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Abstract 

The field of epigenetics is an exciting new area for drug discovery. In particular, 

modulating proteins at the level of gene expression has already been verified as a 

valuable tool in treating disease. Within this area, bromodomain containing proteins 

recognise the epigenetic code on histone proteins, modulating gene expression. The 

bromodomains contained within the BET family have been implicated in multiple 

disease indications, including cancer, inflammation and viral infections. Furthermore, 

the BET family of bromodomains have been widely disclosed as amenable to 

inhibition by small molecules. 

However, of the four bromodomain containing proteins within the BET family, three 

(Brd2, Brd3 and Brd4) are expressed ubiquitously. Therefore inhibition of BET 

bromodomain function has the potential to affect all cell types, not just those 

associated with disease. 

In this regard, a targeted drug delivery system could minimise the broader systemic 

effects of BET inhibition and potentially improve the therapeutic index associated 

with this pharmacology. To this end, this thesis will focus on the use of an esterase 

sensitive motif (ESM) pro-drug targeting strategy. The ESM, developed by Chroma 

Therapeutics, consists of an amino acid ester which is selectively hydrolysed by the 

tissue-specific esterase human carboxyesterase 1 (hCE-1), mainly localised in the 

immune cells, monocytes and macrophages. However, the incorporation of this 

targeting motif contributes around 200 molecular weight to a small molecule 

inhibitor. Therefore, a small, ligand efficient BET bromodomain inhibitor was 

identified to initiate the work described within this thesis. 

The first section of results within this thesis describes attempts made to further 

improve the ligand efficient fragment. While modifying the electronics of a phenyl 

ring contained within this fragment did not give an improved profile, replacement of 

this ring with a pyridyl group showed promise for the future physicochemical 

properties of this series. 

Subsequently, the ESM was successfully incorporated onto this template, with the 

hydrolysis of the ESM, within target cells, being demonstrated. However, the 

resulting acid, produced in large quantities within the target cell, was less potent in 

biochemical assays of BET inhibition than the parent ester. Additional investigation 
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of the linker between the aryl and amino acid ester demonstrated, for the first time, 

the importance of linker length in the observed potency of the acid and in modulating 

hydrolysis rate of the ester at the site of action. 

In the second results section, the aim was to introduce selectivity over the wider 

bromodomains. To achieve this, while maintaining desirable physicochemical 

properties, the aim was to utilise saturated groups to interact with the WPF shelf 

region of the BET bromodomains. Optimisation was conducted through a number of 

iterations, making use of modern medicinal chemistry techniques including: 

structure-based design, small molecule X-ray data and computational modelling.  

Overall, work towards this thesis has taken a fragment molecule and optimised it 

towards a well-rounded lead molecule with excellent potency and physicochemical 

properties. The lead molecule has provided a platform to progress this series into 

lead optimisation within our laboratory with the aim of discovering a clinical 

candidate molecule to be evaluated in the treatment of rheumatoid arthritis. 

 

 

The human biological samples used within this thesis were sourced ethically and 

their research use was in accord with the terms of the informed consents. 

 

All animal studies discussed within this thesis were ethically reviewed and carried 

out in accordance with Animals (Scientific Procedures) Act 1986 and the GSK Policy 

on the Care, Welfare and Treatment of Animals. 
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1 Introduction 

1.1 Genetics and DNA 

The information an organism requires to function, grow and replicate is encoded in 

its DNA.1 Hence, each cell contains its own copy of this vital information. However, 

on occasions, changes in the genetic code can cause genetic disorders. Some, 

such as cystic fibrosis (CF), involve small deletions from the DNA code, causing the 

formation of dysfunctional proteins. Once the genetic cause is understood, the 

Mendelian2,3 heredity of the mutated code can be followed through generations 

(Figure 1.1), aiding the diagnosis of genetic diseases. 

 

Figure 1.1: Pedigree diagram following genetic traits, such as disease 

Mutations which cause disease arise from changes of the DNA code. The DNA is 

coded by the sequential arrangement of four nucleotides, adenine (A), cytosine (C), 

guanine (G) and thymine (T) (Figure 1.2). These four DNA bases form hydrogen 

bonded pairs and arrange into two strands of DNA, structured as a double-helix.4 

The human genome project, completed in 2003, measured the entire human DNA 

sequence and found it to contain almost 3 billion base pairs (bp).5  
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Figure 1.2: DNA base pairing 

Cells of the human body each contain a complete copy of these near 3 billion bp, 

measuring 1.6 m of DNA in total. Separated into smaller lengths called 

chromosomes, the large quantity of DNA must fit within the nucleus, measuring only 

5 µm in diameter.6 Indeed, the DNA must be efficiently packaged and is achieved 

via a number of structures (Figure 1.3). Firstly, the DNA is wrapped around a bundle 

of histone proteins to form a nucleosome before further condensing to form a 

chromatin fibre. The chromatin is then able to further loop and fold to form tightly 

coiled chromatid, half of the chromosome required to pass the information to the 

daughter cells during cell division. 
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Figure 1.3: DNA packaging
7
 

Contained within the DNA are genes, which are, in essence, the instructions 

required to make specific proteins. In order to synthesise proteins, the DNA must 

firstly be transcribed into messenger RNA (mRNA), a single-stranded ribonucleic 

acid (Scheme 1.1). RNA polymerase II plays a pivotal role in transcription as this is 

the enzyme which builds the mRNA sequence. It first binds to a gene promoter 

region recognition site before initiating transcription. In addition, other proteins called 

transcription factors are able to bind to promoter regions within the DNA sequence 

and enhance the activity of RNA polymerase II. The mRNA code must then be 

translated to produce the desired protein. This is mediated by large proteins called 

ribosomes, which read the mRNA code, introduce the required individual amino acid 

and build the protein sequence, residue by residue. 
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Scheme 1.1: Flow of information from DNA to proteins 

Every cell, barring red blood cells, contains a complete copy of the organismôs DNA 

and, therefore, has the potential to synthesise every protein coded in the DNA. 

However, not all of the genes present in DNA are expressed (transcribed and 

translated into proteins) at the same time. Indeed, control over gene expression 

allows for the production of differentiated cell types from the pluripotent stem cell 

(Figure 1.4).8 Researchers questioned the control mechanisms which restrict the 

expression of genes to specific cell types and at certain times. Also, how does one 

account for the variety of cell types and cell functions given their common progenitor 

cell and ultimately, genetic code? The answers to these questions may lie in the 

emerging field of epigenetics.  

 

Figure 1.4: Differentiation of stem cells
9
 

1.2 Epigenetics 

The term ñepigeneticsò comes from the greek prefix óepiô meaning óaboveô, thus 

literally means ñabove geneticsò. It can be summarised as heritable changes in 

phenotype, the observable characteristics of an organism, which occur without 

changing the underlying DNA sequence.10 Epigenetics allows organisms to quickly 

adapt to changes in their environment without requiring genetic mutation.11  

Stem cells 

Cardiac Cell 

Blood Cells 

Nerve Cell 
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It is now understood that gene expression is controlled by changing the affinity of 

transcription factors, proteins which enhance transcription, and RNA polymerase II, 

the enzyme responsible for forming mRNA, for DNA.12 This change in affinity can be 

brought about through two main mechanisms: DNA base modification or changes to 

how tightly packed the DNA is within the nucleosome. Based on this, in terms of 

molecular biology, these mechanisms will be discussed in turn. 

1.2.1 DNA Methylation 

Firstly, the DNA can be chemically altered through methylation of the DNA base 

cytosine (1.2) (Scheme 1.2). This methylation occurs at areas rich in cytosine-

guanine dinucleotides termed CpG islands, found within gene promoter regions.13 

The effect of DNA methylation is to silence genes; in other words, cytosine 

methylation prevents transcription in a permanent fashion.14 

 

Scheme 1.2: Methylation of Cytosine by DNA Methyltransferase (DMT) 

To explain this silencing affect, two hypotheses have been proposed. First, 

transcription factors are thought to have reduced affinity for methylated DNA. 

Alternatively, blocking proteins recognise and bind to the modified DNA, preventing 

transcription.14 

Changes in an organismôs environment can affect this epigenetic marker, which can 

be perfectly exemplified in monozygotic twins. Importantly, identical twins have 

exactly the same DNA sequence, thus ensuring any differences in observed 

phenotype are caused by changes in the epigenetic state. As can be seen in Graph 

1.1, three year old twins show identical levels of 3-methylcytosine. Similar 

environmental factors during early childhood maintain similar epigenetic profiles. 

The same twins, aged 50, demonstrate a very different epigenetic profile, with 

significant differences in DNA methylation levels, diverging with differing lifestyles. 

Therefore, the epigenetic state of any given individual is highly promiscuous and 

prone to change.  
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Graph 1.1: Epigenetic divergence during aging
15

 

Aberrant DNA methylation, and the resultant gene silencing, has been directly linked 

to disease. A poignant example is the hypermethylation of DNA, specifically, of the 

promoter region of tumour suppressor gene p16, which has been observed in 

cancers of the lung and throat of regular smokers.16,17 Hypermethylation at this 

promoter region results in silencing of the tumour suppressing protein. The 

upregulation of DNA methyltransferases and the resulting hypermethylation is 

currently thought to be a protective mechanism against DNA damage, maintaining 

the structural integrity18 of the DNA by preventing transposition of lengths of DNA 

between chromosomes which can be highly mutagenic.19 Conversely, it is 

hypothesised that hypermethylation of the p16 tumour suppressor promoter region 

is the cause of these cancers. As a result, the bodyôs hypermethylation protective 

mechanism can also have other deleterious effects. Additionally, this 

hypermethylation is also observed in normal tissue, preceding cancer. Therefore, 

hypermethylation may be an important early-detection method for oral and lung 

cancers. In addition, DNA methylation may be implicated in a number of other 

diseases such as Alzheimerôs,20 atherosclerosis,21 chronic inflammatory diseases,22 

diabetes,23 lupus24 and osteoarthritis.25 

1.2.2 Histone Modification 

The second mechanism involved in altering the transcription of the genetic code is 

modulation of nucleosome-mediated accessibility of the DNA to transcription factors 

and RNA polymerase II. To understand how the DNA associates with the histone 

proteins within the nucleosome, additional detail is required around the structural 

aspects of the nucleosome. As previously mentioned, the nucleosome consists of 

1.5 
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4.5 

3-year old 50-year old 
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the DNA wrapped around a bundle of histone proteins and, more specifically, an 

octet, two each of proteins H2A, H2B, H3 and H4.  

An X-ray crystal structure of the nucleosome is shown in Figure 1.5, showing the 

DNA double helix wrapped around the eight helical histone proteins. An important 

observation from this crystal structure is the presence of randomly coiled amino acid 

ñtailsò protruding from the nucleosome. 

 

Figure 1.5: X-ray crystal structure of DNA wrapped around the octamer of hisone proteins 
(Protein Data Bank: pdb 1KX5)

26
 

To further highlight the importance of the histone tails, the nuceosome can be 

shown diagrammatically in Figure 1.6. Viewing the histone proteins as spheres, the 

DNA encloses the proteins apart from the histone tails. These histone tails are 

susceptible to post-translational modifications (PTM), which are chemical changes 

to the constituent amino acids after protein biosynthesis.  

DNA 

Histone tail 
Histone protein 

Key 
  H2A Ʈ 
  H2B Ʈ 
  H3 Ʈ 
  H4 Ʈ 



GSK Confidential Information ï Do not copy 

8 
 

 

Figure 1.6: DNA wrapped around histone proteins forming a nucleosome 

PTM of histone tail amino acids was first observed by Phillips in 1961 when acetate 

was found after acid hydrolysis of histone proteins, suggesting acetyl groups were 

present on histone amino acids.27 Further investigations, at the Rockefeller Institute, 

using 14C labelled acetate and methionine showed incorporation of acetyl and 

methyl groups, respectively, onto the histones.28 In 1964, Allfrey et al. correctly 

postulated that these groups modified the ability of the associated DNA to be 

transcribed into RNA.28 In addition to methylation and acetylation, histone tail PTMs 

also include phosphorylation,29 ubiquitination30 and sumoylation,31 amongst others 

(Figure 1.7).32,33 The importance of these histone modifications has resulted in the 

Brno nomenclature having been developed.34 For example, acetylation of lysine 9 of 

histone 3 can be written as H3K9ac. 

 

Figure 1.7: Schematic of histone tail modifications 

Compared to the DNA methylation discussed previously, histone tail PTMs are more 

dynamic.35 This is due to the large variety of enzymes tasked with the addition and 
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removal of the various histone marks. However, due to the expansive nature of PTM 

regulation, the area of focus, in the context of this thesis, will be the acetylation of 

lysine residues. 

Lysine, at physiological pH is protonated at the Ů-amine, while DNA contains a 

negatively charged phosphate backbone. This results in a charge interaction 

between the DNA and the histone causing the DNA to be tightly bound in a structure 

termed heterochromatin (Figure 1.8). However, introduction of an acetyl group 

neutralises the positive charge and removes the charge interaction, leading to a 

more loosely packaged structure called euchromatin (Figure 1.8). 

 

Figure 1.8: Comparison of heterochromatin (closed) and euchromatin (open) 

Due to the looser packing, the more open structure of euchromatin is more 

accessible for transcription factors and RNA polymerase II. Therefore, the DNA is 

more readily transcribed.36 Conversely, the less accessible heterochromatin 

prevents transcription. 

However, given the number and variety of PTMs  that can have different affects on 

transcription the euchromatin/heterochromatin model is now considered an over-

simplification.37 Additionally, the flexibility within these modifications enables 

different combinations of histone marks to be added creating a ñhistone codeò to 

affect transcription.38 

To illustrate the influence of the histone code, the metamorphosis of a monarch 

caterpillar to the monarch butterfly will be exemplified. As the caterpillar and butterfly 

are the same organism, at different stages of its life cycle, the DNA sequence is 

identical (Figure 1.9). The complete change in appearance must be due to 

heterochromatin 

euchromatin 
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epigenetics, that is, how the genes are expressed. Using a lepidopteran model, 

Mukherjee et al. were able to show that affecting the acetylation state of the histone 

proteins, and subsequent gene expression, could promote or delay the onset of 

pupation within the moth species Galleria mellonella.39 As such, the balance of 

histone acetylation is important to survival with acetylation levels also having been 

found to affect wound healing and immunity.39  

 

Figure 1.9: Phenotypic changes after metamorphosis of a caterpillar to a butterfly
40

 

Consequently, disregulation of the epigenetic code could lead to aberration in gene 

expression, affecting development, growth and disease. As observed within the 

insect model, modulators of epigenetic mechanisms can affect disease at the 

transcriptional level without altering the DNA sequence. Modulating the epigenetic 

code could, therefore, be a powerful and dynamic method of treating disease. To 

understand the effects of altering the acetylation state of histone protein tails, the 

regulation of this epigenetic marker must be considered. 

 

1.2.3 Acetylated Lysine 

In terms of research and drug discovery, modulation of the acetyl lysine mark has 

been the most successful to date. To understand why, we must look at how this 

marker is maintained: added, removed and read (Figure 1.10).  

Monarch Butterfly Monarch Caterpillar 

Different Phenotype 

Genetically Identical 
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Figure 1.10: Writing, reading and erasing lysine acetyl marks 

Firstly, histone acetyltransferase (HAT) enzymes write the code by adding the acetyl 

marks to the lysine residues. As HATs are a family of enzymes, a number of efforts 

have been made to inhibit their function. In this regard, the first known HAT inhibitor 

Lys-CoA (1.4) was described by Lau in 2000, an unnatural analogue of the acyl 

donor acetyl-CoA, which demonstrated sub-micromolar inhibition of the p300 HAT 

(Figure 1.11).41 To this date, however, targeting the HAT enzymes has not produced 

a marketed drug or clinical compound,42 due to lack of potency, metabolic instability 

and the multiple effects of HAT inhibitors in vivo.42,43 Despite these challenges, work 

is ongoing in the field to discover a clinical use for inhibitors of the HAT enzymes. 

 

Figure 1.11: First HAT inhibitor, Lys-CoA (1.4) 

Conversely, histone deacetylase (HDAC) enzymes remove the acetyl mark 

unmasking the primary amine. The inhibition of the HDAC mechanism has been the 

most successful clinical strategy pursued to date. Four HDAC inhibitors have been 

FDA approved: vorinostat, romidepsin, belinostat and panobinostat (Figure 1.12).44  
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Figure 1.12: Four FDA approved HDAC inhibitors 

All four drugs inhibit the enzyme by binding to a zinc ion within the active site of the 

HDAC. This competitive inhibition can be exemplified using vorinostat. The 

hydroxamate of vorinostat is able to form a bidentate interaction with the zinc ion 

(Figure 1.13). Similar to the native substrate, acetylated lysine, the long carbon 

chain extends out of the active site. Finally, the aryl amide forms the capping group, 

making interactions with the lipophilic surface of the protein. 
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Figure 1.13: X-ray crystal structure of vorinostat (1.5) bound to the active site of HDAC2 
(Protein Data Bank: pdb 4LXZ)

45
 

In 2006, vorinostat (1.5) became the first FDA-approved HDAC inhibitor, and is used 

for the treatment of cutaneous T-cell lymphoma (CTCL), a group of rare cancers, 

caused by proliferating T cells localised in the skin.46 HDAC inhibition using 

vorinostat prevents the deacetylation of histone tails and leads to hyperacetylation, 

resulting in modulation of cell cycle proteins, as well as inflammatory proteins. The 

effect is to inhibit cancer cell proliferation and enduce apoptosis.47 

For the same indication, CTCL, the FDA approved the structurally differentiated 

HDAC inhibitor romidepsin (1.6) in 2009.48 A cyclic peptide, romidepsin is the only 

approved HDAC inhibitor lacking the hydroxamic acid group, to date. Originally 

discovered as a natural product from the bacteria Chromobacterium violaceum,49 

romidepsin was found to be a pro-drug activated by reduction of the disulfide bond 

(Scheme 1.3).50 The resulting thiol binds to the HDACôs zinc atom, inhibiting the 

enzyme activity. 

Zinc 



GSK Confidential Information ï Do not copy 

14 
 

 

Scheme 1.3: Glutathione-mediated reduction of romidepsin to form the active species 1.9 

Accelerated approval was granted for belinostat (1.7) in 2014 for the treatment of 

peripheral T-cell lymphoma (PTCL),51,52 a fast-growing group of cancers distinct 

from CTCL.53 While romidepsin is one of two drugs previously having gained 

accelerated approval for the same indication, the unmet medical need permits the 

FDA to approve three separate drugs under the accelerated scheme.51 

More recently, in February 2015, the FDA approved the use of panobinostat (1.8) for 

multiple myeloma (MM),54 a cancer of blood plasma cells. Again, approval was 

achieved on the accelerated approval programme as a combined therapy with two 

current MM drugs, bortezomib and dexamethazone.54 

The accelerated approval for the latter two drugs is based on the promising results 

within their phase II trials. Phase III trials are on-going while data is also collected 

from patients on the approved drugs.55 

From these four compounds, the clinical application of HDAC inhibitors can be seen. 

However, all four are pan-HDAC inhibitors, having similar potency at more than one 

of the 4 distinct HDAC enzyme classes. The next wave of HDAC inhibitors, which 

are selective for a single class, are now progressing into the clinic.56 It is partly 

because of these successes that the area of epigenetic modulation by small 

molecules holds such promise for intervention in human disease. 
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1.2.4 Bromodomains 

With the excellent progress observed in the field of HDAC inhibition, interfering with 

the removal of the acetyl lysine mark, the high therapeutic potential for disrupting the 

reading of the acetyl lysine code is an important foundation for this thesis. Proteins 

containing bromodomains are involved in the recognition of acetylated lysine 

residues on histone tails, through a formal protein-protein interaction. 

Bromodomains are named from the prior discovery of the related brahma gene in 

Drosophila.57  

To date, 61 human bromodomains have been identified within 46 distinct proteins.58 

Bromodomains consist of a sequence of around 110 amino acids. The homology in 

this full sequence, not limited to the binding site, is used to group the bromodomains 

into a phylogenetic tree (Figure 1.14).58  

 

Figure 1.14: Bromodomain Phylogenetic Tree 
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Within this tree, the bromodomains can be grouped into eight families, of which the 

focus of this thesis will be group II, the Bromodomain and Extra C-Terminal (BET) 

family. This family contains four proteins: Brd2, 3, 4 and T. The Brd2, 3 and 4 

proteins are ubiquitously expressed, whereas BrdT is localised within the testes and 

ovaries.59,60,61 Each of these BET proteins contains two bromodomains, BD1 and 

BD2, as well as an extra-terminal (ET) domain (Figure 1.15). While the 

bromodomainôs ability to regulate transcription has been known for over 20 years, 

the role of the extra-terminal domain has remained elusive.57 However, in 2011, 

scientists at the Harvard Medical School published the potential transcriptional 

regulatory effects of this ET domain.62 

 

Figure 1.15: The four BET proteins: Brd2, 3, 4 and T 

The BD1 bomodomains are found near the N-terminus of the protein, whereas the 

BD2 bromodomains are situated towards the centre of the proteins before the extra-

terminal domain, located nearer the C-terminus. Homology among the four BD1 

bromodomains is very similar, likewise within the BD2 bromodomains. Although very 

similar, larger differences exist between BD1 and BD2.  

To understand how these bromodomains bind acetylated lysine, the structure of 

Brd4 BD1 will be exemplified. Brd4 BD1 is a typical bromodomain, consisting of a 

left-handed bundle of four Ŭ-helicies: ŬA, ŬB, ŬC and ŬZ. The helices are linked by 

two loops, the ZA and BC loops, which help to define the binding pocket (Figure 

1.16).  

BrdT 

Brd4 

Brd3 

Brd2 
BD1 BD2 801 

726 

1362 

960 

ET 



GSK Confidential Information ï Do not copy 

17 
 

 

Figure 1.16: X-ray crystal structure of acetylated lysine within Brd4 BD1 

Focusing on the acetyl-lysine binding pocket, hydrogen bonding forms the key 

interactions when binding to an acetylated lysine residue. Firstly, the acetyl carbonyl 

oxygen forms a direct hydrogen bond to asparagine 140 (N140). This residue is 

conserved across most bromodomains. In addition to this, a through-water 

interaction is formed to tyrosine 97 (Y97), which is conserved amongst all but three 

of the known human bromodomains.63 

These simple molecular interactions between the acetyl group and the 

bromodomain, allow epigenetic information contained within these chemical 

moieties to be manifested as differences in gene transcription. A well-studied 

example are the bromodomains within Brd4 of the previously mentioned BET family. 

Firstly, one of the bromodomains within the Brd4 protein reads the acetyl marker 

present on the histone tail. The binding of Brd4 to the acetylated histone tail 

promotes the recruitment of the larger protein complex, positive transcription 

elongation factor b (P-TEFb), depicted in Figure 1.17. P-TEFb consists of a dimer of 

cyclin-dependent kinase 9 (Cdk9), in addition to one of three isoforms of cyclin 

regulatory cofactor: T1, T2 or K.64 The kinase, Cdk9, associated with Brd4 is brought 

into proximity with the C-terminal domain (CTD) of RNA polymerase II, the protein 

involved in transcribing DNA into mRNA. Phosphorylation of serine 2 of the CTD by 

Cdk9 activates RNA polymerase II, promoting gene transcription.65 It has also been 

demonstrated that Brd2 and Brd3 are involved in promoting transcription, although 

the mechanism is not yet understood.66 
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Figure 1.17: P-TEFb Brd4 mechanism
65

 

If the initial binding event between the acetylated histone tail and the bromodomain 

is disrupted, the P-TEFb complex cannot be recruited (Figure 1.18). This would 

prevent the phosphorylation of RNA polymerase II, hence halting transcription. As 

the BET family of proteins, such as Brd4, are associated with the transcription of a 

range of disease relevant genes,64 the rational for attempting to drug them is 

strong.67 Also, considering the well defined acetyl-lysine binding pocket within each 

bromodomain, this interaction has recently been shown to be amenable to inhibition 

by small molecules.58 

 

Figure 1.18: Disruption of the bromodomain-acetyl-lysine binding prevents transcription 
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1.3 Early BET Bromodomain Inhibitors 

 

Disrupting the code-reading BET family of bromodomains with a small molecule 

inhibitor was first disclosed in the patent literature by Mitsubishi-Tanabe Pharma. 

Their first patent68 detailed structures containing a diazapine core, which were not 

initially known to be BET bromodomain inhibitors, however, subsequent patents 

described these molecules as such.69 Scientists at the Structural Genomics 

Consortium (SGC) in Oxford, in collaboration with the Harvard Medical School, used 

the general structure to begin their own optimisation. From these studies, (+)-JQ-1 

(1.10) (Figure 1.19) was discovered as a potent and selective inhibitor of the BET 

family of bromodomains.70  

 

Figure 1.19: (+)-JQ-1 

Initial studies with this molecule utilised a nuclear protein in testis (NUT) midline 

carcinoma (NMC) cell line. This was due to the known intrinsic importance of two of 

the BET proteins, Brd3 and Brd4, within the mechanism of NMC. Mainly affecting 

children, NMC is a rare and lethal cancer with an average survival time of just 6.7 

months following diagnosis.71 Unexpectedly, this cancer does not affect a particular 

cell type, with the disease differing from patient to patient. NMC is caused by the 

translocation of the NUT gene to Brd4, or less commonly, Brd3.72 Expression of this 

faulty gene results in the formation of a fusion protein, consisting of both of these, 

normally separate, proteins (Figure 1.20). Association of this fusion, cancer 

inducing, oncoprotein to chromatin maintains cells within an undifferentiated and 

proliferative state.73 
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Figure 1.20: Formation of Brd3-NUT and Brd4-NUT fusion proteins 

Previous studies using NMC cancer cells have shown the use of short interfering 

RNA (siRNA), to block the fusion protein synthesis, causes cell cycle arrest, 

preventing cell division and cancer growth.73 In a similar fashion, returning to  

(+)-JQ-1, in vitro and in vivo studies were carried out using NMC cell lines.70 In vitro, 

(+)-JQ-1 was able to stimulate observable differentiation, away from the cancerous 

phenotype, in under 24 hours. Further, Filippakopoulos et al. were able to undertake 

a mouse xenograft experiment using patient-derived NMC cancer tissue, observing 

tumour shrinkage in mice treated with (+)-JQ-1, while using vehicle (delivery 

solvent) alone showed tumour growth. It is thought that (+)-JQ-1 is able to bind to 

the bromodomain of the fusion protein. This prevents the oncoprotein from binding 

to chromatin returning the cells to a normal state.70 

Interestingly, these studies were published within the same edition of Nature as a 

structurally related inhibitor I-BET762 (1.11) (Figure 1.21), which was discovered by 

scientists at GSK, in parallel to (+)-JQ-1.74 

 

Figure 1.21: I-BET762 (1.11) and the previously discovered inhibitor, 1.12 
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Prior to the discovery of I-BET762, 5-aryltriazoquinoline 1.12 (Figure 1.21) was 

identified through a phenotypic screen geared towards measuring the upregulation 

of Apolipoprotein A1 (ApoA1).75 Importantly, ApoA1 is known to increase the amount 

of high-density lipoprotein (HDL) in vivo. Atherosclerosis is caused by low levels of 

HDL and high levels of low-density lipoprotein (LDL). As a result, the upregulation of 

ApoA1 and subsequent increased HDL levels, can aid the reduction of LDL. Overall, 

increasing ApoA1 levels is thought to be a potential treatment for atherosclerosis. 

Unfortunately, compound 1.12 showed poor bioavailability so could not be further 

progressed.76 

During the subsequent discovery of I-BET762, using the ApoA1 phenotypic assay, 

the molecular target for these compoundsô effects continued to be unknown within 

GSK and the literature at the time. Therefore, experiments were carried out to 

elucidate the mechanism of their action. A chemoproteomics study was conducted 

using compound 1.13, a tethered analogue of I-BET762 (Figure 1.22). Hepatocyte 

cell lysate, containing all the cellular proteins, was added to compound 1.13 and the 

resulting unbound proteins were washed away. The remaining bound proteins were 

characterised and found to be bromodomain containing proteins Brd2, Brd3 and 

Brd4, from the BET family. Thus, the upregulation of ApoA1 was thought to be 

caused by BET bromodomain inhibition. Upon further profiling, I-BET762 was 

deemed unsuitable as a drug for cardiovascular disease. However, given the 

rationale for using BET inhibitors in NMC, I-BET762 may offer some clinical benefit 

to those suffering from this latter disease.77 

 

Figure 1.22: Matrix supported analogue 1.13 used in chemoproteomics study 
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In addition, the advantage to having access to a known potent and selective BET 

inhibitor, such as I-BET762 (1.11), was that the ability of these compounds to 

combat inflammation could be evaluated preclinically. Using isolated macrophages, 

I-BET762 was shown to downregulate the production of many of the signalling 

proteins, such as cytokines and interleukins, produced by the immune system in 

response to foreign molecules derived from bacteria upon infection.74 Further, an 

exciting result was seen in an animal sepsis model where mice were administered 

with a terminal dose of lipopolysaccharide (LPS), part of the bacterial cell wall. The 

experiments showed that I-BET762 could be administered in vivo to give not only a 

preventative but also a therapeutic effect, after the mice showed extreme symptoms 

from cytokine storm, through over activation of the immune system (Figure 1.23).74 

Within two days of LPS administration, in the absence of I-BET762, the mice died as 

expected. Remarkably, mice treated with the BET inhibitor pre- or post-

administration of LPS show 100% survival out to four days. This further 

demonstrated the therapeutic potential of BET inhibition in life threatening immune 

disease modification. 

 

Figure 1.23: Survival rates after induced disease by LPS and treatment with I-BET762.
74

  
LPS-treated C57BL/6 mice (5 mg per kg, IP, n=12 per group) that were injected IV (a) solvent 

control, (b) without LPS administered with 30 mg per kg of I-BET762, 30 mg per kg of I-BET762 
(c) 1 h before or (d) 1.5 h after LPS administration. 
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Since these seminal papers on the inhibitors I-BET762 and (+)-JQ-1, published in 

the same 2010 edition of Nature, research interest within the field of bromodomains 

has grown exponentially (Graph 1.2).  

 

Graph 1.2: Scifinder
®
 results for the search "BET bromodomain" each year since 2005  

 

1.3.1 Azepine- and Diazepine-centred BET Inhibitors 

In addition to these first two successful inhibitors, (+)-JQ-1 and I-BET762, other 

research groups have had success discovering molecules centred around a 

diazapine or azepine core. MS417 (1.14), the methyl ester derivative of (+)-JQ1, 

was developed by scientists at the Mount Sinai School of Medicine (Figure 1.24). 

Their inhibitor demonstrated 30 nM potency at Brd4 BD1, with excellent 1000-fold 

selectivity against CREBBP, a bromodomain out with but containing a closely 

related binding site to the BET family. In vitro studies in kidney cells showed the 

ability of MS417 to inhibit the production of pro-inflammatory cytokines.78 
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Figure 1.24: MS417 

Researchers at Constellation Pharmaceuticals have published a number of 

iterations around the diazepine- and azepine-centred BET inhibitors (Figure 1.25). 

Although the development of CPI-203 (1.15) has not been disclosed, combining this 

inhibitor with marketed drugs, was shown to have enhanced anti-tumour effects.79ï81 

 

Figure 1.25: Developmental iterations by Constellation Pharmaceuticals 

The structurally orthogonal isoxazole acetyl-lysine mimetic was discovered from a 

fragment hit, by the same group and was developed into CPI-3 (1.16), a 26 nM 

inhibitor of Brd4 BD1.82 This compound has good pharmacokinetics and a half life of 

1.4 hours in rat, but only 31% oral bioavailability.82 However, Hewitt et al. wanted to 

improve the PK profile and, recently, they published further optimisations. From CPI-

3 they developed compound 1.17, with reduced in vitro clearance which translated 

into a longer half life of 3 hours and an excellent oral bioavailability of 92% in rat.83 

1.3.2 Isoxazole-containing BET Inhibitors 

The intense research in this field has produced additional functional groups that 

mimic the acetylated lysine motif. A key example, with much use within the 

literature, is the isoxazole. The Conway group have developed OXFBD02 (1.18) and 

OXFBD03 (1.19), shown in Figure 1.26.84,85 These two compounds are structurally 
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very similar, differing in an acetyl group. While these compounds have sub-

micromolar activity, the selectivity profile for the lead compound, 1.19, over the non-

BET bromodomains is poor, with a bias of 7-fold over the structurally-related 

bromodomain CREBBP. 

 

Figure 1.26: Lead compounds developed by the Conway group 

GSK have also had success with the dimethylisoxazole group. One strategy they 

employed was a fragment-based approach. Their efforts also yielded a sub-

micromolar BET bromodomain inhibitor 1.20.86 However, the lead compound 

showed poor solubility and subsequent attempts to improve solubility proved 

detrimental to the biochemical potency (1.21, Figure 1.27).86 

 

Figure 1.27: GSK's isoxazole-based fragment-derived inhibitors 

Continuing with the dimethylisoxazole motif, GSK also discovered I-BET151 (1.22) 

(Figure 1.28). With a biochemical pIC50 of 6.1 at Brd4, this compound demonstrated 

good levels of IL-6 cytokine inhibition within a human peripheral blood mononuclear 

cell (PBMC) cellular assay, with a pIC50 of 6.7.87 Additionally, thermal shift assays 
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demonstrated no interactions with and, therefore, very high selectivity over, the non-

BET bromodomains. 

 

Figure 1.28: Structure of I-BET151 

Recently, Ran and co-workers described their structurally differentiated, I-BET151 

inspired BET inhibitor.88 Finding the dimethylisoxazole moiety to be optimal, they 

focused on the novel [6,5,6] tricyclic ɔ-carboline core. Substitution in the 4-position 

gave them improved potency, leading to compound 1.23 as their lead molecule 

(Figure 1.29).88 While 2-fold less potent at Brd4 BD1, their inhibitor is 6-fold more 

potent at Brd4 BD2 than I-BET151 within their assays. It was also demonstrated that 

the biochemical potency translated into excellent cellular activity within two cancer 

cell lines. 

 

Figure 1.29: Lead compound 1.23 developed by Ran and co-workers 

 

1.3.3 Novel Acetyl-lysine Mimetics 

In addition to the triazole and isoxazole acetyl-lysine mimetics, the large amount of 

interest in this field has seen the publication of additional, novel functional groups to 

mimic acetylated lysine.  
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For the purpose of discovering novel acetyl-lysine mimetics, the Conway group 

tested compound 1.24 (Figure 1.30), which was found to deliver a promising level of 

potency (3 µM at Brd2 BD1).85 Computational modelling studies suggested two 

possible binding modes, through the dimethylisoxazole or using the quinazolinone 

functionality. Subsequently, X-ray crystallography, in Brd4 BD1, confirmed the 

dimethylisoxazole as the AcK mimetic.85 However, Chung and co-workers at GSK 

showed, through crystallography, that the quinazolinone 1.25 can act as a weak 

binding, ligand efficient bromodomain inhibitor.89 Scientists at Pfizer further 

investigated this fragment to introduce an arylsulfonamide. The most optimal 

compound, PFI-1 (1.26), was selected as a chemical probe (Figure 1.30). This 

compound balanced potency (pIC50 6.7) with lipophilicity (cLogP 1.3). Although the 

wider bromodomain selectivity profile was not elucidated, the selectivity over 

CREBBP, a bromodomain fragment 1.25 showed activity at, was optimised to over 

100-fold.90 Moving into in vivo experiments with this probe the bioavailability was 

lower than expected, hypothesised to be due to low gut solubility.90 

 

Figure 1.30: Quinazolinone BET inhibitors 

Scientists from the Chinese Academy of Science also used a fragment-based 

approach to discover 2-thiazolidinones as an efficient mimic of acetylated lysine. 

From the initial fragment hit, 1.27, Zhao et al. optimised the substitution around the 

pendant phenyl ring towards their lead molecule 1.28 (Figure 1.31).91 While they 

were able to synthesise sub-micromolar inhibitors, their cellular activity was low, 

which they hypothesised was due to poor permeability. 
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Figure 1.31: 2-Thiazolidinones based inhibitors 

The laboratory of Zhou and co-workers disclosed the diazobenzene series of 

bromodomain inhibitors. This template was derived from the CREBBP bromodomain 

inhibitor 1.29.92 The ortho-methyl phenol mimics the acetylated lysine. This was 

found to be optimal for binding to both CREBBP and the BET bromodomains. 

During their optimisation, it was found that substitution in the para-position of the 

second aryl ring gave additional BET potency. This led to MS436 (1.30), a <85 nM 

inhibitor of Brd4 BD1, limited by the affinity of the ligand used in their assay (Figure 

1.32).93 Considering the starting point was a CREBBP ligand, MS436 showed 

selectivity of at least 25-fold for Brd4 BD1 over CREBBP. While this compound was 

shown to have cellular activity, the developability profile, such as the DMPK 

properties, of this compound was not demonstrated. 

 

Figure 1.32: Diazobenzene BET inhibitors 

In addition to the dimethylisoxazole-containing inhibitor I-BET151, scientists at GSK 

discovered the tetrahydroquinoline template (1.31) from a high-throughput screening 

(HTS) campaign.94 The hit was developed into the lead molecule I-BET726 (1.32) 

(Figure 1.33) with a binding affinity of 100 nM or less at the BET bromodomains. 

Additionally, I-BET726 was also at least 100-fold selective over the non-BET 

bromodomains. Furthermore, the pharmacokinetic profile of I-BET726 was suitable 

for the progression into a murine septic shock model, similar to that carried out with 

I-BET762, previously. In this study only a quarter of the untreated mice survived to 
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five days, whereas, when treated therapeutically with I-BET726, only 44% of the 

mice died, demonstrating increased survival of the treated group.94 

 

Figure 1.33: Development of I-BET726 (1.32) 

In addition to the increasing wealth of knowledge from the article literature, the 

patent literature in this area has grown exponentially within the past five years 

(Graph 1.3). Through this, an array of chemotypes to mimic acetyl-lysine have been 

disclosed.95 

 

Graph 1.3: BET patents per year 

1.4 BET Inhibitors in the Clinic 

Despite I-BET762ôs unsuitability for atherosclerosis, it was investigated for an 

alternative indication, NMC. I-BET762 has progressed into phase I/II clinical trials 

recruiting volunteers for NMC and additional cancer types.77  

An important contribution to the field of BET inhibitors has been achieved by 

scientists at Resverlogix. RVX-208 (1.34) (Figure 1.34), a derivative of the plant 

polyphenol resveratrol (3,4ô,5-trihydroxy-trans-stilbene) (1.33),96 proved to be an 

efficient upregulator of ApoA1 in phenotypic assays.97 RVX-208 is in clinical trials for 

the treatment of atherosclerosis. Having successfully completed a phase II trial in 
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2010,98 phase IIb trials have been initiated for the same indication.99 Additionally, 

RVX-208 has recently completed phase II trials for type 2 diabetes, although results 

are yet to be published.100 Having developed this promising drug through phenotypic 

screening, its mechanism of action initially remained elusive. However, on the 

publication of GSKôs Nature paper in 2010,74 describing the upregulation of ApoA1 

by I-BET762, it was hypothesised that RVX-208 was having its effect through the 

same mechanism. Subsequently, both Resverlogix96
 and the SGC97

 investigated the 

potential that RVX-208 also functions through the inhibition of the BET family of 

bromodomains. Indeed, RVX-208 was shown to be a potent and selective inhibitor 

of the BET family of bromodomains. Both investigations additionally describe the 

preferred binding for the BD2 domain of Brd2, Brd3 and Brd4.96,97 

 

Figure 1.34: Structure of Resveratrol (1.33) and RVX-208 (1.34) 

Resverlogix also completed a side-by-side cellular comparison with (+)-JQ1. As 

expected, both molecules upregulate Apo-A1 transcription. Similarly, both molecules 

suppressed the transcription of the IL-6 (interleukin-6) gene without affecting tumour 

necrosis factor Ŭ (TNFŬ) mRNA production, further supporting this mechanism of 

action.96 Hence, Resverlogix has since progressed RVX-208 into the clinic for 

atherosclerosis.101  

A number of other pharmaceutical companies have developed BET inhibitors. Four 

further compounds have progressed into the clinic. OncoEthix disclosed a 

thienodiazopine-based BET inhibitor OTX015 1.3595 (Figure 1.35), which is currently 

in a clinical trial for acute leukaemia and other haematological malignancies.102 CPI-

0610 1.36103 (Figure 1.35), discovered by Constellation Pharmaceuticals, will be 

investigated for the treatment of patients with progressive lymphoma.104 Additionally, 

scientists at Tensha Therapeutics developed their compound, TEN-010, which is 

being investigated as a treatment for NMC.105 Recently, Bayer have progressed into 

a first time in man study with BAY1238097.106 Unfortunately, Tensha Therapeutics 
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and Bayer have not released the exact structure of their clinical compounds 

preferring not to specify from their patents.88 

 

Figure 1.35: Clinical BET inhibitors from OncoEthix and Constellation Pharmaceuticals 

In addition, Incyte Corporation and Gilead Sciences recently started recruiting 

participants for the phase I trials of their compounds INCB054329107 and GS-

5829,108 respectively. As these eight compounds are progressed though clinical 

trials, the overall profile of these BET inhibitors, in human, will be elucidated. 

1.4.1 Potential Risks of Clinical BET Inhibitors 

As no bromodomain inhibitors have reached the market, the clinical biology 

associated with these compounds is not fully understood. There have been 

numerous papers describing the benefits of inhibiting the BET family of 

bromodomains: inflammation, cancer, anti-viral and contraceptive. However, due to 

this wide variety of mechanisms controlled by the BET family of bromodomains and 

the ubiquitous expression of Brd2, 3 and 4, the issue of on-target toxicity has to be 

considered.  

Studies in mice have been used to attempt to understand the potential risks of 

removing the function of the BET bromodomains. Unfortunately, Houzelstein et al. 

showed that mice with two copies of a genetically inactivated Brd4 gene were 

unviable, and die at an early embryonic stage.109 Additionally, heterozygotes with 

only one functioning copy of the Brd4 gene demonstrated growth defects affecting 

the skin, liver, testis, eyes and brain of the young mice.109 The reduced quantity of 

Brd4 is thought to cause these growth defects, partially by the slower proliferation of 

these cells. 

In light of these results, Bolden et al. used RNA interference (RNAi) in mice to 

reversibly switch Brd4 expression off.110 In vitro, the RNAi gave a similar gene 
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expression profile as the BET inhibitor, JQ-1. Therefore, this model was progressed 

into in vivo experiments. The most efficient RNAi occurred in the skin and intestine. 

Firstly, the skin showed structural deformities leading to hair loss. Also, contrary to 

Boldenôs hypothesis, the epidermal cells increased in proliferation. The intestine, on 

the other hand, remained intact despite loss of intestinal stem cells. While these 

results are an induced model using RNA interference, it gives an insight into 

potential toxicities that may be incurred through long-term BET inhibition. 

Overall, as with many drug targets, inhibiting the BET bromodomains has potential 

risks. Considering the ubiquitous expression of these proteins, pharmacology across 

all tissues may be observed. This may be beneficial or lead to toxicities, such as 

those observed by inhibiting BET protein expression. Therefore, combining a potent 

small-molecule BET inhibitor with a more specific cell targeting approach may lead 

to molecules with an improved safety profile. 

1.5 Targeted Drug Delivery 

Delivering a drug molecule, intact, to its site of pharmacological action is a 

challenging aspect of drug discovery and development. Absorption, Distribution, 

Metabolism and Excretion (ADME) must all be balanced to achieve the desired 

effect at the biological target. However, the majority of marketed drugs not only 

reach their intended site of action, but are also delivered to other systemic organs 

and tissues. Due to the presence of drug at undesired sites, the potential for toxicity 

is much larger. 

A targeted approach to drug delivery was envisaged by Paul Ehrlich in the early 20th 

century: the ñMagic Bulletò approach.111 This hypothetical drug entity was envisaged 

to have two main properties. Firstly, it must be able to selectively recognise and bind 

to the desired target only. Secondly, the magic bullet should provide a therapeutic 

effect at the bound target. 

1.5.1 Therapeutic Index 

Overall, Ehrlichôs vision was towards a drug with excellent therapeutic properties 

without the potential toxic side effects. This would be the ideal profile, however, due 

to the dosing of a foreign molecule into the body, the drug is likely to have toxic 

effects at a certain concentration. The therapeutic index (TI) is used to quantify the 

difference between the desired effects and the toxic effects. This can be visualised 
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in Equation 1.1 with the TI being the ratio between the concentration of drug that 

produces adverse effects within half of the population (TD50) to the concentration 

that gives a efficacy in 50% of the population (ED50).
112,113 These values can be 

demonstrated with a desired profile shown in Figure 1.36. Low doses would lead to 

the desired effect, while much larger doses are needed before adverse effects are 

observed. As such, the drug discovery strategy requires the TI to be as large as 

possible. 

ὝὍ  
ὝὈ

ὉὈ
 

Equation 1.1: Therapeutic Index 

 

Figure 1.36: Graphical representation of TI 

Since Ehrlichôs vision, a number of methods have been more recently investigated 

to realise this hypothetical targeted entity, including: nano-particles,114 liposomes,115 

monoclonal antibodies116 and prodrugs.117. This overview will highlight these 

methods, with a more in-depth discussion of the advantages and disadvantages of 

using monoclonal antibodies (mAb), their drug conjugates and prodrugs as targeting 

methods. 

1.5.2 Nano-particles and Liposomes 

Both nano-particles and liposomes can be used to deliver drug molecules to the site 

of action. The term nano-particle is broad, relating to a number of species including 

biologically derived molecules (such as lipids or carbohydrates) or more biologically 

inert, carbon, silica or metal supports.114 Drug molecules can subsequently be 

attached to these supports facilitating delivery to the site of action. 

Nano-particle supported drug molecules are commonly used to deliver molecules to 

tumours. This targeting strategy exploits the often abnormal blood vessels that serve 

cancer cells due to angiogenesis.118 The abnormal vasculature is termed as ñleakyò, 
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relating to the larger than normal entities that are able to permeate the vessel 

walls.119 The larger size of the nano-particle can exploit the different sizes of vessel 

openings in normal versus cancerous growths. Nano-particles can then release the 

drug pay-load within the tumour, giving a local high concentration relative to other 

compartments. Overall, the use of nano-particles is a passive drug targeting 

method, relying on an enhanced permeability and retention (EPR) effect. An 

excellent example of this effect in action is the nano-particle DOC-Heparin. 

Unconjugated heparin, a 5000 Da sulfated carbohydrate has anticoagulant and anti-

angiogenesis effects. However, heparin alone was unsuitable for antitumour 

therapies due to its high systemic anticoagulant effects at the required dose. 

Conjugating this macromolecule with the steroid sodium deoxycholate (DOC) 1.37 

was hypothesised to form the basis of a more targeted approach. DOC-heparin 1.38 

(Figure 1.37) demonstrated an improved therapeutic index compared with the parent 

heparin by reducing the systemic anticoagulant effects.120,121 It is claimed these 185 

nm DOC-heparin particles are still active via the EPR effect, with the steroidal 

moiety improving the targeting once through the leaky vessel membrane. 

 

Figure 1.37: DOC (sodium deoxycholate)-Heparin 1.38 

One often used subset of nano-particles are liposomes. Liposomes differ from solid 

nanoparticles by encompassing the drug molecule within a membrane. A successful 

example of the use of liposomes is Doxil (1.40).122 Doxorubicin (1.39) is a cytotoxic 

anticancer drug, which acts by intercalating DNA and binding to DNA-associated 
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enzymes.123 To reduce systemic cytotoxicity, doxorubicin, the drug payload, is 

encapsulated within a PEGylated liposome (Figure 1.38), consisting of 

hydrogenated phosphatidylcholine, cholesterol and distearoyl-

phosphatidylethanolamine.124 The PEGylation is required in this strategy to protect 

the liposome from phagocytosis, which would otherwise destroy the delivery 

vehicle.125 Doxil has been observed to have improved properties, showing retention 

and up to six times more anticancer activity, while reducing toxicity, relative to 

doxorubicin.126,125 Doxil was approved for a number of cancer types between 1995 

and 2007.115 A limitation to this technology lies in the fact that liposomes have been 

observed to be unstable within the gastrointestinal tract due to the action of bile salts 

as surfactants.127 Therefore, unless they are elaborately functionalised, to reduce 

this risk, they must be administered intravenously. An additional challenge to this 

delivery method is the loading of the drug, at the desired concentration, within the 

pre-formed liposome due to the small volumes encapsulated within these small 

structures.128 Currently, the loading method must be tailored to the specific drug 

molecule, with particular difficulties arising if the drug is extremely hydrophilic or 

lipophilic. Hydrophilic drugs are less able to cross the liposome membrane once at 

the site of action. Conversely, hydrophobic drugs associate with the membrane and 

are less readily retained by the structure.129 

   

Figure 1.38: Liposome based drug Doxil 

Liposomes have been the most widely used nano-particle delivery system for drug 

molecules, predominantly using EPR to target cancer.130 While this has been a very 

Doxil (1.40) 
Doxorubicin (1.39) 
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useful passive targeting approach, an active form may be more effective at reaching 

the target. 

1.5.3 Comparing Prodrugs and Antibody-Drug Conjugates 

Two additional targeting strategies, which are relevant to this current programme of 

work, are prodrugs and the related antibody drug conjugate (ADC) approach. The 

term prodrug was introduced by Adrian Albert in 1958 to describe a molecule which 

has to be converted into the active drug before it has its biological effect.131  

Prodrugs typically consist of the drug molecule linked to a promoiety. An enzymatic 

or chemical transformation leads to release of the promoiety and the formation of 

the active drug (Scheme 1.4).132 This approach is considered when a barrier, such 

as bioavailability, solubility or toxicity, is encountered. 

 

Scheme 1.4: Typical prodrug strategy
133

 

In a somewhat related concept, antibody-drug conjugates are the combination of the 

highly specific binding of an antibody for a single antigen with a very potent drug 

molecule. Therefore, both typical small-molecule prodrugs and antibody-drug 

conjugates can be viewed as having the drug attached to a promoiety, despite the 

macromolecular size relating to the latter class. 
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1.5.4 Prodrugs 

The most commonly used prodrug strategy is to improve the gut absorption of an 

orally dosed drug.134 To improve the permeability of polar drugs, a masking prodrug 

strategy may be beneficial, thereby increasing the lipophilicity relative to the parent. 

Ester prodrugs are chemically easily introduced. In order to facilitate their hydrolysis 

to the bioactive parent, there are a number of esterases within the blood, liver, gut 

and other organs and tissues. An excellent example of an ester prodrug strategy is 

the anti-influenza drug Oseltamivir (1.41), hydrolysed in the liver by human 

carboxylersterase 1 (hCE-1) (Scheme 1.5). Within rat, the bioavailability of the 

active acid 1.42 was poor at 5%. Pleasingly, the addition of the ester increased 

bioavailability, in humans, to 80%.135  

 

Scheme 1.5: Hydrolysis of Oseltmaivir (1.41) by carboxylersterase (hCE-1) 

However, some prodrugs do not contain a clear promoiety. Losartan 1.43, an 

angiotensin II type 1 receptor agonist, is an example of this (Scheme 1.6).136 

Losartan contains a primary alcohol which is oxidised to the carboxylic acid 1.44 by 

the specific cytochrome P450 enzyme, CYP2C9. The more potent acid metabolite is 

only formed in 14%, but it has a longer duration of action than the parent Losartan. 

However, because of inter-patient variability, the use of CYP2C9 activation was not 

well tolerated in all patient populations. Further work identified the more typical ester 

prodrug 1.45, which is hydrolysed in vivo to produce the desired acid.136 Overall, 

these two different prodrug strategies achieve the same function of masking polarity 

and, consequently, improving the absorption of the active acid species 1.44. 
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Scheme 1.6: Losartan and pivolate prodrugs 

Conversely, absorption of drug molecules may be enhanced by improving solubility, 

for example, through the addition of a phosphate ester.137 An example of introducing 

a phosphate group to aid solubility is estramustine phosphate (Estracyt) (1.47) 

(Figure 1.39).138 This prodrug had a much improved solubility compared to the non-

ionisable parent estramustine (Emcyt) (1.46). No studies have been published on 

the oral bioavailability of the parent.139 

 

Figure 1.39: Parent drug estramustine (1.46) and phosphate prodrug 1.47 

The polarity of the phosphate group aids aqueous solubility. In turn, alkaline 

phosphatases, located in the gut wall, are able to remove the phosphate group 

allowing membrane absorption.134 However, this solubilising strategy has a number 

of drawbacks. The calcium counter-ion salts can be very stable, which can reduce 

uptake. Hence, dairy products, containing calcium, cannot be taken with these 

prodrugs. Also, the removal of the solubilising group can cause the parent molecule 

to precipitate at the membrane juncture.139 All three of these prodrug examples 
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demonstrate the importance of adsorption of reaching the site of action and eliciting 

the desired biological effect. 

 

1.5.5 Antibody Drug Conjugates 

1.5.5.1 Monoclonal Antibodies 

Antibodies, interchangeably named immunoglobulins (Ig), are a key component of 

the adaptive immune system. These Y-shaped proteins consist of four disulfide 

bond-linked proteins (Figure 1.40). The four proteins consist of two identical heavy 

chains and two identical light chains. Each heavy chain consists of one variable 

domain (VH) and three constant domains (CH). Similarly, each light chain contains 

one variable domain (VL) and one constant (CL). In addition to the two disulfide 

bonds which hold the heavy and light chains together, two disulfide bonds stabilise 

the dimerisation of the two heavy chains.140 

 

Figure 1.40: Structure of IgG including inter-subunit disulfide bonds 

Within the human body, antibodies are produced by B lympohocytes when the cellôs 

surface antibodies detect a foreign antigen.141 The variable region imparts the 

uniqueness of antibodies produced by different B lymphocytes. On detecting an 

antigen, the cell replicates and becomes a plasma cell. These mature cells make 

multiple copies and secrete the specific antibody (Figure 1.41). The antibodies can 

then bind to the antigens neutralising the threat and marking them for degradation. 
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Figure 1.41: B cell activation and maturation 

Initial methods used to make antibodies within the laboratory involved purification of 

a single antigen and immunisation of mice with the antigen.142 However, this method 

provided the desired antibodies in poor yield, often including undesired antibodies. A 

huge step forward was the ability to form monoclonal antibodies (mAb), in other 

words, a single purified antibody selective for a single antigen. This was achieved by 

Kohler and Milstein in 1975.143 Isolated mouse derived B lymphocytes were 

immortalised and treated with a specific purified antigen. This method introduced the 

possibility of producing and ultimately using monoclonal antibodies therapeutically. It 

is the extremely high selectivity of an antibody for its antigen which makes these 

species a possible tool for targeted therapy. 

The production of antibodies from mouse-derived cells produced murine antibodies. 

Clinical trials using these murine antibodies, such as the first example using AB 89 

to treat a lymphoma patient, showed promising therapeutic effects.144 However, this 

trial and others, also using murine antibodies, observed high systemic clearance of 

the circulating antibody.144,142 This was later discovered to be caused by the 

production of human anti-mouse antibodies (HAMA).145 The majority of this 

clearance is by binding of these HAMA to the constant regions of the murine 

antibody heavy chains. This interaction is common, with 10-40% of patients reacting 

in this way.145 This was a large hurdle to the further development of antibody 

therapy.  

The parallel advancement of DNA technology aided the production of human-like 

antibodies. Due to HAMA binding to the constant regions, the first step was to use 

this DNA technology to replace the murine antibody protein sequences with 

sequences naturally found in human antibodies.146 Despite this, these ñchimericò 

antibodies still contained a large sequence of murine protein. Further advancements 
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allowed the formation of ñhumanisedò antibodies, containing human protein 

sequences for all but the antigen binding sites.147 

The final step was aided by phage display148 and transgenic mouse technologies,149 

where fully human antibodies were then possible. The half-life of these human 

antibodies was significantly longer than the mouse antibodies, extending from days 

to weeks.142 However, immunogenicity is not eradicated with the use of fully human 

antibody therapies. A proportion of the patient population may still have an immune 

response against the therapy, which is not only a problem observed with antibodies, 

but other recombinant proteins.150 Overall, monoclonal antibody therapies have 

been found to be useful for both cancer and rheumatoid arthritis. Humira 

(Adalimumab) has found much success in the latter field.151 This agent acts by 

binding TNFŬ, a pro-inflammatory cytokine, reducing its signalling ability. However, 

this strategy does not prevent the TNFŬ being produced. Unfortunately, antibody 

therapies cannot be taken orally, as these complex proteins are digested in the 

stomach. Therefore, therapies such as Humira are administered by injection.  

Having stated all of the above, combining the specific binding ability of an antibody 

with the effects of a small molecule inhibitor could give a very selective targeted 

therapy. 

1.5.5.2 Combining Antibodies with Small Molecule Drugs 

A number of current cancer therapies are small molecules. Many affect rapidly 

dividing cells, with examples of such molecular agents being nitrogen mustards 1.48 

and cis-platin 1.49 (Figure 1.42). These act by cross-linking DNA, with resulting 

cytotoxic effects on all rapidly dividing cells. This includes non-cancerous cells as 

well as those related to the tumour.  

 

Figure 1.42: Examples of chemotherapeutic agents which target rapidly dividing cells 

It was thought that combining cytotoxic small molecules, such as those detailed 

above, with the highly selective binding of antibodies would give reduced systemic 
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toxicity, targeting the toxic warhead only to the desired cell types. A number of 

factors must be considered when designing an ADC. Firstly, the antibody must 

maintain its selective binding for the desired antigen. Conjugation of the drug may 

affect the epitope, which in turn would reduce targeting effectiveness. Also, the 

conjugated drug must be highly potent, in the order of nanomolar levels of 

effectiveness, to maintain its potency at the target and provide an effective 

treatment. 

It has been observed that the nature of the linker between antibody and warhead is 

important to the ADCôs activity. The linker must be stable in systemic circulation and 

not interfere with the action of the antibody or the drug warhead. However, the linker 

must be able to be cleaved selectively at the site of action in order to release the 

warhead. Different linkers can be used to tune this stability chemically (Figure 1.43). 

Amide or peptide linkers are designed to be at the more stable end of the spectrum. 

Conversely, hydrazones and disulfides are less stable, although addition of steric 

hindrance adjacent to the disulfide can improve stability. 

 

Figure 1.43: Range of linker stabilities 

The nature of the linker is important for the mechanism of action (Figure 1.44). The 

antibody binds to the extracellular target, expressed on the target cell surface. Next, 

the plasma membrane engulfs the cell-surface protein-ADC complex via receptor-

mediated endocytosis.152 In the case of the more labile linkers, for example the 

hydrazone, acidic conditions, such as those found within lysosomes,153 cleaves the 

linker, releasing the active drug from the antibody. However, a more stable linker, 

such as the amide will be hydrolysed by intracellular proteases. 
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Figure 1.44: Therapeutic mechanism of an ADC 

In addition to the linker, the stoichiometry of conjugated drugs is thought to be 

important in maintaining antibody binding. In vitro experiments show improved 

efficacy when using higher drug loading. Conversely, lower drug loadings lead to 

similar in vivo activity with an improved therapeutic index.154  

There are a number of common methods for drug conjugate attachment. As 

previously described, antibodies contain four interchain disulfide bonds. Reduction 

of these four disulfide bonds yields eight sites for alkylation. Alternatively, 

conjugation can be achieved through acylation of lysine residues, although there 

can be up to 100 lysines in a single antibody. In both these methods, the number of 

different conjugation sites can lead to a large variation in the conjugation 

Antigen binding 
Endocytosis 

Endosome 
formation 

Lysosome 
formation 

ADC degradation 
(drug release) 

Effect 

Drug 

ADC 



GSK Confidential Information ï Do not copy 

44 
 

stoichiometry. To mitigate this, genetically engineered antibodies can be used, 

although the location of conjugation remains difficult to control. For example, 

introduction of additional cysteine residues can be used to form drug conjugates 

with defined stoichiometry without disrupting interchain disulfide bonds.155 An 

alternative strategy involves the replacement of cysteine residues involved in 

interstrand disulfide bonding to serines. On reducing the remaining antibody 

disulfide bonds in these modified antibodies, the sites available for conjugation are 

minimised, leading to improved homogeneity of the resulting ADC.156 Pleasingly, 

antibodies lacking the inter-chain disulfide bonding ability were shown to maintain 

their binding affinity. 

An alternative strategy is the introduction of non-natural amino acids, such as para-

acetylphenylalanine (p-AcPhe).157 This introduces a handle to add the drug 

conjugate as an oxime or hyradazone. Overall, conjugation is still one of the most 

challenging aspects within this area of drug design and delivery, with the effects of 

the number and positioning of conjugated drugs not yet fully understood. 

In relation to the successes of this overall approach, the first US Food and Drug 

Administration (FDA) approval of an antibody-drug conjugate was Mylotarg® 

(Gemtuzumab ozogamicin) (1.50) in 2000 for the treatment of acute myeloid 

leukaemia (Figure 1.45).158 This approval was granted as part of the FDA 

accelerated approval programme, prior to the compound progressing through Phase 

III trials.159 Gemtuzumab, a humanised antibody targeting CD33, was linked to two 

or three molecules of calicheamicin ɔ1. CD33, importantly in this treatment for 

myeloid leukaemia, is a transmembrane receptor expressed specifically on myeloid 

cells.160 The ADC binds CD33 selectively, is internalised by phagocytosis and 

degraded to selectively release the cytotoxic agent within myeloid cells. 
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Figure 1.45: Mylotarg (1.50) including antibody Hp67.6 and Calicheamicin ɔ1 

The cytotoxic agent, Calicheamicin ɔ1, is an enediyne antibiotic natural product. It 

acts by binding DNA and performing a subsequent Bergman-type radical 

cyclisation161 of the enediyne moiety (Scheme 1.7). A benzyne diradical 1.52 is 

formed which abstracts protons from DNA inducing a double strand break.162 This 

particular antitumor agent, unconjugated, is active at sub-picomolar 

concentrations.163 

The linker, used to conjugate the warhead to the antibody was based on a 

hydrazone. Investigations around this linker found that the germinal dimethyl group 

improved the anti-tumour properties.163 This is likely to be due to improved disulfide 

stability to reduction by glutathione, allowing more ADC to be internalised prior to 

cleavage.164 
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Scheme 1.7: Bergman-type radical cyclisation of calicheamicin ɔ1 

Mylotarg, however, was later voluntarily withdrawn by Pfizer.165 Unfortunately, the 

ADC was not well tolerated in the Phase III trial compared to standard 

chemotherapy. It was discovered that the acid-labile linker was unstable within the 

circulation,166 and the resulting free drug molecule, with its extremely potent anti-

tumour activity, led to off-target effects and a reduced TI.167 

While Mylotarg was unsuccessful in the clinic, there have been a number of recent 

successes within the field of antibody drug conjugates. Two examples of FDA-

approved anti-cancer ADCs are trastuzumab emtansine (Kadcyla) and brentuximab 

vedotin (Adcetris). Both utilise a thiol-maleimide linker 1.54 (Figure 1.46), which is 

more stable than the hydrazone present in Mylotarg.168 

 

Figure 1.46: Thiol-maleimide linker 

While the highly selective delivery of ADCs is attractive, the risks are also large. 

Synthesis of the conjugate is still imprecise due to the variability of drug loading. It 

has also been seen with the use of mAb that immune responses against the therapy 

can retard their effectiveness. The linker of the ADC must also be suitably resistant 

to cleavage before reaching the desired target.  

An additional drawback of antibodies or ADCs as therapeutic agents is the inability 

to dose orally. These proteins would be quickly degraded in the stomach before they 

reach the intestine. Instead, they are often injected, either intravenously or 

subcutaneously. 
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1.6 Targeted Prodrugs 

Whilst ADCs represent the combination of small molecules with a macromolecule, a 

solely small molecule approach to targeted drug delivery is the use of prodrugs. As 

mentioned previously, prodrugs are often a secondary strategy within medicinal 

chemistry.169 Specifically, problems encountered with the absorption, distribution, 

metabolism, excretion or toxicity (ADMET) of a compound can potentially be solved 

with the correct choice of prodrug. While the adjustments to the chemistry of the 

active drug were sufficient for the highlighted therapeutic molecules, this overview is 

concerned with the targeted aspect of the prodrug approach. Looking back at the 

ADMET properties, the targeted approach is most concerned with altering the 

distribution and toxicity of the compound. Distribution can be minimised with a 

targeted approach, where the drug would be delivered to the target cells, with 

minimal quantities affecting other tissues. Reducing the distribution may limit 

toxicity, whether it is off-target systemic toxicity or on-target at a different site. 

Targeted prodrug approaches can deliver active molecules selectively to organs or 

potentially to specific cell types. Examples of targeting using specific enzymes or 

environmental conditions to activate the prodrug, will be discussed in the following 

pages. 

 

1.6.1 Targeting Drugs to the Central Nervous System (CNS) 

The blood-brain-barrier (BBB) is an efficient blockade the body uses to protect the 

central nervous system (CNS).170 Delivering molecules to the brain represents a 

significant challenge for medicinal chemists. Lipinkskiôs rule of five, associated with 

compounds with good solubility and oral bioavailability, is inadequate for predicting 

BBB permeability.171,172 To achieve BBB permeability, a stricter set of guidelines 

were established.172 The recommended limits for calculated lipophilicity (cLogP) and 

total polar surface area (TPSA) were Ò3 and Ò90 Å2, respectively, based on 

candidate and marketed CNS drugs.173 

Using a targeted approach may relax these molecular guidelines. An initial example 

is L-3,4-dihydroxyphenylalanine (L-DOPA) (1.57). This drug, a precursor of 

dopamine (1.58) (Figure 1.47), uses the neutral amino acid transporter within the 

BBB to cross the membrane.174 Dopamine, on the other hand, cannot cross the BBB 

into the brain. 
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Figure 1.47: Structures of dopamine (1.58) and its prodrug L-DOPA (1.57) 

Additional methods have been described to selectively deliver L-DOPA and other 

drug molecules to the brain in a chemical drug-delivery system (CDS). This involves 

the formation of a charged intermediate to trap the prodrug within the brain, of which 

two examples are illustrated below. 

In 1981 Bodor et al. described the use of a dihydropyridine conjugate 1.59 to cross 

the BBB.175 Oxidation, analogous to NAD+/NADH, which occurs within the CNS, 

traps the resulting pyridinium species within the brain (Scheme 1.8). Unfortunately, 

oxidation of the prodrug in the systemic circulation leads to drug clearance. 

However, within the CNS, release of the drug from this oxidised conjugate 1.60, by 

hydrolysis, delivers the drug to the brain. This strategy has been used to investigate 

delivery of a number of drugs across the BBB, for example AIDS therapy 

zidovudine,176 antibiotics,177 hormones178 and chemotherapeutic agents,179 as well 

as imaging agents.180  
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Scheme 1.8: Dihydropyridine/pyridinium chemical drug delivery system (CDS) 

An alternative to dihydropyridines is the use of cis-2-formylaminoethenylthio 

derivatives 1.62.181 The prodrug is reduced in vivo to form the quaternary thiazolium 

1.63 which is retained in the brain, again, due to its charged nature (Scheme 1.9). 

Hydrolysis completes the drug delivery. Similar to the dihydropyridine strategy, the 

activation is not restricted to the CNS. Reduction, mediated by glutathione, was 

observed within red blood cells.181 

 

Scheme 1.9: cis-2-Formylaminoethenylthio drug carrier 
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When L-DOPA (1.57) was conjugated to this sulfur-based system, enhanced 

delivery was seen for the conjugate compared to L-DOPA. It has also shown 

positive effects conjugated to Ŭ-tocopherol (1.65), where the radical reactivity is 

enhanced compared to the native Ŭ-tocopherol (Figure 1.48).182 

 

Figure 1.48: L-DOPA and Ŭ-tocopherol 

 

1.6.2 Targeting Drugs to Specific Cells 

Discussed previously was the effect that a number of chemotherapeutic anti-cancer 

agents have on normal proliferating cells. It has also already been seen that 

antibody drug conjugates can selectively deliver drugs to cancer cells. Additionally, 

small molecule prodrugs can also be used in a similar fashion.  

The antimetabolite, 5-fluorouracil (5-FU) (1.69) has been an effective treatment of 

solid tumours for more than 50 years.183 However, advancements were required to 

improve this compoundôs safety profile. Scientists at Hoffmann-LaRoche discovered 

the prodrug Capecitabine (1.66). This is an example requiring multiple activations 

steps.184 Firstly, carboxylesterases within the liver cleaves the carbamate forming 

1.67. Further modification by cytidine deaminase converts the fluorocytidine 1.67 

into fluorouridine 1.68. Finally, thymidine phosphorylase (of which there is higher 

expression within tumour cells) cleaves the 5ô-deoxyribose to release the active 

drug, 5-FU 1.69, within tumour cells (Scheme 1.10). Capecitabine proved to have an 

excellent bioavailability of almost 100%.185 A drawback to this strategy is the 

variability in enzyme expression between patients. Potentially, additional risk is 

anticipated with three requisite activating enzymes.184 
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Scheme 1.10: Metabolism of Capecitabine (1.66) to 5-FU 1.69 

A number of these prodrug targeting strategies use specific enzymes to convert the 

prodrug into the active drug. In order to use an enzymatic activation method, it is 

required for the targeted enzyme to have a differentiated tissue expression profile. 

Furthermore, a challenge associated with this approach is the knowledge required to 

guide the prodrug design.  

Additionally, enzyme expression between patients can be variable. This could lead 

to different drug efficacies, which can complicate later stage patient treatment. 

Developing the drug, prior to human studies, can also prove challenging if the 

enzyme is specific to humans, complicating the required safety and efficacy studies. 

Overall, there are a number of strategies available to the medicinal chemist in order 

to improve the therapeutic index of a drug molecule. Selective targeting of drugs to 

the site of action, similar to Erlichôs vision, has become increasingly possible with 

these techniques. 
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As discussed in the first section, inhibiting the BET family of bromodomains has 

numerous effects within different cell types and disease states. Using a targeted 

approach could potentially improve the therapeutic window between the desired and 

undesired effects. One set of immune cells that are positively affected by BET 

inhibition are those of the myeloid lineage, such as monocytes and macrophages. 

 

1.7 Targeting Molecules to the Macrophage 

The macrophage, literally meaning ñbig eaterò, engulfs and degrades foreign 

molecules and pathogens within tissues. These cells play a pivotal role in the innate 

immune response. Their second role is to activate the secondary adaptive immune 

response, both by excreting the degradation products of phagocytosis and through 

the production of immuno-modulatory signalling molecules. However, the 

macrophage can be over activated in chronic immuno-inflammatory diseases. These 

cells are the major cause of joint inflammation and destruction in rheumatoid arthritis 

(RA) and they can also contribute to tumour growth.186,187 Therefore, combating an 

undesired inflammatory response by targeting a drug to the macrophage would be a 

very desirable research outcome. 

1.7.1 Human Carboxyl Esterases (hCE) 

The human carboxylesterase family of enzymes are responsible for hydrolysis or 

transesterification of xenobiotics, such as cocaine.188 However, there are five 

different enzymes belonging to this class present within the human body, named 

human carboxylesterase-1, -2, -3, -5 and -6.189 Each of these enzymes is expressed 

in different amounts in different cell types. Importantly, the human carboxylesterase 

1 (hCE-1) enzyme is expressed in high quantities within human macrophage and 

monocytes. On the other hand, hCE-2 is expressed mainly within the intestine while 

hCE-3 and -6 are found in the brain.190 However, the location of hCE-5 expression 

has not been elucidated in humans with expression of a structurally-related enzyme 

observed in rats and cats.191 Overall, this restricted expression of hCE-1 has lent 

itself to its exploitation as part of pro-drug strategies, such as that used by the 

Chroma platform.192 

As previously described in Section 1.5, hCE-1 has also been used as part of a 

prodrug strategy for the anti-influenza drug, Oseltamivir (Tamiflu) (1.41), where the 
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active compound is the acid (Scheme 1.5, Page 37), which is generated through 

hydrolysis of the ester by hCE-1 present in liver hepatocytes.193  

 

Figure 1.49: X-ray crystal structure of homatropine (1.70) within the hCE-1 active site 
(Protein Data Bank: pdb 1MX5)

194
 

To describe the hCE-1 active site, Figure 1.49 shows the exemplar homatropine 

analogue (1.70) (Figure 1.50) within the active site of hCE-1. A computational Van 

der Waals surface has been added to show the fit within the pocket. As can be 

seen, the binding pocket contains two distinct areas, a rigid pocket and a large 

flexible region.195 The tropine ester occupies the rigid pocket, while the flexible 

region can encompass the remainder of larger molecules, such as heroin and 

cocaine, due to its flexible nature. Figure 1.49 also shows the mandelic acid group in 

the flexible region. Overall, this allows a wide variety of esters to be hydrolysed by 

this enzyme, though the rigid pocket aids ester selectivity. To hydrolyse compounds 

such as homatropine, the protein utilises a catalytic triad of amino acid residues, 

Ser-221, Glu-353 and His-467, to perform this hydrolysis in a two step process.195,196  

 

Figure 1.50: Stucture of homatropine analogue 1.70 

 

 

 

Rigid pocket Rigid pocket 

Flexible Region 

Flexible Region 
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1.7.2 Esterase Sensitive Motif (ESM) 

As previously mentioned, Chroma Therapeutics developed a pro-drug strategy, 

centred on hCE-1, to target specific immune cell types selectively. They discovered 

that adding an amino acid ester group, which does not interfere with the primary 

activity of the molecule at its pharmacological target, can exploit the differences in 

expression of intracellular esterases between cell lines.197 In relation to this 

technology, the structure of the amino acid ester group, ESM, can discriminate 

between the three major carboxylesterases present within human cells, hCE-1, -2 

and -3, with hydrolysis only occurring via hCE-1.  

The general structure of the ESM (1.71) has been well defined by researchers at 

Chroma Therapeutics, in order to gain the described selectivity (Figure 1.51).198 

 

Figure 1.51: General ESM structure 

For optimal recognition, the ESM should branch from an aromatic ring, to ensure the 

molecule extends through the tight mouth of the esterase. The chain to link to the 

amino acid group can be varied in length from one to three carbons. While working 

on a monocyte and macrophage targeted kinase inhibitor, researchers discovered 

that the ESM should be linked to the amino acid through the nitrogen (1.72) (N-

linked) rather than from the amino acid side chain (C-linked) (1.73) in order to 

preserve the hCE-1 selectivity (Figure 1.52).197 

 

Figure 1.52: Amino acid linkage to gain selectivity 

The functionality used as the linker is versatile, the main exception being the amide 

functional group, which removes selectivity for hCE-1 versus hCE-2. Therefore, from 

Chromaôs patent literature, an alkylamine or sulfonamide are the most effective 
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groups for retaining esterase selectivity.199 As exemplified with Tosedostat (1.74), 

containing an amide linker, the ester bond is easily cleaved by the other 

carboxylesterase enzymes (Figure 1.53).192,200 

 

Figure 1.53: Structure of Tosedostat (1.74) with highlighted amide linker
192

 

The amino acid side chain is also variable, with both natural and un-natural 

examples being tolerated.198 Chroma, while investigating the effect of varying the 

ESM on a known HDAC inhibitor, Vorinostat (1.5), compared leucine (1.76) and the 

un-natural amino acid phenyl glycine (1.75) (Figure 1.54, Table 1.1). Both had the 

same (S)-stereochemistry at the Ŭ-carbon, and both were potent within the enzyme 

and cellular assays. Importantly, while the ESM-containing molecules were 

essentially equipotent to vorinostat in the enzyme assay, they were significantly 

more potent within the cellular assay.192 This is known as the ñESM effectò. 

Therefore, the binding pocket can accommodate the amino acid side chain, whether 

natural or un-natural. 

 

Figure 1.54: Structure of iHDAC Vorinostat with variable R group 

(Table 1.1, Table 1.2, Table 1.3 ) 
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R H 

(Vorinostat) 

1.5 

 

1.75 

 

1.76 

Enzyme assay 

IC50 (nM) 
78 53 75 

Cellular assay 

IC50 (nM)* 
445 24 15 

Table 1.1: Comparison of natural and un-natural amino acids as ESM
192

 
*Using hCE-1 positive THP-1 cells 

The ester functionality, however, is less variable, Chroma having found the 

cyclopentyl group to be optimal. Smaller esters are not stable enough within the 

blood, and larger bulky esters, such as t-butyl, are not hydrolysed by hCE-1.192 

Chroma again used ESM variants of Vorinostat to investigate the ester group and 

found that, while the enzyme assay showed the three molecules 1.5, 1.76 and 1.77 

(Table 1.2) to be equipotent, the cyclopentyl ester (1.76) was more effectively 

converted to the acid in hCE-1 positive cells (THP-1). Accordingly, the cyclopentyl 

ester showed a 30-fold increase in potency compared to Vorinostat (1.5) and the 

non-hydrolysable t-butyl ester (1.77).192 

R 

 

H 

(Vorinostat) 

1.5 

 

1.76 

 

1.77 

Enzyme assay 

IC50 (nM) 
78 75 73 

Cellular assay 

 IC50 (nM)  

hCE-1 positive* 

445 15 400 

Cellular assay  

IC50 (nM)  

hCE-1 negative** 

350 630 610 

Table 1.2: Different cellular potencies of cyclopentyl and t-butyl esters
192

 
Using *THP-1 cells or **HuT-78 cells 
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Additionally, in hCE-1 negative HuT-78 cells, the ESM-containing molecules were 

less potent than Vorinostat. The overall result is that, before hydrolysis, the ester 

enters the cell by crossing the membrane facilitated by the moleculeôs lipophilicity. 

Hydrolysis by hCE-1 specifically converts the cyclopentyl ester to the corresponding 

acid, which is ionised at physiological pH, less lipophilic and, therefore, less able to 

permeate out of the cell (Figure 1.55). This results in selective retention of the 

pharmacologically active acid only within cells expressing hCE-1. Additionally, as 

both the ester (75 nM) and corresponding acid (290 nM) have HDAC inhibitory 

effects, the combination of these species, within the target cell types, will elicit the 

desired response. 

  

Figure 1.55: Representation of ESM permeability through the lipid membrane. 

In relation to the above, Chroma also investigated the generation of the acid within 

hCE-1 positive and negative cells using different esters of structure 1.76 and 1.77 

(Figure 1.54, Table 1.3).192 This work detailed the production of the acid from 

hydrolysis of the cyclopentyl ester within the hCE-1 positive cells, while only 

negligible quantities of the acid were seen in hCE-1 negative cells. The table of data 

also confirms the t-butyl ester was not hydrolysed in either the hCE-1 positive or 

negative cells. 

Ester Permeability 

Acid Permeability 

hCE-1 
Hydrolysis 

 

Extracellular Intracellular 

Effect 
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R 

 

1.76 

 

1.77 

Acid retention 

by intact cells 

(ng/106 cells) 

U-937 

(hCE-1 positive) 
438 ± 29 1 ± 1 

HuT-78 

(hCE-1 negative) 
3 ± 1 0 

Table 1.3: Acid retention within hCE-1 positive and negative cell lines
192

 

There are a number of advantages to developing and utilising this ESM strategy 

(Figure 1.57). While the acid is being formed within the cell, a local high 

concentration is formed as the acid is retained, less able to permeate through the 

membrane. Additionally, due to Le Chatelierôs principle, more ester is drawn into the 

cell to replenish that hydrolysed by hCE-1 (Figure 1.56). 

 

Figure 1.56: Le Chatelier's principle in acid formation and retention 

Due to this retention, higher quantities reach the target and, therefore, the drug 

molecule itself should not require high levels of potency to be active, as retention of 

the acid metabolite would expect to give an apparent increase in phenotypic 

potency. As a result, a drug exploiting this should be better tolerated due to fewer 

side effects, as non-hCE-1 expressing cells should have limited exposure to the 

drug. The drug should also have a prolonged period of effectiveness as the acid is 

retained, taking longer to be transported out of the cell. Additionally, hydrolysis 

within the target cell or during metabolism within the liver should also limit the 

systemic exposure of the compound. For these reasons, this strategy could be 
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applicable to BET as dosing a less potent inhibitor without losing activity at the 

desired target cell would constitute an optimal strategy. 

 

Figure 1.57: Advantages of utilising the ESM strategy 

Based on the work described in this section, Chroma Therapeutics found that their 

ESM iHDAC (1.80) (Figure 1.58) compound was more efficacious than the non-

targeted iHDAC, with an effective dose of 3 mg/kg/day compared to the 100 

mg/kg/day of Vorinostat (1.5) in a murine model of arthritis. The ESM iHDAC 

showed an improved therapeutic index (TI) of 30-fold in comparison to Vorinostat, 

the parent molecule.192 

 

Figure 1.58: ESM iHDAC showing increased TI
192

 

The lower dose and larger therapeutic index observed with the ESM-functionalised 

HDAC inhibitor has made this a potentially promising strategy for other medicinal 

chemistry programmes. It was hypothesised that this technology would be suitable 

for combination with a BET inhibitor. 

 

 

ESM Effect 

Lower Dose 
Improved 

Tolerability 
Prolonged 

Cellular Exposure  
Limited Systemic 

Exposure 
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1.8 Project Aim and Objectives 

As discussed earlier, BET inhibitors have been implicated in a number of disease 

areas. The BET inhibitors published, to this date, affect all cells as the BET proteins 

Brd2, Brd3 and Brd4 are expressed ubiquitously. Additionally, BrdT is also inhibited 

although this bromodomain is confined within the testis and ovaries. However, broad 

inhibition of the BET proteins may lead to undesired effects, particularly when 

dosing in a chronic setting. The aim of this programme of work was to discover a 

BET inhibitor suitable for chronic immuno-inflammatory diseases, such as 

rheumatoid arthritis (RA). Chronic drug therapies require an excellent safety profile 

as they may be prescribed for months or years. 

A targeted approach, delivering the BET inhibitor to the target cells central to a 

disease such as RA is hypothesised to mitigate the potentially challenging pre-

clinical safety profile of a non-targeted BET inhibitor. Increasing the effect within 

target cells while reducing systemic effects would also potentially widen the 

therapeutic index. 

The aim of this PhD programme was therefore to understand the subtleties, in 

potency, lipophilicity and clearance, regarding the optimisation of a targeted BET 

inhibitor using the ESM technology. To understand these properties and the wider 

compound profile, synthesised compounds would be tested within a series of 

assays. The screening cascade for this project is outlined below.  

1.9 Compound Profiling 

1.9.1 Screening Cascade 

In a medicinal chemistry programme, it is important to collect data on the 

synthesised compounds to gain perspective on their suitability as potential drug 

candidates and to differentiate one compound from another. In order to do this, a 

number of assays are put in place to answer specific questions about the moleculeôs 

properties. The tests are ranked in terms of importance at each stage and a 

screening cascade (Figure 1.59) is then produced. Commonly, compounds are 

screened through the assays layer by layer. This screening cascade acts as a filter, 

removing compounds which do not meet the target product profile (TPP). Each layer 

creates an increasingly selective filter giving a high number of compounds at the first 

stage of the cascade and fewer at the lower layers. 
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Figure 1.59: Screening cascade 

The first layer of the screening cascade for this project involved five key assays. 

These include the biochemical assay for the target, Brd4 BD1, as well as the non-

BET bromodomain assays required for judging selectivity. The cell based, human 

whole blood potency and the hCE-1 specific activity (SA) combine to give an initial 

indication as to whether the ESM mechanism is in action. An enhanced potency into 

the whole blood relative to biochemical potency, due to acid retention, and 

hydrolysis rate of the ester by hCE-1 are key pieces of data. Finally, the 

ChromLogD7.4 is measured to give an indication to the moleculeôs physicochemical 

properties. 
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The physicochemical properties of compounds are further investigated in the second 

layer of the screening cascade, looking into the solubility within the 

pharmacologically relevant fasted state simulated intestinal fluid (FaSSIF) solubility 

assay. It is at this stage that likely modes of metabolism are investigated to ensure 

that the compound does not inhibit the cytochrome P450 family of enzymes, the 

most promiscuous being CYP3A4.201 Cytochromes P450 (CYPs) are enzymes that 

have a central role in the bodyôs defence against foreign molecules. They act 

through the oxidation of foreign molecules to introduce polarity and attach handles 

for conjugation of more polar molecules in preparation for excretion. Inhibition of 

these CYPs can hamper this defence. After confirming this, compound metabolism 

is measured in an in vitro clearance (IVC) assay using isolated human liver 

microsomes. This assay gives an indication of the likely Phase I metabolism taking 

place, including oxidation, reduction and ester hydrolysis. Unfortunately, hCE-1, as 

well as being expressed in cells of the myeloid lineage, is expressed in the liver. In 

order to separate ester hydrolysis from other modes of metabolism, the 

carboxylesterase inhibitor, benzil, is used to inhibit esterase activity. This allows 

measurement of non-esterase-mediated metabolism, thereby allowing optimisation 

of this property. Finally, within this level, a broader selectivity profile is generated via 

an enhanced cross-screening panel (eXP) of a diverse set of known biological 

liabilities.  

The third layer of the screening cascade contains more bespoke assays. Following 

on from the human liver microsome IVC, a more complete picture is formed when 

whole hepatocytes are used. In this case, Phase I and II metabolism are both 

accounted for, in which the second phase involves the conjugation of polar 

molecules, such as glucuronic acid or sulfate. 

Having progressed through the human whole blood assay with the desired potency 

for further profiling, human whole blood stability would not be expected to be a 

problem. However, it is useful to obtain an absolute value on the stability, with a 

view to comparing this to pre-clinical species. One of these species, the cynomolgus 

monkey is important due its close genetic relation to humans with a common 

ancestor around 25 million years ago.202 Leading on from this, the cynomolgus 

monkey is a potentially very useful pre-clinical species specifically due to the 

similarity in the carboxylesterase-1 (CE-1) gene compared to the human form (hCE-

1), with 92.9 % homology.203 
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The fourth layer is the start of in vivo animal experiments. In this case, a transgenic 

mouse is required in which the hCE-1-like mouse blood esterase has been nullified 

whilst the human esterase, hCE-1, has been successfully introduced to monocytes 

and macrophages. This experiment investigates the pharmacokinetics of the 

molecule after different dosing methods, thereby informing future in vivo studies. 

1.9.2 Target Product Profile 

In order to give some context to the desired target product profile (TPP), a well-

profiled compound within our laboratory, benzimidazole 1.81 along with the 

corresponding acid 1.82, will be used as a comparison (Figure 1.60). The product 

profile will be discussed in terms of potencies, physicochemical properties and 

further developability assays, as well as within the context of the screening cascade. 

 

Figure 1.60: Structures of the lead compound and acid from the benzimidazole (BI) series 

Beginning with the bromodomain biochemical assays (Table 1.4), compound 1.81, is 

potent within the Brd4 BD1 biochemical assay with a pIC50 of 7.2, reducing to 6.6 as 

the acid. The compound was then tested within the human whole blood assay, 

which showed an excellent potency of 8.4, constituting a 1.2 log unit enhancement, 

the difference between the hWB potency and the biochemical Brd4 BD1 potency 

(ȹpIC50). The acid was also tested, and showed a potency of 5.6 due to the 

carboxylate functionality reducing permeability and therefore potency in the cellular 

assay. As an enhanced potency was observed in the hWB assay, the specific 

activity (SA) of human carboxylesterase 1 (hCE-1) was measured for compound 

1.81. An activity of 0.44 was observed, within the confines of the TPP. Too high a 

specific activity would lead to significant hydrolysis within the liver, too low a SA, on 

the other hand, prevents enhancement of potency within hCE-1 positive cells. In 

terms of inhibiting the desired target, compound 1.81 has an excellent profile. To 

establish its selectivity, it was also tested biochemically against a number of 
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bromodomains out with the BET family. Pleasingly, the compound was more than 

30-fold selective against a number of bromodomains. 

 TPP 1.81 1.82 

Brd4 BD1 pIC50 - 7.2 6.6 

hWB (MCP-1) pIC50 Ó 7.0 8.4 - 

ȹpIC50 Ó 1.0 1.2 - 

hCE-1 SA 

(ɛM/min/ɛM) 
< 1 0.44 - 

Non-BET selectivity Ó 30-fold > 30-fold > 30-fold 

Table 1.4: Initial biological results for compound 1.81 and its acid 1.82 

To understand whether compound 1.81 had suitable physicochemical properties, it 

was subjected to a series of further tests (Table 1.5). Firstly, the lipophilicity has a 

large bearing on other physicochemical properties, such as solubility, permeability 

and protein binding. Compound 1.81 has a good ChromLogD7.4 of 3.6, although, due 

to the presence of three aromatic rings the PFI is a little high, however, it should still 

have acceptable properties. The solubility of ester 1.81 within the FaSSIF assay was 

excellent, while the acid also had good solubility as measured by CLND. As desired, 

within this project, the ester was permeable, while the acid was less so. This mirrors 

the hWB results observed in Table 1.4, where the acid was weakly active due to the 

requirement to cross the cell membrane. The desired levels of permeability for the 

ester may be aided by the low molecular weight, within the desired area.204 The 

human serum albumin (HSA) binding is low for the ester and higher for the acid. The 

role of HSA in the body is to transport fatty acids, and is an early measure of plasma 

protein binding. In this case, compound 1.82 is also a good substrate.205  

 TPP 1.81 1.82 

ChromLogD7.4 / PFI Ò 6.0 3.6 / 6.6 0.3 / 3.3 

Solubility (ɛg / ml) > 100 > 950 (FaSSIF) 166 (CLND) 

Permeability (nm / s) > 100 121 < 6.5 

MWt < 550 524 469 

HSA (%) < 90 44 59 

HLM IVC (- / + benzil) 
(mL / min / g) 

<5 / <1.5 4.9 / 2.1 - / - 

Table 1.5: Physicochemical properties of 1.81 and 1.82 
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Mirroring the initial biological results, the physicochemical data meets the TPP. 

Some final tests were required to discover whether this compound was suitable for 

progression into animal studies. Consequently, a broader safety profile was 

required.  Within our laboratory, an enhanced cross screen panel (eXP) was used. 

This involves in vitro testing of the compound against receptor sites, ion channels, 

transporters and enzymes. Compound 1.81 was observed to have a good profile 

against these targets. Subsequently, it was important to ensure the compound was 

not an inhibitor of the CYP450 enzymes. With a potency of < 4.4, it was not 

considered an inhibitor. Having found this, the in vitro clearance (IVC) was tested in 

human liver microsomes (HLM). As stated within the screening cascade discussion, 

the IVC was tested in the presence and absence of benzil, the hCE inhibitor. In the 

absence of benzil, the clearance was 4.9 mL/min/g liver, whereas, with benzil, this 

was reduced to 2.1 mL/min/g liver. Therefore, the underlying contribution from 

hydrolysis by hCE-1 accounts for more than half of the liver clearance. These values 

are high, which would predict a highly cleared compound within the liver. Alternative 

dosing methods to oral administration would bypass first pass metabolism. Methods 

such as intravenous or subcutaneous can be used, in each case, where the 

compound is able to achieve systemic circulation without initially passing through 

the liver. 

To discover how stable compound 1.81 would be in the blood of different species, 

prior to in vivo studies, incubation experiments were carried out (Table 1.6). The 

stability of ester 1.81 was measured in human, dog, minipig, cynomolgus monkey 

(cyno), rat and mouse blood, with the results presented as the half life. As it can be 

seen from Table 1.6, compound 1.81 is stable within human and dog blood. The half 

life in minipig is reduced to two hours. Stability in cyno blood is less than expected, 

with a half life of only 23 minutes. However, it was expected that the half life in rat 

and mouse would be low due to the presence of rodent CE-1-like enzymes present 

in the blood. As shown in Table 1.6, this is indeed the case. 
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 Species Whole Blood Half Life 

(min) 

 

Human > 340 

Dog > 240 

Minipig 120 

Cyno 23 

Rat 5 

Mouse < 1 

Table 1.6: Blood stability of ester 1.81 

While compound 1.81 and its acid 1.82 have good properties within the outlined 

TPP, the half life of ester 1.81 in a number of potential pre-clinical species was 

disappointing. In order to mitigate the risk within this drug discovery project, the 

programme of work described herein will investigate a modified chemical template 

from a fragment-based starting point. Optimisation of this fragment was envisaged 

to be against the TPP detailed in Table 1.7. 

 Ester TPP 

Brd4 BD1 pIC50 - 

hWB (MCP-1) pIC50 Ó 7.0 

ȹpIC50 Ó 1.0 

hCE-1 SA (ɛM/min/ɛM) < 1 

Non-BET selectivity Ó 30-fold 

ChromLogD7.4 / PFI Ò 4.0 / Ò 6.0 

HLM IVC (- / + benzil) (mL / min / g) <5 / <1.5 

Solubility (ɛg / ml) > 100 

Permeability (nm / s) > 100 

MWt < 550 

HSA (%) < 90 

Cyno whole blood stability (t½) Ó 240 min 

Table 1.7: Summarised TPP 
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2 Fragment Optimisation and Targeting 

2.1 Proposed Work 

As previously discussed, at the outset of this programme, a fragment-based 

approach was to be utilised to develop a novel series of ESM-functionalised BET 

inhibitors. Using fragment-derived start points is a well validated strategy in the 

discovery of novel, bromodomain inhibitors.206 A number of structurally distinct 

fragments shown to bind to the BET family of bromodomains, have been 

described.89 On finding a suitable fragment, subsequent growth would enable the 

properties to be optimised towards the TPP.207 

A fragment-based approach offers the ability to start from a molecule with lower 

activity at the target but with strong binding. The use of ligand efficiency metrics can 

aid the scientist to determine whether they are introducing a positive binding 

interaction or are increasing potency through the addition of lipophilicity and non-

specific binding. The main value used in this thesis is ligand efficiency (LE), 

measured in kcal/mole, which correlates the free energy of binding (ȹG) normalised 

to the number of non-hydrogen atoms or heavy atom count (HAC) (Equation 2).208 

This can also be represented in terms of the pIC50. 

ὒὉ  
ɝ'

Ὄὃὅ
ρȢσχ  

ὴὍὅ

Ὄὃὅ
 

Equation 2: Ligand Efficiency 

A fragment with a high initial LE is beneficial for further optimisation, where the aim 

is to at least maintain the LE. Generally, a LE of greater than 0.3 is considered to be 

efficient throughout the optimisation process towards a drug molecule. This is due to 

the presumption of, firstly, requiring a 10 nM affinity compound. Secondly, the 

molecule has a molecular weight of under 500, which is compliant with Lipinskiôs 

rules,171 which correlates to an average a HAC of 38. These two properties give a 

required LE of at least 0.29.209 However, in the work contained within this thesis, LE 

will be used to guide the early fragment investigations. Later, combining the 

phamacophore for hCE-1 with the BET pharmacophore will reduce the overall 

efficiency and, therefore, LE was deemed to be an inappropriate measure for 

optimisation of the template.  
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2.2 Fragment Identification  

The initial aim was to identify a suitable fragment. On commencing this work, 

compounds with measured potency against Brd4 BD1, were analysed. However, 

this set contained 6691 compounds. For this reason, LE was used to evaluate this 

large portfolio of potental structures, with a LE of 0.3 being used to triage the intial 

compound set. Despite removing over 70% of the initial set with this filter, 1808 

remained. Therefore, using a more stringent LE cut-off of 0.5 allowed this large 

number to be cut down to the eight most efficient compounds (Graph 2.1).  

 

Graph 2.1: Plot of ligand efficiency against Brd4 BD1 potency 
2.4: pIC50 Ò4.3; 2.6: pIC50 Ò4.5; 2.8: pIC50 Ò3.8 

(*2.4 and 2.8: pIC50 <4.3 on 1 of 2 test occasions, **2.6: pIC50 <4.3 on 2 of 12 test occasions 
***2.7: pIC50 <4.3 on 2 of 4 test occasions) 

The eight compounds could be separated into three groups based on potency or 

structural motif. Group A contains the most ligand efficient fragments, with LE values 

of around 0.65. Group B consists of fused bicyclic systems, while group C has two 

pyridone compounds. 

Firstly, group A contains two compounds, 2.7 and 2.8 (Figure 2.1). Compound 2.7, a 

bisfunctionalised pyridazine, was only weakly active at Brd4 BD1, with a pIC50 of 

3.8. Compound 2.8 is again very small and ligand efficient. However, it contains a 

Michael acceptor with the potential for covalent binding. 
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Figure 2.1: Fragment Group A 

Group B (Figure 2.2), made up of the fused bicycles, also contain very ligand 

efficient molecules. However, with a requirement to reduce the aromatic ring count 

compared to the benzimidazole series, an acetyl lysine mimetic containing two 

aromatic rings did not constitute a desired start point: 2.4, 2.5 and 2.6. On the other 

hand, compound 2.3, with a LE of 0.5, was a more acceptable molecule with a pIC50 

of 4.8. 

 

Figure 2.2: Fragment Group B 

However, the two molecules of group C (Figure 2.3) also have LE values of 

approximately 0.5, but are much more potent start points, with pIC50 values of 5.5 

and 6.0 for compounds 2.2 and 2.1, respectively. These compounds contain one 

aromatic ring as the acetyl lysine mimetic plus the additional aryl ring which is open 

for further functionalisation. It was, therefore, the pyridone fragment which was 

selected for elaboration and development due to the potential suitability for ESM 

attachment, as well as its balanced potency and efficiency characteristics. 

Additionally, an X-ray crystal structure was available for fragment 2.2,210 thus paving 

the way for structure-based design.  

 

Figure 2.3: Fragment Group C 
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2.2.1 Initial Aims 

Having selected a ligand efficient fragment, the aim was to optimise the fragment to 

investigate possible improvements in BET biochemical potency through substitution 

of the core phenyl ring, using LE as a guide. Further efforts were aimed towards the 

optimisation of the physicochemical properties, especially LogD, by investigating 

whether nitrogen atoms could be tolerated in the core and pyridone ring systems. 

These distinct efforts are summarised in Figure 2.4. 

 

Figure 2.4: Fragment optimisation strategy 

Upon identifying the most efficient start point, the ESM would then be incorporated 

and optimised to mitigate the lipophilic nature of this large group (Figure 2.5). 

Additionally, this optimisation would be guided by the biological properties of the 

ESM-functionalised compounds in this template.  

 

Figure 2.5: ESM incorporation to the optimised scaffold 
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2.3 Fragment Optimisation 

To understand how the fragment could be optimised, an X-ray crystal structure of 

2.2 within Brd4 BD1 was analysed. Using this protein crystal structure (Figure 2.6), 

the dimethylpyridone warhead binds within the acetyl-lysine binding pocket. It does 

this in a similar fashion to the native acetlyated lysine residue, as shown previously, 

via two key hydrogen bonds: a through-water interaction to tyrosine Y97 and directly 

to asparagine N140. Additionally, the methyl group is important in binding within the 

hydrophobic pocket mimicing the acetyl group of the native ligand. 

  

Figure 2.6: X-ray crystal structure of 2.2 in Brd4 BD1 with schematic of key binding interactions 

Extending out from the acetyl-lysine binding pocket, the phenyl ring enters the 

narrow ZA channel region, formed by the amino acid residues; tryptophan 81 (W81) 

and leucine 92 (L92). From the crystal structure, W81, flanking the ZA channel, was 

hypothesised to be making an edge-to-face interaction with the phenyl ring, where 

the ŭ+ tryptophan hydrogens interact with the ŭ- -́cloud (Figure 2.7).211 

 

Figure 2.7: Proposed edge to face interaction 

W81 

L92 

AcK binding 
pocket 
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2.3.1 Investigating the ZA Channel 

To investigate this potential interaction in more detail, an electronics study was 

undertaken. If a strong edge-to-face interaction is at play, the ŭ+ hydrogens of the 

tryptophan should make a more favourable interaction with a more electron-rich 

phenyl ring. Taking inspiration from Craig plots, substituents are plotted on these 

graphs according to the electron-withdrawing/donating properties (ů) versus the 

lipophilicity (ˊ) of the groups. Two graphs can be used to account for whether the 

functionality occupies the para- or meta-positions (Graph 2.2 and Graph 2.3, 

respectively).  

 

Graph 2.2: Para Craig plot with functional groups highlighted
212
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Graph 2.3: Meta Craig plots with functional groups highlighted
212

 

Using these Craig plots as inspiration, and aiming to interrogate the edge-to-face -́

interaction hypothesis, three substituent profiles were proposed: electron-

withdrawing, -neutral and -donating groups. Also, in order to ensure the effects were 

due to the differences in electronics, the substituents chosen would be small, to 

prevent the introduction of adverse steric interactions, and similar in lipophilicity ( )́ 

to hydrogen to minimise increases in potency due to lipophilic interactions. To fit 

these criteria, cyano, methyl and methoxy groups were selected (Table 2.1). The 

Hammett value for the cyano group shows a good level of electon-withdrawing 

ability, while the methyl group is near zero. The methoxy group differs between the 

meta and para Hammett values due to the different mesomeric and inductive 

contributions. The hydrophobicity constants ( )́ are within 0.6 of the baseline 

unsubstituted value.  Additionally, the molar refractivities, the calculation of the size 

size of a substituent, are also very similar. 

 CN Me OMe H 

ům
213 0.68 -0.069 0.115 0 

ůp
214 0.66 -0.170 -0.268 0 

ˊ214 -0.57 0.52 -0.02 0 

MR215 7.08 6.34 8.12 1.68 

Table 2.1: Properties of proposed functional groups 
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To fully understand the template, such as the tolerability to substitution, all three 

isomers, ortho-, meta- and para-compounds, would be synthesised (Figure 2.8). 

 

Figure 2.8: Craig plot inspired electronics investigation 

A retrosynthetic analysis was applied to these molecules (Scheme 2.1). The aryl-

aryl bond could be disconnected to the bromopyridone 2.23 and a boronic acid 

derivative. Disconnection of the bromine could reach dimethylpyridone 2.24, which 

could be made from the commercially available 3-methylpyridone (2.25).  

 

Scheme 2.1: Retrosynthetic analysis of general structure 2.9 

In the forward direction, the synthesis of intermediate 2.23 was carried out on multi-

gram scale (Scheme 2.2). The first reaction involved methylation of 3-

methylpyridone using methyl iodide and potassium carbonate. Filtration yielded the 

desired intermediate in acceptable purity, before treatment with N-bromosuccinimide 

to selectively introduce the bromine at the 5-position, in good yield, over two steps.  
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Scheme 2.2: Alkylation and bromination of 2.25 

To complete the synthesis of compounds 2.13-2.21, the corresponding commercially 

available boronic acids were sourced. The Suzuki-Miyaura cross-coupling reaction 

was utilised to yield the desired products (Scheme 2.3).216,217 Leading on from this, 

compound yields and biological assay results are presented in Table 2.2, with 

comparisons made to fragment 2.2 and dimethoxy-substituted example 2.26, 

prepared previously within our laboratory.218 

 

Scheme 2.3: General Suzuki reaction conditions 

Having synthesised methoxy-compounds 2.19-2.21 in good yields, their potencies 

within the Brd4 BD1 biochemical assay ranged from 5.4 to 5.9, equipotent to the 

parent fragment 2.2 (5.5), within experimental error (± 0.3). Consequently, including 

the methoxy groups lowers the ligand efficiency of these compounds. 
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Table 2.2: Reaction yields and biological results for methoxy substituted examples 

From work carried out previously, the 3,4-dimethoxyphenyl compound (2.26) had a 

good level of potency, improved over fragment 2.2, but with a lower LE of 0.44.218 

The meta-methoxyphenyl derivative 2.14 was also seen to have good potency 

(Table 2.2). Considering the reasonable potency of 2.14 and improved potency of 

compound 2.26 it was therefore interesting to make the 3,5-dimethoxyphenyl 

compound 2.27. The result showed almost a half log unit increase beyond the 3-

methoxyphenyl, while having essentially the same activity as compound 2.26. Again, 

however, the ligand efficiency demonstrated the lack of any new specific 

interactions, other than those from lipophilic interactions. 

Subsequently, the bromodomain assay results for the methyl and nitrile substituted 

phenyl rings are shown below (Table 2.3, Table 2.4). The methyl variants were 

synthesised in good yields. However, potencies of compounds 2.16-2.18 are not 

improved compared to compound 2.2. Overall, the electron-donating groups, 

variously substituted around the ring, do not improve the potency of this fragment. 

Ar 

    

Compound number 2.2 2.18 2.17 2.16 

Yield (%) - 73 80 71 

Brd4 BD1 pIC50 5.5 5.4 5.6 5.5 

LE 0.5 0.45 0.48 0.46 

Table 2.3: Reaction yields and biological results for methyl substituted examples 

Ar 

      

Compound 
number 

2.2 2.15 2.14 2.13 2.26 2.27 

Yield (%) - 73 78 67 - 67 

Brd4 BD1 pIC50 5.5 5.8 5.9 5.4 6.2 6.3 

LE 0.50 0.47 0.47 0.43 0.44 0.45 
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Lastly, the nitrile-containing examples 2.19-2.21 are shown in Table 2.4. Whilst 2.20 

and 2.21 were synthesised in average to good yield, the conditions were found to be 

incompatible with the ortho-example, 2.19 (Scheme 2.4). Instead, an interesting side 

reaction occurred during the cross coupling with 2-cyanophenylboronic acid (2.28). 

The major product observed was the amide, 2.29, rather than the desired nitrile 

compound. A literature search revealed that the cross coupling reaction using 2-

cyanophenylboronic acid yields both amide (2.29) and nitrile (2.19) products 

(Scheme 2.4).219 The palladium may have coordinated to the nitrile, which, under 

aqueous conditions, facilitated the conversion to the amide. As such, the amide 

derivative was isolated in low yield and tested for biochemical activity, although, it 

was found that this larger ortho-substituent negatively impacted the potency. To 

synthesise the desired product the reaction was re-attempted, using non-aqueous 

conditions with only a small proportion of undesired amide product being observed.  

 

Scheme 2.4: Different cross coupling conditions form two products 

Unfortunately, the electron-withdrawing nitrile group was similarly ineffective at 

improving the potency above that of the original fragment, 2.2 (Table 2.4). Overall, 

initial studies into the nature of the aromatic ring substitution showed the SAR to be 

relatively flat with only electron-rich systems offering an increase in biochemical 

potency with a concurrent reduction in LE. Therefore, it was concluded that an 

efficient edge-to-face -́interaction is not being achieved in this template. With this 

result in mind, attention turned to using this aryl ring as a means to modulating the 

physical properties of the system. 
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Ar 

    

Compound number 2.2 2.21 2.20 2.19 

Yield (%) - 40 77 26* 

Brd4 BD1 pIC50 5.5 5.5 5.8 5.6 

LE 0.5 0.44 0.47 0.44 

Table 2.4: Reaction yields and biological results for nitrile substituted examples 
*Achieved using non-aqueous cross-coupling conditions (see Scheme 2.4) 

 

2.3.2 Investigations into Phenyl Ring Replacements to Reduce LogD 

An effective method of understanding a compoundôs physical properties is to 

measure the lipophilicity. The relative quantities of compound partitioned between 

an organic and aqueous layer can be quoted as the partition coefficient, first 

described in 1872,220,221 although, it was not until 1964214 when the partition 

coefficient (LogP) was standardised as using octanol and water. The LogP 

measures the intrinsic lipophilicity of the unionised form. However, in drug discovery, 

the varied pH conditions within the body, such as the fasted stomach (pH 2.7) and 

intestine (pH 6-8),222 requires the lipophilicity of the ionised forms to be accounted 

for. In this procedure, the distribution coefficient (LogD) measures the effective 

lipophilicity between octanol and a buffered solution at any defined pH. However, 

distributing between octanol and water is time consuming, therefore, more high 

through-put methods of measuring LogD, chromatographically (ChromLogD), have 

been developed using high performance liquid chromatography (HPLC).223 

Measured ChromLogD values are important in medicinal chemistry optimisation. 

Minimising ChromLogD has effects on improving solubility, reducing plasma protein 

binding and minimising intrinsic clearance.223 However, the reduced lipophilicity 

must be balanced with the potential detrimental effects on permeability with 

hydrophilic molecules. 
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Figure 2.9: Two key compounds from the fragment optimisation and their measured 
ChromLogD7.4 

Overall, fragments, 2.2 and 2.27 have reasonable physical properties (Figure 2.9). 

However, once the large, lipophilic ESM group is added, it was anticipated that the 

physical properties of the substituted molecule might require further optimisation. 

Hence, it was thought that minimising the lipophilicity of the BET active fragment 

would be advantageous. One common way of modulating physicochemical 

properties is to replace relatively lipophilic phenyl rings with more polar 

heterocycles, such as pyridine. However, this must be done without significant loss 

of binding potency. To understand the potential for introducing nitrogen atoms into 

the phenyl ring of 2.2, a range of heterocycles were investigated. The various 

possible isomers of pyridine were profiled to elucidate where polar functionality can 

be accommodated and the potential effect on ChromLogD7.4. Integrating an 

additional nitrogen, in the case of a pyridine, is predicted, using in silico modelling, 

to reduce the cChromLogD7.4 from 3.6 to between 1.0 and 2.0 (Figure 2.10), thus 

potentially paving the way for ESM iBET analogues with improved physicochemical 

properties to be synthesised.224 

 

Figure 2.10: Comparison of 2.2 with pyridyl and pyrimidyl compounds 
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Due to the promising in silico modelling, all three pyridine isomers were selected to 

validate the use of 6-membered nitrogen containing heterocycles to replace the 

phenyl ring. The different isomers would be synthesised to investigate the optimal 

position for the nitrogen to be incorporated.  

 

Scheme 2.5: Initial pyridyl Suzuki coupling reactions 

Under standard Suzuki conditions, the 3- and 4-pyridyl compounds were isolated in 

low to moderate yield (Scheme 2.5), providing sufficient material for the compounds 

to be tested in the Brd4 BD1 biochemical assay. The two pyridine isomers were 

equipotent, with a similar potency to that of the phenyl analogue 2.2 (pIC50 5.5), also 

maintaining the LE compared to the phenyl analogue (LE 0.5). However, when 

synthesis of the 2-pyridyl 2.30 analogue was attempted under the same conditions, 

using the stabilised MIDA boronate,225 no desired product was observed (Scheme 

2.6). 

 

Scheme 2.6: Initial attempt of 2-pyridyl Suzuki coupling 
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Investigation of the relevant background literature revealed various modified 

conditions to successfully carry out palladium cross-couplings with 2-pyridyl boron 

species.226,227,228 An important modification is the use of copper.227 This acts to 

transmetalate into the carbon-boron bond forming 2.37, stabilising the 2-pyridyl 

species, before palladium transmetalation 2.38 (Scheme 2.7).  

 

Scheme 2.7: Stabilsation of the pyridyl boron species with copper 

From the literature, it was seen that DMF is the solvent of choice for many of these 

procedures, however, the palladium species, ligand and copper source are variable. 

Given the perceived instability of 2-pyridyl boronic acids, the corresponding boronic 

ester 2.36 is widely used in 2-pyridyl Suzuki couplings, along with, more recently, 

the MIDA boronate 2.35.226 It was therefore decided that a range of reaction 

systems would be investigated with a view to synthesising compound 2.30. 

Conditions chosen for this investigation are shown in Table 2.5 and the results 

summarised in Table 2.6. 

 

Conditions Boron 

species 
Pd source Ligand Cu 

source 
Base Solvent Additive 

A
228

 Ester Pd(OAc)2 S-phos Cu(I)Cl CsCO3 DMF - 

B
226

 MIDA XphosPdcycle - Cu(II)OAc K3PO4 DMF DEA 

C
227

 Ester Pd(OAc)2 dppf Cu(I)Cl CsCO3 DMF - 

Table 2.5: Conditions used to test 2-pyridyl Suzuki coupling on bromopyridinone 2.23 
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The procedure followed for conditions A resulted in a complete reaction after two 

hours as judged by LCMS. Therefore, to treat the three reactions equally, the 

reaction mixtures were analysed by LCMS at this time point. Indeed, reaction C was 

also seen to have reached completion, despite the literature procedure suggesting a 

16 hour reaction time.227 Reaction A and C were purified by column chromatography 

yielding reasonable to good quantities of product. 

Conversely, the reaction using the MIDA boronate was seen to proceed sluggishly. 

The reaction was therefore stirred for a total of 24 hours. Despite the extra time 

allowed for this reaction to reach completion, the reaction had progressed little more 

than it had after the two hour time point. At this point, the reaction was also worked 

up, with the aim of isolating both the starting material and product. The crude 

material was purified by column chromatography using the same gradient as with 

conditions A and C. Despite this, no product was collected, with only 36% starting 

material being reisolated. The product is likely to be more UV active than the starting 

material, so the quantity of product within the mixture was likely to have been small. 

A peak relating to the proto-debrominated by-product was observed which may 

constitute a portion of the remaining mass balance.  

Conditions LCMS area (%) Isolated yield (%) 

A 87 72 

B 21 (product) 

43 (starting material) 

- 

36 (starting material) 

C 92 61 

Table 2.6: Observed yields under each set of reaction conditions 

The reaction using the MIDA boronate may have been poor due to the slower 

generation of the active boronic acid in situ. This is especially true with the addition 

of DEA to the reaction, adding an additional step to acid generation. 

With a robust experimental procedure in hand, the pyridyl product 2.30 was tested in 

the biochemical assay and, pleasingly, was found to have a similar potency to the 

phenyl derivative. Consequently, the LE was also maintained from 2.2 to 2.30. This 

is encouraging considering the 1.8 unit difference in measured ChromlogD7.4 

observed between these compounds (Figure 2.11). Therefore, inclusion of an 

additional nitrogen at all positions around the ring to lower the lipophilicity is possible 

within this template. 
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Figure 2.11: Comparison of 2-pyridyl 2.30 back to phenyl 2.2 

 

2.3.3 Reducing Lipophilicity via the Acetyl Lysine Mimetic 

In a further attempt to understand the potential to reduce the lipophilicity of these 

molecules, attention turned to the pyridone acetyl lysine mimetic moeity. In a similar 

fashion as described before, the aim was to substitute one of the ring carbons for a 

nitrogen (Figure 2.12) envisaging that this would result in a decreased LogD. In 

silico modelling predicted a small decrease in cChromlogD7.4 for compound 2.40 

compared to previously synthesised 2.27. 

 

Figure 2.12: Comparison of calculated ChromlogD7.4 

Initially, the synthesis of the key intermediate 6-bromopyridazinone (2.46, Scheme 

2.9) was investigated. The first two steps of the proposed synthesis of this 

compound would be similar to those of previous studies within our laboratory 

(Scheme 2.8).229 The first step uses methylmagnesium bromide to selectively 

alkylate the 4-position of 2.41. The first equivalent deprotonated the pyridazinone 

2.41, observed with an exotherm controlled with a salt/ice bath, with the second 

completing the desired reaction. The crude product 2.42 from this reaction was used 

in the subsequent N-methylation reaction. The positioning of the methyl group was 
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confirmed by NMR, with the N-methyl carbon appearing around 40 ppm in the 13C 

spectrum. 

 

Scheme 2.8: Initial two methylation reactions 

From compound 2.43, the route diverged from the previous synthesis.229 The aim 

was to functionalise in the 6-position rather than the 5-position, the current position 

of the chlorine. A low yielding hydrogenolysis of the chlorine led to compound 2.45 

(Scheme 2.9). This compound was treated with NBS (Scheme 2.9), however, no 

reaction was observed with this substrate. A literature search revealed the necessity 

of using the pyridazinone N-oxide 2.47 in order to brominate the 6-position, to 

promote the electrophilic aromatic substitution.230 However, the common oxidising 

agent, mCPBA, was ineffective in this transformation (Scheme 2.9), with only the 

starting material observed in the reaction mixture. 

 

Scheme 2.9: Hydrogenolysis and attempted bromination and oxidation 

Based on the lack of preparative success detailed above, a new route was required 

to the desired motif. A procedure was found in the literature which utilised citraconic 
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anhydride (2.49) and methyl hydrazine (2.50).231 As expected and previously 

reported, a mixture of regioisomers was formed from this reaction (Scheme 2.10).  

 

Scheme 2.10: Reaction of citraconic anhydride with methylhydrazine 

However, as clearly stated in the procedure, the two products have distinguishable 

solubilities, with the undesired isomer 2.52 having poorer solubility in water.231 The 

desired product 2.51 was isolated containing minimal quantities of the undesired 

isomer. This material was used in the next step, formation of the corresponding 

trifluoromethanesulfonate (Scheme 2.11).232 This group is described as a pseudo-

halogen because of its usefulness as a leaving group. In this programme, it was to 

be used within the Suzuki cross-coupling reaction.  

 

Scheme 2.11: Formation of the triflate 

On formation of the triflate, which was less polar than the free alcohol, the isomers 

were successfully separated by column chromatography. The resulting desired 

triflate 2.53 was reacted with dimethoxyphenyl boronic acid (2.55) under Suzuki 

coupling conditions (Scheme 2.12). This gave the desired compound 2.40 in low 

yield. The compound, nonetheless, was tested within the bromodomain biochemical 

assay.  
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Scheme 2.12: Coupling of the pyridazinone triflate 2.56 with boronic acid 2.58 

The potency of 2.40 within the Brd4 BD1 biochemical assay was lower than 

anticipated at 5.6. Additionally, in comparison with 2.27, compound 2.40 was 5-fold 

less potent (Figure 2.13). This may be due to the more electron-deficient nature of 

the pyridazinone ring having a detrimental effect on the key hydrogen bonding 

interactions within the acetyl lysine binding pocket.  

 

Figure 2.13: Comparison of pyridone 2.27 with pyridazinone 2.40 

In addition to this, the pyrazinone derivative 2.57 was synthesised in an alternative 

series (Figure 2.14) elsewhere within in our laboratory.233 Unfortunately, compound 

2.57 had a disappointing potency within the Brd4 biochemical assay with a log unit 

decrease compared to the parent compound 2.56. Surprisingly, neither of these 

compounds showed a significant reduction in ChromLogD7.4, and in the case of the 

pyridazinone, 2.40, the measured ChromLogD7.4 was higher than the parent 

pyridinone 2.27. Therefore, without the desired decrease in lipophilicity to balance 

the decrease in potency, these acetyl lysine mimetic modifications did not have the 

desired effect and further investigation into this sub-set of the series was 

abandoned.  



GSK Confidential Information ï Do not copy 

87 
 

 

Figure 2.14: Pyrazinone derivative compared to pyridone in a related series
233

 
*2.57: pIC50 <4.3 on 1 of 2 test occasions 

The initial aim of this investigation, to explore the scope of introducing additional 

heteroatoms to reduce the ChromlogD7.4 was successful. Chemistry was enabled to 

synthesise the more challenging 2-pyridyl compounds which, along with the 3- and 

4-pyridyl, had similar potency to the initial phenyl fragment 2.2. With the 1.6 log unit 

decrease in lipophilicity whilst maintaining biochemical potency, these compounds 

offer a viable alternative to the simple phenyl ring. The pyridazinone compound 2.40 

was also synthesised after successful route optimisation, however, this delivered a 

less than desirable physicochemical outcome.  

Therefore, from these fragment investigations, the phenyl substitution investigated in 

the first instance was not carried forward. However, the initial fragment and pyridyl 

examples were deemed suitable for incorporation of the amino acid ester, esterase 

sensitive motif (ESM). 

 

2.4 ESM Incorporation 

2.4.1 Phenyl Pyridone Fragment 

Prior to the commencement of this body of work, the leucine-based ESM group was 

attached to this fragment within our laboratory to investigate the initial validity of the 

strategy.233 The ESM-functionalised dimethylpyridone (2.58a) showed no decrease 

in potency compared to corresponding fragment 2.2, however, the acid 2.59a was 

only weakly active (Figure 2.15). This represented an area for further understanding 

and optimisation. 
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Figure 2.15: Baseline dimethylpyridinone ESM compounds
233

 
*2.59a: pIC50 <4.3 on 2 of 3 test occasions 

The ESM, para to the pyridone is thought to be directed through the tight ZA 

channel region which contains a network of water molecules. The direction of the 

ESM through the ZA channel was observed in a model of proposed compound 

2.58e in Brd4 BD1 (Figure 2.16). 

 

Figure 2.16: Model of ESM-functionalised compound 2.58e in Brd4 BD1 

Hence, a number of alternative amino acids were chosen to investigate a potentially 

more optimal ESM for this template than the commonly used leucine amino acid. To 

this end, compounds with the general structure 2.60, shown in Figure 2.17, were 

identified for synthesis. 
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Figure 2.17: General structure 2.60 

Firstly, it was hypothesised that reducing the size of the alkyl side chain, from the 

leucine (2.61) previously used, to valine (2.62) and alanine (2.63) (Figure 2.18) 

might offer some insight into the steric requirements of this position of the protein. 

 

Figure 2.18: Amino acids with alkyl side chains 

Also, due to the water network within the ZA channel, more polar side chains were 

considered. It was proposed that a hydroxyl side chain may be able to contribute to 

the hydrogen bonding network present in this part of the protein. Additionally, both 

serine (2.64) and threonine (2.65) would be used to investigate any potential role of 

steric bulk in this region of the BET proteins (Figure 2.19). 

 

Figure 2.19: Polar, hydroxyl containing amino acids 



GSK Confidential Information ï Do not copy 

90 
 

To synthesise such compounds, a retrosynthesis was proposed (Scheme 2.13). The 

ESM-functionalised BET inhibitor 2.60 could be disconnected to aldehyde 2.66, 

which could be made from the benzaldehyde boronic acid 2.67 and the previously 

used bromopyridone 2.23. The four amino acids, valine, alanine, serine and 

threonine were used initially as their cyclopentyl esters. 

 

Scheme 2.13: Retrosynthesis of 2.60 

To initiate the synthesis of alternative amino acid ester containing molecules 2.60, 

the bromodimethylpyridone intermediate 2.23 was coupled with benzaldehyde 

boronic acid 2.67 under the previously used Suzuki cross-coupling conditions 

(Scheme 2.14). This key intermediate 2.66 was isolated in good yield after 

precipitating from the reaction mixture, on addition of water during work-up. 

 

Scheme 2.14: Synthesis of benzaldehyde intermediate 2.66 

The conditions to couple the amino acid ester tosic acid salts to alternative aldehyde 

derivatives was investigated within our laboratory.234 It was found that two 

equivalents of the amino ester gave good yields, while using the tosic acid salts of 
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these substrates prevented any need to add extra acid. These optimised conditions 

were utilised and yielded the desired products 2.58b-e in good yields (Scheme 2.15) 

to complement the previously synthesised 2.58a.  

 

Scheme 2.15: Reductive aminations using optimised conditions and subsequent ester 
hydrolysis 

The resulting esters were hydrolysed using lithium hydroxide and, after purification 

and treatment with aqueous hydrochloric acid, the products were isolated as the 

hydrochloride salts in good to excellent yields (Scheme 2.15). Interestingly, the 

valine derivative 2.58b showed a very slow reaction rate, requiring a large excess of 

base. This observation was typical to similar valine ESM compounds within our 

laboratory.235 This may be due to valine having increased restricted rotation of the 

side chain and, subsequently, more steric hinderance around the carbonyl group.236 

Also, the formation of the hydrochloride salt of the valine derivative proved 

problematic. As a result, the sodium salt was produced and isolated. 

The products from these reductive aminations and the subsequent ester hydrolysis 

products were tested for inhibitory activity against Brd4. The yields and biological 

results are shown in Table 2.7. Having isolated the products in moderate to good 

yield, esters 2.58a-e are all equipotent with a Brd4 BD1 pIC50 around 5.5. 

Additionally, the acids are also all equipotent, whilst being consistently around 1 log 

unit less potent than the parent ester. 
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 Cyclopentyl Ester (2.58) Acid (2.59) 

Amino acid side 

chain (R) 

Leu 

(a) 

Val 

(b) 

Ala 

(c) 

Ser 

(d) 

Thr 

(e) 

Leu 

(a) 

Val* 

(b) 

Ala 

(c) 

Ser 

(d) 

Thr 

(e) 

Yield (%) - 45 73 83 76 - 51 88 67 69 

Brd4 BD1 5.5 5.7 5.6 5.5 5.7 Ò4.5** 4.8 4.6 4.7 4.6 

Table 2.7: Biochemical results of varied ESM compounds (*sodium salt) 
**2.59a: pIC50 <4.3 on 2 of 3 test occasions 

The initial results suggest that the ZA channel is capable of accommodating a 

variety of amino acid side chains, with similar biochemical potencies being achieved 

across all derivatives. However, there is no evidence of gaining a hydrogen bonding 

interaction with the addition of the hydroxyl group in serine and threonine, when 

compared to alanine and valine. Unfortunately, the corresponding acids all have low 

biochemical potencies at Brd4 BD1 and, consequently, a significant drop-off in 

potency is observed going from the ester to acid, indicating the acid is not optimally 

placed in the protein. Despite this, the esters were tested within the human whole 

blood assay. This measures the inhibition of MCP-1 release by cells of the 

monocyte lineage, when stimulated with LPS. In this project the results from this 

assay depend upon hCE-1 hydrolysis rate, cell permeability and overall BET 

potency.  

A typical profile was seen with the lead compound 2.69 within our laboratory at the 

time of this work (Figure 2.20, Table 2.8).237 Despite the cyclopentyl compound 2.69 

having modest biochemical potency, the human whole blood results show an 

enhancement in potency. This is particularly striking as compounds typically 

demonstrate a loss of potency within the human whole blood assay. This is due to  

whole blood containing a number of biological barriers that a compound must first 

overcome before reaching the intracellular BET proteins. This is an example of the 

beneficial effect of including an ESM within this molecule where by the cyclopentyl 

ester is being hydrolysed to the acid which is in high concentration at the site of 

action. In comparison, the more stable t-butyl ester 2.70 shows a more standard 

drop-off in whole blood potency because of the inability of the t-butyl ester to be 

converted to the retained acid by hCE-1. 
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Figure 2.20: Scaffold of lead compound 

Ester (R) Cyclopentyl (2.69) t-Butyl (2.70) Na (Acid) (2.71) 

Biochemical Brd4 BD1 pIC50 6.1 6.1 5.8 

hWBDPU (MCP-1) pIC50 7.5 5.8 <5.0 

ȹpIC50 +1.4 -0.3 - 

ChromLogD7.4 5.4 5.3 0.6 

Solubility 185 җ282 җмуф 

AMP 380 370 <3 

Table 2.8: Biochemical and hWB profile of lead compound 2.69 

The whole blood results for esters 2.58a-e (Figure 2.21) are shown in Table 2.9. 

 

Figure 2.21: Esters submitted for whole blood studies 
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Compound 2.58a 2.58b 2.58c 2.58d 2.58e 2.2 

Biochemical Brd4 BD1 pIC50 5.5 5.7 5.6 5.5 5.7 5.5 

hWBDPU (MCP-1) pIC50 5.8 5.9 6.2 6.4 6.5 5.2 

ȹpIC50 +0.3 +0.2 +0.6 +0.9 +0.8 -0.3 

ChromLogD7.4 7.5 7.1 5.2 3.7 4.4 3.6 

Table 2.9: The effect on MCP-1 hWB potency on changing the ESM 

From the data in Table 2.9, it can be seen that all these molecules have measurable 

potencies in whole blood, despite their low BET biochemical potency. Indeed, non-

ESM-containing compounds with Brd4 BD1 potencies of less than 6.0 typically have 

a low or undetectable whole blood potency, such as the non-ESM control 

compound, 2.2. This is because plasma protein binding and membrane permeability 

restrict the quantity of compound available at the intracellular target. Conversely, 

ESM-containing compounds 2.58a-e have pleasing whole blood potencies, 

however, the most promising compounds are those where the ESM is based on the 

hydroxyl containing amino acids (2.58d and 2.58e). These two compounds have 

around one log unit increase in potency in this cell assay compared to their 

biochemical potency, despite both the ester or acid molecules synthesised above 

having identical BET biochemical potencies. The corresponding hydroxyl containing 

acids are significantly more polar compared to the compounds without the hydroxyl, 

hence, there may be less compound able to cross the membrane, back out of the 

cell, aiding cell retention at the site of action. Despite the acid of these compounds 

having low biochemical potency, the whole blood potencies are very promising, with 

a ȹpIC50, the enhancement from biochemical to whole blood potency, nearing that of 

compound 2.69. Indeed, comparing compound 2.2 with 2.58e, the value of the ESM 

can be seen: for the same level of BET inhibition, a 25-fold increase in efficacy 

within human whole blood can be achieved (Figure 2.22). By extension, this exciting 

result suggests that up to 25-fold improvement in TI could be achieved using this 

approach. 
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Figure 2.22: ESM-functionalised compound 2.58e and fragment 2.2 

Compound 2.58e (Figure 2.22), containing the threonine amino acid ester, provided 

a good whole human whole blood potency coupled with an excellent ȹpIC50. 

However, despite using the more polar hydroxyl-containing side chain, the 

ChromLogD7.4 is higher than desired within the TPP. 

To mitigate this observation, the potential of using a pyridyl core aromatic ring was 

re-examined. A summary of the previous findings are highlighted in Figure 2.23, 

comparing compounds 2.30, 2.31, and 2.32 to fragment 2.2. The more solvent 

exposed nitrogen of the 3- and 4-pyridyl isomers (2.31 and 2.32, respectively) had 

the lowest lipophilicities. In addition to this, the 2-pyridyl isomer 2.30 showed a 1.8 

log unit decrease in LogD value, relative to fragment 2.2. Pleasingly, the three 

pyridyl isomers were equipotent within the Brd4 BD1 biochemical assay compared 

to the phenyl compound 2.2.  

 

Figure 2.23: Three pyridyl isomers compared to phenyl example 2.2 

Comparing these results, all three isomers were beneficial in reducing 

ChromLogD7.4, relative to 2.2. With this result and the regiochemistry of ESM 

attachment in mind, both the 2- and 3-pyridyl isomers (Figure 2.24) were proposed 
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as cores to be functionalised with the ESM. Computational prediction of lipophilicity 

(cChromLogD7.4) for threonine ESM-functionalised pyridyl compounds compared 

favourably with the calculated value for compound 2.58e, supporting the hypothesis 

for synthesising these analogues. The 2-pyridyl 2.72e and 3-pyridyl 2.73e 

compounds were predicted to reduce the overall lipophilicity by more than one log 

unit, with cChromLogD7.4 values of 3.3 and 3.0, respectively. Should these predicted 

values translate into measured ChromLogD7.4 values, this would represent a positive 

evolution relative to 2.58e, provided associated properties, such as BET biochemical 

and human whole blood potencies, were at least maintained. 

 

Figure 2.24: ESM functionalised pyridyl compounds 

 

2.4.2 Synthesis of Pyridyl Core Replacements 

A retrosynthetic analysis was performed for the 2-pyridyl example 2.72e (Scheme 

2.16). The desired ESM-functionalised compound could be made from aldehyde 

2.74 via reductive amination with the appropriate amino acid ester. A Suzuki cross 

coupling could form the desired bi-aryl bond using pyridone boronic ester 2.76, 

which could itself be formed from the available bromo pyridone 2.23. 
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Scheme 2.16: Retrosynthesis of pyridyl compound 2.72e 

However, an issue was foreseen with the initial Miyaura238 boronation of 

bromopyridone 2.23. Similar transformations had previously been carried out in both 

the literature239 and within our laboratory,240 however, replicating this method had 

proven to be low yielding and had provided low purity product (Scheme 2.17). A 

large portion of protodeboronated by-product was also observed with these 

conditions. 

 

Scheme 2.17: Poor yielding pyridone boronation 

Conditions have recently been developed within our laboratory, when synthesising 

functionalised boronic ester 2.80 (Scheme 2.18),241 based on the Masuda 

boronation.242 The method utilises palladium tetrakis triphenylphosphine alongside 

six equivalents of both pinacolborane (2.79) and triethylamine. Using the newly 

developed conditions the boron-containing intermediate 2.80 was synthesised within 

our laboratory with good conversion and used crude in dioxane within the 

subsequent desired Suzuki reaction.241  
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Scheme 2.18: Alternative borylation conditions 

These conditions were subsequently used in the synthesis of dimethylpyridone 

boronic ester 2.76 and proved to be very efficient and much improved over the 

original procedure. This contasting palladium activation mechanism, as shown in 

Scheme 2.19, using triethylamine243 compared to acetate,238 may be the basis of the 

improved reaction profile. During the Miyaura boronation, the acetoxypalladium 

species undergoes transmetallation with bispinacolatodiboron before reductive 

elimination forms the desired product. However, using the Masuda procedure, 

metathesis with pinacolborane is proposed to form the desired product, preventing 

protodebromination. Reductive elimination reforms the palladium catalyst forming 

trialkylammonium halide by-product. 

 

Scheme 2.19: Comparison of Miyaura and Masuda boronation mechanisms 
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As product 2.76 was previously observed to be stable to chromatography, the 

compound was purified to good purity, with pinacol being the main residual impurity 

(Scheme 2.20). 

 

Scheme 2.20: New method for boronic ester formation 

Boronic ester 2.76 was reacted in a Suzuki cross-coupling with commercially 

available bromo aldehyde 2.75 (Scheme 2.21). The desired pyridyl aldehyde 

intermediate 2.74 was formed in good yield.  

 

Scheme 2.21: Synthesis of 2-pyridyl aldehyde 2.74 

Conversely, the 3-pyridyl aldehyde boronic acid (2.81) was commercially available 

facilitating the cross-coupling with the bromo pyridone 2.23 (Scheme 2.22). The 

commercial availability of the boronic acid 2.81, in this case, removed a synthetic 

step from the reaction sequence. The cross coupling with the 3-pyridyl aldehyde 

boronic acid 2.81 proved to be poor yielding. Firstly, the reaction proceeded at a 

much slower rate than other examples using the same conditions. Secondly, a 

portion of the reduced aldehyde was observed by LCMS. Both observations are 
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potential evidence of the palladium coordinating between the pyridyl nitrogen and 

the aldehyde.  

 

Scheme 2.22: Synthesis of 3-pyridyl aldehyde 2.82 

Once the aldehyde intermediates (2.74 and 2.82) had been synthesised, the next 

step was to functionalise both with the ESM. As this template was early in 

development, five amino acid esters were selected: leucine, valine, alanine, serine 

and threonine (Scheme 2.23, Scheme 2.24) as before. These particular amino 

esters were chosen to vary the size of the ESM and to introduce polar hydroxyl 

groups. Initially, the reductive aminations with aldehyde 2.74 were carried out. 

 

Scheme 2.23: Reductive aminations using 2-pyridyl aldehyde 2.74 
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Scheme 2.24: Reductive aminations using 2-pyridyl aldehyde 2.74 

The valine 2.72b and serine 2.72d derivatives were synthesised using the 

conditions previously described, within our laboratory, without acid or base additive. 

However, the leucine, alanine and threonine (2.72a, 2.72c and 2.72e) derivatives 

were synthesised with additional triethylamine within the reaction, using general 

base catalysis, in an attempt to minimise the potential formation of reduced 

aldehyde by-products.244 From the yields in Table 2.10, the triethylamine does not 

show enhanced yields for compounds 2.72a, 2.72c or 2.72e. 

R   
 

  

2.72a 2.72b 2.72c 2.72d 2.72e 

Yield (%) 58  64 35 37 14 

ChromLogD7.4 6.6 6.0 4.2 2.6 3.5 

Brd4 BD1 pIC50 5.3 5.4 5.2 5.1 5.1 

hWBDPU (MCP-1) pIC50 6.6 5.2 5.6 5.6 5.7 

ȹpIC50 1.3 -0.2 0.4 0.5 0.6 

Table 2.10: Results for 2-pyridyl esters 2.72a-e 

Pleasingly, esters 2.72c-e demonstrated lower ChromLogD7.4 values relative to lead 

compound 2.58e (Figure 2.25). Indeed, the cChromLogD7.4 compared favourably 

with the measured value demonstrating that, in this example, the model of 

lipophilicity predicts well for synthesised compounds. In terms of Brd4 BD1 potency, 

compounds 2.72a-e are equipotent, although lower than the phenyl compound 

2.58e (Figure 2.25). Similarly, the human whole blood potencies are poorer, for 
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compounds 2.72b-e, than the pIC50 6.5 of the lead compound 2.58e (Figure 2.25), 

which is closer to the target profile. It is noteworthy that compound 2.72a had a 

much higher whole blood potency than the other compounds in this series, however, 

the lipophilicity is very high and moving in the wrong direction for optimisation. 

 

Figure 2.25: Comparison of pyridyl 2.72e with compound 2.58e 

To understand the reduced whole blood potencies of these compounds when 

compared to phenyl derivative 2.58e, it was hypothesised that the acid potency is 

key to the whole blood potency, due to its generation within cells. To explore this 

hypothesis, the corresponding acids 2.83a-e were synthesised in good yields 

(Scheme 2.25). Due to the observed insolubility of the leucine and valine derived 

products in DMSO, different salt forms of these compounds were investigated. 

Unfortunately, the hydrochloride salts could not be isolated in acceptable purity, as 

judged by their 1H NMR spectra and these were therefore isolated as the free acid, 

or the sodium salt, in the case of the valine derivative 2.83b. 
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Scheme 2.25: 2-Pyridyl acid generation 

The Brd4 BD1 potencies of acids 2.83a-e proved to be disappointing with a pIC50 of 

4.5 or lower (Table 2.11). The compounds with alkyl amino acid side chains 

demonstrate a log unit drop off in potency between the ester and acid, whilst the 

more polar amino acids are similarly poor.  

R 

  
 

  

2.83a 2.83b 2.83c 2.83d 2.83e 

Yield 72 71 82 76 72 

Salt - Sodium - - - 

Brd4 BD1 pIC50 <4.3 4.5 <4.3 4.4 4.5 

Table 2.11: Results generated for acids 2.83a-e 

As the 2-pyridyl threonine compound 2.83e was similar in potency to acid 2.83a, this 

did not explain the difference in hWB potency observed between their esters 2.72a 

and 2.72e, respectively. To investigate whether a differential hCE-1 hydrolysis 

profile was driving this difference, 2.72a and 2.72e were tested within the specific 

activity assay using recombinant hCE-1 enzyme. Indeed, these compounds were 

found to have very different hydrolysis rates (Figure 2.26), mirroring the whole blood 

enhancements observed for these esters. 
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Figure 2.26: Differential hCE-1 SA for compounds 2.72a and 2.72e 

Interestingly, the difference in hCE-1 hydrolysis rate and ȹpIC50 between 2.72a and 

2.72e must be caused by the amino acid side chain. Threonine is more sterically 

encumbered with branching at the 3-position of the amino acid ester. This branching 

is lacking in the case of leucine, branched at the 4-position, more distal from the 

carbonyl.  

These data suggested, for the first time in this programme of work, that hWB 

potency is correlated directly with hCE-1 rate of hydrolysis. This ability to modulate 

the hydrolysis rate and therefore the ȹpIC50 may be advantageous in future, 

considering the previously mentioned expression of hCE-1 within both target cells 

(monocytes and macrophages) and the undesired site: the liver. To investigate 

whether the 3-pyridyl isomer would offer a differentiated profile in relation to ȹpIC50, 

reductive aminations were carried out, without triethylamine additive (Scheme 2.26), 

to synthesise the analogous compounds. 



GSK Confidential Information ï Do not copy 

105 
 

 

Scheme 2.26: Reductive aminations using aldehyde 2.82 

Compounds 2.73a-e were synthesised in moderate to good yield, allowing promising 

initial data to be collected for these compounds (Table 2.12). The biochemical 

potencies of the serine 2.73d and threonine 2.73e compounds (pIC50 of 5.6 and 5.5, 

respectively) were equipotent to lead compound 2.58e. Furthermore, the alanine 

compound 2.73c had a higher Brd4 BD1 potency than the other examples (Table 

2.12). In terms of ChromLogD7.4, the leucine 2.73a and valine 2.73b derivatives, 

although more lipophilic, are equipotent, biochemically, to the hydroxyl compounds.  

R   
 

  

2.73a 2.73b 2.73c 2.73d 2.73e 

Yield (%) 46 60 66 56 47 

ChromLogD7.4 6.1 5.6 3.7 2.5 3.1 

Brd4 BD1 pIC50 5.4 5.4 6.0 5.6 5.5 

hWBDPU (MCP-1) pIC50 6.6 5.6 5.7 5.6 6.4 

ȹpIC50 1.2 0.2 -0.3 0.0 0.9 

Table 2.12: Results for 3-pyridyl esters 2.73a-e 

In this 3-pyridyl set of compounds, the leucine derivative 2.73a demonstrated a 

similar ȹpIC50 as observed with the 2-pyridyl derivative 2.72a. Disappointingly, 

2.73b-d showed little or no enhancement. Initially, the whole blood assay of 

compound 2.73e failed, with large variations in potency observed. Encouragingly, 

when re-tested, compound 2.73e had an excellent potency profile, which was 
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comparable to the phenyl compound 2.58e. This was an excellent result considering 

the much reduced ChromLogD7.4 value of 3.1.  

Hydrolysis of esters 2.73a-e using the conditions highlighted in Scheme 2.25 gave 

acids 2.84a-e in good yields. The yields and biochemical potencies are shown in 

Table 2.13. Acids 2.84a-e all demonstrated low Brd4 BD1 potencies, although only 

compound 2.84c was more than a log unit less potent than the corresponding ester.  

R   
 

  

2.84a 2.84b 2.84c 2.84d 2.84e 

Yield (%) 78 89 65  
(sodium salt) 

35 
(sodium salt) 

86 

Brd4 BD1 pIC50 4.5 4.5 Ò4.4* 4.5 4.5 

Table 2.13: Yields and biochemical potencies of 2.88a-e 
*2.84c: pIC50 <4.3 on 1 of 2 test occasions 

The hCE-1 hydrolysis rates of the two threonine pyridyl derivatives 2.72e and 2.73e 

are compared in Figure 2.27. Compound 2.73e was shown to have the higher 

hydrolysis rate and consequently an improved ȹpIC50 compared to 2.72e. From 

modelling the placement of 2.72e in the hCE-1 binding pocket, it is hypothesised the 

polarity in the 2-position is less well tolerated due to a number of backbone 

carbonyls within the same region (Figure 2.28), which could lead to electronic 

repulsion and result in a lower affinity for the enzyme. The down-stream effect could 

be the differentiated profile between 2.72e and 2.73e, where the nitrogen is in a 

different position and would be placed differently within the enzyme pocket. 
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Figure 2.27: Comparison of the hydrolysis rates of the 2- and 3-pyridyl compounds,  
2.72e and 2.73e 

 

Figure 2.28: Compound 2.72e modelled within hCE-1 with distances to backbone carbonyls 
highlighted 

To summarise, the 2- and 3-pyridyl isomers can be successfully incorporated to 

reduce the ChromLogD7.4 of the initial lead compound (2.58e), as shown in Figure 

2.29. Furthermore, the Brd4 BD1 and whole blood potencies are maintained from 

the phenyl to the 3-pyridyl compound 2.73e, an excellent result considering the 

reduced ChromLogD7.4. Further, taken together, this set of compounds have 

Rigid pocket 

Flexible Region 
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demonstrated for the first time the importance of the hCE-1 hydrolysis rate as 

related to the observed ȹpIC50. Generally, a higher ȹpIC50 results from a higher rate 

of turnover by the enzyme, which is important knowledge in the design of future 

inhibitors. 

 

Figure 2.29: Comparison of pyridyl compounds, 2.72e and 2.73e, with compound 2.58e 

 

2.4.3 Properties of Initial ESM-functionalised BET Inhibitor 2.58e 

These encouraging results were the subject of further study elsewhere within our 

laboratory. Within the programme of work described in this thesis, optimisation of 

the phenyl derivative was continued and is described in the next section. However, 

to fully understand the areas for further optimisation an expanded profile for 

compound 2.58e is described in Table 2.14.  

It was found that the threonine ESM, as incorporated in compound 2.58e, was most 

optimal due to the compoundôs good levels of potency in LPS stimulated whole 

blood coupled with the positive effect the hydroxyl group has on modulating 

lipophilicity, as measured by ChromLogD7.4 (Table 2.14). The reasonable level of 

lipophilicity, combined with the three-dimensional nature of the ESM, is translated 

into solubility of nearly 1 mg/mL seen within the pharmacologically relevant fasted 

state simulated intestinal fluid (FaSSIF) assay. This assay simulates the fluid found 
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within the gastrointestinal tract. The solubility is important here to ensure the 

compound would be adequately dissolved prior to being absorbed across the gut 

wall. 

 TPP 
(Ester) 

Fragment 
2.2 

Ester 
2.58e 

Acid  
2.59e  

Brd4 BD1 pIC50  5.5 5.7 4.6 

hWBDPU (MCP-1) pIC50 Ó7.0 5.2 6.5 - 

ȹpIC50 Ó1.0 -0.3 0.8 - 

Brd9 pIC50 (fold selectivity*) (Ó30) - 6.0 (x2)** 5.3 (x5)** 

hCE-1 SA (ɛM / min / ɛM) <1 - 6.0 - 

ChromLogD7.4 Ò4.0 3.6 4.5 -0.1 

PFI Ò6.0 5.6 6.5 1.9 

HLM IVC (-/+ benzil) 
(mL / min / g tissue) 

<2 (- benzil) - 28 / 5.4 - 

Solubility (µg / mL) >100 - 974 111 

AMP (nm / s) >100 - 510 <10 

Table 2.14: Compound properties compared to TPP (*over Brd4 BD1) 
(**Fold selectivity = 10

(Brd9 pIC
50

 ï Brd4 BD1 pIC
50

)
) 

From Table 2.14, the advantages of lead compound 2.58e can be further 

highlighted. Firstly, compound 2.58e has a reasonable potency (pIC50) of 5.7 within 

the Brd4 BD1 biochemical assay. Using the ESM targeted approach, the aim is for 

the ester to be hydrolysed selectively within cells of the myeloid lineage, that is, 

those expressing human carboxylesterase 1 (hCE-1). Therefore, it was expected 

that a local high concentration of the ester and acid within the target cell type would 

enhance the observed biological effect. Pleasingly, compound 2.58e demonstrated 

an enhanced potency within the human whole blood assay (hWB) measuring the 

inhibition of the release of Monocyte Chemoattractant Protein-1 (MCP-1) by 

monocytes, a progenitor of the macrophage.  

Conversely, with a non-targeted medicinal chemistry programme, plasma protein 

binding within the blood reduces the effective concentration of compound available 

to enter the cell. A diminished biological effect would then be observed. Therefore, 

the enhanced potency observed within the cellular assay suggests the ESM 

mechanism is at work, delivering the active compound to the site of action in greater 

quantities. This is illustrated by comparing the biochemical and cellular potencies of 

non-targeted fragment 2.2 with ESM functionalised 2.58e. As can be seen in Table 
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2.14, the biochemical potencies of 2.2 and 2.58e, within the Brd4 BD1 assay, are 

similar. On the contrary, the ESM functionalised molecule 2.58e is more than a log 

unit more potent in the whole blood. 

To further verify the hydrolysis of ester 2.58e within macrophages, a cell retention 

assay was carried out using compound 2.58e.245 Initially, a no cell control was 

carried out, in which, the cellular supernatant was treated with 10 nMoles of 2.58e. 

After 24 hours, the compound remained intact as measured by LCMS/MS (Table 

2.15). However, 1% of the acid was observed in this no cell control experiment. This 

may be due to an impurity in the sample or minimal degradation of the ester in this 

control experiment. This result was not expected to interfere with the assay, with the 

acid hypothesised to be generated at a higher rate by the isolated macrophage. 

 Ester (2.58e) Acid (2.59e) 

Quantity after 24 h (nMoles) 9.20 0.12 

Table 2.15: Supernatant stability of 2.61e in no-cell control experiment 

Following the control experiment, macrophage cells were treated with 10 nmoles of 

the cyclopentyl ester 2.58e. At various timepoints, the supernatant, bathing the cells, 

was removed and the remaining cells washed and lysed. At each time point the 

quantities of ester and the acid (produced by intracellular hCE-1-mediated 

hydrolysis) in the cell lysate and supernatant were quantified by mass spectrometry 

(Figure 2.30).  
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Figure 2.30: Flow diagram of macrophage retention assay 

The data from this cell retention assay are shown within Graph 2.4a (lysate) and 

Graph 2.4b (supernatant). The quantity of acid within the supernatant was seen to 

increase over the 24 hour period, correlating with a decrease in ester. From the 

control experiment, the ester was shown to be stable in the supernatant, therefore 

the acid, produced intracellularly, is excreted from the cell. Therefore, hydrolysis of 

the ester, within the cells, was observed. The quantities of ester and acid in the 

lysate are shown in Graph 2.4a. As can be seen, the threonine ester remains at low 

concentrations throughout the time course, however, the acid is rapidly generated, 

peaking at 0.33 nMoles at 6 hours. At this time point, the cell contains approximately 

30 times more acid than ester, confirming that the acid has been successfully 

delivered to the target cell. This is likely to be the cause of the enhanced cellular 

potency observed within the whole blood assay. Between the 6 and 24 hour time 
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point, loss of the acid across the membrane overtakes hydrolysis, resulting in 

depletion of the acid within the cells. 

 

Graph 2.4: Cell retention assay results
245

 

Interrogating these data further, the quantities of ester and acid within these target 

cell types can be compared to the potency values of the respective molecules. 

Using the calculations shown in Appendix 1, it can be shown that the 0.33 nmoles of 

acid at the six hour time point (Graph 2.4a) correlates to a concentration of 2.6 mM 

within these macrophage cells. With an IC50 of 25 µM, for acid 2.59e, the 

concentration within the cell is 100-fold higher than the IC50 and, therefore, around 

10-fold higher than the IC90.  

Additionally, the ester was measured at 0.03 nmoles corresponding to a 

concentration of 0.24 mM, 10-fold lower than the acid. However, due to improved 

IC50 of 2.5 µM for ester 2.58e, the ester is also at concentrations 100-fold higher 

than the IC50 and approximately 10-fold higher than the IC90.  
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Both these comparisons are important when considering the pharmacology of these 

compounds. With both the ester and acid at concentrations 10-fold higher than their 

IC90 concentrations it ensures the compound is having the desired effect within 

these target cell types. These data also help to explain the enhanced potencies 

achieved within the human whole blood assay as very high levels of inhibition are 

being observed over a significant timecourse. 

Whilst these data were very encouraging, there are a number of shortcomings 

associated with compound 2.58e. Firstly, the ChromLogD7.4 of 2.58e lies outside the 

target product profile (TPP). Lipophilicity is a good overall predictor of a compoundôs 

physical properties, such as solubility and permeability.223 Within our laboratory, 

lipophilicity is measured chromatographically, using ChromLogD7.4. When 

lipophilicity is combined with the number of aromatic rings, the property forecast 

index (PFI) (Equation 2.3) is generated. A PFI of less than 6.0 is believed to lower 

the predicted chance of attrition as a compound moves through development.223 

Unfortunately, compound 2.58e has a higher than desired PFI, which would need to 

be modulated as part of this ongoing programme of work. 

ὖὊὍὅὬὶέάὒέὫὈȢ  ὔόάὦὩὶ έὪ ὥὶέάὥὸὭὧ ὶὭὲὫί 

Equation 2.3: Property Forecast Index (PFI) 

Secondly, the biochemical and subsequent whole blood potency is lower than 

desired. It is required that compounds are not excessively potent, biochemically, in 

order to limit potential systemic effects driven by the ester within cells lacking hCE-1. 

However, an increase in the biochemical potency could translate into a higher whole 

blood potency. Improved potency here may be beneficial in the long term as it may 

reduce the potential dose of an eventual candidate molecule. 

It is generally agreed, within the field of drug discovery, that high levels of selectivity 

for the target of interest is a very desirable profile,246 albeit that there is increasing 

belief that low activity at a number of related targets may have beneficial effects.247 

However, with the limited knowledge available about the effects of inhibiting many of 

the non-BET bromodomain containing proteins, this would represent a higher risk 

strategy. Hence, selectivity towards the BET family of bromodomain containing 

proteins is the most desirable profile. In this regard, 2.58e is equipotent at Brd9, a 

non-BET bromodomain, when compared to Brd4 BD1. In addition, the 
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corresponding acid, 2.59e, is 5-fold more potent at Brd9 compared to Brd4 BD1, a 

profile that will be optimised in future iterations. 

To understand the potential metabolic stability of compound 2.58e, the in vitro 

clearance (IVC) of 2.58e was tested within human liver microsomes (HLM). This 

assay gives information on the phase I metabolism of the compound.248 The assay 

when carried out in the absence of the carboxylesterase inhibitor, benzil, showed 

rapid clearance. However, the assay in the presence of benzil, removing the 

esterase component of metabolism, showed a more reasonable profile. Therefore, 

the ester in 2.58e may be too labile or it may be that the linearity of 2.58e as a 

molecule makes it a very efficient carboxylesterase substrate. As the 

carboxylesterase component of metabolism is high, only molecules with lower hCE-

1 specific activities will be progressed into the IVC assay, with 6.0, as measured for 

compound 2.58e, being too high (Table 2.14, Page 109). 

In summary, to move forwards from compound 2.58e, a range of properties were 

targeted for further optimisation, specifically, whole blood potency and lipophilicity. 

 

2.5 Investigating Acid Potency 

Having demonstrated the retention of the acid within primary human macrophages, 

it was hypothesised that the potency of the acid was an important contributor to the 

biological activity of this prodrug approach. However, to this point, the acid was 

significantly less potent than the parent ester, which would reduce the biological 

effect within the whole blood assay.  Work within our laboratory on an alternative 

chemical series, using a benzimidazole core, delivered acids of potency closer to 

that of the parent ester.237 An example of this is shown in Figure 2.31. Ester 2.69 

has a Brd4 BD1 potency of 6.1. Similarly, the corresponding acid, 2.71, has a 

potency of 5.8, equipotent when considering the error of the assay. This translates 

into an excellent whole blood potency aided by a moderate hCE-1 activity.  
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Figure 2.31: Equipotent ester and acid within the benzimidazole series
237

 

The crystal structures within Brd4 BD1 of 2.69 and a computational model of 

compound 2.58e within Brd4 BD1 were compared. With the pyridones occupying the 

acetyl lysine binding pocket, the overlay shows the greater extent to which the 

benzimidazole aromatic system protrudes through the ZA channel when compared 

to the phenyl ring of 2.58e (Figure 2.32). Consequently, the carboxylic acid is also 

further from the protein. However, as the polar acid 2.59e is closer to the lipophilic 

BET binding pocket, it was hypothesised that an adverse electrostatic interaction 

may exist, which results in a lower than desired acid potency.  

  

Figure 2.32: Overlay of phenyl (blue) (2.58e) and benzmidazole (green) (2.69) in Brd4 BD1,                                                    
showing extension through ZA channel 
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In an attempt to mitigate ths potential adverse interaction, it was hypothesised that 

extension of the linker between the phenyl ring and the ESM might improve the 

potency of the acid 2.59e. Indeed, information from the patent literature from 

Chroma Therapeutics,198 the originators of the ESM technology, suggests that the 

linker length is variable. A linker between the aryl ring and the ESM group of one to 

three atoms is suggested to be optimal. Therefore, analogues containing both a two 

and three atom linker were designed (Figure 2.33). As the ESM would extend further 

through the ZA channel, different amino acid esters could be used to again 

investigate the tolerability of the amino acid side chain towards the surface of the 

BET binding pocket.  

Additional methylene groups could be added to furnish compounds 2.85 and 2.86 

(Figure 2.33). The use of a three atom linker would also facilitate the incorporation of 

an aromatic ether, such as compound 2.87e. 

 

Figure 2.33: Proposed compounds investigating linker extension and ESM tolerability 

Prior to commencing this body of work, the properties of such molecules were 

profiled, with the addition of one or two methylene units predicted to increase 

lipophilicity. However, perhaps counter-intuitively, the substitution of carbon for 

oxygen between 2.86e and 2.87e was predicted to moderately increase lipophilicity. 

In the cChromLogD7.4 model, the insertion of the more polar atom is likely to have 



GSK Confidential Information ï Do not copy 

117 
 

been counteracted by the reduced basicity of the nitrogen, resulting from the 

placement of a heteroatom ɓ to the amine. The calculated pKa values of the 

protonated amine support this reasoning (Figure 2.34). 

 

Figure 2.34: Exemplar compounds with calculated lipophilicities 

To investigate synthetic routes to the singly homologated compound 2.85, a 

literature search was undertaken. This search suggested that an aldehyde 

homologation could be performed using a method reported by Corey and 

Chaykovsky.249 They reported the formation of epoxide 2.89 from aldehyde 2.88.250 

Subsequent treatment of the epoxide with Lewis acid formed the homologated 

aldehyde 2.90, which was trapped for characterisation as the hydrazone 2.92 

(Scheme 2.27). The successful epoxidation of benzaldehyde to form styrene oxide, 

in 75% yield, was also described. 
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Scheme 2.27: Formation of epoxide 2.89 and subsequent rearrangement 

An alternative strategy would be to use Wittig chemistry.251 An example of this is the 

reaction of aldehyde 2.94 with the ylide derived from 

(methoxymethyl)triphenylphosphonium chloride (2.93) to form the enol ether 2.95 

(Scheme 2.28). Treatment of the enol ether with formic acid yields the homologated 

aldehyde 2.96.252 The Corey-Chaykovsky method, however, was initially 

investigated to establish the stability of the homologated aldehyde. 

 

Scheme 2.28: Use of Wittig chemistry to form enol ether 2.96 

Returning to lead compound 2.58e, this was synthesised by reductive amination 

using the previously described key aldehyde intermediate 2.66. With respect to the 

current targets, homologation prior to reductive amination was expected to yield the 

desired compound 2.85e (Scheme 2.29). 
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Scheme 2.29: Strategy to synthesise homologated ESM compound 2.85e 

To establish whether the reaction would be viable with aldehyde 2.66, the 

epoxidation was attempted using the conditions detailed in the Corey-Chaykovsky 

paper (Scheme 2.30).249 Thus, the sulfonium ylide was prepared before aldehyde 

2.66 was added. It was found that maintaining the temperature at -10°C ensured the 

stability of the product epoxide within the reaction mixture, preventing over reaction 

to the oxetane. An aqueous workup furnished the desired epoxide 2.97 in good yield 

and reasonable purity. Lewis acid-mediated rearrangement of the epoxide formed 

aldehyde 2.98. Unfortunately, the homologated aldehyde was found to be 

challenging to isolate and handle. To ensure aldehyde 2.98 was being formed 

efficiently, dinitrophenylhydrazine 2.91 was used to trap the product as the 

hydrazone 2.99 without isolation of the intermediate aldehyde (Scheme 2.30). This 

was the procedure used within the seminal paper to isolate and characterise the 

aldehyde product.249 The desired hydrazone was observed by LCMS, although it 

proved unstable to normal phase silica chromatography. 
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Scheme 2.30: Test of the mechanism on substrate 2.66 

Although the hydrazone was not isolated in these pilot studies, its production in situ 

presented an opportunity. Addition of the amino acid ester to the pre-formed 

aldehyde may allow imine formation, thereby avoiding isolation of the seemingly 

unstable alkyl aldehyde. The resulting imine could then be reduced in the normal 

way, using sodium triacetoxyborohydride (Scheme 2.31).  

To this end, reaction conditions were developed to facilitate this one-pot procedure. 

Initially, the epoxide was treated with Lewis acid to form the aldehyde, as before. 

The amine, along with triethylamine, to aid imine formation, were added. Monitoring 

the imine formation by LCMS, STAB-H was added at the appropriate time to form 

the desired product. 

Returning to the synthetic targets, as the homologation would change the placement 

of the amino acid side chain within the BET binding pocket, different ESM analogues 

were targeted for synthesis. The five amino acid esters used in the optimisation of 

compound 2.58e, were also used here: leucine, valine, alanine, serine and 

threonine. The products 2.85a-e from these one-pot epoxide rearrangement and 

reductive aminations were isolated in moderate yields over the two steps (Scheme 

2.31).  
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Scheme 2.31: Synthesis of two carbon linker compounds 2.85a-e from epoxide 2.97 

These compounds were initially tested within the Brd4 BD1 biochemical assay and it 

was observed that all five derivatives were essentially equipotent (Table 2.16). The 

data illustrates that the BET pocket does not limit the size or polarity of the amino 

acid side chain of the homologated ester products. Interestingly, these homologated 

compounds 2.85a-e are equipotent to lead compound 2.58e. When compounds 

2.85a-e were tested within the human whole blood (hWB) assay, a range of 

potencies were observed. Pleasingly, the compound containing the threonine side 

chain had the highest cellular potency with a pIC50 of over 7, mirroring the effect 

seen with compound 2.58e. The lipophilicities of these compounds also varied 

dramatically, with the hydroxyl containing amino acids showing the lowest 

lipophilicity. The two hydroxyl containing examples were tested within the hCE-1 

specific activity assay. The serine derivative 2.85d had a much higher turnover than 
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the more hindered threonine containing compound 2.85e, however, the less rapidly 

hydrolysed 2.85e was marginally more potent in the whole blood. 

R 
   

  

 2.85a 2.85b 2.85c 2.85d 2.85e 

Yield (%) 18 11 21 29 30 

Reaction Time (h) 2 3 2 3 4 

Brd4 BD1 pIC50 5.6 5.8 5.7 5.8 5.8 

hWBDPU (MCP-1) pIC50 6.5 5.9 6.4 6.8 7.2 

ȹpIC50 0.9 0.1 0.7 1.0 1.4 

ChromLogD7.4 7.3 7.0 5.0 3.6 4.6 

hCE-1 SA (µM/min/µM) - - - 61 20 

Table 2.16: Yields and potencies for compounds 2.85a-e 

With the esters in hand, the corresponding acids 2.101a-e were also generated in 

order to confirm whether homologation of the ESM would increase the acidôs 

potency. The products from the hydrolysis were isolated in good yield as 

hydrochloride salts, ensuring good solubility in DMSO. Pleasingly, the acids were 

consistently more potent than the original lead acid 2.59e, by around 0.5 log units 

(Table 2.17).  

R 
  

 
  

 2.101a 2.101b 2.101c 2.101d 2.101e 

Yield 40 69 79 66 55 

Reaction Time (h) 16 42 16 40 40 

Brd4 BD1 pIC50 5.1 5.0 4.9 5.1 5.0 

Table 2.17: yields and potencies of acids 2.107a-e 

To understand the increase in cellular potency, compounds 2.58e and 2.85e were 

compared side-by-side (Figure 2.35). As previously highlighted, the two esters are 

equipotent, therefore, other properties must be contributing to the observed increase 

in whole blood potency from 6.5 (2.58e) to 7.2 (2.85e). Previous experiments with 

compound 2.58e have demonstrated increased local delivery of the acid within 

macrophages. Extending this observation to compound 2.85e, a more potent acid 

would have a more pronounced inhibitory effect on BET function. Additionally, when 
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the homologated compound 2.85e was tested within the recombinant hCE-1 assay, 

it was found to be more rapidly hydrolysed than compound 2.58e. This could also 

have an effect on the whole blood potency as faster hydrolysis may lead to higher 

quantities of intracellular acid, leading to higher levels of BET inhibition. With this in 

mind, this was the first evidence, within this ESM strategy, supporting the combined 

importance of the acid potency and ester hydrolysis rate, in producing a cellular 

response. 

 

Figure 2.35: Comparison of 2.58e with its one carbon homologue 2.85e 

The gain in potency of the acid in the biochemical assay, translating into an 

improved human whole blood potency, was a pleasing result as it supported the 

initial hypothesis. To investigate whether the number and nature of the atoms within 

the linker was optimal, two additional compounds, as previously mentioned, were 

designed: 2.86e, utilising a propyl linker, and 2.87e the oxyethyl analogue (Figure 

2.36). 
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Figure 2.36: Proposed three atom linkers 

Retrosynthetically (Scheme 2.32), it was envisaged that compound 2.86e could be 

made from the corresponding alkene. The double bond could be disconnected to the 

aldehyde intermediate 2.103 and synthesised using Wittig chemistry in the forward 

direction. 
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Scheme 2.32: Retrosynthetic analysis of compound 2.86e 

From intermediate aldehyde 2.66, it was found that a two carbon unit could, indeed, 

be inserted through addition of the commercially available 

(triphenylphosphoranylidene)acetaldehyde (2.104) via a Wittig reaction.253 This 

reaction, while furnishing the desired homologated product 2.103, was challenging 

to control, with the desired product also being a substrate for the Wittig reagent 

(Scheme 2.33). Consequently, the product was contaminated with both starting 

material 2.66 and the double-addition by-product 2.105 (Scheme 2.33). The large 

coupling constant of 15.9 Hz, observed between the two alkenyl protons in the 1H 

NMR spectrum confirmed the trans geometry of the product. 
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Scheme 2.33: Wittig two carbon homologation 

The starting material 2.66, product 2.103 and by-product 2.105 were found to have 

very similar chromatographic properties and, hence, column chromatography was 

unable to efficiently separate the mixture. Therefore, the material was used crude in 

the subsequent reductive amination reaction in the expectation that the ESM 

functionalised compound would be more soluble and separable. Maintaining the 

double bond within the molecule until after the reductive amination was expected to 

maintain the aldehydeôs stability, through conjugation. Pleasingly, the ESM 

functionalised product 2.102 was subsequently isolated in reasonable yield (Scheme 

2.34). In light of previous results with the one and two carbon linkers, it was decided 

at this point to focus on the threonine ESM as this motif provided the best balance 

between whole blood potency and physicochemical properties. 
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Scheme 2.34: Reductive amination with unsaturated aldehyde 2.103 

The product of this reductive amination was also tested within our in vitro assays to 

ascertain whether the unsaturated linker could be of use. While the biochemical 

potency was promising, the human whole blood assay showed only a modest 

increase, perhaps indicating the linker was not well tolerated by hCE-1. 

Hydrogenation of the alkene intermediate yielded the desired product 2.86e in good 

yield (Scheme 2.35). 

 

Scheme 2.35: Alkene hydrogenation and ester hydrolysis 
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The reduced product 2.86e was tested in the initial set of screening assays (Scheme 

2.35). Firstly, this compound was too lipophilic, with a ChromLogD7.4 in excess of 5. 

Also, 2.86e had a lower than desired biochemical potency of 5.5, which might be 

explained by the flexibility of the three carbon linker which may introduce a number 

of compound conformations which are unfavourable for binding, thus reducing the 

potency. Having stated this, the human whole blood potency is very good. Again, 

this is potentially a combination of the biochemical potency of the acid, generated 

within the target cells, and the very rapid hydrolysis by hCE-1 of 63 µg/min/µg 

protein.  

To reduce the lipophilicity of propyl-linked compound 2.86e, the aromatic ether 

compound 2.87e was proposed. Additionally, the ether linker was hypothesised to 

add a small amount of constraint to the linker, fixing a planar orientation with respect 

to the phenyl ring. To initiate this piece of work, a retrosynthetic analysis was 

undertaken (Scheme 2.36).  

 

Scheme 2.36: Retrosynthesis of ether-linked ESM compound 2.87e 
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The target material could be disconnected to aldehyde 2.107, itself formed from 

acetal 2.108. The key disconnection of the aryl ether 2.108 back to phenol 2.1 was 

proposed. Phenol 2.1 could be disconnected to bromopyridone 2.23 and boronic 

acid 2.109. 

To begin the synthesis of 2.107, a Suzuki cross coupling was carried out between 

bromopyridone 2.23 and commercially available phenol boronic acid 2.109 (Scheme 

2.37). The desired product had poor solubility in dichloromethane, which was used 

to purify the product by trituration, isolating compound 2.1 in good yield. 

 

Scheme 2.37: Suzuki with 4-phenolboronic acid (2.109) 

It was found in the literature that the additional two carbon unit could be installed 

through alkylation of the phenol using bromoacetal 2.110.254 The initial attempt to 

synthesise intermediate 2.108 was carried out at reflux in acetone and was found to 

progress sluggishly. Dimethylformamide was used in a more successful reaction on 

the second attempt; the reaction continued to be slow, although did it progress to 

completion (Scheme 2.38).  
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Scheme 2.38: Insertion of two carbon acetal unit 

The conversion of the acetal to aldehyde 2.107 was achieved using catalytic tosic 

acid (Scheme 2.39).254 LCMS analysis showed the disappearance of the acetal and 

appearance of the aldehyde and the corresponding hydrate. As the amino esters 

were used as their tosic acid salts, the reaction was concentrated to dryness before 

the addition of the required reagents to achieve imine formation and subsequent 

reduction (Scheme 2.39). This furnished the final product 2.87e in 30% yield, over 

two steps. The potency of 6.2 at Brd4 BD1 was pleasing, transitioning into 6.8 within 

the whole blood assay. As observed with the carbon-linked three atom linker, the 

hCE-1 hydrolysis rate was rapid, with a value of 58. To discover whether the acid 

potency was improved, the next step was to hydrolyse the ester. 
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Scheme 2.39: Conversion of acetal to aldehyde 2.107 and subsequent reductive amination 

While two attempts were made to hydrolyse 2.87e, using lithium hydroxide, the 

product was challenging to isolate in good purity. Recently, an esterase screen was 

undertaken within our laboratory, finding pig liver esterase (PLE) to hydrolyse these 

ester motifs in good yield and purity (Scheme 2.40).255 Hence, PLE was utilised to 

successfully make and isolate 2.111 in good yield and purity. Profiling within the 

Brd4 BD1 biochemical assay, this acid had a good level of potency of 5.5. However, 

no improvement was observed to narrow the potency difference between the ester 

and acid. 
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Scheme 2.40: Lithium hydroxide and PLE-mediated hydrolysis of 2.87e 

As opposed to the values predicted by the in silico model of ChromLogD7.4, the 

measured lipophilicity of the oxy-ethyl linked compound 2.87e was lower than that of 

2.86e, the propyl-linked compound (Figure 2.37), as expected.  

 

Figure 2.37: Comparison of three atom linkers with the two atom linker 2.85e 
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The Brd4 BD1 potency of the O-linked 2.87e is higher than that of 2.86e. This is 

probably due to the positioning of the sp2 hybridised oxygen within the ZA channel. 

However, the initial fragment optimisation discounted the possibility of an edge-to-

face interaction with the flanking tryptophan, comparing methyl (2.18) or methoxy 

group (2.15) with the fragment start point 2.2 (Figure 2.38). Instead, it was thought 

that the flatter ether is more favourable within the tight ZA channel. Additionally, the 

oxygen would add additional conformational constraint by limiting the rotation 

around the aryl-oxygen bond. 

 

Figure 2.38: Baseline methyl and methoxy compounds 

Overall, additional atoms within the linker to the ESM had the desired effect of 

reducing the apparent adverse interaction of the conjugate acid with the BET protein 

(Figure 2.37). Importantly, these compounds demonstrate the importance of the 

acidôs potency to the desired human whole blood potency. Further, these initial 

results show that one additional atom is sufficient to remove part of the adverse 

interaction. However, further homologation has little impact on minimising the 

difference in potency between the ester and acid. Furthermore, throughout this 

study, the acid remains less potent than the ester. This could be associated with the 

more polar nature of the acid, compared with the ester, lacking some of the lipophilic 

interactions towards the surface of the BET protein. 
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Figure 2.39: Comparison of one, two and three atom-linked compounds 

As illustrated in Figure 2.39, increasing the linker length from one carbon to two or 

three carbons increases the potency of the acid while making the ester more readily 

hydrolysed by hCE-1. Meanwhile, the ester biochemical potency remains constant 

(Figure 2.39). The data show that it is the combination of the hCE-1 specific activity 

and the acid potency that are apparently key to the levels of whole blood potency.  

With good biochemical potency and increased potency in the cellular assay, the two 

carbon-linked compound 2.85e was chosen as the most efficient compound from 

this set. The lipophilicity of this compound, however, remained too high. Therefore, 

an alternative strategy to reduce the ChromLogD7.4 in this series was sought.  
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2.6 Alternative Methods to Reduce Lipophilicity 

Modification of the ester component of the ESM has been successfully achieved 

within the previously mentioned benzimidazole series, where a tetrahydrofuranyl 

ester 2.112 has been incorporated in the place of the cyclopentyl ester 2.69 (Figure 

2.40).256 A 1.7 unit decrease in lipophilicity was observed on incorporating the 

additional oxygen atom. Importantly, neither the biochemical nor the whole blood 

potencies are significantly affected by the change. 

 

Figure 2.40: Substitution of cyclopentyl ester for tetrahydrofuranyl wthin the benzimidazole 
series 

Separation of the THF isomers of 2.112 showed little difference between these 

stereoisomers, therefore, the more widely available S-enantiomer was utilised. 

Taking inspiration from this work, compound 2.85e, could be modified to include the 

tetrahydrofuranyl ester. The calculated ChromLogD7.4 for compound 2.113 is 

predicted to be more than 1 log unit lower than compound 2.85e (Figure 2.41). 
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Figure 2.41: Calculated lipophilicities of cyclopentyl and tetrahydrofuanyl esters 

To synthesise compound 2.113, the tetrahyrdofuranyl threonine ester was required. 

The synthesis of the tetrahydrofuranyl leucine amino acid ester required for the 

synthesis of compound 2.112, involved a Dean-Stark esterification. Unfortunately, it 

has been observed within our laboratory that the condensation of polar amino acids 

with polar alcohols, using this method, is less robust.257 An alternative was, 

therefore, required. Also within our laboratory, an initial attempt was made to 

synthesise this ester using doubly protected threonine 2.114 (Scheme 2.41).240 The 

initial esterification was successful, but the deprotection with TFA gave a product of 

insufficient purity for larger quantities. 

 

Scheme 2.41: Attempted synthesis of threonine THF ester 2.117 from t-butyl analogue 2.114 

Accordingly, a more reliable method was required. The first step was to investigate 

the hydroxyl protecting group, as it was hypothesised that the threonine side chain 

would compete with the tetrahydrofuryl alcohol in the esterification step. A literature 

search identified a mild procedure to protect the hydroxyl with a TBDMS group.258 
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This protection proceeded in good yield as shown in Scheme 2.42, and importantly, 

the subsequent removal would be facile under TBAF conditions. 

 

Scheme 2.42: Silyl protection of Boc protected threonine 

To test the benefits of the protecting group, two side-by-side reactions were carried 

out on a small scale. The first used the silyl protected product 2.120 from the 

previous reaction while the second used the Boc-threonine containing the free 

hydroxyl 2.118 (Scheme 2.43).  

 

Scheme 2.43: Side-by-side comparison the esterification of 2.120 and 2.118 

It was found that while the silyl protected ester 2.121 was formed in 60% isolated 

yield, the unprotected threonine side chain was not seen to interfere drastically, 

delivering a 39% isolated yield of 2.122. Taking into account the protection and 

deprotection of the silyl group, it was decided to be unnecessary. A larger batch of 






















































































































































































































































































































































































































































































































































