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Abstract 

Lysine acetylation of histone tails is a post-translational modification recognised by 

epigenetic “reader” domains, otherwise known as bromodomains. These proteins aid 

in regulating cellular processes and have been implicated in multiple diseases, 

particularly in cancer. A pair of bromodomain-containing proteins of particular interest 

are the paralogues CBP and p300. These large multi-domain proteins play a key role 

in gene expression through their recruitment of transcription factors onto DNA, both of 

these paralogues contain bromodomains. Recently they have emerged as a promising 

oncology target with efforts conducted to produce inhibitors of the bromodomain, thus 

preventing oncogene expression and cancer cell proliferation. The challenge of 

developing bromodomain inhibitors is that target selectivity often proves difficult. In 

order to overcome this selectivity problem, building upon previous work within the 

Conway group macrocyclic ligands were synthesised to gain selectivity, unfortunately 

these original macrolactams demonstrated significantly weaker affinity for the 

CREBBP bromodomain (CBPBRD). The work presented herein attempts to overcome 

this decrease in affinity through SAR investigation, identifying compound 19 as a 

high-affinity and highly selective macrocyclic ligand for the CBPBRD. 

 

Abstract Figure: Original macrolactam ligand 10 and the hit ligand 19 identified through SAR 
investigation.  
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1.1 Epigenetics 

The term epigenetics (or “above genetics”) refers to changes in phenotype without 

underlying alterations to the genotype; this definition covers the modification of 

proteins, DNA, and RNA.1–4 These changes can alter the accessibility of the DNA, 

dictating gene expression. As a result, epigenetic modifications play a key role in 

controlling protein levels and cellular processes, influencing fundamental cell 

function.5 Thus, epigenetics is an exciting area of research as it allows for a greater 

understanding of biological functions, as well as providing a potential route for the 

treatment of diseases such as cancer.5 

1.1.1 Chromatin structure and post-translational modifications 

Histone proteins, around which DNA is supercoiled, frequently undergo 

post-translational modifications.5 The wrapping of DNA around histones, makes up 

nucleosomes which is a single histone unit which consists of an octamer made up of 

two copies of each histone protein: H2A, H2B, H3, and H4.6 The nucleosome units are 

joined by DNA and compressed into higher order chromatin fibres which make up 

chromosomes.7 The epigenetic modifications can occur on DNA such as methylation 

and hydroxylation but this is not the focus of this thesis.8 Post-translational 

modification of histones allows the formation of an open chromatin conformation or 

compact conformation.9 The chromatin conformation and thus the accessibility of the 

DNA is dictated by the post-translational modifications on the histone proteins, which 

often occur on lysine residues on the histone tails (see Figure 1). For example, the 

acetylation of the lysine tails on histones weakens the interaction between DNA and 

chromatin, due to the loss of a strong charged interaction between the negative 

phosphate backbone of DNA and the positive protonated lysine residue. This results 

in a more open conformation and thus allows for increased expression of genes.10 The 



3 
 

methylation of lysine residues on histones prompts the opposite effect of acetylation 

(see Figure 1). The post-translational methylation of the lysine amino acids causes an 

increase in the compact conformation of chromatin, decreasing DNA accessibility, and 

lowering gene expression. The levels of these epigenetic marks fluctuate, with the 

addition and removal of such marks occurring in an enzyme-dependant manner.10,11 

Another post-translational modification to histones is phosphorylation of threonine, 

tyrosine, and serine (Figure 1).12 This modification plays a role in recruiting different 

effectors onto DNA and controlling key processes such as DNA damage repair, cell 

division and transcriptional regulation.13 Other post-translational modifications which 

occur on histones include succinylation, malonylation, sumoylation, and ubiquitination 

all altering chromatin and gene expression (Figure 1). 14–17 

 

Figure 1: Epigenetic modifications to DNA and histone proteins, including methylation (brown), 

hydroxylation (pink), acetylation (purple), phosphorylation (green), malonylation (dark blue), 

succinylation (dark yellow), sumoylation (orange), and ubiquitination (light blue), displaying 

chromosome make up from chromatin fibres made up of histones around which DNA is coiled, figure 

created with biorender.com. 
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1.1.2 Reader, writer, and erasers of acetylated lysines 

Lysine acetylation on  histones is controlled by three types of proteins: reader 

(bromodomain), writer (histone acetyltransferases or HATs), and eraser (histone 

deacetylases or HDACs and sirtuins) domains (see Figure 2).18 HAT domains act to 

acetylate lysines, using acetyl-CoA, increasing gene expression (see Figure 2A).19 

The HDAC domains remove acetylated lysine marks, regenerating the native lysine 

residues, supressing gene expression (see Figure 2B).20 The bromodomains (or 

BRDs) act to read the acetylated lysines (or the epigenetic code) and regulate gene 

expression by either chromatin remodelling or transcription machinery recruitment 

(see Figure 2C).21 The work presented in this thesis focuses on BRD containing 

proteins.  

 

Figure 2: Epigenetic acetyl associated proteins of  chromatin, A). Function of HAT domains, adding 

acetyl groups onto lysines of histones to form KAc moieties; B). Function of HDAC domains removing 

acetyl marks on lysines of histones removing Ac from KAc; C). Function of bromodomains to interact 

with acetyl lysines and thus induce and cause gene expression in a spatiotemporal manner, figure 

created with biorender.com.  
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1.2 Bromodomains 

BRDs have emerged as a key domain in transcriptional regulation, due to their ability 

to recruit transcription factors and activators to chromatin, through protein-protein 

interactions.21–24 This acts to direct and control the expression of particular genes in a 

dynamic manner, through the recognition of acetylated lysines (KAc) marks. With this 

in mind, bromodomain-containing proteins have been implicated across an array of 

diseases including cancer, multiple sclerosis, and inflammation-related diseases such 

as colitis.21,25 Within the human proteome there are 61 unique bromodomains 

contained within 46 proteins, which illustrates how a single protein can contain multiple 

reader domains.26 These bromodomains are divided into 8 families based on their 

respective sequences and structures.26  

1.2.1 Bromodomain structure 

BRDs have a conserved structure, made up of four alpha helices, bridged by ZA and 

BC loops which form the KAc binding pocket (see Figure 3A).24,26 The KAc is often 

(but not exclusively) bound to an asparagine or tyrosine residue through direct and or 

water-mediated hydrogen bonding respectively (see Figure 3B).24,26 Usually 

bromodomain KAc binding sites contain 4 or 5 water molecules at the base of the 

pocket, which are conserved upon KAc binding and thus are considered structured 

waters (as shown in Figure 3B).24,26 In many canonical BRDs, the acetylated nitrogen 

forms a water-mediated hydrogen bond with a further residue (such as the proline in 

Figure 3B).24 The most highly studied bromodomains are those within the BET family 

consisting of: BRD2, BRD3, BRD4, BRDT (the structure of BRD4 is displayed in Figure 

3A), because of their disease relevance.24,26 Due to their well-understood binding sites 

most BRDs present a readily targetable domain. 
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Figure 3: Co-crystal structure of KAc bound to BRD4(1) (PDB: 3UVX) at 1.9 Å resolution; A). image of 

the whole bromodomain bound to KAc showing the four α-helices and the ZA and BC loops; B). a 

focused image of the KAc binding pocket, showing the key hydrogen bonding interactions (yellow 

dashed lines), residues (green) with labels and water molecules as spheres (red), with the KAc chain 

shown (grey).24,26 

1.2.2 Bromodomains as an emerging therapeutic target 

As BRDs play a key role in DNA transcription and disease related to altered gene 

expression, efforts have been made to find ligands to displace the KAc from the 

binding site and prevent bromodomain binding to chromatin.21,25,26 Due to similarities 

in the KAc-binding sites present within BRDs, there have been a number of successes 

in the development of high-potency bromodomain ligands.23,27–31 These successes 

spread beyond just small molecule non-selective inhibitors (such as JQ-1 in Figure 4) 

and includes covalent ligands (such as ZEN-3411 in Figure 4), protein degraders (such 

as proteolysis targeting chimeras (PROTACs) MZ1 and dBET1 in Figure 4), bi-valent 

ligands which inhibit adjacent bromodomains (such as AZD-5153 in Figure 4) and 

other bivalent compounds (such as molecular glue ML 1-50, bivalent molecular glue 

IBG1, and triple inhibitor SRX3177 in Figure 4).23,29,32–36 Thus, the number of 

compounds targeting bromodomains has grown extensively since the discovery of the 
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original BRD ligand of JQ-1 in 2010, far beyond monovalent small molecule inhibitors, 

with molecular weight less than 500 Da.23 

Figure 4: A selection of chemical moieties targeting BET family bromodomains including JQ-1 (the 

original high-affinity BET bromodomain ligand), dBET-1 and MZ-1 (the PROTACS using this ligand), ML 

1-50 (a molecular glue based on this ligand), IBG-1 (a bivalent molecular glue targeting the 1st and 2nd 

BRDs in BRD4 and BRD2), AZD5153 (a bivalent inhibitor of the 1st and 2nd BRDs of BRD4), SR3177 (a 

simultaneous inhibitor of BET BRDs, PI3K and CDK), and ZEN-3411 (a covalent inhibitor BET inhibitor). 
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With the plethora of bromodomain ligands developed across the families of 

bromodomain-containing proteins, several have reached clinical trials.31 The majority 

of compounds in clinical trials target the BET BRDs (such as AZD5153), due to their 

well-understood biological function, strong phenotype upon inhibition and disease 

relevance particularly in the field of oncology.31,37,38 However, as BET bromodomains 

are important for continued cell function, inhibition of these proteins frequently causes 

serious off-target cytotoxicity, which is one of the main reasons behind the lack of BRD 

inhibitors currently approved as drugs.38 It is, therefore, key when developing BRD 

inhibitors of other protein families outside of the BET family, that the lead compound 

demonstrates high selectivity over the BET BRDs.  

1.3 CBP 

1.3.1 CBP/p300 Structure 

There are a number of BRD-containing proteins outside of the BET family, which could 

provide therapeutic value. One such set of proteins is CBP (c-AMP response element 

binding protein binding protein sometimes referred to as KAT3A or CREBBP) and p300 

(E1A binding protein sometimes referred to as EP300), which are the targets of the 

only BRD inhibitor outside of the BET family that is in clinical trials.22,39–42 CBP/p300 

are paralogues which both play a key role in gene transcription, through both a BRD 

and HAT domain, recruiting these proteins onto chromatin. The other domains of the 

paralogues recruit transcription activators and thus CBP/p300 behave as 

transcriptional co-activators (see Figure 5).39,43,44 CBP and p300 are involved in the 

expression of important oncogenes (such as c-MYC, MYB and BCL-2) along with 

tumour suppressors (such as p53), highlighting their importance as oncology 

targets.39,41,42,45,46 Within the ten domains of CBP and p300, the overall sequence is 
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58-61% similar, with the highest sequence homology occurring within the catalytic 

core, containing the BRD, PHD (plant homeodomain), RING (really interesting new 

gene), KAT (acetyltransferase), ZZ (ZZ-type zinc finger), and TAZ2 (transcription 

Adaptor putative Zinc finger 2) domains, which are 86% similar across the two proteins 

making it challenging to achieve paralogue selectivity (see Figure 5).39,41,43–45  

Figure 5: Protein structure of CBP and p300, showing the ten total domains as well as the sequence 

homology across the full length and within the catalytic core, figure created with biorender.com.44  

CBP/p300 are involved in over 400 protein-protein interactions, mediating important 

responses to cellular stress.39,41–45 This reinforces the essential function of CBP/p300, 

and making it an attractive target for possible therapeutics.41,42  

1.3.2 CBP/p300 BRD Inhibitors as potential therapeutics 

Efforts are ongoing to target the individual domains within CBP/p300, including the 

KAT, BRD, KIX, and TAZ1 domains.47–51 Of particular interest are the BRD inhibitors 

developed, improving upon the affinity and selectivity of the original inhibitors 

published in 2014 (Figure 6A). Both ligand 1 and SGC-CBP30 provided limited 

selectivity for CBP/p300 BRDs over the BET family proteins such as BRD4(1) (see 

Figure 6A).40,52 Since then, many high-affinity ligands have been developed such as 

CPI-637, GNE-781, and GNE-207, including the clinical candidate Inobrodib 

(CCS1477); these ligands offer vast improvements in affinity and selectivity for the 

CBPBRD/p300BRD (see Figure 6B).28,30,42,53,54 Inobrodib demonstrated effective 

decreases in cancer growth/progression and was fast-tracked by the FDA for the 
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treatment of relapsed or refractory multiple myeloma (MM) patients, it is still 

undergoing clinical trials in MM, AML (acute myeloid leukaemia), non-Hodgkin 

lymphoma and prostate cancer.22,30,42,48,50 The ligands displayed (in Figure 6), highlight 

the diverse chemotypes which the CBP/p300 BRDs bind and the KAc mimicking 

groups (highlighted in blue in Figure 6). In addition, novel efforts have been directed 

to target the full-length CBP/p300, through highly potent PROTACs, as novel 

therapeutics for cancer.55–57  

 

Figure 6: Chemical structures of CBP/p300 BRD ligands, with the respective Kd or IC50 below each 

compound along with the CBPBRD fold selectivity over BRD4(1); A). The original CBP ligands published; 

B). More recent ligands published, including the clinical candidate Inobrodib.  
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The current clinical candidate Inobrodib, possesses very high affinity with a Kd of 

1.3 nM for the CBPBRD and Kd of 1.7 nM for p300BRD.30,42 This ligand is also a bona 

fide orally bioavailable inhibitor of tumour growth in multiple tumour models and human 

patients (with or without combination therapy).30,42 As highlighted from the binding data 

shown and in further studies, Inobrodib does not demonstrate the most favourable 

selectivity profile (170-fold selective for the CBPBRD over BRD4(1)). Inobrodib showed 

affinity for all of the first BRDs of the BET family (BRD2(1), BRD3(1), BRD4(1), and 

BRDT at 1 μM).30 This provides a challenge as BET inhibition could provide synergy 

in the antiproliferative effects but also makes it difficult to delineate if the therapeutic 

effects are entirely driven by CBP/p300 BRD inhibition. But this challenge exists due 

to the similarities within the BRDs KAc binding sites, presenting a problem to 

overcome in terms of the development of a ligand which is selective for one BRD.  This 

also offers an opportunity for more selective inhibitors to be synthesised overcoming 

this shortfall with respect to the selectivity of Inobrodib.  

1.3.3 CBPBRD and p300BRD structures 

As previously discussed, (see section 1.2.1) the CBP and p300 BRDs are made up of 

four α-helices joined by ZA and BC loops. The KAc binding site contains 4 or 5 

conserved water molecules, with the asparagine and tyrosine forming hydrogen 

bonding interactions (direct and water-mediated respectively), present along with a 

water-mediated hydrogen bond to a proline (Figure 7). This similarity in structure 

means that often KAc mimicking groups are recognised by the majority of BRDs, 

presenting a selectivity challenge during ligand design and implementation.22,31,38  
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Figure 7: Co-crystal structure of KAc containing peptide bound to the CBPBRD (PDB: 3P1C), a focused 

image of the KAc binding pocket, showing the key hydrogen bonding interactions (yellow dashed lines), 

residues (green) with labels and water molecules as spheres (red), with the KAc chain shown (grey).24 

However, CBP/p300 share different amino acids near the KAc binding sites, compared 

to the BET BRDs, allowing selectivity to be built through the targeting of these 

residues, a strategy used to great effect by the ligands GNE-781 and GNE-207 to gain 

selectivity over BET BRDs. The difference in the binding sites is that the Trp-81 of 

BRD4(1) is replaced with Leu-1109 in the CBP/p300 BRDs, Leu-94 is replaced with 

Ile-1122, Asp-145 is replaced with Arg-1173, Ile-104 is replaced with Val-1174, and 

Met-149 is replaced with Phe-1177 (see Figure 8). The most important amino acid 

residue differences are the change of Trp-81 to Leu-1109; this opens up the leucine 

proline phenylalanine (LPF) shelf of the CBP/p300 BRDs and Asp-145 to Arg-1173, 

which is a key difference targeted by the work in this thesis (see Figure 8). These 

altered residues within the CBP/p300 BRDs provides a useful handle with which 

ligands can be designed to afford selectivity over the BET bromodomains.  
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Figure 8: Co-crystal structures of KAc containing peptides (grey) in the binding sights viewed from 

above of BRD4(1) (top) (PDB: 3UVX) at 1.9 Å resolution and CBPBRD (bottom) (PDB: 3P1C) at 1.8 Å 

resolution, with the residue changes highlighted by their respective three letter amino acid codes and 

corresponding sequence number, showing hydrogen bonding interactions (yellow dashed lines), 

residues (green) with amide backbone removed and water molecules as spheres (red).24  
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1.2 Macrocycles in drug discovery and their benefits 

Macrocycles are defined as cyclic molecules containing 12 or more atoms in a ring, 

which span a broad class of compounds from supramolecular chemistry to medicinal 

chemistry.58–60 Historically, most macrocyclic drugs have been natural products (Figure 

9A): whereas modern drug discovery efforts aim for the rational design of macrocyclic 

ligands with improved properties such as increased selectivity or solvent front mutant 

protein inhibition in the case of kinase inhibitors (Figure 9B).61–68 The small molecule 

synthetic macrocycles often exhibit improved affinity and selectivity and these 

properties are achieved through conformationally constraining the compound into the 

bioactive conformation, preventing off-target binding modes whilst also decreasing the 

entropy of binding to the on-target protein.58,59,69–71 

 

Figure 9: Chemical structures of small molecule macrocyclic drugs and inhibitors; A). natural product 

macrocycle drugs; B). macrocyclic inhibitors as well as drugs derived through chemical design  
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Macrocyclic ligands offer an opportunity to inhibit previously undruggable targets, due 

to the large surface area provided, such as RAS proteins and HIF1 and 2, utilising 

peptide-based macrocycles for these difficult to target proteins and as protein-protein 

interaction (PPI) inhibitors (Figure 10).72–74 The work conducted allows these novel 

macrocyclic peptides to overcome previous issues with peptides as therapeutics, such 

as low oral bioavailability, allowing these drugs to progress into clinical trials (such as 

LUNA-18 in Figure 10).72,73  

 

Figure 10: Novel macrocyclic peptides targeting previously undruggable proteins, including the orally 

bioavailable macrocyclic KRAS inhibitor LUNA-18.  

However, utilising a macrocyclisation strategy is not always advantageous, as ligands 

can prefer extended rather than constrained conformations when protein bound, with 
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flexible side chains also proving potential sources of selectivity through extra on-target 

interactions. The work presented in this thesis focuses on the development of small 

molecule, non-peptide macrocyclic ligands. 

1.4.2. Modulation of Physiochemical properties through macrocyclisation 

Lipinski’s rule of 5 for good oral bioavailability of small molecules states that a ligand 

needs to have no more than 5 hydrogen bond donors, 10 hydrogen bond acceptors, 

500 Da molecular weight, and a LogP of 5 or less.75 However, most macrocyclic drugs 

are considered beyond rule of five (bRo5, such as Erythromycin and Luna-18 in Figure 

9A and 10), due to their molecular mass exceeding 500 Da, with a high number of 

hydrogen-bond acceptors and donors, breaking Lipinski’s rule of 5 and thus are 

considered bRo5 drugs.67,72,76,77 In recent years, compounds that are bRo5 have 

become steadily more common, particularly with the growth of novel bio-active and 

orally bioavailable modalities such as increased size small molecules for difficult to 

target proteins (such as PPI inhibitors), bivalent ligands (such as PROTACs), and 

macrocyclic peptides.55,72,78–80 This is exemplified by the growing number of bRo5 

compounds approved by the FDA, from 2014-2017, 12 novel chemical entities were 

approved across 4 different therapeutic areas, with more approved each year.79 Due 

to unique properties of macrocycles, which exhibit chemical chameleonicity, meaning 

that in order to overcome breaking the rule of 5, these compounds change their 

conformations based upon the surrounding environment.59,76,77  

As a result of chemical chameleonicity, it is often insufficient to use 2D descriptors 

such as total polar surface area and the number of hydrogen bond donors and 

acceptors. This is because in an aqueous environment, the hydrogen bond 

donors/acceptors would hydrogen bond to the surrounding water, adopting an open 

conformation.76,77 However, in a hydrophobic environment such as the lipophilic cell 
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membrane, these hydrogen bonding polar groups can be shielded by the macrocycle 

adopting a conformation that allows for intramolecular hydrogen bond formation 

shielding these moieties from the hydrophobic lipid membrane (see Figure 11).76,77 

The chemical chameleonicity of compounds can now be better described by their 

solution state conformations using NMR spectroscopy in D2O (mimicking an aqueous 

environment) and CDCl3 (to mimic a hydrophobic environment) and thus gaining a 

solution state structure of a ligand. This is used to calculate the 3D total polar surface 

area of a conformation, giving a superior descriptor of these compounds behave in 

solution.76,77  

 

Figure 11: Chemical structure of the macrocycle Roxithromycin (an erythromycin-based antibiotic) with 

the atoms which form intramolecular hydrogen bonds highlighted in the corresponding shade of blue 

between donor/acceptor pairs, whilst also describing the behaviour of the ligand in hydrophilic/phobic 

environments, with its chemical chameleonic behaviour highlighted by high aqueous solubility and 

membrane permeability 77 

These examples show that although many macrocycles are bRo5, they can still 

achieve oral bioavailability, hence although it is useful to consider physiochemical 

properties, a more direct measure can be required to describe macrocycle PhysChem, 

such as the ligands synthesised in this thesis.    
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1.4.3 Previous Macrocyclic bromodomain Inhibitors 

Within the literature exists three examples of macrocyclic compounds targeting 

BRDs.71,81 Two examples utilise macrocyclic peptides to target the CBPBRD, whilst the 

other conformationally constraints linear compound 4 to afford macrocyclic 5 with 

improved affinity for BRD4(1) (Figure 12).71,81,82 The macrocyclic BRD4(1) inhibitor 5 

demonstrates how macrocyclisation improves upon the affinity (6.4-fold decrease 

in Ki) leading to a more pronounced phenotypic effect on cancer proliferation. 

 

Figure 12: Prior state of the art in macrocyclic BRD inhibitors, with the macrocyclisation bonds 

highlighted in bold (cyan), top shows the original macrocyclic peptide targeting the CBPBRD and lead 

small molecule macrocyclic ligand which targets BRD4(1).  

To date, within the literature, no high affinity, selective small molecule macrocycles 

have been described which inhibit any BRDs outside the BET family, although for 

BRD4(1) this has proved an effective strategy. However, the most recent example of 

macrocyclic peptides that targets the CBPBRD are the first high affinity macrocyclic 

inhibitors of this BRD using a stapled peptide strategy (sub μM IC50 by TR-FRET).82 
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1.5 Biological techniques for Evaluation of Ligands 

This section of the introduction aims to provide the background of the biological 

techniques used during this thesis to measure compound binding. Assays for 

measuring the affinity (Kd) or potency (IC50) are described as well as techniques for 

quantifying compound-based effects in cells. 

1.5.1 Isothermal Titration Calorimetry Assays 

Isothermal titration calorimetry (ITC) is an assay widely used for the study of 

macromolecule and ligand interactions in solution.83 As the binding of a ligand to a 

protein is usually an exothermic process, the heat released upon sequential addition 

of a ligand to a protein in a titration is measured, allowing for thermodynamic data to 

be collected to give equilibrium constants (Figure 13).83 The technique is considered 

isothermal (as experiments are conducted at a constant temperature) and isobaric (as 

experiments are carried out under constant pressure), and this allows for the assay to 

measure the enthalpy and entropy changes within a system.83 These can then be used 

to calculate a dissociation constant (Kd) which is used as a thermodynamic measure 

of affinity as it gives the concentration at which 50% of the supramolecule is ligand 

bound (Figure 13).  

Figure 13: Illustration of ITC experiments, with protein in cell and ligand titrated into the solution figure 

created with biorender.com.  
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1.5.2 AlphaScreen® Assays 

AlphaScreen® is a technique often used to measure displacement from a protein 

binding site and therefore gives a 50% inhibition coefficient (IC50).23,24,40,52,84,85 This 

assay is bead-based, and requires close proximity of the donor and acceptor beads in 

order to produce an emission signal.23 The donor bead is excited at 680 nm, 

generating singlet oxygen, which diffuses a short distance through solution and reacts 

with the acceptor bead which releases light between 520 – 620 nm (Figure 14).23 Each 

bead surface is coated to allow for bio-molecule binding, with the donor bead usually 

coated with streptavidin to allow for biotin binding, whilst the acceptor bead is usually 

coated with a protein tag binder (such as a nickel chelate or glutathione).23 When an 

inhibitor is added, it displaces the biotinylated molecule from the protein binding site, 

meaning the donor and acceptor beads are no longer in close proximity, decreasing 

the signal measured from the emission of the acceptor bead (Figure 14).23 

 

Figure 14: Illustration of the bead-based AlphaScreen® assay, to give an inhibition curve of a ligand 

figure created with biorender.com. 
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1.5.3 BROMOscan Assay 

BROMOscan, BromoKdElect, and BromoMax are biophysical in vitro assays.86 The 

BromoKdElect assay is a titration across 12 concentrations, using a 1 in 3 dilution, of 

which the resulting data gives Kd values against a specific target. A BromoMax assay 

tests a compound at a fixed concentration, giving the results as a % control (or protein) 

remaining, across 32-unique bromodomains from across a wide array of bromodomain 

containing proteins. Both of these assays are based on the same technology in order 

to gain binding affinity data.86 The assays rely on ligands immobilised onto magnetic 

beads, which are known binders to a specific bromodomain, with a cleavable DNA tag 

attached (Figure 15).86 When treated with ligands which bind, the immobilised 

ligand-bromodomain interaction breaks, the magnetic beads are removed with the 

remaining protein attached (Figure 15).86 The DNA tag is then cleaved and amplified 

by qPCR to give a quantification of BRD remaining: thus, allowing for affinity of a BRD 

to be calculated based upon the ability of a given ligand to inhibit the immobilised 

ligand-BRD interaction (Figure 15). 

 

Figure 15: Schematic of how BROMOscan based assays function and produce in vitro BRD binding 

data, figure created with biorender.com. 
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1.5.4 Cell Titre Glo® 

Cell viability, or cell death is often measured as a phenotypic effect as a function of 

protein inhibition or to ensure that ligands have not produced any undesirable cell 

death, interfering with potential phenotypic readouts. The Cell Titre Glo® is often used 

to measure cytotoxicity and proliferation, it involves treatment of seeded cells with 

different conditions, leaving for a set time period and then performing the assay. The 

cell viability is then measured by lysing the treated cells upon the addition of the assay 

reagents, and the resulting luminescent signal corresponding to the cell viability, which 

can be corrected to a vehicle control and given as a percentage. The luminescent 

signal produced corresponds to the level of ATP in the sample, which is only produced 

by living cells. The luciferase reaction used in the production of the luminescent signal 

from ATP involves the reaction of luciferin, using Mg2+ and oxygen as cofactors, with 

ATP to produce oxyluciferin catalysed by an engineered luciferase enzyme to produce 

a long-lasting luminescent signal (Figure 16). As ATP is required for the reaction of 

luciferin to oxyluciferin which is required to produce the signal, and only living cells 

produce ATP, providing a simple method to measure cell viability.  

Figure 16: Cell Titre Glo® assay principles demonstrating how the measurements are taken, the source 

of signal and the chemistry underlying how the signal is produced, figure created with biorender.com. 
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1.5.5 Western Blotting  

Western blotting is a technique used to qualitatively assess protein levels in cells. This 

is often used to monitor the disappearance of a particular protein during treatment of 

cells with a compound. Ligand-treated cells are aspirated after a specific time point, 

lysing, denatured and then loaded onto an SDS-PAGE gel (Figure 17). This allows for 

the proteins present within the lysate to separate based upon molecular weight, the 

separated proteins are then transferred onto a membrane, which is treated with a 

generic protein, to prevent non-specific antibody binding from occurring. A protein 

specific (primary) antibody is then added to the membrane, which binds to the protein 

of interest (Figure 17). A secondary antibody, specific to the primary antibody used is 

added, usually containing a fluorescent chromophore which can be visualised giving 

a western blot showing the effect of compound treatment in cells on that specific 

protein (Figure 17).  

 

Figure 17: Illustration of the western blotting assay technique, figure created with biorender.com. 
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1.5.6 qPCR 

A qPCR or RT-PCR is a technique which is often used to quantify the transcription of 

genes by quantitatively measuring the amount of mRNA present which codes for a 

specific protein, measuring the levels of transcription for the associated gene. Cells 

are treated and incubated for the appropriate time frame, after this they are lysed, and 

the RNA present is purified from the lysis solution by fractionation (Figure 18). To the 

RNA containing solution is added the complementary DNA (oligonucleotide sequence) 

which binds forming a double stranded complex. A compound is then added which 

binds to these double stranded complexes and produces a fluorescent signal 

(Figure 18). This allows for a real time quantification of the RNA levels in the treated 

cells, this means that as the complementary DNA binds to a specific RNA sequence 

coding a particular target protein in a quantitative manner (Figure 18). This allows the 

gene transcription to be measured and scaled relative to negative control, such as 

cells treated with DMSO. As this technique measures gene transcription, it is often 

complementary to techniques which quantify protein levels.  

 

Figure 18: Schematic of a qPCR assay for measuring RNA levels, to quantify the expression of a specific 

gene, figure created with biorender.com. 
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1.6 Prior Work on CBPBRD inhibitors 

The Conway group is responsible for one of the original CBPBRD inhibitors, ligand 1 

(Figure 6 and 19), which has been further developed.40,44 

1.6.1 Prior CBPBRD ligands developed in the Conway group 

Compound 1 exhibited poor selectivity for the CBPBRD over BRD4(1) (3.6-fold), 

demonstrating the need for further improvements to the molecule. Upon 

co-crystallisation with the CBPBRD, ligand 1 demonstrates some key ligand-BRD 

interactions in the KAc binding site, namely the 2 direct hydrogen bonds of the KAc 

mimic (cyan in Figure 19) with Asn-1168, and a water mediated hydrogen bond to Tyr-

1125 (Figure 20).40 The most significant change in the CBPBRD binding site, is the 

induced fit pocket, created by the LPF shelf and Arg-1173 upon addition of 1 

(Figure 20).40  This is due to Pro-1110 forming hydrophobic interactions with the 

tetrahydroquinoline (THQ) of ligand 1 (dark blue in Figure 19), as well as Arg-1173 

forming a cation-π interaction with the THQ along with a partial dipole interaction with 

the electronegative oxygen of the aryl methoxy (Figure 20).40 The hydrophobic 

interactions between compound 1 and the CBPBRD are between the KAc mimic and 

residues Phe-1111, Try-1125, Ile-1122, and Val-1174 as well as the THQ and residues 

Leu-1109 and Phe-1177.40 The highlighted interactions afford the selectivity of 1 for 

the CBPBRD such as Arg-1173 and the LPF shelf, which this work focusses on. 

 

Figure 19: Chemical structure of ligand 1, with the three sections the KAc mimic (blue), the THQ (dark 

blue), and the linker region (black) shown, as well as some of the key functions of each section, the 

intramolecular hydrogen bonding atoms are also shown in bold (purple).  
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Figure 20: Co-crystal structure of 1 (yellow) bound to the CBPBRD (PDB: 4NYX) at 1.10 Å resolution, 

with key interactions highlighted (yellow dashed line), viewed from the side (top) and the top (bottom), 

residues (green) and three letter code with number and water molecules as spheres (red) included.40 
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From original hit compound 1, a change from a [6,6]-KAc mimic to a [6,7]-KAc mimic 

was conducted to give ligand 6. Compound 6 afforded an improvement in selectivity 

for the CBPBRD (6.1-fold vs 3.6-fold), but the affinity for the CBPBRD had decreased 

(466 nM vs 390 nM) (Figure 21). To better understand this, the dynamics of the ligand 

were studied when bound to the CBPBRD and without the presence of a protein. It was 

observed that compound 6, when bound to the CBPBRD adopted one conformation of 

the [6,7]-KAc mimic, in the absence of the BRD, the intramolecular hydrogen bond 

(purple atoms in Figure 21A) created an energy barrier to adopting the binding 

conformation as only the non-binding [6,7]-KAc conformation was observed.44 This 

proposed energy barrier aids in the explanation of the weaker affinity for the CBPBRD 

but does not explain why ligand 6 continues to bind to BRD4(1). In order to investigate 

this a co-crystal structure of 6 bound to BRD4(1) was obtained (Figure 21C).44 This 

combined with the co-crystal structure of ligand 6 bound to the CBPBRD, identified a 

conformational change undergone by 6 upon on-target binding (Figure 21B and 

21C).44 When bound to the CBPBRD, 6 adopts a “curled-up” binding mode, caused by 

a cation-π interaction between Arg-1173 and formation of the induced fit pocket 

(Figure 21C). Whereas, when bound to BRD4(1), compound 6 adopts a linear 

conformation, which allows the compound to form hydrogen bonding interactions with 

Lys-91 and a π-π interaction with Trp-81 (Figure 21C).44 In order to overcome the 

decreased affinity for the CBPBRD caused by intramolecular hydrogen bonding, the 

amide moiety of 6 was replaced with a non-hydrogen bonding E-alkene bioisostere, to 

give OXFBD05 (Figure 21A).44 OXFBD05 exhibited improved affinity for the CBPBRD, 

with no detectable affinity for BRD4(1) by ITC and showed no affinity for 

12 bromodomain containing proteins at 1 μM by BROMOScan, unfortunately 

OXFBD05 could not be co-crystallised with BRD4(1).44   



28 
 

Figure 21: A). CBPBRD ligands developed within the Conway group, the transformations to reach each 

ligand highlighted and their respective affinities and selectivities; B). Protein bound conformations of 

ligand 6 bound to the CBPBRD (purple) and BRD4(1) (orange), demonstrating the on-target “curled up” 

conformation, the intramolecular hydrogen bond is shown (yellow dashed line); C). Co-crystal of 6 

bound to the CBPBRD (purple ligand, left, PDB: 6YIM) at 1.23 Å resolution and BRD4(1) (orange ligand, 

right, PDB: 6YIN) at 1.53 Å resolution, residues (green) and water molecules as spheres (red) as shown 

along with the three-letter code for different residues between the two BRDs which 6 interacts. 
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1.6.2 Prior Macrocyclic ligands targeting the CBPBRD 

After observing this switch in conformation of ligand 6 upon binding to the on-target 

CBPBRD, therefore it was hypothesised that macrocyclisation offered a means to gain 

further affinity and selectivity for the CBPBRD, which has proved an effective strategy 

in the literature.58,59,69,78,87 Constraining the compound into a macrocyclic scaffold, 

precludes binding to the major off target of BRD4(1) as the covalent bonds generate 

a high energy barrier to adopting a linear conformation. The “curled-up” conformation 

when bound to the CBPBRD is similar to the C-shaped bio-active shapes observed in 

co-crystal structures in many successfully implemented macrocyclisation strategies in 

medicinal chemistry campaigns, often leading to approved drugs.78 Dr Mustafa 

Moroglu, a previous DPhil student, endeavoured to explore macrocycles in order to 

prove these as viable ligands for the CBPBRD (Figure 22).88 Through his work three 

different macrocyclic series were synthesised, based upon the linear ligand 

OXFBD05, an alkyl macrocycle (compound 7), two triazole macrocycles (compound 8 

and 9), and three macrolactams (compound 10, 11 and 12) (Figure 22).88 

Macrolactams emerged as the only macrocycles which showed binding affinity to the 

CBPBRD by ITC. However, the reason for compounds 7, 8 and 9 demonstrating no 

detectable binding was not illucidated. The macrolactams exhibited 10-fold decreased 

affinity for target CBPBRD compared to OXFBD05, and no detectable affinity for 

BRD4(1).88 Compounds 10 and 11 appeared to offer an improvement in selectivity 

over a linear analogue that was synthesised which demonstrated affinity for 

BRD4(1).88 However, due to time constraints on the project the reason for the 

decrease in on-target affinity was not investigated and no assays for quantifying 

off-target binding apart from ITC were conducted.88 Therefore, no fold-selectivity could 

be calculated for ligands 10-12.88 Again, due to time constraints none of the 
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macrolactam ligands were evaluated for activity in a phenotypic assay such as,  

monitoring for decreased oncoproteins by Western blotting or oncogene transcription 

by qPCR, in an appropriate cancer cell line.88  

 

Figure 22: Previously synthesised ligands targeting the CBPBRD, with their respective ITC binding 

properties displayed.88  

Therefore, the hypothesis of macrocyclic ligands targeting the “curled-up” binding 

conformation and thus affording a high affinity, selectivity, and potent ligand for the 

CBPBRD has yet to be fully validated. Hence, the work in this thesis aims to verify this 

hypothesis, through ligand synthesis, binding affinity measurement, structural 

investigation, and phenotypic assays.   
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1.7 Project Aims  

The main aim of the research project which this thesis describes is a macrolactam 

SAR with the goal of improving affinity for the CBPBRD and increasing selectivity. In 

order to evaluate the novel macrocycles, thorough in vitro characterisation will be 

carried out, with the goal of identifying a potent hit ligand, through a variety of 

biophysical techniques. The macrocyclic hit will be further screened across a panel of 

BRDs to compare against other published ligands. The binding mode of the 

macrolactams shall be characterised using X-ray crystallography and compared to an 

appropriate linear analogue. Furthermore, the hit compound will be assayed in an 

appropriate cancer cell line for the ability to down regular oncogene transcription and 

oncoprotein levels, with the goal of decreasing cancer cell proliferation, without 

effecting cell viability.  

Then with a macrolactam hit ligand identified, possible improvements to the scaffold 

will be investigated as a means of gaining further improvements to affinity, selectivity, 

and ultimately phenotypic effect in cells.  

Another point of investigation is into the ligands that did not bind (such as compound 

7, 8 and 9), and what could have been the underlying cause for the lack of detectable 

affinity to the CBPBRD which was observed.  
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2.1 Introduction 

In order to discover higher affinity and more selective macrocyclic ligands, the previous 

lactam scaffolds (Figure 21 and Figure 23A) were used as a source of inspiration.88 

From these examples, a series of ligands were designed (Figure 22B) utilising the 

same common intermediate (Figure 23A, compound 13) which was previously 

employed in the synthesis of the original macrolactam ligands (Figure 23A, 10, 11, and 

12). These ligands would allow for a structure activity relationship (SAR) to be built 

through the difference in binding affinities of target ligands (Figure 23B). The target 

ligands aim to provide a deeper understanding of the macrolactam SAR, building upon 

the structures of prior macrolactams. The chemotypes explored include decreased 

and increased alkyl chain lengths (Figure 23B, 14 and 15); different β-turn mimetic 

diastereomers (Figure 23B, 16 and 17); and building increased rigidity through 

inclusion of ring systems into the linker region (Figure 23B, 18 and 19). These ligands 

aim to improve physiochemical properties of OXFBD05 through both an increase in 

hydrogen bond acceptors and donors and the effect of macrocyclisation itself.89–92 

Although the previously synthesised macrolactams were the only macrocycle 

chemotype that achieved measurable binding to the CBPBRD by ITC, their binding 

affinities were considerably weaker than that of OXFBD05.44,88 The target ligands aim 

to provide a deeper understanding of the macrolactam SAR, building upon the 

structures of prior macrolactams.  
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Figure 23: A). The common intermediate (13) and the previously synthesised lactam containing 

macrocyclic ligands targeting CBPBRD (10, 11 and 12), along with their respective binding affinities and 

selectivities by ITC; B). Novel macrolactam ligands in the small SAR screen, with the chemotypes 

highlighted in different colours (14, 15, 16, 17, 18 and 19). 
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2.2 Synthesis of the common intermediate 

Firstly, in order to produce the six desired macrolactam ligands, a large quantity of the 

common intermediate 13 was needed. Although the synthesis of this intermediate has 

previously been reported, it had never been achieved on such a large scale.88 The 

synthesis of this intermediate is aided by its convergent nature, as outlined in the 

retrosynthesis which is the same as that carried out previously (Figure 24).88  

 

Figure 24: Retrosynthetic analysis of the common intermediate 13 from which macrolactam ligands can 

be derived, utilising the previously synthesised THQ fragment (compound 30), a commercial aryl 

building block and using the β-amino acid building block 23.  

Due to the convergent nature of the key intermediates’ synthesis, the molecule can be 

divided into a left-hand side (LHS) and right-hand side (RHS) fragments. The LHS 
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fragment contains the key tetrahydroquinoline, which participates in the cation-π 

interaction with Arg-1173 on the CBPBRD, and the E-alkene is primed to undergo a 

Suzuki reaction during the final step of the synthesis. The RHS fragment contains the 

[6,7]-KAc mimetic along with the ester handle for macrolactamisation and an aryl 

halide bond primed to undergo the Suzuki reaction.  

2.2.1 Synthesis of the fragments 

The RHS fragment was afforded by combining the functionalised aryl ring and the 

β-amino acid, in an SNAr reaction then the 7-membered ring is forged by a reductive 

amide bond formation (see Figure 24, left hand side). To form the RHS fragment 

iodination of the aromatic starting material was performed using iodine in fuming 

sulfuric acid to give compound 20 (Scheme 1, left hand side, step a). These harsh 

conditions are required as the ring is highly deactivated towards electrophilic aromatic 

substitution. Mono-iodination occurs at the meta position, due to the directing effects 

of both the nitro and carboxylic acid moieties. The singular spot by TLC indicated that 

the reaction was completed however by NMR spectroscopy residual starting material 

remained. This leftover starting material possessed a similar polarity to the product, 

therefore separation of residual un-iodinated material from 20 could not be achieved 

by column chromatography. As a result, the iodination reaction was left for a further 

24 hours with another equivalent of iodine giving full conversion to 20 with no 

remaining starting material observed upon analysis. This is required as the remaining 

starting material can be carried forward until the Suzuki cross coupling, giving a 

persistent impurity in future reactions. The halogenated aryl ring then undergoes a 

benzyl protection in order to prevent the carboxylic acid interfering in future reactions, 

giving compound 21 (Scheme 1, left-hand side, step b). An SNAr reaction is then 

carried out, using the enantiopure β-amino acid 23 to give intermediate 24 (Scheme 1 
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right hand side and left-hand side, step c). Once attached, the carboxylic acid can be 

obtained via selective cleavage of the tert-butyl ester under acidic conditions and the 

[6,7]-KAc mimic formed via a reductive cyclisation to give the RHS fragment or 25 

(Scheme 1, step d, 25 in the light blue box). All steps were carried out in high yields 

giving the desired fragment 25 on a 6.5 g scale.  

 

Scheme 1: Synthesis of the [6,7]-KAc containing aromatic (RHS fragment), Reagents and conditions: 

a). I2, fuming H2SO4, 85 °C, 48 h, 91%; b). Benzyl bromide, K2CO3, DMF, 60 °C, 5 h, 72%; c). 

Compound 23, Cs2CO3, tol, 85 °C, 48 h, 97%; d). TFA:CH2Cl2 (1:1 v/v), r.t., 2.5 h, followed by, Fe, AcOH, 

120 °C, 4.5 h, 91%; e). (R)-(+)-N-Benzyl-α-methylbenzyl amine, n-BuLi, THF, −78 °C, 4.5 h, 89%; f). 

H2 (g), 20% Pd(OH)2/C, AcOH, MeOH, H2O, r.t., 20 h, 86%. 

The LHS fragment 30 was synthesised in a similar manner to previously reported (see 

Scheme 2).88 This involves phenol protection, amide reduction, amine alkylation and 

hydroborylation to give fragment 30. The synthesis was carried out on a large scale 

(>5 grams of each intermediate), maintaining high yields (>70%) for each step of the 

synthesis. The installation of TIPS protecting group proceeded in very high yields due 

to the formation of a protonated N-triisopropylsilylimidazole intermediate which rapidly 

reacted with the deprotonated phenol.93 The reaction was performed in DMF, as this 

solvent acts as a catalyst and thus increased the rate of phenol silylation, giving 
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compound 26 in 96% yield (Scheme 2, step a).93 In the LiAlH4 reduction of compound 

26 to 27, by increasing the reaction time by 1.5 h, the reaction proceeded cleanly to 

completion removing the need for column chromatography (Scheme, step b). The 

alkylation of 27 with 28 (Scheme 2, step e), to form tertiary amine 29 was performed 

thermally using 5 equivalents of base at 100 °C, supplemented with TBAI (previously 

reports used KI) for 48 h (Scheme 2, step c). These conditions are harsher than 

previously reported but gave an increase in yield of 20%, the resultant increase can 

be attributed to the thermal heating and change of catalytic iodinated reagent.94 The 

key hydroboration reaction proceeds with exquisite stereoselectivity giving only the 

trans-alkene isomer 30 (Scheme 2, step d).95,96 In this case the reaction is carried out 

neat with Schwartz’s reagent and the electrophile all in one pot, undergoing syn 

addition of the Zr-H bond, followed by attack of the C-Zr bond onto the boron atom, 

regenerating the catalyst and producing compound 30, in 73% yield. 

 

Scheme 2: Synthesis of THQ bearing fragment 30. Reagents and conditions: a).TIPSCl, imidazole, 

DMF, r.t., 48 h, 96%; b). LiAlH4, Et2O, 0 °C – r.t., 4.5 h, 97%; c). Compound 28, TBAI, DIPEA, DMF, 100 

C, 48 h, 76%; d). HBpin, Cp*2ZrClH, NEt3, 60 °C, 18 h, dark, 73% (>95% E-alkene by NMR); e). Mesyl 

chloride, NEt3, CH2Cl2, 0 °C – r.t, 4 h, 95%. 
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2.2.2 Common Intermediate 13 synthesis 

With both fragments now in-hand at a suitable scale, the Suzuki cross-coupling was 

carried out utilising a lower palladium catalyst loading (from 0.05 equiv. to 

0.025 equiv.), lowering the cost and environmental impact of the reaction. It is worth 

noting that the reaction mixture was separated into 4 reaction flasks to avoid uneven 

heat distribution, a common occurrence in large reaction vessels, meaning 

approximately 3.5 g total mass of 30 and 25 were placed into each vessel.97 

Purification of this reaction proved challenging as the product possess a similar 

retention time to the unreacted starting material 30. Nonetheless, 6.5 g of compound 

13 was still obtained. With the key intermediate now in hand the target macrocycles 

could be afforded.  

 

Scheme 3: Combination of the LHS and RHS fragments in a Suzuki reaction giving compound 13, 

Reagents and conditions: a). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O (9:1 v/v), 100 °C, 18h, 65%. 

2.3 Reaction Optimisation 

2.3.1 Alkylation Optimisation 

Reaction optimisation proved a necessary step as upon attempting the below phenol 

alkylations (Scheme 4) the yields proved far lower than those previously reported.88 

Previously this alkylation had given 39 – 25% yields, however, the yields achieved now 

ranged from 30 – <1% representing a precipitous decrease. 
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Scheme 4: Initial attempts at alkylating the deprotected phenol fragment produced from the common 

intermediate, with the alkylating reagents using in the grey dashed box, and the yields highlighted in 

purple to demonstrate the low yields, Reagents and conditions: a). TBAF (1M in THF), THF, r.t., 1 h 

followed by R-Br, K2CO3, 85 °C, DMF, 24 h.  

Thus, in order to improve reaction with these unreactive electrophiles, a condition 

screen was performed. Tert-butyl (S)-2-(bromomethyl) pyrrolidine-1-carboxylate) 

(R-BR-1) was chosen for the screening conditions as the opposite enantiomer had 

proved unreactive under the previous alkylation conditions (reaction shown in Scheme 

5, condition 1 of Table 1). The opposite enantiomer of R-BR-1 was no longer available 

on a sufficient scale to undergo the screen and hence its enantiomer was chosen. The 

low reactivity of the electrophile is potentially due the tert-butyl group sterically blocking 
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the electrophilic alkyl bromide from nucleophilic attack. The ratio of un-reacted phenol 

to desired product compound 35 for the model reaction (Scheme 5) was calculated by 

using the corresponding peak area in LC-MS chromatograms for the screened 

reaction conditions (shown in Table 1, see Appendix C Figures 1-7 for corresponding 

chromatograms and MS data).  

 

Scheme 5: Model phenol alkylation reaction on which the different conditions below were screened. 

Table 1: Alkylation conditions screened for the reaction of the phenol and alkyl bromide to give 35 as 

shown in Scheme 5, with the improvements in product to unalkylated phenol remaining highlighted in 

the bold green text.  

Number Conditions 
LC-MS ratio of 

phenol to product 

1 K
2
CO

3
, DMF, 85 °C, 18 h 1 : 0.2 

2 K
2
CO

3
, DMF, 100 °C, 18 h 1 : 0.1 

3 K
2
CO

3
, TBAI, DMF, 85 °C, 18 h 1: 0.4 

4 K
2
CO

3
, MeCN, 85 °C, 18 h 1: 0.2 

5 Cs
2
CO

3
, DMF, 85 °C, 18 h 1 : 0.7 

6 Cs
2
CO

3
, MeCN, 85 °C, 18 h 1 : 0.2 

7 
K

2
CO

3
, DMSO/MeCN (1:1), 100 °C, 

1 h, μW 
1 : 0.2 
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From the seven conditions trialled, optimum conversion was obtained with Cs2CO3, a 

stronger more soluble base (condition 5), and TBAI, a catalytic nucleophilic iodinating 

reagent (condition 3) (highlighted in green text Table 1).98–101  

2.3.2 Macrolactamisation Optimisation 

As the alkylation reaction had proved challenging prior to proceeding further in the 

ligand synthesis, the amide coupling reaction conditions used for the 

macrolactamisation were optimised in a small screen. This is due to the 

macrolactamisation providing low yields in prior syntheses ranging from 51% to as low 

as 12% yield. The previously synthesised propyl chain-containing macrolactam 

(Compound 10) was used as a model substrate. Firstly, the di-protected intermediate 

36 was synthesised on a scale which would allow for both the reaction conditions and 

the reaction concentration to be optimised for the macrolactamisation step (Scheme 

6). The phenol alkylation was performed utilising 1 g of 13 to give more than 500 mg 

of intermediate 36. 

 

Scheme 6: Synthesis of the intermediate 36 to be utilised in the macrocyclisation reaction condition 

screen, Reagents and conditions: a). 1M TBAF (in THF), THF, r.t., 1 h, followed by, tert-butyl (3-

bromopropyl) carbamate, K2CO3, DMF, 65 °C, 48 h, 51%. 

PyBOP was previously utilised as the amide coupling reagent, DIPEA as the base, in 

DMF (0.002 M) at r.t. for 48 h.102 With these conditions yields of <50% of the desired 

macrocycle were achieved, as this is the final step, an increase in yield at this late 
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stage of the route was highly desirable. With PyBOP as a starting point a variety of 

coupling reagents were chosen across different families of amide bond forming 

compounds, these were: HATU, COMU, TCFH and HOBt with EDC (the structure of 

each is shown in Figure 26).102–106   

 

Figure 26: Amide coupling reagents chosen for reaction screening of the macrolactamisation reaction 

using the model substrate.102,103,105,107–109 

These reagents (Figure 26) were utilised for the macrolactamisation final step, after 

unveiling the model substrate using LiOH, followed by TFA to give the desired 

carboxylic acid and amine containing compound 37 (Scheme 7A). The amide coupling 

reactions were monitored by LC-MS for the formation of desired products 

(Scheme 7B). Unfortunately, only the reactions with HATU and PyBOP showed 

product 10 formation by LC-MS, and both produced similar isolated yields after 

purification (Table 2).  
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Scheme 7: Macrolactamisation condition screen; A). Double deprotection of intermediate 36 to give 

penultimate intermediate 37, which is primed for amide coupling; B). Amide coupling reaction to form 

ligand 10, upon which the reaction conditions in Table 2 were screened. 

Table 2: Reaction conditions screened for the reaction shown in Scheme 7B, with the isolated yields 

displayed after purification by both reverse and normal phase chromatography, a value of 0 pertains to 

no detected product formation after 36 h by LC-MS, the highest yielding conditions are highlighted in 

bold green text.  

Condition 
Amide coupling 

reagent 
Base Solvent 

Isolated 

yield, % 

1 PyBOP DIPEA DMF 41 

2 HATU DIPEA DMF 40 

3 EDC + HOBt DIPEA DMF 0 

4 TCFH NMI MeCN 0 

5 COMU DIPEA DMF 0 

 

Hence PyBOP was the reagent of choice in further optimisation of the 

macrolactamisation reaction, due to its prior success in macrolactamisation of similar 

scaffolds.88 The synthesis of 10 was then performed at different concentrations (2 mM, 

4 mM, and 8 mM) in order to see if the reaction would tolerate increased 

concentrations without compromising the yield (Scheme 8).  
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Scheme 8: Macrolactamisation reaction to form ligand 10 screened for reaction concentrations effect 

on yield, the results of which are shown in Table 3. 

Table 3: Reaction concentrations screened for the reaction shown in Scheme 8, with the isolated yields 

displayed after purification by both reverse and normal phase chromatography, the highest yielding 

concentration are highlighted in bold green text. 

Reaction Concentration, mM Isolated yield, % 

2 36 

4 33 

8 21 

Upon screening different concentrations of macrocyclisation reaction, it became clear 

that increasing concentration had a deleterious effect on yield. The reaction 

concentration was therefore maintained at 2 mM. With the optimised alkylation and 

macrocyclisation conditions in hand, the next step was to synthesise the novel target 

macrolactam ligands.  

2.4 Synthesis of ligands 

2.4.1 Alkylation Reactions for Intermediate Formation 

The alkylation reactions were carried out using the remaining intermediate 13 and the 

improved reaction conditions, to give all of the desired di-protected intermediates, 

improving upon the previous yields (Scheme 9).  
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Scheme 9: Alkylation of the deprotected common intermediate 13 to form the target di-protected 

intermediates 31-35 and 38, with the individual conditions in grey under the corresponding compound 

they were utilised in the synthesis of, with the yields highlighted in purple under each structure.  

To avoid over-alkylation of compounds 33 and 38, their syntheses were carried out 

with fewer equivalents of alkyl bromide and without the use of TBAI (Scheme 9). This 



47 
 

proved a fruitful alternation as even under the conditions shown, there was still a small 

amount of the di-alkylated product observed by LC-MS. The dialkylated product is 

likely to be the caused by the N-alkylation of the aniline nitrogen contained within the 

[6,7]-KAc mimic. The other intermediates were all furnished on a sufficient scale, and 

even though the yields were low, enough of these compounds were obtained to 

proceed to the macrocyclisation step (Scheme 9). Again, the pyrrolidine-based 

alkylation reagents produced the lowest yields.  

2.4.2. Macrolactamisation for Final Product Formation 

The intermediates were first subjected to the ester hydrolysis conditions, and post 

solvent removal, were then reacted with TFA to remove the tert-butyl carbamate 

amine-protecting groups. After removal of the TFA/CH2Cl2 solvent mixture, this gave 

all the products as the TFA salt, with both the amine and carboxylic acid now primed 

for amide coupling. All of the compounds were then subjected to the optimised 

macrolactamisation conditions to afford the desired products, in 51 – 15% yields with 

at least 5 mg of each product obtained, allowing for characterisation and biological 

evaluation (Scheme 10).  
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Scheme 10: Synthesis of the target macrolactams 14-19, A). General reaction scheme of 

macrolactamisation conditions; B). The yields and mass (purple) of the final compounds after both the 

deprotections and amide coupling reaction.  

In order to further improve yields of the macrolactamisation step, a more reactive 

coupling reagent such as PyAOP (see Figure 26) which combines HATU and PyBOP 

could be applied as this may improve yields but could lead to increase in deleterious 

side reactions. This coupling reagent was unavailable when the optimisation was 

performed.  
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To visualise the conformation of the macrolactams and assess whether they can adopt 

a similar shape to the bioactive conformation compound 18 was crystallised. The 

piperidine macrolactam (18) was crystallised from EtOAc with hexane as the 

anti-solvent, using the vapour diffusion method at room temperature, giving the small 

molecule X-ray crystal structure shown below (Figure 27). 

Figure 27: A). Small molecule X-ray crystal structure of the piperidine macrocycle 18 showing two 

different conformations in the solid state; B).one conformation of 18 (yellow); C). the other conformation 

of 18 (cyan). 
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Interestingly the one of the conformations (Figure 27, highlighted in yellow) displays a 

whole molecule conformation that is of a similar shape to the expected binding 

conformation to the CBPBRD. This small molecule crystal structure confirms the 

structure of 18, with both of the stereogenic centres in the correct configuration.  

2.5 Synthesis of acyclic analogues 

The acyclic analogues of the macrolactam containing compounds (39 – 41) were then 

afforded, to allow for the benefits of macrocyclisation to be discerned from the addition 

of the heterocycles to the scaffold. The synthesis of these target molecules will be 

described in this section (Figure 28). 

 

Figure 28: Target acyclic ligands to target the CBPBRD: 39, 40 and 41. 

2.5.1 Synthesis of a common intermediate 

In order to synthesise the target compounds, first the common intermediate must be 

produced. This contains the previously furnished fragment for the macrolactam 

synthesis (Scheme 1, 25) and THQ bearing fragment (compound 45) which is 

synthesised in a similar manner to compound 30 (Scheme 11). 
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Scheme 11: A). Synthesis of THQ fragment 45; B). Synthesis of the common intermediate 46 primed 

for synthesis of the target acyclic ligands, Reagents and conditions: a). Methyl iodide, K2CO3, DMF, 

60 °C, 24 h, 57%; b). LiAlH4, THF, 0 °C – r.t., 5 h, 98%; c). Compound 28, DIPEA, TBAI, DMF, 100 °C, 

48 h, 25%; d). HBpin, Zr(C5H5)2ClH, NEt3, 60 °C, dark, 18 h, 65% (>95% E-alkene by NMR); e). 

Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O (5:1 v/v), 100 °C, 24 h, 74%.  

With the key intermediate 46 in-hand, each of the target acyclic targets can be afforded 

via deprotection of the benzyl ester and subsequent amide coupling with the desired 

amine. The amide couplings were performed post ester cleavage, utilising PyBOP and 

the relevant amine (see Scheme 12 in the grey box). 
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Scheme 12: Synthesis of the target acyclic lactam ligands 39-41, derived from the shared common 

intermediate, yields are those achieved after HPLC prep purification, Reagents and conditions: a). 

LiOH, THF:MeOH:H2O (3:2:1 v/v), r.t., 18 h, followed by, amine, PyBOP, DMF, r.t., 24 h, yields after 

HPLC purification highlighted under the corresponding structure in purple.  

Unfortunately, upon the normal phase silica column purification of these compounds 

(39-41) a persistent impurity appeared in each ligand post-purification upon HPLC 

analysis. This impurity possessed a very similar retention time to each of the products 

upon reverse phase purification. It was found that these impurities varied between 

each of the products and was the results of un-reacted starting material 25 remaining 

after the Suzuki cross-coupling. This could not be removed from the product 46 post-

Suzuki reaction. This unreacted starting material could then undergo the benzyl 

deprotection and amide coupling to form a reacted impurity that requires purification 

from the desired product (see Figure 29A). Due to the proximity of the impurities and 

final compounds on reverse phase, a HPLC purification was performed using a higher 

wavelength (≥340 nm) in order to avoid collection of the impurities (Figure 29B). This 

gave the desired final acyclic compounds in >95% purity making them viable for 

biological evaluation (Figure 29C and yields after purification shown in Scheme 12).  
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Figure 29: A). Target acyclic ligands and their corresponding impurities underneath each structure; B). 

the prep HPLC chromatograms, with the final compound fractions collected highlighted between the 

green and red lines; C). the analytical HPLC chromatograms at 254 nm of the target compounds after 

the prep HPLC purification, from top down, 39-41. 
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2.6 Synthesis of positive control 

The synthesis of the positive control for CBPBRD binding (OXFBD05) was carried out 

as previously described.44 An improvement in the purification of the [6,7]-KAc binding 

head group 48 was made (Scheme 13 step b), whereby the compound was purified 

by column chromatography (previously this was the only purification) and then 

crystallised using IPA to give >99% pure crystals (by HPLC). Compound 48 was then 

combined in a Suzuki cross-coupling with compound 45, to afford OXFBD05 (Scheme 

13B). 

 

Scheme 13: C). Synthesis of [6,7]-KAc mimic 48; D). Combination of 45 and 48 affording the OXFBD05 

ligand; Reagents and conditions: a). Compound 23, Cs2CO3, toluene, 85 °C, 18 h, 92%; b). TFA:CH2Cl2 

(1:1 v/v), r.t., 2 h, followed by, Fe, AcOH, 120 °C, 18 h, 54%; c). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O 

(4:1 v/v), 100 °C, 24 h, 75%.  

2.7 Conclusion  

With the target macrocycles 14-19 synthesised, their acyclic analogues 39-41 (see 

Table 2 below), along with the positive control for CBPBRD inhibition ligand OXFBD05, 

the binding affinities of these compounds both against the CBPBRD and BRD4(1) could 

be assessed. These data and further biological characterisation and binding mode 

investigation are described in Chapter 3, in which a hit macrolactam is identified, with 

both a high affinity for the CBPBRD whilst maintaining selectivity over BRD4(1).  
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Table 4: All final compounds synthesised in this chapter, their structures, numbers, purities, and their 

overall yield with step count. 

Structure Compound 

number 

Overall yield and total 

step count 

HPLC 

purity, % 

 

10 
1.8% overall yield from 

18 steps 
98.2 

 

14 
0.3% overall yield from 

18 steps 
99.4 

 

15 
0.4% overall yield from 

18 steps 
96.6 

 

16 
0.4% overall yield from 

18 steps 
95.1 

 

17 
0.2% overall yield from 

18 steps 
95.3 

 

18 
1.2% overall yield from 

18 steps 
95.3 
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19 
1.2% overall yield from 

18 steps 
98.2 

 

39 
2.5% overall yield from 

15 steps 
98.4 

 

40 
1.7% overall yield from 

15 steps 
98.9 

 

41 
2.3% overall yield from 

15 steps 
98.0 

 

OXFBD05 
2.6% overall yield from 

10 steps 
99.8 
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3.1 Introduction 

With the macrolactams (compounds 10 and 14-19) and their linear non-macrocyclic 

analogues (compounds 39-41) in hand (chemical structures shown in Figure 31), the 

following chapter focuses on characterising their binding affinity and interactions with 

the on-target protein of the CBPBRD and the major off-target domain, BRD4(1). Binding 

affinities and selectivities for the CBPBRD were first determined, with positive controls 

being used to ensure assay functionality (chemical structures shown in Figure 30). 

Ligands which possessed promising attributes were submitted for co-crystallisation 

and X-ray diffraction to attain insights into their binding modes. Concomitantly, the 

ligand which exhibited the most favourable selectivity, also referred to as the hit, was 

further evaluated against a wider range of BRD-containing proteins. The hit ligand was 

then tested in an acute myeloid leukaemia cell line, to assess the ability of the 

compound to elicit a phenotypic response comparing to the clinical candidate 

Inobrodib, as this the cancer for which clinical trials are currently underway.30  

 

Figure 30: Positive control compounds used in this chapter for assessing assay functionality, with their 

respective binding affinities compared to literature values.  
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Figure 31: Chemical structures of the ligands synthesised in Chapter 3 and the positive control 

compounds used in this chapter; including macrolactams 10 as well as 14-19, their linear analogues 

39-41, and the positive control compound Inobrodib.23,110,111 
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3.2 AlphaScreen® 

3.2.1 BRD4(1) Inhibition using AlphaScreen® and Ligands 14-19 

The binding of macrocycles 14-19 to BRD4(1) was assessed, with OXFBD04 used as 

a positive control (Figure 32, blue dots and curve) in an AlphaScreen® assay (the 

assay functions as described in Chapter 1) due to its high throughput nature.85 As the 

BRD4(1) tracer peptide H41-20(KAc)4-biotin was available, inhibition to the off-target 

was first assessed. The IC50 values for each compound are presented along with the 

error (Table 5) below the inhibitory curves (Figure 32). 

Figure 32: AlphaScreen® dose-response curves for macrocycles 14-19 along with OXFBD04 against 

BRD4(1), displacing the H41-20(KAc)4-biotin peptide (n = 3). Error bars indicate the standard deviation. 

Table 5: IC50 values for macrocycles 14-19 and OXFBD04 for BRD4(1), along with their respective 

errors (n = 3). 

Compound 

name 
OXFBD04 14 15 16 17 18 19 

IC50 value 

(μM) and 

error (s.d.) 

0.0278 

±0.0039 

3.47 

±0.40 

2.80 

±0.44 

3.05 

±0.26 

5.80 

±3.27 

1.81 

±0.39 

1.72 

±0.19 

The AlphaScreen® IC50 values for ligands 14-19 produced were unexpected, as all 

showed inhibition of BRD4(1) at micro-molar concentrations. An investigation was 
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performed using TrueHits™ kit to determine whether the apparent binding to BRD4(1) 

was true inhibition.   

3.2.2 AlphaScreen® TrueHits™ Assays 

A TrueHits™ assay was performed which identifies if a ligand is a false positive in the 

AlphaScreen® assay. These false positives can be caused by a number of factors such 

as: singlet oxygen quenching, colour quenching (compound absorbance between 

520-620 nm), light scattering, biotin mimicking, and nickel binding compounds. A 

technical negative control of just the bead mix is used to give a 100% signal response 

(this mix consists of streptavidin-coated donor and biotin-coated acceptor beads). Any 

ligands that caused signal suppression relative to this control (Figure 33, green 

triangles and curve), were considered as false positive in AlphaScreen®. The results 

of the TrueHits™ assay are summarised in Figure 33 for compounds 10 (dark blue), 

16 (blue) and 41 (light blue).  

 

Figure 33: TrueHits™ AlphaScreen® assay performed with compounds 10 (dark blue dots), 16 (blue 

squares) and 41 (light blue triangles) along with the mixture of the TrueHits™ mix displayed as a 

negative control (green triangles) (n = 3). Error bars indicate the standard deviation. 

All of the tested compounds (10, 16 and 41) demonstrated inhibition of the signal 

response, meaning that all of the compounds would give rise to false positives in an 
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AlphaScreen® inhibition assay. The IC50 for ligand 16 in the AlphaScreen® 

(3.05 μM ±0.129 μM) and the TrueHits™ (3.38 μM ±1.05 μM) are insignificantly 

different when plotted on the same graph the trends appear parallel to each other (see 

Figure 34A for normalised binding and normalised TrueHits™ curves for 16). This 

result from the TrueHits™ assay shows that AlphaScreen is not an appropriate assay 

to test the binding potential of the compounds (see Figure 31). 

It is not believed that any of the ligands targeting the CBPBRD synthesised in this thesis 

act as biotin mimetics (as they lack the required binding moieties) or nickel binders (as 

they lack strongly metal chelating groups) and, therefore, are not producing false 

positives through these mechanisms.112–115 The ligands also do not absorb across the 

520-620 nm wavelengths as they lack the required conjugated systems, and no 

absorption is observed in diode array detection by HPLC. It is hypothesised that the 

interference of these ligands (see Chapter 2), is due to the introduction of an 

electron-rich alkene, a feature from OXFBD05 which the macrolactams were based 

upon (alkene highlighted in blue in Figure 34C). This alkene moiety is thought to 

quench the singlet oxygen produced, as this moiety is known to undergo reactions 

with singlet oxygen (Figure 34B for proposed mechanisms).116–118   

A simple modification to the TrueHits™ assay to evaluate whether this functional group 

is to use both OXFBD05 and 6 in the assay and compare the data, as 6 shares the 

scaffold of OXFBD05 but contains an amide in place of the alkene (amide highlighted 

in purple in Figure 34C). Both OXFBD05 and 6 were assessed in a TrueHits™ assay 

to test whether the alkene is the sole moiety responsible for singlet oxygen quenching 

(Figure 34D).  
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Figure 34: A). Ligand 16 normalised AlphaScreen® inhibition (light blue dots) and TrueHits™ inhibition 

(blue squares) data (n = 3); B). Proposed mechanisms of singlet oxygen quenching caused by the 

electron rich alkenes of ligands 14-19, 39-41 and OXFBD05; C). Structural match of OXFBD05 (with 

alkene highlighted in light blue) and 6 (amide highlighted in purple); D). TrueHits™ assay of OXFBD05 

(blue dots) and 6 (purple squares) (n = 3).  
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As displayed in Figure 34D, the replacement of the alkene (in OXFBD05) and with an 

amide (6) resulted in a decrease in the IC50 value in the TrueHits™ assay (2.78 μM for 

OXFBD05 vs 12.3 μM for 6).  These data mean that both OXFBD05 and 6 are 

inhibiting the signal in the TrueHits™ assay and therefore would interfere with an 

AlphaScreen® assay. This >4-fold reduction indicates that the alkene is indeed 

participating in singlet oxygen quenching, likely through one of the mechanisms 

highlighted (Figure 34B).116,117 Additionally compounds that contain electron-rich 

alkenes have been previously reported to quench singlet oxygen, further supporting 

findings discussed (Figure 35A).117–119 However, 6 still exhibits inhibition in the 

TrueHits™ assay. This moderate activity in the assay is unlikely to be caused by light 

scattering as the ligand appeared fully dissolved. Therefore, it is hypothesised that the 

electron-rich THQ could be interfering in the assay, as similar aniline and nitrogen 

heterocycles have been noted in the literature to perform singlet oxygen quenching 

(Figure 35B).120–122 With this data in-hand and the macrolactams along with other 

analogues confirmed as false positives in AlphaScreen®, an alternative assay was 

required to assess the binding affinity of the ligands synthesised in Chapter 2. 

 

Figure 35: Chemical structures of singlet oxygen quenchers from the literature, A). Alkene-containing 

structures which are confirmed singlet oxygen quenchers; B). Electron-rich aniline and nitrogen 

heterocyclic structures confirmed to react with singlet oxygen. 117–122 
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3.3 Isothermal Titration Calorimetry 

With AlphaScreen® not providing the desired high-throughput assay because of ligand 

interference, other assays were considered as alternatives. Therefore, without a 

validated assay to hand TR-FRET was considered but discounted due to concerns 

around compound interference with the wavelengths used, such as those used to 

excite lanthanide complexes. Isothermal titration Calorimetry (ITC) appeared the most 

reliable option to assess the compounds binding affinity to both CBPBRD and BRD4(1), 

the assay was not applied originally for the 9 novel ligands due to the low throughput 

nature of its execution (the assay functions as described in Chapter 1). ITC is a reliable 

assay for Kd = 10 nM - 10 μM binders, which rarely produces false positives and can 

yield total thermodynamic data for binding events, despite the drawbacks of using it to 

detect weak binding affinities for low-solubility ligands.  

3.3.1 ITC Binding Affinity to the CBPBRD and BRD4(1) 

Initially, the assay and protein were assessed using the positive controls of OXFBD05 

(for the CBPBRD) and JQ-1 (for BRD4(1)). Both OXFBD05 (Kd = 132 nM for CBPBRD) 

(see Appendix D Figure 3 for ITC traces) and JQ-1 (Kd = 52.0 nM for BRD4(1)) (see 

Appendix D Figure 5 for ITC traces) demonstrated binding affinities close to the 

published literature values for their respective protein, indicating the functionality of 

both proteins and the assay (see Table 6).23,44 To further validate the assay 

functionality and also to assure the high binding affinity of the positive control 

compound which was used during the in vitro cell based assays (Section 3.7) 

Inobrodib the clinical candidate was also analysed for CBPBRD binding. The Inobrodib 

binding affinity (Kd = 18 nM) (see Appendix D Figure 5 for ITC traces) which is in line 

with previous ITC data for this ligand but vastly different from the SPR data reported 
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upon binding to the CBPBRD (Kd = 1.3 nM).30,42,123 With the assay performing as 

expected, the binding affinities of 10, 14-19 and 39-41 were evaluated against both 

the on-target CBPBRD (see Appendix D Figure 6-14 for ITC traces) and the major 

off-target BRD4(1) (see Appendix D Figure 15-22 for ITC traces) using ITC to discern 

their affinities for each protein. 

Table 6: ITC Kd values for ligands 10, 14-19 and 39-41 against the CBPBRD and BRD4(1) along with the 

fold selectivity which can be calculated from these binding affinities, OXFBD05 (the CBPBRD positive 

control), JQ-1 (the BRD4(1) positive control) and Inobrodib (CBPBRD inhibitor clinical candidate) are 

included, a dash (–) indicates experiments not performed, n.b stands for no binding hence N/A indicates 

that a fold selectivity cannot be calculated, each standard error of the mean is presented (±) for each 

Kd value. 

 

The binding affinity data illustrates that compound 19 (Kd = 174 nM), 14 (Kd = 320 nM) 

and 17 (Kd = 435 nM) are the highest binding affinity macrolactams within the ligand 



67 
 

series (see Figure 31 for chemical structures). With increasing length of the amide 

chain between secondary amide ligands (14 with an ethyl, 10 with a propyl, and 15 

with a butyl) the Kd increases and binding affinity decreases (see Figure 31 for 

structures). The longer chain length likely causes unfavourable interactions with the 

protein, resulting in higher hydrophobicity and also potentially perturbing the adoption 

of the desired curled-up binding conformation through increased ligand flexibility. For 

the two linear analogues with detectable binding by ITC to the CBPBRD, both also 

demonstrated higher affinity for BRD4(1). Making these linear ligands unselective for 

the CBPBRD over BRD4(1), due to the ability of the 39 and 40 to linearise, lacking the 

conformational fix provided by the macrocycle. Within the diastereomeric pair of 

ligands 16 and 17, compound 17 (Kd = 435 nM) displays a higher affinity than 16 

(Kd = 834 nM), which could be rationalised by how the different stereocentres of the 

pyrrolidine ring caused a difference in conformation. Possibly leading to increased 

interactions with the protein surface or through a lower energy barrier to adopting the 

desired curled-up binding conformation to the CBPBRD. A comparison of ligands 19 and 

18 shows an increased affinity in the morpholine-containing structure of 19 

(Kd = 174 nM) compared to the piperidine-comprising structure of 18 (Kd = 834 nM), 

thus presenting a 4.8-fold increase in Kd for the CBPBRD. This trend is also observed 

between the linear analogues of these macrolactams, as 40 (Kd = 826 nM) exhibits a 

marked improvement in affinity when compared to 39 (Kd = 2950 nM) possessing a 

3.6-fold increase in Kd. This indicates that morpholine-based amides are better 

tolerated within the CBPBRD binding site compared to structures bearing piperidines, 

potentially through addition hydrogen bonding interactions within the binding site.  

With regard to the binding affinities measured for BRD4(1), ITC is limited by compound 

solubility for detecting weak binding (Kd > 10 μM) interactions between a ligand and a 
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protein. The volume of DMSO in the buffer also cannot exceed > 0.2% v/v as 

previously discussed, limiting the ability of the assay to detect binding affinities for 

poorly soluble ligand. Although the ligands are soluble at the concentrations tested (up 

to 40 μM in some cases), in order to obtain Kd values for all of the macrolactams 

against BRD4(1), the ligands would need to be assayed at double the highest 

concentration tested, at which point the ligands would no longer be soluble.  

The macrolactam-based ligands demonstrated improved selectivity compared to their 

acyclic counterparts by ITC. This is illustrated by all the macrocycles having no 

detectable binding to BRD4(1) by ITC (except 18) again highlighting the limitations of 

ITC as an assay for weak binding detection. With respect to compound 18, this ligand 

displayed a ~3.9-fold increase in selectivity for the CBPBRD over BRD4(1) compared 

to the linear version of this compound 39. The ITC assay has highlighted ligand 19 as 

the highest affinity for the CBPBRD making it the first small molecule macrocyclic ligand 

to demonstrate a Kd below 174 nM for the CBPBRD. Although the all the macrolactams 

(ligands 10 and 14-19) show weaker affinity (higher Kds) that the positive control of 

OXFBD05 (Kd = 132 nM), this is potentially due to the addition of an electron 

withdrawing amide onto the [6,7]-KAc mimic. This is due to the electron rich nature 

KAc mimics, as the increased electron density allows for strong hydrophobic and 

hydrogen bonding interactions. Although the ligands 14, 17, and 19 have higher affinity 

than the rest of the macrolactam series, illustrating that the addition of an electron 

withdrawing group can be partially overcome, conceivably through a conformational 

effect of their macrocyclic structures, or additional interactions with the CBPBRD. 

However, to assess the selectivity of macrolactams ligands which did not show binding 

by ITC to BRD4(1), further investigation was required. 
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3.4 BROMOScan Binding Assays 

As discussed previously (section 3.3.1) ITC is limited by compound solubility for 

detecting weak binding (Kd > 10 μM) interactions between a ligand and a protein. 

Therefore, the commercially performed BROMOScan (Eurofins Discovery) based 

assays were used for characterisation of binding affinities.86 The BromoKdElect 

platform is an assay based upon BROMOScan technology. Ligands 14, 16, 17, 19 and 

41 were chosen to perform this assay on as they demonstrated no measurable binding 

to BRD4(1) by ITC and Kd <1 μM for the CBPBRD.  

3.4.2 BromoKdElect 

The binding affinity BromoKdElect assays were performed with n = 2 repeats against 

the BRDs of CBP, p300, BDR4(1), and BDR4(2) (Table 7 and Appendix E Figures 1-6 

for a graphical representation of the data).  

Table 7: BromoKdElect binding affinities (Kd) for compounds 14, 16, 17, 19 and 41 against the four 

BRDs displayed (n = 2), along with the standard error of the mean (±) below each value. 
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Generally, the BromoKdElect binding affinities (Kds) obtained for all the ligands to the 

target proteins appear lower than those afforded by ITC. This in contrast to the positive 

control of OXFBD05, which shows a weaker affinity by BromoKdElect (Kd = 180 nM) 

when compared to ITC (Kd = 132 nM).44,88 Therefore, ligands 14, 17, 19, and 41 exhibit  

increased affinity (lower Kds) when compared to OXFBD05 in the BromoKdElect 

assay, showing that these ligands have overcome the addition of the electron 

withdrawing amide to the KAc mimic. The binding affinity data for the BromoKdElect 

assays performed highlights both compound 14 and 19 as binding to the CBPBRD with 

Kd <100 nM. Molecule 17 demonstrates higher affinity for the CBPBRD and p300BRD 

than both its diastereomer 16 and linear analogue 41, reinforcing the ITC data. With  

these data in-hand, selectivities for all of the ligands can be calculated (Table 8). 

Table 8: Selectivities from the BromoKdElect assays performed on ligands 14, 16, 17, 19, and 25 

calculated using the Kd data previously displayed (Table 7). 

 

The selectivity data highlights ligand 19 as the most selective for the CBPBRD and 

p300BRD over BRD4(1) and (2). Compound 19 displays >455-fold and 82-fold 

selectivity for the CBPBRD over BRD4(1) and BRD4(2), respectively, while maintaining 
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high affinity for the CBPBRD and p300BRD. However, it is worth noting that according to 

the BromoKdElect binding affinity data 19 has a 3-fold increased affinity for the CBPBRD 

when compared to the p300BRD. This is hypothesised to be due to the weakened ability 

of p300BRD to form cation-π interactions with ligands, as a phenylalanine (Phe-1177) 

in the CBPBRD is substituted for a tyrosine (Tyr-1177) in the p300BRD.124 This Tyr-1177, 

hydrogen bonds with the arginine (Arg-1173) in the p300BRD, this residue participates 

in the cation-π interactions with ligands when bound to the CBPBRD, forming an 

induced fit pocket, but is pulled away in the p300BRD removing the cation-π interaction 

and the induced fit pocket.124  This is demonstrated by the crystal structures of SGC-

CP30 with the CBPBRD (PDB: 4NR7) and p300BRD (PDB: 5BT3).52,124 This effect 

causes ligands which rely on the interaction with this arginine residue to demonstrate 

weaker binding to the p300BRD compared to the CBPBRD.124  

The selectivity data also demonstrated that for compounds 16 and 17 there are little 

to no benefits in selectivity gained from macrocyclisation as these macrolactams 

exhibit the same selectivity for CBPBRD when compared to 41. These data highlight 

that although ligand 14 possess high affinity to both the CBPBRD and p300BRD (55 and 

57 nM respectively) it does not enjoy the high level of selectivity that compound 19 

furnishes (Table 8). Compound 19 also shows a similar affinity for the target CBPBRD 

(Kd = 44.5 nM) compared to 14 (Kd = 55 nM) (Table 7). Compared to its linear analogue 

40 (Kd = 826 nM by ITC) macrolactam 19 exhibits both increased affinity (Kd = 174 nM 

and 44.5 nM by ITC and BromoKdElect respectively) for the CBPBRD and selectivity 

(>455-fold selective for the CBPBRD over BRD4(1) for ligand 19 compared to <1.2-fold 

for ligand 40), highlighting the extensive benefits of macrocyclisation (Table 8). Ligand 

19 distinguished itself as both the highest affinity (Kd = 44.5 nM) and most selective 
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ligand: >455-fold and 82-fold selectivity over BRD4(1) and BRD4(2) respectively for 

the CBPBRD.  

3.4.3 BromoMax 

To better understand the selectivity of ligand 19 against other BRDs outside of the 

BRD4, 19 was tested for affinity against 32 BRD-containing proteins in a BromoMax 

assay. This assay was performed, applying the same principles of the BROMOscan 

assay (described in Chapter 1) but testing across a panel of 32 BRDs at a fixed 

concentration.86 Therefore, the data are presented as a percentage of remaining 

control post-treatment with ligand, meaning a lower percentage remaining indicates a 

greater affinity. The data for compound 19 is presented for both the 1 and 10 μM 

concentrations assayed (Table 9, see Appendix E figures 6 and 7 for the raw data).  
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Table 9: BromoMax data for compound 19 at 1 μM ,10 μM, as well as Inobrodib at 1 μM for comparison 

with the gene symbol for each protein displayed (left column) along with the percentage of control 

remaining after treatment with 19, a high number indicates weak or no inhibition (dark blue (35-100%), 

medium blue (25-35%), and light blue (15-25%)) whilst a lower number (dark red (0-1%), medium red 

(1-5%), light red (5-10%), and white (10-15%)) denotes strong inhibition of that BRD.30   

 

A value of 35 percent control remaining or lower (medium blue to dark red) is classed 

as an affinity for that protein in this assay (as defined by Eurofins). With this in mind at 
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1 μM, ligand 19 is not classed as binding to any other BRDs except for the on-target 

CBPBRD and p300BRD. This is shown by only the CBPBRD and p300BRD demonstrating 

percentage control below 35 (2.7 and 9 respectively).124 When compound 19 was 

tested at an increased concentration of 10 μM the BRDs: BAZ2A, SMARCA2, and 

TAF1(2) exhibited strong affinity for 19 along with CBP and p300 (dark red and medium 

red in Table 9, rightmost column). Both TAF1(2) and BAZ2A have been previously 

identified as off-targets of CBPBRD inhibitors.53 Running the BromoMax for 19 at 10 μM 

also elucidated affinity for the second domain of the BET (BRD2, BRD3, BRD4, and 

BRDT) proteins over the first domains. Affinity for the second BET BRDs is expected, 

as 19 demonstrated increased affinity for BRD4(2) relative to BRD4(1) 

(BromoKdElect). With respect to the second BRDs of the BET family, compound 19 

demonstrates weak (16-35% control remained in Table ZZ5 for BRD2(2), 3(2) and 

4(2)) affinity at 10 μM. The assay also highlights the PBRM1(5) (21% control 

remaining), BRPF1 (22% control remaining) and BRD9 (26% control remaining) BRDs 

as exhibiting weak affinity (Table 9, medium blue) for 19. The BromoMax data 

presented can be visualised using a phylogenetic tree diagram for the BRDs (32 out 

of 58 displayed in Figure 36A and 36B) tested at both 1 (Figure 36A) and 10 μM 

(Figure 36B) of ligand 19. At 10 μM 19 exhibits selectivity over the majority of the BRDs 

tested in the BromoMax assay (21 out of 30) and displays no affinity (dark blue in 

Table 9) for the first BRD of the BET proteins. At 10 μM, the BromoMax assay identified 

nine off-target BRDs to which ligand 19 binds, the highest affinity of these being with 

BAZ2A, SMARCA2, and TAF1(2) however at 1 μM 19 shows no affinity for these 

proteins. These proteins which macrolactam 19 shows high affinity for at 10 μM 

(BAZ2A, SMARCA2, and TAF1(2)), when inhibited do not have the same phenotypic 

effects as CBPBRD and p300BRD inhibition in cells.27,125,126  
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Figure 36: Phylogenetic trees of BromoMax data for compound 19 at, A). 1 μM and B). 10 μM with 

increasing inhibition indicated by increasing red dot size and proteins tested highlighted with dark text. 
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When comparing the affinity and selectivity of 19 to other CBPBRD inhibitors, it appears 

most relevant to compare to the only CBPBRD/p300BRD inhibitor currently in clinical 

trials Inobrodib (Table 9, 3rd column). The published BromoMax data for Inobrodib 

indicates that at 1 μM, it is less selective than compound 19 (inhibiting 7 out of 32 

BRDs tested), nevertheless Inobrodib has higher affinity for both the CBPBRD and 

p300BRD compared to 19 at 1 μM (0 and 0% control remaining for Inobrodib vs 2.7 and 

9% control remaining for 19 respectively).30 Inobrodib demonstrates a very low Kd of 

1.3 and 1.7 nM for the CBP/p300BRD respectively (by SPR), while 19 exhibits a more 

modest Kd of 44.5 and 130 nM for CBP/p300BRD respectively (BromoKdElect), an ~10 

fold increase in is observed between Inobrodib (Kd = 18 nM) and macrolactam 19 

(Kd = 174 nM) using ITC (Table 6).42 This increased on-target affinity, would no doubt, 

provide Inobrodib with a more pronounced phenotypic effect due to CBP/p300BRD 

inhibition in vivo.30,42 It is also worth noting that at 1 μM, Inobrodib begins to inhibit the 

first domains of the BET family proteins, unlike ligand 19, thereby presenting a different 

off-target selectivity profile.30 The BromoMax data highlights that at 1 μM, 19 has total 

on-target selectivity and required testing at 10-fold increased concentration to 

elucidate the off-target BRDs of this ligand. This makes macrolactam 19 the first high 

affinity, selective ligand for the CBPBRD. In order to discern why this is the case, 

structural studies of the macrolactam ligands and their respective linear analogues 

were performed to better understand the selectivity and affinities of these molecules. 

3.5 Protein-Ligand X-ray Crystallographic Studies 

Given that the morpholine macrolactam 19 had both the highest affinity and selectivity 

for the CBPBRD, an investigation of the binding mode and conformation using X-ray 

crystal structures was performed. This was also carried out on the original 

macrolactam 10 from which the SAR was built. To complement the co-crystal structure 
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of 19, the acyclic morpholine compound 40 was also co-crystallised with the CBPBRD 

in order to observe any differences that could have caused the increased binding 

affinity of 19 relative to its linear analogue. Finally, ligand 14 was co-crystallised with 

the target CBPBRD to see what structural information could be gained in relation to the 

decreased selectivity of this compound compared to 19. The crystals grown for each 

compound and the solved structures, presented herein, were produced by Marius 

Amann (University of Freiburg, Germany) for ligands 10, 14, 19, and 40. Both 6×His 

tagged CBPBRD along with the TEV cleaved CBPBRD were used in crystallographic 

studies (Appendix B figure 2 for tag-less CBPBRD SDS-PAGE and LC-MS data). 

However, only the 6×His CBPBRD protein produced high resolution structures when 

crystallised with the ligands.  

For clarity, only the KAc binding site containing the ligands for each structure is shown 

from along the ZA channel and from above the binding pocket to better visualise the 

interactions of each ligand (see Appendix F figures 1 – 4 for the full BRD crystal 

structure with each ligand). Each ligand bound to the CBPBRD is given a different colour 

(19 is yellow (PDB: 9GEJ), 40 is purple (PDB: 9GET), 10 is light blue (PDB: 9GEY), 

and 14 is cyan (PDB: 9GEU)), while the protein surface is transparent, structural 

waters (such as those present in the KAc binding pocket and down the ZA channel) 

are denoted by red spheres. The residues to which each ligand possess any 

interactions (both water-mediated, and non-water-mediated hydrogen bonds, dipole-

dipole, cation-π, π-π and Van der Waals interactions) are displayed (carbon atoms are 

green, nitrogen atoms are blue, and oxygen atoms are red for these residues) and 

labelled with the residue three-letter code and number. The hydrogen bonding and 

cation-π interactions highlighted (by yellow dashed lines). For clarity, the backbone 
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amide of each amino acid is removed, unless a hydrogen bonding interaction is 

present between the ligand and CBPBRD.  

3.5.1 Co-crystal structure of Ligand 14 in complex with the CBPBRD 

When co-crystallised with the CBPBRD, both ligands 10 and 14 demonstrated similar 

binding modes. Due to the higher affinity of 14 this is the ligand that is discussed in 

the following section with differences between the two structures discussed where 

relevant (see Appendix F for 10 co-crystal structure with the CBPBRD). Compound 14 

displays the same crystallographic artefact as OXFBD05 (PDB: 6YIJ) when bound to 

the CBPBRD.44 The aforementioned artefact exhibits that the THQ moiety of 14 is likely 

forming an interaction with the Arg-1173 residue of an adjacent protein unit (Figure 37 

and 38). The same phenomenon is also observed in the co-crystal structure of 10.  

The linearisation of the ligands observed in the solid state was proven for OXFBD05 

to be a crystallographic artefact using size exclusion multi-angle light scattering 

(SEC-MALS) experiments.44 Therefore, the same phenomenon is hypothesised to be 

a crystallographic artefact for both ligand 10 and 14, given the similarity with the 

OXFBD05 crystal structure.44 This particular crystallographic artefact caused 

linearisation of the ligands, loss of the induce fit pocket caused by the cation-π 

interaction with Arg-1173, meaning that both 14 and 10 do not displayed the desired 

curled-up binding conformations to the CBPBRD.  
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Figure 37: X-ray co-crystal structure of ligand 14 (cyan) in complex with the CBPBRD (PDB: 9GEU) at 

1.56 Å resolution, viewed from the side of the binding pocket along the ZA channel with water occupying 

the channel. All residues which the ligand interacts with are displayed (green) with labels and the 

backbone amide removed for clarity unless otherwise involved in hydrogen bonding and the hydrogen 

bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the chemical 

structure of 14 shown in the top right. 
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Figure 38: X-ray co-crystal structure of ligand 14 (cyan) in complex with the CBPBRD (PDB: 9GEU) at 

1.56 Å resolution, viewed from above the binding pocket and LPF shelf with water occupying the 

channel. All residues which the ligand interacts with are displayed (green) with labels and the backbone 

amide removed for clarity unless otherwise involved in hydrogen bonding and the hydrogen bonding 

interactions to the ligand highlighted by the dashed (yellow) lines, and with the chemical structure of 14 

shown in the top right. 

Although the co-crystal structures are heavily influenced by the crystallographic 

artefact, it is worth noting that the [6,7]-KAc mimic maintains the expected hydrogen 

bonding interactions with Asn-1168, Pro-1110 and water-mediated bond with Tyr-1125. 

There is also a possibility for 14 to produce a hydrogen bond donating interaction with 

either the backbone amide of Leu-1120 or intramolecularly with the aryl ether oxygen, 

however, the bond angles do not appear to be optimal for either interaction. In the 
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structure of 10, only the intramolecular hydrogen bond is observed. However, due to 

the overwhelming effect of the crystallographic artefact, the induced fit pocket caused 

by the cation-π interaction, is not observed and no firm structural insight can be 

provided to explain the increased affinity of 14 compared to 10 for the CBPBRD.  

3.5.2 Co-crystal structure of Ligand 40 in complex with the CBPBRD 

The co-crystal structure of compound 40 when bound to the CBPBRD differs from 10, 

14 and OXFBD05, in that the induced fit pocket is visible between the THQ and 

Arg-1173 mediated cation-π interaction (Figure 39 and 40, dashed yellow lines). The 

interactions of the induced fit pocket appear with one nitrogen of Arg-1173 above the 

methoxy group, participating in a dipole-dipole interaction, whilst the other nitrogen of 

Arg-1173 was present above the aromatic ring performing the desired cation-π 

interaction. This leads to ligand 40 demonstrating the desired curled-up conformation 

similar to that observed for 6 (PDB: 6YIM) and 1 (PDB: 4NYX). Ligand 40 forms the 

expected hydrogen bonding interactions in the KAc binding pocket through the 

[6,7]-ring system. Those hydrogen bonds are with the residues Asn-1168 and Pro-1110 

as well as the water-mediated hydrogen bond to Tyr-1125. Rather unexpectedly the 

morpholine and attached amide do not exhibit any additional hydrogen bonds directly 

with the binding pocket on the CBPBRD. There is also a lack of water 

mediated-hydrogen bonding interactions between the morpholine of 40 and the 

CBPBRD meaning that this moiety offers no appreciable beneficial interactions with the 

protein which is again unexpected and highlights the hydrophobic nature of the binding 

pocket. The [6,7]-KAc mimic forms several hydrophobic interactions, such as those 

with Phe-1111, Val-1115, Ile-1122 and Tyr-1125. The alkyl chain connecting the THQ 

and [6,7]-ring system forms hydrophobic interactions along the ZA channel with 

Pro-1111 and Leu-1120. The THQ forms the induced fit pocket causing hydrophobic 
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interactions with the residues Leu-1109, Pro-1110 and Phe-1177 on the leucine, 

proline, phenylalanine (LPF) shelf. 

Figure 39: X-ray co-crystal structure of ligand 40 (purple) in complex with the CBPBRD (PDB: 9GET) at 

1.29 Å resolution, viewed from the side of the binding pocket along the ZA channel with water occupying 

the channel removed for clarity. All residues which the ligand interacts with are displayed (green) with 

labels and the backbone amide removed for clarity unless otherwise involved in hydrogen bonding and 

the hydrogen bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the 

chemical structure of 40 shown in the top right. 
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Figure 40: X-ray co-crystal structure of ligand 40 (purple) in complex with the CBPBRD (PDB: 9GEU) at 

1.29 Å resolution, viewed from above the binding pocket and LPF shelf and with water occupying the 

channel shown. All residues which the ligand interacts with are displayed (green) with labels and the 

backbone amide removed for clarity unless otherwise involved in hydrogen bonding and the hydrogen 

bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the chemical 

structure of 40 shown in the top right. 

The co-crystal structure of 40 demonstrates the desired binding conformation caused 

by the presence of the induced fit pocket produced through the cation-π interaction 

between the THQ and Arg-1173. Even with this structural data displaying the curled-up 

binding conformation of the ligand, it lacks selectivity for the CBPBRD over BRD4(1). 

This can be attributed to the flexibility of 40 resulting from the sp3 alkyl chain within its 

structure. The fact that 40 lacks conformationally constraint means that the ligand has 

a low energy barrier to adopting the linear conformation required to bind to BRD4(1). 
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The weaker binding affinity when compared to the positive control compound 

OXFBD05 can be rationalised by the addition of the electron withdrawing amide, 

weakening the hydrophobic interactions to Phe-1111, Val-1115, Ile-1122, and Val-1174. 

The amide and attached morpholine ring do not appear to make additional interactions 

with the protein to compensate for this, causing a further decrease in affinity. 

3.5.3 Co-crystal structure of Ligand 19 in complex with the CBPBRD 

With the co-crystal structure of 40 demonstrating the desired curled-up conformation 

through the formation of the induced fit pocket, the structure of 19 bound to the CBPBRD 

was next analysed (Figure 41 and 42). The structures of 40 and 19 bound to the 

CBPBRD exhibit the desired curled-up conformation, with one marked difference, 19 

did not display the induced fit pocket and lacked the cation-π interaction between the 

THQ and Arg-1173. This is hypothesised to be the result of a crystallographic artefact 

leading to the heptamer formation observed (see Appendix F). This is a homo-

heptamer as all the single BRDs within the heptamer display the same shape and 

binding mode of 19 with structural water molecules maintained. Ligand 19 forms the 

two hydrogen bonding interactions in the KAc binding pocket with Asp-1168, and the 

water-mediated hydrogen bond to Try-1125. However, the hydrogen bond to Pro-1110 

now appears to be mediated by a water molecule as opposed to the direct hydrogen 

bond observed in the co-crystal structure of 40 with the CBPBRD. Unlike in the structure 

of 40 bound to the target BRD, the morpholine oxygen of 19 forms water-mediated 

hydrogen bonds to the backbone amides of both Arg-1173 and Val-1174. The amide 

attached to the morpholine also demonstrates a water-mediated hydrogen bond to the 

backbone amide of Leu-1120. This could be the caused of ligand 19 demonstrating 

high affinity even with decreased electron density on the KAc mimic. There is also 

potential for ligand preorganisation into the binding conformation, resulting in an 
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increase in affinity. The [6,7]-KAc mimic makes the weakened hydrophobic interactions 

with Phe-1111, Val-1115, Ile-1122, Tyr-1125 and Val-1174. The alkyl linker between the 

[6,7]-ring system and THQ, forms hydrophobic contacts with Pro-1110 and Leu-1120. 

Whilst the THQ forms hydrophobic interactions on the LPF shelf with Leu-1109, 

Pro-1110, and Phe-1177, without the induced fit pocket cation-π interaction.  

Figure 41: X-ray co-crystal structure of ligand 19 (yellow) in complex with the CBPBRD (PDB: 9GEJ) at 

1.84 Å resolution, viewed from the side of the binding pocket along the ZA channel with water occupying 

the channel removed for clarity. All residues which the ligand interacts with are displayed (green) with 

labels and the backbone amide removed for clarity unless otherwise involved in hydrogen bonding and 

the hydrogen bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the 

chemical structure of 19 shown in the top right. 
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Figure 42: X-ray co-crystal structure of ligand 19 (yellow) in complex with the CBPBRD (PDB: 9GEJ) at 

1.84 Å resolution, viewed from above the binding pocket and LPF shelf and with water occupying the 

channel shown. All residues which the ligand interacts with are displayed (green) with labels and the 

backbone amide removed for clarity unless otherwise involved in hydrogen bonding and the hydrogen 

bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the chemical 

structure of 19 shown in the top right. 

The movement of residue Arg-1173 away from the binding site, leading to a lack of 

induced fit pocket, is likely due to a crystallographic artefact because this residue 

strongly interacts with the next unit of the CBPBRD. The interaction demonstrated is a 

strong hydrogen bonding interaction with a glutamic and aspartic acid residue, the 

strength of which can also be attributed to a dipole-dipole interaction between the 

positively charged amidine of the arginine and negatively charged carboxylic acid side 
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chains (see Figure 43A and B). This is a consistent interaction between each single 

unit of the CBPBRD that make up the heptameric structure, between Arg-1173 of the 

first CBPBRD and Asp-1155 (this interaction is consistent), and with Glu-1149 (this 

interaction depends on the orientation of the side chain and so is only observed across 

some units of the heptamer) of the second CBPBRD. The interactions between the units 

of the CBPBRD causing the formation of the heptameric unit are also likely enhanced 

by ligand 19 providing a hydrophobic surface through which interactions can occur. 

This is observed with residue Trp-1158 which stacks onto macrocycle 19 (Figure 43C).  

Figure 43: The co-crystal structure of 19 (yellow) and the CBPBRD (PDB: 9GEJ) at 1.84 Å resolution, 

with the residues which interact with the ligand and Arg-1173 of the adjacent BRD unit of CBP 

highlighted in orange, A) and B). Two co-crystal images underlining the strong polar and hydrogen 

bonding interactions between the Arg-1173 which usually participates in cation-π interactions and the 

residue which it interacts with instead Asp-1155 and Glu-1149 of the adjacent BRD protein unit in 

highlighted in orange, C). Co-crystal image focussed on the hydrophobic interactions between ligand 

19 and the Trp-1158 of the adjacent CBPBRD highlighted in orange. 

Although Arg-1173 does not form the induced fit pocket in the crystal structure, ligand 

19 still demonstrates the desired binding conformation, hinting at why this ligand 
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shows the greatest selectivity for the CBPBRD over BRD4(1). The ligand 19 is trapped 

and thus unable to adopt a linear conformation to BRD4(1), presenting too high of an 

energy barrier to overcome and straighten in order to bind to the off-target BRDs. So, 

it is conformationally constrained to the CBPBRD binding mode. It is also likely that in 

solution the induced fit pocket is present and plays a key role in the binding of 

macrolactam 19, as without this interaction, no difference in Kd would be observed 

between the CBPBRD and p300BRD. This is not the case as both the BromoKdElect and 

BromoMax data indicate a greater affinity for the CBPBRD over the p300BRD as the 

compound possesses a CBP/p300 selectivity of 3-fold. Although this appears a small 

fold selectivity, consider that CBP and p300 are paralogue proteins which share a 97% 

sequence homology within the BRDs, with only 4 amino acids different between the 

two.127 The most obvious reason for this increased affinity for the CBPBRD over the 

p300BRD was the assumed formation of the cation-π interaction, giving increased 

affinity for CBPBRD, which has been previously observed in the literature although to a 

lesser extent.124 But the selectivity for the CBPBRD could also be explained by the 

additional water-mediated hydrogen bonds between the morpholine of macrocycle 19 

and Arg-1173 and Val-1174, which might not be present with the p300BRD. Although 

further investigations would need to be conducted to prove this hypothesis, the co-

crystal structure of 19 presented is the first structure demonstrating how 

conformational constraint can be used to afford a selective, high-affinity ligand for the 

CBPBRD. In order to validate the hypothesis of the oligomer formation observed in the 

crystal structure of 19 and the CBPBRD, experiments aimed to identify this as a 

crystallographic artefact were carried out.  
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3.5.4 Investigation of Heptamer formation upon 19 binding 

To investigate the crystallographic artefacts obtained from the co-crystal structures of 

the macrolactam ligands bound to the CBPBRD, compound 19 was chosen, as it is the 

most thoroughly characterised in terms of binding affinity. Unlike 10 and 14, the 

artefact exhibited by 19 is unique with regard to CBPBRD ligands, thus reinforcing the 

choice to investigate this phenomenon further. The binding of 19 to the next BRD 

causes a homo-heptamer observed in the solid state, if observed in solution this could 

undermine the extensive in vitro data previously obtained. In order to characterise the 

protein structure in solution analytical ultra centrifugation (AUC) was performed with 

ligand 19 and the CBPBRD. This technique relies on sedimentation of higher molecular 

weight species occurring more rapidly from solution, so upon oligomer formation the 

traces should appear different if this phenomenon is driven by addition of macrolactam 

19.  

Originally the CBPBRD was diluted to 40 μM, to demonstrate that only monomers of the 

domain were observed, and no higher-order structures are present (Figure 44 and see 

Appendix G figure 1 for full data) in the native protein.  

 

Figure 44: AUC data for the CBPBRD, with molecular masses of the species observed displayed above 

each peak in kDa.  
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When the CBPBRD was analysed by AUC, the molecular weight mass of the monomeric 

protein obtained was ~15.9 kDa which is close to the 15.7 kDa measured by mass 

spectrometry (see Appendix B figure 1). Compound 19 was then added at 0.5, 1 and 

1.5 equivalents (20, 40, and 60 μM) to a set concentration (40 μM) of the CBPBRD and 

analysed by AUC (Figure 45 and see Appendix G figures 2-4 for full data). Upon 

addition of ligand 19, no large peaks corresponding to dimer or higher order structures 

such as heptamers were observed by AUC. Instead, only a minor peak corresponding 

to a mass of 40.1 kDa was observed upon the addition of 19 at 20 μM, indicating low-

level dimer formation but the majority of the protein remained in its monomeric form 

(Figure 45A). There is a smaller peak at 60.4 kDa observed at equimolar concentration 

of 19 and the CBPBRD, which could indicate minor trimer formation, again this makes 

up a small proportion of total protein observed (Figure 45B). All of the peaks in the 

AUC observed with the addition of the 19, experience broadening, likely caused by 

addition of DMSO to both the control and protein containing samples.  



91 
 

 

Figure 45: AUC data for the CBPBRD at 40 μM, with ligand 19 at 20 (A), 40 (B), and 60 (C) μM, a blank 

subtraction containing 0.2% v/v DMSO was carried out, the same percentage DMSO as each sample.   

In order to ensure that the addition of the ligand was not causing any assay 

interference through background absorbance at 280 nm, the AUC assays were 

repeated but this time with the corresponding concentration of ligand added to each 

buffer from which the results were calculated (Figure 46 and Appendix G figures 5-7 

for full data).  
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Figure 46: AUC data for the CBPBRD at 40 μM, with ligand 19 at 20 (A), 40 (B), and 60 (C) μM, a blank 

subtraction containing 0.2% v/v DMSO and the respective concentration of 19 was carried out, the same 

percentage DMSO was added to each sample.   

At all concentrations analysed there appears to be minor dimer formation which 

occurred upon the addition of the ligand, this increased from 20 to 40 μM of 19 but 

demonstrated no visible increase from 40 to 60 μM. Once again, this dimer still makes 

up a minority of the species observed by AUC. This indicates that only dimeric species 

can be observed in solution between 19 and the CBPBRD and this is only a small 

proportion of the total number of species observed, with the majority remaining 

monomeric in nature. This provides a piece of evidence that the interactions observed 

between 19 and two units of the CBPBRD in the co-crystal structure (Appendix F, figures 



93 
 

1 and 2) are likely a crystallographic artefact. Seeking further confirmation of this, 

native mass spectrometry was used to monitor if interactions caused between 19 and 

the CBPBRD can cause oligomer formation (see Appendix G for Native-MS data). This 

technique can be utilised in the observation of non-covalent interactions between small 

molecules and macromolecules, the strength of these interactions and further binding 

data.  Using native-MS there were no dimer or higher order oligomers observed upon 

the addition of ligand 19 to the CBPBRD by native-MS. The binding of ligand 19 was 

observed using native-MS, illustrating how non-covalent interaction can be detected 

with this technique if sufficiently strong binding occurred. Both this data, along with the 

AUC experiments, indicate that heptamer formation observed in the co-crystal 

structure of 19 bound to the CBPBRD was due to crystallographic artefact. This would 

imply that in solution the Arg-1173 residue forms the induced fit pocket through a 

cation-π interaction with macrolactam 19.  

3.6 Physiochemical Properties 

With respect to the ITC testing of the positive control OXFBD05 discussed previously 

in section 3.3.1, it became clear that the previously utilised conditions to assess 

binding of this ligand were not viable. This is due to the published conditions using a 

concentration of 40 μM, which caused visible desolvation of the ligand as white 

particulate matter even with 0.2% v/v DMSO at pH 7.4.44 Due to this the assay was 

re-optimised to use a half the concentration of OXFBD05 (20 μM) and this gave a 

binding affinity more in line with the literature value but not within error (Kd = 132 nM 

±3 nM vs Kd = 102 nM ±10 nM as reported).44 However, this highlighted the poor 

solubility of the positive control ligand, therefore, OXFBD05, the novel macrolactams 

14-19 and respective linear analogues 39-41 were assay for their physiochemical 

properties. 
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3.6.1 Physiochemical data for OXFBD05, ligands 14-19, and ligand 39-41 

The physiochemical properties were assessed using GSKs inhouse methods which 

are described in the experimental (Chapter 7). These data also help to highlight 

differences between the macrolactams and their linear analogues, whilst also 

providing a comparison to the positive control OXFBD05 (Table 10). This also allows 

for ligands with poor physiochemical properties to be highlighted prior to testing in 

cell-based assays, with particular interest in the properties of Ligand 19.  

Table 10: Selected physiochemical properties of OXFBD05, compounds 14-19 and compounds 39-41, 

these data were produced using the in-house GSK methods, where Chrom stands for chromatographic, 

SFI stands for solubility forecast index (ChromLogD+#aromatics) and HSA stands for human serum 

albumin, the ChromLogD was measured at pH 7.4.  

 

 Usually, a LogD7.4 of between 0 – 5 and SFI less than 8 indicating good aqueous 

solubility in small molecules, with a target value for ChromLogD7.4 of 2 – 3 and SFI of 

around 5.128 The physchem data highlights the poor properties of OXFBD05, as it 

demonstrates very high hydrophobicity (Chrom LogD7.4 of 6.89 and SFI of 8.89), 
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indicating that is ligand has very poor aqueous solubility even with the lowest 

molecular weight of the compounds tested. As indicated by the physiochemical testing, 

ligands 16-19 and 39-41 would be considered bRo5 compounds as they break two of 

Lipinski’s rule based upon molecular weight and possessing a LogD7.4>5. However, 

the least hydrophobic ligands by SFI are 14 (7.16), 19 (7.47), and 40 (7.53), two of 

which are bRo5 compounds. With the diastereomer pair of 16 and 17 demonstrating 

similar SFIs (7.83 and 7.85 respectively). The artificial membrane solubilities of 

macrolactams 14-19 are similar, ranging from 3.22×10-6 cm s-1 for 15 to 5.3×10-6 cm s-1 

for 10, meaning that all the macrocycles demonstrate improved permeability compared 

to OXFBD05 (1.81×10-6 cm s-1). The hit ligand 19 demonstrates improved 

physiochemical properties for all characteristics assayed relative to the positive control 

OXFBD05, decreased ChromLogD7.4 (>1 unit), SFI (>1 unit), and HSA binding (3.6% 

less) along with an increase in membrane solubility (>2-fold) (Table 10). The 

differences exhibited by ligand 19 relative to OXFBD05 are likely due to the inclusion 

of more hydrogen bond accepts (8 compared to 5) increasing the hydrophilicity of the 

hit macrolactam, leading to the observed improvements in physiochemistry. When 19 

is compared to the equivalent linear analogue 40, it also has improved HSA binding 

and slightly decreased ChromLogD7.4 and SFI. This highlights that macrolactam 19 is 

unlikely to present significant issues when tested on cells due to physiochemical 

properties, as although the ligand is bRo5 and is hydrophobic in nature, it has an SFI<8 

and possess membrane permeability. If further improvements to the physiochemistry 

of such a ligand were required, due to the poor characteristics of the OXFBD05 on 

which the macrolactams were based, it would be prudent to change the parts of the 

macrocycles based upon this scaffold to aim to improve their solubility and 

permeability.  
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3.7 Cellular testing of 19 in OCI-AML3 Cells 

The testing of ligand 19 was performed in an acute myeloid leukaemia cell line, OCI-

AML3, which has been utilised in previous studies of CBPBRD inhibitors.30 Although all 

in vitro work has been performed on purified BRDs, the work in cells will demonstrate 

whether macrolactam 19 can engage the CBPBRD within the full-length protein in cells. 

Therefore, the testing of 19 in cells will test whether the ligand can engage the target 

domain of the full-length protein in cells and if the macrocycle can cause the desired 

phenotype. The testing was performed by Disha Kashyap (Milne and Booth Labs, 

2024). As the selectivity of compound 19 was highlighted at 1 μM, it was decided to 

test the ligand up to a maximum concentration of 10 μM in each assay. Those readouts 

are decreased levels of c-MYC, MYB, and BCL-2  which are all oncoproteins 

associated with CBPBRD inhibition that have previously been monitored in the literature 

when assessing CBP/p300BRD inhibitors.123 The off-target BRD-containing proteins, 

that 19 interacts with, (BAZ2A, SMARCA2 and TAF1(2)) are not believed to interfere 

with the readouts used in the cell-based assays.27,125,126 The levels of these proteins 

were monitored by both Western blotting (measuring oncoprotein levels) as well as 

qPCR (measuring oncogene transcription through mRNA levels) giving orthogonal 

assays which measure both protein and mRNA levels in the treated cells. The 

monitoring of these proteins is a phenotype of CBPBRD inhibition, as by binding to the 

BRD, it prevents transcription factors recruitment to chromatin in a CBP mediated 

manner. This lowers the level of the oncogene-associated transcription. In turn, the 

oncoproteins already present within the cell are short lived, hence broken down by the 

proteasome whilst these proteins are no longer being transcribed and produced, 

decreasing their overall levels overtime. This phenotype has previously been 

established in cancer cells as being a response to CBPBRD inhibition.28,52,123,129 
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Inobrodib was used as the positive control due to its robust cellular activity and strong 

phenotypic effects in leukaemia cell lines.30,42 

3.7.1 Evaluation of Cell Viability 

To ensure that the desired phenotype of decreased oncoprotein levels is not due to 

cell death upon treatment with the ligand 19 or Inobrodib, a CellTiter-Glo® assay was 

performed, and the percentage of cell survival at 6, 12, and 24 hours were calculated 

relative to a DMSO control in triplicate (Figure 47). At both 1 (rose) and 10 (brown) μM 

compound 19 demonstrated <10% cell death up to the 24-hour timepoint measured: 

the positive control of Inobrodib (lilac) also demonstrated a decrease in cell viability 

but maintained <10% cell death up to 24 hours. This data gives further credence to 

the phenotype of decreased protein levels being due to CBP/p300BRD inhibition.  

Figure 47: CellTitre-Glo® assay performed on OCI-AML3 cells to assess cell death relative to a DMSO 

negative control, with Ligand 19 tested at 1 and 10 μM and the positive control Inobrodib tested at 1 μM.  

3.7.2 Compound Concentration in vivo assays 

With the information in hand that neither Inobrodib nor 19 caused a loss of cell viability, 

the concentration of 19 and Inobrodib required to decrease levels of the target 

oncoproteins was evaluated. This was assayed by both Western blotting (Figure 38) 
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and qPCR (Figure 39) at a 24-hour timepoint. Although BCL-2 was assessed by qPCR, 

the antibody was unavailable to perform Western blot analysis.  

Figure 38: Representative western blots of compound 19 and Inobrodib between 0.3 – 10 μM after 

treatment of OCI-AML3 cells for 24 hours, with the levels of c-MYC and MYB monitored.  

Figure 39: qPCR data for c-MYC (A), MYB (B), and BCL-2 (C) mRNA levels of OCI-AML3 cells after 24 

hours from treatment with both 19 and Inobrodib at 1 and 10 μM, as a measure of oncogene 

transcription with the significance compared between the two concentrations for each compound and 

displayed above the corresponding data, from n = 3 repeats.  

Both the Western blots indicate that Inobrodib exhibits a greater decrease across the 

oncoproteins analysed compared to ligand 19, whilst the qPCR data also 

demonstrates a greater decrease of transcription for the associated oncogenes. This 

is to be expected from the increased affinity of Inobrodib for the CBPBRD and the fact 
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that this is a clinical candidate and therefore has been optimised for not only it’s in vitro 

but also its in vivo effects. The data also demonstrate that compound 19 only exhibited 

the desired phenotypic effect of decreased oncoprotein levels at ≥3 μM (as shown by 

Figure 38 for c-MYC levels). This was why 10 μM was utilised as the top concentration 

in the qPCR assay (Figure 39), as it begins to produce a similar response to a 1 μM 

dose of Inobrodib. Therefore, moving forward only 1 μM of Inobrodib is used for 

positive control experiments, as there is little difference (no significant difference or * 

significance upon data analysis) between this concentration and a 10 μM dose as a 

positive control (the most pronounced difference being in BCL-2 levels, but only one * 

significance, Figure 39C). However, testing of ligand 19 was conducted at both 1 and 

10 μM in subsequent experiments as no phenotype was observed after 24 hours for 

1 μM but a strong phenotype was observed at 10 μM.  

3.7.3 Time Response Assays 

The time required to observe the desired phenotype (lowered transcription and overall 

levels of oncoproteins) was next assessed. This required time point experiments 

where cells were treated with 19 (at 1 μM and 10 μM) and Inobrodib (1 μM) at 6, 12, 

and 24 hours. This would establish the time required for a strong phenotypic response 

from treatment with ligand 19 on oncoprotein levels. This was first assessed using 

Western blotting (Figure 40) and then verified by qPCR (Figure 41).  

Figure 40: Western blots of c-MYC, MYB and GAPDH (as a negative control) at 6, 12, and 24 hours. 
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Figure 41: qPCR data normalised to DMSO mRNA transcription levels of treated OCI-AML3 cells using 

DMSO (negative control), 19 at 1 and 10 μM and Inobrodib at 1 μM (positive control) for oncoproteins 

c-MYC (A), MYB (B) and BCL-2 (C) at 6 h, 12 h, and 24 hours, with the significance between the 19 at 

10 μM and the positive control at 1 μM displayed above the corresponding data from n = 3. 
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Both the Western blot and qPCR data indicate that protein levels and transcription do 

not present a pronounced decrease 6 hours after treatment with either 19 or Inobrodib 

relative to the DMSO controls. However, after 12 hours from the treatment, both 19 at 

10 μM and the Inobrodib at 1 μM indicate decreased levels of c-MYC, MYB and BCL-2 

protein and transcription relative to the DMSO control (Figure 40 and 41). Only after 

24 hours did treatment at 1 μM of 19 demonstrate a small decrease in protein levels 

and the associated mRNA (Figure 40 and 41). It can be concluded that treatment at 1 

μM of ligand 19 is insufficient to produce the desired phenotypic response in this cell 

line. The qPCR (Figure 41) data also demonstrates that for c-MYC, MYB, and BCL-2 

protein transcription continue to decrease at 24 hours for both 19 at 10 μM and 

Inobrodib at 1 μM. The data also indicates that although the concentration of Inobrodib 

is 10-fold less than 19, it affords a stronger phenotypic effect in cells (this is exemplified 

by the lower levels of all proteins at the three time points tested). However, the data 

indicate that at 10 μM, in the OCI-AML3 cells, ligand 19 produces the desired 

phenotype of decreased levels of oncoproteins at both 12 and 24 hour timepoints 

(Figure 40), at 24 hours the transcription levels of c-MYC, MYB, and BCL-2 have 

nearly reached those of Inobrodib treatment at 1 μM (28% vs 18%, 14% vs 6%, and 

31% vs 22% protein transcription respectively relative to DMSO in Figure 41). For both 

MYB and BCL-2 transcription there is not a statistically significant difference between 

19 (10 μM) and Inobrodib (1 μM), whereas for c-MYC transcription at 24 hours, the 

difference is significant (**) (Figure 41). It also appears that by Western blotting at 24 

hours for c-MYC and MYB the level of protein remaining for both 19 at 10 μM and 

Inobrodib at 1 μM are similar. The difference in concentration between 19 and 

Inobrodib required to cause these changes (10-fold increased concentration of 19) can 

be explained due to the >10-fold higher affinity of Inobrodib for the CBP/p300BRD with 
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also potentially improved physiochemical properties of the clinical candidate.30,42,123 

However, 19 demonstrating decreased oncoprotein levels and transcription at 10 μM 

highlights the potential of this ligand for further improvement in phenotypic activity, 

through either increased affinity or improved physiochemical properties. With the 

decreased levels of oncoproteins upon treatment with 19, the cells are expected to 

decrease their growth rate, which is the expected overall phenotypic effect of CBPBRD 

inhibition: decreased cell proliferation. 28,30,42,52,123,129 Assays to evaluate whether 19 

can cause this overall phenotype are still ongoing at this time.  

3.8 Conclusion 

In this chapter, the biological evaluation of the macrolactam ligands (14-19) and their 

linear analogues (39-41) have been described. These ligands were first assayed using 

a competitive AlphaScreen® assay. However, it became rapidly apparent that the 

ligands interfered with the assay readout through singlet oxygen quenching. 

Therefore, ITC was used to evaluate ligand affinity to both the CBPBRD and BRD4(1). 

The ITC data highlighted several compounds of interest which were further assayed 

using the BromoKdElect platform against the CBPBRD, p300BRD, BRD4(1) and 

BRD4(2). As evidenced by the data obtained, 19 demonstrated the most favourable 

affinity (Kd = 44.5 nM) and selectivity for the CBPBRD (>455-fold over BRD4(1)) and 

therefore this ligand was further assessed across a panel of 32 BRDs in the 

BromoMax assay at 1 and 10 μM concentrations. At 1 μM 19 demonstrated no off-

target BRD affinities, whilst at 10 μM affinity for 7 off-target BRDs was observed. 

Making 19 a highly selective CBPBRD inhibitor.  Through the structural studies 

conducted the novel X-ray co-crystal structures of small molecule macrocyclic ligands 

(10 (PDB: 9GEY), 14 (PDB: 9GEU), and 19 PDB: 9GEJ)) bound to the CBPBRD are 

displayed, along with the linear compound 40. The co-crystal structures of the 
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macrolactams bound to the CBPBRD are the first crystal structures of small molecule 

macrocycles bound to the CBPBRD published. The structural information elucidated 

from the co-crystal structure emphasised that ligand 19 demonstrated the desired, 

curled-up conformation, which is likely the cause of the superior selectivity of this 

ligand relative to the other macrolactams characterised. The conformation adopted by 

19 is similar to the shape of its linear analogue 40. However, 40 lacks the constraint 

of macrolactamisation, lacking selectivity for CBPBRD over BRD4(1) (by ITC) in contrast 

to the exquisite selectivity showed by 19. When tested in an acute myeloid leukaemia 

cell line (OCI-AML3 cells), previously highlighted in the literature, 19 (at 10 μM) caused 

decreased levels of oncoproteins (c-MYC, MYB and BCL-2) and their transcription (by 

Western blotting and qPCR), which is the desired phenotype of CBPBRD inhibition in 

cells.30,123 Making 19 the first high affinity, selective macrocyclic ligand for the CBPBRD, 

with potential for further improvement to the phenotypic effects, leading to a 

prospective hit compound.    
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4.1 Introduction 

With the lead compound, 19, identified (Figure 42), further changes were sought to 

improve both binding affinity and physiochemical properties which would be beneficial 

in vivo. Modifications to the THQ (tetrahydroquinoline) within the macrolactam 

(Figure 42 highlighted in purple) presented an opportunity for improving affinity and 

physiochemical properties without compromising flexibility and overall molecular 

shape. The affinity can be improved by increasing the strength of the cation-π 

interaction, which can be achieved by augmenting the electron density of the aromatic 

ring within the THQ fragment. The physiochemistry of ligands OXFBD05 and 19 can 

be improved by increasing the heteroatom count in the THQ to accept or donate 

hydrogen bonds, improving the solubility without compromising permeability.  

 

Figure 42: Ligand 19 and OXFBD05 chemical structures with the THQ highlighted in purple, along with 

the goals of alterations in the scaffolds (bullet points) displayed below. 

The main aim of these alterations is to increase the hydrogen bond acceptor character 

of the ligands and increasing the strength of the interactions between with Arg-1173. 

This approach of forming additional hydrogen bonding interactions has been applied 

in other CBPBRD inhibitors such as in the lactam of Inobrodib (PDB: 7XH6).110 Building 

these improvements to the THQ into macrolactam 19 would have proven a challenging 

process. Therefore, it was decided that the linear scaffold of OXFBD05 could be used 

as a proxy to validate the alterations before incorporating into ligand 19. The THQ 



106 
 

fragment of OXFBD05 was altered through replacement of the methoxy moiety with a 

methyl sulfone and the THQ into a benzomorpholine (Figure 43 ligand 49 and 50).  

 

Figure 43: Target ligands containing THQ alterations to OXFBD05 which include the conversion to a 

methyl sulfone (49) and a single atom transmutation to convert the THQ to a benzomorpholine (50). 

The sulfone can act as a hydrogen bond acceptor to form increased interactions with 

the arginine whilst maintaining the cation-π interaction already present within the 

ligands. In the literature this type of hydrogen bonding interaction has been previously 

theorised to occur with aryl-sulphonamides when bound the CBPBRD.130 The 

benzomorpholine fragment aims to increase the electron density in the aromatic ring 

thus strengthening the cation-π interaction. The inclusion of an oxygen atom also 

improves the aqueous solubility of the ligand, through addition of another hydrogen 

bond acceptor. A 1.4-fold decrease in IC50 has been reported between ligand 51 and 

52 when the THQ was replaced with a benzomorpholine (see Figure 44).40  

Figure 44: A benzomorpholine bioisostere which demonstrates a decrease in IC50 compared to a THQ.40 



107 
 

4.2 Synthesis of Target Ligands 49 and 50 

Both 49 and 50 can be synthesised via a manner that mimics the synthesis of 

OXFBD05 (see Figure 45). Both the sulfone THQ and benzomorpholine compounds 

(Figure 45 FG1 and FG2) have been previously synthesised in the literature.131,132  

 

Figure 45: Retrosynthesis of target ligands and their respective starting fragments, A). The 

retrosynthetic strategy for compound 49 relying on a Suzuki coupling between 48 and FG3; B). The 

retrosynthetic strategy for compound 50 relying on a Suzuki coupling between 48 and FG4. 

4.2.1 Synthesis of Ligand 49 

To form compound 51 a literature procedure which employed a copper(I) catalyst and 

sodium methyl-sulfinate was employed, giving 53 in 56% (Scheme 14).132 Reduction 
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of 53 was reported in the same publication, using a Hantzsch ester (Scheme AA1) to 

form compound 54.132 However, this reduction did not lead to full conversion to 54 and 

proved difficult to purify. Alternatively, hydrogen borrowing reduction has been used on 

similar scaffolds in the literature.133 Therefore the fused ring system of 53 was reduced 

to afford the THQ in 54 (FG1 in Figure 45A) under these conditions (Scheme 14), with 

the IPA solvent acting as the source of hydrogen. This type of reduction had been 

performed on a similar quinoline scaffold in the literature.133 This resulted in complete 

formation of 54 observed by TLC analysis. The secondary amine of 52 was alkylated 

with 28 in an SN2 reaction, furnishing 55 in 58% yield. Compound 55 was subsequently 

hydroborylated using Swartz’s reagent under the conditions previously described 

throughout this thesis to give the sulfone fragment 56 (FG3 in Figure 45A) in 59% yield 

(Scheme 14).44 Compound 56 was then combined with the previously compound 48 

in a Suzuki-coupling to give ligand 49 in 35% yield in a total of 10 steps (Scheme 15).  

 

Scheme 14: Synthesis of sulfone fragment 56 and the Hantzsch ester used in the attempted reduction 

of 53 to 54 (grey dashed box). Reagents and conditions: a). Sodium methyl-sulfinate, Cu(I) triflate · tol 

complex, (CH3NHCH2)2, DMSO, 120 °C, 4h, 56%; b). Pentamethylcyclopentadienyl iridium dichloride 

dimer, perchloric acid, IPA, H2O, 100 °C, 48 h, 65%; c). Compound 28, DIPEA, TBAI, DMF, 100 °C, 48 

h, 58%; d). HBpin, Cp*2ZrClH, NEt3, 60 °C, 18 h, dark, 59%.  
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Scheme 15: Synthesis of ligand 49. Reagents and conditions: a). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O 

(5:1 v/v), 100 °C, 24 h, 35%. 

4.2.2 Synthesis of Ligand 50 

The readily available 4-methoxy-2-nitrophenol was used to access desired 

benzomorpholine fragment FG2 (Figure 45B) through a series of reactions built upon 

literature precedent.131 Initially, the 4-methoxy-2-nitrophenol starting material was 

reduced to the corresponding aniline 57 under a hydrogen atmosphere at 1 bar as 

described in the literature but required the reaction to be left for a day.134,135 However, 

increasing the hydrogen pressure to ~4 bar, shortened the reaction time from 24 hours 

to 1 hour forging 57 in 91% yield. (Scheme 16A).131 Compound 57 was then reacted 

with chloroacetyl chloride under basic conditions to afford 58 in 57% yield as light pink 

crystals (Scheme 16A).131,135 Compound 58 was recrystallised from EtOAc and 

hexane to give the crystal structure shown (Scheme 16A in pink), that confirms the 

formation of the amide in 58, as there were concerns that the ester was instead 

formed. The amide of 58 was reduced using LiAlH4 to give the corresponding 

benzomorpholine ring of 59 in 79% yield (Scheme 16A).131 The secondary amine of 

59 was then alkylated with compound 28 in an SN2 reaction, with 90% yield. The 

resulting compound 60 underwent hydroborylation of the terminal alkyne with Swartz’s 

reagent to furnish 61 (FG4 in Figure 16B) in 46% yield. With the benzomorpholine 

fragment 61 in hand, it was then coupled with compound 48 in a Suzuki-reaction to 

furnish ligand 50 in 61% yield, with 50 afforded in a 9-step synthesis (scheme 16B).  
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Scheme 16: A). Synthesis of benzomorpholine fragment 61 (FG4) and small molecule X-ray crystal 

structure of compound 58 (pink). Reagents and conditions: a). H2 (4 bar), 10 wt% Pd/C, EtOH, r.t., 1h, 

91%; b). Chloroacetyl chloride, K2CO3, MeCN, 80 °C, 5h, 57%; c). LiAlH4, THF, 0 °C – r.t., 5h, 79%; d). 

Compound 28, DIPEA, TBAI, DMF, 100 °C, 48h, 90%; e). HBpin, Cp*2ZrClH, NEt3, 60 °C, 18 h, dark, 

46%; B). Synthesis of ligand 50. Reagents and conditions: a). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O 

(5:1 v/v), 100 °C, 24 h, 61%.  

4.3 Biological Assessment of Ligands 49 and 50 

With the target compounds of 49 and 50 in hand, their binding affinities to the CBPBRD 

and physiochemical properties were analysed. As previously discussed, (Chapter 3.3) 

the affinities of the ligands were analysed by ITC. 

4.3.1 ITC Binding for Ligands 49 and 50 to the CBPBRD 

The binding affinity of 49 (Kd = 299 nM) is lower relative to OXFBD05 (Kd = 132 nM), 

by approximately 2.3-fold for the CBPBRD by ITC (Figure 46, see Appendix D Figure 

23 for all ITC traces). Although, the N sites are now closer to one for 49, indicating an 

improved stoichiometry between the ligand and the CBPBRD (0.69 for 49 vs 2.66 for 
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OXFBD05). This likely means that the proximity of the sulfone to the cation-π 

interaction renders it unable to perform hydrogen bonding interactions with Arg-1173. 

Even though the affinity for the CBPBRD decreased relative to OXFBD05, 49 could still 

possess improved physiochemical properties relative to OXFBD05.  

Figure 46: Example of an ITC trace between ligand 49 and the CBPBRD, with the structure of ligand 49 

and its binding affinity as an average along with the N sites from n = 4 technical repeats, see Appendix 

D for all traces. 

The binding affinity of 50 (Kd = 89.6 nM) is improved relative to OXFBD05 

(Kd = 132 nM), representing an approximately 30% decrease in Kd for the CBPBRD by 

ITC making it a 1.3-fold increase in affinity (Figure 47, see Appendix D Figure 24 for 

all ITC traces). The N sites of ligand 50 was also lower than OXFBD05 (2.26 for 50 vs 
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2.66 for OXFBD05) meaning there is again improved stoichiometry for the novel 

ligand. Due to the lower Kd achieved, the bound state of 50 with the CBPBRD was 

investigated by co-crystallography to probe the binding mode of this novel ligand.  

Figure 47: Example of an ITC trace between ligand 50 and the CBPBRD, with the structure of ligand 50 

and its binding affinity as an average along with the N sites from n = 3 technical repeats, see Appendix 

D for all traces. 

This data highlights that there are further advances in SAR that can be performed on 

the OXFBD05 scaffold with the opportunity for improved affinity and physiochemistry. 

According to thermodynamic and computational calculations, in order to further 

increase the strength of the cation-π interaction, the oxygen of the benzomorpholine 

can be replaced with an alkylated nitrogen.136,137  
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4.3.2 Co-crystal structure of the CBPBRD and 50 

The crystal structures presented in this section were grown and solved by Marius 

Amman (University of Freiburg). The crystal structure of 50 in the KAc binding site of 

the CBPBRD is displayed (Figure 48 and 49), notably lacking the crystallographic 

artifacts within the OXFBD05 co-crystal structure with the CBPBRD (PDB: 6YIJ).44  

Figure 48: X-ray co-crystal structure of ligand 50 (orange) in complex with the CBPBRD (PDB: 9GEW) at 

1.47 Å resolution, viewed from the side of the binding pocket along the ZA channel with the water 

molecules occupying the channel removed for clarity. All residues which the ligand interacts with are 

displayed (green) with labels and the backbone amide removed for clarity unless otherwise involved in 

hydrogen bonding and the cation-π interaction along with hydrogen bonding interactions to the ligand 

highlighted by the dashed (yellow) lines, and with the chemical structure of 50 shown in the top right.    
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Figure 49: X-ray co-crystal structure of ligand 50 (orange) in complex with the CBPBRD (PDB: 9GEW) at 

1.47 Å resolution, viewed from above the binding pocket showing the LPF shelf and arginine, all 

residues which the ligand interacts with are displayed (green) with labels and the backbone amide 

removed for clarity unless otherwise involved in hydrogen bonding and the cation-π interaction along 

with hydrogen bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the 

chemical structure of 50 shown in the top right.    

The incorporation of the benzomorpholine into 50 is well tolerated because the same 

binding mode is displayed as ligands 1 (PDB: 4NYX), 6 (PDB: 6YIM), and 40 

(PDB: 9GET), with the desired curled-up conformation when bound to the CBPBRD with 

the induced fit pocket on the LPF shelf (Figure 48 and 49).44 The ligand 50 forms three 

key hydrogen bonding interactions within the KAc binding pocket; two with Asn-1132 
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through the amide of the seven membered ring and a water mediated interaction with 

Tyr-1089 through the carbonyl of the amide (Figure 48 and 49 shown by the yellow 

dashed lines). Another interaction highlighted in the crystal structure of a hydrogen 

bond between the backbone amide of Pro-1110 and the aniline nitrogen of the 

seven-membered ring. The KAc mimic forms the expected hydrophobic interactions 

with residues: Phe-1111, Val-1115, Ile-1122, and Val-1174 as displayed. The alkyl 

chain, connecting the [6,7]-KAc mimic and the benzomorpholine, forms hydrophobic 

interaction along the ZA channel with Leu-1120 and Pro-1110 (Figure 48 and 49). The 

benzomorpholine causes the formation of the induced fit pocket displayed by ligands 

such as 1, 6, and 40 as well as many other CBPBRD inhibitors.40,52,110,124 Hence 50 

forms hydrophobic interactions on the LPF shelf as well as the cation-π interaction 

with Arg-1173 along with a dipole interaction between the oxygen atom of the aryl 

methoxy and Arg-1173 (highlighted by dashed yellow lines). All of the interactions 

demonstrated in the co-crystal structure of 50 and the CBPBRD are expected, and no 

new interactions could be identified with ligand 50 which would explain the improved 

binding affinity compared to OXFBD05. This suggests that the increase in affinity 

indeed arises from stronger cation-π interactions between the benzomorpholine ring 

and Arg-1173. With this knowledge now in hand the ligands 49 and 50 were evaluated 

for their respective physiochemical properties. 

4.3.3 Physiochemical Properties of Ligand 49 and 50 

The physiochemical properties were again submitted to GSKs ADME assays for 

ligands 49 and 50 for a comparison to OXFBD05, with the data presented below (Table 

AA1).138–140 
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Table 11: Physiochemical properties of ligands 49, 50 and OXFBD05 for comparison, with the assays 

carried out using the in-house methods of GSK for physchem characterisation. 

Compound 

number 

Average 

solubility 

(μM) 

Chrom 

logD7.4 

 

Artificial 

Membrane 

permeability 

(cm s-1) 

Polarity 

(total 

polar 

surface 

area) 

(Å2) 

HSA 

percentage 

binding 

(%) 

BRD4(1) 

TR-FRET 

IC50 (μM) 

OXFBD05 26 6.89 1.81×10-5 53.6 97.6 6.31 

49 56 5.27 8.49×10-5 78.5 99.0 4.47 

50 - 5.59 6.46×10-5 62.8 95.4 - 

These data indicate that both ligands 49 and 50 are more polar than OXFBD05 as the 

polar surface areas have increased (78.5 and 62.8 compared to 53.6 Å2, respectively) 

Compounds 49 and 50 both exhibit a decrease in Chrom logD7.4 relative to OXFBD05 

(5.27 and 5.59 compared to 6.89 respectively), giving both ligands an SFI below 8 

giving both improved properties compared to the SFI of 8.89 of OXFB05. Interestingly 

49 and 50 both have increased polarity and membrane permeability compared to 

OXFBD05. The aqueous solubility of OXFBD05 in phosphate buffer is highlighted by 

a low average aqueous solubility (26 μM), this demonstrates why the prior ITC 

experiments (see Chapter 3.2.1) required half of the concentration (20 μM) compared 

to the original literature conditions (40 μM).44,88 This illustrates the poor solubility of the 

positive control, which ligand 49 improves on by more than 2-fold (56 μM aqueous 

solubility in phosphate buffer). This implies that both ligand 49 and 50 has improved 

physiochemical properties when compared to OXFBD05. 
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4.4 Conclusion 

These data indicate that both ligands 49 and 50 possess improvements in 

physiochemical properties relative to OXFBD05. With compound 50 affording an 

increase in affinity (Kd decrease of 30 nM relative to OXFBD05) for the CBPBRD by 

ITC, mediated by the increased strength of the cation-π interaction. The 

benzomorpholine of 50 also grants improved physiochemical properties relative to 

OXFBD05. In conclusion therefore, the benzomorpholine could be incorporated into 

macrocyclic ligands such as 19, in order to improve both their affinities and 

physiochemical properties, which could lead to greater phenotypic effect in cells. The 

work in this chapter also highlights there is freedom within the scaffold in the THQ for 

scaffold modification to be accommodated which can grant the same binding mode 

whilst improving affinity.  
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5.1. Introduction  

Previous in silico studies performed by Dr. Mustafa Moroglu (Conway group, 2019) 

indicated that an alkyl-linked macrocycle ligand (Figure 50A, compound 7) would bind 

with high affinity to the CBPBRD.88 However, upon its synthesis and evaluation by ITC, 

no detectable binding occurred (Figure 50B).88 One hypothesis is that the seven 

membered ring could be perturbing binding. In order to investigate this potential The 

substitution of the previously utilised [6,7]-KAc mimetic with a [6,6]-fused system, 

which is recognised by BRDs (as shown in ligand 1), was incorporated into a novel 

macrocyclic (compound 62). This bioisostere replacement was theorised to have the 

ability to rescue binding if the seven membered ring of the KAc mimic was the cause 

of the previously synthesised ligand 7 showing not binding to the CBPBRD by ITC. 

Figure 50: A). Chemical structure of the previously synthesised alkyl macrocycle 7; B). A representative 

ITC trace of a binding from compound 7 and the CBPBRD. 
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To investigate the seven membered ring as the source of no detectable binding to the 

CBPBRD, a macrocycle containing a [6,6]-KAc mimic (compound 62 with the KAc mimic 

highlighted in light blue in Figure 51) was synthesised as opposed to the 

[6,7]-chemotype (highlighted in cyan in Figure 50A and 51) previously utilised.  

 

Figure 51: Previously synthesised alkyl macrocycle 7 and the novel target [6,6]-KAc mimic comprising 

of the alkyl macrocycle target ligand 62, with the alternative KAc mimic highlighted in bold light blue 

bonds. 

Synthesis of 62 would also allow for investigation into alternative macrocyclisation 

strategies centred around different chemistries, providing an opportunity to compare 

methods of closing the macrocyclic ring. As alkyl chains can be created in a multitude 

of manners, the proposed macrocycle can be synthesised via alternative 

macrocyclisation reactions (as shown in Figure 52). 

 

Figure 52: The potential macrocyclisation reactions which could yield the 18-membered ring of the 

compound 62. 

Both a Mitsunobu and SN2 strategy would require the late-stage formation of a 

phenolic ether, which could prove challenging due to the flexibility of the substrate. 
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Macrocyclisation via reductive amination could prove a chemoselectivity issue. The 

cross-coupling based macrocyclisation strategy would require late-stage installation 

of a transmetalating functional group, providing another challenge in chemoselectivity.  

5.2. Synthesis of Alkyl Macrocycle via SN2 reaction 

Macrocyclisation 

The section below covers the work undertaken to close the [6,6]-alkyl macrocycle via 

an SN2 reaction, as previously described in the synthesis of the [6,7]-KAc 

mimic-containing macrocycle.88 

5.2.1. Retrosynthesis 

The retrosynthesis described below is based upon the synthesis of the [6,7]-alkyl 

macrocycle 7 previously reported by Dr Mustafa Moroglu (Conway group, 2019), which 

focused on a late-stage phenolic ether formation macrocyclisation strategy 

(Figure 53).88  
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Figure 53: Retrosynthetic analysis of a nucleophilic substitution-reaction based macrocyclisation 

strategy to garner the desired product 62, through late-stage etherification. 

If macrocyclisation is mediated by a substitution reaction, the same fragment used for 

the tetrahydroquinoline (THQ) installation in the original alkyl macrocycle could be 

employed in the synthesis of the THQ fragment and utilised in Chapter 2 in the 

synthesis of the macrolactams (Figure 54A, compound 30).88 Doing so allowed for the 

reactions previously developed in the synthesis of ligand 7 to be utilised, which 

eliminated the need for lengthy optimisation. It also means that the FG3 and FG4 

(Figure 53) could be readily combined via a Suzuki cross–coupling. The 

(R)-stereogenic centre of compound 62 is essential for binding to the CBPBRD, as 

inversion of the stereocenter has been shown to cause a 9-fold decrease in binding 

affinity within a similar system (see Figure 54C, compound 67 and 68).40,44 Therefore 

to prevent racemisation the KAc mimic is only formed in the final step in the synthesis 

(FG1 (see Figure 54B). It is also essential to protect the carboxylic acid as an ester to 
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prevent undesirable interference with the reactions taking place. By protecting the 

carboxylic acid, the stereochemistry is maintained during the synthesis when harsh 

conditions are utilised which could cause a compound such as 64 to convert to 66 

(such as basic or oxidising conditions, see Figure 54B). The aniline nitrogen on 

compound 62 also poses a risk of racemisation due to their electron-rich nature readily 

undergo oxidation.88 As outlined in the previously reported synthesis of ligands 67 and 

68, a methyl ester was used as the protecting group for the carboxylic acid, hence this 

is the protecting group used FG3 to give compound 63 (see Figure 54A).40  

 

Figure 54: A). Target fragments 63 and 30 to be combined in a Suzuki reaction during the synthesis of 

the alkyl macrocycle 62, B). Potential mechanisms for stereocenter racemisation from 64 to 66, C). An 

example of stereochemical inversion between 67 and 68 and the resulting decrease in binding affinity 

observed to the CBPBRD.40 
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5.2.2.  Ligand Synthesis Utilising a Methyl Ester Protecting Group 

Strategy 

The THQ containing fragment 30 was synthesised in a similar manner to that 

previously reported (see Scheme 2 in Chapter 2).88 The KAc fragment compound 63 

(Figure 54A) was then synthesised (see Scheme 17). 1-Bromo-2-fluoro-3-

nitrobenzene was first mono-iodinated to give 69, which then underwent an SNAr to 

give 70, a Sonogashira-coupling was performed to afford 71 which was reduced to 

give fragment 63. 

 

Scheme 17: Synthesis of fragment 63 primed for [6,6]-KAc mimic formation. Reagents and conditions: 

a). N-Iodosuccinamide, conc. H2SO4(aq), r.t., 24 h, 84%; b). D-alanine methyl ester hydrochloride, 

Cs2CO3, tol, 85 °C, 24 h, 62%; c). 4-Pentyl-1-ol, Pd(PPh3)2Cl2, CuI, THF/NEt3 (9:1), r.t., 18 h, 98%; d). 

H2, Rh(PPh3)3Cl, tol, 60 °C, 24 h, 99%.  

N-Iodosuccinimide was chosen to selectively mono-iodinate 1-bromo-2-fluoro-3-

nitrobenzene to furnish compound 69, it had previously been reported that when I2 

was employed the di-iodinated product was formed.88 The SNAr reaction with 

compound 69 and Sonogashira cross-coupling with 70 proceeded smoothly to afford 
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71. The chemoselective reduction of the alkyne, using Wilkinson’s catalyst, gave a 

yield of 99%, thus fragment 63 was garnered. 

 

Scheme 18: Attempted suzuki-Miyaura cross-coupling between fragments 30 and 63. Reagents and 

conditions: a). Pd(PPh3)2Cl2, K2CO3, 1,4-dioxane:H2O (4:1), 100 °C, 24 h. 

Formation of product 72 was not observed when 30 and 63 were subjected to the 

Suzuki cross-coupling conditions (Scheme 18). The methyl ester was hypothesised to 

be deprotected during this reaction, affording no detectable product, as this protecting 

group is known to cleave under prolonged high temperatures and under aqueous basic 

conditions, such as K2CO3.141 However, undesired formation of the carboxylic acid that 

would have subsequently formed was not isolated, presumably due to its high polarity.   

5.2.3 tert-Butyl ester Protecting Group Strategy 

As a result of the lability of the methyl ester under Suzuki coupling reaction conditions, 

the tert-butyl ester was therefore explored as an alternative carboxylic acid protecting 

group, as this was expected to be more stable under the Suzuki coupling reaction 

conditions.141 A fragment containing the tert-butyl ester (compound 75, Figure 54A) 

was synthesised. using the same steps as compound 63 with one minor alteration. 

For both the Suzuki and Sonogashira cross–couplings, the catalyst was changed to 

Pd(dppf)Cl2 to avoid the potential impurities of residual triphenyl phosphine and 

triphenyl phosphine oxide (Scheme 19). Both impurities can be difficult to remove, as 

they form favourable interactions with lipophilic compounds.142–144 Adopting the tert-

butyl ester as a protecting group proved successful, as the desired Suzuki coupled 
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intermediate 76 was formed and isolated (Scheme 19). This indicated that the methyl 

ester protecting group was the cause of the lack of product 72, as the change in 

catalyst was only for purification purposes.  

Scheme 19: A). Synthesis of tert-butyl protected fragment. Reagents and conditions: a). D-Alanine tert-

butyl ester hydrochloride, Cs2CO3, toluene, 85 °C, 18 h, 91%; b). 4-Pentyn-1-ol, Pd(dppf)Cl2, NEt3, THF, 

r.t., 18 h, 93%; c). H2(g), Rh(PPh3)3Cl, toluene, 60 °C, 24 h, 86%; B). Synthesis of Suzuki cross-coupled 

intermediate 76. Reagents and conditions:  d). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O (5:1), 100 °C, 24 

h, 72%.  

With the Suzuki coupled intermediate 76 in hand, the TIPS group was selectivity 

removed using TBAF, giving the corresponding diol 77 (Scheme 20). Compound 77 

was then subjected to mesylation conditions, followed by an SN2 reaction (Scheme 

20). However, this did not garner the desired macrocyclic product 78. Even upon 

increased equivalents of base up to 5 equiv, and longer reaction times of up to 24 

hours the SN2 had no observable formation of 78 was observed at a concentration of 

2 mM, thus this approach was abandoned.  
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Scheme 20: Attempted synthesis of the macrocyclic ring via an SN2 reaction to give 78. Reagents and 

conditions:  a). 1 M TBAF (in THF), THF, r.t., 1 h, 92%; b). MsCl, pyridine, r.t., 3 h, followed by, Cs2CO3, 

DMF (0.002 M), 80 °C, 5 h.  

The lack of product 78 formation could be perpetrated by a number of factors: the 

phenolic oxygen could be undergoing mesylation as opposed to the desired primary 

alcohol; unproductive dimesylation of the diol intermediate could occur; and the highly 

flexible nature of the two alkyl chains contained within the 77. The flexible nature of 

the macrocycle could mean that in solution it is difficult for the mesylate and phenol to 

react as it is entropically disfavoured. The presence of a competing nucleophile in the 

aniline nitrogen also presenting a potential problem. Due to these potential pitfalls, an 

alternative macrocyclisation reaction was sought.  

5.3 Synthesis of Alkyl Macrocycle via Mitsunobu reaction 

Macrocyclisation  

The Mitsunobu reaction was explored as an alternative to the SN2-mediated 

macrocyclisation to form 78, as this reaction has been applied several times previously 

to afford macrocyclic products in the literature.63,145,146 The planned alteration to the 
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synthetic route would also enable the use of existing intermediate, and the planned 

ether bond formation would still be the macrocyclisation step.  

It was hypothesised that the previous SN2 macrocyclisation proved ineffective due to 

the increased flexibility of the pre-macrocyclisation intermediate without the [6,6]-fused 

ring formed. Thus, upon attempting to utilise a Mitsunobu reaction, the [6,6]-ring 

system was first formed, and then the macrocyclisation via Mitsunobu reaction was 

attempted.  

5.3.1 Synthesis of Pre-macrocyclisation Intermediate 

Utilising the previous routes to the Suzuki cross-coupled intermediate 76 (Scheme 19), 

the tert-butyl ester was deprotected and the six-membered ring closed. The formation 

of the [6,6]-fused ring proceeded with the nitro reduction performed under mild 

conditions (Zn powder, NH4Cl, DMF, r.t.) followed by spontaneous amide bond 

formation to give the [6,6]-fused KAc mimetic ring system in compound 79 

(Scheme 21).147   

 

Scheme 21: Formation of the [6,6]-fused ring, KAc mimetic in compound 79. Reagents and conditions:  

a). TFA:CH2Cl2 (1:3), r.t., 3.5 h, followed by, Zn, NH4Cl, DMF, 24 h, 46%. 

With intermediate 79 in hand, the TIPS group was next removed, utilising TBAF under 

mild conditions, to give the desired phenolic product 80 (Scheme 22), with the crude 

product carried forward into the next reaction.  
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Scheme 22: TIPS deprotection of 79 under mild conditions to give 80. Reagents and conditions:  a). 

TBAF (1M in THF), THF, r.t., 4 h, no isolated yield.  

5.3.2 Mitsunobu Macrocyclisation 

Mitsunobu ring closure of 80 to give macrocycle 62 was then performed (Scheme 23).  

 

Scheme 23: Mitsunobu macrocyclisation reaction aimed to form the phenolic ether bond. Reagents and 

conditions:  a). DMEAD, PPh3, THF (0.002 M), r.t., 48 h. 

Although there was product detected in the crude reaction mixture by LC-MS, it proved 

impossible to isolate the 62 detected from the reaction mixture. Consequently, an 

alternative macrocyclisation strategy and route were pursued to furnish macrocycle 

62. 

5.4 Synthesis of Alkyl Macrocycle 62 via Suzuki Cross-Coupling 

Macrocyclisation 

An alternative macrocyclisation strategy was investigated, avoiding the late-stage 

formation of the phenolic ether bond which had proved challenging, as the ether bond 

in this strategy is formed earlier in the route, using a Mitsunobu reaction to combine 

fragments (Figure 55, Compound 29 and 75). After the phenolic ether is formed, the 

terminal alkyne is then selectively hydroborylated using Schwartz’s reagent, garnering 
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the intermediate primed for use in a Suzuki cross-coupling macrocyclisation reaction. 

Palladium-catalysed cross-coupling reactions have been used previously to form 

carbon-rich macrocycles, providing confidence in this approach.63,148  

Figure 55: Retrosynthesis of a Suzuki-based macrocyclisation strategy to afford intermediate 78, with 

the reactive handles which are used to form the purple target bonds highlighted in bold.   

This macrocyclisation strategy offers several advantages: the Suzuki reaction 

conditions will not remove the tert-butyl ester protecting group; and could offer a level 

of preorganisation of the compound through palladium chelation bringing the carbon 

centres close together to encourage their reaction.  

5.4.1 Mitsunobu reaction conditions screen 

To enable the Suzuki cross-coupling macrocyclisation, a phenolic ether intermediate 

was synthesised. It was proposed that the key ether bond could be formed with a 

Mitsunobu reaction. As this reaction had proved difficult to achieve previously when 

attempting to form the macrocyclic ring (see section 5.3.2), a reaction screen was 

performed to optimise yield of the desired.  

Three different sets of conditions were investigated to optimise the TIPS deprotection 

of intermediate 29 to give 81 (see Scheme 24 and Table 12) and six conditions were 

utilised for the Mitsunobu reaction to form 82 (see Scheme 25 and Table 13). From the 

deprotection conditions, hydrochloric acid (37% aqueous) over 24 hours gave 75% 



131 
 

conversion to the desired phenol as monitored by LC–MS, TFA only gave 50% 

conversion at this time whereas TBAF led to complete conversion after 30 minutes.  

 

Scheme 24: TIPS deprotection reaction of 29 to give the corresponding phenol 81. 

Table 12: The reaction conditions screened for the reaction shown in Scheme 24, with the conditions 

carried forward highlighted in bold green text. 

Conditions Time (h) Conversion, % 

2 M HCl(aq), 1,4-dioxane, r.t. 24 75 

TFA, CH2Cl2, r.t. 24 50 

1 M TBAF (in THF), THF, r.t. 0.5 >99 

 

The combination of fragments 75 and 81 was next explored using a Mitsunobu 

reaction by screening a set of 6 conditions. All the Mitsunobu reactions produced the 

compound 82 (see Table 13) after 48 h; the reaction profile which contained the fewest 

impurities and highest conversion to product 82 by both TLC and LC-MS was DIAD 

and triphenylphosphine in THF (see Appendix 3 figures 1-6 for LC-MS traces of each 

condition).  

 

Scheme 25: Mitsunobu reaction to afford compound 82, containing the difficult to form phenolic ether 

bond. 
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Table 13: The reaction conditions screened for the reaction shown in Scheme 25, with the conditions 

carried forward highlighted in bold green text (see Appendix C Figure 8-13 for the LC-MS data). 

Conditions Solvent Temperature Product peak area of 
crude by LC-MS, % 

DIAD, PPh3 THF 0 °C – r.t. 38.6 

DEAD, PPh3 THF 0 °C – r.t. 18.2 

DTBAD, PPh3 THF 0 °C – r.t. 4.5 

DIAD, DPPE THF 0 °C – r.t. 24.0 

DIAD, PPh3 Et2O 0 °C – r.t. 25.4 

DIAD, PPh3 THF:tol r.t. 8.5 

The application of both the TBAF-mediated TIPS removal, followed by the DIAD and 

triphenylphosphine-mediated Mitsunobu reaction in THF gave a high yield of 72% 

upon reaction scale-up.  

5.4.2 Suzuki Cross-Coupling Macrocyclisation 

Following the Mitsunobu reaction, the substrate is primed for a selective hydroboration 

reaction using Schwartz’s reagent (Scheme 26). This reaction chemoselectively 

borylated and reduced the alkyne in the presence of the aryl bromide. The E-alkene 

(highlighted in compound 83) was formed selectively, which gave the correct 

stereochemistry required for the Suzuki macrocyclisation step (Scheme 26).  

Scheme 26: Synthesis of intermediate primed for Suzuki macrocyclisation. Reagents and conditions: 



133 
 

a). Compound 75, DIAD, PPh3, THF, 0 °C – r.t., 48 h, 72%; HBpin, Zr(C5H5)2ClH, NEt3, 60 °C, dark, 18 

h, 70%.  

The Suzuki reaction was carried out at 2 mM solvent concentration to give product 78 

which proved difficult to purify due to the appearance of a side product with very similar 

retention time to the product (Scheme 27). This compound was theorised to be the 

proto-deborolated product giving the terminal alkene.  

 

Scheme 27: Synthesis of [6,6]-KAc mimic containing macro alkyl ligand 62. Reagents and conditions: 

a). Pd(dppf)Cl2, K2CO3, 1,4-dioxane:H2O (5:1) (2 mM), 100 °C, 24 h, 19%; b). TFA/CH2Cl2 (1:3), r.t., 3.5 

h, followed by, Zn, NH4Cl, DMF, r.t., 18 h, 52%. 

With this Suzuki cross-coupling product 78 purified, the ester deprotection and 

reductive cyclisation were carried out to give the [6,6]-alkyl macrocycle 62 in 52% yield 

(Scheme 27). The final purification also proved challenging and required the use of a 

reverse phase semi-preparative HPLC, which had poor mass recovery of 62. However, 

a 1.4% overall yield in 14 steps to give product 62 was achieved.  
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5.5 Synthesis of the corresponding linear equivalent compound 

84  

An acyclic analogue 84 (see Figure 56) was synthesised in order to compare to the 

binding of macrocycle 62.  

 

Figure 56: Chemical structure of 62 and its acyclic analogue 84. 

5.5.1 Synthesis of Acyclic [6,6]-KAc mimic compound 

With the synthesis of the positive control compound completed, the synthesis of the 

acyclic [6,6]-KAc mimetic-containing compound was carried out. The route utilised the 

same THQ fragment as the OXFBD05 ligand (compound 45) and the pre-[6,6] 

membered fragment (compound 75) used in the synthesis of the alkyl macrocycle 

which were combined in a Suzuki cross-coupling to give 85 (Scheme 28). Once again, 

the [6,6]-membered ring was formed after the Suzuki cross-coupling garnering the 

desired product 84 (Scheme 28).  
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Scheme 28: Synthesis of acyclic analogue 84. Reagents and conditions: a). Pd(dppf)Cl2, K2CO3, 1,4-

dioxane:H2O (9:1), 100 °C, 24 h, 60%; b). TFA:CH2Cl2 (1:3), r.t., 4 h, followed by, Zn, NH4Cl, DMF, r.t., 

24 h, 65%. 

5.5.2 Instability of the [6,6]-KAc mimic  

The acyclic [6,6]-KAc mimic containing compound 84 was unstable when left in 

deuterated chloroform for an extended period. Degradation of 84 was indicated by the 

presence of unknown peaks in the proton and carbon NMR spectra after >24 hours 

(see Figure 57). This is postulated to be due to residual acid present in the solvent. As 

a result, the 1H and 13C NMR experiments for all [6,6]-KAc mimicking compounds were 

carried out in d6-DMSO (see Appendix I).  
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Figure 57: The 1H NMR spectra of the acyclic [6,6]-KAc mimic 84, top is the spectrum taken rapidly (<1 

h)  after the sample was made up; bottom is the same sample after >24 h have passed with the blue 

arrows represent degradation product peaks. 

The acid instability of 84 also meant that the compound could be unstable when 

purified using formic acid to improve peak shape on reverse phase chromatography, 

hence, two normal phase columns were instead conducted to give the compound with 

high purity. With both these control compounds now in hand, the biophysical analysis 

was carried out.  
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5.6 Biophysical analysis of alkyl macrocycle and its linear 

equivalent 

With the fully characterised linear and macrocyclic compounds 62 and 84 in hand, 

assessment of their respective binding was conducted through ITC with the purified 

CBPBRD (see Appendix B figure 1).   

5.6.1 Novel Compound ITC data 

With the knowledge that the protein is functional, and the assay performed as 

expected, the novel macrocycle was next analysed for binding to the CBPBRD. The ITC 

assays were performed with the same concentrations as those utilised for the positive 

control compound OXFBD05 (20 μM of compound and 160 μM of protein) to maintain 

consistency. No detectable binding of the macrocycle to the CBPBRD was observed 

using ITC. (Figure 58).  
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Figure 58: ITC traces of the macro alkyl ligand 62 against the CBPBRD, demonstrating a lack of 

measurable binding with this assay, from n = 3 repeats. 

The macro alkyl scaffolds used in 7 and 62 were abandoned due to their lack of 

detectable binding by ITC to the CBPBRD (with both the [6,6] and [6,7]-KAc mimetics).88 

The lack of detectable binding for 62, points to the seven-membered ring flip not being 

the root cause of a lack of binding in 7, instead pointing to the poor solubility and lack 

of rigidification in these macrocycles leading to their lack of detectable binding by ITC. 

This is reinforced by the macrolactam ligands 14-19 synthesised in Chapter 2 and 

characterised in Chapter 3 still demonstrating binding to the CBPBRD, in some cases 

with high affinity (Kds < 100 nM) and in some cases higher affinity (by BromoKdElect) 

than OXFBD05 upon which they were based. This is why an alkyl macrocycle targeting 

the CBPBRD was not pursued further.  
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5.7 Conclusion 

The work presented in this chapter covers a variety of synthesis approaches for the 

preparation of an alkyl macrocycle (62) which aimed to target the CBPBRD. With 

macrocyclisation by Suzuki cross-coupling proving a successful strategy in the 

synthesis of compound 62. Unfortunately, the target molecule displayed no detectable 

binding to the CBPBRD when assessed by ITC. The lack of detectable binding for 62 

by ITC highlights that the hypothesised seven membered ring flipping was not the 

source of no-detectable binding by ITC in the previously synthesised macrocyclic 

ligand 7. Instead, this result highlights that the poorly soluble alkyl chain is not a 

desirable scaffold modification in an already low solubility compound.  
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Chapter 6: 

Conclusions and 
Future Work 
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6.1 Conclusion 

The work in this thesis has focussed on the synthesis and biological evaluation of 

novel compounds targeting the CBPBRD with emphasis on macrocyclisation as a 

strategy to afford selective high-affinity ligands. Through an SAR approach based 

upon the prior work by Dr. Mustafa Moroglu which identified macrolactams as binding 

to the CBPBRD but with decreased affinity (Kd ~ 1 μM) compared to the linear ligand 

OXFBD05 (Kd = 132 nM) from which these original macrolactams were derived. A hit 

ligand from the SAR was investigated using X-ray crystallography in order to observe 

the conformation of the small molecule when protein bound. The hit was further 

characterised for overall BRD selectivity and potency in cancer cells. A small SAR was 

explored to identify improvements to the OXFBD05 scaffold which could be 

incorporated into a macrocyclic hit scaffold.  

In Chapter 2 a series of macrolactam ligands were synthesised based upon a 

previously validated weak binding macrocycle, ligand 10. These six novel ligands 

(14-19) required optimised chemical strategies to obtain the target ligands. The 

synthesis of the target macrocycles was enabled by an optimised amide coupling 

macrolactamisation reaction, along with a late-stage phenol alkylation to afford the 

desired final compounds. The macrolactams were synthesised from a common 

intermediate (13) over 18 total steps, with overall yields of 2 – 0.2%. It was also 

decided that it would be beneficial to prepare the match pair to the corresponding 

macrocycle, linear ligands (39-41) were synthesised in 15 steps from common 

intermediate (46) with overall yields from 2.5 – 1.7%.  

In Chapter 3, the novel ligands synthesised in Chapter 2 were tested for their 

respective binding affinities to both the CBPBRD and the major off-target bromodomain 
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of BRD4(1). The compounds were first assessed using AlphaScreen®, but it soon 

became apparent that the compounds interfered with the assay readout through 

singlet oxygen quenching. Therefore, ITC was used to assess compound affinities to 

both the CBPBRD and BRD4(1), identifying several ligands of interest. The affinity and 

selectivity of these compounds was further probed using the BromoKdElect assay 

against CBPBRD, p300BRD, BRD4(1), and BRD4(2). Through this assay, two high affinity 

(Kd < 100 nM) macrolactams were identified, with the morpholine-containing 

macrocyclic ligand 19 displaying the highest selectivity for the CBPBRD (>455-fold vs 

BRD4(1)) in this assay. This hit ligand (19) was further characterised against a 

phylogenetically diverse panel of 32 bromodomains in a BromoMax assay. 

Impressively, at a concentration of 1 μM, compound 19 only displayed on-target 

selectivity for the CBP and p300 bromodomains, whilst at 10 μM 19 demonstrated 

affinity for 7 off-target bromodomains. This highlights the high selectivity of 19 for the 

target bromodomains and the high affinity it displays for the CBPBRD.  

In order to further rationalise the affinity and selectivity of the macrolactam ligands, the 

first X-ray crystal structures of macrocycles bound to the CBPBRD were produced. 

These structures were for macrolactams 10 (PDB: 9GEY), 14 (PDB: 9GEU), and 19 

(PDB: 9GEJ) as well as for the linear analogue 40 (PDB: 9GET). The resultant data 

emphasised the desired “curled-up” ligand conformation for 19 which when 

constrained into a macrocycle precludes binding to BRD4(1), driving the selectivity 

displayed for the CBPBRD. This assertion is exemplified by linear ligand 40, which 

adopts the same binding conformation as 19, but lacks selectivity for the CBPBRD, due 

to the lack of sufficient conformational constraint.  

An acute myeloid leukaemia cell line (OCI-AML3) was chosen to assay the potential 

of the hit ligand 19, which was tested for the ability to prevent oncogene transcription 
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and decreasing oncoprotein levels. The oncoproteins of interest were c-MYC, MYB, 

and BCL-2, which have previously been identified to decrease upon CBPBRD inhibition 

were used.30,44,46,52,123,149 Ligand 19 demonstrated a concentration and 

time-dependent decrease in oncogene transcription and oncoprotein levels. However, 

the effective concentration required for this change was ≥ 3 μM of 19, displaying that 

there is room for improved potency. The macrolactam SAR findings of this work are 

summarised in Figure 59. 

 

Figure 59: Summary of macrolactam work carried out in this thesis and the identification of the hit 

compound 19, in vitro and cell-based data as well as the co-crystal structure of the compound in 

complex with the CBPBRD (PDB: 9GEJ) at 1.85 Å resolution.   

With this in mind, an exploration of the tetrahydroquinoline (THQ) was performed in 

Chapter 4, in order to improve the physiochemical properties of ligands whilst also 

aiming to improve the affinity for the CBPBRD through improved interactions with 

Arg-1173. Due to the lengthy synthesis of the macrolactams, the THQ SAR was carried 
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out on the OXFBD05 as by using this scaffold the target ligands can be more readily 

accessed, thus making the hypothesis easier to test. Taking inspiration from 

experimental and computational work surrounding the strength of cation-π 

interactions, along with previously published examples, compounds 49 and 50 were 

synthesised. This work identified that the THQ of OXFBD05 could accommodate 

modifications. Pleasingly both 49 and 50 fulfilled the aim of improved physiochemical 

properties in terms of greater aqueous solubility and membrane permeability 

compared to OXFBD05. With ligand 50, where a benzomorpholine substituted the 

THQ, improving the affinity for the CBPBRD and the X-ray co-crystal structure (PDB: 

9GEW) showed 50 adopting expected binding mode. The findings of the THQ SAR 

work are highlighted in Figure 60 below:  

 

Figure 60: Summary of the THQ SAR affording ligand 50 which has improved physiochemical properties 

relative to OXFBD05, with the co-crystallised with the CBPBRD (PDB: 9GEW) to illustrate the induced fit 

pocket and cation-π interaction and thus desired binding mode, at 1.47 Å resolution. 
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Chapter 5 reported on the synthesis and binding evaluation of a [6,6]-KAc 

mimic-containing alkyl macrocycle 62, which is analogous to a previously synthesised 

[6,7]-KAc mimic compound 7 (Figure 61). This previously synthesised ligand 7 

afforded no detectable affinity by ITC, therefore a change to a [6,6]-KAc mimic was 

hypothesised to be a potential method to rescue affinity for the CBPBRD.88 However, 

when the novel [6,6]-system was evaluated by ITC, no detectable binding was 

demonstrated. This ruled out the hypothesis for the [6,7]-alkyl macrocycle lacking 

binding as a result of the seven-membered and instead highlighted how this is likely a 

result of ligand flexibility and high hydrophobicity.  

 

Figure 61: The previously synthesis [6,7]-alkyl macrocycle 7 and the novel [6,6]-alkyl macrocycle 62.  
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6.2 Future Work 

The work in this thesis proves that macrolactams can be developed into selective 

inhibitors of the CBPBRD over other bromodomains. This validates macrocyclisation as 

a viable strategy to gain selectivity, which could be applied to other ligands with drastic 

differences between the on-target and off-target binding mode. Ligand 19 should be 

further tested in proliferation assays (such as colony, BrdU or Edu assays) in order to 

show further phenotypic effects on cancer cells. It would also be of interest to test the 

hit macrolactam 19 in further target tumour cell lines such as prostate cancer cells (for 

example LNCaP, 22Rv1 or VCaP cells) for which the clinical candidate Inobrodib is 

aimed at treating. The research regarding the modifications to the THQ has laid the 

foundation for further SAR exploration and highlighted how subtle modifications can 

lead to profound improvements in binding affinity and physiochemical properties. To 

further validate this modification, in vitro assays comparing the effect of 50 and 

OXFBD05 on oncoproteins should be performed (such as the experiments conducted 

on macrocycle 19 in Chapter 3). However, to increase the potency of the macrocyclic 

ligands whilst maintaining high selectivity improvements in affinity must be sought, in 

order to accomplish this, the linear compound upon which these macrolactams would 

be based must first be improved further with respect to affinity and physiochemical 

properties. This could be accomplished through further modifications to the 

benzomorpholine identified in Chapter 5 (Figure 62A), such as changing the 

morpholine to a piperazine, or introducing additional substituents on the aromatic rings 

to increase the cation-π interactions. Those beneficial modifications would then need 

to be incorporated into the macrolactam scaffold of 19, upon which further SAR to 

produce a lead ligand comparable with Inobrodib (Figure 62B). The morpholine could 

be changed to a piperazine, or further substitution of the morpholine ring to explore 



147 
 

the stereogenic centre possessing the possibility of a “magic methyl” effect. This lead 

compound would then maintain the high selectivity provided through macrocyclisation 

with improved affinity. This could lead to a strong, robust, and prolonged effect in 

cancer cells. This would then allow the improved macrocycle to progress into in vivo 

tumour models.  

 

Figure 62: Potential future work; A). Further SAR work that could be conducted on ligand 50 to improve 

affinity and physiochemical properties; B). Further SAR work on the ligand 19 scaffold.  
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Chapter 7: 

Experimental 
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7.1 Biochemical and biophysical methods 

pH measurements  

Measurements were performed on an Oakton PH 550 Benchtop pH Meter Kit was 

used to measure the pH of all buffers. Calibration was performed against standard 

solutions at pH 4.0 (solution of potassium acid phthalate, cetyl pyridinium chloride, and 

methyl red), pH 7.0 (solution of potassium phosphate, acetyl pyridinium chloride, 

sodium hydrogen phosphate, and methyl orange) and pH 10.0 (solution of sodium 

carbonate, sodium bicarbonate and thymol blue). The electrode was stored in 3 M 

KCl(aq) solution when not in use. Buffer solutions pHs were adjusted to within ±0.1 units 

of the desired pH adjusting with sodium hydroxide(aq) or hydrochloric acid(aq) (1 M or 2 

M).  

Protein concentration measurements 

Protein concentrations were calculated using the absorbance of proteins at 280 nm 

which was measured using a Thermo Scientific Nanodrop Lite, with the Protein A280 

Program. From this, the approximate concentration of protein samples was 

determined with the Beer-Lambert Law:  

A =  εcl 

Where A is the absorbance, ε is the molar extinction coefficient of the protein (M-1 cm-

1), c is the concentration of the protein (M), and l is the path length (set to 1.0 cm). 

Each measurement of concentration was taken a minimum of five times, from which 

the mean was used.  
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Protein expression and purification 

 The CBPBRD (Addgene plasmid # 38977) and BRD4(1) bromodomain (Addgene plasmid # 

38942) constructs were transformed into E. coli BL21 Gold (DE3) for expression. The proteins 

were purified using Immobilized Metal Affinity Chromatography (IMAC) with a HisTrapTM 

column (GE Healthcare) followed by gel filtration chromatography with Superdex 75 resin (GE 

Healthcare). The protein purity was assessed using SDS-PAGE and LC-MS analysis.  

A general procedure was followed for both the CBPBRD and BRD4(1) which is outlined 

in the following. All procedures for bacterial expression work were carried out in a 

sterile environment and all pipette tips, flasks and media were autoclave prior to use.  

Antibiotic stocks and other solutions (such as mobile phases for protein purification) 

were filtered through 0.22 μM syringe filters in order to ensure sterility.  

Protein Expression 

BL21 Gold (DE3) competent E. coli cells were thawed on ice. 2 × YT media with agar 

was autoclaving and after was kept at 55 °C with a water bath in order to prevent 

solidification. Upon removing this media from the water bath, 400 μL of kanamycin 

stock (50 mg/mL) was added. This media was then poured into colony plates (10 cm 

diameter), left to reach room temperature to solidify and the inverted. To the thawed 

BL21 DE3 bacteria was added 1 μL of the appropriate plasmid, which was then 

incubated at 4 °C for 20 mins, the cells were then placed into a water bath set to 42 

°C for 1 min, the bacteria were then incubated at 4 °C for a further 5 mins, to the 

bacteria was added 500 μL of Super Optimal broth with Catabolite repression (S.O.C) 

media and the cells were again placed into a water bath at 37 °C for 1 h. After this time 

the bacteria were plated into the agar dishes by adding 10, 40, or 100 μL of bacteria 

solution. These plated bacteria were then incubated overnight at 37 °C. 
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Single transformed colonies were selected from the agar plates using a sterilised 

pipette tip and were added to 100 mL of 2 × YT media supplemented with 100 μL of 

kanamycin stock (50 mg/mL). This culture was then incubated overnight at 37 °C 

overnight with shaking at 200 rpm. From this starter culture, 1 mL was sub-cultured 

into 1 L of 2 × YT media with 1 mL of kanamycin stock (50 mg/mL) added prior inside 

of baffled flasks. This culture was incubated at 37 °C with shaking at 180 rpm until an 

optical density at 600 nm (OD600) value of 0.8 was measured. At this stage of growth, 

the temperature was decreased to 18 °C and 500 μL of a 0.5 M stock of isopropyl ß-

D-1-thiogalactopyranoside (IPTG) was added to induce protein expression. 

After incubating overnight, the culture was centrifuged at 5000 rpm and 4 °C for 15 

mins, pelleting the bacteria from the supernatant. The supernatant was removed, and 

the pellet left to dry in the inverted centrifuge flask, once dry the pellets were removed 

and combined. The combined pellet was stored at −80 °C for long term storage.  

Protein Purification 

The solution utilised for protein purification, the volumes are shown, all solutions were 

degassed, and stored at 4 °C prior. and their compositions are displayed in the table 

below: 

Binding buffer 400 mL 50 mM HEPES, 500 mM 

NaCl, 10% glycerol, 10 

mM β-mercaptoethanol 

at pH 7.4  

Lysis buffer ≥100 mL 50 mM HEPES, 500 mM 

NaCl, 10% glycerol at pH 
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7.4, one sigmafast 

protease tablet is added 

and dissolved before use 

Elution buffer 500 mL 50 mM HEPES, 500 mM 

NaCl, 500 mM imidazole, 

10% glycerol, 10 mM β-

mercaptoethanol at pH 

7.4 

Strip buffer 1000 mL 50 mM HEPES, 500 mM 

NaCl, 50 mM EDTA at pH 

7.4 

Loading buffer 500 mL 100 mM NiSO4  

Gel filtration buffer 1000 mL 50 mM HEPES, 500 mM 

NaCl at pH 7.4 

MilliQ water  2000 mL  

The bacteria pellet was placed on ice and allowed to thaw in a tall beaker, once 

thawed, lysis buffer is added to the pellet (at an approximate ratio of 20 g of cell pellet 

to 100 mL of lysis buffer) and the protease tablet was added, and the bacteria pellet 

solution was stirred on ice for 15 mins. After this time the cells were lysed using 

sonication (35% amplitude, 5s burst/5s pause cycles for 10 mins), the DNA was 

precipitated using a polyethyleneimine solution (5% v/v in H2O) and incubated on ice 

for 30 mins. Cell debris was pelleted by centrifugation at 30000 × g for 30 mins at 4 °C 

and filtered through 0.45 μM to give the lysate as a light brown liquid. This filtrate was 

then loaded onto a nickel affinity column (Cytiva HisTrap™ FF column) which was 

equilibrated with loading buffer (3 CV), washed with MilliQ H2O (3 CV) and elution 
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buffer (3 CV) attached to an AKTA FPLC system (GE Healthcare) in a cold room 

(~4 °C). After loading the column was washed with binding buffer (10 CV), then it was 

washed with elution buffer in a stepwise manner (10%, 25%, 50%, 75%, 100% each 

for 5 CV) with fractions being collected automatically (5 mL). Fractions which showed 

a clear UV peak above background were collected and analysed by SDS-PAGE 

(4-12% Bis-Tris in MES buffer). Those fractions that appeared pure by SDS-PAGE, 

were combined and concentrated, using centrifuge concentrations with a 5 kDa cut 

off, to a final volume of 2 mL. These concentrated fractions were then loading onto a 

size exclusion (SEC) column (75-120 superdex column), which was equilibrated with 

gel filtration buffer (1.2 CV), the column was run for until protein eluted (1.5 CV). The 

fractions were collected throughout and again analysed by SDS-PAGE to confirm their 

purity. The purified fractions of protein were concentrated to the desired concentration 

and then aliquoted into PCR tubes (150-100 μL) in each and were then flash frozen in 

liquid N2 and place into a −80 °C freezer for long term storage. 

SDS-PAGE and Coomassie Blue staining  

Sodium dodecyl sulfate polyacrylamide gel was cast using Mini-PROTEAN® 3 Cell 

(Bio-Rad). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed using Mini-PROTEAN® 3 Electrophoresis Module (Bio-Rad). The 

tris-glycine discontinuous buffer system was used in the SDS-PAGE experiments. 

Protein samples for SDS-PAGE was first prepared in 1 × Laemmli sample buffer 

(diluted from 4 × Laemmli sample buffer, Bio-Rad) containing 1.42 M 

β-mercaptoethanol(aq) (aliquoted from 14.2 M β-mercaptoethanol, Sigma-Aldrich), and 

then denatured at 100 °C for 3 mins. Chemicals for SDS-PAGE, Trizma® base, 30% 

acrylamide/bis-acrylamide solution, sodium dodecyl sulfate dust-free pellets, 

N,N,N′,N′-tetramethylethane-1,2-diamine (TEMED) and ammonium persulfate (APS), 
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were purchased from Sigma Aldrich. Glycine was purchased from Fisher Scientific. 

After SDS-PAGE, the gels were stained with Staining Solution (0.5% Brilliant Blue G 

(Sigma Aldrich), 50% (v/v) MeOH (Sigma Aldrich), 10% (v/v) glacial acetic acid (Fisher 

Scientific), 40% (v/v) Milli-Q water) for 30 mins. Destaining was performed by washing 

gels with 70% v/v EtOH in Milli-Q water to remove excess Staining solution and then 

gels were washed 3 times with Milli-Q water and left on a plate shaker (300 rpm) 

overnight to full destain.  

Isothermal calorimetry 

All calorimetric experiments were performed on either a MicroCal iTC200 or MicroCal 

PEAQ-ITC Automated (Malvern) or MicroCal PEAQ-ITC (Malvern) and analysed with 

MicroCal PEAQ-ITC Analysis software 1.1.0.1262 (Malvern) using a single binding site 

model. The first data point was excluded from all analyses.  The purified CBPBRD was 

dialysed into either 50 mM HEPES, 150 mM NaCl or 137 mM NaCl, 3 mM KCl, 8 mM 

Na2HPO3 1.5 mM KH2PO4 (Dulbecco A tablets 10 × in 1 litre) buffers containing 0.2% 

v/v DMSO; pH 7.4 (this was filtered through a 0.2 μM filter paper prior to use), using a 

Slide-A-Lyzer® MINI Dialysis Device (2000 MWCO; Thermo Scientific Life 

Technologies) for a minimum of 12 hours at 4 °C. The dialysed protein was then 

centrifuged to remove aggregates (3 min, 3000 rpm, 25 °C). Protein concentrations 

were then measured (CBPBRD: ε280 = 26930 M-1 cm-1). Small molecule ligands were 

dissolved in DMSO to give stock solutions (20 mM) and diluted appropriately using 

dialysis buffer and DMSO as necessary. The cell was stirred at 750 rpm, reference 

power at 5 μcal s-1 and temperature set to 25 °C. After an initial delay of 60 s, 20 × 

2 μL injections (first injection of 0.4 μL) were performed, with 150 s intervals between 

injections. Heat of dilutions were measured under the same conditions and subtracter 



155 
 

for analysis. Small molecule solutions in the calorimeter cell (300 μL, (20 μM)) were 

titrated with the protein solutions in the syringe (60 μL, (160 μM)).  

AlphaScreen™  

Binding assay 

To evaluate whether compounds binding to the purified BRD4(1) protein using the 

H41-20(KAc)4-biotin peptide with the amino acid sequence as follows: 

H2N-YSGRGK(Ac)GGK(Ac)GLGK(Ac)GLGK(Ac)GGAK(Ac)RHRK(Biotin)-CONH2 

This was supplied by GenScript and was stored as 1 mM stocks in Milli-Q water at 

−80 °C. The assay buffer (25 mM HEPES, 100 mM NaCl, 0.05 wt% CHAPS and 0.1 

wt% BSA at pH 7.6) was filtered through a 0.22 μM filter prior to use. The compounds, 

protein and peptides were dispensed into a ProxiPlate-384 Plus using a 

Thermo-Fischer electronic multi-channel pipette.  Compound stocks of 40 mM in 

DMSO were serially diluted in a clear plate with 100 μL wells. BRD4(1) and peptide 

were diluted in the assay buffer and added to the assay plated wells so as to give a 

final assay concentration of 10 and 8 nM respectively (7 μL per well), in each assay 

well. This was sealed and then incubated for 30 mins at 450 rpm, then the compound 

dilution series were added (5 μL per well) and the plate was sealed and then incubated 

for 1 hour at 450 rpm. After this time assay beads (Ni2+ chelate acceptor and 

streptavidin donor) at 5 μg/mL were (8 μL per well) to give a total volume of 20 μL in 

each well and the plate was then sealed and incubated at 450 rpm in the absence of 

light for 1 hour. The plate was then moved to the Pherastar and the plate was opened 

and place into the machine and left for a further 30 mins after light exposure to allow 

for full equilibration. After this time the assay was performed using the inbuilt 

AlphaScreen™ 384 ProxiPlate function (excitation at 680 nm, 0.18 sec; emission at 
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570 nm, 0.37 s) and the results recorded.  Dose response curves for each compound 

were obtained in triplicate.  

True Hits 

To evaluate whether the compounds tested by AlphaScreen™ for BRD4(1) inhibition 

gave false positives the below assay was carried out. 

Compound dilution series were produced in the same manner as for AlphaScreen™ 

binding assay, containing 0.25% DMSO FAC, in the same buffer which was utilised 

previously. The biotinylated acceptor beads and streptavidin donor beads were added 

to buffer containing no DMSO (5 μL of each into 1.99 mL of buffer) to a FAC of 

4.7 μg/mL. This True Hits bead mix was added to a 384 well plate and incubated in 

the absence of light for 30 mins at room temperature on a plate shaker at 450 rpm. 

After this time the desired compound dilutions were added to the assay plate in 

triplicate and the plate was sealed and incubated for a further 30 minutes in the 

absence of light. The plate was then moved to the Pherastar and the plate was opened 

and place into the machine and left for a further 30 minutes after light exposure to 

allow for full equilibration. After this time the assay was performed using the inbuilt 

AlphaScreen™ 384 ProxiPlate function (excitation at 680 nm, 0.18 sec; emission at 

570 nm, 0.37 sec) and the results recorded. 

Protein/ligand crystallography 

Protein Preparation 

CBPBRD was purified as previously described and concentrated to 10 mg/mL. The 

ligand dissolved in a 100 mM DMSO was added to the protein solution and incubated 

on ice for 30 mins at 5 times the molar excess to ensure complete complexation. The 

protein-ligand solution was centrifuged 12,000 XG for 5 mins at 4 °C to remove 
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aggregates. 

Crystallization Conditions 

Crystallization trials were set up using the sitting drop vapor diffusion method in 

Intelli-Plate 96-3 low-profile plates. The crystallization drops were dispensed using an 

OryxNano (Douglas Instruments) robot. For each condition, two drops were prepared: 

the first drop contained 33% protein solution, and the second drop contained 50% 

protein solution, with a total drop size of 600 nL. 

 

The following crystallization conditions provided diffraction quality crystals which then 

were used to produce the structures displayed in this thesis: 

Conditions for AMB_C_62 = reservoir solution: 0.2 M ammonium acetate, 0.1 M Tris 

pH 8.5, 25% w/v polyethylene glycol 3,350. 

Conditions for ELN123758 = reservoir solution: 0.3 M Li2SO4, 0.1 M Tris pH 8, 15% 

w/v polyethylene glycol 3,350. 

Conditions for ELN122375 = reservoir solution: 0.1 M citric acid pH 3.5, 25% w/v 

polyethylene glycol 3,350. 

Conditions for AMB_D_15 = Reservoir solution: 0.1 M HEPES pH 7.5, 25% w/v 

polyethylene glycol 3,350. 

Conditions for AMB_C_56 = Reservoir solution: 5% Tacsimate pH 7, 0.1 M Hepes pH 

7, 10% w/v Polyethylene glycol monomethyl ether 5,000. 

 

Crystallisation  

Each well of the Intelli-Plate was filled with 50 µL of the reservoir solution. A total of 
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600 nL of the protein-ligand solution was dispensed as a drop into wells of the plate, 

which were then sealed with clear tape to prevent evaporation and incubated at 8 °C. 

Diffractable crystals grew within 2 days to 1 week after crystallization setup. The drops 

were monitored periodically using a light microscope to check for the formation of 

crystals. Once crystals appeared, they were harvested using nylon loops and 

cryoprotected with the appropriate reservoir solution containing 10% (R,R)-2,3-

butanediol before being flash-cooled in liquid nitrogen and then shipped to ESRF for 

analysis. 

Data Collection and Analysis 

X-ray diffraction data were collected at the ESRF at different beamlines (ID30B, 

ID23-2, BM07). The crystals were measured using a cryostream at 100 K. 

Data were processed using the ESRF autoprocessing pipeline with Autoproc. 

Additional software used for data processing and structure determination included: 

• Aimless: For scaling and merging of diffraction data. 

• Molrep: For molecular replacement (Initial model used PDB-ID: 5NU3) to 

determine the initial phases. 

• Phaser: For molecular replacement and phase determination. 

• Phenix refine: For automated refinement of the crystal structure. 

Coot: For manual model building and validation. 

Physiochemical Property analysis 

Below is a short description of the physiochemical analyses performed by GSK. 



159 
 

CAD solubility assay 

GSK in-house kinetic solubility assay: 5 μL of 10 mM DMSO stock solution is diluted 

to 100 μL with pH 7.4 phosphate buffered saline, equilibrated for 1 hour at room 

temperature and filtered through Millipore MultiscreenHTS-PCF filter plates (MSSL 

BPC). The filtrate is quantified by suitably calibrated Charged Aerosol Detector.140 The 

standard error of the CAD solubility determination is ±30 µM, the upper limit of the 

solubility is 500 µM when working from 10 mM DMSO stock solution. 

Artificial Membrane Permeability assay 

Technique to measure the permeability of a compound in a phospholipid bilayer 

system 

The lipid is egg phosphatidyl choline (1.8%) and cholesterol (1%) dissolved in 

n-decane. This is applied to the bottom of the microfiltration filter inserts in a Transwell 

plate.  Phosphate buffer (50 mM Na2HPO4 with 0.5% 2-hydroxypropyl-β-cyclodextrin), 

pH 7.4 is added to the top and bottom of the plate. The lipids are allowed to form 

bilayers across the small holes in the filter. Permeation experiment is initiated by 

adding the compound to the bottom well and stopped at a pre-determined elapsed 

time. The compound permeates through the membrane to enter the acceptor well. The 

compound concentration in both the donor and acceptor compartments is determined 

by liquid chromatography after 3 h incubation at room temperature.139,150  The 

permeability (logPapp) measuring how fast molecules pass through the black lipid 

membrane is expressed in nm/s. The average standard error of the assay is around 

±30 nm/s; this can be higher at the low permeability range. 
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Lipophilicity: ChromlogD assay 

The Chromatographic Hydrophobicity Index (CHI) values are measured using 

reversed phase HPLC column (50 x 2 mm 3 µM Gemini NX C18, Phenomenex, UK) 

with fast acetonitrile gradient at starting mobile phase of pHs 2, 7.4 and 10.5.151 CHI 

values are derived directly from the gradient retention times by using a calibration line 

obtained for standard compounds. The CHI value approximates to the volume % 

organic concentration when the compound elutes. CHI is linearly transformed into 

ChromlogD by least-square fitting of experimental CHI values to calculated ClogP 

values for over 20K research compounds using the following formula:  ChromlogD = 

0.0857CHI-2.00. The average error of the assay is ±3 CHI unit or ±0.25 ChromlogD.138 

Protein binding assay (HSA and AGP) 

Chemically bonded Human Serum Albumin (HSA) and alpha-1-acidglycoprotein 

(AGP) HPLC stationary phases (Chiral Technologies, France) are used for measuring 

compounds’ binding to plasma proteins, applying linear gradient elution up to 30% iso-

propanol. The run time is 6 minutes including the re-equilibration of the stationary 

phases with the 50 mM pH7.4 ammonium acetate buffer.  The gradient retention times 

are standardised using a calibration set of mixtures as described in the reference.152 

The average standard error of the assay depends on the binding strength and kinetic 

of the compounds. It ranges from ±5% in the medium binding range which reduces to 

0.1% at binding above 99% with fast kinetic. 

Phospholipid binding assay (IAM) 

The binding of compounds to immobilised artificial membrane (IAM) is measured using 

commercially available IAM PC DD2 100 x 4.6mm 10 µM (Regis Analytical, West 

Lafayette, USA) HPLC column. Gradient retention times obtained by applying 
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acetonitrile gradient up to 85% are converted to Chromatographic Hydrophobicity 

Indices (CHI IAM) using a calibration set of compounds as described by Valko et al.153 

The CHI IAM values are converted to the logarithmic retention factors using the 

following formula:  log k IAM = 0.046*CHI IAM + 0.42, that was obtained from the 

correlation of isocratic and gradient retention time.153 

ASSAY ERROR 

CAD Solubility +/- 30 uM 

AMP 

Permeability 
+/- 30 nm/s 

ChromLogD +/- 0.3 

HSA % binding 

+/- 5%, +/- 

0.1% when 

above 99% 

 

ASSAY Low Medium High 

Kinetic 

Solubility 
< 30uM 30-200 uM > 200uM 

AMP < 30nm/s 30-200 nm/s 
> 

200nm/s 
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7.2 Synthetic Methods 

7.2.1 Materials 

Chemicals 

All chemicals were purchased from the following list of suppliers: Alfa Aesar, Sigma 

Aldrich UK, Fluorochem, Chem Cruz, Thermo scientific, Fluka UK, Merck Millipore and 

Fisher Chemical. All small reagents were of ≥95% purity, solvents were of at least 

reagent grade when performing reactions, HPLC grade or higher purity solvents were 

utilised for semi-preparative LC, HPLC and LC-MS. Zinc and iron metal powders were 

activated by either washing with concentrated HCl(aq) (37%) three times, followed by 

water, ethanol and then Et2O three times and then dried or via reaction/entrainment 

with TMSCl, 1,2-dibromoethane, iodine or bromine.154–156  All reactions with non-

aqueous solvents were performed in a flask under an argon atmosphere unless 

otherwise stated.  

Anhydrous solvents 

These include DMF, THF, Et2O, CH2Cl2, toluene and NEt3 were dried by passing 

through a column of activated basic alumina according to Grubbs’ procedure.157 These 

solvents were then left overnight on activated molecular sieves under an argon 

atmosphere. In the case of anhydrous DMSO, MeOH and MeCN, these were 

purchased from Sigma Aldrich UK in SureSealTM bottles and were used without further 

purification. Some solvents (particularly for cross coupling reactions) were degassed 

using argon for 15 minutes prior to use. 
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7.2.2 Methods 

NMR Spectroscopy 

All solvents used for NMR spectroscopy were ≥99.8% deuterated and were purchased 

from Eurisotope, VWR chemicals, and Sigma Aldrich UK. NMR data were processed 

using MestReNova 14.2.0, ACD Spectrus Version 2022 or Bruker Topspin 4.0.5 

software.  

1H NMR 

Spectra were recorded on a Bruker AVIIIHD 400 nanobay (400 MHz) spectrometer, 

Bruker AVII500 (500 MHz) spectrometer with dual 13C(1H) cryoprobe, Bruker AVIIHD 

500 (500MHz) spectrometer in the stated solvents as a reference for the internal 

deuterium lock or Bruker NEO 600 (600 MHz) spectrometer with broadband helium 

cryoprobe. The chemical shift for each signal is given as δH in units of parts per million 

(ppm) relative to tetramethylsilane (δc = 0.00 ppm) and the spectra were calibrated 

using the solvent peak(s) and the known chemical shifts.158 The coupling constants 

are determined by analysis using picked peaks on MestReNova version 14.3.0 

software or ACD Spectrus Version 2022. 1H NMR spectra are reported as follows: 

chemical shift (number of protons, multiplicity (s (singlet); br s (broad singlet); d 

(doublet); t (triplet); q (quartet); m (multiplet) or combinations thereof), coupling 

constants J (to the nearest 0.1 Hz, with identical coupling constants averaged), 

assignment). The 1H are assigned using COSY, HSQC and NOESY experiments as 

appropriate.  

13C NMR 

Spectra were recorded on a Bruker AVIIIHD 400 nanobay (101 MHz) spectrometer, 

Bruker AVII500 (500 MHz) spectrometer with dual 13C(1H) cryoprobe in the stated 
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solvent with broadband proton decoupling and an internal deuterium lock, or Bruker 

NEO 600 (151 MHz) spectrometer with broadband proton decoupling. All 13C NMR 

spectra were run as proton decoupled and so no multiplicities, or coupling constants 

are given. Chemical shifts for each signal are given as δc in units of parts per million 

(ppm) relative to tetramethylsilane (δc = 0.00 ppm) and the spectra were calibrated 

using the solvent peak(s) and the known chemical shifts.158 Peaks were picked using 

the MestReNova 14.2.0 software or ACD Spectrus Version 2022. The carbon nuclei 

were assigned using HSQC and HMBC experiments as appropriate.  

19F NMR 

Spectra were recorded on a Bruker AVIIHD 400 nanobay (376 MHz) spectrometer 

using a deuterium internal lock. The chemical shift for each signal is given as δF in 

units of parts per million (ppm). The multiplicity of each signal is indicated by: s 

(singlet); d (doublet); t (triplet); q (quartet) or m (multiplet). Coupling constants (J) are 

quoted in Hz and reported to the nearest 0.1 Hz. The coupling constants are 

determined by analysis using picked peaks on MestReNova version 14.3.0 software.  

11B NMR 

Spectra were recorded on a Bruker AVIIIHD 400 nanobay (128 MHz) Bruker or a NEO 

600 (193 MHz) spectrometer using boron trifluoride diethyl etherate as an external 

reference standard. The chemical shift for each signal is given as δB in units of parts 

per million (ppm). Due to the broad nature of spin 3/2 nuclei multiplicities are not given. 

The chemical shifts were determined using the MestReNova 14.2.0 software. Due to 

the NMR tubes being made of borosilicate glass all spectra appear with a large 

chemical shift at ~ -30 ppm.  
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Chromatography and mass spectrometry 

Below are the methods carried out for chromatographic and mass spectrometry 

analysis. HPLC and Semi-preparative LC were analysed using Agilent OpenLab 

Chemstation software While LC-MS and low-resolution MS were analysed using 

MestReNova 14.2.0 software and Mass Lynx version 4.2.  

TLC 

TLC analysis was carried out on normal phase Merck Silica gel 60 F254 aluminium-

supported chromatographic sheets or POLYGRAM® SIL G/UV254 plates with a 0.2 mm 

silica gel layer with fluorescent indicator produced by machery-nagel. Visualisation 

was by: UV light absorption (λmax 254 or 365 nm) using a UVItec lamp inside of a black 

box or by chemical staining using iodine vapour, or thermal development after dipping 

into ethanolic ninhydrin or aqueous potassium permanganate.  

Normal phase silica gel flash column chromatography 

This technique was performed either by manual column chromatography using 

Geduran® (Merck Millipore) silica gel 60 (40-63 μM) or on a Biotage SP1 automated 

column chromatography system using KP-Sil® SNAP Flash silica cartridges. The 

system used during the synthesis of macrolactams YY5-10 was the Teledyne ISCO 

CombiFlash® Rf+ purification system using RediSep® silver columns between 5-12 g 

of silica system.  

Semi-preparative liquid chromatography  

Compounds that were purified using semi-preparative liquid chromatography (Semi-

prep LC) were dissolved in the minimum amount of MeCN with some samples 

containing 20% v/v IPA or DMSO to aid in dissolving of compounds. The solution was 

then filtered through a Fisherbrand PTFE syringe filter (30 mm, 0.2 μM) into an Agilent 



166 
 

5 mL semi prep vial with a pre-slit cap. Then the samples were purified using an Agilent 

1260 Infinity II Semi Prep system with an Agilent prep C18 [5 μM, 50 × 21.2 mm] 

column, the flow rate was kept constant at 20 mL min-1, the column was at room 

temperature and UV detection was carried out at 254 nm. The mobile phases used 

unless otherwise stated were MilliQ water (mobile phase A) and HPLC grade MeCN 

(mobile phase B). The gradient utilised was as follows:  0-1 min hold at 5% mobile 

phase B, 1-10 mins 5-95% mobile phase B, then a varied length of hold at 95% mobile 

phase B up to 20 mins. After purification the fractions were collected and lyophilised 

to give the products as colourless solid powders. The injection volume was varied 

between purifications ranging from 50-1000 μL depending upon the level of resolution 

of the chromatograms. The macrolactam compounds 14-19 and their intermediates 

31-35 and 38 were purified using an ACCQPrep purification was performed on 

Teledyne ACCQPrep HP150 purification system with an attached AS 2×2 

Autosampler. For the same series of macrocycles and intermediates and in-house 

mass directed purification system (MDAP) was used at GSK. ACCQPrep methods and 

MDAP methods are tabulated below with extended and normal methods listed 

consecutively where appropriate. The flow rate for all MDAP and ACCQPrep methods 

is maintained at 40 mL/min, each method below has a separate table with a caption 

describing the solvents utilised.  

High pH (HpH) Method C: constant flow rate of 40 mL/min, with solvent A: 10 mM 

aq. ammonium bicarbonate at pH 10; solvent B: MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 70 30 

3.0 70 30 
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12.0 15 85 

12.5 15 85 

13.0 1 99 

17.0 1 99 

 

High pH (HpH) Method C extended: constant flow rate of 40 mL/min, with solvent A: 

10 mM aq. ammonium bicarbonate at pH 10; solvent B: MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 70 30 

3.0 70 30 

22.0 15 85 

22.5 15 85 

23.0 1 99 

27.0 1 99 

 

High pH (HpH) Method D: constant flow rate of 40 mL/min, with solvent A: 10 mM 

aq. ammonium bicarbonate at pH 10; solvent B: MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 50 50 

3.0 50 50 

9.0 1 99 

17.0 1 99 
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High pH (HpH) Method E: constant flow rate of 40 mL/min, with solvent A: 10 mM 

aq. ammonium bicarbonate at pH 10; solvent B: MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 20 80 

3.0 20 80 

9.0 1 99 

17.0 1 99 

 

High pH (HpH) Method E extended: constant flow rate of 40 mL/min, with solvent A: 

10 mM aq. ammonium bicarbonate at pH 10; solvent B: MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 20 80 

3.0 20 80 

16.0 1 99 

27.0 1 99 

 

Formic acid (FA) Method C: constant flow rate of 40 mL/min, with solvent A: aq. 0.1% 

v/v formic acid; solvent B: 0.1% v/v formic acid in MeCN 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 70 30 

3.0 70 30 

12.0 15 85 

12.5 15 85 
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13.0 1 99 

17.0 1 99 

 

Formic acid (FA) Method D: constant flow rate of 40 mL/min, with solvent A: aq. 0.1% 

v/v formic acid; solvent B: 0.1% v/v formic acid in MeCN. 

Time Percentage solvent A, % Percentage solvent B, % 

0.0 50 50 

3.0 50 50 

9.0 1 99 

17.0 1 99 

 

The ACCQPrep methods copy the same gradients and solvent systems as those 

indicated for MDAP purifications. 

HPLC purification chromatography 

Compounds that were purified by HPLC were first dissolved in either pure MeCN or a 

mixture of MeCN and DMSO (4:1) and then filtered through either a Gilson PTFE 

syringe filter (13 mm, 0.22 μM) or Fisherbrand PTFE filter (13mm, 0.2μM) into an insert 

vial (300 µL total volume). Compounds were purified using an Agilent 1260 Infinity II 

system with a Quaternary LC Pump, DADWR and Agilent Infinity Fraction Collector.  

An Agilent Zorbax SB-C18 [5 μm, 9.4 mm × 250 mm] column heated to 40 °C with a 

constant flow rate of 4 mL min-1, injecting volume of 25 μL and UV detection at a 

wavelength at or above 340 nm. The mobile phases were MilliQ water containing 0.1% 

v/v formic acid or MilliQ water (mobile phase A) and HPLC grade MeCN containing 

0.1% v/v formic acid or MeCN without modifier (mobile phase B). The gradients utilised 
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were as follows: 0-2 min hold at 5% mobile phase B, 2-12 mins 5-95% mobile phase 

B, then a 5 mins of hold at 95% mobile phase B. After this hold a 5-minute post run 

was conducted of 95-5% mobile phase B in order to switch back to the starting 

conditions. Fractions of purified compound were either collected based upon retention 

time of threshold at a specified wavelength.  

HPLC for purity and retention time 

Compounds that were analysed for purity by HPLC were first dissolved in 1 mL of 

MeCN and were then filtered through either a Gilson PTFE syringe filter (13 mm, 

0.22 μM) or Fisherbrand PTFE filter (13 mm, 0.2 μM) into a pre-slit Restek 1.5 mL vial. 

Compounds were analysed for purity on an Agilent 1260 Infinity II system with a 

Quaternary LC Pump, DADWR and Agilent Infinity Fraction Collector.  An Agilent 

InfinityLab Poroshell 120 EC-C18 [4 µm, 4.6 mm × 150 mm] column heated to 40 °C 

was used along with constant flow rate of 1 mL min-1, injection volume of 5 μL and UV 

detection at 220, 254 and 280 nm. The mobile phases used unless otherwise stated 

were MilliQ water containing 0.1% v/v formic acid (mobile phase A) and HPLC grade 

MeCN containing 0.1% v/v formic acid (mobile phase B). The gradients utilised were 

as follows: 0-1 min hold at 5% mobile phase B, 1-10 mins 5-95% mobile phase B, then 

a varied length of hold at 95% mobile phase B until 16 mins or 25 mins as required. 

After this hold a 3 min post run was conducted of 95-5% mobile phase B in order to 

switch back to the starting conditions. The purities of compounds are calculated based 

upon percentage peak area as an average of at least two wavelengths, with final 

compounds purities calculated from all three wavelengths, with all purities given to the 

nearest whole number.   
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Normal phase chiral HPLC 

Final compounds were analysed by normal phase chiral HPLC to determine 

percentage enantiomeric excess (%ee). These analyses were performed using a 

PerkinElmer Flexar system with a Binary LC Pump and UV/Vis LC detector set at 254 

nm. These analyses were performed using a ChiralPAK AD_H [5 μM, 4.6 mm × 

250 mm] column with a constant flow rate of 1.0 mL min-1 and an isocratic method of 

IPA:hexane (50:50) for 30 mins. HPLC data were processed using Chromera 3.4.4 

software.   

Liquid Chromatography-Mass Spectrometry 

For low resolution analysis when other methods of ionisation proved too harsh a 

Waters LCT Premier XE bench-top orthogonal acceleration TOF LC-MS was used, 

with the sample being dissolved in MeCN at ~1 mg mL-1. Or a Waters Acquity I class 

plus UPLC® with a Water acquity QDA mass detector system was utilised as both a 

means of checking compound purity and getting LRMS data concurrently. 

Low resolution electrospray ionisation (ESI) MS 

Direct injection of a sample dissolved in MeCN at ~1 mg mL-1 into an Agilent 6120 

quadrupole or aspectrometer was used in either positive or negative mode (as 

specified) to give low resolution mass spectra.   

High resolution Mass Spectrometry 

Either of the following instruments was used for high resolution MS: Bruker microToF 

(high resolution), or Waters BioAccord LC-MS (high resolution) spectrometer using 

ESI or electron ionisation (EI). Samples were dissolved in 1 mL of MeCN, filtered 

through a Gilson PTFE syringe filter (13 mm, 0.22 μM) or Fisherbrand PTFE filter (13 
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mm, 0.2 μM) and were then diluted to the appropriate concentration. m/z values are 

reported in Daltons and followed by their percentage abundance in parentheses. 

Other Spectroscopic and miscellaneous techniques 

FT-IR Spectroscopy 

Were obtained from either neat samples (liquid or solid) or a concentrated solution in 

a low boiling point solvent which was then evaporated to give a thin film. The spectra 

were recorded using a Bruker Tensor 27 spectrometer or a PerkinElmer Spectrum 2 

Spectrometer with the UATR TWO attached. Absorption maxima are reported in 

wavenumbers (cm-1) and are reported as s (strong), m (medium), w (weak) or br 

(broad). Only the main relevant peaks are reported for each compound.  

Specific optical rotations 

Were determined using a Schmidt Haensch Unipol polarimeter or a JASCO p-1030 

polarimeter, using a sodium lamp at 589 nm and a path length of 1.0 dm. The 

concentration (c) is expressed in g/100 mL (equivalent to g/0.1 dm3). Specific rotations 

are quoted as an average of 10 measurements. They are denoted [𝛼]𝐷
𝑇  and are given 

in implied units of 10−1  cm2 g−1 (where T = ambient temperature in °C).  

Melting points 

Were determined using a Griffin capillary tube melting point apparatus and are 

uncorrected. The melting point range is given from first apparent phase change to fully 

melted. The crystallisation solvent is given in parentheses. 
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7.3 Synthetic Procedures 

7.3.1 Chapter 2: Compounds 13 - 48 

4-Fluoro-3-iodo-5-nitrobenzoic acid (compound 20) 

 

4-fluoro-3-nitro-benzoic acid (4.00 g, 21.6 mmol, 1.0 equiv.) was added to a solution 

of iodine (10.96 g, 43.2 mmol, 2.0 equiv.) in fuming sulfuric acid (40 mL) and the 

reaction mixture was stirred at 85 °C for 20 h. The cooled reaction mixture was slowly 

added portion wise to ice (500 g) and the resultant precipitate was extracted with 

CH2Cl2 (3 × 250 mL). The combined organic layers were washed with sat. Na2S2O3(aq) 

(3 × 250 mL), brine (250 mL), dried (Na2SO4), filtered and concentrated in vacuo to 

give 4-fluoro-3-iodo-5-nitrobenzoic acid as a colourless solid (6.116 g, 91%); Rf 0.15 

(9:1, CH2Cl2/MeOH); m.p 172 – 175 °C (CH2Cl2); 1H NMR (400 MHz, CDCl3) δH 8.75 

(1H, dd, J 5.0, 2.1 Hz, H-2), 8.73 (1H, dd, J 6.5, 2.1 Hz, H-6); 19F{1H} NMR (377 MHz, 

CDCl3) δF −87.67; LRMS m/z (ESI−) 310 ([M−H]−, 100%). These data are in 

accordance with the literature.88 

Benzyl 4-fluoro-3-iodo-5-nitrobenzoate (compound 21) 
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To a solution of 4-fluoro-3-iodo-5-nitrobenzoic acid (4.70 g, 15.1 mmol, 1.0 equiv.) in 

DMF (40 mL) was added K2CO3 (3.14 g, 22.7 mmol, 1.5 equiv.) and the reaction 

mixture was stirred at r.t. for 5 mins. Benzyl bromide (2.7 mL, 22.7 mmol, 1.5 equiv.) 

was added and the reaction mixture was stirred at 60 °C for 4 h. Once cooled the 

reaction mixture was diluted with EtOAc (500 mL) and was washed with 1M K2CO3(aq) 

(3 × 500 mL), 0.5 M LiCl(aq) (3 × 500 mL), brine (500 mL), dried (MgSO4), filtered and 

concentrated in vacuo to light orange oil. The crude product was purified by flash silica 

column chromatography (elution with 0-20% EtOAc in pet ether) to yield benzyl 

4-fluoro-3-iodo-5-nitrobenzoate as an off-white solid (4.272 g, 70%); Rf 0.39 (4:1, pet 

ether/EtOAC); m.p 67 – 70 °C (EtOAc); 1H NMR (400 MHz, CDCl3) δH 8.69 (1H, dd, J 

5.0, 2.1 Hz, H-2), 8.66 (1H, dd, J 6.6, 2.1 Hz, H-6), 7.48 – 7.34 (5H, m, H3’, H-4’, H-5’), 

5.40 (2H, s, H-1’); 19F{1H} NMR (377 MHz, CDCl3) δF −89.30; LRMS m/z (ESI−) 400 

([M−H]−, 100%). These data are in accordance with the literature.88 

(R)-tert-Butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate (compound 22) 

 

To a stirred solution of (R)-N-benzyl-1-phenylenthan-1-amine (4.46 g, 21.1 mmol, 1.5 

equiv.) in THF (25 mL) at −78 °C was added n-BuLi in hexanes (2.5 M, 9.02 mL, 22.5 

mmol, 1.6 equiv.), dropwise over 20 mins and the resultant dark pink solution was 

stirred at −78 °C for 30 mins. tert-Butyl crononate (2.26 mL, 2.00 g, 14.1 mmol, 1.0 

equiv.) in THF (20 mL) was added dropwise over a period of 1 h and the reaction 

mixture was then stirred for a further 4 h. The reaction mixture was quenched with sat. 

NH4Cl(aq) (20 mL) and was subsequently warmed to r.t. The reaction mixture was 
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evaporated in vacuo then 0.5 M citric acid(aq) (75 mL) was added, and the resultant 

mixture was extracted with CH2Cl2 (3 × 100 mL). The combined organic components 

were washed with sat. NaHCO3(aq) (150 mL), brine (150 mL), dried (Na2SO4), filtered 

and concentrated in vacuo to give a colourless oil. The crude oil was purified by flash 

silica column chromatography (elution with 0-5% Et2O in pet ether) to give (R)-tert-

Butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate as a colourless oil (4.42 g, 89%); 

Rf 0.56 (1:9, Et2O/hexane); [𝛼]𝐷
25.9 = −10.6  (c 2.1, CHCl3); 1H NMR (400 MHz, CDCl3) 

δH 7.44 – 7.18 (10H, m, H-5’, H-4’), 3.90 (1H, q, J 6.9 Hz, H-1’), 3.77 (1H, d, J 15.0 

Hz, HAHB-3’), 3.62 (1H, d, J 15.0 Hz, HAHB-3’), 3.44 (1H, dqd, J 9.1, 6.7, 4.7 Hz, H-3), 

2.26 (1H, dd, J 14.1, 4.7 Hz, HAHB-2), 2.03 (1H, dd, J 14.1, 9.1 Hz, HAHB-2), 1.40 (9H, 

s, H-6), 1.34 (3H, d, J 6.9 Hz, H-2’), 1.12 (3H, d, J 6.7 Hz, H-4); LRMS m/z (ESI+) 354 

([M+H]+, 100%). These data are in accordance with the literature.44,88,159 

(R)-tert-Butyl 3-aminobutanoate (compound 23) 

 

20 % Pd(OH)2/C (1.74g, 2.49 mmol, 0.2 equiv.) was added to a stirred solution of (R)-

tert-butyl 3-(benzyl((R)-1-phenylethyl)amino)butanoate (4.40 g, 12.4 mmol, 1.0 equiv.) 

in H2O (7.1 mL), glacial acetic acid (4.46 mL) and MeOH (176 mL), which was purged 

under an argon atmosphere. The atmosphere was then replaced with hydrogen gas 

and the suspension was stirred at r.t. for 20 h. The reaction mixture was filtered through 

a pad of Celite® (eluent MeOH) and evaporated in vacuo to give a yellow oil. The oil 

was azeotroped with toluene (3 × 50 mL) to give (R)-tert-butyl 3-aminobutanoate 

containing 1.39 equiv. acetic acid as a colourless solid (2.334 g, 86%); Rf 0.04 (9:1, 

CH2Cl2/MeOH); [𝛼]𝐷
25 = −11.5 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δH 3.55 – 3.42 
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(1H, m, H-3), 2.55 (1H dd, J 16.6, 7.3 Hz, HAHB-2), 2.45 (1H, dd, J 16.5, 5.7 Hz, 

HAHB-2), 1.44 (9H, s, H-6), 1.27 (3H, d, J 6.6 Hz, H-4); LRMS m/z (ESI+) 160 ([M+H]+, 

100%). These data are in accordance with the literature.44,88,159 

Benzyl (R)-4-((4-(tert-butoxy)-4-oxobutan-2-yl)amino)-3-iodo-5-nitrobenzoate 

(compound 24) 

 

To a stirred solution of 4-fluoro-3-iodo-5-nitro-benzoate (3.05 g, 7.60 mmol, 1.0 equiv.) 

and Cs2CO3 (7.40 g, 22.8 mmol, 3.0 equiv.) in toluene (70 mL) at r.t. was added tert-

butyl (R)-aminobutanoate (2.33 g, 10.6 mmol, 1.4 equiv.) and the reaction was stirred 

at 85 °C for 20 h. Once cooled the reaction mixture was added to 1M K2CO3(aq) (500 

mL) and the resulting mixture was extracted with EtOAc (3 × 250 mL). The combined 

organic layers were washed with brine (250 mL), dried (MgSO4), filtered and 

evaporated in vacuo to give an orange oil. The crude product was purified by flash 

silica column chromatography (10% Et2O in n-hexane) to yield (R)-4-((4-(tert-butoxy)-

4-oxobutan-2-yl)amino)-3-iodo-5-nitrobenzoate as a dark orange oil (3.99 g, 97%); Rf 

0.2 (1:4, Et2O/hexane); [𝛼]𝐷
25 = −29.3 (c 0.8, CHCl3); 1H NMR (400 MHz, CDCl3) δH 

8.59 (1H, d, J 2.1 Hz, H-6), 8.55 (1H, d, J 2.1 Hz, H-2), 7.46 – 7.31 (5H, m, H-4’’, H-

5’’, H-6’’), 6.39 (1H, d, J 10.0 Hz, NH-4), 5.34 (2H. s, H-2’’), 4.16 (1H, m, H-2’), 2.52 

(1H, dd, J 15.5, 5.7 Hz, HAHB-3’), 2.45 (1H, dd, J 15.5, 5.9 Hz, HAHB-3’), 1.39 (9H, s, 

H-6’), 1.31 (3H, d, J 6.4 Hz, H-1’); LRMS m/z (ESI−) 539 ([M−H]−, 100%). These data 

are in accordance with the literature.88 
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(R)-9-Iodo-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-

carboxylate (compound 25) 

 

To a solution of (R)-4-((4-(tert-butoxy)-4-oxobutan-2-yl)amino)-3-iodo-5-nitrobenzoate 

(3.77 g, 6.98 mmol, 1.0 equiv.) in CH2Cl2 (18 mL) was added TFA (18 mL) and the 

reaction stirred at r.t. for 2 h. The solvents were then removed in vacuo and the 

resulting dark orange oil was dissolved in glacial acetic acid (42 mL). To this was added 

iron powder (1.95 g, 34.9 mmol, 5.0 equiv.) and the reaction was heated to reflux (120 

°C) for 4 h. To the cooled reaction mixture was added 1 M K2CO3 (500 mL) and the 

resulting mixture was extracted with EtOAc (3 × 500 mL). The combined organic 

components were washed with brine (500 mL), dried (MgSO4), filtered and evaporated 

in vacuo to yield (R)-9-iodo-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate as a colourless solid (3.04 g, 91%); Rf 0.55 

(EtOAc); [𝛼]𝐷
25 = −20.4 (c 1.0, CHCl3); m.p; 166 – 168 °C; 1H NMR (400 MHz, DMSO) 

δH 9.73 (1H, s, NH-9a), 8.03 (1H, d, J 2.0 Hz, H-7), 7.58 (1H, d, J 2.0 Hz, H-9), 7.46 – 

7.32 (5H, m, H-4’, H-5’, H-6’), 5.28 (2H, s, H-2’), 5.15 (1H, d, J 3.1 Hz, NH-5a), 4.07 

(1H, m, H-4), 2.50 (1H, dd, J 13.9, 8.1 Hz, HAHB-3), 2.39 (1H, dd, J 13.9, 8.1 Hz, 

HAHB-3), 1.29 (3H, d, J 6.3 Hz, H-10); LRMS m/z (ESI−) 435 ([M−H]−, 100%). These 

data are in accordance with the literature.88 
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7-((Triisopropylsilyl)oxy)-3,4-dihydroquinolin-2(1H)-one (compound 26)  

 

Triisopropylsilyl chloride (6.81 mL, 31.8 mmol, 1.3 equiv.) was added to a solution of 

7-hydroxy-3,4-dihydroquinolin-2(1H)-one (4.00 g, 24.6 mmol, 1.0 equiv.) and 

imidazole (3.34 g, 49.2 mmol, 2.0 equiv.) in DMF (30 mL) and the reaction mixture was 

stirred at r.t. for 24 h. The reaction mixture was dissolved in Et2O (150 mL) and washed 

with H2O (3 × 100 mL). The organic component was washed with brine (100 mL), dried 

(MgSO4), filtered and evaporated in vacuo to afford a colourless oil. The crude oil was 

purified by silica gel chromatography (elution with 0-50% EtOAc in pet ether) to yield 

7-((triisopropylsilyl)oxy)-3,4-dihydroquinolin-2(1H)-one as a colourless solid (6.52 g, 

96%); Rf 0.50 (1:1, EtOAc/pet ether); mp 65 − 67 °C (EtOAc); νm̄ax (neat)/cm-1 3918 

(N-H, w), 2960 (C-H, w), 1673 (C=O, s), 1174 (C-O, s); 1H NMR (500 MHz; CDCl3) δH 

8.09 (1H, s, NH-9), 6.96 (1H, d, J 8.4, H-5), 6.49 (1H, dd, J 8.4, 2.4, H-6), 6.32 (1H, d, 

J 2.4, H-8), 2.88 (2H, dd, J 8.4, 6.6, H-3), 2.61 (2H, dd, J 8.4, 6.6, H-2), 1.28-1.20 (3H, 

m, H-10), 1.10 (18H, d, J 7.4, H-11); 13C NMR (101 MHz; CDCl3) δC 171.78 (C-1), 

155.7 (C-7), 138.1 (C-9), 128.7 (C-5), 116.2 (C-4), 114.3 (C-6), 107.3 (C-8), 31.2 (C-2), 

24.8 (C-3), 18.1 (C-10), 12.8 (C-11); HRMS m/z (ESI+) [Found: 320.2040 

C18H29NO2
28Si requires [M+H]+ 320.2040)]; LRMS m/z (ESI+) 320 ([M+H]+, 100%); 

HPLC: retention time 12.51 mins, purity >99.9 %. These data are in accordance with 

the literature.88 
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7-((Triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (compound 27) 

 

7-((triisopropylsilyl)oxy)-3,4-dihydrodroquinolin-2(1H)-one (6.50 g, 18.5 mmol, 1.0 

equiv.) was dissolved in Et2O (50 mL) and added portion wise to LiAlH4 (1.05 g, 27.7 

mmol, 1.5 equiv.) in Et2O (50 mL) at 0 °C and the suspension was stirred at 0 °C for 

10 mins. The suspension was then warmed to room temperature and was left to stir 

for 4 h. The reaction was then returned to 0 °C and H2O (1.5 mL), followed by 15 wt% 

NaOH(aq) (1.5 mL) and H2O (4 mL) were added dropwise. MgSO4 was added, and the 

suspension was stirred at room temperature for 30 minutes. The reaction was filtered 

and was diluted with ethyl acetate (200 mL). This was evaporated in vacuo to afford a 

colourless oil. This was then purified by flash silica column chromatography (elution 

with 0-10% EtOAc in pet ether) to yield 7-((triisopropylsilyl)oxy)-1,2,3,4-

tetrahydroquinoline as a colourless oil (4.17 g, 97%). Rf 0.50 (1:9, EtOAc/pet ether); 

ν̄max (neat)/cm-1 3410 (N-H, w), 2943 (C-H, w), 1183 (C-O, s); 1H NMR (400 MHz; 

CDCl3) δH 6.75 (1H, dt, J  8.1, 1.0 Hz, H-5), 6.16 (1H, dd, J 8.1, 2.4 Hz, H-6), 6.03 (1H, 

d, J 2.4 Hz, H-8), 3.82 (1H, br s, NH-9) 3.29 – 3.22 (2H, m, H-1), 2.72 – 2.64 (2H, m, 

H-3), 1.96 – 1.86 (2H, m, H-2), 1.31 – 1.15 (3H, m, H-10), 1.13 – 1.02 (18H, d, J 7.4, 

H-11); LRMS m/z (ESI+) 306 ([M+H]+, 100%); HPLC: retention time 13.64 mins, purity 

96.5%. These data are in accordance with the literature.88 
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Pent-4-yn-1-yl methanesulfonate (compound 28) 

 

To 4-pentyn-1-ol (2.20 mL, 23.8 mmol, 1.0 equiv.), trimethylamine (6.64 mL, 47.8 

mmol, 2.0 equiv.) in dichloromethane (20 mL) at 0 °C was added mesyl chloride (2.76 

mL, 35.6 mmol, 1.5 equiv.) dropwise and stirred for 10 mins. The reaction was warmed 

to room temperature and stirred for 3.5 h. The reaction was diluted with 

dichloromethane (100 mL), was washed with water (3 × 100 mL), sat. NaHCO3(aq) (100 

mL), brine (100 mL) and dried (MgSO4), filtered, and then concentrated. This gave 

pent-4-yn-1-yl methanesulfonate as a brown oil (4.45 g, 95%). Rf 0.40 (2:3, EtOAc/pet 

ether); 1H NMR (400 MHz, CDCl3) δH 4.34 (2H, t, J 6.1 Hz, H-5), 3.01 (3H, s, H-6), 

2.35 (2H, td, J 6.8, 2.7 Hz, H-3), 2.00 (1H, t, J 2.7 Hz, H-1), 1.95 (2H, tt, J 6.8, 6.1, 

H-4); LRMS m/z (ESI−) 163 ([M+H]-, 100%). These data are in accordance with the 

literature.88  

1-(Pent-4-yn-1-yl)-7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (compound 29) 

 

Pent-4-yn-1-yl methanesulfonate (3.90 g, 21.0 mmol, 1.5 equiv.), was added to a 

solution of 7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (5.20 g, 14.0 mmol, 1.0 

equiv.), TBAI (3.23 g, 8.75 mmol, 0.6 equiv.), and DIPEA (5.94 mL, 28.0 mmol, 2.00 

equiv.) in dry DMF (80 mL) under an argon atmosphere. The reaction mixture was then 

heated to 100 °C for 48 h. The cooled solution was diluted in diethyl ether (500 mL), 
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which was then washed with water (3 × 300 mL). The organic layer was then washed 

with brine (300 mL), dried over MgSO4, filtered, and concentrated in vacuo. This gave 

a crude orange oil which was then purified using flash silica gel column 

chromatography (100% toluene) to give 1-(pent-4-yn-1-yl)-7-((triisopropylsilyl)oxy)-

1,2,3,4-tetrahydroquinoline as a light orange oil (4.786 g, 76%); Rf 0.71 (tol); νm̄ax 

(neat)/cm-1 2943 (C-H, w), 1506 (s); 1H NMR (400 MHz; CDCl3) δH 6.75 (1H, dt, J 8.0, 

1.0 Hz, H-5), 6.17 (1H, d, J 2.3 Hz, H-8), 6.12 (1H, dd, J 8.0, 2.3 Hz, H-6), 3.37 – 3.30 

(2H, m, H-1’), 3.29 – 3.22 (2H, m, H-1), 2.68 (2H, t, J 6.3 Hz, H-3), 2.26 (2H, td, J 7.0, 

2.7 Hz, H-3’), 1.99 (1H, t, J 2.7 Hz, H-5’), 1.95 -1.89 (2H, m, H-2), 1.81 (2H, p, J 7.0 

Hz, H-2’), 1.32 – 1.19 (3H, m, H-10), 1.12 (18H, d, J 7.2 Hz, H-11); LRMS m/z (ESI+) 

372 ([M+H]+, 100%); HPLC: retention time 16.15 mins, purity 97.2 %. These data are 

in accordance with the literature.88 

(E)-1-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-7-

((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (compound 30) 

 

1-(Pent-4-yn-1-yl)-7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (310 mg, 1.04 

mmol, 1.00 equiv.) and bis(cyclopentadienyl)zirconium(IV) chloride hydride (22 mg, 

0.104 mmol, 0.1 equiv.) were added to a microwave vial (in the absence of light) and 

sealed under an argon atmosphere. Triethylamine (25.0 μL, 0.104 mmol, 0.1 equiv.) 

and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (134 μL, 1.14 mmol, 1.10 equiv.) were 

added and the reaction mixture was stirred at 60 °C for 18 h. The reaction mixture was 
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purified by flash silica gel column chromatography (elution with 0-100% CH2Cl2 in pet 

ether) to yield (E)-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-7-

((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline as a brown oil (363 mg, 87 %); Rf 

0.41 (1:9, EtOAc/pet ether); ν̄max (neat)/cm-1 2942 (C-H, w), 1506 (s); 1H NMR (400 

MHz; CDCl3) δH 6.73 (1H, dt, J 8.8, 1.3 Hz, H-5), 6.65 (1H, dt, J 18.0, 6.4 Hz, H-4’), 

6.13 – 6.06 (2H, m, H-6, H-8), 5.47 (1H, d, J 18.0 Hz, H-5’), 3.26 – 3.14 (4H, m, H-1’, 

H-1), 2.65 (2H, t, J 6.4 Hz, H-3), 2.24 – 2.16 (2H, m, H-3’), 1.92 – 1.89 (2H, m, H-2), 

1.71 (2H, tt, J 8.5, 6.4 Hz, H-2’), 1.27 (12H s, H-7’), 1.26 – 1.20 (3H, m, H-10), 1.15 – 

1.09 (18H, d, J 7.3 Hz, H-11); 11B NMR (128 MHz, CDCl3) δB 29.7 (B-5’); LRMS m/z 

(ESI+) 500 ([M+H]+, 100%). These data are in accordance with the literature.88  

(R,E)-2-Methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-dihydroquinolin-1(2H)-

yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate 

(compound 13) 

 

(R)-9-iodo-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-

carboxylate (1.38 g, 3.16 mmol, 1.0 equiv.), (E)-1-(5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pent-4-en-1-yl)-7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline 

(2.22 g, 4.74 mmol, 1.5 equiv.), K2CO3 (1.22 g, 9.50 mmol, 3.0 equiv.) and [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (149 mg, 0.0791 mmol, 0.025 

equiv.) were added to reaction vessel under an argon atmosphere. To this was added 
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1,4-dioxane (40 mL) and H2O (10 mL), the reaction was then heated to 100 °C for 

24 h. Once cooled the reaction mixture was evaporated and then diluted with EtOAc 

(250 mL), which was then filtered through a Celite® pad. The filtrate was then washed 

with H2O (3 × 250 mL) and brine (250 mL), then dried (MgSO4), filtered and 

concentrated in vacuo to yield a brown oil. The crude product was purified by flash 

silica column chromatography (elution with 20-75 % EtOAc in pet ether) to give (R,E)-

2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-

1-yl)-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a dark brown oil 

(1.403 g, 65%); Rf 0.30 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −2.2 (c 1.0, CHCl3); 1H NMR 

(400 MHz, CDCl3) δH 7.97 (1H, s, NH-9a), 7.74 (1H, d, J 2.0 Hz, H-9), 7.53 (1H, d, J 

2.0 Hz, H-7), 7.45 – 7.30 (5H, m, H-4’, H-5’, H-6’), 6.75 (1H, d, J 7.7 Hz, H-5’’), 6.34 

(1H, d, J 15.6 Hz, H-5’’’), 6.19 – 6.06 (3H, m, H-6’’, H-8’’, H-4’’’), 5.33 (2H, s, H-2’), 

4.15 – 4.06 (1H, m, H-4), 4.02 (1H, s, NH-5a), 3.35 – 3.14 (4H, m, H-1’’, H-1’’’), 2.71 

– 2.60 (3H, m, HAHB-3, H-3’’), 2.51 (dd, J 13.9, 8.1 Hz, HAHB-3), 2.34 – 2.24 (2H, m, 

H-3’’’), 1.97 – 1.85 (2H, m, H-2’’), 1.84 – 1.70 (2H, m, H-2’’’), 1.37 (3H, d, J 6.3 Hz, 

H-10), 1.25-1.18 (3H, m, H-10’’), 1.08 (18H, d, J 7.4 Hz, H-11’’); LRMS m/z ;(ESI+) 682 

([M+H]+, 100%). These data are in accordance with the literature.88 
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Benzyl (R,E)-9-(5-(7-(3-((tert-butoxycarbonyl)amino)propoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1- en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 36) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)- yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (1.00 mg, 1.47 mmol, 1.0 equiv.) in THF (30 mL) 

was added 1 M TBAF in THF (3.00 mL, 2.94 mmol, 2.0 equiv.) and the reaction mixture 

was stirred at r.t. for 1 h. The reaction mixture was evaporated in vacuo to afford an 

orange residue. The crude oil was purified by silica gel chromatography (elution with 

50-100% EtOAc in pet ether) to yield a brown solid. The brown solid was dissolved in 

anhydrous DMF (7.5 mL). K2CO3 (300 mg, 4.94 mmol, 1.5 equiv.) and tert-butyl (3-

bromopropyl)carbamate (434 mg, 1.77 mmol, 1.5 equiv.) were added to the solution 

and the reaction mixture was stirred at 65 °C for 48 h. The reaction mixture was diluted 

with 1 M K2CO3(aq) (250 mL) and was extracted with EtOAc (3 × 100 mL). The 

combined organic components were washed with 0.5 M LiCl(aq) (3 × 200 mL), brine 

(200 mL), dried (Na2SO4), filtered and evaporated in vacuo to afford a brown oil. The 

crude oil was purified by silica gel chromatography (elution with 10-20% acetone in 

toluene) to yield benzyl (R,E)-9-(5-(7-(3-((tert-butoxycarbonyl)amino)propoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)- 2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-
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benzo[b][1,4]diazepine-7-carboxylate as a yellow oil (508 mg, 50%); Rf 0.30 (1:4, 

acetone/toluene); [𝛼]𝐷
20 = −8.14 (c 0.5, CHCl3); ν̄max (thin film)/cm-1 3371 (N-H, br w), 

2931 (C-H, w), 1692 (C=O, s), 1674 (C=O, s); 1H NMR (400 MHz; CDCl3) δH 7.75 (1H, 

d, J 1.9, H-9), 7.53 (1H, s, NH-1a), 7.48 (1H, d, J 1.9, H-7), 7.45–7.30 (5H, m, H-4’, 

H-5’, H-6’), 6.83 (1H, d, J 7.8, H-5’’), 6.36 (1H, d, J 15.4, H-14’’), 6.19–6.06 (3H, m, 

H-6’’, H-8’’, H-13’’), 5.33 (2H, s, H-2’), 4.78 (1H, s, NH-3’’’’), 4.12 –4.05 (1H, m, H-4), 

3.93 (2H, t, J 6.0, H-3’’’’), 3.31 – 3.20 (6H, m, H-1’’, H-1’’’, H-1’’’’), 2.69 (2H, t, J 6.4, 

H-3’’), 2.63 (1H, dd, J 13.8, 3.3, HAHB-3), 2.50 (1H, dd, J 13.8, 8.3, HAHB-3), 2.31 (2H, 

q, J 6.9, H-3’’’), 1.95 – 1.86 (4H, m, H-2’’’’, H-2’’), 1.83 – 1.76 (2H, m, H-2’’’), 1.43 (9H, 

s, H-6’’’’), 1.35 (3H, d, J 6.4, H-10); HRMS m/z (ESI+) [Found: 683.3796, C40H51N6O4 

requires M+ 683.3803)]; LRMS m/z (ESI+) 583 ([M-Boc]+, 100%); HPLC: Retention 

time 12.7 min, purity 98.3%. These data are in accordance with the literature.88 

(2R,24E)-2-Methyl-1,2,3,9,10,11,12,18,19,21,22,23-dodecahydro-8H,17H-14,16-

etheno-26,7- (metheno)[1,4]diazepino[2,3-l]pyrido[2,1-

d][1,5,17]oxadiazacycloicosine-4,8(5H)-dione (compound 10) 

 

(R,E)-9-(5-(7-(3-((tert-Butoxycarbonyl)amino)propoxy)-3,4- dihydroquinolin-1(2H)-

yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-

carboxylate (55.3 mg, 0.081 mmol, 1.0 equiv.) was dissolved in a mixture of 

THF/MeOH/H2O (3:2:1, 0.8 mL) was added LiOH (27 mg, 1.13 mmol, 14.0 equiv.) and 

the reaction mixture was stirred at r.t. for 5 h. The reaction mixture was evaporated in 
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vacuo to afford a yellow residue. The residue was dissolved in CH2Cl2 (0.5 mL) was 

added trifluoroacetic acid (0.5 mL) and the brown solution was stirred at r.t. for 2 h. 

The reaction mixture was evaporated in vacuo to afford a brown residue. The residue 

was dissolved in DMF (29 mL) and was adjusted to pH 9 with DIPEA (2.0 mL). PyBOP 

(46 mg, 0.089 mmol, 1.1 equiv.) was added to the solution and the reaction mixture 

was stirred at r.t. for 36 h. The reaction mixture was concentrated under a constant 

stream of nitrogen to afford a brown oil. The crude oil was diluted with 1 M K2CO3(aq) 

(50 mL) and extracted with CHCl3/IPA (9:1, 3 × 20 mL). The combined organic 

components were washed with 0.5 M LiCl(aq) (3 × 20 mL), brine (10 mL), dried 

(MgSO4), filtered, and evaporated in vacuo to afford a brown oil. The crude oil was 

purified by silica gel chromatography (elution with 0-100% IPA in Et2O) and then further 

purified by semi-preperative HPLC (retention time, 7.77 mins), the solvent was then 

removed via lyophilisation to yield (2R,24Z)-2,9-dimethyl- 

1,2,3,9,10,11,12,18,19,21,22,23-dodecahydro-8H,17H-14,16-etheno-26,7- 

(metheno)[1,4]diazepino[2,3-l]pyrido[2,1-d][1,5,17]oxadiazacycloicosine-4,8(5H)-

dione as a white lysophilate (11.36 mg, 41%); Rf 0.52 (9:1, acetone/Et2O); [𝛼]𝐷
25 = 

−51.1 (c 0.4, DMSO); mp 290 °C decomposed (acetone); ν̄max (thin film)/cm-1 3448 

(N-H, br w), 3248 (N-H, br w), 2928 (C-H, w), 1671 (C=O, s); 1H NMR (400 MHz; 

d6-DMSO) δH 9.56 (1H, s, NH-3a/9), 7.92 (1H, t, J 5.3 Hz, NH-11/12), 7.52 (1H, d, J 

2.0 Hz, H-6), 7.33 (1H, d, J 2.0 Hz, H-4), 6.77 (1H, d, J 8.1 Hz, H-22), 6.71 (1H, d, J 

15.2 Hz, H-28), 6.28 (1H, dt, J 15.2, 7.3 Hz, H-27), 6.12 (1H, d, J 2.3 Hz, H-16), 6.09 

(1H, dd, J 8.1, 2.3 Hz, H-23), 5.08 (1H, d, J 3.1 Hz, NH-2a/7), 4.07 – 3.93 (3H, m, H-7, 

H-14), 3.47 (2H, q, J 5.3 Hz, H-12), 3.30 – 3.15 (4H, m, H-18, H-24), 2.60 (2H, t, J 6.3 

Hz, H-20), 2.49 – 2.42 (1H, m, HAHB-8), 2.35 – 2.23 (2H, m, H-26), 2.21 (1H, dd, J 

13.3, 7.2 Hz, HAHB-8), 1.93 (2H, p, J 5.3 Hz, H-13), 1.86 – 1.76 (2H, m, H-19), 1.73 – 
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1.64 (2H, m, H-25), 1.24 (3H, d, J 6.3 Hz, H-10); LRMS m/z (ESI+) 475 ([M+H]+, 

100%); HPLC: retention time 9.4 min, purity 98.2%. These data are in accordance with 

the literature.88 

Benzyl (R,E)-9-(5-(7-(2-((tert-butoxycarbonyl)amino)ethoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 31) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate   of (300 mg, 0.440 mmol, 1.0 equiv.) in THF 

(5.00 mL) was added 1M TBAF in THF (230 mg, 880 μL, 0.974 mmol, 2.0 equiv.) and 

the reaction mixture was stirred at r.t. for 1 h. Upon this time the reaction was observed 

to be complete so the solvent was removed under a stream of nitrogen to give a dark 

brown oil, the crude reaction mixture was then redissolved in CH2Cl2 and purified by 

normal phase silica gel flash column chromatography (0-100% EtOAc in cyclohexane) 

to yield benzyl (R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-

methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a light 

brown oil that was utilised without further characterisation. To the crude product was 

added caesium carbonate (430 mg, 1.32 mmol, 3.0 equiv.), TBAI (81 mg, 0.220 mmol, 

0.5 equiv.) and tert-butyl (2-bromoethyl)carbamate (296 mg, 1.32 mmol, 3.0 equiv.) in 
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a microwave vial which was sealed and placed under an inert atmosphere and then 

anhydrous DMF (1.00 mL) was added and the reaction mixture was stirred at 85 °C 

for 18 h. After this time the reaction was observed to be complete, and the reaction 

mixture was then diluted with 1M K2CO3(aq) (100 mL) which was then washed with 

EtOAC (3 × 50 mL), the combined organic layers were then washed with 5 wt% LiCl(aq) 

(3 × 50 mL), brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo to give 

the crude product as a transparent brown oil. The crude product was then purified 

using ACCQPrep HpH method E using 80-99% acetonitrile(B)/10mM ammonium 

bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient over 17 

mins, the resultant solution was concentrated under a stream of nitrogen at 40 °C to 

yield benzyl (R,E)-9-(5-(7-(2-((tert-butoxycarbonyl)amino)ethoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate as a colourless oil (55 mg, 19% yield); Rf 0.46 

(EtOAc); [𝛼]𝐷
20 = +28.13 (c 1.3, MeCN); ν̄max (thin film MeCN)/ cm-1 2932 (C-H, br, m), 

1694 and 1673 (C=O, s), 1507 (C=C, s), 1167 (C-O, s); 1H NMR (400 MHz, CDCl3) δH 

7.77 (1H, d, J 1.8 Hz, H-7), 7.48 (1H, d, J 1.8 Hz, H-9), 7.46 – 7.34 (5 H, m, H-4’, H-5’, 

H-6’), 6.84 (1H, d, J 7.9 Hz, H-5’’), 6.38 (1H, d, J 15.8 Hz, H-5’’’), 6.20 – 6.10 (3H, m, 

H-6’’, H-8’’, H-4’’’), 5.34 (2H, s, H-2’), 5.04 – 4.94 (1H, m, NH-2’’’’/3’’’’), 4.15 – 4.05 (1H, 

m, H-4), 4.02 (1H, br s, NH-4/5a), 3.96 (2H, t, J 5.2 Hz, H-1’’’’), 3.47 (2H, q, J 4.9 Hz, 

H-2’’’’), 3.33 – 3.26 (4H, m, H-1’’, H-1’’’), 2.73 – 2.63 (3H, m, H-3’’, HAHB-7), 2.50 (1H, 

dd, J 13.8, 8.2 Hz, HAHB-7), 2.33 (2H, q, J 6.9 Hz, H-3’’’), 1.99 - 1.88 (2H, m, H-2’’), 

1.81 (2H, p, J 7.4 Hz, H-2’’’), 1.44 (9H, s, H-5’’’’), 1.38 (3H, d, J 6.4 Hz, H-10); 13C NMR 

(101 MHz, CDCl3) δC 171.8 (C-2), 165.8 (C-1’), 158.3 (C-7’’), 155.9 (C-3’’’), 146.2 

(C-9’’), 139.8 (C-5a), 136.5 (C-4’’’’), 136.2 (C-3’), 129.6 (C-5’’), 128.9 (C-6), 128.6 

(C-5’), 128.2 (C-4’), 126.2 (C-6’), 126.0 (C-7), 124.9 (C-5’’’), 122.6 (C-9), 121.1 (C-1a), 
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115.6 (C-4’’), 100.5 (C-6’’), 97.7 (C-8’’), 79.6 (C-4’’’’), 67.1 (C-1’’’’), 66.5 (C-1’), 52.9 

(C-4), 50.9 (C-1’’’), 49.4 (C-1’’), 41.5 (C-4), 40.28 (C-2’’’’), 31.0 (C-3’’’), 28.4 (C-5’’’’), 

27.4 (C-3’’), 26.0 (C-2’’’), 24.3 (C-10), 22.4 (C-2’’); HRMS m/z (ESI+) [Found 669.3637 

C39H48N4O6 requires 669.3633 [M+H]+]; LRMS m/z (ESI+) 669.3 ([M+H+], 100%); 

LC-MS, HpH method: retention time 1.51 mins, 98.8% purity.  

Benzyl (R,E)-9-(5-(7-(4-((tert-butoxycarbonyl)amino)butoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 32) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (200 mg, 0.293 mmol, 1.0 equiv.) in THF (5.00 

mL) was added 1 M TBAF in THF (153 mg, 650 μL, 0.587 mmol, 2.0 equiv.) and the 

reaction mixture was stirred at r.t. for 1 h. After this time the reaction mixture was 

concentrated in vacuo to afford a brown residue. The crude oil was purified by silica 

gel flash column chromatography (0-100% EtOAc in cyclohexane) to yield benzyl 

(R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-

2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a viscous brown oil 
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which was used without further purification. To this was added caesium carbonate (287 

mg, 0.880 mmol, 3.0 equiv.), TBAI (54.2 mg, 0.147 mmol, 0.5 equiv.) and tert-butyl 

(4-bromobutyl)carbamate (222 mg, 0.880 mmol, 3.0 equiv.) in a microwave vial which 

was sealed and placed under an inert atmosphere and then anhydrous DMF (1.00 mL) 

was added and the reaction mixture was stirred at 85 °C for 18 h. The crude reaction 

mixture was then diluted with 1M K2CO3(aq) (100 mL) which was then washed with 

EtOAc (3 × 50 mL), the combined organic layers were then washed with 5 wt% LiCl(aq) 

(3 × 50 mL), brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo to give 

the crude product as a dark brown oil. The crude oil was taken up in DMSO (1 mL) 

and then purified by ACCQPrep method E using 80-99% acetonitrile(B)/10mM 

ammonium bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient 

over 17 mins  the resultant solution was concentrated under a stream of nitrogen at 

40 °C to give benzyl (R,E)-9-(5-(7-(4-((tert-butoxycarbonyl)amino)butoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate as a colourless oil (41 mg, 20% yield); Rf 0.48 

(EtOAc); [𝛼]𝐷
20 = +19.05 (c 1.0, MeCN); ν̄max (thin film MeCN)/ cm-1 2932 (C-H, br, m), 

1689 and 1674 (C=O, s), 1508 (C=C, s), 1170 (C-O, s); 1H NMR (600 MHz, d6-DMSO) 

δH 9.56 (1H, s, NH-1a/2), 7.65 (1H, d, J 2.2 Hz, H-7), 7.47 (1H, d, J 2.2 Hz, H-9), 7.44 

– 7.32 (5H, m, H-4’, H-5’, H-6’), 6.78 (1H, br t, J 5.5 Hz, NH-4’’’’/5’’’’), 6.72 (1H, d, J 8.1 

Hz, H-5’’), 6.64 (1H, d, J 15.4 Hz, H-5’’’), 6.14 (1H, dt, J 15.3, 6.8 Hz, H-4’’’), 6.06 (1H, 

d, J 2.6 Hz, H-8’’), 6.02 (1H, dd, J 8.1, 2.6 Hz, H-6’’), 5.44 (1H, d, J 3.3 Hz, NH-4/5a), 

5.29 (2H, s, H-2’), 4.04 – 3.96 (1H, m, H-4), 3.81 (2H, t, J 6.4 Hz, H-1’’’’), 3.28 – 3.24 

(2H, m, H-1’’’), 3.24 – 3.21 (2H, m, H-1’’), 2.92 (2H, q, J 6.9 Hz, H-4’’’’), 2.60 – 2.56 

(2H, m, H-3’’), 2.53 – 2.51 (1H, m, HAHB-7), 2.29 – 2.24 (3H, m, HAHB-7, H-3’’’), 1.83 

– 1.78 (2H, m, H-2’’), 1.75 – 1.70 (2H, m, H-2’’’), 1.61 – 1.55 (2H, m, H-2’’’’), 1.48 – 
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1.43 (2H, m, H-3’’’’), 1.36 (9H, s, H-7’’’’), 1.24 (3H, d, J 6.2 Hz, H-10); HRMS m/z (ESI+) 

[Found 697.3961 C41H52N4O6 requires 697.3957 [M+H]+]; LRMS m/z (ESI+) 697.4 

([M+H+], 100%), 597.3 ([M-Boc+], 100%); LC-MS, HpH method (retention time 1.56 

mins) 100% purity. 

Benzyl (R)-9-((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)piperidin-3-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 33) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (335 mg, 0.491 mmol, 1.0 equiv.) in THF (7.00 

mL) was added 1M TBAF in THF (257 mg, 1.08 mL, 0.982 mmol, 2.0 equiv.) and the 

reaction mixture was stirred at r.t. for 1 h. After this time the reaction mixture was 

concentrated in vacuo to afford a brown residue. The crude oil was purified by silica 

gel flash column chromatography (0-100% EtOAc in cyclohexane) to yield benzyl 

(R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-

2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a viscous brown oil 

which was used without further purification. To this oil was added caesium carbonate 

(480 mg, 1.47 mmol, 3.0 equiv.) and tert-butyl (S)-3-(bromomethyl)piperidine-1-
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carboxylate (171 mg, 0.614 mmol, 1.3 equiv.) in a microwave vial which was sealed 

and placed under an inert atmosphere and then anhydrous DMF (1.25 mL) was added, 

and the reaction mixture was stirred at 85 °C for 18 h. The reaction mixture was then 

diluted with 1M K2CO3(aq) (100 mL) and this was washed with EtOAc (3 × 50 mL), the 

combined organic layers were then washed with 5 wt% LiCl(aq) (3 × 50 mL), brine 

(100 mL), dried (MgSO4), filtered and concentrated in vacuo to give a light brown oil. 

The crude oil was then taken up in DMSO (1 mL) and purified by ACCQprep using 

method E using 80-99% acetonitrile(B)/10mM ammonium bicarbonate in water 

adjusted to pH 10 with ammonia solution(A) gradient over 17 mins. The residual 

compound was purified by MDAP using 100 mg HpH method E and was loaded onto 

the High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm packing diameter) 

column. The product was then eluted using 80-99% acetonitrile(B)/10mM ammonium 

bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient over 17 

mins and the resultant solution was concentrated under a stream of nitrogen at 40 °C 

to give the benzyl (R)-9-((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)piperidin-3-yl)methoxy)-

3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate as a colourless oil (127 mg, 36% yield); Rf 0.48 

(EtOAc); [𝛼]𝐷
18 = +31.6 (c 1.1, MeCN); νm̄ax (thin film MeCN)/ cm-1 2932 (C-H, br, m), 

1675 (C=O, s), 1508 (C=C, s), 1264 and 1150 (C-O, s); 1H NMR (600 MHz, d6-DMSO) 

δH 9.57 (1H, s, NH-1a/2), 7.65 (1H, d, J 2.0 Hz, H-7), 7.48 (1H, d J  2.0 Hz, H-9), 7.44 

– 7.32 (5H, m, H-4’, H-5’, H-6’), 6.73 (1H, d, J 8.1 Hz, H-5’’), 6.64 (1H, d, J 15.5 Hz, 

H-5’’’), 6.13 (1H, dt, J 15.3, 6.8 Hz, H-4’’’), 6.07 (1H, d, J 2.4 Hz, H-8’’), 6.03 (1H, dd, 

J 8.1, 2.4 Hz, H-6’’), 5.44 (1H, d, J 3.4 Hz, NH-4/5a), 5.29 (2H, s, H-2’), 4.05 – 3.95 

(1H, m, H-4), 3.85 – 3.60 (4H, m, H-1’’’’, H-3’’’’), 3.26 (2H, t, J 7.4 Hz, H-1’’’), 3.23 (2H, 

t, J 5.6 Hz, H-1’’), 2.76 (2H, m, H-4’’’’), 2.59 (2H, t, J 6.3 Hz, H-3’’), 2.52 (1H, m, 
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HAHB-3), 2.30 – 2.23 (3H, m, HAHB-3, H-3’’’), 1.85 – 1.78 (2H, m, H-2’’), 1.75 – 1.68 

(3H, m, H-2’’’, H-2’’’’), 1.62 – 1.48 (1H, m, H-6’’’’), 1.35 (9H, s, H-8’’’’), 1.28 – 1.27 (2H, 

m, H-6’’’’), 1.24 (3H, d, J 6.3 Hz, H-10), 1.23 – 1.09 (2H, m, H-5’’’’); 13C NMR (151 

MHz, d6-DMSO) δC 171.1 (C-2), 165.3 (C-1’), 158.1 (C-7’’), 153.9 (C-6’’’’), 145.8 (C-

9’’), 140.8 (C-5a), 136.5 (C-3’), 133.4 (C-4’’’), 129.2 (C-8’’), 128.4 (C-5’), 128.1 (C-4’), 

127.9 (C-6’), 127.8 (C-6), 127.6 (C-1a), 125.6 (C-5’’’), 123.7 (C-7), 122.0 (C-9), 119.0 

(C-8), 114.4 (C-4’’), 100.6 (C-6’’), 97.2 (C-5’’), 78.4 (C-7’’’’), 69.0 (C-1’’’’) 65.5 (C-2’), 

52.8 (C-4), 50.2 (C-1’’’), 48.6 (C-1’’), 40.9 (C-3), 35.5 (C-2’’’’), 30.3 (C-3’’’), 28.0 (C-8’’’’), 

26.9 (C-3’’), 26.5 (C-5’’’’, C-2), 25.2 (C-2’’’), 24.0 (C-5’’’), 23.4 (C-10), 22.0 (C-2’’ and 

C-4’’’’); HRMS m/z (ESI+) [Found 723.4105 Chemical Formula: C43H55N4O6 requires 

723.4122 [M+H]+]; LRMS m/z (ESI+) 723.4 ([M+H+], 40%), 623.4 ([M-Boc+], 100%); 

LC-MS, HpH method (retention time 1.66 mins) 97.2% purity. 

Benzyl (R)-9-((E)-5-(7-(((R)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 34) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (300 mg, 0.440 mmol, 1.0 equiv.) in THF (5.00 
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mL) was added 1 M TBAF in THF (230 mg, 880 μL, 0.880 mmol, 2.0 equiv.)and the 

reaction mixture was stirred at r.t. for 1 h. After this time the reaction mixture was 

concentrated in vacuo to afford a brown residue. The crude oil was purified by silica 

gel flash column chromatography (0-100% EtOAc in cyclohexane) to yield benzyl 

(R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-

2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a viscous brown oil 

which was used without further purification. To this was added caesium carbonate (430 

mg, 1.32 mmol, 3.0 equiv.), TBAI (81.2 mg, 0.220 mmol, 0.5 equiv.) and tert-butyl 

(R)-2-(bromomethyl)pyrrolidine-1-carboxylate (349 mg, 1.32 mmol, 3.0 equiv.) in a 

microwave vial which was sealed and placed under an inert atmosphere and then 

anhydrous DMF (1.50 mL) was added and the reaction mixture was stirred at 85 °C 

for 18 h. Reaction mixture was diluted with 1M K2CO3(aq) (100 mL) which was washed 

with EtOAc (3 × 50 mL), the combined organic layers were then washed with 5 wt% 

LiCl(aq) (3 × 50 mL), brine (100 mL), dried (MgSO4), filtered and concentrated in vacuo 

to yield a dark brown oil. The crude oil was taken up in DMSO (1 mL) and then purified 

using ACCQPrep method E, the product was loaded onto the High pH Xselect CSH 

C18 column (150mm x 30mm i.d. 5μm packing diameter) column and was eluted using 

80-99% acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 10 with 

ammonia solution(A) gradient over 17 mins and the resultant product was 

concentrated under a stream of nitrogen at 40 °C to give (R)-9-((E)-5-(7-(((R)-1-(tert-

butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-

2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a 

colourless oil (27 mg, 9% yield); Rf 0.45 (EtOAc); [𝛼]𝐷
21 = +21.13 (c 0.5, MeCN); ν̄max  

(thin film MeCN)/ cm-1 2931 (C-H, br, m), 1676 (C=O, s), 1509 (C=C, s), 1209 (C-O, 

s); 1H NMR (600 MHz, d6-DMSO) δH
 9.57 (1H, s, NH-1a/2), 7.65 (2H, d, J 2.2 Hz, H-7), 
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7.48 (1H, d, J 2.2 Hz, H-9), 7.45 – 7.38 (4H, m, H-4’, H-5’), 7.37 – 7.33 (1H, m, H-6’), 

6.73 (1H, d, J 8.4 Hz, H-5’’), 6.64 (1H, br d, J 15.4 Hz, H-5’’’), 6.15 – 6.12 (1H, m, 

H-8’’), 6.14 (1H, dt, J 15.4, 7.0 Hz, H-4’’’), 6.07 (1H, br s, H-6’’), 5.43 (1H, br s), 5.30 

(2H, s, H-1’), 4.04 – 3.96 (1H, m, H-4), 3.96 – 3.89 (2H, m, HAHB-1’’’’, H-2’’’’), 3.73 (1H, 

dd, J 9.2, 7.3 Hz, HAHB-1’’’’), 3.29 (2H, br d, J 5.5 Hz, H-5’’’’), 3.25 – 3.21 (4H, m, H-1’’, 

H-1’’’), 2.59 (2H, br t, J 6.2 Hz, H-3’’), 2.53 – 2.52 (1H, m, HAHB-3), 2.32 – 2.25 (3H, 

m, HAHB-3, H-3’’’), 1.85 – 1.79 (4H, m, H-2’’, H-3’’’’), 1.76 - 1.70 (4H, m, H-2’’’, H-4’’’’), 

1.38 (9H, br s, H-8’’’’), 1.25 (3H, d, J 6.2 Hz, C-10); 13C NMR (151 MHz, d6-DMSO) δC 

171.1 (C-2), 165.3 (C-1’), 158.0 (C-7’’), 154.0 (C-6’’’’), 145.8 (C-9’’), 140.8 (C-5a), 

136.5 (C-4’’’), 128.4 (C-5’’), 127.9 (C-4’), 127.8 (C-6), 127.6 (C-5’, C-6’), 127.4 (C-1a) 

126.3 (C-8), 123.7 (C-5’’’), 122.0 (C-7), 119.0 (C-9), 115.1 (C-4’’), 100.3 (C-6’’), 97.4 

(C-8’’), 78.5 (C-7’’’’), 65.5 (C-1’’’’), 63.5 (C-2’), 55.6 (C-2’’’’), 52.8 (C-4), 50.2 (C-5’’’’), 

48.6 (C-1’’’), 46.4 (C-1’’), 40.9 (C-4), 30.3 (C-3’’’), 28.1 (C-8’’’’, C-3’’’’), 26.9 (C-3’’), 25.0 

(C-2’’’) 23.4 (C-10, C-4’’’’), 21.9 (C-2’’); HRMS m/z (ESI+) [found 709.3959 C42H53N2O4 

requires 709.3965 [M+H]+]; LRMS m/z (ESI+) 709.3 ([M+H+], 25%), 609.4 ([M-Boc+], 

100%); LC-MS, HpH method (retention time 1.64 mins) 100% purity.  
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Benzyl (R)-9-((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (compound 35) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (335 mg, 0.491 mmol, 1.0 equiv.) in THF (7.00 

mL) was added 1M TBAF in THF (257 mg, 982 μL, 0.982 mmol, 2.0 equiv.) and the 

reaction mixture was stirred at r.t. for 1 h. After this time the reaction mixture was 

concentrated in vacuo to afford a brown residue. The crude oil was purified by silica 

gel flash column chromatography (0-100% EtOAc in cyclohexane) to yield benzyl 

(R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-

2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a viscous brown oil 

which was used without further purification. To this was added caesium carbonate 

(480.1 mg, 1.474 mmol, 3.0 equiv.), TBAI (181.4 mg, 0.491 mmol, 1.0 equiv.) and tert-

butyl (S)-2-(bromomethyl)pyrrolidine-1-carboxylate (259.5 mg, 0.982 mmol, 2.0 equiv.) 

in a microwave vial which was sealed and placed under an inert atmosphere and then 

anhydrous DMF (1.25 mL) was added and the reaction mixture was stirred at 85 °C 

for 18 h. The reaction mixture was then diluted with 1M K2CO3(aq) (100 mL) and this 



197 
 

was washed with EtOAc (3 × 50 mL), the combined organic layers were then washed 

with 5 wt% LiCl(aq) (3 × 50 mL), brine (100 mL), dried (MgSO4), filtered and 

concentrated in vacuo to give a dark brown oil. The crude oil was then taken up in 

DMSO (1 mL) and purified by ACCQPrep method E, the product was loaded onto the 

High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm packing diameter) column 

and was eluted using 80-99% acetonitrile(B)/10mM ammonium bicarbonate in water 

adjusted to pH 10 with ammonia solution(A) gradient over 17 mins and the resultant 

product was concentrated under a stream of nitrogen at 40 °C to give benzyl (R)-9-

((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate as a colourless oil (17 mg, 5% yield); Rf 0.50 

(EtOAc); [𝛼]𝐷
20 = −2.24 (c 0.5, MeCN); ν̄max (thin film MeCN)/ cm-1 2932 (C-H, br, m), 

1675 (C=O, s), 1508 (C=C, s), 1206 (C-O, s); 1H NMR (600 MHz, d6-DMSO) δH 9.57 

(1H, s, NH-1a/2), 7.65 (2H, d, J 2.2 Hz, H-7), 7.48 (1H, d, J 2.2 Hz, H-9), 7.45 – 7.38 

(4H, m, H-4’, H-5’), 7.37 – 7.33 (1H, m, H-6’), 6.73 (1H, d, J 8.4 Hz, H-5’’), 6.64 (1H, 

d, J 15.4 Hz, H-5’’’), 6.15 – 6.12 (1H, m, H-8’’), 6.14 (1H, dt, J 15.4, 7.0 Hz, H-4’’’), 6.07 

(1H, br s, H-6’’), 5.43 (1H, br s), 5.30 (2H, s, H-1’), 4.05 – 3.96 (1H, m, H-4), 3.96 – 

3.89 (2H, m, HAHB-1’’’’, H-2’’’’), 3.73 (1H, dd, J 9.2, 7.3 Hz, HAHB-1’’’’), 3.31 – 3.25 (2H, 

m, H-5’’’’), 3.21 – 3.20 (4H, m, H-1’’, H-1’’’), 2.59 (2H, br t, J 6.2 Hz, H-3’’), 2.53 – 2.52 

(1H, m, HAHB-3), 2.28 (3H, br dd, J 13.6, 7.3 Hz, HAHB-3, H-3’’’), 1.85 – 1.79 (4H, m, 

H-2’’, H-3’’’’), 1.76 – 1.70 (4H, m, H-2’’’, H-4’’’’), 1.38 (9H, br s, H-8’’’’), 1.25 (3H, d, J 

6.24 Hz, C-10); 13C NMR (151 MHz, d6-DMSO) δC 171.1 (C-2), 165.3 (C-1’), 158.0 

(C-7’’), 153.7 (C-6’’’’), 145.8 (C-9’’), 140.8 (C-5a), 136.5 (C-3’), 133.5 (C-4’’’), 129.2 

(C-5’’), 128.4 (C-5’), 128.1 (C-6’), 127.9 (C-6), 127.8 (C-4’), 127.6 (C-8), 125.6 (C-5’’), 

123.7 (C-7), 122.0 (C-9), 119.0 (C-), 114.5 (C-4’’), 100.6 (C-6’’) 97.5 (C-8’’) 78.5 
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(C-7’’’’), 67.9 (C-1’’’’), 65.5 (C-2’), 55.6 (C-2’’’’), 52.8 (C-4), 50.2 (C-5’’’’), 48.6 (C-1’’’), 

46.4 (C-1’’), 40.8 (C-3), 30.3 (C-2’’’), 28.1 (C-3’’’’, C-8’’’’) 26.9 (C-3’’), 25.2 (C-2’’’), 23.4 

(C-10), 22.0 (C-2’’, C-4’’’’); HRMS m/z (ESI+) [found 709.3956 C42H53N2O4 requires 

709.3965 [M+H]+]; LRMS m/z (ESI+) 709.3 ([M+H+], 30%), 609.3 ([M-Boc+], 100%); 

LC-MS, HpH method (retention time 1.63 mins) 95.9% purity. 

tert-Butyl (R)-2-(((1-((E)-5-((R)-8-((benzyloxy)carbonyl)-4-methyl-2-oxo-2,3,4,5-

tetrahydro-1H-benzo[b][1,4]diazepin-6-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinolin-

7-yl)oxy)methyl)morpholine-4-carboxylate (compound 38) 

 

To a solution of benzyl (R,E)-2-methyl-4-oxo-9-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (250.0 mg, 0.367 mmol, 1.0 equiv.) in THF (5.00 

mL) was added 1M TBAF in THF (191.7 mg, 733.2 μL, 0.733 mmol, 2.0 equiv.)and the 

reaction mixture was stirred at r.t. for 1 h. After this time the reaction mixture was 

concentrated in vacuo to afford a brown residue. The crude oil was purified by silica 

gel flash column chromatography (0-100% EtOAc in cyclohexane) to yield benzyl 

(R,E)-9-(5-(7-hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-

2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate as a viscous brown oil 

which was used without further purification. To this was added caesium carbonate 
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(358.0 mg, 1.10 mmol, 3.0 equiv.) and tert-butyl (R)-2-(bromomethyl)morpholine-4-

carboxylate (205.4 mg, 0.733 mmol, 2.0 equiv.) in a microwave vial which was sealed 

and placed under an inert atmosphere and then anhydrous DMF (1.00 mL) was added, 

and the reaction mixture was stirred at 85 °C for 18 h. The reaction mixture was diluted 

1M K2CO3(aq) (100 mL), this wash washed with EtOAC (3 × 50 mL), the combined 

organic layers were then washed with 5 wt% LiCl(aq) (3 × 50 mL), brine (100 mL), dried 

(MgSO4), filtered and then dried in vacuo to give a light brown oil. The crude oil was 

then taken up in DMSO (1 mL) and purified by ACCQPrep method E using 80-99% 

acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 10 with ammonia 

solution(A) gradient over 17 mins followed by further purification using MDAP purified 

using 100mg HpH extended method E and was loaded onto the High pH Xselect CSH 

C18 column (150mm x 30mm i.d. 5μm packing diameter) column. The product was 

then eluted using 80-99% acetonitrile(B)/10mM ammonium bicarbonate in water 

adjusted to pH 10 with ammonia solution(A) gradient over 32 mins and the resultant 

solution was concentrated under a stream of nitrogen at 40 °C give the tert-butyl (R)-

2-(((1-((E)-5-((R)-8-((benzyloxy)carbonyl)-4-methyl-2-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepin-6-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinolin-7-

yl)oxy)methyl)morpholine-4-carboxylate as a colourless oil (87 mg, 32% yield); Rf 0.46 

(EtOAc); [𝛼]𝐷
19 = +3.91 (c 0.6, MeCN); νm̄ax  (thin film MeCN)/ cm-1 2930 (C-H, br, m), 

1679 (C=O, s), 1508 (C=C, s), 1209 and 1170 (C-O, s); 1H NMR (600 MHz, d6-DMSO) 

δH 9.56 (1H, s, NH-1a/2), 7.64 (1H, d, J 2.1 Hz, H-7), 7.47 (1H, d, J 2.1 Hz, H-9), 7.44 

– 7.42 (2H, m, H-4’), 7.40 – 7.37 (2H, m, H-5’), 7.35 – 7.32 (1H, m, H-6’), 6.74 (1H, d, 

J 8.1 Hz, H-5’’), 6.64 (1H, d, J 15.5 Hz, H-5’’’), 6.13 (1H, dt, J 15.3, 6.8 Hz, H-4’’’), 6.09 

(1H, d, J 2.4 Hz, H-8’’), 6.04 (1H, dd, J 8.1, 2.4 Hz, H-6’’), 5.44 (1H, d, J 3.4 Hz, 

NH-4/5a), 5.29 (2H, s, H-2’), 4.04 – 3.98 (1H, m, H-4), 3.90 – 3.83 (2H, m, H-1’’’’), 3.82 
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– 3.79 (1H, m, HAHB-5’’’’), 3.73 – 3.68 (1H, m, HAHB-4’’’’), 3.62 – 3.56 (1H, m, H-2’’’’), 

3.39 (1H, td, J 11.6, 2.8 Hz, HAHB-5’’’’), 3.27 (2H, t, J 7.4 Hz, H-1’’’), 3.23 (2H, t, J 5.6 

Hz, H-1’’), 2.93 – 2.79 (1H, m, HAHB-4’’’’), 2.79 – 2.69 (2H, m, H-3’’’’), 2.59 (2H, q, J 

7.0 Hz, H-3’’), 2.52 (1H, m, HAHB-3), 2.31 – 2.24 (3H, m, HAHB-3, H-3’’’), 1.85 – 1.78 

(2H, m, H-2’’), 1.72 (2H, p, J 7.5 Hz, H-2’’’), 1.39 (9H, s, H-8’’’’), 1.24 (3H, d, J 6.3 Hz, 

H-10); 13C NMR (151 MHz, d6-DMSO) δC 171.15 (C-2), 165.28 (C-1’), 157.8 (C-7’’), 

153.9 (C-6’’’’), 145.8 (C-9’’) , 140.8 (C-5a), 136.5 (C-3’), 133.5 (C-4’’’), 129.2 (C-5’’), 

128.4 (C-5’), 128.1 (C-6), 127.9 (C-6’), 127.8 (C-4’), 127.6 (C-1a), 125.6 (C-5’’’), 123.7 

(C-7), 122.0 (C-9), 119.0 (C-8), 114.7 (C-4’’), 100.4 (C-6’’), 97.2 (C-8’’), 79.1 (C-7’’’’), 

73.4 (C-2’’’’), 67.9 (C-1’’’’), 65.5 (C-2’, C-5’’’’), 52.8 (C-4), 50.2 (C-1’’’), 48.6 (C-1’’), 43.8 

(C-4’’’’) 40.9 (C-3), 30.3 (C-3’’’), 28.0 (C-8’’’’), 26.9 (C-3’’), 25.2 (C-2’’’), 23.4 (C-10), 

21.9 (C-2’’); HRMS m/z (ESI+) [Found 725.3904 Chemical Formula: C42H55N4O7 

requires 725.3914 [M+H]+]; LRMS m/z (ESI+) 725.3 ([M+H+], 100%), 625.3 ([M-Boc+], 

100%); LC-MS, HpH method (retention time 1.57 mins) 100% purity. 

(R,E)-2-Methyl-1,2,3,10,11,17,18,20,21,22-decahydro-16H-13,15-

(epiethane[1,2]diylidene)-7,25-(metheno)[1,4]diazepino[2,3-h]pyrido[1,2-

p][1]oxa[4,16]diazacyclononadecine-4,8(5H,9H)-dione (compound or ligand 14) 

 

Benzyl (R,E)-9-(5-(7-(2-((tert-butoxycarbonyl)amino)ethoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (55.0 mg, 0.0822 mmol, 1.0 equiv.) was 
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dissolved in a mixture of THF/MeOH/H2O (3:2:1, 3 mL) to this is added lithium 

hydroxide (27.6 mg, 1.15 mmol, 14.0 equiv.) and this reaction mixture was then stirred 

at room temperature for 5 h. Upon the completion of this reaction, the solvents mixture 

was removed in vacuo to give a yellow residue. To this was added CH2Cl2 (1.70 mL) 

followed by careful addition of TFA (1.70 mL) and the reaction mixture was then stirred 

at room temperature overnight. After this time the reaction mixture was concentrated 

under a stream of nitrogen to give a dark brown oil. The resultant oil was placed under 

a nitrogen atmosphere and was then taken up in DMF (2 mL) and the resultant dark 

red solution was then added to PyBOP (47.1 mg, 0.0905 mmol, 1.1 equiv.), DIPEA 

(4.40 mL) and the remaining volume of DMF (34.7 mL). Upon complete addition the 

reaction mixture was then stirred at room temperature for 20 h. After this time the 

reaction mixture was concentrated under a stream of nitrogen at 50 °C to give a dark 

brown oil. This was diluted with 1.0 M K2CO3(aq) (50 mL), this was washed with 

CHCl3/IPA (9:1) mixture (3 × 25 mL) with the combined organic layers then washed 

with 5 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated 

to give a light brown oil. The crude oil was then taken up in DMSO (1 mL) and was 

then purified by ACCQPrep Formic acid method C using 30-99% 0.1% v/v formic acid 

in acetonitrile(B)/0.1% v/v formic acid in water solution(A) gradient over 17 mins. Any 

residual unpurified compound in DMSO was further diluted until the total volume was 

again 1 mL in DMSO and this residual compound was purified by MDAP Formic acid 

method C and was loaded onto the High pH Xselect CSH C18 column (150mm x 30mm 

i.d. 5μm packing diameter) column. The product was then eluted using 30-99% 0.1% 

v/v formic acid in acetonitrile(B)/0.1% v/v formic acid in water solution(A) gradient over 

17 minutes. The pure fractions from both the ACCQPrep and MDAP were combined 

and concentrated under a stream of nitrogen at 40 °C overnight to give (R,E)-2-methyl-
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1,2,3,10,11,17,18,20,21,22-decahydro-16H-13,15-(epiethane[1,2]diylidene)-7,25-

(metheno)[1,4]diazepino[2,3-h]pyrido[1,2-p][1]oxa[4,16]diazacyclononadecine-

4,8(5H,9H)-dione (5.5 mg, 15% yield) as a colourless solid; Rf 0.55 (acetone); [𝛼]𝐷
18 = 

−2.46 (c 0.5 ,CHCl3); ν̄max (thin film in MeCN )/ cm-1 3339 (N-H, br), 2931 (C-H, m), 

1668 (C=O, s), 1507 (C=C, s); 1H NMR (600 MHz, d6-DMSO) δH 9.52 (1H, s, NH-3a/9), 

8.21 (1H, t, J 5.5 Hz, NH-11/12), 7.57 (1H, d, J 2.0 Hz, H-6), 7.13 (1H, d, J 2.0 Hz, 

H-4), 6.77 (1H, d, J 8.0 Hz, H-21), 6.69 (1H, d, J 15.2 Hz, H-27), 6.43 – 6.34 (2H, m, 

H-15, H-26), 6.18 (1H, dd, J 8.0, 2.2 Hz, H-22), 5.03 (1H, d, J 3.1 Hz, NH-2a/7), 4.02 

– 3.94 (3H, m, H-7, H-13), 3.57 – 3.50 (2H, m, H-12), 3.26 – 3.18 (4H, m, H-17, H-23), 

2.59 (2H, t, J 6.3 Hz, H-19), 2.45 (1H, dd, J 13.3, 4.2 Hz, HAHB-7), 2.32 – 2.24 (2H, m, 

H-25), 2.20 (dd, J 13.3, 7.4 Hz, HAHB-7), 1.85 – 1.77 (2H, m, H-18), 1.74 – 1.67 (2H, 

m, H-24), 1.23 (3H, d, J 6.2 Hz, H-10); 13C NMR (151 MHz, d6-DMSO) δC 171.3 (C-9), 

167.4 (C-11), 158.8 (C-14), 145.9 (C-16), 138.5 (C-2a), 133.7 (C-26), 129.2 (C-5, 

C-21), 128.3 (C-1), 127.2 (C-27), 123.8 (C-), 120.0 (C-3a), 116.1 (C-20), 101.9 (C-22), 

100.6 (C-15), 68.1 (C-13), 53.9 (C-7), 49.1 (C-23), 47.8 (C-17), 40.7 (C-8), 38.7 (C-12), 

29.1 (C-25), 27.0 (C-19), 25.0 (C-24), 23.5 (C-10), 21.9 (C-18); HRMS m/z (ESI+) 

[Found 461.2559 C27H32N4O3 requires 461.2565 [M+H]+]; LRMS m/z (ESI+) 461.27 

([M+H+], 100%); LC-MS, Formic method: retention time 1.10 mins, 100% purity; HPLC: 

retention time 10.09 mins, 99.4% purity. 
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(R,E)-2-Methyl-1,2,3,10,11,12,13,19,20,22,23,24-dodecahydro-18H-15,17-

(epiethane[1,2]diylidene)-7,27-(metheno)[1,4]diazepino[2,3-l]pyrido[2,1-

d][1]oxa[5,17]diazacyclohenicosine-4,8(5H,9H)-dione (compound or ligand 15) 

 

Benzyl (R,E)-9-(5-(7-(4-((tert-butoxycarbonyl)amino)butoxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (41.0 mg, 0.0588 mmol, 1.0 equiv.) was 

dissolved in a mixture of THF/MeOH/H2O (3:2:1, 3.0 mL) to this is added lithium 

hydroxide (19.7 mg, 0.827 mmol, 14.0 equiv.) and this reaction mixture was then 

stirred at room temperature for 5 h. Upon the completion of this reaction, the solvents 

mixture was removed in vacuo to give a brown residue. To this was added CH2Cl2 

(1.50 mL) followed by careful addition of TFA (1.50 mL) and the reaction mixture was 

then stirred at room temperature overnight. After this time the reaction mixture was 

concentrated under a constant stream of nitrogen to give a brown oil. The resultant oil 

was taken up in 2 mL of DMF and was then added PyBOP (33.7 mg, 0.0647 mmol, 

1.1 equiv.), DIPEA (2.94 mL) and the remaining volume of DMF (24.5 mL) the reaction 

mixture was then stirred at room temperature for 20 h. After this time the reaction 

mixture was concentrated under a stream of nitrogen at 50 °C to give a dark brown oil. 

This was diluted with 1.0 M K2CO3(aq) (50 mL), which was then washed with CHCl3/IPA 

(9:1) mixture (3 × 25 mL) with the combined organic layers then washed with 5 wt% 

LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated to give a 
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light brown oil. The crude oil was then taken up in DMSO (1 mL) and purified using 

ACCQPrep Formic acid, method D using 50-99% 0.1% v/v formic acid in 

acetonitrile(B)/0.1% v/v formic acid in water solution(A) gradient over 17 mins followed 

the resultant fractions containing product (assessed by LC-MS) were concentrated 

under a stream of nitrogen at 40 °C overnight. Any residual unpurified compound in 

DMSO was further diluted until the total volume was again 1 mL in DMSO and this 

residual compound was purified by MDAP Formic acid method C and was loaded onto 

the High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm packing diameter) 

column. The product was then eluted using 35-99% 0.1% v/v formic acid in 

acetonitrile(B)/0.1% v/v formic acid in water solution(A) gradient over 17 minutes. The 

pure fractions from both the ACCQPrep and MDAP were combined and concentrated 

under a stream of nitrogen at 40 °C overnight to give (R,E)-2-methyl-

1,2,3,10,11,12,13,19,20,22,23,24-dodecahydro-18H-15,17-(epiethane[1,2]diylidene)-

7,27-(metheno)[1,4]diazepino[2,3-l]pyrido[2,1-d][1]oxa[5,17]diazacyclohenicosine-

4,8(5H,9H)-dione (5.4 mg, 19% yield) as a colourless solid; Rf 0.4 (acetone); [𝛼]𝐷
18 = 

+10.28 (c 0.5, CHCl3); ν̄max (thin film in MeCN)/ cm-1 3339 (N-H, br), 2932 (C-H, m), 

1669 (C=O, s), 1509 (C=C, s); 1H NMR (600 MHz, CDCl3); δH 7.60 (1H, d, J 2.0 Hz, 

H-4), 7.43 (1H, d, J 2.0 Hz, H-6), 7.40 (1H, s, NH-3a/9), 7.01 (1H, t, J 6.0 Hz, 

NH-11/12), 6.87 (1H, d, J 8.0 Hz, H-23), 6.49 (1H, d, J 15.3 Hz, H-29), 6.21 – 6.16 

(2H, m, H-17, H-28), 6.14 (1H, dd, J 8.0, 2.4 Hz, H-24), 4.16 – 4.08 (1H, m, H-7), 4.04 

(2H, dd, J 5.5, 4.2 Hz, H-15), 3.83 (1H, s, NH-2a/7), 3.54 (2H, p, J 5.4 Hz, H-12), 3.35 

– 3.23 (4H, m, H-19, H-25), 2.70 (2H, t, J 6.3 Hz, H-21), 2.67 (1H, dd, J 13.8, 3.5 Hz, 

HAHB-7), 2.51 (1H, dd, J 13.8, 8.2 Hz, HAHB-7), 2.39 – 2.28 (2H, m, H-27), 1.98 – 1.89 

(4H, m, H-14, H-20), 1.85 – 1.75 (4H, m, H-13, H-26), 1.40 (3H, d, J 6.3 Hz, H-10); 13C 

NMR (151 MHz, CDCl3) δC 171.85 (C-9), 165.57 (C-11), 158.3 (C-16), 145.7 (C-18), 



205 
 

138.2 (C-2a), 136.6 (C-28), 129.7 (C-23), 129.2 (C-1), 127.1 (C-29), 127.06 (C-5), 

125.9 (C-3a), 122.0 (C-4), 121.9 (C-6), 116.0 (C-22), 98.5 (C-24), 98.3 (C-17), 68.0 

(C-15), 53.3 (C-7), 49.2 (C-25), 48.8 (C-19), 41.5 (C-8), 38.1 (C-12), 29.9 (C-26), 27.5 

(C-21), 26.6 (C-20), 25.4 (C-14), 24.4 (C-10), 23.8 (C-13), 22.4 (C-20); HRMS m/z 

(ESI+) [Found 489.2869 C29H37N4O3 requires 489.2866 [M+H]+]; LRMS m/z (ESI+) 

489.29 ([M+H+], 100%); LC-MS, Formic method: retention time 1.22 mins, 100% 

purity; HPLC: retention time 11.11 mins, 96.6% purity.  

(2R,12aR,E)-2-Methyl-1,2,3,11,12,12a,13,19,20,22,23,24-dodecahydro-8H,10H,18H-

15,17-(epiethane[1,2]diylidene)-7,27-(metheno)[1,4]diazepino[2,3-h]pyrido[1,2-

p]pyrrolo[2,1-c][1]oxa[4,16]diazacyclononadecine-4,8(5H)-dione (compound or ligand 

16) 

 

Benzyl (R)-9-((E)-5-(7-(((R)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (27.0 mg, 0.0381 mmo, 1.0 equiv.) was 

dissolved in a mixture of THF/MeOH/H2O (3:2:1, 3 mL) to this is added lithium 

hydroxide lithium hydroxide (12.8 mg, 0.533 mmol, 14.0 equiv.) and this reaction 

mixture was then stirred at room temperature for 5 h. Upon the completion of this 

reaction, the solvents mixture was removed in vacuo to give a brown residue. To this 

was added CH2Cl2 (1.5 mL) followed by careful addition of TFA (1.5 mL) and the 
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reaction mixture was then stirred at room temperature overnight. After this time the 

reaction mixture was concentrated under a constant stream of nitrogen to give a brown 

oil. The resultant oil was taken up in DMF (4.0 mL) and was then loaded into to an 

appropriately sized reaction vessel under a nitrogen atmosphere containing PyBOP 

(21.8 mg, 0.0419 mmol, 1.1 equiv.), DIPEA (1.9 mL) and the remaining volume of DMF 

(13.1 mL) the reaction mixture was then stirred at room temperature for 20 h. After this 

time the reaction mixture was concentrated under a stream of nitrogen at 50 °C to give 

a dark brown oil. This was diluted with 1.0 M K2CO3(aq) (50 mL), which was then 

washed with CHCl3/IPA (9:1) mixture (3 × 25 mL) with the combined organic layers 

then washed with 5% wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered 

and concentrated to give a light brown oil. The crude product was then taken up in 

DMSO and purified using ACCQPrep and purified utilising the ACCQPrep HpH method 

C using 30-99% acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 

10 with ammonia solution(A) gradient over 17 mins. Any residual unpurified compound 

in DMSO from the ACCQPrep purification was further diluted until the total volume was 

1 mL in DMSO and this residual compound was purified by MDAP (HpH method C) 

and was loaded onto the High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm 

packing diameter) column. The product was then eluted using 30-99% 

acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 10 with ammonia 

solution(A) gradient over 17 mins. The pure fractions from both the ACCQPrep and 

MDAP were combined and concentrated under a stream of nitrogen at 40 °C overnight 

to give (2R,12aR,E)-2-methyl-1,2,3,11,12,12a,13,19,20,22,23,24-dodecahydro-

8H,10H,18H-15,17-(epiethane[1,2]diylidene)-7,27-(metheno)[1,4]diazepino[2,3-

h]pyrido[1,2-p]pyrrolo[2,1-c][1]oxa[4,16]diazacyclononadecine-4,8(5H)-dione as an 

off-white solid (9.7, 51% yield); Rf 0.29 (acetone); [𝛼]𝐷
19 = +127.93 (c 1.0, CHCl3); ν̄max  
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(thin film in )/ cm-1 2929 (C-H, m) 1671 and 1611 (C=O, s), 1507 (C=C, m) and 1431 

(C-H, s); 1H NMR (600 MHz,d6-DMSO) δH 9.13 (1H, s, NH-3a/9), 7.39 (1H, d, J 1.9 Hz, 

H-6), 6.86 (1H, d, J 1.9 Hz, H-4), 6.76 – 6.68 (2H, m, H-24, H-30), 6.27 (1H, ddd, J 

15.1, 9.1, 5.5 Hz, H-29), 6.16 (1H, d, J 2.3 Hz, H-18), 6.05 (1H, dd, J 8.1, 2.3 Hz, 

H-25), 4.65 (1H, d, J 3.4 Hz, NH-2a/7), 4.17 (1H, s, H-12), 4.04 – 3.92 (2H, m, H-7, 

HAHB-16), 3.85 – 3.79 (1H, m, HAHB-16), 3.71 – 3.65 (1H, m, HAHB-15), 3.40 (1H, m, 

HAHB-15), 3.34 – 3.17 (4H, m, H-20, H-26), 2.60 (2H, td, J 6.4, 2.7 Hz, H-22), 2.55 

(1H, dd, J 13.5, 4.5 Hz, HAHB-8), 2.36 – 2.26 (1H, m, HAHB-28), 2.25 – 2.16 (2H, m, 

HAHB-8, HAHB-28), 2.08 – 1.94 (1H, m, HAHB-27), 1.92 – 1.79 (3H, m, H-21, HAHB-27), 

1.79 – 1.64 (2H, m, H-14), 1.28 (3H, d, J 6.2 Hz, H-10); 13C NMR (151 MHz, d6-DMSO) 

δC 170.7 (C-9),  168.8 (C-11), 157.7 (C-17), 145.4 (C-19), 136.4 (C-2a), 132.6 (C-29), 

129.3 (C-3a), 128.5 (C-24), 128.2 (C-30), 126.5 (C-1), 121.8 (C-6), 118.0 (C-4), 115.1 

(C-23), 100.0 (C-25), 98.4 (C-18), 66.1 (C-16), 56.5 (C-12), 53.0 (C-7), 48.0 (C-26), 

47.5 (C-20), 45.7 (C-15), 40.2 (C-7), 28.1 (C-28), 27.3 (C-27), 26.4 (C-22), 24.8 (C-

14), 22.5 (C-7), 22.4 (C-13), 21.6 (C-21); HRMS m/z (ESI+) [Found 501.2868 

C30H37N4O3 requires 501.2866 [M+H]+]; LRMS m/z (ESI+) 501.4 ([M+H+], 100%); LC-

MS, Formic method (retention time 1.18 mins) 98% purity; HPLC: retention time 10.74 

mins, 95.1% purity.  
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(2R,12aS,E)-2-Methyl-1,2,3,11,12,12a,13,19,20,22,23,24-dodecahydro-8H,10H,18H-

15,17-(epiethane[1,2]diylidene)-7,27-(metheno)[1,4]diazepino[2,3-h]pyrido[1,2-

p]pyrrolo[2,1-c][1]oxa[4,16]diazacyclononadecine-4,8(5H)-dione (compound or 

ligand 17) 

 

Benzyl (R)-9-((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (16.0 mg, 0.0226 mmol, 1.0 equiv.) was 

dissolved in a mixture of THF/MeOH/H2O (3:2:1, 3 mL) to this is added lithium 

hydroxide lithium hydroxide (7.57 mg, 0.316 mmol, 14.0 equiv.) and this reaction 

mixture was then stirred at room temperature for 5 h. Upon the completion of this 

reaction, the solvents mixture was removed in vacuo to give a brown residue. To this 

was added CH2Cl2 (1.5 mL) followed by careful addition of TFA (1.5 mL) and the 

reaction mixture was then stirred at room temperature overnight. After this time the 

reaction mixture was concentrated under a constant stream of nitrogen to give a brown 

oil. The resultant oil was taken up in DMF (4.0 mL) and was then added to an 

appropriately sized reaction vessel under a nitrogen atmosphere containing PyBOP 

(12.9 mg, 0.0248 mmol, 1.1 equiv.), DIPEA (1.12 mL) and the remaining volume of 

DMF (6.2 mL) the reaction mixture was then stirred at room temperature for 20 h. After 

this time the reaction mixture was concentrated under a stream of nitrogen at 50 °C to 

give a dark brown oil. This was diluted with 1.0 M K2CO3(aq) (50 mL), which was then 
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washed with CHCl3/IPA (9:1) mixture (3 × 25 mL) with the combined organic layers 

then washed with 5 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and 

concentrated to give a light brown oil. The crude product was then taken up in DMSO 

and purified using ACCQPrep and purified utilising the ACCQPrep HpH method C 

using 30-99% acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 

10 with ammonia solution(A) gradient over 17 mins. Any residual unpurified compound 

in DMSO from the ACCQPrep purification was further diluted until the total volume was 

1 mL in DMSO and this residual compound was purified by MDAP (HpH method C) 

and was loaded onto the High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm 

packing diameter) column. The product was then eluted using 30-99% 

acetonitrile(B)/10mM ammonium bicarbonate in water adjusted to pH 10 with ammonia 

solution(A) gradient over 17 mins. The pure fractions from both the ACCQPrep and 

MDAP were combined and concentrated under a stream of nitrogen at 40 °C overnight 

to give (2R,12aS,E)-2-methyl-1,2,3,11,12,12a,13,19,20,22,23,24-dodecahydro-

8H,10H,18H-15,17-(epiethane[1,2]diylidene)-7,27-(metheno)[1,4]diazepino[2,3-

h]pyrido[1,2-p]pyrrolo[2,1-c][1]oxa[4,16]diazacyclononadecine-4,8(5H)-dione as an 

off-white solid (5.0 mg, 44% yield); Rf 0.31 (acetone); [𝛼]𝐷
19 = −53.43 (c 0.5, CHCl3); 

ν̄max  (thin film in CHCl3)/ cm-1 2929 (C-H, m) 1671 and 1611 (C=O, s), 1508 (C=C, m) 

and 1431 (C-H, s); 1H NMR (600 MHz, d3-MeCN) δH 7.80 (1H, br s), 7.49 (1H, br s), 

6.77 – 6.84 (2H, m), 6.76 (1H, d, J 8.1 Hz), 6.63 (1H, br d, J 15.4 Hz), 6.35 (1H, br d, 

J 11.4 Hz), 6.13 (3H, br s), 5.99 – 6.08 (3 H, m), 3.98 – 4.12 (8H, m), 3.89 – 3.98 (5H, 

m), 3.49 - 3.66 (1H, m), 3.31 – 3.46 (1H, m), 3.20 - 3.30 (10H, m), 2.62 (2H, td, J 6.2, 

2.6 Hz), 2.40 – 2.48 (1H, m), 2.28 – 2.38 (2H, m), 2.15 – 2.20 (1H, m), 1.96 – 2.05 

(2H, m), 1.80 – 1.91 (4H, m), 1.70 – 1.80 (3H, m), 1.62 – 1.70 (2H, m), 1.28 (3H, d, J 

6.2 Hz); 13C NMR (151 MHz, d3-MeCN) δC 171.8, 136.7, 134.4, 130.9, 129.7, 129.3, 
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126.7, 118.6, 99.5, 55.1, 48.2, 40.5, 28.9, 27.7, 27.0, 25.1, 23.4, 22.2; HRMS m/z 

(ESI+) [Found 501.2859 C30H37N4O3 requires 501.2866 [M+H]+]; LRMS m/z (ESI+) 

501.43 ([M+H+], 100%); LC-MS, Formic method (retention time 1.18 mins) 94% purity; 

HPLC: retention time 10.79 mins, 95.3% purity.  

(2R,13S,E)-2-Methyl-1,2,3,11,12,13,14,20,21,23,24,25-dodecahydro-8H,10H,19H-

16,18-(epiethane[1,2]diylidene)-9,13-methano-7,28-(metheno)[1,4]diazepino[2,3-

l]pyrido[2,1-d][1]oxa[5,17]diazacyclodocosine-4,8(5H)-dione (compound or ligand 18) 

 

Benzyl (R)-9-((E)-5-(7-(((S)-1-(tert-butoxycarbonyl)piperidin-3-yl)methoxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate (127.0 mg, 0.176 mmol, 1 equiv.) was dissolved 

in a mixture of THF/MeOH/H2O (3:2:1, 4.0 mL) to this is added LiOH (58.9 mg, 2.46 

mmol, 14.0 equiv.) and this reaction mixture was then stirred at room temperature for 

5 hour. Upon the completion of this reaction, the solvents mixture was removed under 

a constant stream of nitrogen at 40 °C to give a light brown residue. To this was added 

CH2Cl2 (2.0 mL) followed by careful addition of TFA (2.00 mL) and the reaction mixture 

was then stirred at room temperature overnight. After this time the reaction mixture 

was concentrated under a constant stream of nitrogen at 40 °C to give a brown oil. 

The resultant oil was taken up in 4 mL of DMF and was then added to an appropriately 

sized reaction vessel under a nitrogen atmosphere containing PyBOP (101 mg, 0.193 
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mmol, 1.1 equiv.), DIPEA (8.70 mL) and the remaining volume of DMF (75.2 mL) the 

reaction mixture was then stirred at room temperature for 20 h. After this time the 

reaction mixture was concentrated under a stream of nitrogen at 50 °C to give a dark 

brown oil. This was diluted with 1.0 M K2CO3(aq) (50 mL), which was then washed with 

CHCl3/IPA (9:1) mixture (3 × 25 mL) with the combined organic layers then washed 

with 5 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated 

to give a brown oil. The crude product was then taken up in DMSO (1 mL) and purified 

using ACCQPrep HpH method D using 50-99% acetonitrile(B)/10mM ammonium 

bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient over 17 

mins. followed by further purification using MDAP purified HpH method C and was 

loaded onto the High pH Xselect CSH C18 column (150mm x 30mm i.d. 5μm packing 

diameter) column. The product was then eluted using 50-99% acetonitrile(B)/10mM 

ammonium bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient 

over 17 mins. The pure fractions from both the ACCQPrep and MDAP were combined 

and concentrated under a stream of nitrogen at 40 °C overnight to give (2R,13S,E)-2-

methyl-1,2,3,11,12,13,14,20,21,23,24,25-dodecahydro-8H,10H,19H-16,18-

(epiethane[1,2]diylidene)-9,13-methano-7,28-(metheno)[1,4]diazepino[2,3-

l]pyrido[2,1-d][1]oxa[5,17]diazacyclodocosine-4,8(5H)-dione as an off white solid (31.4 

mg, 35% yield); Rf 0.58 (aceteone); [𝛼]𝐷
18 = +29.54 (c 0.5 , CHCl3); ν̄max (thin film in )/ 

cm-1 2926 (C-H), 1672 and 1610 (C=O), 1434 (C-H, s) and 1240 (C-O, m); 1H NMR 

(600 MHz, d6-DMSO); δH 9.53 (1H, s, NH-3a/9), 7.28 (1H, d, J 2.0 Hz, H-6), 6.88 (1H, 

d, J 2.0 Hz, H-4), 6.80 (1H, d, J 15.4 Hz, H-31), 6.72 (1H, d, J 8.7 Hz, H-25), 6.29 (1H, 

dt, J 15.4, 7.1 Hz, H-30), 6.02 – 5.98 (2H, m, H-19, H-26), 4.98 (1H, d, J 2.8 Hz, 

NH-2a/7), 4.04 – 3.94 (2H, m, H-7, HAHB-17), 3.93 – 3.82 (2H, m, HAHB-12, HAHB-16), 

3.63 (1H, dd, J 9.3, 8.1 Hz, HAHB-17), 3.44 – 3.35 (1H, m, HAHB-27), 3.26 – 3.18 (3H, 
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m, H-21, HAHB-16), 3.16 – 3.06 (2H, m, HAHB-12, HAHB-27), 2.58 (2H, t, J 6.4 Hz, 

H-23), 2.46 (1H, dd, J 13.1, 4.6 Hz, HAHB-7), 2.33 – 2.21 (2H, m, H-29), 2.18 (1H, dd, 

J 13.1, 7.3 Hz, HAHB-7), 2.05 – 1.96 (1H, m, H-13), 1.82 (2H, p, J 6.0 Hz, H-22), 1.74 

– 1.63 (4H, m, HAHB-14, HAHB-15, H-28), 1.50 (2H, t, J 8.8 Hz, HAHB-14, HAHB-15), 

1.24 (3H, d, J 6.2 Hz, H-10); 13C NMR (151 MHz, d6-DMSO) δC 171.5 (C-9), 169.0 

(C-11), 158.1 (C-18), 145.3 (C-20), 137.2 (C-2a), 132.0 (C-30), 131.3 (C-3a), 129.3 

(C-25), 128.0 (C-1), 127.5 (C-5), 126.7 (C-31), 120.6 (C-4), 119.7 (C-6), 114.4 (C-24), 

101.4 (C-26), 97.6 (C-19), 68.9 (C-17), 54.6 (C-7), 50.2 (C-12), 48.4 (C-27), 48.0 

(C-21), 42.5 (C-16), 40.5 (C-8), 35.8 (C-13), 29.2 (C-29), 26.8 (C-23), 25.6 (C-14), 

23.2 (C-28), 22.9 (C-10), 22.7 (C-15), 22.0 (C-22); HRMS m/z (ESI+) [Found 515.3017 

C31H39N4O3 requires 515.3022 [M+H]+]; LRMS m/z (ESI+) 515.34 ([M+H+], 100%); 

LC-MS, Formic method: retention time 1.26 mins, 100% purity; HPLC: retention time 

11.45 mins, 95.3% purity. 
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(2R,13R,E)-2-Methyl-1,2,3,10,11,13,14,20,21,23,24,25-dodecahydro-8H,19H-16,18-

(epiethane[1,2]diylidene)-9,13-methano-7,28-(metheno)[1,4]diazepino[2,3-

k]pyrido[1,2-s][1,4]dioxa[7,19]diazacyclodocosine-4,8(5H)-dione (compound or 

ligand 19) 

 

Tert-butyl (R)-2-(((1-((E)-5-((R)-8-((benzyloxy)carbonyl)-4-methyl-2-oxo-2,3,4,5-

tetrahydro-1H-benzo[b][1,4]diazepin-6-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinolin-

7-yl)oxy)methyl)morpholine-4-carboxylate (86.0 mg, 0.119 mmol, 1.0 equiv.) was 

dissolved in a mixture of THF/MeOH/H2O (3:2:1, 6.0 mL) to this is added lithium 

hydroxide LiOH (40.0 mg, 1.66 mmol, 14.0 equiv.) and this reaction mixture was then 

stirred at room temperature for 5 h. Upon the completion of this reaction, the solvents 

mixture was removed in vacuo to give a light brown residue. To this was added CH2Cl2 

(3.0 mL) followed by careful addition of TFA (3.0 mL), and the reaction mixture was 

then stirred at room temperature overnight. After this time the reaction mixture was 

concentrated under a constant stream of nitrogen to give a brown oil. The resultant oil 

was taken up in 4 mL of DMF and was then added to an appropriately sized reaction 

vessel under a nitrogen atmosphere containing PyBOP (68 mg, 0.131 mmol, 1.1 

equiv.), DIPEA (5.9 mL) and the remaining volume of DMF (49.4 mL) the reaction 

mixture was then stirred at room temperature for 20 h. After this time the reaction 

mixture was concentrated under a stream of nitrogen at 50 °C to give a dark brown oil. 

This was diluted with 1.0 M K2CO3(aq) (50 mL), which was then washed with CHCl3/IPA 
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(9:1) mixture (3 × 25 mL) with the combined organic layers then washed with 5 wt% 

LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated to give a 

brown oil. The crude oil was then taken up in DMSO (1 mL) and was then purified by 

ACCQPrep HpH method C using 30-99% acetonitrile(B)/10mM ammonium 

bicarbonate in water adjusted to pH 10 with ammonia solution(A) gradient over 17 

mins. Any residual unpurified compound in DMSO from the ACCQPrep purification 

was further diluted until the total volume was 1 mL in DMSO and this residual 

compound was purified by MDAP (HpH method C) and was loaded onto the High pH 

Xselect CSH C18 column (150mm x 30mm i.d. 5μm packing diameter) column. The 

product was then eluted using 30-99% acetonitrile(B)/10mM ammonium bicarbonate 

in water adjusted to pH 10 with ammonia solution(A) gradient over 17 mins. The pure 

fractions from both the ACCQPrep and MDAP were combined and concentrated under 

a stream of nitrogen at 40 °C overnight to give (2R,13R,E)-2-methyl-

1,2,3,10,11,13,14,20,21,23,24,25-dodecahydro-8H,19H-16,18-

(epiethane[1,2]diylidene)-9,13-methano-7,28-(metheno)[1,4]diazepino[2,3-

k]pyrido[1,2-s][1,4]dioxa[7,19]diazacyclodocosine-4,8(5H)-dione as off white fluffy 

crystals (23.8 mg, 39% yield); Rf 0.64 (acetone); [𝛼]𝐷
17 = −7.17 (c 0.6, CHCl3); ν̄max (thin 

film in )/ cm-1 2927 (C-H, m) 1673 and 1614 (C=O, s), 1508 (C=C, m) and 1433 (C-H, 

s); 1H NMR (600 MHz, d6-DMSO); δH 9.55 (1H, s, NH-3a/9), 7.34 (1H, d, J 2.0 Hz, 

H-6), 6.95 (1H, d, J 2.0 Hz, H-4), 6.79 (1H, d, J 15.5 Hz, H-30), 6.74 (1H, d, J 8.1 Hz, 

H-24), 6.31 (1H, dt, J 15.5, 7.0 Hz, H-29), 6.06 (1H, dd, J 8.1, 2.3 Hz, H-25), 6.01 (1H, 

d, J 2.3 Hz, H-18), 5.07 (1H, d, J 2.9 Hz, NH-2a/7), 4.19 (1H, dd, J 9.8, 6.4 Hz, HAHB-

16), 4.06 – 3.96 (3H, m, 3H, H-7, HAHB-12, HAHB-15), 3.92 (1H, dt, J 11.6, 3.5 Hz, 

HAHB-14), 3.88 – 3.83 (1H, m, H-13), 3.72 (1H, dd, J 9.7, 7.3 Hz, HAHB-16), 3.62 – 3.55 

(1H, m, HAHB-14), 3.37 – 3.32 (1H, m, HAHB-26), 3.26 – 3.11 (5H, m, H-20, HAHB-26, 
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HAHB-12, HAHB-15), 2.59 (2H, t, J 6.3 Hz, H-22), 2.49 – 2.45 (1H, m, HAHB-7), 2.27 

(2H, p, J 6.5 Hz, H-28), 2.20 (1H, dd, J 13.2, 7.2 Hz, HAHB-7), 1.82 (2H, p, J 6.0 Hz, 

H-21), 1.68 (2H, p, J 8.0 Hz, H-27), 1.24 (3H, d, J 6.3 Hz, H-10); 13C NMR (151 MHz, 

d6-DMSO) δC 171.4 (C-8), 168.9 (C-11), 157.9 (C-17), 145.3 (C-19), 137.6 (C-2a), 

132.1 (C-29), 131.1 (C-3a), 129.4 (C-24), 127.7 (C-30), 126.5 (C-5), 126.0 (C-1) 121.1 

(C-4), 120.3 (C-6), 115.0 (C-23), 101.6 (C-25), 98.2 (C-18), 72.3 (C-13), 67.6 (C-16), 

64.2 (C-14), 54.4 (C-7), 49.7 (C-12), 48.4 (C-26), 47.9 (C-20), 42.1 (C-15), 40.5 (C-8), 

29.2 (C-28), 26.8 (C-22), 23.3 (C-10), 23.0 (C-27), 21.9 (C-21); HRMS m/z (ESI+) 

[Found 517.2802 C30H37N4O4 requires 517.2815 [M+H]+]; LRMS m/z (ESI+) 517.28 

([M+H+], 100%); LC-MS, Formic method (retention time 1.14 mins) 100% purity; 

HPLC: retention time 10.46 mins, 98.2% purity.  

7-Methoxy-3,4-dihydroquinolin-2(1H)-one (compound 42) 

 

7-hydroquinolin-2(1H)-one (10.0 g, 61.2 mmol, 1.0 equiv.), K2CO3 (17.0 g, 122 mmol, 

2.0 equiv.) and DMF (100 mL) were stirred at r.t., to this was added iodomethane (4.20 

mL, 67.4 mmol, 1.1 equiv.) and then the reaction mixture was heated to 60 °C for 18 h. 

The reaction mixture was then cooled to rt, diluted with EtOAc (500 mL), washed with 

sat K2CO3(aq) (3 × 300 mL), 10 wt% LiCl(aq) (3 × 300 mL) and brine (300 mL), dried 

(MgSO4), filtered and concentrated to give the crude product as an off-white solid. The 

crude compound was then crystalised from the minimum amount of EtOH to give the 

pure product as colourless needles (5.121 g, 47%); Rf 0.19 (1:1, EtOAc/pet ether); m.p 

123 – 126 °C (EtOH); 1H NMR (400 MHz, CDCl3) δH 7.62 (1H, br s, NH-9), 7.06 (1H, 
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dt, J 8.3, 0.9 Hz, H-5), 6.53 (1H, dd, J 8.3, 2.5 Hz, H-6), 6.29 (1H, d, J 2.5 Hz, H-8), 

3.78 (3H, s, H-10), 2.94 – 2.86 (2H, m, H-3), 2.66 – 2.58 (2H, m, H-2); LRMS m/z 

(ESI+) 178 ([M+H]+, 100%). These data are in accordance with the literature.40,44 

 

7-Methoxy-1,2,3,4-tetrahydroquinoline (compound 43) 

 

7-methoxy-3,4-dihydroquinolin-2(1H)-one (2.47g, 13.9 mmol, 1.0 equiv.) was 

dissolved in anhydrous THF (60 mL) and added portion wise to LiAlH4 (0.79 g, 

20.9 mmol, 1.5 equiv.) in THF (50 mL) at 0 °C and the suspension was stirred at 0 °C 

for 10 mins. The suspension was then warmed to room temperature and was left to 

stir for 4 h. The reaction was then returned to 0 °C and water (1.5 mL), followed by 15 

wt% NaOH(aq) (1.5 mL) and water (4 mL) were added dropwise. MgSO4 was added, 

and the suspension was stirred at room temperature for 30 minutes. The reaction was 

filtered, and filtrate was washed with ethyl acetate (200 mL). This was evaporated in 

vacuo to afford 7-methoxy-1,2,3,4-tetrahydroquinoline as colourless oil (2.22 g, 98%); 
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Rf 0.54 (1:1, EtOAc/pet ether); 1H NMR (400 MHz, CDCl3) δH 6.86 (1H, dt, J 8.2, 1.0 

Hz, H-5), 6.22 (1H, dd, J 8.2, 2.5 Hz, H-6), 6.05 (d, J 2.5 Hz, H-8), 3.75 (s, 3H, H-10), 

3.32 – 3.25 (2H, m, H-3), 2.72 (2H, t, J 6.2 Hz, H-1), 1.99 – 1.88 (2H, m, H-2); LRMS 

m/z (ESI+) 164 ([M+H]+, 100%). These data are in accordance with the literature.40,44 

7-Methoxy-1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinoline (compound 44) 

 

Pent-4-yn-1-yl methane sulfonate (5.31 g, 33.1 mmol, 1.5 equiv.) was added to a 

solution of 7-methoxy-1,2,3,4-tetrahydroquinoline (3.60 g, 22.1 mmol, 1.0 equiv.), 

TBAI (3.85 g, 6.74 mmol, 0.5 equiv.), DIPEA (5.29 mL, 44.1 mmol, 2.0 equiv) and DMF 

(20 mL). The reaction mixture was heated to 100 °C for 48 h. The cooled reaction 

mixture was diluted with Et2O (500 mL), washed with H2O (3 × 500 mL) and brine 

(400 mL), then dried (MgSO4), filtered and evaporated in vacuo to give a dark brown 

oil. The crude product was purified by flash silica column chromatography (elution with 

0-10% EtOAc in pet ether) to afford 7-methoxy-1-(pent-4-yn-1-yl)-1,2,3,4-

tetrahydroquinoline as a light brown oil (2.80 g, 55%); Rf 0.20 (1:9, EtOAc/pet ether); 

1H NMR (400 MHz, CDCl3) δH 6.87 (1H, dt, J 8.0, 1.0 Hz, H-5), 6.22 (1H, d, J 2.5 Hz, 

H-8), 6.17 (1H, dd, J 8.1, 2.4 Hz, H-6), 3.79 (3H, s, H-10), 3.44 – 3.33 (2H, m, H-1’), 

3.32-3.28 (2H, m, H-1), 2.72 (2H, t, J 6.2 Hz, H-3), 2.29 (2H, td, J 6.9, 2.7 Hz, H-3’), 

2.04 (1H, t, J 2.7 Hz, H-5’), 1.98 – 1.92 (2H, m, H-2), 1.85 (2H, p, J 7.0 Hz, H-2’); 

LRMS m/z (ESI+) 230 ([M+H]+, 100%). These data are in accordance with the 

literature.44 
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(E)-7-Methoxy-1-(5(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-

1,2,3,4-tetrahydroquinoline (compound 45) 

 

7-methoxy-1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinoline (30) (750 mg, 3.27 mmol, 

1.0 equiv.) and bis(cyclopentadienyl)zirconium(VI) chloride hydride (84 mg, 0.327 

mmol, 0.1 equiv.) were added to a tapered microwave vial and sealed under an argon 

atmosphere in the absence of light. Triethylamine (45.5 μL, 0.327 mmol, 0.1 equiv.) 

and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (522 μL, 3.60 mmol, 1.1 equiv.) were 

added and the reaction mixture was stirred at 60 °C under argon for 20 h in the dark. 

The reaction mixture was purified by flash silica column chromatography (elution with 

0-100% CH2Cl2 in pet ether) to give (E)-7-Methoxy-1-(5(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinoline as a light brown oil 

(662 mg, 57%); Rf 0.2 (CH2Cl2); 1H NMR (400 MHz, CDCl3) δH 6.86 – 6.79 (1H, m, H-

5), 6.65 (1H, dt, J 17.9, 6.4 Hz, H-4’), 6.15 – 6.09 (2H, m, H-8, H-6), 5.47 (1H, dt, J 

17.9, 1.6 Hz, H-5’), 3.75 (3H, s, H-10), 3.27 – 3.16 (4H, m, H-1’, H-1), 2.67 (2H, t, J 

6.3 Hz, H3), 2.20 (2H, tdd, J 7.7, 6.4, 1.6 Hz, H-3’), 1.95 – 1.85 (2H, m, H-2), 1.73 (2H, 

p, J 7.5 Hz, H-2’), 1.26 (12H, s, H-7’); 11B NMR (160 MHz; CDCl3) δB 29.7 (B-5’); LRMS 

m/z (ESI+) 358 ([M+H]+, 100%). These data are in accordance with the literature.44 
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Benzyl (R,E)-9-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-

4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate (compound 46) 

 

Benzyl (R)-9-iodo-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-

carboxylate (1.63 g, 1.0 equiv.), [1,1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (137 mg, 0.05 equiv.), K2CO3 

(1.55 g, 3.0 equiv.), were loaded into a reaction flask and placed under an argon 

atmosphere. (7-methoxyl-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaboral-2-yl)pent-4-en-1-

yl)-1,2,3,4-tetrahydroquinoline (2.00 g, 2.0 equiv.) in 1,4-dioxane (25 mL) was added, 

followed by H2O (5 mL) and the reaction mixture was heated to 100 °C for 18 h. The 

reaction mixture was then cooled, and solvent removed in vacuo, the dark residue was 

then diluted with EtOAc (500 mL). The organic component was washed with water (3 

× 400mL), followed by brine (400 mL), dried (MgSO4), filtered and evaporated in vacuo 

to afford a brown oil. The crude oil was purified by silica gel chromatography (elution 

with 0-80% EtOAc in pet ether) to yield benzyl (R,E)-9-(5-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-4-oxo-2,3,4,5-tetrahydro-1H-

benzo[b][1,4]diazepine-7-carboxylate  as a yellow oil (1.50 g, 74%); Rf 0.40 (1:1, 

EtOAc/pet ether); [𝛼]𝐷
25 = −40.9 (c 1.0, CHCl3); ν̄max (thin film in CHCl3)/ cm-1 2935 (C-

H, s), 1705 (C=O, m), 1671 (C=O, s), 1141 (C-O, m); 1H NMR (400 MHz, CDCl3) δH 

7.74 (1H, d, J 2.0 Hz, H-9), 7.48 – 7.31 (7H, m, H-7, NH-1a/2, H-4’, H-5’, H-6’), 6.85 

(1H, d, J 7.8 Hz, H-5’’), 6.35 (1H, d, J 15.5 Hz, H-5’’’), 6.17 – 6.08 (3H, m, H-6’’, H-8’’, 
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H-13’’), 5.33 (2H, s, H-2’), 4.16-4.05 (1H, m, H-4), 4.02 (1H, s, NH-5a/4), 3.74 (3H, s, 

H-10’’), 3.33 – 3.23 (4H, m, H-1’’, H-1’’’), 2.72 – 2.64 (3H, m, HAHB-3 H-3’’), 2.51 (1H, 

dd, J 13.9, 8.2 Hz, HAHB-3), 2.34 – 2.25 (2H, m, H-3’’’), 1.95 – 1.89 (2H, m, H-2’’), 1.80 

(2H, p, J 7.5 Hz, H-2’’’), 1.37 (3H, d, J 6.3 Hz, H-10); HRMS m/z (ESI+) [Found 

540.2860, C33H38N3O4 requires (M+H)+ 540.2857]; LRMS m/z (ESI+) 540 ([M+H]+, 

100%); HPLC: retention time 10.5 mins, purity 83.7%.  

(R,E)-6-(5-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-

(piperidine-1-carbonyl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one 

(compound or ligand 39) 

 

Benzyl (R,E)-9-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-

4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate (200 mg, 1 equiv.) 

was dissolved in a mixture of THF/MeOH/H2O (3:2:1, 10 mL), once dissolved lithium 

hydroxide (90 mg, 10 equiv.) was added to the reaction mixture and stirred at room 

temperature for 5 h. After this time the reaction mixture was passed through a short 

silica pad which was then washed with methanol (200 mL), the filtrate was then 

evaporated in vacuo to give a brown residue. After this time the brown oil was washed 

with water (100 mL) and then extracted with EtOAc (100 mL), and the organic solvent 

evaporated in vacuo. This brown oil was then placed under an argon atmosphere and 

dissolved in DMF (13 mL). This was added to a reaction vessel containing PyBOP 



222 
 

(212 mg, 1.1 equiv.) under an argon atmosphere and left to stir at room temperature 

for 15 mins. After this time piperidine (109 μL, 3 equiv.) was added to the reaction 

mixture and stirred at room temperature for 20 h. After this time the reaction mixture 

was diluted with EtOAc (100 mL) and then washed with sat. NH4Cl(aq) (3 × 50 mL), 

10 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated in 

vacuo to afford a light brown oil. The crude oil was purified by silica gel 

chromatography (elution with 10% MeOH in CH2Cl2) to give a light brown oil which 

was further purified by preparative HPLC (retention time, 13.9 mins and λ collection 

340 nm) and the solvent removed via lyophilisation to give (R,E)-6-(5-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-(piperidine-1-carbonyl)-1,3,4,5-

tetrahydro-2H-benzo[b][1,4]diazepin-2-one as a white lysophilate (35 mg, 55%), Rf 

0.27 (EtOAc); [𝛼]𝐷
25 = −2.76 (c 0.75, CHCl3); νm̄ax (thin film in CHCl3)/ cm-1 3391 (C-H, 

s), 1676 (C=O, m), 1510 (C-C), 1165 (C-O); 1H NMR (500 MHz, CD2Cl2); δH 7.50 (1H, 

s, NH-3a/9), 7.14 (1H, d, J 1.9 Hz, H-6), 6.84 (1H, d, J 1.9 Hz, H-4), 6.80 (d, J 8.1 Hz, 

H-5’’), 6.47 (1H, dt, J 15.4, 1.6 Hz, H-5’’’), 6.18 – 6.11 (2H, m, H-8’’, H-4’’’), 6.08 (1H, 

dd, J 8.1, 2.5 Hz, H-6’’), 4.12 – 4.03 (1H, m, H-7), 3.70 (3H, s, H-10’’), 3.50 (4H, s br, 

H-2’), 3.34 – 3.21 (4H, m, H-1’’, H-1’’’), 2.66 (2H, t, J 6.4 Hz, H-3’’), 2.59 (1H, dd, J 

13.4, 4.3, Hz, HAHB-8) 2.40 (1H, dd, J 13.4, 7.7 Hz, HAHB-8), 2.35 – 2.27 (2H, m, H-3’’’), 

1.95 – 1.87 (2H, m, H-2’’), 1.84 – 1.73 (2H, m, H-2’’’), 1.66 (2H, q, J 6.4 Hz, H-4’), 1.56 

(4H, d, J 8.3 Hz, H-3’), 1.33 (3H, d, J 6.3 Hz, H-10); 13C NMR (126 MHz; CD2Cl2) δC 

172.4 (C-9), 169.7 (C-1’), 159.7 (C-7’’), 146.6 (C-9’’), 137.3 (C-2a), 136.1 (C-4’’’), 

130.5 (C-1), 129.8 (C-5’’), 129.4 (C-5), 129.2 (C-3a), 125.5 (C-5’’’), 123.3 (C-6), 120.1 

(C-4), 115.7 (C-4’’), 99.9 (C-6’’), 97.7 (C-8’’), 55.4 (C-10’’), 55.1 (C-7), 51.3 (C-1’’’), 

49.8 (C-1’’), 41.3 (C-7), 31.4 (C-3’’’), 27.8 (C-3’’), 26.3 (C-2’’’), 25.1 (C-), 24.3 (C-10), 

23.0 (C-2’’); HRMS m/z (ESI+) [Found 517.3181, C31H41N4O3 requires (M+H)+ 
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517.3173]; LRMS m/z (ESI+) 517 ([M+H]+, 97%); HPLC: retention time 11.4 mins, 

purity 98.4%. 

(R,E)-6-(5-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-

(morpholine-4-carbonyl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one 

(compound or ligand 40) 

 

Benzyl (R,E)-9-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-

4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate (200 mg, 1 equiv.) 

was dissolved in a mixture of THF/MeOH/H2O (3:2:1, 10 mL), once dissolved lithium 

hydroxide (90 mg, 10 equiv.) was added to the reaction mixture and stirred at room 

temperature for 5 h. After this time the reaction mixture was passed through a short 

silica pad which was then washed with methanol (200 mL), the filtrate was then 

evaporated in vacuo to give a brown residue. After this time the brown oil was washed 

with water (100 mL) and then extracted with EtOAc (100 mL), and the organic solvent 

evaporated in vacuo. This brown oil was then placed under an argon atmosphere and 

dissolved in DMF (13 mL). This was added to a reaction vessel containing PyBOP 

(212 mg, 1.1 equiv.) under an argon atmosphere and left to stir at room temperature 

for 15 mins. After this time morpholine (110 μL, 3 equiv.) was added to the reaction 

mixture and stirred at room temperature for 20 h. After this time the reaction mixture 

was diluted with EtOAc (100 mL) and then washed with sat. NH4Cl(aq) (3 × 50 mL), 
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10 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated in 

vacuo to afford a light brown oil. The crude oil was purified by silica gel 

chromatography (elution 0-10% MeOH in CH2Cl2) to give a light brown oil which was 

further purified by preparative HPLC (retention time, 12.37 mins and λ collection 360 

nm) and the solvent removed via lyophilisation to give (R,E)-6-(5-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-(morpholine-4-carbonyl)-1,3,4,5-

tetrahydro-2H-benzo[b][1,4]diazepin-2-one (24 mg, 37%) as an off-white lysophilate, 

Rf 0.22 (EtOAc); 1H NMR (600 MHz, d6-DMSO); δH 9.50 (1H, s, NH-3a/9), 7.16 (1H, 

d, J 2.0 Hz, H-6), 6.86 (1H, d, J 2.0 Hz, H-4), 6.74 (1H, d, J 8.1 Hz, H-5’’), 6.69 (1H, d, 

J 15.5 Hz, H-5’’’), 6.17 (1H, dt, J 15.5, 6.9 Hz, H-4’’’), 6.07 (1H, d, J 2.4 Hz, H-8’’), 6.04 

(1H, dd, J 8.1, 2.4 Hz, H-6’’), 4.96 (1H, d, J 2.9 Hz, NH-2a/7), 4.02 – 3.94 (1H, m, H-7), 

3.62 (3H, s, H-10’’), 3.58 (4H, m, H-3’), 3.50 (4H, m, H-2’), 3.28 – 3.22 (4H, m, H-1’’, 

H-1’’’), 2.59 (2H, t, J 6.3 Hz, H-3’’), 2.45 (1H, dd, J 13.3, 4.4 Hz, HAHB-8), 2.26 (2H, q, 

J 6.9 Hz, H-3’’’), 2.19 (dd, J 13.3, 7.4 Hz, HAHB-8), 1.85 – 1.78 (2H, m, H-2’’), 1.71 (2H, 

p, J 6.9 Hz, H-2’’’), 1.22 (3H, d, J 6.2 Hz, H-10); 13C NMR (151 MHz; d6-DMSO); δC 

171.5 (C-9), 168.9 (C-1’), 158.8 (C-7’’), 145.7 (C-9’’), 137.5 (C-2a), 133.0 (C-4’’’), 

129.8 (C-5), 129.2 (C-5’’), 128.9 (C-1), 126.3 (C-3a), 125.6 (C-5’’’), 121.5 (C-6), 119.8 

(C-4), 114.4 (C-4’’), 99.7 (C-6’’), 96.8 (C-8’’), 69.8 (C-2’), 66.1 (C-3’), 54.6 (C-10’’), 54.3 

(C-7), 50.2 (C-1’’’), 48.7 (C-1’’), 40.6 (C-8), 30.4 (C-3’’’), 26.9 (C-3’’), 25.2 (C-2’’’), 23.4 

(C-10), 22.0 (C-2’’); HRMS m/z (ESI+) [Found 519.2978, C30H39N4O4 requires (M+H)+ 

519.2966]; LRMS m/z (ESI+) 519 ([M+H]+, 100%); HPLC: retention time 10.30 mins, 

purity 98.9%. 
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(R,E)-6-(5-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-

(pyrrolidine-1-carbonyl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one 

(compound or ligand 41) 

 

Benzyl (R,E)-9-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-2-methyl-

4-oxo-2,3,4,5-tetrahydro-1H-benzo[b][1,4]diazepine-7-carboxylate (200 mg, 1 equiv.) 

was dissolved in a mixture of THF/MeOH/H2O (3:2:1, 10 mL), once dissolved lithium 

hydroxide (90 mg, 10 equiv.) was added to the reaction mixture and stirred at room 

temperature for 5 h. After this time the reaction mixture was passed through a short 

silica pad which was then washed with methanol (200 mL), the filtrate was then 

evaporated in vacuo to give a brown residue. After this time the brown oil was washed 

with water (100 mL) and then extracted with EtOAc (100 mL), and the organic solvent 

evaporated in vacuo. This brown oil was then placed under an argon atmosphere and 

dissolved in DMF (13 mL). This was added to a reaction vessel containing PyBOP 

(212 mg, 1.1 equiv.) under an argon atmosphere and left to stir at room temperature 

for 15 mins. After this time pyrrolidine (100 μL, 3 equiv.) was added to the reaction 

mixture and stirred at room temperature for 20 h. After this time the reaction mixture 

was diluted with EtOAc (100 mL) and then washed with sat. NH4Cl(aq) (3 × 50 mL), 

10 wt% LiCl(aq) (3 × 25 mL), brine (25 mL), dried (MgSO4), filtered and concentrated in 

vacuo to afford a light brown oil. The crude oil was purified by silica gel 

chromatography (elution with 10% MeOH in CH2Cl2) to give a light brown oil which 
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was further purified by preparative HPLC (retention time, 13.21 mins and λ collection 

350 nm) and the solvent removed via lyophilisation to give (R,E)-6-(5-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-8-(pyrrolidine-1-carbonyl)-1,3,4,5-

tetrahydro-2H-benzo[b][1,4]diazepin-2-one (24 mg, 52%) as an off-white lysophilate, 

Rf 0.18 (EtOAc); ); [𝛼]𝐷
25 = +0.3 (c 0.55, CHCl3); ν̄max  (thin film in CHCl3)/ cm-1 3372 

(C-H, s), 1674 (C=O, s), 1612 (c=O, s), 1433 (C-C); 1H NMR (600 MHz, d6-DMSO); δH 

9.50 (1H, s, NH-3a/9), 7.29 (1H, d, J 2.0 Hz, H-4), 6.98 (1H, d, J 2.0 Hz, H-6), 6.74 

(1H, d, J 8.1 Hz H-5’’), 6.69 (1H, d, J 15.4 Hz, H-5’’’), 6.17 (1H, dt, J 15.4, 6.9 Hz, 

H-4’’’), 6.07 (1H, d, J 2.4 Hz, H-8’’), 6.04 (1H, dd, J 8.1, 2.4 Hz, H-6’’), 4.95 (1H, d, J 

2.9 Hz, NH-2a/7), 4.02 – 3.94 (1H, m , H-7), 3.61 (3H, s, H-10’), 3.43 (4H, d, J 6.0 Hz, 

H-2’), 3.29 – 3.21 (4H, m, H-1’’, H-1’’’), 2.59 (2H, t, J 6.3 Hz, H-3’’), 2.45 (1H, dd, J 

13.2, 4.4 Hz, HAHB-8), 2.29 – 2.23 (2H, m, H-3’’’), 2.19 (1H, dd, J 13.2, 7.3 Hz, HAHB-

8), 1.87 – 1.78 (6H, m, H-3’, H-2’’), 1.71 (2H, p, J 7.4 Hz, H-2’’’), 1.22 (3H, d, J 6.2 Hz, 

H-10); 13C NMR (151 MHz; d6-DMSO); δC 171.5 (C-9), 167.7 (C-1’), 158.8 (C-7’’), 

145.8 (C-9’’), 137.6 (C-2a), 132.8 (C-4’’’), 129.6 (C-5), 129.2 (C-5’’), 128.5 (C-1), 128.1 

(C-2a), 125.7 (C-5’’’), 121.4 (C-6), 119.9 (C-4), 114.4 (C-4’’), 99.7 (C-6’’), 96.8 (C-8’’), 

54.6 (C-10’’), 54.2 (C-7), 50.2 (C-1’’’), 49.1 (C-2’), 48.6 (C-1’’), 46.0 (C-2’), 40.6 (C-8), 

30.4 (C-3’’’), 26.9 (C-3’’), 26.1 (C-3’), 25.2 (C-2’’’), 23.9 (C-3’), 23.4 (C-10), 22.0 (C-2’’); 

HRMS m/z (ESI+) [Found 503.3026, C30H39N4O3 requires (M+H)+ 503.3017]; LRMS 

m/z (ESI+) 503 ([M+H]+, 86% and 1027 ([2M+Na]+, 100%); HPLC: retention time 10.83 

mins, purity 98.0%. 
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tert-Butyl (R)-3-((2-Bromo-6-nitrophenyl)amino)butanoate (compound 47) 

 

3-Bromo-2-fluoro-3-nitrobenzene (1.00 g, 4.55 mmol, 1.0 equiv.), tert-butyl (R)-

aminobutanoate (1.50 g, 6.82 mmol, 1.5 equiv.) and Cs2CO3 (4.44g, 13.6 mmol, 3.0 

equiv.) were dissolved in toluene (30 mL) and stirred at 85 °C for 20 h. After cooling 

the reaction mixture was diluted with sat. NaHCO3(aq) (150 mL), this mixture was 

extracted with EtOAc (3 × 100 mL). The combined organic components were washed 

with brine (100 mL), dried (Na2SO4), filtered and concentrated in vacuo to give an 

orange oil. The crude product was purified by flash silica column chromatography 

(elution with 0-20% EtOAc in pet ether) to give tert-butyl (R)-3-((2-Bromo-6-

nitrophenyl)amino)butanoate as a light orange oil (1.502g, 92%); Rf 0.45 (4:1, 

hexane/Et2O); [𝛼]𝐷
25 = −71.1 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δH 7.93 (1H, 

dd, J 8.4, 1.6 Hz, H-4), 7.72 (1H, dd, J 7.8, 1.6 Hz, H-6), 6.78 (1H, dd, J 8.4, 7.8 Hz, 

H-5), 6.36 (1H, s, NH-2/2’), 4.24 (1H, p, J 6.3 Hz, H-2’), 2.45 (2H, d, J 6.3 Hz, H-3’), 

1.39 (9H, s, H-6’), 1.27 (3H, d, J 6.3 Hz, H-1’); LRMS m/z (ESI+) 359 ([M+H]+, 100%), 

361 ([M+H]+, 97%). These data are in accordance with the literature.44 
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(R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one 

(compound 48) 

 

To a solution of (R)-3-((2-Bromo-6-nitrophenyl)amino)butanoate (1.50 g, 4.17 mmol, 

1.0 equiv.) in CH2Cl2 (5 mL) was added TFA (5 mL) and the reaction stirred at r.t. for 

2 h. The solvents were then removed in vacuo and the resulting dark orange oil was 

dissolved in glacial acetic acid (15 mL). To this was added iron powder (1.17 g, 20.9 

mmol, 5.0 equiv.) and the reaction was heated to reflux (120 °C) for 6 h. After this time 

the cooled reaction mixture was added to 1M K2CO3(aq) (100 mL) which was extracted 

with EtOAc (3 × 50 mL). The combined organic components were washed with brine 

(100 mL), dried (MgSO4), filtered and concentrated in vacuo to give a yellow oil. The 

crude product was purified by flash silica column chromatography (elution with 0-100% 

EtOAc in pet ether) to give an off white colourless solid which was crystalised from IPA 

to give (R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one as 

colourless needles (575 mg, 54%); Rf 0.15 (1:2, EtOAc/pet ether); [𝛼]𝐷
25 = −4.6 (c 1.0, 

CHCl3); m.p 139 – 143 °C (IPA); 1H NMR (400 MHz, CDCl3) δH 7.88 (1H, br s, NH-3a), 

7.33 (1H, dd, J 7.9, 1.5 Hz, H-6), 6.86 (1H, dd, J 7.9, 1.5 Hz, H-4), 6.73 (1H, t, J 7.9 

Hz, H-5), 4.13 (1H, dqd, J 8.2, 6.3, 4.1 Hz, H-7), 3.57 (1H, br s, NH-2a), 2.62 (1H, dd, 

J 13.7, 4.1 Hz, HAHB-8), 2.45 (1H, dd, J 13.7, 8.2 Hz, HAHB-8), 1.39 (3H, d, J 6.3 Hz, 

H-10); LRMS m/z (ESI+) 255 ([M+H]+, 100%), 257 ([M+H]+, 97%). These data are in 

accordance with the literature.44 
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(R,E)-6-(5-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-4-methyl-1,3,4,5-

tetrahydro-2H-benzo[b][1,4]diazepin-2-one (ligand OXFBD05) 

 

(R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (510 mg, 

2.00 mmol, 1.0 equiv.), (E)-7-Methoxy-1-(5(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinoline (714 mg, 2.50 mmol, 1.25 equiv.), 

K2CO3 (830 mg, 7.50 mmol, 3.75 equiv.) and 

[1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (73 mg, 0.125 mmol, 

0.0625 equiv.) were added to reaction vessel under an argon atmosphere. To this was 
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added 1,4-dioxane (20 mL) and H2O (4 mL), the reaction was then heated to 100 °C 

for 24 h. Once cooled the reaction mixture was evaporated and then diluted with EtOAc 

(125 mL), which was then filtered through a Celite® pad. The filtrate was then washed 

with brine (3 × 100 mL), dried (MgSO4), filtered and concentrated in vacuo to give a 

brown oil. The crude product was then purified by flash silica column chromatography 

(elution with 0-100 % EtOAc in pet ether) and then further purified by semi preparative 

HPLC (retention time 8.58 mins) from which the fractions containing product were 

lyophilised to give (R,E)-6-(5-(7-Methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-

yl)-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one as a white lysophilate 

(607 mg, 75%); Rf 0.13 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −4.2 (c 1.1, CHCl3); 1H NMR 

(400 MHz, CDCl3) δH 7.78 (1H, br s, NH-3a), 7.12 (1H, dd, J 7.5, 1.7 Hz, H-6), 6.87 

(2H, m, H-5, H-5’, H-8’), 6.82 (dd, J 8.1, 1.7 Hz, H-4), 6.48 (1H, d, J 15.5 Hz, H-5’’), 

6.20 – 6.15 (1H, m, H-6’), 6.09 (1H, dt, J 15.5, 6.9 Hz, H-4’’), 4.17 – 4.05 (1H, m, H-7), 

3.75 (3H, s, H-10’), 3.28 (4H, m, H-1’, H-1’’), 2.70 (2H, t, J 6.4 Hz, H-3’), 2.61 (1H, dd, 

J 13.3, 4.7 Hz, HAHB-8), 2.39 (1H, dd, J 13.3, 7.5 Hz, HAHB-8), 2.33 – 2.25 (2H, m, 

H-3’’), 1.98 – 1.88 (2H, m, H-2’), 1.80 (2H, p, J 7.5 Hz, H-2’’), 1.36 (3H, d, J 6.2 Hz, 

H-10); LRMS m/z (ESI+) 406 ([M+H]+, 100%); HPLC: retention time 10.67 mins, purity 

>99.9. These data are in accordance with the literature.44 
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7.3.3. Chapter 4: Compounds 49 - 61 

7-(Methylsulfonyl)quinoline (compound 53) 

 

7-bromoquinoline (1.00 g, 4.81 mmol, 1.0 equiv.), dimethylethane 1,2-diamine (170 

mg, 1.95 mmol, 0.4 equiv.) and copper(I) trifluoromethanesulfonate toluene complex 

(600 mg, 1.15 mmol, 0.2 equiv.) were dissolved in DMSO (10 mL) and to this was 

added sodium methyl sulfate (2.50 g, 24.1 mmol, 5.0 equiv.). The reaction mixture was 

heated to 120 °C for 4 h under an argon atmosphere. After this time the reaction 

mixture was diluted with EtOAc (100 mL) and was then filtered through a Celite® pad. 

The solvent was then removed in vacuo from the filtrate using an increased 

temperature water bath (60 °C) and azeotroping with toluene, the brown residue was 

then diluted with H2O (100 mL). This was then washed with EtOAc (3 × 100 mL) The 

combined organic layers were then washed with brine (100 mL), dried (MgSO4), 

filtered and concentrated in vacuo to give a yellow oil. The crude product was then 

purified by flash silica column chromatography (elution with 50-100% EtOAc in pet 

ether) to give 7-(methylsulfonyl)quinoline as a colourless solid (709 mg, 71%); Rf 0.09 

(1:1, EtOAc/pet ether); m.p 109 – 111 °C (EtOAc); 1H NMR (600 MHz, CDCl3) δ 9.05 

(1H, dd, J 4.2, 1.8 Hz, H-1), 8.73 (1H, dt, J 1.8, 0.8 Hz, H-8), 8.25 (1H, ddd, J 8.3, 1.8, 

0.8 Hz, H-3), 8.04 – 7.97 (2H, m, H-6, H-7), 7.57 (1H, dd, J 8.3, 4.2 Hz, H-2), 3.14 (3H, 

s, H-10); 13C NMR (151 MHz, CDCl3) δC 152.5 (C-1), 147.4 (C-3), 141.2 (C-7), 136.1 

(C-3), 130.8 (C-4), 130.4 (C-8), 129.9 (C-5), 123.8 (C-2), 123.1 (C-6), 44.5 (C-10); 
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HRMS m/z (ESI+) [Found: 208.0428 C10H10NO2S requires 208.0427 [M+H]+]; LRMS 

m/z (ESI+) 423 ([2M+H]+, 100%). These data are in accordance with the literature.149 

7-(Methylsulfonyl)-1,2,3,4-tetrahydroquinoline (compound 54) 

 

7-(methylsulfonyl)quinoline (364 mg, 1.76 mmol, 1.0 equiv.) and 

pentamethylcyclopentadienyliridium(III) chloride,dimer (28 mg, 0.0351 mmol, 0.02 

equiv.) were added to a microwave vial and placed under an argon atmosphere. To 

this was added IPA (4.00 mL), H2O (0.21 mL) and 70% perchloric acid (109 μL, 0.176 

mmol, 0.1 equiv.) were added and the reaction mix was heated to 100 °C for 48 h. 

After the reaction mixture was cooled it was diluted with sat. NaHCO3(aq) (100 mL) and 

was washed with 1:9 IPA/CHCl3 (3 × 50 mL), the combined organic layers were 

washed with brine (3 × 50 mL), dried (MgSO4), filtered and concentrated in vacuo to 

give a brown oil. This was then purified by flash silica column chromatography (elution 

with 0-100% EtOAc in pet ether) to give 7-(methylsulfonyl)-1,2,3,4-tetrahydroquinoline 

as a colourless oil (240 mg, 65%); Rf 0.27 (1:1, EtOAc/pet ether); 1H NMR (400 MHz, 

CDCl3) δH 7.06 (2H, d, J 1.2 Hz, H-6, H-5), 6.97 (1H, t, J 1.2 Hz, H-8), 3.98 (1H, br s, 

NH-1/9), 3.37 – 3.30 (2H, m, H-1), 2.99 (3H, s, H-10), 2.79 (2H, t, J 6.4 Hz, H-3), 1.98 

– 1.88 (2H, m, H-2); 13C NMR (101 MHz, CDCl3) δC 145.5, 138.9, 130.3, 127.0, 114.7, 

111.8, 44.7, 41.8, 27.3, 21.3; HRMS m/z (ESI+) [Found: 212.0741 C10H14NO2S requires 

[M+H]+ 212.0740]; LRMS m/z (ESI+) 423 ([2M+H]+, 100%). These data are in 

accordance with the literature.149 
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7-(Methylsulfonyl)-1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinoline (compound 55) 

 

7-(methylsulfonyl)-1,2,3,4-tetrahydroquinoline (240 mg, 1.14 mmol, 1.0 equiv.), pent-

4-yn-1-yl methanesulfonate (278 mg, 1.70 mmol, 1.5 equiv.) and TBAI (420 mg, 1.14 

mmol, 1.0 equiv.) were added to a microwave vial sealed and placed under an argon 

atmosphere. To this was added DMF (700 μL) and DIPEA (394 μL, 2.27 mmol, 2.0 

equiv.) and the reaction was heated to 90 °C for 72 h. Once cooled the reaction mixture 

was diluted with EtOAc (100 mL) and was washed with H2O (3 × 50 mL) and brine (50 

mL), dried (MgSO4), filtered and concentrated in vacuo to give a brown oil. The crude 

product was purified by flash silica column chromatography (elution with 0-100% 

EtOAc in pet ether) to give 7-(methylsulfonyl)-1-(pent-4-yn-1-yl)-1,2,3,4-

tetrahydroquinoline as light brown oil (182 mg, 58%); Rf 0.43 (1:1, EtOAc/pet ether); 

1H NMR (400 MHz, CDCl3) δH 7.09 (3H, m, H-5, H-6, H-8), 3.50 – 3.41 (2H, m, H-1’), 

3.39 – 3.24 (2H, m, H-1), 3.02 (3H, s, H-10), 2.80 (2H, t, J 6.3 Hz, H-3), 2.27 (2H, td, 

J 6.8, 2.6 Hz, H-3’), 2.07 (1H, t, J 2.6 Hz, H-5’), 2.04 – 1.91 (2H, m, H-2), 1.89 – 1.78 

(2H, m, H-2’); 13C NMR (101 MHz, CDCl3) δC 145.9 (C-9), 139.4 (C-7), 129.9 (C-5), 

128.2 (C-4), 113.9 (C-8), 108.2 (C-6), 83.6 (C-4’), 69.6 (C-5’), 50.0 (C-1’), 49.6 (C-1), 

44.8 (C-10), 28.5 (C-3), 25.1 (C-2’), 21.6 (C-2), 16.2 (C-3’); LRMS m/z (ESI+) 555 

([2M+H]+, 100%), 278 ([M+H]+, 40%).  
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(E)-7-(Methylsulfonyl)-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-

yl)-1,2,3,4-tetrahydroquinoline (compound 56) 

 

7-(methylsulfonyl)-1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinoline (180 mg, 0.650 

mmol, 1.0 equiv.) and bis(cyclopentadienyl)zirconium(VI) chloride hydride (8.3 mg, 

0.032 mmol, 0.05 equiv.) were added to a tapered microwave vial and sealed under 

an argon atmosphere in the absence of light. Triethylamine (10 μL, 0.065 mmol, 0.1 

equiv.) and 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (113 μL, 0.714 mmol, 1.1 equiv.) 

were added and the reaction mixture was stirred at 60 °C under argon for 20 h in the 

dark. After cooling to r.t. the reaction mixture was diluted with pet ether (5 mL) and 

purified by flash silica column chromatography (elution with 0-100% EtOAc in pet 

ether) to give (E)-7-(methylsulfonyl)-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinoline as a colourless oil (155 mg, 59%); Rf 

0.35 (1:1, EtOAc/pet ether); 1H NMR (600 MHz, CDCl3) δH 7.12 – 6.97 (3H, m, H-5, 

H-6, H-8), 6.63 (1H, dt, J 17.8, 6.4 Hz, H-4’), 5.47 (1H, dt, J 17.8, 1.6 Hz, H-5’), 3.31 

(4H, m, H-1, H-1’), 3.01 (3H, s, H-10), 2.79 (2H, dt, J 12.9, 6.3 Hz, H-3), 2.22 (2H, tdd, 

J 7.8, 6.4, 1.6 Hz, H-3’), 1.97 – 1.91 (2H, m, H-2), 1.75 (2H, J 7.8 Hz, H-2’), 1.24 (12H, 

s, H-3’’); 11B NMR (128 MHz, CDCl3) δB 29.72 (B-5’); 13C NMR (151 MHz, CDCl3) δC 

153.2 (C-4’), 147.2 (C-7) 145.9 (C-9), 139.3 (C-5’), 129.8 (C-5), 128.1 (C-4), 113.7 

(C-8), 108.1 (C-6), 83.3 (d, J 5.1 Hz, C-2’’), 50.8 (C-1), 49.4 (C-1’), 44.7 (C-10), 33.3 

(C-3’) 25.0 (C-2’), 24.7 (C-3’’), 21.5 (C-2); LRMS m/z (ESI+) 810 ([2M+H]+, 100%), 406 

([M+H]+, 8%). 
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(R,E)-4-Methyl-6-(5-(7-(methylsulfonyl)-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-

1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (compound 49) 

 

(R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (65 mg, 

0.255 mmol, 1.0 equiv.), (E)-7-(methylsulfonyl)-1-(5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinoline (155 mg, 0.382 mmol, 

1.5 equiv.), K2CO3 (106 mg, 0.765 mmol, 3.0 equiv.) and [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (21 mg, 0.0255 mmol, 0.1 

equiv.) were added to a microwave vial which was sealed and placed under an argon 

atmosphere. To this was added 1,4-dioxane (1.2 mL) and H2O (0.4 mL), and then the 

reaction was heated to 100 °C for 48 h. After cooling the reaction mix was diluted with 

EtOAc (100 mL) and passed through a pad of Celite®. The filtrate was then washed 

with H2O (3 × 100 mL), brine (100 mL), the organic layer was then dried (Na2SO4), 

filtered and concentrated in vacuo to give brown oil. The crude product was purified 

by flash silica column chromatography (elution with 50-100% EtOAc in pet ether) to 

give (R,E)-4-methyl-6-(5-(7-(methylsulfonyl)-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-

1-yl)-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one as an off white solid (41 mg, 

35%); Rf 0.33 (EtOAc); m.p 159 – 161 °C (EtOAc); [𝛼]𝐷
25 = −3.47 (c 1.0, CHCl3); ν̄max 

(thin film CHCl3)/ cm-1 2934 (C-H, s), 1670 (C=O, s), 1596 (C=C, m) 1299 (S=O, s); 

1H NMR (600 MHz, CD3CN) δH 7.73 (1H, s, NH-3a/9), 7.19 (1H, dd, J 7.8, 1.7 Hz, 

H-6), 7.09 (1H, dt, J 7.8, 1.0 Hz, H-5’), 7.00 (1H, d, J 1.7 Hz, H-8’), 6.97 (1H, dd, J 7.8, 
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1.7 Hz, H-4), 6.86 (t, J 7.8, Hz, H-5), 6.81 (1H, dd, J 7.8, 1.7 Hz, H-6’), 6.63 (1H, dd, J 

15.5, 1.5 Hz, H-5’’), 6.16 (1H, dt, J 15.5, 7.0 Hz, H-4’’), 4.02 (1H, m, H-7), 3.40 – 3.37 

(2H, m, H-1’’), 3.35 (2H, t, J 5.7 Hz, H-1’), 2.97 (3H, s, H-10), 2.78 (2H, td, J 6.3, 1.0 

Hz, H-3’), 2.47 (1H, dd, J 13.1, 5.2 Hz, HAHB-8), 2.32 (2H, qd, J 7.0, 1.5 Hz, H-3’’), 

2.18 (1H, dd, J 13.1, 7.0 Hz, HAHB-8), 1.94 – 1.89 (2H, m, H-2’), 1.80 (2H, p, J 7.0 Hz, 

H-2’’), 1.25 (3H, d, J 6.2 Hz, H-10); 13C NMR (151 MHz, CD3CN) δC 172.9 (C-9), 146.8 

(C-9’), 140.7 (C-7’), 137.4 (C-2a), 134.5 (C-4’’), 132.5 (C-1), 132.0 (C-3a), 130.5 (C-5’), 

129.1 (C-4’), 127.1 (C-5’’), 124.3 (C-6), 122.3 (C-5), 121.6, 114.0 (C-4), 108.6 (C-8’), 

56.8 (C-7), 51.2 (H-1’’), 49.8 (H-1’), 44.6 (C-10’), 41.1 (C-8), 31.4 (C-3’’), 28.9 (C-3’), 

26.2 (C-2’’), 23.9 (C-10), 22.2 (C-2’); HRMS m/z (ESI+) [Found: 454.2164 

C25H32SN3O3 requires 454.2159 [M+H]+]; LRMS m/z (ESI+) 454 ([M+H]+, 100%) 907 

([2M+H]+, 94%); HPLC (retention time 9.1 mins) 95.0% purity. 

2-Amino-4-methoxyphenol (compound 57) 

 

4-Methoxy-2-nitro phenol (0.5 g, 2.96 mmol, 1.0 equiv.) was dissolved in EtOH (25 mL) 

and then 10 wt% Pd on carbon 55-65% wet (300 mg, 0.132 mmol of Pd, 0.044 equiv. 

of Pd) which was placed under an argon atmosphere in a Büchi glass miniclave steel 

type 200mL reaction vessel. The argon atmosphere was then replaced with hydrogen 

and the pressure increased to 2400 mbar. After 30 mins the pressure was observed 

to have decreased to below 2000 mbar and so the vessel was repressurised to 

3000 mbar. After 1 h the reaction was observed to be complete, and the resultant 

mixture was filtered through celite and washed with ethanol (200 mL). The filtrate was 
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then concentrated in vacuo to give the desired product as a dark brown solid. Due to 

the instability of electron rich anilines this compound was used without further 

purification to give 2-amino-4-methoxyphenol (410 mg, quantitative yield >99%); Rf 

0.16 (1:2, EtOAc/pet ether); 1H NMR (400 MHz, CDCl3) δH 6.66 (1H, d, J 8.6 Hz, H-1), 

6.34 (1H, d, J 2.8 Hz, H-4), 6.20 (1H, dd, J 8.6, 2.8 Hz, H-6), 3.95 (2H, br s, NH-3’), 

3.72 (3H, s, H-7); LRMS m/z (ESI+) 140 ([M+H]+, 87%) These data are in accordance 

with the literature.131 

6-Methoxy-2H-benzo[b][1,4]oxazin-3(4H)-one (compound 58) 

 

2-amino-4-methoxyphenol (0.75 g, 5.39 mmol, 1.0 equiv.) was dissolved in MeCN 

(45 mL) under an argon atmosphere. To this was added chloroacetyl chloride (0.47 

mL, 5.93 mmol, 1.1 equiv.) dropwise and then K2CO3 (1.95 g, 14.0 mmol, 2.6 equiv.) 

was added and the reaction mixture was heated to reflux for 3 h. Once cooled the 

reaction mixture was filtered and then concentrated in vacuo. The resultant residue 

was dissolved in water (100 mL) and washed with CH2Cl2 (3 × 50 mL). The combined 

organic layers were then dried (Na2SO4), filtered and concentrated to give a purple 

solid which was the recrystallized from MeOH to give 6-methoxy-2H-

benzo[b][1,4]oxazin-3(4H)-one as dark pink crystals (0.55 g, 57%); Rf 0.05 (1:2, 

EtOAc/pet ether); m.p 137 – 140 °C (MeOH); ν̄max (solid)/ cm-1 2932 (C-H, s), 1706 

(C=O, s), 1611 (C=C, s) 1214 (C-O, s) 1H NMR (400 MHz, CDCl3) δH 8.91 (1H, s, 

NH-3/8a), 6.89 (1H, d, J 8.8 Hz, H-1), 6.51 (1H, dd, J 8.8, 2.8 Hz, H-6), 6.40 (1H, d, J 

2.8 Hz, H-4), 4.56 (2H, s, H-7), 3.72 (3H, s, H-9); 13C NMR (151 MHz, CDCl3) δC 166.7 
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(C-8a), 155.5 (C-5), 137.8 (C-2), 127.0 (C-3), 117.4 (C-1), 109.0 (C-6), 102.3 (C-4), 

67.6 (C-7), 56.0 (C-9); HRMS m/z (ESI+) [Found: 180.0649 C9H9NO3 requires 

180.0655 [M+H]+]; LRMS m/z (ESI+) 381 ([2M+Na]+, 100%) 180 ([M+H]+, 39%); HPLC: 

retention time 6.37 mins, purity 97.0%. These data are in accordance with the 

literature.131 

 

6-Methoxy-3,4-dihydro-2H-benzo[b][1,4]oxazine (compound 59) 

 

6-methoxy-2H-benzo[b][1,4]oxazin-3(4H)-one (550 mg, 3.07 mmol, 1.0 equiv.) was 

dissolved in THF (25 mL) and in a separate flask LiAlH4 (300 mg, 6.14 mmol, 2.0 

equiv.) was suspended in THF (50 mL) and cooled to 0 °C. The solution of 6-methoxy-

2H-benzo[b][1,4]oxazin-3(4H)-one was added dropwise to the flask containing LiAlH4, 

upon complete addition the reaction mixture was warmed to room temperature for 18 
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h. The reaction was then returned to 0 °C and water (0.5 mL), followed by 15 wt% 

NaOH(aq) (0.5 mL) and water (1.5 mL) were added dropwise. MgSO4 was added, and 

the suspension was stirred at room temperature for 30 mins. After this time the solids 

were removed by filtration and the filtrate was concentrated in vacuo to give the crude 

product as a brown oil. This was then purified by flash silica column chromatography 

(elution with 0-50 % EtOAc in pet ether)  to give 6-methoxy-3,4-dihydro-2H-

benzo[b][1,4]oxazine as a light pink crystalline solid (400 mg, 79%); Rf 0.25 (1:2, 

EtOAc/pet ether); m.p 42 – 47 °C (EtOAc); ν̄max (solid)/ cm-1 3388 (N-H, m), 1552 (C=C, 

s), 1193 (C-O, s) 1046 (C-N, s); 1H NMR (600 MHz, CDCl3) δH 6.69 (1H, d, J 8.7 Hz, 

H-1), 6.22 (1H, dd, J 8.7, 2.9 Hz, H-6), 6.17 (1H, d, J 2.9 Hz, H-4), 4.21-4.18 (2H, m, 

H-7), 3.72 (3H, s, H-9), 3.42-3.38 (2H, m, H-8); 13C NMR (151 MHz, CDCl3) δC 154.5 

(C-5), 138.4 (C-2), 134.2 (C-3), 117.0 (C-1), 103.7 (C-6), 101.5 (C-4), 65.1 (C-7), 55.7 

(C-9), 41.2 (C-8); HRMS m/z (ESI+) [Found: 166.0854 C9H11NO2 requires 166.0863 

[M+H]+]; LRMS m/z (ESI+) 166 ([M+H]+, 100%); HPLC method1: retention time 6.39 

mins, purity 99.4%.  These data are in accordance with the literature.131 

6-Methoxy-4-(pent-4-yn-1-yl)-3,4-dihydro-2H-benzo[b][1,4]oxazine (compound 60) 

 

6-methoxy-3,4-dihydro-2H-benzo[b][1,4]oxazine (200 mg, 1.21 mmol, 1.0 equiv.) and 

TBAI (224 mg, 0.61 mmol, 0.5 equiv.) were added to a flame dried flask attached to a 

condenser under an argon atmosphere. To this was added DIPEA (422 μL, 2.42 mmol, 

2.0 equiv.), pent-4-yn-1-yl methanesulfonate (300 mg, 1.82 mmol, 1.5 equiv.) and DMF 

(1.2 mL) and the reaction mixture was heated to 85 °C for 24 h. After this the resultant 
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brown solution was diluted with diethyl ether (50 mL) which was washed with water 

(3 × 50 mL), 10 wt% LiCl(aq) (25 mL), brine (25 mL), dried (MgSO4), filtered and then 

concentrated in vacuo to give the crude product as a dark brown oil. This was then 

purified by flash silica column chromatography (elution with 0-50 % EtOAc in hexane) 

to give 6-methoxy-4-(pent-4-yn-1-yl)-3,4-dihydro-2H-benzo[b][1,4]oxazine as a light 

brown oil (252 mg, 90%); Rf 0.74 (1:1, EtOAc/pet ether); ν̄max (thin film, CHCl3)/ cm-1 

2934 (C-H, m), 2361 (C≡C, m), 1511 (C=C, s), 1207 (C-O, s); 1H NMR (600 MHz, 

CDCl3) δH 6.69 (1H, d, J 8.6 Hz, H-1), 6.29 (1H, d, J 2.8 Hz, H-4), 6.15 (1H, dd, J 8.6, 

2.8 Hz, H-6), 4.19 – 4.16 (2H, m, H-7), 3.75 (3H, s, H-9), 3.39 – 3.34 (4H, m, H-8, 

H-1’), 2.28 (2H, td, J 6.8, 2.7 Hz, H-3’), 2.01 (1H, t, J 2.7 Hz, H-5’), 1.83 (2H, p, J 6.8 

Hz, H-2’); 13C NMR (151 MHz, CDCl3) δC 154.9 (C-5), 138.4 (C-2), 135.8 (C-3), 116.3 

(C-1), 101.0 (C-6), 99.2 (C-4), 83.7 (C-4’), 69.3 (C-5’), 64.4 (C-7), 55.7 (C-9), 49.9 

(C-1’), 47.6 (C-8), 25.1 (C-2’), 16.1 (C-3’); HRMS m/z (ESI+) [Found: 232.1334 

C14H17NO2 requires 232.1332 [M+H]+]; LRMS m/z (ESI+) 460 ([2M+H]+, 100%), 232 

([M+H]+, 78%); HPLC: retention time 9.70 mins, purity 98.4%.   

(E)-6-Methoxy-4-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-3,4-

dihydro-2H-benzo[b][1,4]oxazine (compound 61) 

 

6-methoxy-4-(pent-4-yn-1-yl)-3,4-dihydro-2H-benzo[b][1,4]oxazine (220 mg, 0.951 

mmol, 1.0 equiv.), bis(cyclopentadienyl)zirconium(VI) chloride hydride (25 mg, 0.0951 

mmol, 0.1 equiv.) were added to a tapered microwave vial and sealed under an argon 

atmosphere in the absence of light. NEt3 (13 μL, 0.0951 mmol, 0.1 equiv.) and 4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane (152 μL, 1.046 mmol, 1.1 equiv.) were added and the 

reaction mixture was stirred at 60 °C under argon for 20 h in the dark. After cooling to 

r.t. the reaction mixture was diluted with pet ether (5 mL) and purified by flash silica 

column chromatography (elution with 0-100% CH2Cl2 in pet ether) to give (E)-6-

methoxy-4-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-3,4-

dihydro-2H-benzo[b][1,4]oxazine as a yellow oil (259 mg, 76%); Rf 0.55 (CH2Cl2); ν̄max 

(thin film, CHCl3)/ cm-1 2977 (C-H, m), 1638 (C=C, m), 1511 (C=C, s), 1209 (C-O, s); 

1H NMR (600 MHz, CDCl3) δH 6.67 (1H, d, J 8.6 Hz, H-1), 6.64 (1H, dt, J 17.9, 6.4 Hz 

H-4’), 6.21 (1H, d, J 2.8 Hz, H-4), 6.13 (1H, dd, J 8.6, 2.8 Hz, H-6), 5.48 (1H, dt, J 17.9, 

1.6 Hz, H-5’), 4.19 – 4.14 (2H, m, H-7), 3.74 (3H, s, H-9), 3.33 – 3.28 (2H, m, H-8), 

3.25 – 3.19 (2H, m, H-1’), 2.21 (2H, tdd, J 7.5, 6.4, 1.6 Hz, H-3’), 1.74 (2H, p, J 7.5 Hz, 

H-2’), 1.26 (12H, s, H-7’); 11B NMR (128 MHz, CDCl3) δB 29.93 (B-5’); 13C NMR (151 

MHz, CDCl3) δC 154.9 (C-5), 153.3 (C-4’), 138.4 (C-2), 136.0 (C-3), 116.2 (C-1), 100.8 

(C-6), 99.1 (C-4), 83.3 (C-6’), 64.5 (C-7), 55.7 (C-9), 50.6 (C-1’), 47.3 (C-8), 33.3 

(C-3’), 24.9 (C-7’), 24.8 (C-2’); HRMS m/z (ESI+) [Found: 360.2373 C20H31
11BNO4 

requires 360.2341 [M+H]+]; LRMS m/z (ESI+) 741.2 ([2M+2H]+, 99%), 360.1 ([M+H]+, 

100%); HPLC: retention time 11.70 mins, purity 93.5%.   
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(R,E)-6-(5-(6-Methoxy-2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl)pent-1-en-1-yl)-4-

methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (compound 50) 

 

(R)-6-Bromo-4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one (86 mg, 

0.337 mmol, 1.0 equiv.), (E)-6-methoxy-4-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)pent-4-en-1-yl)-3,4-dihydro-2H-benzo[b][1,4]oxazine (181 mg, 0.506 mmol, 1.5 

equiv.), K2CO3 (139 mg, 1.01 mmol, 3.0 equiv.) and [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (25 mg, 0.034 mmol, 0.1 equiv.) 

were loaded into the reaction vessel which was placed under an argon atmosphere 

and then to this was added 1,4-dioxane (4 mL) and H2O (1 mL), the reaction mixture 

was then heated to 100 °C for 24 h. After cooling to room temperature, the reaction 

mixture was diluted with EtOAc (50 mL) and was then filtered through celite and 

washed with EtOAc (50 mL). The combined organic layers were then washed with sat. 

K2CO3(aq) (50 mL), brine (2 × 50 mL), dried (MgSO4), filtered and concentrated in 

vacuo. The crude product was then purified by flash silica column chromatography 

(elution with 0-100% EtOAc in pet ether) to give a light brown oil which was then further 

purified by semi preparative HPLC (retention time 7.45 mins) from which the fractions 

containing product were lyophilised to give (R,E)-6-(5-(6-methoxy-2,3-dihydro-4H-

benzo[b][1,4]oxazin-4-yl)pent-1-en-1-yl)-4-methyl-1,3,4,5-tetrahydro-2H-

benzo[b][1,4]diazepin-2-one as a white lysophilate (83 mg, 60%); Rf 0.43 (EtOAc); 

[𝛼]𝐷
25 = −2.1 (c 0.5, CHCl3); ν̄max (thin film, CHCl3)/ cm-1 2943 (C-H, m), 1673 (C=O, s), 
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1512 (C=C, s), 1208 (C-O, s); 1H NMR (600 MHz, d6-DMSO) δH 9.40 (1H, s, NH-3a/9), 

7.16 (1H, dd, J 6.1, 3.2 Hz, H-5), 6.81 – 6.77 (2H, m, H-4, H-6), 6.72 (1H, d, J 15.5 

Hz, H-5’’), 6.55 (1H, d, J 8.6 Hz, H-4’), 6.22 (1H, d, J 2.8 Hz, H-7’), 6.14 (1H, dt, J 15.5, 

6.9 Hz, H-4’’), 6.05 (1H, dd, J 8.6, 2.8 Hz, H-5’), 4.55 (d, J 2.5 Hz, NH-2a/7), 4.10 – 

4.06 (2H, m, H-2’), 3.99 – 3.91 (1H, m, H-7), 3.61 (3H, s, H-9’), 3.31 – 3.24 (4H, m, 

H-1’, H-1’’), 2.37 (1H, dd, J 12.9, 5.0 Hz, HAHB-8), 2.30 – 2.23 (2H, m, H-3’’), 2.09 (1H, 

dd, J 12.9, 7.3 Hz, HAHB-8), 1.72 (2H, p, J 7.4 Hz, H-2’’), 1.19 (3H, d, J 6.2 Hz, H-10); 

13C NMR (151 MHz, d6-DMSO) δC 171.6 (C-9), 154.3 (C-6’), 137.7 (C-3’), 136.2 

(C-3a), 135.7 (C-8’), 131.94 (C-2a), 131.9 (C-4’’), 130.1 (C-1), 126.1 (C-5’’), 122.1 

(C-5), 120.6 (C-4, C-6), 115.7 (C-4’), 100.3 (C-5’), 98.4 (C-7’), 63.7 (C-2’), 55.4 (C-7), 

55.04 (C-9’), 49.5 (C-1’’), 46.4 (C-1’), 40.4 (C-8), 30.3 (C-3’’), 25.1 (C-2’’), 23.2 (C-10); 

HRMS m/z (ESI+) [Found: 430.2104 C24H29N3O3Na requires 430.2101 [M+Na]+] and 

[Found 408.2277 C24H30N3O3 requires 408.2282 [M+H]+]; LRMS m/z (ESI+) 815.3 

([2M+H]+, 81%), 408.1 ([M+H]+, 100%); HPLC: retention time 9.66 mins, purity 99.8%.  

7.3.5 Chapter 5: Compounds 62 - 85 

1-Bromo-2-fluoro-5-iodo-3-nitrobenzene (compound 69) 

 

N-Iodosuccinimide (4.32g, 19.0 mmol, 1.4 equiv.) was added to a solution of 1-bromo-

2-fluoro-3-nitrobenzene (3.00 g, 13.6 mmol, 1.0 equiv.) in concentrated sulphuric acid 

(15 mL) and the reaction mixture was stirred at r.t. for 19 h. The reaction mixture was 

then cooled to 0 °C and added to ice (200 g) with the resulting precipitate being 

extracted with dichloromethane (3 × 140 mL). The combined organic layers were 
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washed with 10 wt% Na2S2O3(aq) (150 mL), brine (100 mL) and dried (Na2S2O4), filtered 

and concentrated in vacuo give a dark brown oil. The crude product was then purified 

via flash silica column chromatography (elution with 5-10% EtOAc in pet ether) to give 

1-bromo-2-fluoro-5-iodo-3-nitrobenzene as a yellow solid (3.97 g, 84%). Rf 0.6 (1:9, 

EtOAc/pet ether); 1H NMR (400 MHz; CDCl3) δH 8.27 (1H, dd, J 6.2, 2.2, H-4), 8.16 

(1H, dd, J 5.5, 2.2, H-6); 19F{1H} NMR (377 MHz; CDCl3) δF −110.8;  LRMS m/z 

(ES-API+) 345.3 [M+H]+, (ES-API-) 343.8 ([M−H]−, 100%);  HPLC: retention time 11.00 

mins, 93.1% purity. These data are in accordance with the literature.88 

Methyl (2-bromo-4-iodo-6-nitrophenyl)-D-alaninate (compound 70) 

 

To a stirred solution of 1-bromo-2-fluoro-5-iodo-3-nitrobenzene (4.26 g, 12.3 mmol, 1.0 

equiv.) and Cs2CO3 (12.0 g, 36.7 mmol, 3.0 equiv.) in toluene (200 mL) was added 

methyl (R)-3-aminoethanoate hydrochloride (4.50 g, 19.2 mmol, 1.4 equiv.) and the 

suspension was stirred at 90 °C for 24 h. After this DIPEA (0.5 mL) was added, and 

the reaction was left to stir for a further 12 h at 90 °C. After this time the reaction 

mixture was cooled to r.t. and added to 1M K2CO3(aq) (400 mL). The resultant mixture 

was extracted with EtOAc (3 × 300 mL). The combined organic layers were washed 

with brine (200 mL), dried (MgSO4), filtered and evaporated in vacuo to afford an 

orange oil. The crude oil was purified via flash silica column chromatography (elution 

with 0-20 % EtOAc in pet ether) to give methyl (2-bromo-4-iodo-6-nitrophenyl)-D-

alaninate as an orange solid (3.230 g, 62%). Rf 0.43 (1:9, EtOAc/pet ether); m.p. 48 – 

52 °C (EtOAc); [𝛼]𝐷
25 = −302 (c 1.0, CHCl3); ν̄max (neat solid)/ cm-1 3369 (N-H, m), 2949 
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(C-H, w), 1718 (C=O, s), 1527 (N-O, s); 1H NMR (400 MHz, CDCl3) δH 8.20 (1H, d, J 

2.1 Hz, H-4), 8.00 (1H, d, J 2.1 Hz, H-6), 6.61 (1H, d, J 10.3 Hz, NH-2/2’), 4.56 (1H, 

dq, J 10.3, 7.1 Hz, H-2’), 3.66 (3H, s, H-4’), 1.50 (3H, d, J 7.1 Hz, H-1’); 13C NMR (101 

MHz, CDCl3) δC 173.8 (C-3’), 146.8 (C-6), 142.7 (C-2), 141.7 (C-3), 133.9 (C-4), 117.4 

(C-1), 80.7 (C-5), 54.7 (C-4’), 52.7 (C-2’), 19.3 (C-1’); HRMS m/z (ESI−) [Found 

426.8747 C10H10
79BrIN2O4 requires 426.8796 [M−H]−]; LRMS (ESI−) m/z 427 ([M−H]−, 

100%), 429 ([M−H]−, 97%); HPLC: retention time 11.28 mins, 96.7% purity.   

Methyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-nitrophenyl)-D-alaninate 

(compound 71) 

 

A solution of methyl (2-bromo-4-iodo-6-nitrophenyl)-D-alaninate (300 mg, 0.666 mmol, 

1.00 equiv.) in THF (3 mL) was added NEt3 (1 mL) followed by 4-penty-1-ol (0.078 mL, 

0.84 mmol, 1.2 equiv.). To this mixture bis(triphenylphosphine)palladium dichloride (10 

mg, 0.014 mmol, 0.02 equiv.) and copper iodide (5 mg, 0.021 mmol, 0.03 equiv.) were 

added. The suspension was place under an argon atmosphere and then stirred at r.t. 

for 15 h. The completed reaction was filtered through a Celite® pad, the filtrated was 

concentrated in vacuo to afford a brown solid. The crude solid was then dissolved in 

EtOAc (150 mL), and organic layer was washed with sat. NaHCO3(aq) (3 × 75 mL), 

brine (50 mL), dried (MgSO4), filtered and concentrated in vacuo to give an orange oil. 

This crude product was purified via flash silica column chromatography (elution with 
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0-50% EtOAc in pet ether) to give methyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-

nitrophenyl)-D-alaninate as an orange oil (0.264 g, 98%). Rf 0.45 (1:1, EtOAc:pet 

ether); [𝛼]𝐷
25 = −264 (c 1.0, CHCl3); ν̄max (CHCl3 thin film)/ cm-1 3356 (N-H, w), 2926 

(C-H, w), 2229 (C≡C, w), 1743 (C=O, s), 1535 (N-O, s); 1H NMR (400 MHz, CDCl3) δH 

7.92 (1H, d, J 2.0 Hz, H-4), 7.71 (1H, d, J 2.0 Hz, H-6), 6.67 (1H, br s, NH-2/2’), 4.57 

(1H, q, J 7.1 Hz, H-2’), 3.77 (2H, t, J 6.2 Hz, H-5’’), 3.64 (3H, s, H-4’), 2.51 (2H, t, J 7.0 

Hz, H-3’’), 1.88 – 1.77 (2H, m, H-4’’), 1.48 (3H, d, J 7.0 Hz, H-1’); 13C NMR (101 MHz, 

CDCl3) δC 173.8 (C-3’), 141.8 (C-6), 141.6 (C-2), 141.1 (C-3), 128.4 (C-4), 117.3 (C-5), 

115.9 (C-5), 91.7 (C-2’’), 77.7 (C-1’’), 61.6 (C-5’’), 54.7 (C-4’), 52.7 (C-2’), 31.3 (C-3’’), 

19.3 (C-1’), 16.0 (C-4’’); HRMS m/z (ESI+) [Found: 383.0248 C15H16
79BrN2O5 requires 

383.0415 [M−H]−]; LRMS (ESI−) m/z 383 ([M−H]−, 100%), 385 ([M−H]−, 97%); HPLC: 

retention time 9.65 mins, 92.7% purity.   

Methyl (2-bromo-4-(5-hydroxypentyl)-6-nitrophenyl)-D-alaninate (compound 63) 

 

Methyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-nitrophenyl)-D-alaninate (203 mg, 

0.527 mmol, 1.00 equiv.) and tris(triphenylphosphine)rhodium chloride (30 mg, 0.040 

mmol, 0.075 equiv.) were placed under an argon atmosphere. To the solids, dry 

toluene (6 mL) was added, and the atmosphere was replaced with hydrogen. Once 

the reaction flask was completely under a hydrogen atmosphere, the reaction mixture 

was heated to 65 °C for 12 h. The solvents were then removed in vacuo to afford a 

brown solid. This crude product was purified via flash silica column chromatography 
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(elution with 0-50% EtOAc in pet ether) to give methyl (2-bromo-4-(5-hydroxypentyl)-

6-nitrophenyl)-D-alaninate as a brown oil (202.6 mg, 99%). Rf 0.45 (1:1, EtOAc/pet 

ether); [𝛼]𝐷
25 = −264 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δH 7.72 (1H, d, J 2.1 

Hz, H-4), 7.56 (1H, d, J 2.1 Hz, H-6), 6.43 (1H, s, NH-2/2’), 4.52 (1H, q, J 7.1 Hz, H-2’), 

3.66 (2H t, J 6.5 Hz, H-5’’), 3.63 (3H, s, H-4’), 2.63 – 2.53 (2H, t, J 7.6 Hz, H-1’’), 1.70 

– 1.54 (4H, m, H-2’’, H-4’’), 1.50 (3H, d, J 7.1 Hz, H-1’), 1.44 – 1.34 (2H, m, H-3’’).13C 

NMR (101 MHz; CDCl3) δc 174.2 (C-3’), 144.4 (C-3), 140.3 (C-2), 139.6 (C-6), 137.2 

(C-5), 124.8 (C-4), 117.9 (C-1), 62.8 (C-5’’), 55.1 (C-2’), 52.5 (C-4’), 34.5 (C-1’’), 32.5 

(C-4’’), 30.8 (C-2’’), 25.4 (C-3’’), 19.3 (C-1’); LRMS (ESI−) m/z 389 ([M−H]−, 100%), 

391 ([M−H]−, 97%). 

tert-Butyl (2-bromo-4-iodo-6-nitrophenyl)-D-alaninate (compound 73) 

 

To a stirred solution of 1-bromo-2-fluoro-5-iodo-3-nitrobenzene (3.97 g, 12.1 mmol, 

1.00 equiv.) and Cs2CO3 (11.9 g, 36.4 mmol, 3.00 equiv.) in toluene (200 mL) was 

added tert-butyl (R)-3-aminoethanoate hydrochloride (4.31 g, 17.0 mmol, 1.40 equiv.) 

and the suspension was stirred at 85 °C for 24 h. To the cooled reaction mixture was 

added sat. K2CO3(aq) (400 mL) and the resultant mixture was extracted with EtOAc 

(3 × 400 mL). The combined organic layers were washed with brine (300 mL) and 

dried (MgSO4), filtered and concentrated in vacuo to afford the crude product as an 

orange oil. The crude product was purified by flash silica column chromatography 

(elution with 0-100% toluene in pet ether) to give tert-butyl (2-bromo-4-iodo-6-

nitrophenyl)-D-alaninate as a light orange solid (5.228 g, 91%). Rf 0.70 (1:8, tol/pet 
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ether); m.p. 75 –78 °C; [𝛼]𝐷
25 = −225 (c 1.0, CHCl3); ν̄max (CHCl3 thin film)/ cm-1 3077 

(N-H, w), 2947 (C-H, w), 1718 (C=O, s), 1528 (N-O, s), 1347 (C-H); 1H NMR (400 MHz, 

CDCl3) δH 8.21 (1H, d, J 2.1 Hz, H-4), 7.98 (1H, d, J 2.1 Hz, H-6), 6.81 (1H, d, J 9.4 

Hz, NH-2/2’), 4.46 (1H, dq, J 9.4, 7.0 Hz, H-2’), 1.42 (3H, d, J 7.0 Hz, H-1’), 1.39 (9H, 

s, H-5’); 13C NMR (101 MHz, CDCl3) δC 172.1 (C-3’), 146.6 (C-4), 141.6 (C-2) 141. 1 

(C-3), 133.9 (C-6), 128.2 (C-1), 88.2 (C-5), 79.1 (C-4’), 54.8 (C-2’), 27.8 (C-5’), 19.2 

(C-1’); HRMS m/z (ESI−) [Found: 468.9253 C13H16
79BrIN2O4 requires [M−H]− 

468.9265]; LRMS m/z (ESI+) 471 ([M+H]+, 100%), 473 ([M+H]+, 97%);  HPLC: 

retention time 12.67 mins, 95.3% purity.  

tert-Butyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-nitrophenyl)-D-alaninate 

(compound 74) 

 

To a solution of tert-butyl (2-bromo-4-iodo-6-nitrophenyl)-D-alaninate (2.00 g, 4.25 

mmol, 1.0 equiv.) in THF (20 mL) was added 

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (173 mg, 0.212 mmol, 0.05 

equiv.) and CuI (81 mg, 0.425 mmol, 0.1 equiv.) at r.t. under an argon atmosphere. To 

this was added triethylamine (5 mL) followed by 4-pentyn-1-ol (396 μL, 4.25 mmol, 1.0 

equiv.). The reaction mixture was stirred at r.t. for 18 h. After this time the reaction 

mixture was concentrated in vacuo to produce a dark orange residue. This was 

dissolved in EtOAc (500 mL) and passed through a Celite® pad. The filtrate was then 
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transferred to a separating funnel where it was washed with sat. NaHCO3(aq) (3 × 500 

mL) and brine (250 mL). The organic layer was then dried (Na2SO4) and then 

concentrated in vacuo giving the crude product as a bright orange oil. This was further 

purified by flash silica column chromatography (elution with 0-50 % EtOAc in pet ether) 

to give of tert-butyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-nitrophenyl)-D-alaninate 

as bright orange oil (1.683 g, 93%). Rf 0.44 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −207 (c 1.0, 

CHCl3); ν̄max (CHCl3 thin film)/ cm-1 3020 (N-H, w), 2927 (C-H, w), 1669 (C=O, s), 1529 

(N-O, s); 1H NMR (600 MHz, CDCl3) δH 7.96 (1H, d, J 2.0 Hz, H-4), 7.72 (1H, d, J 2.0 

Hz, H-6), 6.87 (1H, d, J 9.5 Hz, NH-2/2’), 4.50 (1H, dq, J 9.5, 7.0 Hz, H-2’), 3.80 (2H, 

t, J 6.1 Hz, H-5’’), 2.52 (2H, t, J 7.0 Hz, H-3’’), 1.91 – 1.79 (2H, m, H-4’’), 1.42 (3H, d, 

J 7.0 Hz, H-1’), 1.38 (9H, s, H-5’); 13C NMR (151 MHz, CDCl3) δC 172.3 (C-3’), 141.8 

(C-6), 141.3 (C-3), 128.7 (C-4), 116.2 (C-3), 115.0 (C-1), 91.2 (C-5), 82.4 (C-4’), 77.9 

(C-1’’), 77.4 (C-2’’), 61.8 (C-5’’), 55.0 (C-2’), 31.3 (C-3’’), 28.0 (C-5’), 19.4 (C-1’), 16.0 

(C-4’’); HRMS m/z (ESI+) [Found: 427.0859 C18H23
79BrN2O5 requires [M+H]+ 

427.0863]; LRMS m/z (ESI+) 427 ([M+H]+, 80%), 429 ([M+H]+, 81%), 875 ([2M+Na]+, 

90%), 877 ([2M+Na]+, 100%), 879 ([2M+Na]+, 90%);  HPLC: retention time 11.1 mins, 

99.8% purity. 

tert-Butyl (2-bromo-4-(5-hydroxypentyl)-6-nitrophenyl)-D-alaninate (compound 75) 

 

tert-Butyl (2-bromo-4-(5-hydroxypent-1-yn-1-yl)-6-nitrophenyl)-D-alaninate (1.40 g, 

3.276 mmol, 1.0 equiv.) along with Rh(PPh3)3Cl (171 mg, 0.164 mmol, 0.05 equiv.) 
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were charged into reaction vessel and placed under an argon atmosphere. To this dry 

toluene was added (20 mL), then the atmosphere was replaced with hydrogen gas 

and heated to 60 °C for 18 h. After this time the solvent was removed in vacuo to give 

a black oil, this was then purified by flash silica column chromatography (elution with 

0-50% EtOAc in pet ether) to give tert-butyl (2-bromo-4-(5-hydroxypentyl)-6-

nitrophenyl)-D-alaninate as a dark brown oil (1.13 g, 80%). Rf 0.46 (1:1, EtOAc/pet 

ether) [𝛼]𝐷
25 = −151 (c 1.0, CHCl3); ν̄max (neat)/ cm-1 3350 (N-H, w), 2950 (C-H, s), 1718 

(C=O, s), 1540 (N-O, s); 1H NMR (600 MHz, CDCl3) δH 7.74 (1H, d, J 2.1 Hz, H-4), 

7.56 (1H, d, J 2.1 Hz, H-6), 6.61 (1H, d, J 10.0 Hz, NH-2/2’), 4.44 (1H, dq, J 10.0, 7.0 

Hz, H-2’), 3.65 (2H, t, J 6.5 Hz, H-5’’), 2.61 – 2.53 (2H, t, J 7.8 Hz, H-1’’), 1.69 – 1.50 

(4H, m, H-2’’, H-4’’), 1.42 (3H, d, J 7.0 Hz, H-1’), 1.44 – 1.34 (2H, m, H-3’’), 1.36 (9H, 

s, H-5’); 13C NMR (151 MHz, CDCl3) δC 172.5 (C-3’), 141.5 (C-2), 139.9 (C-3), 139.5 

(C-6), 135.6 (C-5), 124.9 (C-4), 116.3 (C-1), 81.8 (C-4’), 62.8 (C-5’’), 55.3 (C-2’), 34.4 

(C-1’’), 32.5(C-4’’), 30.7 (C-2’’), 27.8 (C-5’), 25.3 (C-3’’), 19.2 (C-1’); HRMS m/z (ESI+) 

[Found: 431.1171 C18H27
79BrN2O5 requires [M+H]+ 431.1176]; LRMS m/z (ESI+) 431 

([M+H]+, 100%), 433 ([M+H]+, 97%);  HPLC: retention time 11.1 mins, 98.7% purity. 
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tert-Butyl (E)-(4-(5-hydroxypentyl)-2-nitro-6-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)phenyl)-D-alaninate (compound 76) 

 

tert-Butyl (2-bromo-4-(5-hydroxypentyl)-6-nitrophenyl)-D-alaninate (397 mg, 0.920 

mmol, 1.0 equiv.), (E)-1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-

yl)-7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (689 mg, 1.38 mmol, 1.5 

equiv.), K2CO3 (400 mg, 2.76 mmol, 3.0 equiv.) and [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (83 mg, 0.0460 mmol, 0.05 

equiv.) were added to reaction vessel under an argon atmosphere. To this was added 

1,4-dioxane (7.5 mL) and H2O (1.5 mL), the reaction was then heated to 100 °C for 

24 h. Once cooled the reaction mixture was evaporated and then diluted with EtOAc 

(150 mL), which was then filtered through a Celite® pad. The filtrate was then washed 

with H2O (3 × 100 mL) and brine (100 mL), then dried (Na2SO4), filtered and 

concentrated in vacuo to yield the crude product as brown oil. The crude oil was 

purified by flash silica column chromatography (elution with 0-40% EtOAc in pet ether) 

to yield (E)-(4-(5-hydroxypentyl)-2-nitro-6-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)phenyl)-D-alaninate as a bright orange oil 

(480 mg, 72%); Rf 0.53 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −95.7 (c 0.7, CHCl3); ν̄max (neat)/ 

cm-1 3359 (N-H, w), 2934 (C-H, s), 1732 (C=O, s), 1506 (N-O, s); 1H NMR (400 MHz, 

CDCl3) δH 7.74 (1H, d, J 2.1 Hz, H-6), 7.29 (1H, d, J 2.1 Hz, H-4), 6.88 (1H, d, J 10.6 

Hz, NH-2/2’), 6.76 (1H, d, J 8.0 Hz, H-5’’), 6.46 (1H, dd, J 15.9 Hz, H-14’’) 6.14 (3H, 
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dt, J 15.9, 6.8 Hz, H-13’’, H-6’’, H-8’’), 4.05 (1H, dq, J 10.6, 7.0 Hz, H-2’), 3.64 (2H, t, 

J 6.5 Hz, H-5’’), 3.27 (4H, t, J 7.5 Hz, H-1’’, H-1’’’), 2.68 (2H, t, J 6.4 Hz, H-3’’), 2.57 

(2H, t, J 6.4 Hz, H-1’’’’), 2.24 (2H, q, J 6.0 Hz, H-3’’’), 1.97 – 1.89 (2H, m, H-2’’), 1.82 

(2H, m, H-11’’), 1.70 – 1.53 (4H, m, H-2’’’. H-4’’’’), 1.39 (3H, d, J 7.0 Hz, H-2’), 1.27 – 

1.21 (2H, m, H-3’’’’), 1.31 (9H, s, H-5’), 1.28 – 1.19 (3H, m, H-10’’), 1.10 (18H, d, J 7.2 

Hz, H-11’’); 13C NMR (101 MHz, CDCl3) δC 172.76 (C-3’), 155.4 (C-7’’), 141 (C-2), 

140.4 (C-1), 134.8 (C-3), 134.5 (C-4), 132.6 (C-5’’’), 132.4 (C-9’’) 129.6 (C-5’’), 127.7 

(C-4’’’), 123.8 (C-6), 115.24, 107.07, 102.61, 81.59 (C-4’), 77.36, 62.9 (C-5’’’’), 57.2 

(C-2’), 51.4 (C-1’’), 49.5 (C-10’’), 34.9 (C-1’’’), 32.6 (C-2’’’’), 31.0 (C-1’’, C-4’’’’), 27.8 

(C-3’’), 27.48, 25.91, 25.4 (C-11’’), 22.5 (C-2’’), 19.5 (C-1’), 18.1 (C-11’’), 12.9 (C-10’’); 

HRMS m/z (ESI+) [Found: 724.4702 C41H65N3O6Si requires [M+H]+ 724.4715]; LRMS 

m/z (ESI+) 724 ([M+H]+, 100%); HPLC: retention time 20.7 mins, 98.8% purity. 

(R,E)-7-(5-Hydroxypentyl)-3-methyl-5-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-3,4-dihydroquinoxalin-2(1H)-one 

(compound 79) 

 

(E)-(4-(5-Hydroxypentyl)-2-nitro-6-(5-(7-((triisopropylsilyl)oxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)phenyl)-D-alaninate (479 mg, 0.662 mmol, 1.0 equiv.) had TFA 

(2.5 mL) and CH2Cl2 (2.5 mL) added forming an orange solution which was stirred for 

3 h at r.t. The crude reaction mixture was evaporated in vacuo to afford a dark orange 
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oil. To this was added zinc powder (1.88 g, 16.5 mmol, 25 equiv.) and ammonium 

chloride (1.55 g, 16.5 mmol, 25 equiv.), this mixture was then placed under an argon 

atmosphere and DMF (7 mL) was added. The reaction mixture was then stirred at r.t. 

for 24 h. The crude reaction mixture was diluted with EtOAc (100 mL) and filtered 

through a Celite® pad. The filtrate was then washed with 10 wt% LiCl(aq) (3 × 50 mL), 

sat NaHCO3(aq) (3 × 100 mL), brine (50 mL), dried (Na2SO4), filtered and then 

concentrated in vacuo to give a brown oil. The crude oil was then purified by flash 

silica column chromatography (elution with 0-100% EtOAc in pet ether) to give (R,E)-

7-(5-hydroxypentyl)-3-methyl-5-(5-(7-((triisopropylsilyl)oxy)-3,4-dihydroquinolin-

1(2H)-yl)pent-1-en-1-yl)-3,4-dihydroquinoxalin-2(1H)-one as a colourless oil (191 mg, 

46%); Rf 0.25 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −21.9 (c 1.0, CHCl3); 3345 (N-H, w), 2936 

(C-H, m), 1679 (C=O, s), 1507 (C-O, s); 1H NMR (600 MHz, CDCl3) δH 7.71 (s, 

NH-3a/8), 6.77 – 6.72 (2H, m, H-5’, H-6’), 6.42 (1H, d, J 1.7 Hz, H-8’), 6.38 – 6.32 (1H, 

m, H-5’’), 6.15 – 6.05 (3H, m, H-4, H-6, H-4’’), 3.96 (1H, q, J 6.7 Hz, H-7), 3.90 (1H, s, 

NH-2a/7), 3.64 (2H, t, J 6.6 Hz, H-5’’’), 3.29 – 3.23 (4H, m, H-1’, H-1’’), 2.67 (2H, t, J 

6.3 Hz, H-3’), 2.50 (2H, t, J 7.7 Hz, H-1’’’), 2.32 – 2.25 (2H, m, H-3’’), 1.95 – 1.88 (2H, 

m, H-2’), 1.78 (2H, p, J 7.5 Hz, H-2’’’), 1.64 – 1.55 (4H, m, H-2’’’, H-4’’’), 1.46 (3H, d, J 

6.7 Hz, H-9), 1.40 – 1.32 (2H, m, H-3’’’), 1.29 – 1.18 (3H, m, H-10’), 1.10 (18H, d, J 

7.4 Hz, H-11’’); 13C NMR (151 MHz, CDCl3) δC 169.1 (C-8), 155.2 (C-7’’), 145.8 (C-9’), 

133.7, 133.4 (C-4’’), 129.4 (C-5’), 128.3, 125.8, 124.5 (C-5’’), 124.0, 122.0, 115.1, 

114.0, 107.0, 102.5, 62.9 (C-5’’’), 51.9 (C-7), 51.3 (C-1’), 49.5 (C-1’’), 35.1 (C-1’’’), 32.6 

(C-4’’’), 31.3 (C-2’’’), 31.1 (C-3’’), 27.3 (C-3’), 25.9 (C-2’’), 25.3 (C-3’’’), 22.5 (C-2’), 18.0 

(C-11’’), 17.8 (C-9), 12.7 (C-10’); HRMS m/z (ESI+) [Found: 620.4238 C37H58N3O3Si 

requires 620.4242 [M+H]+]; LRMS m/z (ESI+) 620 ([M+H]+, 100%).  
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(R,E)-5-(5-(7-Hydroxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-7-(5-

hydroxypentyl)-3-methyl-3,4-dihydroquinoxalin-2(1H)-one (compound 80) 

 

(R,E)-7-(5-Hydroxypentyl)-3-methyl-5-(5-(7-((triisopropylsilyl)oxy)-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-3,4-dihydroquinoxalin-2(1H)-one (240 mg, 

0.387 mmol, 1.0 equiv.), was dissolved in THF (4 mL), to this was added 1M TBAF in 

THF (774 μL, 0.774 mmol, 2.0 equiv.) and the reaction mixture was stirred at r.t. for 

1 h. The reaction mixture was diluted with sat NH4Cl(aq) (100 mL) which was washed 

with CHCl3/IPA (9:1) solution (2 × 100 mL), the combined organic layer was washed 

with brine (2 × 50 mL), dried (MgSO4), filtered and then concentrated to give the crude 

product as a brown oil. This crude oil was then purified by flash silica column 

chromatography (elution with 0-5% EtOH in EtOAc) to give (R,E)-5-(5-(7-hydroxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-7-(5-hydroxypentyl)-3-methyl-3,4-

dihydroquinoxalin-2(1H)-one as a light brown oil (179 mg, 99%); [𝛼]𝐷
25 = −21.3 (c 1.0, 

CHCl3); 3447 (N-H, w), 2929 (C-H, m), 1676(C=O, s), 1509 (C=C, s); HRMS m/z (ESI+) 

[Found: 464.2904 C28H38N3O3 requires 464.2908 [M+H]+]; LRMS m/z (ESI+) 464 

([M+H]+, 100%).  

1-(Pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinolin-7-ol (compound 81) 
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1-(pent-4-yn-1-yl)-7-((triisopropylsilyl)oxy)-1,2,3,4-tetrahydroquinoline (5.60 g, 15.1 

mmol, 1.0 equiv.) was dissolved in THF (30 mL), to this was added 1M TBAF in THF 

(26.6 mL, 30.2 mmol, 2.0 equiv.) dropwise and then the reaction mixture was stirred 

at r.t. for 1 h. The reaction mixture was then diluted with EtOAc (500 mL) then washed 

with sat NH4Cl(aq) (3 × 300 mL), brine (300 mL), dried (MgSO4), filtered and 

concentrated in vacuo to give the crude product as a dark brown oil. The crude oil was 

then purified by flash silica column chromatography (elution with 0-15 % EtOAc in pet 

ether) to give 1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinolin-7-ol as a light brown oil 

(3.22 g, 99%); Rf 0.06 (1:9, EtOAc/pet ether); ν̄max (thin film CHCl3)/ cm-1 3290 (N-H, 

w), 2936 (C-H, m), 2120 (C≡C, w), 1509 (C-O); 1H NMR (400 MHz, CDCl3) δH 6.78 

(1H, dt, J 8.0, 1.0 Hz, H-5), 6.12 (1H, d, J 2.4 Hz, H-8), 6.04 (1H, dd, J 8.0, 2.4 Hz, 

H-6), 4.80 (1H, s br, OH-7), 3.38 – 3.30 (2H, m, H-1’), 3.30 – 3.23 (2H, m, H-1), 2.71 

– 2.63 (2H, m, H-3), 2.25 (2H, td, J 6.9, 2.7 Hz, H-3’), 2.02 (1H, t, J 2.7 Hz, H-5’), 1.97 

– 1.88 (2H, m, H-2), 1.81 (p, J 6.9 Hz, H-2’); LRMS m/z (ESI+) 216 ([M+H]+, 100%); 

HPLC: retention time 8.7 mins, 99.0% purity. Due to the instability of the compound, 

carbon NMR was not collected.  

tert-Butyl (2-bromo-6-nitro-4-(5-((1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinolin-7-

yl)oxy)pentyl)phenyl)-D-alaninate (compound 82) 

 

Triphenylphosphine (2.21 g, 8.44 mmol, 1.3 equiv.) and diisopropyl azodicarboxylate 

(1.71 g, 8.44 mmol, 1.3 equiv.) were added to a flame dried flask under argon and to 
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this was added THF (30 mL) and this mixture was stirred for 30 mins at 0 °C. Tert-butyl 

(2-bromo-4-(5-hydroxypentyl)-6-nitrophenyl)-D-alaninate (2.80 g, 6.49 mmol, 1.0 

equiv.) was dissolved in THF (10 mL) under an argon atmosphere and then added to 

the flask at 0 °C and then this mixture was stirred for a further 15 mins at 0 °C. To this 

mixture was then added 1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinolin-7-ol (2.21 g, 

8.44 mmol, 1.3 equiv.) in THF (5 mL) and the reaction mixture was allowed to warm to 

r.t. and was stirred for 48 h. The reaction mixture was evaporated in vacuo and to this 

EtOAc (500 mL) was added, this was washed with H2O (3 × 400 mL), brine (400 mL), 

dried (MgSO4), filtered and then concentrated in vacuo to give the crude product as a 

brown oil. The crude oil was purified by flash silica column chromatography (elution 

with 0-50% Et2O in pet ether) to give tert-butyl (2-bromo-6-nitro-4-(5-((1-(pent-4-yn-1-

yl)-1,2,3,4-tetrahydroquinolin-7-yl)oxy)pentyl)phenyl)-D-alaninate as a bright orange 

oil (2.93 g, 72%); Rf 0.26 (1:9, EtOAc/pet ether); [𝛼]𝐷
25 = −154 (c 1.2, CHCl3); ν̄max (thin 

film CHCl3)/ cm-1 3230 (N-H, br w), 2935 (C-H, m), 1731 (C=O, s), 1534 (N-O, s);  1H 

NMR (600 MHz, CDCl3) δH 7.75 (1H, d, J 2.1 Hz, H-4), 7.57 (1H, d, J 2.1 Hz, H-6), 

6.82 (dt, J 8.1, 1.0 Hz, 1H, H-8’’’), 6.62 (1H, d, J 10.0 Hz, NH-2/2’), 6.16 (1H, d, J 2.4 

Hz, H-2’’’), 6.11 (dd, J 8.1, 2.4 Hz, 1H, H-9’’’), 4.44 (1H, dq, J 10.0, 7.0 Hz, H-2’), 3.92 

(2H, t, J 6.4 Hz, H-5’’), 3.35 (2H, t, J 7.2 Hz, H-1’’’’), 3.30 – 3.23 (2H, m, H-4’’’), 2.68 

(2H, t, J 6.3 Hz, H-6’’’), 2.64 – 2.54 (2H, m, H-1’’), 2.26 (2H, td, J 6.9, 2.7 Hz, H-3’’’’), 

1.98 (1H, t, J 2.7 Hz, H-5’’’’), 1.95 – 1.88 (2H, m, H-5’’’), 1.87 – 1.74 (4H, m, H-2’’, H-

2’’’’), 1.72 – 1.63 (2H, m, H-4’’), 1.55 – 1.46 (2H, m, H-3’’), 1.43 (3H, d, J 7.0 Hz, H-1’), 

1.36 (9H, s, H-5’); 13C NMR (151 MHz, CDCl3) δC 172.6 (C-3’), 158.8(C-1’’’), 146.2 

(C-3’’’), 141.6 (C-2), 140.0 (C-1), 139.6 (C-6), 135.8 (C-5), 129.6 (C-8’’’), 125.0 (C-4), 

116.4 (C-3), 115.3 (C-7’’), 100.9 (C-9’’’), 98.0 (C-2’’’), 84.1 (C-4’’’’), 81.9 (C-4’), 68.9 

(C-5’’’’), 67.7 (C-5’’), 55.4 (C-2’), 50.4 (C-1’’’’), 49.8 (C-4’’’), 34.5 (C-1’’), 30.9 (C-2’’), 
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29.3 (C-4’’), 27.9 (C-5’), 27.5 (C-6’’), 25.8 (C-3’’), 25.4 (C-2’’’’), 22.6 (C-5’’’), 19.3 (C-1’), 

16.2 (C-3’’’’); HRMS m/z (ESI+) [Found: 628.2378 C32H43
79BrN3O5 requires 628.2381 

[M+H]+ ]; LRMS m/z (ESI+) 628 ([M+H]+, 100%), 630 ([M+H]+, 97%); HPLC: retention 

time 14.8 mins, 97.0% purity. 

tert-Butyl (E)-(2-bromo-6-nitro-4-(5-((1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinolin-7-yl)oxy)pentyl)phenyl)-D-alaninate 

(compound 83) 

 

tert-Butyl (2-bromo-6-nitro-4-(5-((1-(pent-4-yn-1-yl)-1,2,3,4-tetrahydroquinolin-7-

yl)oxy)pentyl)phenyl)-D-alaninate (1.385 g, 2.20 mmol, 1.0 equiv.) and 

bis(cyclopentadienyl)zirconium(VI) chloride hydride (57 mg, 0.221 mmol, 0.1 equiv.) 

were added to a tapered microwave vial and sealed under an argon atmosphere in the 

absence of light. NEt3 (0.02 μL, 0.221 mmol, 0.1 equiv.) and 4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (350 μL, 2.42 mmol, 1.1 equiv.) were added and the reaction mixture 

was stirred at 60 °C under argon for 20 h in the dark. The reaction mixture was purified 

by flash silica column chromatography (elution with 0-100% CH2Cl2 in pet ether) to 

give tert-butyl (E)-(2-bromo-6-nitro-4-(5-((1-(5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinolin-7-yl)oxy)pentyl)phenyl)-
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D-alaninate as an orange oil (1.166 g, 70%); Rf 0.17 (1:9, EtOAc/pet ether); [𝛼]𝐷
25 = 

−156 (c 1.0, CHCl3); ν̄max (thin film CHCl3)/ cm-1 3230 (N-H, br w), 2935 (C-H, m), 1731 

(C=O, s), 1534 (N-O, s), 1365 (C=C, m), 1087 (C-O, s); 1H NMR (600 MHz, CDCl3) δH 

7.75 (1H, d, J 2.1 Hz, H-4), 7.57 (1H, d, J 2.1 Hz, H-6), 6.83 – 6.78 (1H, m, H-8’’’), 6.65 

(1H, dt, J 18.0, 6.3 Hz, H-5’’’’), 6.64 – 6.59 (1H, d, J 10.0 Hz, NH-2/2’), 6.12 – 6.06 

(2H, m, H2’’’, H-9’’’), 5.47 (1H, dt, J 18.0, 1.6 Hz, H-6’’’’), 4.44 (1H, dq, J 10.0, 7.0 Hz, 

H-2’), 3.91 (2H, t, J 6.4 Hz, H-5’’), 3.25 – 3.19 (4H, m, H-4’’’, H-1’’’’), 2.66 (2H, t, J 6.3 

Hz, H-6’’’), 2.59 (2H, t, J 7.8 Hz, H-1’’), 2.24 – 2.17 (2H, m, H-3’’’), 1.93 – 1.86 (2H, m, 

H-5’’’), 1.82 – 1.76 (2H, m, H-4’’), 1.76 – 1.70 (2H, m, H-2’’), 1.69 – 1.63 (2H, m, H-2’’’’), 

1.53 – 1.48 (2H, m, H-3’’), 1.43 (3H, d, J 7.0 Hz, H-1’), 1.36 (9H, s, H-5’), 1.26 (12H, 

s, H-8’’’’); 11B NMR (128 MHz, CDCl3) δB 29.7 (B-6’’’’); 13C NMR (151 MHz, CDCl3) δC 

172.6 (C-3’), 158.7 (C-1’’’), 153.7 (C-6’’’’), 146.3 (C-3’’’), 141.6 (C-2), 140.0 (C-1), 

139.6 (C-6), 135.8 (C-5), 129.5 (C-8’’’), 125.0 (C-4), 116.4 (C-3), 115.3 (C-7’’’), 100.5 

(C-9’’’), 98.0 (C-2’’’), 83.2 (C-7’’’’), 81.9 (C-4’), 67.6 (C-5’’), 55.4 (C-2’), 51.2 (C-1’’’’), 

49.6 (C-4’’’), 34.5 (C-1’’), 33.4 (C-3’’’’), 30.9 (C-2’’), 29.3 (C-4’’), 27.9 (C-5’), 27.6 

(C-6’’’), 25.8 (C-3’’), 25.0 (C-8’’’’), 24.9 (C-2’’’’), 22.6 (C-5’’’), 19.3 (C-1’); HRMS m/z 

(ESI+) [Found: 756.3390 C38H46
79Br11BN3O7 requires 756.3395 [M+H]+]; LRMS m/z 

(ESI+) 756 ([M+H]+, 100%), 758 ([M+H]+, 97%); HPLC: retention time 13.2 mins, 79.6% 

purity. 
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tert-Butyl (E)-(75-nitro-11,12,13,14-tetrahydro-13-oxa-1(1,7)-quinolina-7(1,3)-

benzenacyclotridecaphan-5-en-76-yl)-D-alaninate (compound 78) 

 

(E)-(2-Bromo-6-nitro-4-(5-((1-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-

en-1-yl)-1,2,3,4-tetrahydroquinolin-7-yl)oxy)pentyl)phenyl)-D-alaninate (414 mg, 0.547 

mmol, 1.0 equiv.), K2CO3 (453 mg, 3.28 mmol, 6.0 equiv.) and [1,1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (40 mg, 0.0547 mmol, 0.1 

equiv.) were placed under an argon atmosphere and to this was added 1,4-dioxane 

(219 mL) and H2O (54.7 mL) and the reaction mixture was heated to 100 °C for 48 h. 

After this time the solvent was removed in vacuo from the reaction mixture. The 

resulting residue was then dissolved in EtOAc (500 mL), which was washed with H2O 

(3 × 500 mL), brine (500 mL), dried (MgSO4), filtered and concentrated in vacuo to 

give the crude product as a brown oil. This was then purified by flash silica column 

chromatography (elution with 0-30% EtOAc in pet ether) to give tert-butyl (E)-(75-nitro-

11,12,13,14-tetrahydro-13-oxa-1(1,7)-quinolina-7(1,3)-benzenacyclotridecaphan-5-en-

76-yl)-D-alaninate as a bright orange oil (57 mg, 19%); Rf 0.27 (1:9, EtOAc/pet ether); 

[𝛼]𝐷
25 = −33.0  (c 0.2, CHCl3); ν̄max (thin film CHCl3)/ cm-1 3230 (N-H, br w), 2935 (C-H, 

m), 1731 (C=O, s), 1534 (N-O, s), 1365 (C=C, m), 1087 (C-O, s); 1H NMR (600 MHz, 

CD2Cl2) δH 7.75 (1H, d, J 2.1 Hz, H-4), 7.59 (1H, d, J 2.1 Hz, H-6), 6.82 – 6.76 (2H, m, 

NH-2/2’, H-19), 6.58 (1H, dt, J 15.7, 1.5 Hz, H-25), 6.30 (1H, ddd, J 15.7, 7.9, 6.5 Hz, 

H-24), 6.09 (1H, d, J 2.4 Hz, H-13), 6.05 (1H, dd, J 8.1, 2.4 Hz, H-20), 4.07 (1H, m, 
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H-2’), 3.93 (1H,ddd, J 8.9, 6.4, 4.0 Hz, HAHB-11), 3.87 (1H, ddd, J 8.9, 7.6, 4.0 Hz, 

HAHB-11), 3.36 – 3.16 (4H, m, H-15, H-21), 2.72 – 2.58 (4H, m, H-7, H-17), 2.44 – 2.35 

(1H, m, HAHB-23), 2.32 – 2.26 (1H, m, HAHB-23), 1.94 – 1.86 (2H, m, H-16), 1.86 – 

1.71 (6H, m, H-8, H-10, H-22,), 1.53 (2H, h, J 6.9 Hz, H-9), 1.41 (3H, d, J 7.0 Hz, H-1’), 

1.31 (9H, s, H-5’); 13C NMR (151 MHz, CD2Cl2) δC 173.2 (C-4’), 159.4 (C-12), 146.4 

(C-14), 141.8 (C-3), 140.5 (C-2), 135.7 (C-5), 134.7 (C-6), 132.9 (C-1), 132.7 (C-24), 

129.7 (C-19), 128.9 (C-25), 124.6 (C-4), 115.8 (C-19), 99.5 (C-13), 98.9 (C-20), 81.7 

(C-4’), 68.7 (C-11), 57.6 (C-2’), 49.7 (C-21), 49.0 (C-15), 34.0 (C-7), 30.5 (C-8), 29.9 

(C-23), 28.4 (C-10), 27.9 (C-5’), 25.9 (C-9), 24.4 (C-22), 22.9 (C-16), 19.6 (C-1’); 

HRMS m/z (ESI+) [Found: 550.3271 C32H44N3O5 requires 550.3275 [M+H]+]; LRMS 

m/z (ESI+) 550 ([M+H]+, 100%); HPLC: retention time 16.0 mins, 94.3% purity. 

(R,E)-2-Methyl-1,7,8,9,10,11,17,18,21,22-decahydro-2H,16H,20H-13,15-etheno-

6,25-(metheno)pyrazino[2,3-l]pyrido[2,1-d][1]oxa[5]azacycloicosin-3(4H)-one 

(compound 62) 

 

tert-Butyl (E)-(75-nitro-11,12,13,14-tetrahydro-13-oxa-1(1,7)-quinolina-7(1,3)-

benzenacyclotridecaphan-5-en-76-yl)-D-alaninate (57 mg, 0.104 mmol, 1.0 equiv.) was 

dissolved in TFA (1.0 mL) and CH2Cl2 (1.0 mL) and stirred at r.t. for 2.5h. The reaction 

was then concentrated under a flow of N2 to give a dark orange oil. To this was added 

zinc powder (171 mg, 2.59 mmol, 25 equiv.) and NH4Cl (140 mg, 2.59 mmol, 25 equiv.) 

and the reaction vessel was placed under an argon atmosphere to which was added 
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DMF (3.5 mL) and the reaction mixture was stirred at r.t. for 18 h. The reaction mixture 

was diluted with EtOAc (50 mL) and filtered through a Celite® pad, this was then 

washed with 10 wt% LiCl(aq) (2 × 25 mL), sat. NH4Cl(aq) (25 mL), sat. NaHCO3(aq) (25 

mL) and then brine (25 mL). The organic layer was then dried (MgSO4), filtered and 

evaporated in vacuo to afford an off white solid. This crude solid was then purified by 

flash silica column chromatography (elution with 0-100% EtOAc in pet ether) giving a 

colourless solid which was then further purified by semi-preparative HPLC (retention 

time of 10.10 mins) and the fractions containing compound were then lyophilised to 

give (R,E)-2-methyl-1,7,8,9,10,11,17,18,21,22-decahydro-2H,16H,20H-13,15-etheno-

6,25-(metheno)pyrazino[2,3-l]pyrido[2,1-d][1]oxa[5]azacycloicosin-3(4H)-one as a 

white lysophilate (24 mg, 52%); Rf 0.19 (Et2O); [𝛼]𝐷
25 = −12.3 (c 0.15, CHCl3); ν̄max 

(CHCl3 thin film)/ cm-1 2934 (C-H, s), 1663 (C=O, s), 1576 (N-H, s), 1506 (C=C, s); 1H 

NMR (600 MHz, d6-DMSO) δH 10.12 (1H, s, NH-3a/8), 6.95 (1H, d, J 1.8 Hz, H-6), 

6.75 (1H, d, J 15.5 Hz, H-28), 6.72 (1H, d, J 8.1 Hz, H-22), 6.48 (1H, d, J 1.8 Hz, H-4), 

6.18 (1H, dt, J 15.5, 7.0 Hz, H-27), 6.01 (1H, dd, J 8.1, 2.3 Hz, H-23), 5.97 (1H, d, J 

2.3 Hz, H-16), 5.57 (1H, d, J 2.2 Hz, NH-2a/7), 3.81 (2H, t, J 5.7 Hz, H-14), 3.75 (1H, 

qd, J 6.7, 2.2 Hz, H-7), 3.20 (4H, m, H-18, H-24), 2.58 (2H, t, J 6.4 Hz, H-20), 2.46 

(2H, t, J 6.4 Hz, H-10), 2.24 (2H, p, J 7.0 Hz, H-26), 1.85 – 1.78 (2H, m, H-19), 1.72 – 

1.57 (6H, m, H-11, H-13 ,H-25), 1.40 (2H, p, J 7.2 Hz, H-12), 1.27 (3H, d, J 6.7 Hz, 

H-9); 13C NMR (151 MHz,d6-DMSO) δC 168.5 (C-8), 158.3 (C-15), 145.3 (C-17), 

131.32 (C-5), 129.6 (C-27), 129.2 (C-3a), 129.0 (C-22), 127.0 (C-2a), 125.9 (C-28), 

121.8 (C-1), 119.5 (C-6), 114.5 (C-21), 114.1 (C-4), 99.4 (C-23), 97.8 (C-16), 67.2 (C-

14), 51.0 (C-7), 48.6 (C-24), 48.0 (C-18), 33.0 (C-10), 29.4 (C-11), 29.1 (C-26), 27.8 

(C-13), 26.8 (C-20), 23.6 (C-12), 23.4 (C-12, 22.0 (C-19), 17.4 (C-9); HRMS m/z (ESI+) 
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[Found: 446.2791 C28H35N3O2 requires 446.2802 [M+H]+]; LRMS m/z (ESI+) 446 

([M+H]+, 100%); HPLC: retention time 12.5 mins, 98.5% purity.  

 

 

tert-Butyl (E)-(4-(5-hydroxypentyl)-2-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-

1-en-1-yl)-6-nitrophenyl)-D-alaninate (compound 85) 

 

tert-Butyl (2-bromo-4-(5-hydroxypentyl)-6-nitrophenyl)-D-alaninate (165 mg, 0.383 

mmol, 1.0 equiv.), (E)-7-Methoxy-1-(5(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pent-4-en-1-yl)-1,2,3,4-tetrahydroquinoline (205 mg, 0.574 mmol, 1.5 equiv.), [1,1′-
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Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (30 mg, 0.0383, 0.1 equiv.)and 

K2CO3 (100 mg, 0.574 mmol, 1.5 equiv.) were added to a flame dried flask under an 

argon atmosphere. To this was added 1,4-dioxane (3.0 mL) and H2O (1.0 mL) and the 

reaction was then heated to 100 °C for 24 h. After the reaction was cooled to r.t., the 

solvents were removed in vacuo and then the resultant residue was dissolved in 

EtOAc (100mL) and filtered through a pad of Celite®. The filtrate was washed with sat. 

NaHCO3(aq) (3 × 100 mL) followed by brine (50 mL), the organic layer was dried 

(MgSO4), filtered and then the solvent was removed in vacuo to give a brown oil. The 

crude product was purified by flash silica column chromatography (elution with 0-100% 

EtOAc in pet ether) to give tert-butyl (E)-(4-(5-hydroxypentyl)-2-(5-(7-methoxy-3,4-

dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-6-nitrophenyl)-D-alaninate as a bright orange 

oil (143 mg, 64 %); Rf 0.27 (1:1, EtOAc/pet ether); [𝛼]𝐷
25 = −161 (c 0.9, CHCl3); ν̄max 

(CHCl3 thin film)/ cm-1 3355 (N-H, w), 2934 (C-H, s), 1731 (C=O, s), 1508 (N-O, s); 1H 

NMR (600 MHz, CDCl3) δH δ 7.74 (1H, d, J 2.1 Hz, H-4), 7.30 (1H, d, J 2.1 Hz, H-6), 

6.90 – 6.83 (2H, m, NH-2/2’, H-5’’), 6.50 – 6.44 (1H, m, H-5’’’), 6.20 – 6.11 (3H, m, 

H-6’’, H-8’’, H-4’’’), 4.05 (1H, dq, J 10.7, 7.0 Hz, H-2’), 3.75 (3H, s, H-10’’), 3.64 (2H, t, 

J 6.5 Hz, H-5’’’’), 3.33 – 3.26 (4H, m, H-1’’, H-1’’’), 2.69 (2H, t, J 6.3 Hz, H-3’’), 2.60 – 

2.56 (2H, m, H-1’’’’), 2.35 – 2.28 (2H, m, H-3’’’), 1.96 – 1.89 (2H, m, H-2’’), 1.82 (2H, 

h, J  6.5 Hz, H-2’’’), 1.68 – 1.54 (4H, m, H-2’’’’, H-4’’’’),  1.43-1.37 (2H, m, H-3’’’’), 1.39 

(3H, d, J 7.0 Hz, H-1’), 1.31 (9H, s, H-5’); 13C NMR (151 MHz, CDCl3) δC 172.8 (C-3’), 

159.4 (C-7’’), 146.2 (C-9’’), 141.0 (C-2a), 140.5 (C-1), 134.9 (C-3), 134.6 (C-6), 132.7 

(C-5), 132.5 (C-4’’’), 129.6 (C-5’’), 127.7 (C-5’’’), 123.9 (C-4), 115.5 (C-4’’), 99.6 (C-6’’), 

97.7 (C-8’’), 81.6 (C-4’), 63.0 (C-5’’’’), 57.2 (C-2’), 55.3 (C-10’’), 51.3 (C-1’’’), 49.7 

(C-1’’), 34.9 (C-1’’’’), 32.7 (C-2’’’’), 31.0 (C-4’’’’), 30.85 (C-3’’), 27.8 (C-5’), 27.6 (C-3’’), 

26.0 (C-2’’’), 25.5 (C-3’’’’), 22.6 (C-2’’), 19.5 (C-1’); HRMS m/z (ESI+) [Found: 582.3527 
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C33H48N3O6 requires 582.3538 [M+H]+]; LRMS m/z (ESI+) 582 ([M+H]+, 100%); HPLC 

(retention time 13.1 mins) 96.5% purity. 

(R,E)-7-(5-Hydroxypentyl)-5-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-

yl)-3-methyl-3,4-dihydroquinoxalin-2(1H)-one (compound 84) 

 

tert-Butyl (E)-(4-(5-hydroxypentyl)-2-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-

1-en-1-yl)-6-nitrophenyl)-D-alaninate (250 mg, 0.430 mmol, 1.0 equiv.) was dissolved 

in CH2Cl2 (3 mL) and TFA (3 mL) and then stirred at r.t. for 3.5 h. After this time the 

solvents were removed in vacuo to give a dark orange oil. To this was added zinc 

powder (985 mg, 15.1 mmol, 35 equiv.) and ammonium chloride (808 mg, 15.1 mmol, 

35 equiv.) and the flask was placed under an argon atmosphere and DMF (7 mL) was 

added, and the reaction mixture stirred at r.t. for 24h. After this time the reaction was 

diluted with EtOAc (100 mL) and filtered through a Celite® pad. The filtrate was then 

washed with sat. NH4Cl(aq) (100 mL), 10 wt% LiCl(aq) (50 mL) and brine (3 × 50 mL), 

dried (MgSO4), filtered and concentrated in vacuo to give a light brown oil. The crude 

product was then purified by flash silica column chromatography (elution with 0-100% 

EtOAc in pet ether) to give an off white solid which was further purified by 

semi-preparative HPLC (retention time of 7.97 mins) and then lyophilised to give (R,E)-

7-(5-hydroxypentyl)-5-(5-(7-methoxy-3,4-dihydroquinolin-1(2H)-yl)pent-1-en-1-yl)-3-

methyl-3,4-dihydroquinoxalin-2(1H)-one as an off white solid (134 mg, 65 %); Rf 0.41 

(EtOAc); m.p 156 –158 °C (H2O/MeCN); [𝛼]𝐷
25 = −8.9 (c 1.0, CHCl3); ν̄max (CHCl3 thin 
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film)/ cm-1 2933 (C-H, s), 1668 (C=O, s), 1508 (C=C, s), 1049 (C-O, s); 1H NMR (600 

MHz, DMSO) δH 10.09 (1H, s, NH-3a/8), 6.78 (1H, d, J 1.8 Hz, H-4), 6.74 (1H, d, J 8.1 

Hz, H-5’), 6.64 (1H, dt, J 15.5, 1.5 Hz, H-5’’), 6.47 (1H, d, J 1.8 Hz, H-6), 6.12 (1H, dt, 

J 15.5, 6.9 Hz, H-4’’), 6.07 (1H, d, J 2.4 Hz, H-8’), 6.04 (1H, dd, J 8.1, 2.4 Hz, H-6’), 

5.50 (1H, d, J 2.3 Hz, NH-2a/7), 4.31 (1H, t, J 5.1 Hz, OH-5’’’), 3.73 (1H, qd, J 6.7, 2.3 

Hz, H-7), 3.62 (3H, s, H-10’), 3.37 (2H, td, J  6.5, 5.0 Hz, H-5’’’), 3.25 (4H, dt, J 11.8, 

6.5 Hz, H-1’, H-1’’), 2.59 (2H, t, J 6.3 Hz, H-3’), 2.39 (2H, t, J 7.7 Hz, H-1’’’), 2.27 – 

2.20 (2H, m, H-3’’), 1.85 – 1.78 (2H, m, H-2’), 1.70 (2H, p, J  7.5 Hz, H-2’’), 1.52 – 1.46 

(m, 2H, H-2’’’), 1.43 (2H, dt, J  14.3, 6.7 Hz, H-4’’’), 1.33 – 1.26 (2H, m, H-3’’’), 1.25 

(3H, d, J  6.7 Hz, H-9); 13C NMR (151 MHz, d6-DMSO) δC 168.5 (C-8), 158.9 (C-7’), 

145.7 (C-9’), 131.8 (C-5), 130.4 (C-4’’), 129.2 (C-5’), 128.8 (C-2a), 126.7 (C-3a), 124.9 

(C-5’’), 122.5 (C-1), 119.5 (C-4), 114.4 (C-4’), 113.5 (C-6), 99.7 (C-6’), 96.7 (C-8’), 60.7 

(C-5’’’), 54.6 (C-10’), 51.1 (C-7), 50.2 (C-1’’), 48.7 (C-1’), 34.7 (C-1’’’), 32.4 (C-4’’’), 

31.2 (C-2’’’), 30.4 (C-3’’), 26.9 (C-3’), 25.4 (C-2’’), 25.2 (C-3’’’), 22.0 (C-2’), 17.4 (C-9); 

HRMS m/z (ESI+) [Found: 478.3056 C29H40N3O3 requires 478.3064 [M+H]+ ]; LRMS 

m/z (ESI+) 628 ([M+H]+, 100%), 630 ([M+H]+, 97%); HPLC (retention time 10.4 mins) 

98.4% purity. 
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Appendix A: Plasmid structures of both the CBPBRD and BRD4(1) 

domains 

 

Appendix A: A visual representation of the plasmid cloning and expression vector, pNIC28-Bsa4, which 

is drawn to scale. The vector contains in-frame hexa-histidine (His6) codons, located directly after the 

initiation start (ATG), for protein purification by immobilized metal affinity chromatography. The 

T7promoter is used for transcribing target gene. Protein expression can be initiated by addition of IPTG 

(isopropyl β-D-1-thiogalactopyranoside), which removes transcriptional repression exerted by the LacI 

repressor (encoded by the constitutively expressed lacI gene). The locations of TEV site (protease 

cleavage site for removal of the His6 tag) are indicated. 

  



 
 

Appendix B: Protein gels and MS data after purification for CBPBRD 

and BRD4(1) 

 

Appendix B Figure 1: Analysis of purified H6-CBPBRD (1081…1197aa); A). Imaged gel of purified 

H6-CBPBRD and page rule prestained protein ladder demonstrating protein mass; B). raw MS data of 

CBPBRD analysed by LC-MS(TOF) (top) and the deconvoluted MS between 10 kDa and 20 kDA showing 

the protein mass of 16673 Da.  



 
 

 

Appendix B Figure 2: Analysis of purified CBPBRD post TEV cleavage; A). Imaged gel of purified CBPBRD 

and page rule prestained protein ladder demonstrating protein mass; B). deconvoluted MS of CBPBRD 

purified after TEV site cleavage analysed by LC-MS(TOF), demonstrating the mass of 14207 Da.  



 
 

 

Appendix B Figure 3: Analysis of purified H6-BRD4(1) (44…168aa) A). Imaged gel of purified H6-

BRD4(1) and page rule prestained protein ladder demonstrating protein mass; B). raw MS data of 

CBPBRD analysed by LC-MS(TOF) (top) and the deconvoluted MS between 15 kDa and 27 kDA showing 

the protein mass of 17548 Da.  
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Appendix C: LC-MS traces from different reaction screens presented 

throughout this thesis  

 

Appendix C Figure 1: reaction condition 1, K2CO3, DMF, 85 °C, 18 h, gives a 1 : 0.2 ratio of unreacted 

phenol with desired product.  

 

Appendix C Figure 2: reaction condition 2, K2CO3, DMF, 100 °C, 18 h, gives a 1 : 0.1 ratio of unreacted 

phenol with desired product. 



 
 

Appendix C Figure 3: reaction condition 3, K2CO3, TBAI, DMF, 85 °C, 18 h, gives a 1 : 0.4 ratio of 

unreacted phenol with desired product. 

 

Appendix C Figure 4: reaction condition 4, K2CO3, MeCN, 85 °C, 18 h, gives a 1 : 0.2 ratio of unreacted 

phenol with desired product. 



 
 

Appendix C Figure 5: reaction conditions 5, Cs2CO3, DMF, 85 °C, 18 h, gives a 1 : 0.7 ratio of unreacted 

phenol with desired product. 

 

Appendix C Figure 6: reaction conditions 6, Cs2CO3, MeCN, 85 °C, 18 h, gives a 1 : 0.2 ratio of 

unreacted phenol with desired product. 



 
 

Appendix C Figure 7: reaction conditions 7, K2CO3, DMSo/MeCN (1:1), 100 °C, 1 h, μW, gives a 1:0.2 

ratio of unreacted phenol with desired product. 

 

Appendix C Figure 8: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 5, 

Figure XX8) for DIAD, triphenylphosphine in THF, which is the condition carried forward to large scale, 

with the product peak shown by blue arrow.  



 
 

Appendix C Figure 9: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 5, 

Figure XX8) for DEAD, triphenylphosphine in THF, with the product peak shown by blue arrow. 

 



 
 

Appendix C figure 10: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 5, 

Figure XX8) for DTBAD, triphenylphosphine in THF, with the product peak shown by blue arrow. 

 



 
 

Appendix C Figure 11: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 

5, Figure XX8) for DIAD, DPPE in THF, with the product peak shown by blue arrow. 

  



 
 

Appendix C Figure 12: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 

5, Figure XX8) for DIAD, triphenylphosphine in Et2O, with the product peak shown by blue arrow. 

 



 
 

Appendix C Figure 13: LC-MS chromatogram and MS shown for Mitsunobu reaction screen (Chapter 

5, Figure XX8) for DIAD, triphenylphosphine in THF/tol (2:3), with the product peak shown by blue arrow.  



 
 

Appendix D: ITC data for compounds discussed in this thesis 

Presented below are the ITC traces (including repeats) for the compounds synthesised 

in this thesis, including the mean binding affinity (Kd) and stoichiometry (N sites) along 

with the standard error of each value (SEM) and the number of repeats (n = x). The 

ITC traces are shown in order of compound numbering.  



 
 

Appendix D, Figure 1: representative examples of water-to-water ITC traces, negative controls. 



 
 

Appendix D, Figure 2: Representative examples of buffer-to-buffer ITC traces, negative controls. 



 
 

Appendix D, Figure 3: ITC data for ligand OXFBD05 binding to the CBPBRD.  



 
 

Appendix D, Figure 4: ITC data for ligand JQ-1 binding to BRD4(1). 



 
 

Appendix D, Figure 5: ITC data for Inobrodib binding to the CBPBRD. 



 
 

Appendix D, Figure 6: ITC trace for the binding of compound 10 to the CBPBRD. 



 
 

Appendix D, Figure 7: ITC trace for the binding of compound 14 to the CBPBRD. 



 
 

Appendix D, Figure 8: ITC trace for the binding of compound 15 to the CBPBRD. 



 
 

Appendix D, Figure 9: ITC trace for the binding of compound 16 to the CBPBRD. 



 
 

Appendix D, Figure 10: ITC trace for the binding of compound 17 to the CBPBRD. 

 



 
 

Appendix D, Figure 11: ITC trace for the binding of compound 18 to the CBPBRD. 



 
 

Appendix D, Figure 12: ITC trace for the binding of compound 19 to the CBPBRD. 



 
 

Appendix D, Figure 13: ITC trace for the binding of compound 39 to the CBPBRD. 



 
 

Appendix D, Figure 14: ITC trace for the binding of compound 40 to the CBPBRD. 



 
 

Appendix D, Figure 15: ITC trace for the binding of compound 14 to the BRD4(1). 



 
 

Appendix D, Figure 16: ITC trace for the binding of compound 15 to the BRD4(1). 



 
 

Appendix D, Figure 17: ITC trace for the binding of compound 16 to the BRD4(1). 



 
 

Appendix D, Figure 18: ITC trace for the binding of compound 17 to the BRD4(1). 



 
 

Appendix D, Figure 19: ITC trace for the binding of compound 18 to the BRD4(1). 



 
 

Appendix D, Figure 20: ITC trace for the binding of compound 19 to the BRD4(1). 



 
 

Appendix D, Figure 21: ITC trace for the binding of compound 39 to the BRD4(1). 



 
 

Appendix D, Figure 22: ITC trace for the binding of compound 40 to the BRD4(1). 

 



 
 

Appendix D, Figure 23: ITC trace for the binding of compound 49 to the CBPBRD. 



 
 

Appendix D, Figure 24: ITC trace for the binding of compound 50 to the CBPBRD. 

 



 
 

Appendix D, Figure 25: ITC traces for the binding of ligand 62 to the CBPBRD. 



 
 

Appendix E: Raw BromoKdElect and BromoMax Data and the 

corresponding compounds 

Appendix E Figure 1: BromoKdElect binding curves for CBPBRD, p300BRD, BRD4(1) and BRD4(2) for the 

ligand shown. 



 
 

Appendix E Figure 2: BromoKdElect binding curves for CBPBRD, p300BRD, BRD4(1) and BRD4(2) for the 

ligand shown. 



 
 

Appendix E Figure 3: BromoKdElect binding curves for CBPBRD, p300BRD, BRD4(1) and BRD4(2) for the 

ligand shown.  



 
 

Appendix E Figure 4: BromoKdElect binding curves for CBPBRD, p300BRD, BRD4(1) and BRD4(2) for the 

ligand shown. 



 
 

Appendix E Figure 5: BromoKdElect binding curves for CBPBRD, p300BRD, BRD4(1) and BRD4(2) for the 

ligand shown. 

 

Appendix E Figure 6: BromoKdElect binding curves for CBPBRD for the ligand shown. 

 



 
 

Appendix E figure 7: BromoMax data for the compound 19 at 1 μM shown, binding tested against 32 

bromodomain containing protein (green or red dots on the phylogenetic tree), with red dots indicating 

binding interactions and the sizes of those dots denoting the strength of the interaction (right bottom), 

the raw data table and the legend are displayed (left hand side) along with the chemical structure (top 

right). 



 
 

Appendix E figure 8: BromoMax data for the compound 19 at 10 μM shown, binding tested against 32 

bromodomain containing protein (green or red dots on the phylogenetic tree), with red dots indicating 

binding interactions and the sizes of those dots denoting the strength of the interaction (right bottom), 

the raw data table and the legend are displayed (left hand side) along with the chemical structure (top 

right). 

 

  



 
 

Appendix F: Supplementary crystal structure figures for the 

compounds presented in this thesis bound to the CBPBRD 

 

Appendix F, Figure 1: X-ray co-crystal structure of ligand 10 (light blue) in complex with the CBPBRD 

(PDB: 9GEY) at 1.56 Å resolution, viewed from the side of the binding pocket along the ZA channel with 

water occupying the channel. All residues which the ligand interacts with are displayed (green) with 

labels and the backbone amide removed for clarity unless otherwise involved in hydrogen bonding and 

the hydrogen bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the 

chemical structure of 10 shown in the top right. 



 
 

 

Appendix F, Figure 2: X-ray co-crystal structure of ligand 10 (light blue) in complex with the CBPBRD 

(PDB: 9GEY) at 1.56 Å resolution, viewed from the top of the binding pocket along the ZA channel with 

water occupying the channel. All residues which the ligand interacts with are displayed (green) with 

labels and the backbone amide removed for clarity unless otherwise involved in hydrogen bonding and 

the hydrogen bonding interactions to the ligand highlighted by the dashed (yellow) lines, and with the 

chemical structure of 10 shown in the top right. 

  



 
 

 

Appendix F Figure 3: Heptameric crystal structure; A). top-down view of the heptamer with the protein 

units in green, waters molecules in red as crosses, sulphate anions as yellow and macrocycle shown 

in cyan; B) the same crystal structure but viewed from the side of the heptameric unit.  



 
 

Appendix F Figure 4: Overlay of the seven units within the heptameric structure, proving that it is homo-

heptameric, with each unit and its corresponding ligand presented as different colours; A). overlay of 

the whole bromodomain; B). overlay zoomed into the binding site of the macrocycle, with the surface 

visible for a single monomer unit.  



 
 

Appendix G: Full AUC data  

 

Appendix G Figure 1: AUC data for the CBPBRD only without addition of any ligands. 

Sed coefficient [s] 



 
 

 

Appendix G Figure 2: AUC data for 19 and the CBPBRD with 20 μM of ligand and 40 μM of protein without ligand 19 added to the reference cell.  

Sed coefficient [s] 



 
 

 

Appendix G Figure 3: AUC data for 19 and the CBPBRD with 40 μM of ligand and 40 μM of protein without ligand 19 added to the reference cell. 



 
 

 

Appendix G Figure 4: AUC data for 19 and the CBPBRD with 60 μM of ligand and 40 μM of protein without ligand 19 added to the reference cell. 

Sed coefficient [s] 



 
 

 

Appendix G Figure 5: AUC data for 19 and the CBPBRD with 20 μM of ligand and 40 μM of protein with ligand 19 added to the reference cell. 



 
 

 

Appendix G Figure 6: AUC data for 19 and the CBPBRD with 40 μM of ligand and 40 μM of protein with ligand 19 added to the reference cell. 

 



 
 

 

Appendix G Figure 7: AUC data for 19 and the CBPBRD with 60 μM of ligand and 40 μM of protein with ligand 19 added to the reference cell. 



 
 

Appendix H: Native Protein Mass Spectrometry data 

 

Appendix H, Figure 1: Zoomed in native-MS of the CBPBRD showing different ionisation states with both folded and unfolded BRD at different concentrations and ionisation energies. 

This demonstrates that the native-MS method can detect the pure CBPBRD with high mass accuracy (molecular weight = 16668.2 ±2.2 Da using this technique) which is close to 

the mass given using the protein LC-MS method.  



 
 

 

Appendix H, Figure 2: Zoomed in native-MS of the CBPBRD with and without addition of ligand 19. The addition of the ligand can be seen in the red boxes, causing a mass shift, 

leaving little unbound CBPBRD, upon increasing the ionisation energy, ligand 19 dissociates from its binding complex. With addition of ligand 19, the CBPBRD appears stabilised as 

there are less unfolded protein and partially folded protein present.   



 
 

Appendix I: HPLC Chromatograms for Biologically evaluated Compounds 

Below are the HPLC chromatograms for all biologically evaluated compounds in order of appearance or testing presented in this thesis: 
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Appendix I: NMR Spectra for Novel Compounds 

Below are presented the NMR spectra for all the novel compounds synthesised during this study and any non-novel biologically tested compounds. 

The spectra for each compound are presented in order of increasing nuclear mass. The spectra are shown in order of compound appearance during 

the results and discussion chapters presented prior. 
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