, for the RTK library series. 
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6.2: Synthesis of the RTK library 

Initially, the introduction of three different groups, 
t
butyl isocyanate, trimethylacetyl, and the 

BOC group, at the free NH of the piperazine moiety was performed  by reacting 64  via a 

alkylation with 
t
butyl isocyanate and pivaloyl chloride, respectively, to yield 93 (24% yield) 

and 94 (28% yield). The BOC group was introduced at this position by reacting 56 in a 

Suzuki-Miyaura cross coupling reaction with 6-(4-Boc-piperazid-1-yl)pyridine 3-boronic 

acid pinacol ester to give 95 (59% yield). 
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Figure (41)- Alkylations of 64 to synthesise 93 and 94. Suzuki- Miyaura cross coupling of 56 to form 95 
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Alkyl groups were then introduced at the same position; the groups that were hoped to be 

introduced would be a methyl group, an ethyl group, an isopropyl group, and a methybutyl 

group. The methyl-substituted analogue of 64 was synthesised by employing a Suzuki-

Miyaura cross coupling reaction reacting 56 with 2-(4-methylpiperazin-1-yl)pyridine-5-

boronic acid a Suzuki-Miyaura to yield 96 (73% yield). This was done in this way as the 

boronic acid was commercially available, whereas in the other compounds in this series a 

suitable boronic acid was not. For the other compounds in this series, initially it was hoped a 

simple alkylation reaction with the appropriate R group attached to a halide would complete 

these compounds. However, this was not successful and instead, reductive amination was 

performed to introduce the ethyl group in a reaction with acetaldehyde via an imine 

intermediate, to yield compound 97 in 42% yield. Unfortunately, the isopropyl and 

methylbutyl groups could not be added at this position through a reductive amination 

reaction, and so the synthesis was terminated. Finally, with the aim to explore whether the 

H-bond acceptor within the pyridine ring is required in this compound series, 46 was 

synthesised by Suzuki-Miyaura cross coupling of 56 and 1-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)piperazine, to yield 98 in 45% yield.  
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Figure (42)- Suzuki-Miyaura cross coupling of 56 to synthesis 96 and 98. Alkylation of 64 to synthesise 97. 
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Figure (43)- RTK Library generated by lead optimisation of 20. clogP calculated by chemsketch 
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6.3: Cell viability studies 
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 pEC50 

 64 93 94 95 96 97 98 

BT474 5.8 4.0 4.0 4.0 4.1 4.1 4.7 

SKBR3 

8931c 

6.1 4.5 4.0 4.0 5.0 5.0 5.1 

Figure (44)- Comparison of EC50 values between BT474 and SKBR3 8931C cells for the optimised library of 
compound 20. The EC50 values were obtained in M and negative logged to the base 10 to calculate the pEC50. 
Error bars denote standard deviation, n=2. Values in the table are shown as the mean.  

Cell viability studies were conducted with the compounds from the RTK library upon BT474 

and SKBR3-8931c cell lines, using 64 as a positive control. After a rapid analysis of the 

activity of 41-43, it was clear that the carbonyl group present at the top of the molecule is not 

well tolerated, losing all potency in both cell lines. This dramatic drop off in activity is 

noteworthy, as it could allow in future work for pro drugs to be made if this carbonyl group 

can be cleaved in either enzymatic means or biorthogonal conditions, as has been achieved 

with traditional chemotherapeutics such as gemcitabine in the presence of palladium beads 

200
, however this is beyond the scope of the project. The N-methylation of the piperazine ring 

(compound 96) resulted in a 10-fold drop in potency against SKBR3-8931c cells compared 

to 64. In contrast with the SAR analysis of the click library, the potency was maintained with 

the ethyl-containing 97 (10.92 μM). Finally, compound 98 showed a similar potency to 94. 
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This is also noteworthy because it suggests that a H-bond acceptor in the meta position of the 

aromatic ring is not required for activity in compounds containing the methylcyclopentane 

moiety at the N
1
 position of the pyrazolopyrimidine core. This data contrasts with the AXL 

selective compounds possessing the triazole moiety, which saw a large drop in potency upon 

removal of this group. This would suggest that these two libraries of compounds are acting 

through different targets: AXL, for the triazole-containing library and, looking at the 

previous kinase screens, it is likely that the group using the methylcyclopentane group would 

be acting through RET or FLT3.  
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6.4: Kinase screening 

The three most promising compounds from the biochemical assays in addition to one of the 

failed carbonyl containing compounds were included in the kinase screen. In addition to 

these 4 compounds, the current lead AXL-branded inhibitor BGB324 (17) was also 

submitted so that a better understanding of its selectivity panel could be understood as to 

date the information on this is limited. These compounds were submitted against the same 12 

kinases as the previous screens and once more performed by Reaction Biology. 
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Table (7)-Kinase data from the lead compounds generated by the SAR studies of the optimisation of 
compound 20. The compounds were screened against a panel of 12 kinases including AXL, the other TAM 
family members, and other RTK's that are commonly hit by AXL inhibitors due to their structural similarity 
with AXL. Hits were tested by Reaction Biology against 12 kinases in a 10-dose IC50 mode with 3-fold serial 
dilution starting at 10 µM and compared to 2 control compounds Staurosporine and PI-103 which tested in a 
10-dose IC50 with 3 or 4-fold serial dilution starting at 20 µM. All kinase reactions were performed at 10 µM 
ATP. Blank boxes denote a IC50 greater than 10μM.  

 IC50 μM 

Kinases 64 93 96 97 98 BGB324 

(17) 

AKT1 >10 >10 >10 >10 >10 >10 

Aurora A 0.16 0.61 0.03 0.28 0.01 0.03 

AXL 0.12 7.2 0.07 0.26 0.01 0.0007 

c-Kit 1.0 >10 0.36 1.8 0.07 1.0 

c-MER 0.64 >10 0.48 2.5 0.09 0.02 

c-MET 2.1 >10 3.5 >10 0.42 3.40 

c-SRC 1.1 >10 0.80 3.6 0.93 0.04 

FLT3 0.02 0.30 0.008 0.10 0.002 0.0009 

KDR/VEGFR2 0.69 >10 0.40 1.90 0.07 0.01 

mTOR/FRAP1 >10 >10 >10 >10 >10 >10  

RET 0.05 >10 0.06 0.44 0.01 0.003 

TYRO3/SKY   3.67  0.606 0.017 

The kinase data mirrored the cell data with compound 93, as the introduction of the large 

carbonyl-containing group caused a dramatic drop in potency in cells. In addition to this, the 

potency of the compound against AXL also dropped compared to its lead, 64; it saw also 

drops in potency across the other targets analysed. However, it still inhibits Aurora A and 

FLT3 in the nanomolar range. 

98 was found to be the most potent compound from these studies, showing an AXL 

inhibition of 12.6 nM, which is comparable with many of the current AXL inhibitors in 
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preclinical studies
197

. However, as previously seen with compound 20, the primary target of 

98 was not AXL but FLT3, with a IC50 value of 1.37nM. This makes it one of the most 

potent FLT3 inhibitors ever reported, having at least 5-fold selectivity over other closely 

related kinases such as RET and Aurora A. It should be noted that, while 98 shows a tenfold 

potency increase in the kinase screening, this was not translated in the cell-based assays, 

with 97 showing very similar EC50 values in the AXL expressing cells and 20 being much 

more potent. It is suspected that the reason for this is that, despite 98 showing a better 

potency against FLT3 and AXL, it might have lower capacity to cross cell membranes or 

unexpected off-target activities that might reduce its antiproliferative effect. To establish 

whether AXL, RET or FLT3 are responsible for the potency observed in 64, 96 and 98, the 

SKBR3 8931c cells must be checked for RET and FLT3 expression. 

The introduction of the ethyl group over the methyl group in compound 97 showed a 

significant drop in potency across the screen relative to 98, indicating that this large 

lipophilic group was not well tolerated, and suggesting the area in which the derivatives 

interact with the protein is not a lipophilic pocket. 

 Compound 96 and 98 are structurally very similar (only differing from a single nitrogen in 

aromatic ring at position 3) and their activity in cells were equivalent. In the biochemical 

assays, both compounds show a very similar selectivity profile, with both compounds 

inhibiting Aurora A, AXL, FLT3 and RET as prime targets. The introduction of the nitrogen 

on the pyridine ring present in 96 reduced potency across the screening panel, however it 

was still the second most potent inhibitor in the thesis, showing AXL inhibition of 71.5nM, 

FLT3 of 8.13nM, RET of 63nM, and Aurora A of 29.5nM.  

Lastly included in this screen was the current lead AXL inhibitor, BGB324 (17), which had 

limited selectivity data published up unto this point. It confirmed that this drug is indeed a 

very potent AXL inhibitor, showing sub nanomolar activity in the kinase; however, our data 

indicates that it is not a selective AXL inhibitor, but a dual AXL/FLT3 inhibitor. This new 

data shows BGB324 (17) suffers from the same issue as many of the current type I AXL 

inhibitors, including the ones described in this thesis: that achieving selective AXL inhibition 

over FLT3 is extremely difficult.  

As stated in previous chapters, the need for AXL inhibitors to be selective is great, as AXL 

inhibitors are very unlikely to be employed as a single agent, and therefore any additional off 

target effects may worsen upon interaction with other treatments. Furthermore due to TAM 

families suspected role in the immune response it is vitally important that AXL inhibition is 
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maintained over MER and TYRO3. Whether the inhibition of FLT3 by BGB324 (17) is 

known by Rigel Inc/Bergen Bio is unknown. However, it is important to note that Bergen 

Bio is currently recruiting for a phase I clinical trial with BGB324 (17) as a single agent and 

in combination with Cytarabine in patients with AML, a disease that is strongly associated 

with upregulation of FLT3 signalling.   

 

  



123 
 

6.5: Cell viability studies with Acute Myeloid Leukaemia cells 

From the biochemical assays it was clear that the RTK library had yielded two potent FLT3 

inhibitors. As previously noted in chapter 1.6, FLT3 is generally associated with blood 

cancers such as AML. As these inhibitors had performed poorly compared to 64 in cell-

based assays in the breast cancer cell lines, it was postulated that the use of an AML cell line 

would be more appropriate for these novel candidates. The AML cell line MV:411 was used 

for this study and it has been shown to express wild type FLT3 in addition to the FLT3-ITD 

mutation. These compounds were compared to BGB324 (17) as it has been established in 

previous kinase screens that this comment is a dual AXL/FLT3 inhibitor. The results of these 

studies can be seen in figure (45).  
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Figure (45)- Comparison of EC50 values for compounds 44, 46 and BGB324 in MV411 AML cells. The EC50 values 
were obtained in M and negative logged to the base 10 to calculate the pEC50. Error bars denote standard 
deviation, n=2. Values in the table are shown as the mean. 

 

This data suggests that the lead compounds are as effective in the AML cell line as the 

BGB324 (17), which is promising considering as mentioned in chapter 1.4.4 this compound 

has been used in clinical trials for AML. This data would also suggest that the SKBR3 

8931c/BT474 breast cancer cell line was not an appropriate model to evaluate the 

antiproliferative potential of these potent and selective FLT3 inhibitors.   
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6.6: Further biochemical characterisation of the FLT3 leads 96 and 98 

The phenotypic assays performed on the lead compounds suggested that 96 and 98 that they 

were functioning as FLT3 inhibitors in the AML cells. As discussed in chapter 1.6 FLT3 has 

two mutants that are thought to play a key role in cancer survival and progression, with this 

in mind these inhibitors in addition to BGB324 (17) were submitted for a second kinase 

screen against these mutants in addition to additional RTK’s that are similar to AXL and 

FLT3 in order to get a better idea of the selectivity profile of the compounds.  

Table (8)-Expanded kinase testing of lead FLT3 inhibitors 96, 98 in addition to the dual AXL/FLT3 inhibitor 
BGB324 (17). The compounds were screened against a panel of 7 kinases including both FLT3 mutants and 
other similar RTK’s.Hits were tested by Reaction Biology against 12 kinases in a 10-dose IC50 mode with 3-fold 
serial dilution starting at 10 µM and compared to 2 control compounds Staurosporine and PI-103 which 
tested in a 10-dose IC50 with 3 or 4-fold serial dilution starting at 20 µM. All kinase reactions were performed 
at 10 µM ATP. Blank boxes denote a IC50 greater than 10μM.  

 Compound IC50* (μM): 

 96 98 BGB324 (17) 

ALK 0.194 0.049 0.528 

Aurora B 0.172 0.098 0.099 

DDR1 0.104 0.034 0.018 

EGFR >10 >10 3.90 

FLT3 (ITD) 0.032 0.011 0.006 

FLT3 (D835Y) 0.012 0.004 0.0015 

PDGFRa 0.999 0.372 0.019 
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The data shows that both 96 and 98 are active against the mutant forms of the FLT3 to a 

similar degree as the WT version of the protein. In addition to this it can be seen that 98 

shows similar values to BGB324 (17) against the two mutant forms of FLT3. It can be seen 

BGB324 (17) shows a greater selectivity against ALK whilst 96 and 98 show a better 

selectivity against PDGFR This data gives a more robust data set to establish what 96 and 

98’s primary target and give more confidence to describe these novel inhibitors as FLT3 

inhibitors. As previously noted BGB324 (17) has shown some success in clinical trials 

against AML, due to the similar potency levels of 98 against the FLT3 family and a subtlety 

different selectivity panel, 96 could be a investigate further for the treatment of AML and is 

the lead compound coming out of this project. 

 

Figure (46)- BGB324 (17) 
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6.7: Physiochemical properties 

While the potency of the compounds in cells had been established, in addition to the targets 

of the compounds validated through biochemical assays, however up to this point the ADME 

data of these compounds had not been investigated. To correct this, the lead molecules from 

cell data and both kinase screens, clogP was calculated; ideally, this value should between -

0.4 and 5.6, if a compound is to show ‘drug-like’ properties. clogP describes how soluble a 

compound is in both lipophilic and hydrophilic environments; for a drug to enter the cell 

membrane, it must be suitably lipophilic to be able to pass through the fatty acid chains in 

the phospholipid bilayer, yet also be fairly hydrophilic so it can be soluble in blood and thus 

easily transported through the circulatory system. In addition to this, the logD was 

experimentally determined for each of these compounds. logD is a partition coefficient that 

differs from clogP, as it takes into account the relative charges of the compound, making 

adjustments for the pH of the environment the compound is in. Therefore, the logD was 

calculated at the pH of 7.4, to represent the inhibitor being in a physiological environment.  

It was suspected that the terminal nitrogen group of the piperazine moiety could play a role 

in the binding to FLT3 and potentially AXL, therefore it was vital to better understand its 

basic character. Then, the solubility of the drug in PBS was calculated, as this is important 

for properties such as oral bioavailability or intravenous bioavailability. Lastly, the 

molecular polar surface area was calculated; this is defined as the total surface area of the 

polar molecules (oxygen, nitrogen, hydrogen, etc.) within the molecule, and has been shown 

to correlate with human intestinal absorption_ENREF_207201
. The values of pKa, clogP and 

PSA were obtained computationally through chemsketch and molinspiration, while logD and 

the solubility of the drugs were calculated from empirical data.  
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Table (9)- Physsiochemical properties of lead compounds. 
a
Calculated by ChemSketch, 

b
Calculated by 

Moleinspiration 

Drug clogP
a 

logDph=7.4 Pka of 

terminal 

nitrogen
b 

Solubility 

in PBS 

mg/ml 

PSA
b 

MW 

64 2.22 2.24 8.8 3 83.79 329.51 

77 1.07  2.15 7.8 3 114.51 481.57 

81 1.76  3.60 7.8 5 105.72 495.60 

96 2.91 3.58 7.5 4 75.00 406.54 

98 3.65 4.01 7.8 4 62.11 405.55 

 

After analysing the logD data, no trends or explanations can be inferred from the 

physiochemical properties to explain the cell viability data. However the pKa can be used to 

explain the biochemical data. What can be seen is that 64 shows a much higher pKa of its 

terminal nitrogen that the other compounds in this series. The decreased pKa in 96 and 98 

means that these compounds will be more protonated at physiological pH, which could be 

the reason of why these compounds are more potent in the biochemical assays. This would 

suggest that electronic interactions between the ligand and the protein takes place at this 

position, thus indicating the presence of an acid group. More heavily protonated inhibitors 

such as 96 and 98 will thus show a more favourable binding interaction and therefore show 

an increased potency in the biochemical assays.   

The more selective compounds for AXL, 77 and 81, show a MPSA greater than 90, which 

means they probably won’t be able to cross the blood-brain barrier
202

. This would limit their 

use in glioma, one of the cancer types in which AXL is shown to have a key role.  
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6.8: Conclusion 

Based upon the previous SAR studies conducted in optimising 77, compound 64 was 

optimised in a similar manner. The compounds from this library did not see a potency 

increase in breast cancer cells over the lead compound, 64. However in biochemical assays it 

was found that compounds 96 and 98 were indeed potent AXL inhibitors, with 98 showing 

an IC50 of 12.6nM. However these compounds, much like the predecessor, 64, are fairly 

promiscuous, with AXL not being the main target; both of these compounds are much more 

potent against FLT3, with 98 showing an activity against this target of 1.37nM, comparable 

with the current gold-standard FLT3 inhibitors discussed in the introduction of this thesis. 

The lead compounds from the thesis 96 and 98 were checked for ‘drug-likeness’ 

computationally and experimentally by checking their physiochemical properties such as 

clogP, logD, pKa, and PSA . It was suspected that these properties were the reason for the 

discrepancy between the potency in the biochemical kinase assay and the lack of potency in 

the cell studies seen in 96 and 98 in comparison to 64. It was found from the pKa of these 

compounds that the terminal nitrogen on the piperazinyl group was more likely to become 

protonated in 96 and 98 than in 64, indicating that 96 and 98 are more lipophobic due to the 

positive charge on the nitrogen, meaning that the movement of the compound across the cell 

membrane might be reduced. However, other physicochemical properties such as logD and 

PSA fell within an acceptable range for ‘drug-likeness’. It is observed that the molecular 

weight of these compounds is close to 500 Da which is high for a small molecule inhibitor it 

is possible that this plays a role in the poor performance in the cell-based studies. It is likely 

that the breast cancer model was not optimal to evaluate the anticancer properties of these 

compounds.   

Further investigation of the two lead FLT3 inhibiting compounds from this series 96 and 98 

was conducted in an AML cell line, to get a more relevant evaluation of their functionality in 

an adequate cancer cell model. Both compounds were shown to be as potent as BGB324 (17) 

in the AML cell line MV411 in addition to showing a similar potency against both mutant 

forms of the FLT3 kinase in biochemical assays. Given these compounds potency in both 

biochemical and cell assays these are the lead molecules coming out of the work discussed in 

this thesis.  
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7.0: Discussion 

The pharmaceutical industry is suffering from spiralling expenses, with productivity at an 

all-time low. It was hoped that target-based approaches alone could fix this upon their 

adoption by the majority of the Industry in last 20 years, however this hasn’t resulted in an 

upturn. To fix this, it is clear new approaches are required: fantastic work has laid the 

groundwork for this thesis, with various approaches adopting a more pragmatic approach to 

drug discovery. 

These approaches are to be implemented in the synthesis of novel compounds for the 

treatment of various disease targets, with oncology being the target of the work described in 

this thesis. There has been an incredible advance in the treatment of cancer in the last 40 

years. In 1975, the five-year survival rate of cancers combined in the US was 50%: in 2010, 

this figure had raised to 68%. A similar trend can be seen in the treatment of child cancers, 

for which the 62% survival rate of 1975 and has increased to 81%. Certain cancers have 

made outstanding breakthroughs: testicular cancer shows a 95% cure rate, whereas 30 years 

ago, 95% of these patients would not have progressed beyond one year. However, there is 

clearly more work to be done, with pancreatic cancer still showing a ten-year survival rate of 

less than 1%.  

The treatment of cancer is constantly being aided by the discovery of new oncological 

drivers. These drivers present opportunities to target cancer cells specifically, rather than the 

systemic approach that chemotherapy and radiotherapy utilised which has been shown to 

give severe side effects. Two such potential cancer targets have been identified in the work 

covered by this thesis. AXL has been shown to be linked to a poorer prognosis in patients 

with AML, in addition to the solid tumours of brain, breast, lung and prostate cancers, where 

FLT3 and its mutants have been shown to have a negative effect in the leukaemia’s AML 

and CLL.  
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The work began by synthesising an initial library based upon previous work done by the 

group. This first library yielded two lead compounds (42 and 43) that showed potency in the 

SKBR3 8931c cell line, showing an EC50 of 4.49 and 4.52μM, respectively. These molecules 

were very similar, differing only in one meta-substituted methoxy group that is present in 42 

but not 43, therefore the similarities in potency in the chemoresistant cell line is not 

surprising. However, in the non-resistant SKBR3 cell line, the two lead compounds showed 

a large discrepancy in their respective EC50’s at 7.207 and 70.3μM respectively, with 43 

showing a tenfold reduction in potency compared to 42 in the cell line, this could suggest a 

different MMOA compared to 42. 

In the selected screened kinases, 43 was more promiscuous and more potent than 42. 

However, the only kinase that was hit in the nanomolar range was RET: while it is possible 

that these drugs are just not very potent, the data in cells would seem to disagree with this, 

and so it would seem likely that these inhibitors are inhibiting one or more kinases outside of 

the somewhat limited screen. While this is a potential path for future research, the more 

interesting conclusions that can be made from this is that the compounds from this library are 

not AXL inhibitors as shown in table (5), suggesting that the scaffold used for their synthesis 

(scaffold 1) is not optimal for AXL inhibition, even if the only difference with scaffold 2 

(which targets AXL) is the position of the amino group. This would appear to give key 

structural information. Given that these adenine analogues are likely to be Type I inhibitors, 

it is thought that there must be key H-bond interactions in the hinge region of the AXL 

protein that governs the difference in activity between those two scaffolds. This would agree 

with the homology model of MER
203

, suggesting that this is a common feature of the TAM 

family. Because the more potent of the two molecules still inhibits RET to some degree, this 

would suggest the placement of the amino group is not as relevant for targeting this kinase. 

The data from the first library had given the project key structural information, in addition to 

showing that the inclusion of the methylcyclopentane group could result in potent 

compounds. With this in mind, a 10 compound library was created using a 6-methylamino 

pyrazolo [3-4d] pyrimidine scaffold, adapted from previous work investigating MER 

inhibition. This library was made by making adjustments at the 3-position of the 

pyrazolopyrimidine core; the R groups that were included in this position were inspired from 

previous work done by the group in literature. The initial compounds from this library 

showed some solubility issues and so the methylcyclopentane group was replaced by a 

methyldioxolane group. This library yielded a lead compound in 64, which was far more 

potent than the other inhibitors in the series. Interestingly, an analogue of 64 was 
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synthesised, replacing the methylcyclopentane group with the methyldioxolane group (69); 

this resulted in a nearly tenfold drop in potency in the SKBR3 8931c cell line. This effect 

was not observed between the other analogous pair of compounds, 61 and 68, with them 

showing similar potency upon the replacement of the methylcyclopentane group. However, 

the result from 61 could show inaccuracies, due to the solubility issues, meaning that the 

administered dose was lower than that which was hoped for. If this is the case, this pair 

might also follow the same trend: that the replacement of cyclopentane by the dioxolane 

group is not tolerated well. The reason for this observed potency loss could be due to a 

decrease in the lipophilicity of the molecule, meaning that, while the molecule is more 

soluble in media, and therefore human plasma, it will have more difficulty passing through 

lipid bilayer cell membrane to access the kinase domain. However, previous studies from 

Craig Fraser
19

 have shown that the introduction of oxygen atoms in this aliphatic ring lead to 

significant changes in the binding properties of the molecule.   

Due to the methylcyclopentane group displaying no heteroatoms, the N
1
 position of the 

pyrazolopyrimidine core of the scaffold is incapable of forming hydrophilic interactions to 

increase selectivity; the result of this was that the compounds developed from chemical 

library 2, such as the current most promising hit 64, while being potent, its promiscuous 

nature gives it such a broad activity upon kinase screening. As a means to increase 

selectivity, a substituted triazole group was proposed, and so an initial library named ‘the 

click library’ was developed, consisting of 4 compounds. It was thought that the triazole 

group would provide a series of potential hydrogen bonding sites to influence the binding 

properties of the molecules. The triazole could be substituted through the click reaction to 

account for the region structural information, i.e., if the group was found to be lipophilic, 

large hydrophobic rings could be added, and vice versa. 

We hoped this novel, versatile approach would allow us to modulate selectivity through 

rational drug design. The addition of this triazole group saw a drop in potency, though this 

was somewhat expected, as the methylcyclopentane group provided a large lipophilic group 

that would enhance the compound penetration through cell membranes. The drop in potency 

was not too severe, with 77 and 81 both showing potency below 2μM in the chemoresistant 

cell lines, and both showing better potency in the chemoresistant cell lines than the non 

chemoresistant cell line. Both 77 and 81 possess aromatic substitutions upon the triazole, 

while 78 and 79 had large lipophilic rings with a hydroxyl groups attached. It would appear 

that this group was not well tolerated and therefore was not incorporated in future molecules.  
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Up to this point, the second chemical library series studies had been purely phenotypic in the 

approach. To identify the targets of the derivatives, the six lead compounds from library 2 

and the click library were submitted for kinase screening against a 12-member library that 

included TAM proteins and other closely related kinases. Firstly, these results showed that 

all compounds in this series were hitting AXL to some degree. This data also reflected the 

results of the cell assays in terms of potency, with 64 being the most potent compound from 

this series. Much as predicted from the design of the library, this compound, while being the 

most potent, was the most promiscuous, inhibiting FLT3 and RET to a greater degree than 

AXL. The previous MER studies that utilised a similar pyrazolo [3,4d] pyrimidine ended up 

producing a dual MER/FLT3 inhibitor, so it is unsurprising that the scaffold from this thesis 

also hits this target. From this series, another lead compound was identified in 77, which was 

the most selective compound from this screen, showing an almost twofold potency increase 

again FLT3 and RET, and so was identified as a prime candidate for future optimisation. 

Whilst 64 and 77 both show promising results, they are about tenfold behind the current crop 

of AXL inhibitors in terms of potency, and so this was a goal moving forward. Interestingly, 

all the inhibitors from this series displayed good selectivity against the other TAM family 

kinases: in previous generations of AXL inhibitors, it had been reported that selectivity 

within the group had been very difficult to achieve. Upon reviewing the literature, it is 

thought that this is true for type II inhibitors that frequently show MER, TYRO 3, and MET 

often as side targets. However, type I inhibitors are more likely to show RET, FLT3, or the 

Aurora kinases as side targets. Along with the structural resemblance of adenine with the 

derivatives developed in this thesis, this information further supports that the inhibitors are 

likely to be type I inhibitors. 

Compound 77, due to its selectivity, has been identified as one of the leads going forward 

and therefore optimisation of the molecule was proposed. In proceeding with optimisation, in 

addition to increasing potency while maintaining selectivity, it was hoped that ‘drug-

likeness’ could be maintained or improved. The molecule was already showing a large 

molecular mass of 481.57: to stay within ‘Lipinski’s rule of 5’, a molecule to be described as 

drug-like should ideally have a molecular mass below 500. Therefore, if optimisation were to 

occur, such as substitution upon any of the numerous rings on the structure, weight had to be 

saved in another part of the molecule. In addition to this, 77 contained 11 nitrogen atoms, 

violating ‘Lipinski’s further rule of 3’ for identifying lead molecules, which states there 

should be no more than 3 hydrogen bond donors/acceptors. 
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While 77 is clearly in violation of this, and these rules are heuristical in nature, it was 

important to attempt to bring the molecule more in line with what is expected for ‘drug-

likeness’.  With this in mind, an optimization program was begun to investigate the 

importance of key atoms and regions within compound 77. At the N
1
 position of the 

pyrazolopyrimidine core, it was investigated whether weight could be saved by removing the 

methylene group attaching the substituted benzyl group to the triazole: this had no much 

effect on potency in the cells, and therefore was seen as a potential solution for weight loss if 

the molecule required it. Moving further on with the optimisation, it was investigated 

whether substitution upon the benzyl ring would enable further potency or selectivity 

increases; this was done with a methoxy group (87) and a chloro group (88) to introduce 

electron donating and withdrawing groups respectively, increasing chemical variance. These 

modifications showed little change in the potency of the molecules in cell lines.  

At the 3-position of the pyrazolopyrimidine of molecule 77 it would appear that the nitrogen 

atom, located in the piperidine ring, is vitally important for maintaining potency in the 

chemoresistant cell line, as upon replacement in 82, potency dramatically dropped off. 

Continuing with the structural studies, replacement of the proton in piperazine nitrogen 

resulted in no great drop in potency between compound 77 and 81. In an attempt to reduce 

MW to a greater extent, it was investigated whether the piperazine group at the 3-position of 

the pyrazolopyrimidine core. It would appear this it is, as both 89 and 90 showed dramatic 

potency losses. While no compounds from this screen resulted in potency increases in the 

chemoresistant cell line, structural information about what could affect potency was found. It 

would appear the largest potency changes occur at the 3-position of pyrazolopyrimidine core, 

whereas the modifications at the triazole group did not have as great an effect. This directed 

the project towards its final libraries altering the 3-position of the pyrazolopyrimidine core of 

both lead compounds 64 and 77 in order to push for potency and selectivity respectively. 

The activities exhibited by 77 and 81 led me to believe that the nature of the protein region 

interacting with that part of the molecule could be hydrophilic but with the presence of a 

close hydrophobic pocket. This is because, upon removing the proton in 77, the potency of 

both compounds remained very similar; therefore, we thought if the lipophilic group at the 

top of the molecule could be extended, it might access that pocket and increase potency. The 

project split into two branches at this point, with the optimisation of 64 and 77 occurring 

separately. 64 was modified in the search for further potency against any of its targets, 

including FLT3 and RET, in addition to AXL. Meanwhile, in 77, it was hoped that AXL 

selectivity could be maintained due to the triazole group. The optimisation of 64 occurred 
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first, and through the initial molecules it was shown the large carbonyl-containing t-butyl 

groups, such as BOC or pivaloyl, were not well tolerated, with all potency in both the 

chemoresistant and the non chemoresistant cell lines being lost. It is thought that these large 

groups were too bulky for the space available in that region of the targeted proteins, so at the 

time it was questioned whether the region pocket was smaller than anticipated. To test this 

hypothesis, 97 was prepared, containing the ethyl-substituted piperazine amine. Whilst this 

compound showed some potency compared to the compounds containing large carbonyl-

containing groups, the potency was still a large reduction from 64. Modifications to 

introduce a methyl group saw an improvement of this still, with 96 and 98 showing increased 

potency levels compared to 97 however they were still behind 64 in terms of potency, as the 

drop was not too severe this suggests that the methyl group is the only substitution tolerated 

in this position. 

The results from 98 gave reason to suspect that the triazole-containing compounds and the 

methylcyclopentane group were showing a reduction in the cell viability phenotype through 

operating on different targets. The removal of the nitrogen atom from the piperazine group in 

64 to make 82 has been previously noted as causing a dramatic drop in the chemoresistant 

cell line. This was not replicated between the molecule 64 and 98, both containing the 

methylcyclopentane group.  

The lead molecules from the second half of this thesis were submitted for a kinase screen 

against the same 12 kinases tested in the previous screen. This data revealed that the 

introduction of the methyl group in 81 improved its selectivity for AXL over FLT3 and RET, 

showing a slightly more than twofold potency increase.  

The change seen in 81 also increased its activity against Aurora A, however, even with this 

finding, 81 is still the most selective compound from this screen. Other interesting data from 

the screen is that while most compounds followed the same trend observed in the cell 

viability data, in that the molecules with the large carbonyl-containing compounds also 

showing drops in potency, compounds 96 and 98 are somewhat anomalous. Despite showing 

no increase over 64 in terms of potency in the cell tests, the kinase data revealed that both 

compounds were more potent than 64 across its major targets (AXL, FLT3, and RET). 98 is 

the project’s most potent AXL inhibitor, showing an activity of 12.6nM, a figure that 

compares favourably to several of the current AXL inhibitors in clinical trials. Furthermore, 

it shows an activity against FLT3 of 1.37nM, which makes it one of the most potent FLT3 

inhibitors developed, showing a fivefold selectivity against RET, sixfold against Aurora A, 



135 
 

and a tenfold selectivity against AXL. This impressive potency and selectivity profile 

spurred the studies into FLT3 inhibition in AML cells, seen later in the project.  

To investigate the reason for the discrepancy in the cell viability data and the kinase 

screening biochemical data between 64 and 98, the pKa of the piperazine nitrogen was 

investigated to see whether this was affecting the inhibitors to pass through cell membranes 

at a different rate. It has been shown previously that the terminal nitrogen on a phenyl- 

piperazinyl ring showed a lower pKa (7.82) when substituted with a methyl, than that of 

unsubstituted analogue of this molecule which showed a pKa of 8.94. Due to the pH of the 

tissue around the cells being 7.4, at lower pH’s this nitrogen is more likely to be protonated. 

This would thus increase the hydrophilicity of the compound, increasing its solubility but 

decreasing the amount that could pass through the cell membrane. When comparing the 

molecules from this thesis computationally, using ChemSketch software, they mirrored the 

results from literature, with 98’s terminal nitrogen showing a more reduced pKa than 64 (7.8 

and 8.8 respectively). This would give a rationale as to why the drugs showed no difference 

in cell-based assays. However, experimental logD values indicated that compound 98 should 

cross cell membranes as well as 64.   

 It was also suspected that this pKa data could give structural information about active 

conformation of FLT3 and potentially AXL as well. As described in the introduction chapter 

of this thesis, FLT3 only has a solved crystal structure for its inactive form, whilst AXL 

current possesses no crystal structure; therefore, their respective binding sites for the type I 

inhibitors this project is likely to produce remains unexplored. It is theorised that 98 gains its 

dramatic potency increase over 64 due to its pKa, meaning that the terminal nitrogen is 

mostly protonated in the cell membrane due to the media pH. While it is protonated, the top 

of the molecule gains a positive charge; it is theorised that this allows it to interact with an 

amino acid containing a carboxylic acid side chain, such as the aspartate or glutamate amino 

acids, to form a strong electrostatic interaction, thus allowing it to be anchored into the active 

site of the kinase. If this hypothesis is assumed to be true, this would give information about 

the active pocket of the kinase that was not previously known.  This is illustrated further in 

figure (47). 
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Figure (47)- Proposed interaction between 98 and acidic region of the kinase pocket. 

The physiochemical data gives no explanation for the discrepancy between the cell data and 

the biochemical assays. Whilst there could be a number of DMPK reasons that cause this 

drop of activity in the cells (low penetrability, metabolic instability, high efflux rate, etc.), it 

could also be off target effects from a target not screened that might encourage cell survival 

in the breast cancer model, without a larger kinome screen it is only possible to speculate on 

the reason for this discrepancy between the two assays. 

The data displayed in figure (45) lends support to the inhibitors from this thesis potential for 

use as FLT3 inhibitors, specifically compound 98. This compound showed a EC50 value 

lower than that of BGB324 (17) (0.156 and 0.248 nM respectively), whilst the further 

biochemical analysis of 96 and 98 show a slightly different selectivity profile to BGB324 

(17) with 96 and 98, inhibiting PDGFR to a much lesser degree. This combination of 

potency in cells and biochemical assays (including the wild type FLT3 in addition to both its 

mutant forms), and a differentiated selectivity profile from the current FLT3 inhibitors are 

encouraging features for the programme going forward.  

To conclude, the work in this thesis describes a pragmatic, flexible approach to drug 

discovery, allowing to inhibit desired targets utilising chemotype from literature and 

optimising through rational drug design and phenotypic studies. This has yielded a handful 

of lead compounds, two of which (77 and 81) have been shown to inhibit the desired target 

selectively, showing at least a tenfold increase of activity over the other members of the 

TAM family, and at least twofold potency against the other screened kinases. To date, only 

two potent and selective AXL inhibitors have been described, so these results can be useful 
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in the field of AXL inhibitors. Additionally, three other compounds (64, 96 and 98), have 

been synthesised that show superior inhibition of AXL (121nM, 71.5 nM and 12.6 nM, 

respectively), with 98 being one of the most potent compounds described yet in literature. 

These compounds cannot be considered AXL inhibitors as they block other receptor protein 

kinases, such as FLT3 and RET to a greater degree. Notably, 98 was shown to be a 

particularly potent FLT3 inhibitor (1.37 nM), with an IC50 value that is comparable with 

current gold-standard FLT3 inhibitors and with >5-fold selectivity over other kinases. Given 

its remarkable biological properties and its relatively low MW (405 Da), this lead compound 

is probably the most interesting derivative of this thesis and worthy of further investigation.  

All of the compounds described in this thesis show favourable physiochemical properties, 

suggesting the approach employed in this thesis results in drug-like bioactive molecules 

being discovered. Furthermore, this approach has done this at a fraction of the price and 

manpower of Pharma, getting significant results; the approach described in this thesis, while 

far from a solution to the issues of modern drug discovery, is another weapon in the arsenal 

to drive the discovery of the next generation of pharmaceuticals. 

8:0 Methods 

8.1: Chemistry methods 

All experiments were carried out in a Biotage Initiator microwave synthesizer or in an inert 

atmosphere under nitrogen, using commercially available anhydrous solvents. 

8.1.1: Chemicals 

Chemicals that were commercially available were obtained from one of the following 

sources: Fischer Scientific, Fluorochem, Matrix Scientific, Sigma-Aldrich and VWR 

International. 

8.1.2: Chromatography 

Thin layer chromatography was run on Merck TLC Silica gel 60 5254 plates, with detection 

being achieved through using a 254 UV source. Purification was achieved through flash 

column chromatography using silica gel (220-240mesh, Sigma-Aldrich) and commercially 

available solvents. 
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8.1.3: Nuclear Magnetic Resonance 

All NMR spectra were recorded at ambient temperature on a 500MHZ Bruker Avance III 

spectrometer at the School of Chemistry, The University of Edinburgh. Samples were 

dissolved in deuterated solvents commercially available from either Sigma-Aldrich or VWR 

international. 

NMR spectra: Chemical shifts are reported in parts per million (ppm) relative to 

tetramethylsilance. The data is reported as follows: chemical shift, integration, multiplicity 

(where s=singlet, d=doublet, t=triplet, q= quartet, m=multiplet), and coupling constant (In 

Hz). 
13

C NMR spectra: chemical shifts are reported in ppm relative to the solvent carbon 

peak. The data is presented as follows: chemical shift and assignment and were confirmed by 

Dept 90 and Dept 135. The spectra were interpreted using MestReNova 5
th
 edition. 

8.1.4: Mass Spectrometry 

Low resolution mass spectra (LRMS) were obtained using a Microsaic systems 4000 MiD 

system, under electron spray ionisation (ESI) conditions. High resolution Mass Spectra 

(HRMS) were obtained using a Bruker 3.0 T Apex II Spectrometer at the School of 

Chemistry, The University of Edinburgh 
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8.2: Synthesis of Chemical Library 1 

8.2.1: Synthesis of compound 39 (1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

5-Amino-1H-pyrazole-4-carbonitrile (38) (3 g, 27.7 mmol) was added to a microwave vial 

and formamide (15 ml) was added, heated at 180 
o
C using microwave radiation for 75 

minutes. Upon cooling, a precipitate formed and was filtered off and washed with water (50 

ml). This was then dried overnight at 40
o
C to yield a white solid (2.96 g, 22.9 mmol 70.0% 

yield). 

δ H (500 MHz, DMSO) 12.90 (2H, s, NH2), 12.80 (1H, s, NH), 8.11 (1H, s, CH), 7.27 (1H, s, CH). δ C 

(151 MHz, DMSO) 160.69 (CH), 159.13 (q), 158.16 (q), 105.63 (q), 92.80 (q). δ C (151 MHz, CDCl3) 

165.9 (C), 163.7 (CH), 162.7 (C), 140.4 (CH), 107.6 (C). LRMS (+ve) m/z peak [M+1] 136.1 

8.2.2: Synthesis of compound 40 (3-iodo-1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 39 (1.5 g, 11.1 mmol) was suspended in DMF (15 ml). To this, N 

iodosuccinimide (3 g, 13.3 mmol, 1.2 equivalents) was added. This was then heated at 150 

o
C using microwave radiation for 1 hour. Ethanol (10 ml) was added to the mixture (80 ml) 

to yield a precipitate which was filtered off and washed with Ethanol (3x 20 ml). This was 

then dried overnight at 40
o
C in a vacuum oven, to produce a sand-coloured solid. This was 

repeated with 1.2 g of compound 2. (2.7 g, 10.3 mmol, 51.8% yield) 

δ H (500 MHz, DMSO) 13.80 (1 H, s, NH), 8.18 (1 H, d, J 5.7, CH). δ C (151 MHz, DMSO) 160.69 

(CH), 159.1 (C), 158.2 (C), 105.6 (C), 92.8 (C). HRMS (ESI +ve) m/z peak [M+1] 261.9572 
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8.2.3: Synthesis of compound 41 (1-(cyclopentylmethyl)-3-iodo-1H-

pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 40 (2.3 g, 8.88 mmol) was suspended in DMF (15 ml) to the mixture sodium 

hydride (528 mg, 1.5 equivalents, 13.2 mmol, 60% dispersion in mineral oil) was added and 

stirred until gas evolution subsided. To the mixture and (iodomethyl) cyclopentane (1.72 ml, 

13.2 mmol, 1.5 equivalents) was added drop wise. This was then heated at 150 
o
C using 

microwave radiation for 85 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography 

MeOH/DCM (0−5%) to give an orange solid (785 mg, 2.29 mmol, 26% yield.) 

δ H (600 MHz, DMSO) 8.20 (1 H, d, J 4.2, CH), 4.19 (2 H, d, J 7.5, CH2), 1.67 – 1.10 (9 H, m, 

4xCH2+ CH). δ C (151 MHz, DMSO) 160.7 (C), 159.0 (CH), 156.6 (C), 106.0 (C), 91.7 (C), 54.2 

(CH2), 42.9 (CH), 32.7 (2xCH2), 27.7 (2xCH2). LRMS (+ve) m/z peak [M+1] 344.2 
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8.2.4: Synthesis of compound 42 (1-(cyclopentylmethyl)-3-(3,4-

dimethoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 41 (102 mg, 0.29 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

3-4 dimethoxyphenyl boronic acid (81 mg, 0.45 mmol 1.5 equivalents), potassium carbonate 

(62mg, 0.45moles, 1.5 equivalents), triphenyl phosphine (15 mg, 20% mol), and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a yellow solid (37 mg, 37% yield ) 

NMR:δ H (600 MHz, CDCl3) 8.33 (1 H, s, CH), 7.19 (2 H, d, J 7.1, 2x CH), 7.03 (1 H, d, J 8.6, CH), 

4.37 (2 H, d, J 7.6, CH2), 3.96 (6 H, d, J 1.5, 3x CH2), 1.66-1.76 (5 H, m, 2x CH2 + CH), 1.57 (3 H, d, 

J 4.5, CH3), 1.37 (3 H, d, J 5.9, CH3). δ C (126 MHz, DMSO) 158.6 (C), 156.1 (CH), 154.7 (C), 149.7 

(C), 149.5 (C), 143.9 (C), 126.0 (C), 121.1 (CH), 112.4 (2xCH), 97.6 (C), 56.1 (CH),55.9 (2xCH3), 

51.2 (CH2), 30.1 (2xCH2), 25.1 (2xCH2). LRMS  m/z peak [M+1] 384.2 
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8.2.5: Synthesis of compound 43 (1-(cyclopentylmethyl)-3-(4-methoxyphenyl)-

1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 41 (100 mg, 0.29 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-methoxyphenyl boronic acid (66 mg, 0.44 mmol 1.5 equivalents), potassium carbonate (60 

mg, 0.44 mmol, 1.5 equivalents), triphenyl phosphine (15 mg, 20% mol), and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a white solid (65 mg, 0.20 mmol, 71.4% yield) 

δ H (400 MHz, DMSO) 8.24 (1 H, s, CH), 7.62 – 7.57 (2 H, m, 2x CH), 7.13 – 7.08 (2 H, m, 2x CH), 

4.25 (2 H, d, J 7.4, CH2), 3.84 (3 H, s, CH3), 2.51 (9 H, dt, J 3.6, 1.8, 4x CH2 + CH), δ C (126 MHz, 

DMSO) 158.6 (C), 156.1 (CH), 154.7 (C), 149.6 (C), 143.9 (C), 126.1 (C), 121.1 (2x CH), 112.5 (2x 

CH), 97.6 (C), 56.1(CH), 55.9(CH3), 51.2 (CH2), 30.1 (2x CH2), 25.07 (2x CH2). HRMS (ESI +ve) 

m/z peak [M+1] 324.1925 
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8.2.6: Synthesis of compound 44 (1‐(cyclopentylmethyl)‐3‐[6‐(piperazin‐1‐

yl)pyridin‐3-yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐4‐amine) 

 

Compound 41 (50 mg, 0.15 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2(piperazin-1-yl) pyridine boronic acid- pinacol ester (62 mg, 0.22 mmol 1.5 equivalents), 

potassium carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20% 

mol), and palladium acetate (5% mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-8%) to yield a yellow solid (26 mg, 0.08 mmol, 45% yield). 

δ H (400 MHz, DMSO) 8.42 (1 H, s, CH), 8.25 (1 H, s, CH), 7.87 (1 H, d, J 11.3, CH), 7.09 (1 H, d, J 

8.8, CH), 5.30 (1 H, s, CH), 4.25 (2 H, d, J 7.4, 2H), 3.81 (4 H, s, 2x CH2), 1.65 – 1.29 (8 H, m, 4x 

CH2 ), 1.24 (5 H, t, J 7.2, 2xCH2 + CH). δ C (126 MHz, DMSO) 158.6 (C), 156.2 (CH), 154.8 (C), 

147.5 (CH), 141.5 (C), 138.4 (C), 138.2 (CH), 119.5 (CH), 114.5 (C), 108.0 (CH), 97.7 (C), 63.1 

(CH2), 52.5 (CH2), 51.2 (CH2), 43.7 – 41.9 (2x CH2), 30.1 (2xCH2), 25.1 (2xCH2). HRMS (ESI +ve) 

m/z peak [M+1] 379.2368 
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8.2.7: Synthesis of compound 45 (4-[4-amino-1-(cyclopentylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-3-yl]benzamide) 

 

Compound 41 (50 mg, 0.15 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-Aminocarbonylphenylboronic acid (36 mg, 0.22 mmol 1.5 equivalents), potassium 

carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8mg, 20% mol), and 

palladium acetate (5% mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a beige solid (27 mg, 0.08 mmol, 55% yield.) 

δ H (500 MHz, CDCl3) 8.44 (1 H, s, CH), 8.01 (2 H, m, 2x CH), 7.85 (2 H, m, 2x CH), 5.49 (2 H, s, 

NH2), 4.42 (2 H, d, J 7.6, CH2), 1.37 (9 H, m, 4x CH2 + CH), 0.88 (2 H, d, J 20.8, NH2). δ C (126 

MHz, CDCl3) 165.3 (C), 159.9 (CH), 133.5 (C), 128.7 (2xCH), 128.4 (2xCH), 116.0 (C), 109.3 (C), 

100.5 (C), 91.3 (C), 90.8 (C), 51.9 (CH), 40.3 (CH2), 30.2 (2x CH2), 25.1 (2xCH2). HRMS (ESI +ve) 

m/z peak [M+1] 337.1771  
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8.2.8: Synthesis of compound 46 (3-[4-amino-1-(cyclopentylmethyl)-1H-

pyrazolo[3,4-d]pyrimidin-3-yl]benzamide) 

 

Compound 41 (50 mg, 0.15 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

3-aminocarbonylphenylboronic acid (36 mg, 0.22 mmol 1.5 equivalents), potassium 

carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20% mol) and 

palladium acetate (5% mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a white solid (18 mg, 0.05mmol, 25% yield). 

δ H (500 MHz, CDCl3) 8.44 (1 H, s, CH), 8.01 (2 H, m, 2x CH), 7.85 (2 H, m, 2x CH), 5.49 (2 H, s, 2x 

NH2), 4.42 (2 H, d, J 7.6, CH2), 1.37 (9 H, m, 4 x CH2 + CH), 0.88 (2 H, d, J 20.8, NH2). δ C (126 

MHz, CDCl3) 165.3 (C), 159.9 (CH), 133.5 (C), 128.7 (2xCH), 128.4 (2xCH), 116.0 (C), 109.3 (C), 

100.5 (C), 91.3 (C), 90.8 (C), 51.9 (CH), 40.3 (CH2), 30.3 (2x CH2), 25.1 (2xCH2). HRMS (ESI +ve) 

m/z peak [M+1] 337.1771. 
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8.2.9: Synthesis of compound 47 (1-(cyclopentylmethyl)-3-(furan-3-yl)-1H-

pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 41 (50 mg, 0.15mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

3-furanylboronic acid (24 mg, 0.22 mmol 1.5 equivalents), potassium carbonate (30 mg, 0.22 

mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20% mol), and palladium acetate (5% 

mol) were added. The mixture was then heated at 120 
o
C using microwave radiation for 60 

minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a yellow solid (33 mg, 0.11 mmol, 85% yield). 

δ H (400 MHz, DMSO) 8.23 (1 H, s, CH), 8.10 (1 H, s, CH), 7.86 (1 H, t, J 1.6, CH), 6.85 (1 H, d, J 

1.0, CH), 4.23 (2 H, d, J 7.5, CH2), 1.41 (9 H, dd, J 110.8, 37.7, 4x CH2 + CH). δ C (126 MHz, 

DMSO) 158.7 (C), 156.2 (CH), 154.6 (C), 143.4 (CH), 136.1 (C), 132.0 (CH), 129.2 (CH), 118.9 (C), 

110.9 (CH), 97.9 (C), 51.2 (CH2), 30.1 (CH2), 24.9 (CH2). HRMS (ESI +ve) m/z peak [M+1] 

284.15059 
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8.2.10: Synthesis of compound 48 (1-(cyclopentylmethyl)-3-[4-

(trifluoromethyl)phenyl]-1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 41 (50 mg, 0.15mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-trifluoromethyl)phenylboronic acid (41 mg, 0.22 mmol 1.5 equivalents), potassium 

carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20 %mol), and 

palladium acetate (5% mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a beige solid (29 mg, 0.08 mmol, 55% yield) 

δ H (400 MHz, DMSO) 8.23 (1 H, s, CH), 8.10 (1 H, s, CH), 7.86 (1 H, t, J 1.6, CH), 6.85 (1 H, d, J 

1.0, CH), 4.23 (2 H, d, J 7.5, CH2), 1.41 (9 H, dd, J 110.8, 37.7, 4x CH2 + CH). δ C (126 MHz, 

DMSO) 158.7 (C), 156.2 (C), 155.0 (C), 142.5 (C), 137.4 (C), 135.1 (CH), 133.6 (C), 132.8 (C), 

132.5 (CH), 132.0 (CH), 129.5 – 129.1 (CH), 126.4 (CH), 97.7(CH), 51.4 (CH2), 30.1 (2x CH2), 24.9 

(2x CH2). HRMS (ESI +ve) m/z peak [M+1] 362.1604 
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8.2.11: Synthesis of compound 49 (1-(cyclopentylmethyl)-3-(4-fluorophenyl)-

1H-pyrazolo[3,4-d]pyrimidin-4-amine) 

 

Compound 41 (50 mg, 0.15 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-fluorophenylboronic acid (20 mg, 0.22 mmol 1.5 equivalents), potassium carbonate (30 

mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg 20% mol), and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a yellow solid (25 mg, 0.08 mmol, 56% yield) 

δ H (500 MHz, DMSO) 8.26 – 8.24 (1 H, m, CH), 7.73 – 7.67 (2 H, m, 2x CH), 7.40 – 7.34 (2 H, m, 

2x CH), 4.26 (2 H, d, J 7.4, CH2), 1.65 – 1.29 (9 H, m, 4x CH2 + CH). δ C (126 MHz, DMSO) 163.8 

(C), 161.8 (C), 158.6 (C), 156.2 (CH), 154.8 (C), 142.9 (C), 132.5 (CH), 132.0 (CH), 130.9 (CH), 

129.2 (CH), 116.5 (CH), 97.6 (C), 51.3 (CH2), 30.1 (2x CH2), 24.9 (2x CH2). HRMS (ESI +ve) m/z 

peak [M+1] 312.1619 
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8.2.12: Synthesis of compound 50 (3‐{[1,1'‐biphenyl]‐4‐yl}‐1‐

(cyclopentylmethyl)‐1H‐pyrazolo[3,4‐d]pyrimidin‐4‐amine) 

 

Compound 41 (50 mg, 0.15mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-biphenylboronic acid MIDA ester (67 mg, 0.22 mmol 1.5 equivalents), potassium 

carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20% mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a beige solid. (28 mg, 0.08 mmol, 52% yield) 

δ H (400 MHz, DMSO) 8.27 (1 H, s, CH), 7.90 – 7.84 (4 H, m, 4x CH), 7.80 – 7.75 (5 H, m, 5x CH), 

4.29 (2 H, d, J 7.4, CH2), 1.67 – 1.35 (9 H, m, 4x CH2 + CH). δ C (126 MHz, CDCl3) 208.7 (C), 164.9 

(C), 156.0 (C), 151.9 (C), 151.5 (C), 143.7 (C), 142.4 (C), 132.2 (2x CH), 132.1 (2x CH), 131.9 (CH), 

131.9 (CH), 128.6 (2x CH), 128.5 (2x CH), 58.8 (C), 52.4 (CH), 40.1 (CH2), 30.2 (2xCH2), 25.1 

(2xCH2). LRMS (+ve) m/z peak [M+1] 370.5 

  



150 
 

8.2.13: Synthesis of compound 51 (1‐(cyclopentylmethyl)‐3‐[4‐(piperazin‐1‐

yl)phenyl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐4‐amine) 

 

Compound 41 (50 mg, 0.15 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-piperazinylphenylboronic acid pinacol ester (63 mg, 0.22 mmol, 1.5 equivalents), 

potassium carbonate (30 mg, 0.22 mmol, 1.5 equivalents), triphenyl phosphine (8 mg, 20 

%mol), and palladium acetate (5% mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 60 minutes.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a beige solid. (20 mg, 36% yield 0.05 mmol.)  

δ H (500 MHz, DMSO) 8.23 (1 H, s, CH), 7.51 (2 H, d, J 8.5, 2x CH), 7.08 (2 H, d, J 8.3, 2x CH), 

4.24 (2 H, d, J 7.2, CH2), 3.16 (4 H, s, 2x CH2), 2.87 (4H, s, 2x CH2), 1.67 – 1.20 (9 H, m, 4x CH2 + 

CH). δ C (126 MHz, DMSO) 158.7 (C), 156.1 (CH), 154.7 (C), 143.8 (C), 129.6 (CH), 129.3 (C), 

127.8 (CH), 126.4 (C), 124.6 (CH), 116.7 (CH), 116.5 (C), 97.5 (CH3), 51.2 (CH2), 46.1 (CH2), 45.9 

(CH2), 45.7 (CH2), 45.4 (CH2), 43.2 (CH2), 30.1 (2x CH2), 25.2 (CH), 25.1 (2x CH2). HRMS (ESI 

+ve) m/z peak [M+1] 379.0858 
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8.3: Synthesis of Chemical Library 2 

8.3.1: Synthesis of compound 59 (6-chloro-3-iodo-1H-pyrazolo[3,4-

d]pyrimidine) 

 

6-Chloro-1H-pyrazolo[3,4-d]pyrimidine (57) (1 g, 6.5 mmol) was suspended in DMF (15 

ml). To this, N iodosuccinimide (1.9 g, 8 mmol, 1.2 equivalents) was added. This was then 

heated at 120 
o
C using microwave radiation for 1 hour. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-2%) to yield a yellow solid (1.64 g, 5.9 mmol 91% yield) 

δ H (500 MHz, DMSO) 14.64 (1 H, s, NH), 9.02 (1 H, s, CH). δ C (126 MHz, DMSO) 158.3 (C), 156.1 

(C), 155.7 (CH), 118.1 (C), 94.6 (C). LRMS (+ve) m/z peak [M+1] 281.00 

8.3.2: Synthesis of compound 60 (3-iodo-N-methyl-1H-pyrazolo[3,4-

d]pyrimidin-6-amine) 

 

Compound 59 (500 mg, 1.8 mmol) was dissolved in THF (3 ml), to this methylamine(12 ml) 

was added and then this was heated at 150 
o
C using microwave radiation for 1 hour. A white 

solid precipitated out and dried by vacuum filtration and washed with water (3ml x3) to yield 

a beige solid (270 mg, 0.98 mmol, 55% yield). 

δ H (500 MHz, DMSO) 12.61 (1 H, s, NH), 8.46 (1 H, s, CH), 7.54 (1 H, s, NH), 2.83 (3 H, d, J 3.4, 

CH3). δ C (126 MHz, DMSO) 162.7 (C), 157.1 (C), 153.9 (CH), 134.2 (CH), 93.3 (C), 67.5 (C), 28.5 

(CH3). HRMS (ESI +ve) m/z peak [M+1] 275.9737 
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8.3.3: Synthesis of compound 56 (1-(cyclopentylmethyl)-3-iodo-N-methyl-1H-

pyrazolo[3,4-d]pyrimidin-6-amine) 

 

Compound 60 (265 mg, 0.93 mmol), was dissolved in DMF (3 ml). To this was added 

sodium hydride, (34 mg, 1.5 equivalents, 1.4 mmol). This was stirred until gas evolution 

subsided, and then (iodomethyl) cyclopentane. (0.182 ml, 1.4 mmol 1.5 equivalents,) was 

added drop wise. The resulting mixture was then heated in the microwave for 85 minutes at 

150 
o
C.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography 

MeOH/DCM (0−5%) to give an yellow solid (133 mg, 0.37 mmol, 40% yield.) 

δ H (500 MHz, DMSO) 8.44 (1 H, s, NH), 7.61 (1 H, s, CH), 4.11 (2 H, s, CH2), 2.86 (3 H, s, CH3), 

1.65 – 1.21 (9 H, m, 4x CH2 + CH). δ C (126 MHz, DMSO) 162.5 (C), 155.8 (C), 154.2 (CH), 112.0 

(C), 92.3 (C), 50.7 (CH2), 32.1 (CH), 30.1 (2xCH2), 28.3 (CH3), 24.8 (2xCH2). HRMS (ESI +ve) m/z 

peak [M+1] 358.0523 
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8.3.4: Synthesis of compound 61 (1-(cyclopentylmethyl)-3-(4-methoxyphenyl)-

N-methyl-1H-pyrazolo[3,4-d]pyrimidin-6-amine) 

 

Compound 56 (40 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4- methoxyphenyl boronic acid (26 mg, 0.16mmol, 1.5 equivalents), potassium carbonate 

(23 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine (6 mg, 20 %mol), and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a yellow solid (27 mg, 0.08 mmol, 72% yield). LRMS (+ve) 

M/z peak [M+1] 338.5 

δ H (500 MHz, DMSO) 9.08 (1 H, s, NH), 7.93 (1 H, d, J 2.1, CH), 7.91 (1 H, q, J 2.2, CH), 7.46 (1 H, 

d, J 31.5, CH), 7.07 (1 H, s, CH), 7.05 (1 H, s, CH), 4.16 (2 H, d, J 7.0, CH2), 3.83 (3 H, s, CH3), 2.89 

(3 H, d, J 4.3, CH3), 1.64 (4 H, s, 2x CH2), 1.52 (2 H, s, CH2), 1.36 (2 H, s, CH2), 1.24 (1 H, s, CH). δ 

C (126 MHz, CDCl3) 202.6 (C), 166.3 (C), 147.8 (C), 119.7 (C), 111.4 (2x CH), 109.8 (2x CH), 109.7 

(CH), 94.9 (C), 86.5 (C), 56.0 (CH3), 50.9 (CH2), 40.1 (CH), 30.3 (2x CH2), 25.0 (2x CH2), 16.7 

(CH3). HRMS (ESI +ve) m/z peak [M+1] 338.4729 
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8.3.5: Synthesis of compound 62 (1‐(cyclopentylmethyl)‐3‐(3,4‐

dimethoxyphenyl)‐N‐methyl‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 56 (40 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

3-4 dimethoxyphenyl boronic acid(31 mg, 0.16 mmol 1.5 equivalents), potassium carbonate 

(23mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine (6mg, 20% mol) , and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a yellow solid (22 mg, 0.06 mmol, 55% yield) 

δ H (500 MHz, DMSO) 9.18 (1 H, d, J 97.9, NH), 7.53 (1 H, dd, J 8.3, 2.0, CH), 7.45 (1 H, d, J 1.9, 

CH), 7.07 (1 H, d, J 8.4, CH), 4.17 (2 H, d, J 7.0, CH), 3.87 (3 H, s, CH3), 3.83 (3 H, s, CH3), 2.89 (3 

H, d, J 4.3, CH3), 2.65 (2 H, d, CH2), 1.68 – 1.47 (6 H, m, 3x CH2), 1.30 (3 H, d, J 58.4, CH2 + CH). δ 

C (126 MHz, CDCl3) 174.3(C), 161.3 (C), 160.0 (C), 155.9 (C), 153.4 (CH), 143.8 (C), 128.9 (C), 

128.2 (CH), 126,9 (C), 125.6 (CH), 114.4 (CH), 55.4 (2xCH3), 50.8 (CH2), 40.2 (CH), 30.3 (2x CH2), 

28.6 (CH3), 25.0 (2x CH2). HRMS (ESI +ve) m/z peak [M+1] 368.2066 
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8.3.6: Synthesis of compound 63 (4-[1-(cyclopentylmethyl)-6-(methylamino)-

1H-pyrazolo[3,4-d]pyrimidin-3-yl]benzamide) 

 

 

Compound 56 (50 mg, 0.14 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-aminocarbonylphenylboronic acid (35 mg, 0.21 mmol, 1.5 equivalents), potassium 

carbonate (29 mg, 0.21 mmol, 1.5 equivalents), triphenylphosphine (8mg, 20 %mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) to yield a white solid (14 mg, 0.08 mmol, 29% yield). 

δ H (500 MHz, MeOD) 8.94 (1 H, s, CH), 8.70 (1 H, d, J 1.9, CH), 8.13 (1 H, dd, J 8.9, 2.4, CH), 7.64 

(1 H, dd, J 39.1, 9.8, CH), 6.99 (1 H, d, J 8.7, CH), 4.25 (2 H, d, J 7.5, CH2), 3.02 (3 H, s, CH3), 1.68 

(6 H, m, 3x CH2), 1.37 (3 H, dd, J 66.7, 8.5, CH2 + CH). δ C (126 MHz, MeOD) 161.5 (C), 159.1 (C), 

155.9 (C), 153.3 (CH), 148.5 (C), 145.7 (CH), 141.9 (CH), 137.4 (C), 136.0 (CH), 118.6 (C), 113.4 

(C), 107.3 (CH), 50.2 (CH2), 44.7 (CH2), 44.5 (CH2), 40.0 (CH), 29.7 (CH2), 27.1 (CH3), 24.5 (CH2). 

HRMS (ESI +ve) m/z peak [M+1] 351.1930 
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8.3.7: Synthesis of compound 64 (1‐(cyclopentylmethyl)‐N‐methyl‐3‐[6‐

(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 56 (50 mg, 0.14 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2(piperazin-1-yl) pyridine boronic acid- pinacol ester (61 mg, 0.21 mmol, 1.5 equivalents), 

potassium carbonate (29 mg, 0.21 mmol, 1.5 equivalents), triphenylphosphine (8mg, 20 

%mol), and palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of Triethylamine) to yield a yellow solid (31 mg, 0.08 

mmol, 56% yield). 

δ H (500 MHz, DMSO) 9.08 (1 H, s, NH), 8.72 (1 H, d, J 2.2, CH), 8.07 (1 H, dd, J 8.9, 2.4, CH), 7.71 

– 7.54 (1 H, m, NH), 7.40 (1 H, s, CH), 6.92 (1 H, d, J 8.9, CH), 4.15 (2 H, d, J 6.9, CH2), 3.56 – 3.49 

(4 H, m, 2x CH2), 2.88 (3 H, d, J 4.4, CH3), 2.85 (4 H, s, 2x CH2), 1.93 – 0.94 (9 H, m, 4x CH2 + CH). 

δ C (126 MHz, MeOD) 153.5 (CH), 149.6 (C), 143.3 (C), 143.1 (C), 136.9 (C), 129.8 (CH), 128.9 

(CH), 126.5 (CH),118.2 (C), 114.2 (C) 50.4 (CH2), 47.4 (2x CH2), 47.3 (2x CH2), 45.7 (CH3), 40.0 

(CH), 29.7 (2x CH2), 24.6 (2x CH2). HRMS (ESI +ve) m/z peak [M+1] 393.2505 
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8.3.8: Synthesis of compound 65 (3-[1-(cyclopentylmethyl)-6-(methylamino)-

1H-pyrazolo[3,4-d]pyrimidin-3-yl]benzamide) 

 

Compound 56 (23 mg, 0.064 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

3- aminocarbonylphenylboronic acid (16 mg, 0.097 mmol, 1.5 equivalents), potassium 

carbonate (13 mg, 0.097 mmol, 1.5 equivalents), triphenyl phosphine (3 mg, 20 %mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) To yield a white solid (13 mg, 0.03 mmol, 59% yield) 

δ H (500 MHz, MeOD) 9.09 (1 H, s, CH), 8.45 (1 H, t, J 1.6, CH), 8.17 – 8.13 (1 H, m, CH), 7.97 – 

7.93 (1 H, m, CH), 7.34 – 7.25 (1 H, m, CH), 4.29 (2 H, d, J 7.5, CH2), 3.04 (3 H, s, CH3), 1.79 – 1.30 

(9 H, m, 4x CH2 + CH). δ C (126 MHz, MeOD) 153.5 (CH), 143.1 (C), 134.5 (C), 132.9 (C), 129.8 

(CH), 129.1 (C), 128.9 (CH), 127.4 (CH), 125.7 (CH), 118.4 (C), 118.1 (C), 114.2 (C), 50.4 (CH), 

40.0 (CH3), 29.7 (2x CH2), 27.1 (CH2), 24.6 (2x CH2). HRMS (ESI +ve) m/z peak [M+1] 351.1928 
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8.3.9: Synthesis of compound 66 (3-(2-amino-1,3-benzoxazol-5-yl)-1-

(cyclopentylmethyl)-N-methyl-1H-pyrazolo[3,4-d]pyrimidin-6-amine)) 

 

Compound 56 (25 mg, 0.07 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2-aminobenzo[d]oxazol-5-ylboronic acid (19 mg, 0.12 mmol 1.5 equivalents), potassium 

carbonate (15 mg, 0.12 mmol, 1.5 equivalents), triphenyl phosphine (4 mg, 20 %mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-1%) To yield a white solid (11 mg, 0.03 mmol, 44% yield) 

δ H (500 MHz, MeOD) 8.99 (1 H, s, CH), 7.97 – 7.92 (1 H, m, CH), 7.53 (1 H, t, J 7.5, CH), 7.45 (1 

H, t, J 7.4, CH), 3.47 (1 H, dd, J 3.5, 1.9, CH), 3.03 (2 H, s, CH2), 1.68 (8 H, d, J 61.9, 4x CH2), 1.31 

(3 H, s, CH2). δ C (126 MHz, MeOD) 156.1 (C), 153.5 (CH), 149.2 (C), 145.2 (C), 144.5 (C), 142.1 

(C), 141.4 (C), 141.3 (C), 136.4 (C), 128.6 (CH), 128.5 (CH), 126.6 (CH), 50.3 (CH2), 40.0 (CH), 

29.7 (2x CH2), 29.5 (CH3), 24.6 (2x CH2). LRMS (+ve) m/z peak [M+1] 364.4 
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8.3.10: Synthesis of compound 67 1-[(1,3-dioxolan-2-yl)methyl]-3-iodo-N-

methyl-1H-pyrazolo[3,4-d]pyrimidin-6-amine 

 

Compound 60 (500 mg, 1.82 mmol), was dissolved in DMF (3 ml). To this was added 

sodium hydride (108 mg, 2.7 mmol, 1.5 equivalents, 60% dispersion in mineral oil). This 

was stirred until gas evolution subsided, and then (iodomethyl) cyclopentane. (0.280 ml, 2.7 

mmol, 1.5 equivalents) was added drop wise. The resulting mixture was then heated in the 

microwave for 90 minutes at 150 
o
C.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography 

MeOH/DCM (0−5%) to give a yellow solid (269 mg, 0.74 mmol, 41% yield.) 

δ H (500 MHz, MeOD) 4.98 (1 H, t, J 4.4, CH), 3.96 (2 H, m, CH2), 3.85 (2 H, m, CH2), 3.33 (3 H, dt, 

J 3.3, 1.6, CH3), 3.26 (1 H, d, J 5.3, CH), 2.44 (2 H, s, CH2). δ C (126 MHz, MeOD) 180.1 (C), 164.6 

(C), 154.0 (C), 153.0 (C), 102.8 (CH), 64.4 (CH2), 60.1 (CH2), 43.3 (CH), 36.4 (CH3), 29.2 (CH2). 

LRMS (+ve) m/z peak [M+1] 362.6 

  



160 
 

8.3.11: Synthesis of compound 68 1-[(1,3-dioxolan-2-yl)methyl]-3-(4-

methoxyphenyl)-N-methyl-1H-pyrazolo[3,4-d]pyrimidin-6-amine 

 

 

Compound 67 (40 mg, 0.011 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To 4- 

methoxyphenyl boronic acid (26 mg, 0.016 mmol, 1.5 equivalents), potassium carbonate (23 

mg, 0.016 mmol, 1.5 equivalents), triphenyl phosphine (6mg, 20 %mol), and palladium 

acetate (5% mol) were added. The mixture was then heated at 120 
o
C using microwave 

radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-1%) To yield a yellow solid (2 mg, 0.005 mmol, 5% yield) 

δ H (500 MHz, DMSO) 9.09 (1 H, s, CH), 7.95 – 7.90 (2 H, m, 2x CH), 7.07 (2 H, d, 2x CH), 5.76 (1 

H, s, NH), 4.35 (2 H, d, J 4.5, CH2), 3.97 (2 H, s, CH2), 3.85 (2 H, d, J 7.5, CH2), 3.83 (3 H, s, CH3), 

2.89 (3 H, d, J 4.2, CH3), 1.25 (1 H, s, CH). δ C (126 MHz, MeOD) 164.9 (CH), 160.6 (C), 153.5 

(CH), 144.8 (C), 135.1 (C), 128.0 (CH), 124.7 (C), 116.3 (C), 114.0 (CH), 103.8 (C), 101.7 (CH), 

101.4 (CH), 64.8 (CH2), 54.2 (CH3), 51.2 (CH2), 35.2 (CH), 31.0 (CH3), 29.2 (CH2). LRMS (+ve) m/z 

peak [M+1] 342.4 
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8.3.12: Synthesis of compound 69 (1‐[(1,3‐dioxolan‐2‐yl)methyl]‐N‐methyl‐3‐[6‐

(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 67 (50 mg, 0.014 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2(piperazin-1-yl) pyridine boronic acid- pinacol ester (58 mg, 0.021 mmol, 1.5 equivalents), 

potassium carbonate (29 mg, 0.021 mmol, 1.5 equivalents), triphenyl phosphine (7mg, 20 

%mol), and palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% +10 drops of Triethylamine). To yield a yellow solid (27 mg, 0.007 

mmol, 53% yield).  

δ H (500 MHz, DMSO) 9.09 (1 H, s, CH), 8.72 (1 H, d, J 2.4, CH), 8.07 (1 H, dd, J 8.9, 2.4, CH), 6.93 

(1 H, d, J 9.0, CH), 5.34 (1 H, d, J 28.6, NH), 4.34 (2 H, d, J 4.5, CH2), 4.02 – 3.77 (5 H, m) & 3.55 – 

3.51 (3 H, m, 4x CH2), 2.95 – 2.76 (4 H, m, 2x CH2), 1.91 (1 H, d, J 6.8, CH). δ C (126 MHz, DMSO) 

159.1 (C), 154.4 (CH), 146.2 (CH), 141.8 (C), 135.9 (CH), 133.9 (C), 107.4 (CH), 101.4 (CH), 95.4 

(C), 77.4 (C), 69.1 (C), 64.8 (2x CH2), 48.5(CH2), 45.7 (2x CH2), 45.6 (2x CH2), 28.7 (CH3). HRMS 

(ESI +ve) m/z peak [M+1] 397.2077 
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8.3.13: Synthesis of compound 70 1-[(1,3-dioxolan-2-yl)methyl]-3-(4-

fluorophenyl)-N-methyl-1H-pyrazolo[3,4-d]pyrimidin-6-amine 

 

Compound 67 (50 mg, 0.014 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To 

added 4- flourophenylboronic acid (29 mg, 0.021 moles, 1.5 equivalents), potassium 

carbonate (29 mg, 0.021 mmol, 1.5 equivalents), triphenyl phosphine (7mg, 20 %mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) To yield a yellow solid (18 mg, 0.005 mmol, 39% yield).  

δ H (500 MHz, DMSO) 9.12 (1 H, s, CH), 8.03 (1 H, dd, J 8.9, 5.5, CH), 7.84 (1 H, dd, J 8.6, 6.5, 

CH), 7.34 (1 H, t, J 8.9, CH), 7.15 (1 H, dd, J 9.5, 8.7, CH), 5.38 (1 H, s, NH), 4.37 (2 H, d, J 4.4, 

CH2), 3.97 (2 H, s, CH2), 3.84 (2 H, t, J 6.9, CH2), 3.18 (1 H, s, CH), 2.89 (3 H, s, CH3). δ C (126 

MHz, DMSO) 161.8 (C), 156.8 (C), 154.4 (CH), 145.4 (C), 144.1 (C), 142.7 (C), 137.8 (C), 137.0 

(CH), 129.1 (CH), 116.4 (CH), 114.7 (CH), 101.3 (CH), 64.8 (2x CH2), 48.6 (CH2), 11.8 (CH3). 

HRMS (ESI +ve) m/z peak [M+1] 330.1372 
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8.3.14: Synthesis of compound 71 (1-[(1,3-dioxolan-2-yl)methyl]-N-methyl-3-[4-

(trifluoromethyl)phenyl]-1H-pyrazolo[3,4-d]pyrimidin-6-amine) 

 

Compound 67 (50 mg, 0.014 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4- (triflouromethyl)phenylboronic acid (38 mg, 0.021 mmol, 1.5 equivalents), potassium 

carbonate (29 mg, 0.021 mmol, 1.5 equivalents), triphenyl phosphine (7mg, 20 %mol), and 

palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-4%) To yield a yellow solid (29 mg, 0.008 mmol, 55% yield). 

δ H (500 MHz, DMSO) 8.35 (1 H, s, CH), 7.99 (1 H, d, J 7.6, CH), 7.70 (1 H, d, J 7.7, CH), 4.41 (2 H, 

d, J 4.3, CH2), 4.02 – 3.78 (5 H, m, 2x CH2 + CH), 2.90 (3 H, s, CH3), 2.66 (1 H, d, J 9.0, NH). δ C 

(126 MHz, DMSO) 161.8 (C), 156.8 (C), 153.7 (CH), 152.0 (C), 144.7 (C), 142.7 (C), 137.0 (CH), 

128.5 (CH), 116.4 (CH), 114.7 (CH), 105.6 (C), 101.3 (CH), 91.6 (C), 64.8 (2x CH2), 48.5 (CH2), 

28.4 (CH3). HRMS (ESI +ve) m/z peak [M+1] 380.1332 
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8.4: Synthesis of ‘click’ library 

8.4.1: Synthesis of compound 72 (3-iodo-N-methyl-1-(prop-2-yn-1-yl)-1H-

pyrazolo[3,4-d]pyrimidin-6-amine) 

 

Compound 60 (256 mg, 0.93 mmol), was dissolved in DMF (5 ml). To this was added 

sodium hydride, (33 mg, 1.4 mmol, 1.5 equivalents). This was stirred until gas evolution 

subsided, and then propargyl bromide solution, (0.156 ml, 1.4 mmol 1.5 equivalents, 80% in 

toluene) was added drop wise. The resulting mixture was then heated in the microwave for 

85 minutes at 150 
o
C.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography 

MeOH/DCM (0−2%) to give a yellow solid (63 mg, 0.2 mmol, 20% yield.) 

δ H (500 MHz, DMSO) 5.05 (1 H, s, CH), 4.13 (3 H, d, J 2.5, CH3), 3.17 (1 H, t, J 2.5, NH), 2.89 (1 

H, d, J 4.1, CH), 2.51 (2 H, dt, J 3.7, 1.8, CH2). δ C (126 MHz, DMSO) 177.0 (CH), 155.5 (C), 154.4 

(C), 78.8 (C), 78.5 (C), 75.9 (C), 73.9 (CH), 28.5 (CH3), 27.6 (CH2). HRMS (ESI +ve) m/z peak 

[M+1] 313.9897 
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8.4.2: Synthesis of compound 73 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐3‐

iodo‐N‐methyl‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 72 (100 mg, 0.32 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

benzyl azide (0.64 ml, 0.32 mmol, 1 equivalent, 0.5 M in dichloromethane ), CuI (16 mg, 

0.08 mmol, 0.25 equivalents), sodium ascorbate (6 mg, 0.04 mmol, 0.1 equiv) and 

triethylamine (18 μl, 0.12 mmol, 0.4 equivalents) were added. This was left stirring at room 

temperature for 24 hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo to yield a white solid (94 mg, 0.21 mmol 66% yield) 

δ H (500 MHz, DMSO) 11.06 (1 H, s, NH), 8.46 (1 H, s, CH), 7.91 (1 H, d, J 218.5, CH), 7.43 – 7.25 

(3 H, m, 3x CH), 5.57 (1 H, s, CH), 2.86 (2 H, s, CH2), 2.58 (3 H, s, CH3), 1.38 – 1.15 (2 H, m, CH2). 

δ C (126 MHz, DMSO) 179.9 (C), 165.5 (C), 159.5 (CH), 156.2 (C), 155.5 (C), 149.9 (CH), 140.9 (C), 

136.5 (C), 131.9 (C), 129.2 (2x CH), 128.6 (CH), 128.4 (2x CH), 78.7 (CH3), 53.3 (CH2), 30.0 (CH2). 

HRMS (ESI +ve) m/z peak [M+1] 447.0520 
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8.4.3: Synthesis of Compound 77 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐N‐

methyl‐3‐[6‐(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

 

Compound 73 (30 mg, 0.07 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2(piperazin-1-yl) pyridine boronic acid- pinacol ester (29 mg, 0.1 mmol, 1.5 equivalents), 

potassium carbonate (14 mg, 0.1 mmol, 1.5 equivalents), triphenyl phosphine (7mg, 20 

%mol), and palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (26 mg, 81% yield) 

δ H (500 MHz, DMSO) 8.72 (1 H, d, J 2.1, CH), 8.13 (1 H, s, CH), 8.05 (1 H, dd, J 8.9, 2.5, CH), 7.52 

(2 H, ddd, J 47.1, 27.8, 7.6, 2x CH), 7.39 – 7.28 (4 H, m, 4x CH), 6.92 (1 H, d, J 9.0, CH), 5.53 (3 H, 

d, J 37.0, CH3), 3.54 (4 H, dd, J 12.4, 7.3, 2x CH2), 3.47 – 3.44 (1 H, m, NH), 2.87 (8 H, d, J 4.5, 4x 

CH2), 1.01 (1 H, t, J 7.2, NH). δ C (126 MHz, DMSO) 159.2 (C), 154.5 (CH), 148.0 (C), 146.2 (CH), 

138.0 (C), 136.5 (CH), 135.9 (CH), 129.4 (C), 129.2 (CH x2), 128.6 (CH), 128.4 (CH x2), 126.1 

(CH), 113.5 (C), 107.5 (CH3), 107.4 (CH), 53.2 (CH2), 46.2 (CH2), 45.6 (C), 45.4 (2x CH2), 41.59 

(CH2). HRMS (ESI +ve) m/z peak [M+1] 382.2507 
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8.4.4: Synthesis of compound 78 (2‐(4‐{[6‐(methylamino)‐3‐[6‐(piperazin‐1‐

yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐1‐yl]methyl}‐1H‐1,2,3‐triazol‐1‐

yl)cyclopentan‐1‐ol) 

 

Compound 72 (100 mg, 0.32mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

2-azidocyclopentan-1-ol (32 µl, 0.32 mmol, 1 equivalent), CuI (16 mg, 0.08 mmol, 0.25 

equivalents), sodium ascorbate (6 mg, 0.04 mmol, 0.1 equivalents), and triethylamine (18μl, 

0.12mmol, 0.4 equivalents) were added. This was left stirring at room temperature for 24 

hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo.  

The resulting product (74) (60 mg, 0.14 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To this, 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (58 mg, 0.021mmol 1.5 

equivalents), potassium carbonate (29mg, 0.21mmol, 1.5 equivalents), triphenyl phosphine 

(7mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. 

The aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined 

and washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 
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(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (2 mg, 0.004 mmol 

2% yield). 

δ H (500 MHz, MeOD) 8.95 (1 H, s, CH), 8.71 (1 H, s, CH), 8.13 (1 H, d, J 8.8, CH), 8.02 (1 H, s, 

CH), 6.98 (1 H, d, J 8.8, CH), 5.62 (2 H, s, CH2), 5.23 (1 H, s, CH), 3.76 – 3.73 (4 H, m, 2x CH2), 

3.50 (4 H, dd, J 9.5, 5.0, 2x CH2), 3.21 – 3.18 (3 H, m, CH2 + CH), 3.13 (4 H, s, 2x CH2), 3.05 (3 H, s, 

CH3). δ C (126 MHz, CDCl3) 185.5 (C), 178.9 (C), 176.6 (C), 153.5 (CH), 146.1 (C), 144.4 (CH), 

143.6 (CH), 130.4 (CH), 126.1 (C), 123.0 (CH), 119.0 (C), 116.9 (C), 52.9 (CH), 48.9 (CH2), 29.8 

(CH2), 29.7 (CH), 28.7 (CH2), 28.6 (CH3), 20.2 (2x CH2), 10.0 (CH2), 8.0 (2x CH2). HRMS (ESI +ve) 

m/z peak [M+1] 476.2621 
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8.4.5: Synthesis of compound 79 (2‐(4‐{[6‐(methylamino)‐3‐[6‐(piperazin‐1‐

yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐1‐yl]methyl}‐1H‐1,2,3‐triazol‐1‐

yl)cyclohexan‐1‐ol) 

 

Compound 72 (50 mg, 0.16 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml), to this 

methyl 3-azidothiophene-2-carboxylate (11 µl, 0.16 mmol, 1 equivalent), CuI (8 mg, 0.04 

mmol, 0.25 equivalents), sodium ascorbate (3 mg, 0.02 mmol, 0.1 equivalent), and 

triethylamine (5 μl, 0.06 mmol, 0.4 equivalents) were added. This was left stirring at room 

temperature for 24 hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo.  

The resulting product (75) (50 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To this, 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (46 mg, 0.16 mmol, 1.5 

equivalents), potassium carbonate (22 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine 

(5 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 
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(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (21 mg, 0.04 

mmol, 27% yield) 

δ H (500 MHz, MeOD) 8.16 (1 H, s, CH), 7.71 – 7.56 (3 H, m, 3x CH), 7.45 (1 H, t, J 7.7, CH), 4.89 

(2 H, d, J 7.8, CH2), 3.90 – 3.69 (7 H, m, 3x CH2 + CH), 3.49 (1 H, dt, J 11.0, 5.5, CH), 3.22 (5 H, dt, 

J 14.2, 6.3, CH3 + CH2), 3.13 – 2.97 (2 H, m, CH2), 2.18 – 1.79 (3 H, m, CH2), 1.38 (4 H, ddd, J 26.4, 

23.4, 7.8, 2x CH2). δ C (126 MHz, MeOD) 147.3 (CH), 145.9 (C), 145.3 (C), 138.0 (C), 136.4 (C), 

131.6 (C), 128.6 (CH), 126.8 (CH), 125.7 (CH), 114.3 (C), 107.9 (CH), 107.7 (C), 72.1 (CH), 66.5 

(CH), 43.7 (CH3), 43.6(CH2), 34.3 (CH2), 30.9 (CH2), 24.5 (2x CH2), 23.8 (2x CH2), 7.9 (CH2), 6.19 

(CH2). HRMS (ESI +ve) m/z peak [M+1] 490.2786 
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8.4.6: Synthesis of compound 80 (methyl 3‐(4‐{[6‐(methylamino)‐3‐[6‐

(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐1‐yl]methyl}‐1H‐1,2,3‐

triazol‐1‐yl)thiophene‐2‐carboxylate) 

 

Compound 72 (80 mg, 0.26 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml), to this 

methyl 3-azidothiophene-2-carboxylate (17 µl, 0.26 mmol, 1 equivalent), CuI (12mg, 0.07 

mmol, 0.25 equivalents), sodium ascorbate (5 mg, 0.03 mmol, 0.1 equivalent), and 

triethylamine (7 μl, 0.1 mmol, 0.4 equivalents) were added. This was left stirring at room 

temperature for 24 hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo.  

The resulting product (76) (50 mg, 0.1 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To added 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (43 mg, 0.15mol 1.5 

equivalents), potassium carbonate (20 mg, 0.15 mmol, 1.5 equivalents), triphenyl phosphine 

(5 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 
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(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (23 mg, 0.004 

mmol, 17% yield). 

δ H (500 MHz, MeOD) 8.97 (1 H, s, CH), 8.74 (1 H, d, J 2.0, CH), 8.54 (1 H, s, CH), 7.91 (1 H, d, J 

5.4, CH), 7.46 (1 H, d, J 5.4, CH), 5.72 (1 H, s, CH), 5.51 (1 H, s, CH), 3.76 (3 H, s, CH3), 3.70 – 3.63 

(2 H, m, CH2), 3.23 – 3.12 (8 H, m, 4x CH2), 3.07 (3 H, s, CH3). δ C (126 MHz, CDCl3) 174.9 (C), 

173.5 (C), 160.6 (C), 158.9 (C), 156.2 (C), 153.4 (CH), 152.2 (C), 149.5 (C), 146.4 (CH), 144.8 (C), 

142.9 (C), 137.7 (C), 136.1 (CH), 131.0 (CH), 126.7 (CH), 125.9 (CH), 107.0 (CH), 52.5 (CH3), 45.0 

(CH2), 44.9 (2x CH2), 41.6 (2x CH2), 28.6 (CH3). HRMS (ESI +ve) m/z peak [M+1] 532.2011 

  



173 
 

8.5: Synthesis of SAR Library of compound 77 

8.5.1: Synthesis of compound 81 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐N‐

methyl‐3‐[6‐(4‐methylpiperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐

amine) 

 

To compound 73 (50 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To 

added 2-(4-methylpiperazin-1-yl) pyridine-5-boronic acid (51 mg, 0.16 mmol, 1.5 

equivalents), potassium carbonate (23 mg, 0.15 mmol, 1.5 equivalents), triphenyl phosphine 

(6 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10%) to yield a yellow solid (31 mg, 0.06 mmol 57% yield). 

δ H (500 MHz, DMSO) 8.72 (1 H, d, J 2.3, CH), 8.13 (1 H, s, CH), 8.05 (1 H, dd, J 8.9, 2.4, CH), 7.38 

– 7.28 (6 H, m, 6x CH), 6.95 (1 H, d, J 8.9, CH), 5.57 (2 H, s, CH2), 5.50 (3 H, s, CH3), 3.61 (4 H, s, 

2x CH2), 2.88 (3 H, s, CH3), 2.27 (4 H, d, J 19.9, 2x CH2), 1.92 (1 H, s, NH), 1.25 (2 H, s, CH2). δ C 

(126 MHz, DMSO) 161.9 (C), 159.1 (C), 156.0 (C), 154.5 (CH), 146.2 (CH), 136.5 (C), 135.9 (CH), 

132.4 (C), 131.9 (CH), 131.8 (CH), 129.2 (CH), 128.6 (CH), 128.4 (CH), 124.4 (C), 108.9 (C), 107.8 

(CH), 54.6 (CH2), 53.2 (CH2), 46.0 (CH3), 44.7 (CH2), 41.6 (CH2), 21.5 (CH3). HRMS (ESI +ve) m/z 

peak [M+1] 496.2699 
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8.5.2: Synthesis of compound 82 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐N‐

methyl‐3‐[4‐(piperazin‐1‐yl)phenyl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

To compound 73 (46 mg, 0.1 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

4-(4-methylpiperazin-1-yl)phenylboronic acid, pinacol ester (44 mg, 0.15 mmol 1.5 

equivalents), potassium carbonate (21 mg, 0.15 mmol, 1.5 equivalents), triphenyl phosphine 

(5 mg, 20%mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10%+ 10 drops of triethylamine) to yield a yellow solid (28 mg, 0.06 mmol 

58% yield). 

δ H (500 MHz, DMSO) 9.06 (1 H, s, CH), 8.11 (1 H, s, CH), 7.80 (2 H, d, J 8.9, 2x CH), 7.37 – 7.34 

(2 H, m, 2x CH), 7.34 – 7.31 (1 H, m, CH), 7.31 – 7.28 (2 H, m, 2x CH), 7.03 (2 H, d, J 8.9, 2x CH), 

5.57 (2 H, s, CH2), 5.49 (1 H, s, NH), 3.24 (4 H, s, 2x CH2), 2.97 (1 H, s, NH), 2.88 (3 H, s, CH3), 

2.26 (4 H, s, 2x CH2). δ C (126 MHz, DMSO) 136.5 (CH), 135.8 (C), 134.0(C), 133.5 (C), 133.1 

(CH), 131.7 (C), 131.1 (C), 130.6 (C), 129.5 (C), 129.2 (CH), 129.0 (CH), 128.6 (CH), 128.4 (CH), 

127.8 (CH), 123.3 (C), 118.1 (CH), 117.6 (C) 115.9 (CH), 115.4 (CH), 54.9 (2x CH2), 53.2 (2x CH2), 

47.9 (CH2), 43.4 (CH2), 32.0 (CH3). HRMS (ESI +ve) m/z peak [M+1] 481.2575 
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8.5.3: Synthesis of compound 86 N‐methyl‐1‐[(1‐phenyl‐1H‐1,2,3‐triazol‐4‐

yl)methyl]‐3‐[6‐(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐

amine) 

 

Compound 72 (163 mg, 0.52 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

benzyl azide (1.04 ml, 0.52 mmol, 1 equivalent, 0.5 M in tert-butyl methyl ether), CuI (24 

mg, 0.13 mmol, 0.25 equivalents), sodium ascorbate (10 mg, 0.05 mmol, 0.1 equivalent), and 

triethylamine (29 μl, 0.2 mmol, 0.4 equivalents) were added. This was left stirring at room 

temperature for 24 hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo to yield a white solid  

The resulting product (83) (50 mg, 0.12 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To this, 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (51 mg, 0.18 mol, 1.5 

equivalents), potassium carbonate (25 mg, 0.15 mmol, 1.5 equivalents), triphenyl phosphine 

(6mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 
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(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (26 mg, 0.05 

mmol, 46% yield) 

δ H (500 MHz, MeOD) 8.98 (1 H, s, CH), 7.96 (1 H, s, CH), 7.92 (1 H, s, CH), 7.90 (1 H, s, CH), 7.50 

(1 H, s, CH), 7.36 (2 H, d, J 7.4, 2x CH), 7.33 – 7.30 (2 H, m, 2x CH), 5.51 (1 H, s, CH), 3.70 (3 H, d, 

J 5.6, CH3), 3.00 (4 H, s, 2x CH2), 2.66 – 2.62 (4 H, m, 2x CH2), 1.99 (2 H, s, CH2). δ C (126 MHz, 

MeOD) 161.4 (C), 153.5 (CH), 144.3 (C), 138.4 (C), 137.7 (C), 135.3 (C), 132.1 (C), 131.4 (C), 129.7 

(CH), 129.6 (CH), 128.6 (2x CH), 128.2 (CH), 127.7 (2x CH), 126.6 (CH), 123.7 (CH), 120.9 (C), 

61.4 (CH2), 53.8 (CH2), 50.7 (CH2), 43.2 (CH2), 40.9 (CH2), 26.7 (CH3). HRMS (ESI +ve) m/z peak 

[M+1] 468.2336 
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8.5.4: Synthesis of compound 87 (1‐{[1‐(4‐methoxyphenyl)‐1H‐1,2,3‐triazol‐4‐

yl]methyl}‐N‐methyl‐3‐[6‐(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐

d]pyrimidin‐6‐amine) 

 

Compound 72 (85 mg, 0.27 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

1-azido-4-methoxybenzene (41 mg, 0.27 mmol, 1 equivalent), CuI (13 mg, 0.07 mmol, 0.25 

equivalents), sodium ascorbate (5 mg, 0.03 mmol, 0.1equivalents), and triethylamine (15 μl, 

0.11 mmol, 0.4 equivalents) were added. This was left stirring at room temperature for 24 

hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo to yield a white solid  

The resulting product (84) (50 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To this, 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (46 mg, 0.16 mol 1.5 

equivalents), potassium carbonate (22 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine 

(6 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 
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concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (37 mg, 0.07 mmol 

62% yield) 

δ H (500 MHz, MeOD) 8.41 (1 H, s, CH), 7.74 – 7.71 (2 H, m, 2x CH), 7.12 – 7.08 (2 H, m, 2x CH), 

7.01 (1 H, d, J 8.6, CH), 6.91 (1 H, d, J 8.6, CH), 6.78 (1 H, dd, J 6.8, 5.4, CH), 5.70 (1 H, s, CH), 

3.88 (3 H, s, CH3), 3.81 – 3.78 (4 H, m, 2x CH2), 3.72 – 3.67 (4 H, m, 2x CH2), 3.06 (3 H, s, CH3), 

1.96 (2 H, s, CH2). δ C (126 MHz, MeOD) 168.2 (C), 153.9 (C), 147.3 (CH), 138.0 (CH), 133.5 (CH), 

131.4 (CH), 130.7 (C), 127.4 (C), 126.7 (C), 121.9 (CH), 114.5 (CH), 114.2 (CH), 107.9 (CH), 107.4 

(CH), 99.7 (C), 99.6 (C), 89.2 (C), 86.0 (C), 54.7 (CH3), 46.5 (CH2), 43.8 (CH2), 43.7 (CH2), 43.5 

(CH2), 43.4 (CH2), 7.9 (CH3). HRMS (ESI +ve) m/z peak [M+1] 498.2469 
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8.5.5: Synthesis of compound 88 (1‐{[1‐(4‐chlorophenyl)‐1H‐1,2,3‐triazol‐4‐

yl]methyl}‐N‐methyl‐3‐[6‐(piperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐

d]pyrimidin‐6‐amine) 

 

 

Compound 72 (84 mg, 0.27 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

1-azido-4-chlorobenzene (0.54 ml, 0.27 mmol, 1 equivalent), CuI (13 mg, 0.07 mmol, 0.25 

equivalents), sodium ascorbate (5 mg, 0.03 mmol, 0.1 equivalents), and triethylamine (15 μl, 

0.11 mmol, 0.4 equivalents) were added. This was left stirring at room temperature for 24 

hours. 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo to yield a white solid. 

The resulting product (85) (50 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 

ml). To this, 2(piperazin-1-yl) pyridine boronic acid- pinacol ester (46 mg, 0.16 mmol, 1.5 

equivalents), potassium carbonate (22 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine 

(6 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 
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washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (39 mg,0.08 mmol, 

71% yield) 

δ H (500 MHz, DMSO) 9.21 – 9.01 (1 H, m, NH), 8.79 (1 H, s, CH), 8.73 (1 H, d, J 2.4, CH), 8.07 (1 

H, dd, J 8.9, 2.4, CH), 7.94 (2 H, dd, J 8.8, 5.0, 2x CH), 7.68 (1 H, s, CH), 7.67 – 7.64 (2 H, m, 2x 

CH), 6.90 (1 H, d, J 9.0, CH), 5.60 (2 H, s, CH2), 4.38 (1 H, d, J 5.6, NH), 3.51 (4 H, s, 2x CH2), 2.91 

(3 H, d, J 4.5, CH3), 2.81 (4 H, s, 2x CH2). δ C (126 MHz, MeOD) 168.2 (C), 153.9 (C), 147.3 (CH), 

138.0 (CH), 133.5 (CH), 131.4 (CH), 130.7 (C), 127.4 (C), 126.7 (C), 122.0 (CH), 114.5 (CH), 114.2 

(CH), 107.9 (CH), 107.4 (CH), 99.7 (C), 99.6 (C), 89.2 (C), 86.0 (C), 54.7 (CH3), 46.5 (CH2), 43.8 

(CH2), 43.7 (CH2), 43.5 (CH2), 43.4 (CH2), 7.9 (CH3). HRMS (ESI +ve) M/z peak [M+1] 

498.2469HRMS (ESI +ve) m/z peak [M+1] 502.1967 
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8.5.6: Synthesis of compound 89 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐N‐

methyl‐3‐{1H‐pyrrolo[2,3‐b]pyridin‐5‐yl}‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 73 (41 mg, 0.09 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml), and 7-

azaindole-5-boronic acid pinacol ester (34 mg, 0.14 mmol 1.5 equivalents), potassium 

carbonate (19 mg, 0.14 mmol, 1.5 equivalents), triphenylphosphine (5mg, 20 %mol), and 

palladium acetate (5 %mol)were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (19 mg, 0.04 

mmol, 49% yield) 

δ H (500 MHz, DMSO) 8.80 (1 H, d, J 2.1, CH), 8.54 (1 H, s, CH), 8.50 (1 H, d, J 2.0, CH), 7.56 – 

7.54 (2 H, m, 2x CH), 7.36 (1 H, s, CH), 7.34 (1 H, s, CH), 7.31 (1 H, s, CH), 6.55 (1 H, dd, J 3.4, 1.9, 

CH), 5.58 (2 H, s, 2x CH), 5.54 (1 H, s, NH), 2.78 (2 H, s, CH2), 2.70 (1 H, t, NH), 1.24 (2 H, d, CH2), 

1.18 (3 H, t, J 7.3, CH3). δ C (126 MHz, DMSO) 158.1 (CH), 144.6 (C), 141.5 (CH), 123.0 (C), 129.2 

(2x CH), 128.7 (CH), 128.4 (2x CH), 120.0 (C), 119.1 (C), 118.8 (C), 116.5 (C), 115.0 (CH), 112.8 

(CH), 111.4 (C), 109.9 (C), 107.8 (CH), 107.0 (C), 101.0 (CH), 53.2 (CH2), 27.2 (CH2), 21.3 (CH3). 

HRMS (ESI +ve) m/z peak [M+1] 437.1938 
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8.5.7: Synthesis of compound 90 (5‐{1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐

6‐(methylamino)‐1H‐pyrazolo[3,4‐d]pyrimidin‐3‐yl}‐N,N‐dimethylpyridin‐2‐

amine) 

 

Compound 73 (50 mg, 0.11 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml), and [6-

(Dimethylamino)pyridin-3-yl]boronic acid (28 mg, 0.16 mmol 1.5 equivalents), potassium 

carbonate (23 mg, 0.16 mmol, 1.5 equivalents), triphenylphosphine (6 mg, 20 %mol), and 

palladium acetate (5 %mol)were added. The mixture was then heated at 120 
o
C using 

microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10% + 10 drops of triethylamine) to yield a yellow solid (13 mg, 0.03 

mmol, 27% yield) 

δ H (500 MHz, DMSO) 9.08 (1 H, s, NH), 8.70 (1 H, d, J 2.3m CH), 8.12 (1 H, s, CH), 8.02 (1 H, dd, 

J 8.9, 2.4, CH), 7.36 (1 H, t, J 4.2, CH), 7.35 – 7.31 (2 H, m, 2x CH), 7.31 – 7.28 (2 H, m, 2x CH), 

6.74 (1 H, d, J 8.9, CH), 5.56 (1 H, s, CH), 5.49 (2 H, s, 2x CH2), 3.10 (6 H, s, 2x CH3), 2.90 (2 H, s, 

CH2), 2.88 (3 H, s, CH3). δ C (126 MHz, DMSO) 146.3 (CH), 139.1 (C), 135.6 (CH), 129.2 (2x CH), 

128.6 (C), 128.4 (2xCH), 127.1 (C), 125.6 (C), 112.9 (CH), 110.6 (C), 108.7 (CH), 106.3 (CH), 105.6 

(C), 105.14 (C), 99.1 (C), 53.2 (CH2), 48.8 (CH3), 41.8 (CH2), 41.6 (2xCH2), 38.1 (2xCH3). HRMS 

(ESI +ve) m/z peak [M+1] 441.2258 
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8.5.8: Synthesis of compound 91 (1‐[4‐(5‐{1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐

yl)methyl]‐6‐(methylamino)‐1H‐pyrazolo[3,4‐d]pyrimidin‐3‐yl}pyridin‐2‐

yl)piperazin‐1‐yl]‐2,2‐dimethylpropan‐1‐one) 

 

Compound 77 (30 mg, 0.062) was dissolved in DCM (5 ml), and to this Triethylamine (8.6 

μl, 0.062 mmol, 1 equivalent,) and then pivaloyl chloride (8 μl, 0.062 mmol, 1 equivalent) 

were added and left stirring at room temperature for 24 hours.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml),3 dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(0-4% DCM/MeOH) to yield a yellow solid (14 mg, 0.08 mmol0.025 mmol, 40% yield). 

δ H (500 MHz, CDCl3) 8.90 (1 H, s, CH), 8.72 (1 H, s, J 2.0, CH), 8.48 (1 H, d, J 1.9, CH), 8.05 (1 H, 

dd, J 8.9, 2.4, CH), 7.78 (1 H, dd, J 8.8, 2.5, CH), 7.58 – 7.52 (2 H, m, 2x CH), 7.46 (3 H, dd, J 17.0, 

9.4,  3x CH), 5.65 (2 H, s, CH2), 5.51 (1 H, s, NH), 3.67 – 3.64 (4 H, m, 2x CH2), 3.61 (2 H, d, J 5.1, 

CH2), 3.58 – 3.55 (2 H, m, CH2), 3.06 (3 H, d, J 5.0, CH3), 1.31 (2 H, s, CH2), 1.28 (9 H, s, 3x CH). δ 

C (126 MHz, CDCl3) 153.4 (CH), 146.3 (CH), 137.7 (C), 136.3 (CH), 136.0 (CH), 131.9 (C), 129.1 

(CH), 129.0 (CH), 128.7 (CH), 128.1 (CH), 126.6 (C), 126.3 (CH), 124.4 (C), 124.0 (C), 122.7 (C), 

113.9 (C), 111.6(C), 107.1 (CH), 54.2 (CH2), 45.5 (2x CH2), 45.3 (2x CH2), 41.8 (CH2), 38.7 (CH3), 

31.4 (C), 29.7 (C), 28.5 (3x CH3). HRMS (ESI +ve) m/z peak [M+23 (Na)] 588.2918 
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8.5.9: Synthesis of compound 92 (1‐[(1‐benzyl‐1H‐1,2,3‐triazol‐4‐yl)methyl]‐3‐

[6‐(4‐ethylpiperazin‐1‐yl)pyridin‐3‐yl]‐N‐methyl‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐

amine) 

 

Compound 77 (76 mg, 0.16 mmol) was dissolved in TFA/water (1.25 ml/1.25 ml) and then 

heated at 100
o
C using microwave radiation for 30 minutes. The resulting product was then 

concentrated in vacuo, and then suspended in DCM (3ml). Acetaldehyde (0.24 mmol, 13.5 

ul, 1.5equivalents) was then added followed by DMAP (29 mg, 0.24 mmol, 1.5 equivalents) 

and a drop of acetic acid, and stirred for 10 minutes. Sodium triacetoxyborohydride (50 mg, 

0.24 mmol, 1.5 equivalents) was then added and the mixture stirred for 24 hours. The 

mixture was concentrated in vacuo and purified by column chromatography (0-

8%DCM/MeOH) to a yield a yellow solid (41 mg, 0.08 mmol, 53% yield). 

δ H (500 MHz, CDCl3) 8.29 (2 H, d, J 7.6, 2x CH), 7.72 – 7.66 (1 H, m, CH), 7.50 (1 H, d, J 6.7, CH), 

7.40 – 7.34 (1 H, m, CH), 7.27 (1 H, s, CH), 6.73 (2 H, d, J 7.6, 2x CH), 5.64 (1 H, s, CH), 5.51 (1 H, 

s, CH), 3.26 (3 H, s, CH3), 3.16 (8 H, dd, J 7.3, 3.2, 4x CH2), 1.44 (2 H, t, J 7.3, CH2), 1.34 (3 H, s, 

CH3), 1.31 – 1.28 (2 H, m, CH2), 1.28 (2 H, s, CH2). δ C (126 MHz, CDCl3) 206.9 (C), 185.5 (C), 

162.9 (C), 162.7 (C), 157.3 (C), 146.5 (CH), 140.1 (CH), 136.1 (CH), 132.0 (CH), 129.1 (2x CH), 

128.8 (CH), 128.1 (2x CH), 118.0 (C), 115.7 (C), 115.3 (C), 106.5 (CH), 54.2 (2x CH2), 50.7 (CH2), 

45.6 (2x CH2), 42.6 (CH2), 40.0 (CH3), 30.9 (CH3), 29.7 (CH2). HRMS (ESI +ve) m/z peak [M+1] 

510.2891 
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8.6: RTK Library Synthesis 

8.6.1: Synthesis of compound 93 (N‐tert‐butyl‐4‐{5‐[1‐(cyclopentylmethyl)‐6‐

(methylamino)‐1H‐pyrazolo[3,4‐d]pyrimidin‐3‐yl]pyridin‐2‐yl}piperazine‐1‐

carboxamide) 

 

Compound 64 (50 mg, 0.13 mmol) was dissolved in chloroform (5 ml) in anhydrous 

conditions, triethylamine (18 μl, 0.13 mmol, 1 equivalent) was added dropwise. The mixture 

was cooled to 0 °C, and Tert-butyl isocyanate (15 μl, 0.13 mmol 1 equivalent) was added 

slowly. The solution was warmed to room temperature and stirred for 3 hours. The reaction 

was quenched by the addition of water (1 ml). 

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was purified by column chromatography (0-

4%DCM/MeOH) to yield a yellow solid (15 mg, 0.03 mmol, 24% yield) 

δ H (500 MHz, CDCl3) 8.80 (1 H, s, CH), 8.61 (1 H, s, CH), 8.39 – 8.28 (1 H, m, CH), 8.14 (1 H, s, 

CH), 4.28 (2 H, d, J 7.5, CH2), 3.60 (9 H, dd, J 44.0, 5.4, 3x CH3), 3.16 (3 H, d, J 4.1, CH3), 2.69 – 

2.55 (1 H, m, CH), 1.75 (8 H, s, 4x CH2), 1.63 (2 H, d, J 4.5, CH2), 1.29 (6 H, d, J 7.9, 3x CH2), 0.90 

(1 H, t, NH). δ C (126 MHz, CDCl3) 158.0 (C), 156.3 (C), 153.6 (C), 143.6 (C), 137.1 (CH), 130.0 

(CH), 128.6 (CH), 128.5 (CH), 122.3 (C), 120.6 (C), 51.9 (2x CH2), 51.2 (C), 48.3 (2x CH2), 44.1 (2x 

CH2), 39.7 (CH), 30.3 (2x CH2), 29.7 (C), 29.3 (CH3), 24.9 (2x CH2), 1.0 (3x CH3). HRMS (ESI +ve) 

m/z peak [M+1] 492.3194 
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8.6.2: Synthesis of compound 94 (1‐(4‐{5‐[1‐(cyclopentylmethyl)‐6‐

(methylamino)‐1H‐pyrazolo[3,4‐d]pyrimidin‐3‐yl]pyridin‐2‐yl}piperazin‐1‐yl)‐2,2‐

dimethylpropan‐1‐one) 

 

Compound 64 (50 mg, 0.13 mmol) was dissolved in DCM (5 ml) and to this Triethylamine 

(18 μl, 0.13 mmol 1 equivalent,) and then pivaloyl chloride (16 μl, 0.13 mmol, 1 equivalent) 

were added, and left stirring at room temperature for 24 hours.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column 

chromatography( 0-4% DCM/MeOH) to yield a yellow solid (17 mg,0.04 mmol, 28% yield) 

δ H (500 MHz, CDCl3) 8.89 (1 H, s, CH), 8.66 (1 H, s, CH), 8.34 (1 H, s, CH), 8.20 (1 H, s, CH), 4.29 

(2 H, d, J 7.5, CH2), 3.89 – 3.61 (9 H, m, 3x CH3), 3.16 (3 H, d, J 4.2, CH3), 2.65 – 2.57 (2 H, m, 

CH2), 1.91 (5 H, s, 2x CH2 + CH), 1.79 – 1.61 (8 H, m, 4x CH2), 1.28 (2 H, s, CH2). δ C (126 MHz, 

CDCl3) 176.7 (C), 157.4 (CH), 155.6 (C), 143.2(CH), 142.5 (C), 142.4 (CH), 137.9 (CH), 127.0 (C), 

122.6 (C), 120.7 (C), 118.7 (C), 51.9 (2x CH2), 49.2 (2x CH2), 44.9 (CH2), 39.7 (CH), 38.8 (C), 30.3 

(2x CH2), 28.4 (3x CH3), 28.2 (CH3), 24.9 (2x CH2). HRMS (ESI +ve) m/z peak [M+1] 477.3084 
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8.6.3: Synthesis of compound 95 (tert‐butyl 4‐{5‐[1‐(cyclopentylmethyl)‐6‐

(methylamino)‐1H‐pyrazolo[3,4‐d]pyrimidin‐3‐yl]pyridin‐2‐yl}piperazine‐1‐

carboxylate) 

 

Compound 56 (30 mg, 0.1 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To added 

6-(4-Boc-piperazid-1-yl)pyridine 3-boronic acid pinacol ester (63 mg, 0.16 mmol 1.5 

equivalents), potassium carbonate (22 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine 

(5 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10%) to yield a yellow solid (29 mg, 0.06 mmol, 59% yield) 

δ H (500 MHz, CDCl3) 8.91 (1 H, s, CH), 8.74 (1 H, d, J 2.3, CH), 8.09 (1 H, dd, J 8.8, 2.2, CH), 6.77 

(1 H, d, J 8.9, CH), 5.26 (1 H, s, CH), 4.25 (2 H, d, J 7.5, CH2), 3.66 – 3.63 (4 H, m, 2x CH2), 3.59 (5 

H, s, 2x CH2 + CH), 3.10 (3 H, d, J 5.0, CH3), 1.72 (4 H, s, 2x CH), 1.52 (9 H, s, 3x CH3), 1.28 (4 H, 

s, 2x CH2). δ C (126 MHz, CDCl3) 161.4 (C), 158.9 (C), 156.0 (C), 154.8 (C), 153.3 (CH), 146.3 

(CH), 141.6 (C), 136.0 (CH),135.7 (CH), 119.1 (C), 107.2 (CH), 80.0 (C), 50.8 (CH), 45.0 (C), 40.2 

(CH), 30.3 (2xCH2), 28.6 (CH3), 28.5 (3x CH3), 25.0 (2x CH2).HRMS (ESI +ve) m/z peak [M+1] 

493.3018 
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8.6.4: Synthesis of compound 96 (1‐(cyclopentylmethyl)‐N‐methyl‐3‐[6‐(4‐

methylpiperazin‐1‐yl)pyridin‐3‐yl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 56 (30 mg, 0.1 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 2-

(4-methylpiperazin-1-yl)pyridine-5-boronic acid (63 mg, 0.16 mmol, 1.5 equivalents), 

potassium carbonate (22 mg, 0.16 mmol, 1.5 equivalents), triphenyl phosphine (6 mg, 20 

%mol), and palladium acetate (5 %mol) were added. The mixture was then heated at 120 
o
C 

using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(0-4% DCM/MeOH) to yield a yellow solid (29 mg, 0.07 mmol, 73% yield). 

δ H (500 MHz, CDCl3) 8.91 (1 H, s, CH), 8.74 (1 H, d, J 1.8, CH), 8.08 (1 H, dd, J 8.9, 2.4, CH), 6.78 

(1 H, d, J 8.9, CH), 5.25 (1 H, s, NH), 4.25 (2 H, d, J 7.5, CH2), 3.72 (4 H, s, 2x CH2), 3.10 (3 H, d, J 

5.1, CH3), 2.63 (4 H, s, 2x CH2), 2.42 (3 H, s, CH3), 1.35 (9 H, d, J 67.9, 4x CH2 + CH). δ C (126 

MHz, DMSO) 159.5 (C), 154.4 (CH), 149.5 (C), 146.1 (CH), 135.9 (CH), 127.5 (C), 126.3 (C), 116.6 

(C), 114.0 (C), 107.9 (CH), 71.9 (CH2), 54.8 (2x CH2), 45.0 (2x CH2), 45.0 (CH3), 30.2 (2x CH2), 

24.9 (2x CH2), 17.3 (CH), HRMS (ESI +ve) m/z peak [M+1] 407.2658 
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8.6.5 Synthesis of compound 97 (1‐(cyclopentylmethyl)‐3‐[6‐(4‐ethylpiperazin‐

1‐yl)pyridin‐3‐yl]‐N‐methyl‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 64 (40 mg, 0.10 mmol) was dissolved in TFA/water (1.25 ml/1.25 ml) and then 

heated at 100 
o
C using microwave radiation for 30 minutes. The resulting product was then 

concentrated in vacuo, and then suspended in DCM (3 ml). Acetaldehyde (8.5 μl, 0.15 mmol, 

1.5 equivalents) was then added, followed by DMAP (18 mg, 0.15 mmol, 1.5 equivalents) 

and a drop of acetic acid, and stirred for 10 minutes. Sodium triacetoxyborohydride (31 mg , 

0.15 mmol, 1.5 equivalents) was then added and the mixture stirred for 24 hours. The 

mixture was concentrated in vacuo and purified by column chromatography (0-

8%DCM/MeOH) to a yield a yellow oil (23 mg, 0.05 mmol, 54% yield.) 

δ H (500 MHz, CDCl3) 8.23 – 8.17 (1 H, m, CH), 8.15 – 8.07 (1 H, m, CH), 7.49 (1 H, s, CH), 7.27 – 

7.23 (1 H, m, CH), 6.79 (1 H, s, NH), 3.30 (3 H, s, CH3), 3.16 (3 H, s, CH3), 2.16 (2 H, d, J 34.4, 

CH2), 1.45 (8 H, t, J 7.2, 4x CH2), 1.28 (8 H, s, 4x CH2), 0.90 (2 H, s, CH2), 0.87 – 0.86 (1 H, m, CH). 

δ C (126 MHz, CDCl3) 170.1 (CH), 144.1 (C), 143.3 (C), 143.2 (C), 128.5 (CH), 127.9 (CH), 126.7 

(CH), 117.8 (C), 110.8 (C), 106.8 (C), 84.1 (CH), 50.6 (CH3), 46.1 (2x CH2), 43.1 (CH3), 29.7 (2x 

CH2), 15.1 (CH2), 8.7 (2x CH2), 1.0 (2x CH2), . HRMS (ESI +ve) m/z peak [M+1] 421.2842 
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8.6.6: Synthesis of compound 98 (1‐(cyclopentylmethyl)‐N‐methyl‐3‐[4‐(4‐

methylpiperazin‐1‐yl)phenyl]‐1H‐pyrazolo[3,4‐d]pyrimidin‐6‐amine) 

 

Compound 56 (60 mg, 0.17 mmol) was dissolved in dioxane/water (4.5 ml/0.5 ml). To this, 

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)piperazine (76 mg, 0.25 mmol 1.5 

equivalents), potassium carbonate (34 mg, 0.25 mmol, 1.5 equivalents), triphenyl phosphine 

(9 mg, 20 %mol), and palladium acetate (5 %mol) were added. The mixture was then heated 

at 120 
o
C using microwave radiation for 1 hour.  

EtOAc and water (50 mL) were added to the mixture, and the organic layers separated. The 

aqueous layer was washed with EtOAc (50 mL ×3), and the organic layers combined and 

washed with water (30 mL ×2) and brine (20 ml), dried over anhydrous MgSO4, and 

concentrated in vacuo. The crude product was then purified by flash column chromatography 

(MeOH/DCM 0-10%) to yield a yellow solid (31 mg, 0.08 mmol 45% yield). 

δ H (500 MHz, CDCl3) 8.93 (1 H, s, CH), 7.83 (2 H, m, 2x CH), 7.04 (2 H, m, 2x CH), 4.25 (2 H, d, J 

7.5, CH2), 3.34 (5 H, m, 2x CH2 + CH), 3.09 (3 H, d, J 5.1, CH3), 2.65 (6 H, d, J 6.0, 3x CH2), 2.41 (4 

H, s, 2x CH2), 1.41 (2 H, d, J 5.3, CH2), 1.28 (3 H, s, CH3).δ C (126 MHz, CDCl3) 161.4 (C), 156.0 

(C), 153.5 (CH), 151.3 (2x C), 143.9 (2x C), 127.8 (2x CH), 115.9 (CH), 54.9 (2x CH2), 50.8 (CH2), 

48.5 (2x CH2), 46.1 (CH3), 40.2 (CH), 30.3 (2x CH2), 28.6 (CH3), 24.9 (2x CH2). HRMS (ESI +ve) 

m/z peak [M+1] 406.2132 
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8.7: Biological Methods 

8.7.1: Cell Culture 

SKBR3 and SKBR3-8931c cells were grown in Dulbecco’s Modified Eagle Media (DMEM) 

and supplemented with serum (10% fetal bovine serum) and L-glutamine (2 mM). BT474 

and BT474 lapatinib B cells were grown in RPMI Media and supplemented with serum 

(10% fetal bovine serum) and L-glutamine (2 mM). To maintain drug resistance, SKBR3-

8931c cell line was grown in a working concentration of 0.67μM of the AstraZeneca drug 

AZD8931.  

8.7.2: Cell Viability Assays 

SKBR3-8931c were seeded at 250 cells/well, BT474 cells at 2000 cells/well and SKBR3 at 

5000 cells/well in a 96 well plate, and incubated for 48 hours prior to treatment. Each well 

was then replaced with fresh media containing the inhibitor (at a concentration range of 100 

μM-30 nM) and incubated for a further 5 days, control cell were treated cells were incubated 

with DMSO (0.1%v/v). PrestoBlue™ (10%v/v) was added to each plate and incubated for 1 

hr. Fluorescence emission was detected using Envision 2101 multi-reader ( Perkin Elmer; 

excitation filter at 540 nm and emission filter at 590). All conditions normalised to untreated 

cells (100%) and curves fitted in Graph Pad Prism using a sigmoidal variable slope curve. 

8.7.3: Kinase assays conducted by Reaction Biology 

The Kinase screen was conducted by Reaction Biology, 1 Great Valley Pkwy #18, Malvern, 

PA 19355, United States. The compounds were tested against a panel of 12 kinases (AKT1, 

Aurora A, AXL, c-Kit, c-MER, c-MET, c-Src, FLT3, KDR/VEGFR2, MTOR/FRAP1, RET, 

TYRO3/SKY). The compounds were tested in a 10-dose IC50 mode with 3-fold serial 

dilution starting at 10 M, and compared to 2 control compounds Staurosporine and PI-103. 

Control compound was tested in a 10-dose IC50 with 3 or 4-fold serial dilution starting at 20 

M. All kinase reactions were performed at 10 M ATP.   
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8.7.4: Phagocytosis assay of apoptotic neutrophils performed by Nicole Barth  

The neutrophils (5x10
6
/ ml) were cultured overnight at 37 °C, 5 % CO2 in IMDM/5% serum. 

The MDM’s (3x10
5
) were cultured for 6 days +/- DEX (250 mg/ml) or 18 hours 25 μg/ml 

IFN-γ. Neutrophils (70x10
6
) were spun down and washed once (each wash/centrifugation 

step was performed at 230 xg, 6 min in HBSS-/- +2.5 mM EDTA). The neutrophils were 

then resuspended at 6x10
6
/ mL, pHrodo was added (1:10000), and the neutrophils were 

incubated for 30 minutes at room temperature, mixing gently in the dark. After the 

incubation, the neutrophils were spun down and washed once in HBSS-/-+2.5 mM EDTA. 

The neutrophils were then resuspended at 5 x 10
6
/ ml (400 µL of the neutrophils was added 

to each well). The MDM were pre-incubated for 30 min at 37 °C, 5% CO2 with either 

BMS77607 (0.1 µM), 20, 30, or 33 (all 1 µM). After this, the medium was aspirated and 

washed once in HBSS-/-+2.e mM EDTA, followed by the addition of 100 µl IMDM or 

IMDM + inhibitors and incubation for at least 30 min at 37 °C, 5 % CO2. After the pre-

incubation, the medium was aspirated, 400 µl neutrophils ± growth proteins was added and 

co-incubated for 40 minutes at 37 °C, 5 % CO2. The medium was aspirated, 250 µl Trypsin-

EDTA was added and incubated for 5 minutes at 37 °C, 5% CO2. The reaction was then 

stopped by transfer of the plate onto ice. Phagocytosis was assessed on a 5LSR flow 

cytometer. The performed experiments can be seen in table 6. 

Table (10)- Experiment list for phagocytosis assays 

MDM treatment  Concentration 

(proteins) 

Protein Inhibitor 

UT - - - 

 25 nM GAS6 - 

 25 nM GAS6 0.1 µM BMS 

 - - 0.1 µM BMS 

 25 nM Alkylated ProS - 

 25 nM Alkylated ProS 0.1 µM BMS 

+250 ng/mL DEX - - - 

 - - 0.1 µM BMS77607 

 - - 1 µM 64 

 - - 1µM 77 

 - - 1 µM 80 

 25 nM GAS6 - 

 25 nM GAS6 0.1 µM BMS77607 
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 25 nM GAS6 1 µM 64 

 25 nM GAS6 1µM 77 

 25 nM GAS6 1 µM 80 

 25 nM Alkylated ProS - 

 25 nM  Alkylated ProS 0.1 µM BMS77607 

 8.3 nM Alkylated ProS - 

 2.5 nM Alkylated ProS - 

 25 nM ∆Gla ProS  

+ 25 U/mL IFN-γ - - - 

 25 nM GAS6 - 

 - - 0.1 µM BMS77607 

 - - 1 µM 64 

 - - 1µM 77 

 - - 1 µM 80 

 25 nM GAS6 0.1 µM BMS77607 

 25 nM GAS6 1 µM 64 

 25 nM GAS6 1µM 77 

 25 nM GAS6 1 µM 80 

 25 nM Alkylated ProS - 

 25 nM  Alkylated ProS 0.1 µM BMS77607 

  

  



194 
 

9:0 Appendix 1-Physiochemical data 

Data for lead compounds 64, 77, 81, 96 and 98. 

Compound 64 

miLogP         2.81 
TPSA           83.79 
natoms         29 
MW             392.51 
nON            8 
nOHNH          2 
nviolations    0 
nrotb          5 
volume         368.69 
 

Atom pKa pKb 

C1    27.9  

N2  3.7 

C3   

N4  -2.8 

C5   

C6   

N7   

N8  1.1 

C9   

N10     16 -7.3 

C11      37.2  

C12   42.9  

C13   57.4  

C14   

C15      29.6  

N16  3.8 

C17   

C18      32.1  

C19      31.5  

C20      55  

C21      53.8  

C22      53.8  

C23      55  

N24  -5.7 

C25      35.7  

C26     37.7  

N27      33.5 8.8 

http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/psa.html
http://www.molinspiration.com/services/volume.html
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C28      37.5  

C29    35.7  

 
 
Compound 77 
miLogP         2.37 
TPSA           114.51 
natoms         36 
MW             481.57 
nON            11 
nOHNH          2 
nviolations    1 
nrotb          7 
volume         432.18 
 

Atom pKa pKb 

C1 27.9  

N2  3.5 

C3   

N4  -2.9 

C5   

C6   

N7   

N8  1.2 

C9   

N10 16.0 -7.3 

C11 37.2  

C12 27.3  

C13   

C14   

C15 33.8  

C16 35.2  

C17   

C18 35.2  

C19 33.8  

C20 32.1  

N21   

N22  -0.8 

N23  -0.0 

N24  2.4 

C25 35.6  

C26 37.6  

N27  7.8 

C28 37.6  

C29 35.6  

http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/psa.html
http://www.molinspiration.com/services/volume.html
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C30 39.4  

C31 30.5  

C32   

C33 35.9  

C34 36.1  

C35 36.4  

C36 36.1  

C37 35.9  

 
Compound 81 
 
miLogP         2.97 
TPSA           105.72 
natoms         37 
MW             495.60 
nON            11 
nOHNH          1 
nviolations    1 
nrotb          7 
volume         449.12 
 
 

Atom pKa pKb 

C1 27.9  

N2  3.5 

C3   

N4  -2.9 

C5   

C6   

N7   

N8  1.2 

C9   

N10 16.0 -7.3 

C11 37.2  

C12 27.3  

C13   

C14   

C15 33.8  

C16 35.2  

C17   

C18 35.2  

C19 33.8  

C20 32.1  

N21   

N22  -0.8 

http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/psa.html
http://www.molinspiration.com/services/volume.html
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N23  -0.0 

N24  2.4 

C25 35.6  

C26 37.6  

N27  7.8 

C28 37.6  

C29 35.6  

C30 39.4  

C31 30.5  

C32   

C33 35.9  

C34 36.1  

C35 36.4  

C36 36.1  

C37 35.9  

 
Compound 96 
miLogP         3.40 
TPSA           75.00 
natoms         30 
MW             406.54 
nON            8 
nOHNH          1 
nviolations    0 
nrotb          5 
volume         385.64 

Atom pKa pKb 

C1 27.9  

N2  3.7 

C3   

N4  -2.8 

C5   

C6   

N7   

N8  1.1 

C9   

N10 16.0 -7.3 

C11 37.2  

C12 42.9  

C13 57.4  

C14   

C15 29.6  

N16  4.6 

C17   

http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/psa.html
http://www.molinspiration.com/services/volume.html
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C18 32.1  

C19 31.5  

C20 55.0  

C21 53.8  

C22 53.8  

C23 55.0  

N24  -5.8 

C25 35.5  

C26 37.5  

N27  7.5 

C28 37.5  

C29 35.5  

C30 39.4  

 
Compound 98 
 
miLogP         4.13 
TPSA           62.11 
natoms         30 
MW             405.55 
nON            7 
nOHNH          1 
nviolations    0 
nrotb          5 
volume         389.79 

Atom pKa pKb 

C1 28.0 
 

N2 
 

3.7 

C3 
  

N4 
 

-2.8 

C5 
  

C6 
  

N7 
  

N8 
 

1.4 

C9 
  

N10 16.0 -7.3 

C11 37.2 
 

C12 43.0 
 

C13 57.6 
 

C14 
  

C15 33.8 
 

C16 35.2 
 

C17 
  

C18 35.2 
 

http://www.molinspiration.com/services/logp.html
http://www.molinspiration.com/services/psa.html
http://www.molinspiration.com/services/volume.html
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C19 33.8 
 

C20 55.2 
 

C21 53.9 
 

C22 53.9 
 

C23 55.2 
 

N24 
 

2.4 

C25 35.6 
 

C26 37.6 
 

N27 
 

7.8 

C28 37.6 
 

C29 35.6 
 

C30 39.4 
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10:0 Abbreviations used 

ADME Drug absorption, distribution, metabolism, and excretion 

ALL Acute lymphoblastic leukemia 

AML Acute myeloid leukaemia 

ARTN Artemin 

ATP Adenosine triphosphate 

BT474 Her-2 + breast cancer cell line derived for a 60 year old caucasian 

female 

CLL Chronic lymphocytic leukaemia 

clogP Calculated partition coefficient 

CMML Chronic myelomonocytic leukaemia  

DEX Dexamethasone  

DFG Aspartane-phenylalanine-glycine 

DMF Dimethylformamide 

DMPK Drug metabolism and pharmacokinetics 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

EC50 Half maximal effective concentration 

EDTA Ethylenediaminetetraacetic acid 

ER Estrogen receptor 

ESI Electrospray ionisation 

FDA US food and drink administration 

FL FLT3 Ligand 

FLT3-ITD FLT3-Internal tandem duplication mutation 

FLT3-

KDM 

FLT3-Kinase domain mutation 

GAS 6 Growth arrest specific protein 6 

GDNF Glial cell line-derived neurotrophic factor 

GFL Glial cell line-derived neurotrophic factor family ligands 

GIST Gastrointestinal stromal tumour 

HER 2 Human epidermal growth factor 

HRMS High resolution mass spectrometry 

HTS High throughput screening 

IC50 Half maximal inhibitory concentration 

IFN- Interferon gamma 

logD Distribution coefficient 

LRMS Low resolution mass spectrometry 

MCF-7 Michigan Cancer Foundation-7 

MDM Monocyte-derived macrophages 

MHRA Medicines & Healthcare products regulatory agency 

MMOA Molecular mechanism of action 

MS Mass spectrometry 
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MTC Metastatic thyroid cancer  

NET Neuroendocrine tumour  

NIS N-iodosuccinimide 

NK Natural killer cells 

NME New molecular entity 

NMR Nuclear magnetic resonance 

NRTN Neurturin 

NSCLC Non small cell lung cancer 

pKa Acid dissociation constant 

PM Predictive Model 

PSA Polar surface area 

PSPN Persephin 

PTB Phosphotyrosine-binding  

PtdSer phospholipid phosphatidylserine  

PV Predictive Value 

R&D Research and development 

RNA Ribonucleic acid 

RTK Receptor tyrosine kinase 

SAR Structure activity relationships 

SCLC Small cell lung cancer 

SGDD Structure guided drug discovery 

SH2 SRC homology 2 

SKBR3 HER-2 +2 breast cancer cell derived from a 43 year old caucasian 

female 

SKBR3 

8931c 

An AZD8931 drug-resistant version of the SKBR3 cell 

TAM TYRO3 AXL and MER family 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

UV Ultra violet 

WHO World health organisation 
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