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Abstract 

Pan-BET inhibitors show profound anti-proliferative and anti-inflammatory activity and, as 

such, several compounds have entered clinical trials for oncology indications. However, dose-

limiting toxicities have been observed in patients which could limit their use. As the BET 

family consists of 4 bromodomain containing proteins (BRD2, 3, 4, and T), each of which 

contain 2 bromodomains (a BD1 and a BD2 domain), there is the potential that inhibitors 

which selectively target a single protein or domain, will retain efficacy and mitigate the dose-

limiting toxicity observed with pan-BET inhibitors. 

 

This work describes the development of a series of BD2 selective 2,3-dihydrobenzofurans as 

highly potent BD2 inhibitors with 1000-fold selectivity over BD1. Investment in the 

development of two orthogonal routes delivered inhibitors which were potent and selective 

but had raised in vitro clearance and low solubility. An in silico Metasite prediction identified 

dehydrogenation of the 2,3-dihydrobenzofuran as a metabolic weakness. Insertion of a 

synthetically challenging quaternary centre into the 2,3-dihydrobenzofurans blocked the 

predicted site of metabolism and improved solubility. This led to the development of GSK852; 

a potent, 1000-fold selective, highly soluble compound with good in vivo rat and dog PK as a 

promising pre-candidate molecule.  

 

Whilst the BET family has generated much excitement in drug discovery, it contains only 8 of 

the 61 known bromodomains. The function of many of the non-BET bromodomains is 

currently unknown and there is significant interest in the development of selective chemical 

probes which will enable elucidation their biological roles and identify new therapeutic 

targets. This work also details the identification of a chemical probe for the CECR2 

bromodomain. Starting from a promiscuous template, work was carried out to improve the 

potency, selectivity and physico-chemical properties of the chemotype. Structure based 

optimisation of a hydantoin lead to the development of GSK232, a highly potent, selective 

and soluble chemical probe for CECR2. 
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1. Introduction 

1.1. Medicinal Chemistry 

1.1.1. The Application of Medicinal Chemistry Principles 

Fundamentally, medicinal chemistry is the discipline of developing a candidate drug molecule 

capable of successfully testing a disease hypothesis in clinical trials, hopefully resulting in the 

launch of a new medicine. The development of a drug from target validation through to 

market launch, is a long, difficult, and expensive process, throughout which the disease 

hypothesis will be thoroughly tested in clinical trials, more often than not leading to failure 

of the drug candidate in question (Figure 1.01).1 It is the job of the medicinal chemist to use 

an interdisciplinary approach to reduce the high attrition rate associated with drug discovery 

by identifying the optimal drug candidate which has the highest chance of success during 

lead optimisation.  

 

 

Figure 1.01. The drug discovery journey from target identification to market launch. 

 

The development of a clinical candidate is a multiparameter optimisation, usually carried out 

through an iterative cycle of design-make-test, whereby each iteration provides marginal 

improvements to the template until the desired criteria are met (Figure 1.02). It is rarely a 

straightforward progression from hit to candidate. Therefore, decision making is key, and 

must be based on robust data, generated in a time-efficient manner and backed up by a 

suitable synthetic strategy which all serve to reduce the cycle time and identify a clinical 

candidate in a short time frame.1  
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Figure 1.02. The medicinal chemistry design-make-test cycle. 

 

Once the optimal compound has been identified, a drug company must decide whether to 

progress the drug candidate to clinical trials for which there is a high attrition rate.2, 3 Drugs 

fail in the clinic for two main reasons: lack of safety and efficacy. That is, either they do not 

work, or they do not work at a safe dose. Due to high drug attrition rates, there has been 

discussion in the literature about the most effective way to improve the chances of success. 

AstraZeneca have recently developed principles termed the 5R framework from an analysis 

of 142 projects carried out between 2005 and 2011.4, 5 The aim was to identify and 

understand which features of projects gave successful outcomes and what caused project 

closure. From this arose the 5 Rs which were: right target; right tissue, right safety, right 

patients, right commercial potential. Firstly, these factors show the importance of choosing 

the right target. A good target needs to show a strong link between target and disease (i.e. 

inhibition or activation of a protein or pathway results in the desired phenotype) ideally 

through genetic validation, show differentiated efficacy, meet clinical and commercial needs 

and importantly be druggable. Target validation is essential for drug discovery and will be 

discussed further in Section 3.1. The authors also highlight the importance of bioavailability 

and tissue exposure, which will come from a clear understanding of preclinical 

pharmacokinetics (PK) and pharmacodynamics (PD). The authors later showed that 

implementation of this framework had a positive impact on AstraZeneca’s pipeline.6  

 

Other companies have also looked at their own drug attrition rates. In 2012, Pfizer carried 

out an analysis of 44 programmes which had been through a phase II clinical trial.7 The 
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majority of failures were caused by lack of efficacy however, in only 43% of the trials was it 

felt that the disease hypothesis had been adequately tested. Only 8 of the 44 programmes 

progressed to phase III trials. From their analysis, Pfizer developed the three pillars of survival 

which need to be demonstrated for the highest chance of success. They are: exposure at the 

site of action, target engagement and functional pharmacology (Figure 1.03).  

 

 

Figure 1.03. The Pfizer three pillars. 

 

Adherence to the three pillars gives confidence that the disease hypothesis has been 

successfully tested. Therefore, even when progression is halted through lack of efficacy, this 

is because the pharmacological target is not relevant to the disease. To achieve the objectives 

set out in these frameworks, medicinal chemists must ensure that drug candidates are 

efficacious at the protein target and have the correct chemical properties that will allow them 

to reach the site of action for a sufficient duration to cause a phenotypic effect and if that 

phenotype is not observed. It is not through a lack of target engagement. Therefore, the data 

which medicinal chemists use to develop drug candidates must be examined to ensure that 

these aims are met. 

 

1.1.2. Exposure at the Site of Action 

Pharmacokinetics 

Pfizer’s 3 pillars and AstraZeneca’s 5Rs both highlighted the importance of ensuring that the 

compound of interest reaches the desired site of action.5, 7 Understanding the 

pharmacokinetics (PK),  of a molecule is crucial for drug development. PK is concerned with 

measuring and understanding absorption, distribution, metabolism, excretion and toxicity 

(ADMET) of a pharmaceutical agent. As these properties can’t be directly measured in 
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humans before the onset of a clinical trial, PK is predicted from animal models and in vitro 

hepatocyte preparations from animal species and humans. The aim is to establish an in 

vitro/in vivo correlation between animal in vitro and in vivo data and then scale this data to 

predict human PK. 

 

Due to ethical considerations, which strive to minimise the number of animals used, in vitro 

studies are conducted first to establish a rationale for progression to in vivo studies. In vitro 

clearance (IVC) is used to determine how quickly a compound is broken down by the body. 

In this work, the hepatocyte metabolic stability was assessed. Isolated hepatocytes of three 

species (rat, dog and human) were utilised. Hepatocytes are cells which constitute most of 

the liver tissue and contain both phase I (P450 enzymes) and phase II drug metabolising 

enzymes which allows for the metabolic profile of the potential drug to be assessed. 

Approximately 60% of marketed compounds are cleared by CYP-mediated metabolism, so 

assessing this at an early stage is crucial to understanding the PK.8 A low value for IVC is 

desirable, as this provides confidence that metabolism will be low. It is hoped that this will 

correlate with lower clearance in vivo. Achieving a suitable clearance and bioavailability in 

two species is crucial as this will permit the building of an in vitro/in vivo model. Additionally, 

two animal species (rodent and non-rodent) need to be dosed at multiples above the 

predicted efficacious exposure to establish safety margins. 

 

Animals are given both an intravenous (IV) and oral dose and the concentration of the 

compound in the blood is measured over time (Figure 1.04). From these plots an 

understanding of the PK can be achieved. The half-life (t1/2) or the time taken for the 

concentration to decline by 50% can be determined from the terminal gradient of the curves. 

The area under the curve (AUC) is the total amount of drug reaching systemic circulation and 

is used to determine exposure. Oral bioavailability (%Fpo) looks at the normalised ratio of 

exposure from an oral dose compared to an intravenous (IV) dose and can be calculated using 

the equation in Figure 1.04. %Fpo is dependent on absorption and first pass liver metabolism. 
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%𝐹𝑝𝑜 =  
𝐴𝑈𝐶𝑝𝑜

𝐴𝑈𝐶𝐼𝑉

𝐷𝑜𝑠𝑒𝐼𝑉

𝐷𝑜𝑠𝑒𝑝𝑜
                𝐶𝑙 =  

%𝐹 𝑥 𝐷𝑜𝑠𝑒

𝐴𝑈𝐶
                𝑉𝑠𝑠 =  

𝑡1/2 𝑥 𝐶𝑙

𝑙𝑛2
 

 

Figure 1.04. Concentration time graphs for both IV and oral administration to animals. Important 

equations used to determine %Fpo, CLb and Vss are shown beneath. 

 

The rate at which a compound is removed from the body will affect both the %Fpo and t1/2. 

Clearance (CLb) is a measure of the volume of plasma/blood irreversibly cleared of drug per 

unit time and can be calculated using the equation in Figure 1.04. The theoretical maximum 

rate for drug removal is given by the rate of circulation through the liver, termed the liver 

blood flow. The rate of CLb can therefore also be expressed as percentage liver blood flow 

(%LBF). The volume of distribution at steady state (Vss) is the theoretical volume the total 

drug in the body would occupy at steady state if the concentration is uniform throughout the 

body (Figure 1.04). A higher Vss indicates a greater degree of distribution of the drug in the 

body tissue rather than the plasma. Clearance along with volume of distribution define the 

exposure profile of the molecule. By factoring in protein binding, these parameters 

determine the free blood concentration available to engage the target. For a clinical 

candidate, a high unbound blood concentration with a low predicted human dose from oral 

delivery is desired and a low unbound clearance is vital for this. 

  

Measuring Physico-chemical Properties 

The physico-chemical properties of a molecule are essential to its success as a drug. Following 

the three pillars, a molecule needs to have suitable physico-chemical properties to reach the 

site of action within the human body. First and foremost, amongst the physico-chemical 

measurements is lipophilicity. Generally, a more lipophilic compound will be more potent 

against the target protein; this is because the active site of the target is more hydrophobic 

than the surrounding aqueous environment. However, this is usually associated with raised 

metabolism, due to increased affinity for metabolic enzymes such as P450s.9 Lipophilic 
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compounds are also normally more promiscuous, leading to a greater risk of toxicity. For 

example, inhibition of human Ether-à-go-go-gene (hERG), a potassium ion channel which 

coordinates the heartbeat, is more likely with more lipophilic compounds. Inhibition of hERG 

should be avoided as it can potentially be fatal.10 Furthermore, high lipophilicity correlates 

with higher plasma protein binding. In order to interact with the target protein a drug must 

be unbound. Therefore, clearance should be considered in terms of plasma protein binding, 

in order to derive a meaningful picture of free concentration available to the target.11 If the 

lipophilicity is too low and a compound becomes very hydrophilic, this usually correlates with 

a low permeability, although this will also depend on the molecular weight and number of H-

bond donors and acceptors. The bioavailability of the drug, which depends on the rate of 

absorption through the gut, may therefore also decrease as the lipophilicity is lowered.12, 13 

Lipophilicity is therefore a balance, but an important indicator of the desirable properties of 

a drug. Throughout this work ChromLogD7.4 was used as a measurement of lipophilicity at 

physiological pH.14 This is a chromatographic variant of logD, which is a measure of the 

partition coefficient of the concentration of the drug in a mixture of octanol and water at a 

specific pH. ChromLogD7.4 is therefore a useful indicator of the properties of a drug. To 

eliminate charge effects caused by protonation, ChromLogD10.5 can be used as a surrogate 

for logP. The Property Forecast Index (PFI) [ChromLogD7.4 + aromatic ring count] is a related 

measurement which is generally considered to be a good predictor of solubility and off-target 

activity (e.g. P450).15 A PFI of <6 is desired as this has been shown to correlate well with good 

solubility.15 During this work, a well validated model for ChromLogD7.4 was also utilised to 

predict the lipophilicity of molecules. As a result, compounds outside of the targeted space 

did not have to be prepared. 

 

Solubility is another important parameter for drug discovery. Insufficient solubility may 

compromise assay data as the compound cannot be dissolved to the necessary aqueous 

concentration.16 Poor solubility is a risk factor for low oral absorption. An oral drug has a 

finite time and volume (length of gut) to be absorbed. Absorption can only happen if a 

compound is dissolved, therefore, if a compound does not have sufficient solubility only a 

portion will dissolve and can be absorbed. This is known as the solubility limited absorbable 

dose (SLAD). If SLAD is reached, the only way to improve absorption is to bioenhance the 

drug (i.e. change the form/version or particle size). Therefore, poor solubility correlates with 

higher development costs due to the additional time and effort it takes to make a suitable 
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formulation. Assessing and optimising solubility during lead optimisation is critically 

important.17, 18 Throughout this work, high throughput chemiluminescence nitrogen 

detection (CLND) or charged aerosol detection (CAD) solubility assays were used to measure 

kinetic solubility.19, 20 Work within our laboratories has demonstrated that these two 

methods are equivalent (see Figure 5.01, Section 5) and can be used interchangeably. Kinetic 

solubility is the maximum solubility of the fastest precipitating form of a compound, as 

measured from a stock solution. Kinetic solubility is usually over predictive of the 

thermodynamic solubility, which measures the solubility of a solid in an aqueous solution and 

is dependent on form. However, given CAD solubility represents a best-case scenario, this 

was utilised to exclude compounds with poor solubility. This work used fasted state 

simulated intestinal fluid (FaSSIF) solubility to measure the thermodynamic solubility, which 

aims to understand the solubility of the molecule in a physiologically relevant system (for 

oral delivery). Although this is usually considered the gold standard for solubility 

measurements, the value generated will depend on the crystalline form of the compound as 

well as its physico-chemical properties. Generally, crystalline molecules have lower 

solubilities as a lattice enthalpy must be overcome prior to solvation. That is why establishing 

a developable crystalline form is important prior to developing a candidate. 

 

Good permeability and absorption are crucial in order to achieve good bioavailability. 

Permeability is a complex property in drug discovery and there is discussion in the literature 

about the application of measurements of properties such as artificial membrane 

permeability (AMP) which measures a compound’s ability to cross a lipid infused 

membrane.21 AMP is a high throughput method which only looks at passive diffusion of a 

compound and not active transport and is therefore only an estimate for what occurs in 

vivo.22 Although this measure appears to correlate well with oral absorption through the 

intestine with some series, it is rarely predictive of cellular permeability. To address this, 

cellular concentration assays and cellular target engagement assays are used.23, 24 

 

1.1.3. Target Engagement 

Biochemical Assays 

In target-based drug discovery, assessing the potency of your series against the protein of 

interest is of paramount importance. Time-resolved Fluorescence Resonance Energy Transfer 

(TR-FRET) assays are an effective high throughput method to do this and will be used to 
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assess potency against a target protein throughout this thesis.25 TR-FRET assays are artificial 

constructs where excitation of a donor (usually a lanthanide e.g. Eu or Tb) promotes Förster 

resonance energy transfer to a fluorescent tag and subsequent emission at a different 

wavelength (Figure 1.05). This energy transfer is distance dependent and so will only occur 

when the tag is brought into proximity to the donor through a binding event to the target. 

When an inhibitor is added, a concentration-dependent loss of emission can be measured 

leading to the generation of an IC50 value, or the concentration at which 50% of maximal 

inhibition is achieved. The log10 of this, or pIC50, is usually used to assess and compare 

potency. 

 

 

Figure 1.05. TR-FRET assays are used to measure protein binding.  Excitation of a donor (light blue), 

usually a lanthanide, causes FRET to a fluorescent tag (orange) held in close proximity to the donor 

by binding the target (dark blue). FRET is distance dependent and dosing in an inhibitor (red sphere) 

will result in a loss of fluorescent. 

 

For an antagonist, high levels of target engagement are desirable. Jacqmin et al. showed that 

for the antiviral agent Maraviroc, just 1.2% of free activated receptors on a target cell were 

able to elicit 50% of the maximum response.26, 27 Therefore, high affinity and target 

occupancy are important for drug candidates otherwise they may not display the expected 

pharmacology. However, it is important to remember that these methods only show that a 

binding event has occurred and are not predictive of efficacy. None the less, TR-FRET assays 

are still a useful tool in drug discovery. 

 

Ligand Efficiency 

When optimising potency, it is often important to understand how efficient the ligand-

protein interaction is. Increasing the size and lipophilicity of a molecule will generally increase 

potency because a ligand will prefer the hydrophobic environment of the protein to the 

aqueous environment.28 However, these interactions can be non-specific and increased 
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lipophilicity is undesirable for reasons discussed previously (Section 1.1.2). Therefore, many 

companies and academic groups have started using ligand efficiency (LE) metrics, particularly 

during hit optimisation, to identify the most efficient protein-ligand interactions. LE is 

measured as the binding energy per heavy atom (HAC) and can be calculated from the Gibbs 

free binding energy (Equation 1.01).29 Often only an IC50 value is available and so ΔG is 

approximated. A LE of greater than 0.3 is desirable to show efficient binding. 

 

Equation 1.01. Derivation Ligand Efficiency 

𝐿𝐸 =  
−∆𝐺

𝐻𝐴𝐶
=

−𝑅𝑇𝑙𝑛(𝐾𝑑)

𝐻𝐴𝐶
 

 

𝐿𝐸 ≈  
−𝑅𝑇𝑙𝑛(𝐼𝐶50)

𝐻𝐴𝐶
≈

1.37𝑥 𝑝𝐼𝐶𝑠𝑜

𝐻𝐴𝐶
 

Terms: LE, Ligand efficiency; ΔG, Gibbs free energy; HAC, Heavy atom count; R, Boltmann constant; T, 

Temperature; Kd, Dissociation constant; IC50, 50% Inhibition concentration.  

 

Astex later proposed the Astex lipophilic ligand efficiency (LLEat) which factors in the 

calculated partition coefficient (clogP) to adjust the value of ΔG to account for non-specific 

hydrophobic interactions (Equation 1.02).30 The metric was then adjusted so that is uses the 

same scale as LE, therefore, a value of greater than 0.3 is also desirable for LLEat. Both LE and 

LLEat will be used to assess efficiency in this work. 

 

Equation 1.02. Derivation of Lipophilic Ligand Efficiency. 

𝐿𝐿𝐸𝐴𝑇 =  0.11 − 
∆𝐺∗

𝐻𝐴𝐶
 

    Where: 

∆𝐺∗ ≈  𝑅𝑇𝑙𝑛(𝐼𝐶50) + 𝑅𝑇𝑙𝑛(𝑃) 

Terms: LLEat, Astex lipophilic ligand efficiency; ΔG, Gibbs free energy corrected for lipophilicity; HAC, Heavy 

atom count; R, Boltmann constant; T, Temperature; IC50, 50% Inhibition concentration; P, partition coefficient. 

 

Cellular Target Engagement  

Whilst biochemical assays are a useful high throughput determinant of ligand-protein 

binding, this will not necessarily translate into living systems. Determining the level of cellular 

target engagement enables confirmation of the desired mode of action and can determine 

the affinity for the target protein in a more relevant setting. There are multiple ways of 
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measuring target engagement, however, most of the methods developed rely on artificial 

constructs within a cell and this must be taken into account when the data is analysed.23 

Bioluminescence resonance energy transfer (BRET) has become a common technique to 

measure protein-protein interactions and can be used as evidence of cellular target 

engagement.31 This work used a nanoBRET system developed by Promega® (Figure 1.06).32 

In the presence of a luciferin substrate, luciferase enzymes will emit bioluminescence. If the 

luciferase is in proximity to a fluorophore, the resulting photon can excite the acceptor 

fluorophore by resonance energy transfer resulting in fluorescence at a different wavelength 

to the bioluminescence. In the nanoBRET assay a small HaloTag protein is transfected onto 

one of the proteins of interest, and the luciferase transfected onto the other. The Halotag 

then binds the fluorescent ligand which is held close to the luciferase through the protein-

protein interaction. Like in TR-FRET assays, BRET is distance dependent and so will only occur 

when the tag is brought into proximity of the luciferase. When an inhibitor capable of 

disrupting the protein-protein interaction is added, a concentration-dependent loss of BRET 

can be measured to give a pIC50 value for inhibition. 

 

 

Figure 1.06.  BRET assays are used to measure cellular target engagement. A luciferase (Nluc, blue) 

will emit bioluminescence in the presence of its substrate, resulting in energy transfer to a 

fluorophore (Red sphere) leading to emission. The fluorophore is modified so that it binds to a 

HaloTag protein (grey). The HaloTag and Nluc are then attached to Protein X (ProtX, orange) and 

Protein Y (ProtY, green) respectively. BRET is distance dependent and dosing in an inhibitor (yellow 

sphere) will result in a loss of fluorescent. 

 

Another technique which has commonly been used to display cellular target engagement is 

fluorescence recovery after photobleaching (FRAP).33 In a FRAP assay, a cell is labelled with a 

fluorescent molecule or protein. A green fluorescent protein (GFP) can be fused to the 

protein of interest. Then, a high intensity laser pulse photobleaches a portion of the cell and 

the migration of the GFP label back into the bleached area is monitored over time. For 
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protein-protein complexes, a slow diffusion rate is observed. Small molecule inhibitors 

capable of disrupting the protein-protein interaction, will therefore increase the t1/2 if they 

can permeate the cell. 

 

Cellular target engagement experiments are powerful tools to understand cellular 

penetration and target affinity however, they are not a measure of efficacy or proof of the 

desired pharmacology. 

 

1.1.4. Functional Pharmacology 

Phenotypic Assays 

To provide confidence that a molecule will be efficacious if it reaches the site of action, 

phenotypic assays are used. Phenotypic assays do not confirm target engagement, but it is 

inferred if there is a strong relationship between target inhibition and phenotypic response. 

If the phenotype can be measured clinically this may become a biomarker. During this work 

a phenotypic assay was used to establish efficacy and show cellular target engagement. 

Peripheral blood mononuclear cells (PBMCs), a term used to describe any peripheral blood 

cell with a round nucleus (e.g. lymphocytes and monocytes) were stimulated with 

lipopolysaccharide (LPS) which are endotoxins able to elicit a strong immune response in 

animal cells.34 Upon stimulation, the cells release chemokines and cytokines, the levels of 

which can be measured. For this work, the concentration of monocyte chemoattractant 

protein-1 (MCP-1 / CCL2), a small chemokine which recruits monocytes, memory T-cells, and 

dendritic cells to the site of inflammation, was measured. Blocking MCP-1 has been shown 

to play a beneficial role in inflammatory diseases.35, 36 Therefore, if a compound is able to 

induce a concentration-dependent reduction of MCP-1 without loss of cell count, then its 

pharmacology should be functionally relevant to immuno-inflammation disorders. 

Additionally, a human whole blood (hWB) assay was run using the same LPS stimulated 

mechanism. This causes a chemokine/cytokine storm and the concentration of MCP-1 can 

again be measured to determine whether a compound is efficacious. 

 

The first chapter of this thesis will describe synthetic efforts towards enabling the 

identification of a clinal candidate for an epigenetic modulator protein.  
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1.2. An Introduction to Epigenetics and Bromodomains 

The term epigenetics, literally meaning ‘above genetics’, was first introduced by the 

embryologist Conrad Waddington in the 1950s.37 He was studying the mechanisms  by which 

a single fertilised cell can give rise to thousands of different cells types. During his work, it 

became clear that the same genetic material could encode for multiple distinct cell types, 

therefore, demonstrating that a given phenotype is not solely driven by an organism’s 

Deoxyribose Nucleic Acid (DNA) but by the way that this genetic blueprint is interpreted. Over 

time this definition evolved to denote chemical or physical changes which manipulate gene 

expression without altering the underlying genetic code.38, 39 Therefore, in order to 

understand epigenetics; the molecular basis of DNA, how it is stored and accessed within the 

cell, and how physical and chemical changes influence this, must be examined. 

 

1.2.1. The Role of DNA  

DNA is one of the essential components of life, whereby all the information necessary for the 

expression of the genome is stored within a cell. The structure of DNA was first fully 

characterised by Watson and Crick in 1953, building upon the work of Franklin, identifying its 

unique double helix structure.40-42 They found that it is formed from two strands of a 

negatively charged polyphosphate-sugar backbone which are linked by complementary pairs 

of purine and pyrimidine bases (Figure 1.07).  There are four bases; purines Adenine (A) and 

Guanine (G), and pyrimidines Thymine (T), and Cytosine (C). The specific pairings of A + T and 

C + G link the two strands of backbone together through a network of complimentary H-

bonds. These non-covalent interactions link the two strands together inducing a twist, due 

to the 3D structure of the sugars that form the backbone, which gives rise to the famous DNA 

double helix.43 
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Figure 1.07. The famous DNA double helix is formed from a polyphosphate sugar backbone 

(complementary strands are shown in red and blue) interconnected by pairing of bases; Adenine (A), 

Thymine (T), Cytosine (C) and Guanine (G). These bases form pairs of A+T and C+G, which are 

connected by non-covalent H-bonding interactions. 

 

The ‘central dogma’ of molecular biology revolves around the idea that a gene encodes a 

message, which builds a protein, which then has some kind of function within a cell (Figure 

1.08).44 The information which encodes for the production of proteins is stored within DNA 

in the form of the specific sequence of bases. Sequences of three bases (named codons: i.e. 

CAG) code for a specific amino acid, which couple to form peptide chains and subsequently 

proteins. Protein biosynthesis begins with the opening of the double standed DNA, which is 

catalysed by RNA polymerase, and formation of messenger ribonucleic acid (mRNA) in a 

process called transcription. The sequence of bases in mRNA mirrors the parent DNA with 

the exception of T which is replaced by Uracil (U). Once the DNA has been copied into mRNA, 

it can be translated into proteins through the assembly of amino acids. This process is 

mediated by the ribosome which facilitates the synthesis of a transfer ribonucleic acid (tRNA) 

anti-codon sequence, thereby bringing together amino acid units, which form proteins 

(Figure 1.08). The specific sequence of DNA which codes for a protein is called a gene. This 

only gives a very simplistic view of how our genetic material functions. It is estimated that 

the human genome contains 20,000-25,000 protein encoding genes, roughly the same 

number as the common earthworm, therefore, the number of protein encoding genes alone 
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cannot possibly account for the wide variety of functionality observed in human cells.45 In 

fact, protein encoding genes only constitute about 2% of the human genome, therefore, 

additional levels of complexity must be present. 

 

 

Figure 1.08. The formation of a complementary strand of mRNA provides the blue print for the 

assembly of amino acids into proteins and is the process by which the DNA encodes for proteins. 

 

One additional layer of complexity is epigenetics, which refers to changes in gene 

transcription which are not caused by the underlying genetic code. To understand how 

epigenetic changes arise, the way in which DNA is stored and accessed in the nucleus must 

be examined. 

 

1.2.2. The Structure of Chromatin 

The entire genome is contained within each nucleus of every cell in the body. To fit into the 

nucleus, the DNA must be tightly packed. The basic unit by which DNA is stored in a cell is 

called a nucleosome. Nucleosomes pack closely together to form chromatin fibre which coils-

up to form chromosomes (Figure 1.09). Every cell within the human body contains 23 pairs 

of chromosomes, which are necessary for the storage of our genetic information. However, 

in this tightly packed state, known as heterochromatin, the genes cannot be expressed and 

are silenced. In order for a gene to be transcribed it must be made accessible. This occurs 

through unwinding of the chromatin fibre to form a more open state known as euchromatin. 

In this form the DNA strand is more readily accessible and can be expressed. 
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Figure 1.09. Chromosomes are formed from coils of chromatin fibre, which in turn are 

comprised of nucleosome units. Reproduced with permission from Nat. Rev. Drug Discov.46 

 

1.2.3. Post Translational Histone Modification 

The conversion of chromatin between its hetero- and euchromatin states is controlled in part 

by the post translational modification (PTM) of histone proteins, which are a key structural 

component of nucleosomes (Figure 1.10). Nucleosome units are composed of 147 base pairs 

of DNA wrapped in two super helical turns around an octomer of four core histone proteins 

(H3, H4, H2A, and H2B).47 The histone proteins are globular in structure except for the N-

terminus, which sticks out into solvent, termed the histone tail. 

 

 

Figure 1.10. The structure of the nucleosome, formed from an octomer of 8 histone proteins (blue) 

around which wraps 147 base pairs of DNA (red). The N-terminus of the histones (tails) are solvent 

exposed. 

 

The availability of the histone tails of the nucleosome unit makes them susceptible to a wide 

range of PTMs, that is, small chemical changes to specific amino acid residues such as 



GSK Confidential – Do not copy 

 

16 
 

methylation or acetylation. It is the PTM of the histone tails that orchestrates chromatin 

stability and therefore controls gene expression or repression.46 As such, the histone tail can 

be considered as a barcode, which can be modified by multiple PTMs. Depending on the type 

of modification, the location, and the presence of other PTMs; the recruitment of 

transcriptional machinery and the unwinding of sections of chromatin can be controlled. 

Importantly, it is now recognised that this process is both highly dynamic and highly specific. 

Genes can be selectively expressed or silenced in response to stimuli. For example, it is 

believed certain genes (e.g. coding for inflammatory cytokines) sit in a primed state, such 

that chemical modification of a histone tail (e.g. Lys acetylation) rapidly activates gene 

expression.48  

 

The PTM of histone tails is controlled by three families of proteins (Figure 1.11). Writers tag 

the histone tails with an epigenetic mark, which can subsequently be removed by an eraser 

protein. The third class of epigenetic modulators are the reader domains, which recognise 

specific PTMs on histone tails. 

 

 

Figure 1.11. PTMs (green spheres) of histone tails (blue) are epigenetic marks which can be written, 

erased or read by reader domains (orange). 

 

1.2.4. Histone Acetylation 

Lys acetylation is an important PTM and has a role in transcription, repair, and replication.49 

It is thought to be responsible for controlling gene expression through the weakening of DNA-

histone interactions. Histone tails typically contain a significant number of positively charged 

Lys residues, which are attracted to the negatively charged DNA.50 Acetylation serves to 

neutralise the charge on the Lys amino acid and increase steric hindrance, which in turn 

relaxes the chromatin structure, making the DNA accessible for recognition by transcription 
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factors (Figure 1.12).51, 52 Acetylation is a reversible process which occurs at the terminal 

amine of Lys residues of histone tails.  

 

 

Figure 1.12. The acetylation of positively charged Lys residues serves to neutralise the charge and 

increase the steric demands of the residue. 

 

Analysis of the ‘histone code’ has highlighted that many active genes are associated with 

nucleosomes with high levels of acetylated Lys and a more relaxed chromatin state.12 

Conversely, silent genes are associated with nucleosomes with little histone acetylation and 

a more condensed chromatin state.53, 54 The degree of Lys acetylation on histone tails, like 

most PTMs, is controlled by writer and eraser proteins. 

 

1.2.4.1. Histone Acetyl Transferases 

Histone acetyl transferases (HATs) are epigenetic writer domains which place KAc marks on 

histone tails by transferring an acetyl group from acetyl-CoA to the Lys side chain.  HATs can 

be divided into two classes based on their localisation within a cell. Type A HATs are found in 

the nucleus and regulate gene expression through acetylation of histones.55 Typically the HAT 

domain in these proteins is accompanied by a reader domain capable of recognising the KAc 

mark and recruiting transcription factors. Type B HATs are less well characterised.55 They are 

located in the cytoplasm and acetylate histones prior to nucleosome assembly. 

 

Recently, links to the pathology of cancer,56 asthma,57 COPD,58 viral infection,59  and 

neurological disorders60 have been reported, however, the role of prominent HATs such as 

p300 (a type A HAT) remains under debate as contradicting articles on their role in cancer 

have been published.61 One article reports p300 as a tumour suppressor gene, whereas the 

other shows a link between tumour growth and p300 upregulation.56, 62 This may, in part, be 

due to the lack of suitable tool compounds.63 Multiple HAT inhibitors have been published, 

however, Dahlin et al. recently used a La assay to detect reactive molecules by NMR (ALARM 
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NMR) to show that 15 out of the 23 known inhibitors were nonselective interference 

compounds.64-68 Follow-up studies showed thiol reactivity and aggregation as well as 

demonstrating non-specific effects in cell assays. Additionally, as HAT domains are usually 

part of complex proteins, effects seen in knock-down experiments may not be driven by the 

HAT domain. Further work is needed to develop the tool compounds needed to fully 

elucidate the role of HATs in disease and establish whether there might be any clinical utility 

of these enzymes.64 

 

1.2.4.2. Histone Deacetylases 

Histone deacetylases (HDACs) are epigenetic eraser domains which remove KAc markers 

from histone tails. There are 11 known HDACs (1-11), which are divided into four major 

classes (I, II, III and IV), which differ in function and structure. Classes I, II and IV all contain a 

Zn2+ ion in the active site, unlike class III.69 It was initially believed that all HDACs could 

deacetylate lysine substrates, however, only a subset of HDACs (1, 2, 3, and 6) show 

significant catalytic activity towards KAc.70 The role of HDACs in disease is well validated by 

suitable tool compounds and a clear link between pan-HDAC inhibition and cancer therapy 

has already been established.53, 71 However, the precise role of specific HDAC isoforms is not 

currently well understood. The first small molecule epigenetic regulator to be approved was 

the HDAC inhibitor Vorinostat (1.01, Figure 1.13), which has been marketed by Merck since 

2006 for the treatment of cutaneous T-cell lymphoma.72 Vorinostat (1.01) contains a 

hydroxamic acid moiety, which acts as a zinc chelator allowing it to bind to the active site of 

HDACs. This structural feature is preserved in Panobinostat (1.02) and Belinostat (1.03) which 

are marketed HDAC inhibitors approved for the treatment of T-Cell lymphoma and multiple 

myeloma respectively.73, 74  Inhibitors which contain a hydroxamic acid binder are generally 

promiscuous and bind to multiple class I, II, and IV HDACs. Alternatively, Chidamide (1.04) 

and Entinostat (1.05) employ an amino-benzamide moiety capable of acting as the zinc 

chelator.75-77 This structural change improves selectivity towards class I HDACs. Finally, 

Romidepsin (1.06), a natural product isolated from the bacterium Chromobacterium 

violcaeum, which was shown to act through HDAC inhibition, has been approved for the 

treatment of T-Cell lymphoma.78, 79 
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Figure 1.13. HDAC inhibitors marketed for the treatment of cancer. Zinc binders are shown in Blue. 

 

These HDAC inhibitors show a clear link between HDAC inhibition and disease, however, 

clinical toxicities and poor PK associated with zinc binders has led to poor tolerability and 

narrow therapeutic windows.80 Further work is needed to improve the potency and 

selectivity of HDAC inhibitors and fully elucidate the biological role of specific HDACs. 

 

1.2.4.3. Bromodomains 

KAc marks on histone tails are read by epigenetic reader domains called bromodomains 

(BRDs). BRDs are usually found within large multi-domain nuclear proteins, which control 

transcriptional co-activation by binding to modified DNA histones. The bound BRDs then 

recruit transcription factors and activate replication mechanisms. Since it is possible for 

proteins to contain multiple BRDs, proteins which contain a BRD are referred to as BRD 

containing proteins (BCPs). The first BRD structure was identified in 1992 from the Brahma 

drosophila fruit fly.81  Since then, 61 human BRDs have been identified, which are contained 

within 46 chromatin regulator proteins.82 These have been placed in a phylogenetic tree 
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which splits the BRDs into eight families based on similarities in sequence homology (Figure 

1.14). BRDs are an exciting, emerging therapeutic target for multiple indications and 

development of small molecule BRD inhibitors will form the basis of this thesis.  

 

 

Figure 1.14. BRD phylogenetic tree showing which BRD containing proteins show significant degrees 

of sequence homology with each other.83 

 

1.3. The role of the BET family of BRDs in Disease 

Very few of the 61-known human BRDs have well characterised biological roles. However, 

the bromo and extra terminal domain (BET) family of BCPs have been implicated in a wide 

range of indications including asthma,84 HIV,85, 86 infectious diseases,87 diabetes,88 and chronic 

obtrusive pulmonary disease89 but the greatest interest has been in the treatment of cancer 

and immuno-inflammatory conditions. The strong phenotype observed has been directly 

linked to disruption of the bromodomain-KAc interaction, therefore, providing a strong 

rationale for small molecule inhibition. There are four BET BCPs: BRD2, BRD3, BRD4 and 
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BRDT, each of which contain two BRDs (labelled BD1 and BD2) and an extra terminal domain 

(Figure 1.15). Three of the BET BCPs (BRD2, 3 and 4) are ubiquitously expressed within the 

human body, however, expression of BRDT is restricted to the testes. Due to the high 

sequence homology between the 8 BRDs, most small molecule inhibitors published to date 

are generally classed as pan-BET and are equipotent at each domain (small molecule BET 

inhibitors will be outlined in Section 1.4.). The role of BET inhibitors as therapeutic agents in 

oncology and immuno-inflammation is rapidly being established and will be delineated 

further in the following sections.  

 

 

Figure 1.15. The BET family of 8 BRDs contained within 4 BRD containing proteins. The BD1 (single 

domain) is circled in green and a single BRD (BRD2 BD2) is circled in yellow. 

 

 

1.3.1. Oncology 

Nuclear protein in testis (NUT) midline carcinoma (NMC) is a rare but lethal cancer. It is 

caused by the translocation of the NUT protein and BRD4, which fuse to form the BRD4-NUT 

oncogene leading to aggressive tumour growth.90 It is believed that the BRD4-NUT fusion 

protein is capable of binding to chromatin resulting in modification of gene expression, which 

maintains cells in a perpetual state of proliferation.91 There is currently no treatment for NMC 

but small molecule BET inhibitors have caused apoptosis in NMC derived cell lines and are 

currently in clinical trials for its treatment.92 

 

The discovery of a direct link between NMC and inhibition of the BET family, led to significant 

interest in BET inhibitors as a potential therapy in multiple cancer types.93 BRD4 was 

identified as a therapeutic target in acute myeloid leukaemia (AML) using an siRNA screen.94 

BET inhibitors (e.g. (+)-JQ1 1.08, see Section 1.4.) showed anti-proliferative effects in multiple 
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in vitro AML cell lines and in vitro mouse AML xenograft models.95, 96 Antileukemic effects 

have also been observed in mixed lineage leukaemia (MLL) cell lines, where I-BET151 (1.11) 

(see Section 1.4.1) inhibited the transcription of genes critical to cell cycle progression leading 

to apoptosis, an effect also observed in melanoma cell lines. Furthermore, BET inhibitors 

have shown potential therapeutic benefits in Burkitt’s lymphoma,97 ovarian cancer,98 

prostate cancer,99 medulloblastoma,100 glioblastoma,101 non-Hodgkin’s lymphoma,102, 103 and 

neuroblastoma, amongst others.104-112 

 

It is theorised that the role of the BET family in oncology is primarily driven by suppression 

of the c-Myc oncogene.97, 113, 114 c-Myc is a gene family which encodes multipurpose 

transcription factors vital to healthy cell growth and differentiation. However, amplification 

of c-Myc is among the most common genetic abnormalities observed in cancer genomes and 

deregulation of normal function can lead to aggressive cell proliferation. Targeting c-Myc is 

a well validated hypothesis in oncology but strategies to directly modulate it do not exist. 

BET inhibitors are capable of suppressing the expression of c-Myc and show efficacy in c-Myc 

driven cell lines.92 

 

Based on this evidence, BET inhibitors might be expected to cause general repression of gene 

transcription and cell cycle arrest. However, BET proteins, in particular BRD4, appear to 

localise specifically to super-enhancers, which are  non-coding regions of DNA capable of 

binding to transcription factors important for cell-type speciation.115, 116 The c-Myc oncogene 

is activated by a super enhancer region of DNA which recruits significantly more BRD4 than 

normal, therefore, it is believed that BRD4 acts as a regulatory co-factor, which activates c-

Myc leading to oncogenesis.117 

 

However, it is clear that BET inhibition is more complex than simply suppression of c-Myc. 

Puissant et al. found that only 4 of the 99 cell lines sensitive to (+)-JQ1 (1.08) in a high 

throughput pharmacogenic screen were c-Myc amplified.107 Interestingly, BET inhibition was 

also shown to be effective against primary effusion lymphoma, a cancer type which is not 

driven by abhorrent c-Myc expression.99, 102, 118 Further work is required to understand the 

precise mechanism of action of BET inhibitors. Notwithstanding this, multiple BET inhibitors 

have now entered the clinic for oncology indications.119 
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1.3.2. Autoimmune Inflammation 

The BET family has also been shown to play an important role in autoimmune inflammation 

and BET inhibitors are a promising target for the treatment of rheumatoid arthritis (RA).120, 

121 The molecular pathology of RA is complex, however, BET inhibitors have been shown to 

target RA through multiple mechanisms (Figure 1.16).122 For example, RA is characterised by 

the appearance of fibroblast-like synoviocytes (FLS) in the synovium. FLS cells cause joint 

damage and bone destruction, but these effects are decreased by BET inhibitors.120, 123 

Osteoclasts are bone cells critical for the maintenance, repair and remodelling of bones. 

Abhorrent osteoclast function is typical in patients with RA.124, 125  BET inhibitors are able to 

suppress the detrimental effects of mis-regulated osteoclasts in macrophage cell lines. 

Furthermore, Nicodeme et al. stimulated mouse bone marrow derived macrophages with 

LPS, inducing the production of a variety of cytokines and chemokines and showed that I-

BET762 (1.07, Section 1.4.) reduced the immune response in a dose-dependent manner.126 

Schilderink et al. used another BET inhibitor, I-BET151 (1.11, Section 1.4.), to demonstrate 

similar effects in LPS-stimulated dendritic cells derived from bone marrow.127 They showed 

that BET inhibition reduced the production of pro-inflammatory cytokines and T cell 

activation.128 Evidence for the therapeutic effect of BET inhibition has also been 

demonstrated in vivo. (+)-JQ1 (1.08) was capable of reducing inflammation using a mouse 

collagen induced arthritis model in a dose-dependent manner.129 These combined factors 

provide a strong rationale for the therapeutic potential of BET inhibitors in RA and other 

immune mediated inflammatory diseases. 
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Figure 1.16. The molecular mechanism of RA is complex, and inflammation is driven by multiple 

mechanisms. BET inhibitors have been shown to effect multiple different signalling pathways vital to 

disease progression. Reproduced with permission from Nat. Rev. Drug Discov.122 

 

BET inhibitors have also been shown to play a significant role in other inflammatory diseases. 

Atherosclerosis is a cardiovascular condition caused by hardening of the arteries. Elevated 

levels of high density lipoprotein (HDL) cholesterol are thought to decrease the risk of 

atherosclerosis, which is a significant cause of mortality. Apolipoprotein A1 (ApoA1) is a 

major component of HDL, therefore, it is believed that ApoA1 up-regulation is a potential 

therapeutic strategy and an alternative to lipid modifying drugs such as statins. The first BET 

inhibitors were developed by phenotypic targeting of ApoA1 upregulation, indicating a direct 

link between BET inhibition and treatment of atherosclerosis.126, 130 Furthermore, there is also 

evidence that the BET family plays a role in other inflammatory disorders such as psoriasis.131 

 

BET inhibitors together with gene knock-out and knock-down approaches have shown that 

the BET family contributes to the expression of multiple inflammatory genes.122, 132 There is 

evidence that the BET family plays a role in the recruitment of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB), a transcription factor that controls cytokine 

production and is involved in the immune response to infection.133 Deregulation of NF-κB has 

been linked to immuno-inflammation disorders.85, 134 BRD4 is believed to localise on the 
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super-enhancer region which controls the expression of NF-κB and other transcription 

factors capable of inducing an immune response.134 

 

It is clear that the BET family plays a prominent role in disease. Based on this, a large number 

of pan-BET inhibitors have been discovered by academics and pharmaceutical companies to 

capitalise and further expand on this exciting group of therapeutic targets. 

 

1.4. Small Molecule Inhibitors of the BET Family 

1.4.1. The structure of Bromodomains 

BRDs engage KAc residues of histone tails via a protein-protein interaction (PPI). 

Traditionally, PPIs have been difficult to inhibit due to the shallow nature of the binding 

pockets typically associated with this kind of interaction and the requirement for a small 

molecule to disrupt a large number of surface interactions made by two macromolecules.135 

However the PPI interactions of BRDs with histones have proved to be highly amenable 

targets for small molecule intervention. The structure of the 61 human BRDs is well 

conserved throughout the family.136 The basic unit of each BRD consists of 4 α-helices 

(labelled αZ, αA, αB, and αC) which are linked by three loop regions (ZA, AB, and BC). A large 

hydrophobic cavity capable of binding KAc is formed by the four alpha helices and the ZA and 

BC loops (Figure 1.17).137  
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Figure 1.17. KAc (silver) in BRD4 BD2 (pdb4kv1). The 4 alpha helices are displayed as a coloured 

cartoon. The waters are shown as red spheres and key H-bonds are shown as dashed yellow lines. 

 

Within the hydrophobic binding pocket are structural features conserved throughout most 

BRDs which are critical for KAc recognition. Typical BRDs such as the BET family have an Asn  

(Asn433 in BRD4 BD2, Figure 1.18) residue on their BC loop which can make a H-bond to 

KAc.132, 138 The other key structural feature is a Tyr residue (Tyr390 in BRD4 BD2,) located on 

the ZA loop. The KAc can make a water mediated H-bond to this residue which provides 

further stability to the binding interaction. This water molecule is part of a network of 4 water 

molecules which are found within the base of most BRD binding pockets and are well 

conserved throughout the family. Displacement of these water molecules have generated a 

lot of interest in the search for selectivity towards different BRDs and will be discussed 

further in Section 3.3.1. Another important structural feature is the ‘WPF’ shelf region named 

after the Trp374, Pro375 and Phe376 residues which form this region in the BET family (BRD4 

BD2 numbering). These residues can differ considerably in different BRDs and provide 

opportunities for gaining selectivity between family members. In the BET family, the shelf is 

a distinct hydrophobic pocket which is not engaged by KAc. Its proximal location to the KAc 
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binding site offers opportunities for small molecule affinity. Furthermore the ‘gate-keeper’ 

residue is also important as it controls how accessible the WPF shelf is. In BRD4 BD2 the 

gatekeeper is the Ile439 residue. 

 

 

Figure 1.18. Binding site of BRD4 BD2 (pdb4kv1) with KAc (silver) bound. The waters are shown as 

red spheres and key H-bonds are shown as dashed yellow lines. A) The 4 alpha helices are displayed 

as a coloured cartoon with key residues depicted as stick. B) The WPF shelf consisting of Trp374, 

Pro375, and Phe376 in shown as sticks along with the Ile439 gatekeeper residue.  

 

The structural features of BRDs, with a well-defined, deep, and narrow binding pocket, make 

them amenable to small molecule inhibition. Most small molecule inhibitors mimic the 

interactions of the natural KAc substrate to bind to BRDs, the challenge is then finding and 

maintaining selectivity. 

 

1.4.2. pan-BET Inhibitors 

1.4.2.1. Triazolodiazepine Inhibitors 

Evidence of the significant role that the BET family has in a range of diseases has been driven 

by the availability of suitable tool molecules and this interest in turn has led to the 

development of more high-quality inhibitors of the BET family ultimately leading to clinical 

candidates.83 The BET family resides on a single branch of the phylogenetic tree (Figure 1.14, 

section 1.3) and as such the 8 BRDs are highly homologous. Due to the difficulty associated 

with inhibition of a single BRD, the majority of compounds developed are pan-BET inhibitors, 
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which are equally potent at all 8 BRDs of the BET family.139 The first BET inhibitors, I-BET762 

1.07 and (+)-JQ1 1.08 (Figure 1.19), were reported in 2010 by Nicodeme et al. and 

Filippakopoulos et al., respectively.126, 140  

 

 

Figure 1.19. I-BET762 (1.07) and (+)-JQ1 (1.08), published in 2010 were the first example of small 

molecule BRD inhibitors which make key interactions to the conserved Asn140 residue through the 

triazolyl warhead highlighted in blue. 

 

Both molecules contain the triazolodiazepine core structure, which acts as the KAc mimetic 

by making key interactions with the conserved Asn140 and Tyr97 (Figure 1.11). Selectivity 

over non-BET BRDs is thought to come from the interactions made with the ZA channel, 

where the fused phenyl group is positioned, and the WPF shelf, where the pendant phenyl 

ring resides (Figure 1.20). The ZA channel is a lipophilic pocket formed from the ZA loop which 

changes in size and shape between different BRDs. The steric constraints of the ZA channel 

can accommodate the methoxy phenyl ring of 1.07 leading to increased affinity for the BET 

family. As discussed previously (Section 1.4.1), there is a lack of sequence conservation 

observed for the WPF shelf region of the non-BET BRDs. For example, in the ATPase family, 

AAA domain containing 2 protein (ATAD2) the shelf region is defined by Arg, Val and Phe 

leading to a very different pocket shape and electronics (see Section 3.2.3 for more details). 

In BET, the Trp, Pro and Phe residues create a shelf which provides good shape 

complementarity for the 4-chloro phenyl ring. The chloro substituent was also shown to be 

important for removing off target activity. The favourable interactions of the pendant phenyl 

with the WPF shelf and the methoxy phenyl in the ZA channel are thought to be the main 

driving force for high BET affinity relative to other BRDs.141 The chirality of the carbonyl 

substituent was also shown to be important. The opposite enantiomer of (+)-JQ1 (1.08),           

(-)-JQ1, showed no significant activity at any of the BET proteins and as such provided an 

excellent negative control (see Section 3.1). 
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Figure 1.20. X-ray crystallography (pdb3p5o) of iBET762 (1.07, silver) in BRD4 BD1 (yellow). Key 

residues, Tyr97 and Asn140 and the WPF shelf region, are shown as orange lines. Water molecules 

are depicted as red spheres and H-bonds are shown as yellow dashed lines. A) The chlorophenyl 

group sits on the WPF shelf and the methoxyphenyl points into the ZA channel. B) The interactions of 

the triazolo warhead with the conserved Asn140 and Tyr97 can be seen. 

 

Building on this work, two further clinical candidates based on the triazolodiazepine 

framework have been reported (Figure 1.21). OTX015 (1.09) and TEN-010 (1.10) are both 

based on (+)-JQ1 (1.08) and contain the thienophenone ZA-channel substituent but have 

converted the t-butyl ester to a secondary phenolic amide and a primary amide 

respectively.142-144 They have both entered the clinic for oncology indications. 

 

 

Figure 1.21. OTX015 (1.09) and TEN-010 (1.10) are triazolodiazepine based pan-BET inhibitors which 

have progressed to clinical trials. The triazole KAc mimetic is shown in blue. 

 



GSK Confidential – Do not copy 

 

30 
 

1.4.2.2. Isoxazole based Scaffolds 

Since the discovery of triazolodiazepines as BET inhibitors, other key pharmacophores have 

been reported which can mimic the BRD-KAc interaction. The first example, I-BET151 (1.11), 

was reported by GSK in 2012 (Figure 1.22).145, 146 They identified the dimethyl isoxazole from 

a high throughput screen (HTS) targeting ApoA1 upregulation. Further work to improve 

potency at BET, conformationally locked the benzylic pyridine, through formation of a cyclic 

urea, ultimately leading to a sub-micromolar inhibitor. 

 

 

 

Figure 1.22. Small molecule BET inhibitors (1.11–1.14) which contain an isoxazole KAc mimetic. KAc 

mimetics shown in blue. 

 

X-ray crystallography of I-BET151 (1.11) in BRD2 BD1 revealed how the dimethyl isoxazole 

binds to the BRD (Figure 1.23). The isoxazole oxygen makes a H-bond to the conserved 

Asn140 (BRD2 BD1 numbering) and both the isoxazole heteroatoms are capable of making a 

through water interaction to the conserved Tyr97. The two methyl groups then both occupy 

small lipophilic pockets within the binding site, allowing for excellent shape complementary 

of the ligand with the protein. I-BET151 (1.11) was optimised to conformationally deliver the 

pyridine on to the WPF shelf. The quinoline nitrogen also makes a H-bond to a water 
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molecule stabilising the binding further. Due to the success of I-BET151 (1.11), further 

compounds based on a dimethyl isoxazole warhead have since been reported.  

 

 

Figure 1.23. X-ray crystal structure (pdb3zyu) of I-BET151 (1.11, silver) in BRD2 BD1 (yellow). Key 

residues are shown in orange, H-bonds are depicted as yellow dashed lines and binding pocket 

waters are red spheres. A) The dimethyl isoxazole interacts with the conserved Asn140 and Tyr97 

residues. B) The benzylic pyridone sits on the lipophilic WPF shelf region. 

 

PLX51107 (1.12) is currently in clinical trials for the treatment of solid tumours and AML 

(Figure 1.22). Compound 1.12 was shown to be a potent nanomolar BET inhibitor which 

bound to BET through the dimethyl isoxazole warhead.106 Additionally, INCB054329 (1.13), 

another isoxazole-based BET inhibitor has entered the clinic for oncology indications (Figure 

1.22).147 Multiple other small molecule inhibitors bearing this moiety have been reported, 

highlighting the importance of this pharmacophore as an KAc mimetic.148 

 

Interestingly, Gehring et al. combined the isoxazole warhead with the thienoazepine present 

in (+)-JQ1 (1.08) to develop CPI-0610 (1.14, Figure 1.22).149 They identified the isoxazole 

warhead from a fragment screen and took a scaffold hopping approach to optimise potency 

for the BET family. Isoxazole 1.14 is a highly potent BET inhibitor (BRD4 BD1 pIC50 = 7.6) which 

showed efficacy against c-Myc driven cancer cell lines. Compound 1.14 is currently in the 

clinic for multiple oncology indications.150 
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1.4.2.3. Pyridone based scaffold 

Researchers at AbbVie have developed pyrrolopyridones as potent BET BRD inhibitors. Their 

work started from a fragment screen which identified a pyridazinone fragment which was 

subsequently optimised into ABBV-075 (1.15, figure 1.24).151, 152 The pyridone moiety acts as 

the KAc mimetic and makes a bidentate H-bonding interaction with the conserved Asn 

through both the carbonyl lone pair and pyrrole NH. The pyridone methyl group then sits in 

the pocket formed by the network of waters in the base of the binding pocket. ABBV-075 

(1.15) showed activity in an AML mouse xenograft model and has subsequently progressed 

to phase I clinical trials. 

 

 

Figure 1.24. ABBV-075 (1.15), a pyrrolopyridone based pan-BET inhibitor. KAc mimetic shown in 

blue. 

 

1.4.2.4. Tetrahydroquinoline inhibitors 

The tetrahydroquinoline (THQ) KAc mimetic was first disclosed by Bamborough et al. as an 

efficient fragment for BET inhibition.153 This fragment was optimised to give I-BET726 (1.16), 

a potent and selective BET BRD inhibitor (Figure 1.25).154  

 

 

Figure 1.25. I-BET726 (1.16), a THQ based pan-BET inhibitor. KAc mimetic shown in blue. 

 

The THQ acetamide made key interactions to the conversed Asn residue and a through water 

interaction with the conserved Tyr (Figure 1.26). The stereogenic methyl group then filled a 
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small lipophilic pocket providing excellent shape complementarity between the ligand and 

BRD. 

 

 

Figure 1.26. X-ray crystal structure (pdb4bjx) of I-BET726 (1.16, silver) in BRD4 BD1 (yellow). Key 

residues are shown. Water molecules are depicted as red spheres and H-bonds as dashed yellow 

lines. A) The key interactions with Asn140 and Tyr97 are depicted; B) The chlorophenyl can be seen 

on the WPF shelf with the phenyl carboxylic acid placed in the ZA channel. The stereogenic methyl 

occupy then occupies a small lipophilic pocket. 

 

Overall, excellent progress has been made in the development of small molecule BET 

inhibitors. Multiple compounds have progressed to clinical trials for oncology indications and 

the outcomes of these trials will determine whether there is a therapeutic potential for pan-

BET inhibition to treat inflammatory disorders. With it has come a detailed knowledge of the 

structural requirements for BET inhibition. Further developments are now being made to 

target the BET family through differentiated approaches. 

 

1.4.3. Bivalent BET Inhibitors 

The BET family of BCPs all contain 2 BRDs which are separated by a flexible protein unit 

without a defined domain structure. Theoretically, it should be possible to design a 

compound with 2 separate KAc mimetics that could bring both domains into proximity. The 

fact that multivalent binding is of critical importance for specific, high affinity chromatin 

recognition is increasingly being recognised.155-157 Miller et al.  showed that BRDT recognises 
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the nucleosome solely through the BD1 domain but that the BD2 domain can then make a 

bidentate interaction with the nucleosome, suggesting that this kind of inhibition would be 

possible.158 Waring et al. reported AZD5153 (1.17, Figure 1.27) which was the first example 

of a bivalent BET inhibitor capable of in cis binding to both BRDs (BD1 and BD2) of the BET 

family simultaneously, resulting in exquisite potency against BRD4 through an avidity effect 

(Figure 1.27).159, 160 The cellular SAR observed during their optimisation was suggestive of 

binding 2 BRDs simultaneously and when 1.17 was crystallised in BRD4, it induced 

dimerization indicating that both ends of the molecule were able to act as KAc mimetics. 

They then used 1H NMR analysis to show that their binding mode was inconsistent with 

monovalency in solution phase. To show further evidence of bivalency they used analytical 

centrifugation, a technique whereby UV light absorption is used to map the sample 

concentration versus the axis of rotation as a result of the applied centrifugal field, to 

establish that there is a change in the conformation of the protein in the presence of the 

ligand 1.17. Finally, they used a BRET system (see Section 1.1.3) to show a bidentate 

engagement of 1.17 in cells. AZD5153 has shown efficacy in tumour xenograft models of 

acute myeloid leukaemia, multiple myeloma and diffuse B-cell lymphoma and has entered 

the clinic to treat haematological malignancies.111 

 

   

Figure 1.27. Left: AZD5153 (1.17), the first bivalent BET inhibitor with both KAc mimetics shown in 

blue. Right: Diagram showing in cis binding between a bivalent inhibitor (green) and both the BD1 

and BD2 domains of a single BCP. 

 

Around the same time, Tanaka et al. reported MT1 (1.18, Figure 1.28) as a bivalent BET 

inhibitor.161 They designed their inhibitor by linking from the t-butyl ester present in (+)-JQ1 

(1.08) with an amide PEG7 linker.  In this case in cis bivalency was shown using size exclusion 

chromatography (SEC), in which the monomeric peak was shifted when the bivalent ligand 

was added in a 1:2 ratio, consistent with change in protein shape. This was consistent with 

intramolecular inhibition of BRD4 which was further validated by X-ray crystallography. MT1 
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(1.18) also showed efficacy in a mouse xenograft model of leukaemia, making it a high-quality 

tool to assess the role of bivalent inhibition. The linker length required for bivalency in this 

case was significantly longer than in 1.18 suggesting that the optimal vectors were not being 

utilised.  

 

 

Figure 1.28. MT1 (1.18), a bivalent BET inhibitor based on (+)-JQI (1.08). 

 

Interestingly, bivalent probes are beginning to be utilised for non-BET bromodomain 

inhibition. Suh et al. recently reported a bivalent ligand capable of binding simultaneously to 

both bromodomains of transcription initiation factor TFIID subunit 1 (TAF1).162 Ligand 1.19 

was 100-fold more potent than the monovalent ligand (Figure 1.29), which is based on a 

promiscuous BRD inhibitor Bromosporine (1.20).163 To show bivalent inhibition of their 

ligand, they used SEC, to deomonstrate dose-dependent dimerization of the two BRDs by 

their ligand. Their work demonstrated that bivalent BRD inhibitors could potentially be used 

for any BCP with multiple BRDs. 
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Figure 1.29. A bivalent TAF1 inhibitor (1.19) capable of binding to both BRDs of TAF1. It is based on 

the pan-bromodomain inhibitor Bromosporine (1.20). 

 

1.4.4. Dual BET Inhibitors 

An attractive strategy for targeting complex, multifactorial diseases such as cancer has been 

to develop dual inhibitors which display polypharmacology. That is, they show potency at 

multiple disease relevant proteins to achieve a synergistic effect. Designing 

polypharmacology can be challenging, due to the increased difficulty of optimising a 

template to target multiple proteins simultaneously. However, the strategy can ultimately 

lead to a more efficacious single agent without the need for combination therapies.164 

Indeed, examples of BET inhibitors which display efficacy at additional targets are beginning 

to appear in the literature. For example, BET and HDAC inhibitors have been shown to have 

overlapping phenotypes and  can synergise to  target c-Myc induced murine lymphoma.165 

This suggests that molecules capable of inhibiting both the HDAC and BET families could 

provide a novel strategy for oncology.  

 

Atkinson et al. reported THQ 1.21 (Figure 1.30) which combined a pan-BET scaffold (Section 

1.4.2) developed within the group with a hydroxamic acid linker known to bind to the zinc-

containing HDAC (see Section 1.2.4).166 Careful consideration of the optimal vector led to the 

development of a molecule that was able to engage both the BET family and HDAC family in 
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vitro. They then demonstrated cellular target engagement using LPS stimulated PBMCs 

where 1.21 was able to induce a dose-dependent response, hence demonstrating an 

immuno-inflammation relevant phenotype. Compound 1.21 also inhibited growth of both 

NMC and AML cell lines, however, no marked increase in potency was demonstrated 

compared to the parent compounds suggesting little synergy in the mechanism targeted. 

Other dual BET/HDAC inhibitors have subsequently been released which will allow for a full 

evaluation of their therapeutic potential. Amemiya et al. reported adenine 1.22, which 

showed human leukaemia cell line-60 growth inhibition (Figure 1.30).167 Additionally, Shoa 

et al. reported a dual BET/HDAC inhibitor 1.23 based on the BD2 biased scaffold present in 

RVX-208 (1.38, see Section 1.5.4) and the marketed HDAC inhibitor Panobinostat. They 

showed that 1.23 had a greater effect than the single agents (+)-JQ1 (1.08) and Vorinostat 

(1.01) against c-Myc driven AML.168 Lastly, Zhang et al. reported dimethyl isoxazole 1.24.169 

These compounds showed potent antiproliferative effects against a range of human 

leukaemia cell lines and represent an interesting approach to exploit the synergistic effect of 

dual HDAC and BET inhibition, although to date, no such inhibitor has progressed to the clinic. 

 

 

Figure 1.30. Dual BET/HDAC inhibitors 1.21–1.24. The BET KAc mimetic is shown in blue and the 

hydroxamic acid HDAC zinc binder is shown in red. 

 

Dual BET/kinase inhibitors are also starting to be developed as agents for oncology 

indications.170 Ciceri et al. showed that the efficacy of many kinase inhibitors was driven, at 

least partially, by BET inhibition. They demonstrated that two clinical candidates, BI-2536 

(1.25), a polo-like kinase 1 (PLK1) inhibitor, and TG101348 (1.26), a Janus kinase 2 (JAK2) 
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inhibitor, both display nanomolar activity for the BET family (Figure 1.31).171, 172 Further work 

was initiated to understand the SAR of BI-2536 (1.25) at both BET and PLK1. Chen et al. 

demonstrated the importance of the aniline as being key for kinase binding. The ether 

analogue (i.e. changing the NH to O) reduced activity at PLK1 by 1000-fold leading to a 

selective BRD4 inhibitor.173 Compound 1.25 was shown to bind to BRD4 BD1 through the 

methylated lactam which is capable of acting as an KAc mimetic.174 Conversely, with 

TG101348 (1.26), the kinase pyrazine-aniline hinge binder is also capable of acting as a KAc 

mimetic.171 A crystal structure of 1.26 in BRD BD1 showed the hinge binder unit making two 

H-bonds to the conserved Asn residue. 

 

 

Figure 1.31. Dual BRD kinase inhibitors 1.25–1.28. KAc mimetics are shown in blue. Kinase hinge 

binders are shown in pink. Functionality that can act as both a kinase hinge and KAc mimetic are 

shown in green.171-173, 175, 176 

 

Dual inhibitors of BET and other kinases are starting to be rationally designed. Andrews et al. 

targeted downregulation of c-Myc using a dual BET/PI3K inhibitor SF2535 (1.27) to block 

tumour growth and metathesis (Figure 1.31).175 The thienopyranone template was capable 
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of binding to both PI3K and BET with sub micromolar affinity. In this case the pyrone carbonyl 

group was shown to act as the KAc mimetic by making a H-bond to the conserved 

asparagine.177 Wang et al. then reported a pyrimido-benozodiazipinone scaffold (1.28) which 

bound to BRD4 BD1 through the diazepinone lactam.176 They went on to demonstrate that 

through structural modifications to the template they could gain selectivity for either ERK5 

or BRD4. For example, when X = C, the compounds were inactive against ERK5 at 40 µM, 

however, this was also detrimental to BRD4 potency. They also showed that the KAc mimetic 

(Figure 1.31) was vital for both BRD4 and ERK5 activity. Through the exploration of the SAR, 

the authors were able to develop a chemical probe with selectivity for ERK5. This will be a 

useful tool to determine the different phenotypes of ERK5, BRD4 and dual inhibition 

respectively. Dual BET inhibitors represent an interesting opportunity for targeting 

polypharmacology through multiple synergistic pathways. However, it remains to be seen if 

this offers advantages to classical two agent combination therapies. 

 

1.4.5. Degradation of BRD4 by bifunctional molecules 

Alternative modalities to small molecule inhibitors are becoming increasingly prevalent in 

drug discovery.178 One example is bifunctional molecules capable of first recognition and 

then inducing degradation of the target proteins, more commonly known as PROteolysis 

TArgeting Chimeras (PROTACs).179, 180 Rather than inhibit the function of their target, 

PROTACs eliminate the protein entirely through recruitment of the cellular proteasome 

(Figure 1.32). PROTAC molecules are bifunctional; one end is capable of binding to the 

protein of interest and the other engages a family of proteins called E3 ubiquitin ligases. This 

interaction results in the transfer of small proteins called ubiquitin onto the target protein. 

These markers are recognised by the proteasome which subsequently degrades the target. 

As PROTACs eliminate the protein of interest their pharmacology is more akin to protein 

knock-down than small molecule inhibition and could provide an alternative approach for 

drug discovery.180 
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Figure 1.32. PROTACs are bifunctional molecules which bring a target protein and an E3 ligase into 

proximity. This results in a ubiquination event, ultimately causing the degradation of the target 

protein by the proteasome. 

 

The first BET PROTAC, reported by Winter et al., was based on the small molecule inhibitor 

(+)-JQ1 (1.08).180 They then used a C4 linker to connect thalidomide, a known small molecule 

inhibitor of Cereblon (an E3 ligase). They showed that dBET1 (1.29, Figure 1.33) could bring 

BRD4 and Cereblon into proximity using a donor-acceptor luminescence assay and that loss 

of BRD4 could be detected in an AML cell line assay. They also used a known proteasome 

inhibitor (carfilzomib) to demonstrate that degradation of BRD4 was caused by the 

proteasome. Interestingly, dBET1 (1.29) was also able to reduce c-Myc expression and show 

efficacy in a leukemic cell lines. Other Cereblon ligand-based BET inhibitors which utilise 

different BET inhibitor warheads have since been reported showing a wider applicability to 

this approach.181-185 

 

 

Figure 1.33.  dBET1 (1.29) was the first PROTAC developed which targeted degradation of the BET 

family. It is based on a (+)-JQ1 (1.08) BET inhibitor which is linked to thalidomide, a small molecule 

which is recognised by the E3 ligase Cereblon. 

 

Degradation of the BET family has also been achieved by engaging other E3 ligases. Cuilli et 

al. linked (+)-JQ1 (1.08) to a known VHL ligand using a PEG linker to give MZ1 (1.30, Figure 

1.34).186 They investigated a range of different linkers and identified the PEG3 chain present 



GSK Confidential – Do not copy 

 

41 
 

in MZ1 (1.30) to be the most optimal. Isothermal calorimetry (ITC) measurements showed 

that MZ1 (1.30) could engage both BET and VHL independently and still function as ligands 

for the respective proteins. They were then able to demonstrate that a VHL based PROTAC 

approach can decrease concentrations of BRD2, BRD3 and BRD4 in HeLa cells, using Western 

blotting to analyse protein abundance. Interestingly, MZ1 (1.30) showed differential results 

to (+)-JQ1 (1.08) when the expression of selected genes was investigated. For example, 

expression of apoptosis antigen 1 (FAS), a cell surface receptor involved in apoptosis, is 

downregulated by (+)-JQ1 (1.08) but not MZ1 (1.30) compared to the control. Cuilli et al. then 

went on to crystallise the entire BRD4(BD2)-PROTAC-E3 Ligase construct, providing excellent 

evidence for the structural basis of protein degradation.187 Their work also suggested that 

due to differences in ternary complex stability and the availability of a position suitable for 

ubiquitination, it may be possible to selectively degrade different BET isoforms using a pan-

BET PROTAC.188 They demonstrated this using the structurally related compound AT1 (1.31). 

Since MZ1 (1.30) was first published, other inhibitors which employ different BET inhibitors 

with VHL ligands to induce degradation of the BET family have been reported.189, 190 

 

Figure 1.34. MZ1 (1.30) and AT1 (1.31), the first bifunctional BET degraders which contain a VHL E3 

ligase binder. Both BET warheads are based on (+)-JQ1 (1.08). 
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1.5. Domain Selective BET inhibitors 

1.5.1. Clinical Limitations of pan-BET inhibition 

The small molecule BET inhibitors discussed so far are all classed as pan-BET inhibitors. Pan-

BET inhibitors target all 8 BRDs of the BET family and show little or no selectivity for a single 

BRD or domain. The BET family plays a critical role in gene transcription vital for essential 

cellular processes and because of this show a strong oncology and immuno-inflammation 

phenotype. To date, 20 BET inhibitors have entered the clinic, however, pre-clinical safety 

study data and early clinical trial results could prevent or restrict their progression.119 BRD4 

knock-down experiments lead to loss of stem cells in the gastrointestinal tract as well as loss 

of hematopoietic stem cells.191 The loss of important stem cells observed in vivo is likely to 

be recapitulated in patients and is the cause of one of the most significant dose-limiting 

toxicities (DLTs): thrombocytopenia. Thrombocytopenia is a condition where the blood 

platelet count is lowered, resulting in mucocutaneous bleeding which can ultimately be life 

threatening.192 Although a low platelet count appears to be reversible in the case of BET 

inhibitors, thrombocytopenia has been cited as a DLT for studies involving OTX015 (1.09).92 

With I-BET762 (1.07) and CPI-0610 (1.14) thrombocytopenia was observed but was not dose 

limiting. Additionally, neutropenia, a low neutrophil (a type of white blood cell) count, and 

hyponatremia, a low sodium blood level, were observed as DLTs for OTX015 (1.09).142 Other 

side-effects include, fatigue, nausea, abdominal pain, diarrhoea, anaemia, and vomiting.92 

The side effects could seriously impact the progression of pan-BET inhibitors as single agent 

therapies.  

 

1.5.2. Structural differences between BET BD1 and BD2 domains 

As there is cross activity, it is unknown which of the 8 BET BRDs is responsible for the different 

phenotypes observed and it is theorised that the disease relevant phenotype is driven by a 

different mechanism to the observed dose-limiting findings. Work by Cuilli et al. used a 

bump-and-hole approach to further investigate the unique role of individual BRDs (Figure 

1.35).193-195 In the bump-and-hole approach, a known inhibitor is modified to create a ‘bump’ 

which clashes with the wild type protein. A selective ‘hole’ can then be engineered on the 

protein of interest by mutation of a conserved hydrophobic residue. In this case Leu94 was 

chosen and converted to a less sterically encumbered alanine residue to accommodate the 

modified ligand (1.32, figure 1.35). They achieved 160-fold selectivity for the first domain 
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using this approach and used it to demonstrate that inhibition of BD1 is sufficient to displace 

BRD4 from chromatin using a FRAP assay (see Section 1.1.3). The idea that the BET family 

primarily binds to histones through the BD1 domain is further validated by the work of Miller 

et al. Their work on BRDT using biophysical methods, including ITC, indicated that BRDT 

recognises the nucleosome solely through the BD1 domain but that the BD2 domain can then 

make a bidentate interaction with the nucleosome.158  

 

 

Figure 1.35. A bump-and-hole approach to target selectivity within the BET family. 

 

The work of Cuilli et al. served to provide insight into the mechanism of action, however, as 

it was based on artificial constructs it may not translate to a wild-type system. Therefore, it 

is desirable to design small molecules which can elucidate the role of each specific BRD. Given 

the significant degree of sequence homology between BRDs within each domain (i.e. BRD2 

BD1 and BRD3 BD1), targeting a single member of the family is incredibly challenging. 

However, domain selectivity (i.e. BD1 vs. BD2) is a more achievable approach due to minor 

differences between the BD1 and BD2 domains. 

 

The sequence homology of the two domains (BD1 and BD2) is generally high, although there 

are several key differences which may be exploited when searching for selectivity (Figure 

1.36). Arguably the greatest differences lie on the BA loop. Here, a number of changes are 

clustered close together which is advantageous for designing small molecule inhibitors. In 

BRD4 Asp144 in BD1 is replaced by His437 in BD2. The BD2 specific His is a key residue 

bordering the WPF shelf, which could be exploited for selectivity. Additionally, Asp145 in BD1 

is replaced by Glu438 in BD2 and the Ile146 gatekeeper residue in BD1 changes to the slightly 

larger Val439 in BD2. Furthermore, there are key differences on the ZA loop which affect the 

shape and potential interactions in the ZA channel. Notably, Glu85 in BD1 is replaced by 
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either a Lys or Arg in the BD2 domain. These structural features of the two BRDs are starting 

to be exploited in the development of domain selective BET inhibitors. 

 

 

 

Figure 1.36. A comparison of residue changes between BRD4 BD1 (pdb4kv1) and BRD4 BD2 

(pdb3uw9). BRD4 BD1 residues are shown in yellow and BRD4 BD2 residues are shown in pink. Below 

are the sequences of the BET family with key residue changes between the BD1 and BD2 domains 

highlighted. 
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1.5.3. BD1 Biased BET inhibitors 

Reports of molecules with a bias for BD1 are starting to appear in the literature (Figure 1.37). 

One of the first examples was reported by Zhou and co-workers who released MS436 (1.33), 

a low nanomolar BET inhibitor with a preference for the first BRD.196 The selectivity is 

believed to come from a water mediated interaction with the BD1 specific Gln85 located on 

the ZA loop and the unique azo moiety within MS436 (1.33). This is anchored in place by the 

phenol warhead and its meta-aniline which binds through a network of H-bonds, and is 

crucial for high potency and BD1 bias.  

 

 

Figure 1.37. Small molecule BET inhibitors 1.33–1.37 with bias for BD1. 

 

Further work by Zhou then disclosed Olinone (1.34) which only bound to the first BRD (pKd = 

5.6) and possessed no detectable affinity for BD2, as assessed by ITC measurements (Figure 
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1.37).197 The tricyclic structure interacts with the BD1 specific Asp144 which drives selectivity. 

Two additional BD1 biased inhibitors were reported in early 2015 by Raux and Hügle 

respectively. Raux et al. reported  xanthine 1.35 which was identified from a medium-

throughput screen (MTS) using a protein-protein interaction inhibition orientated library.198 

Using a homogenous time resolved fluorescence (HTRF) experiment, 1.35 was identified as a 

5 µM (pIC50 = 5.3) inhibitor of BRD BD1 with >10-fold selectivity over other members of the 

BET family tested, despite its weak binding. It should be noted that the data for inhibition of 

the BD2 domain did not converge and selectivity is impossible to ascertain. Hügle et al. then 

reported 4-acyl pyrrole 1.36 as a potent BRD4 BD1 inhibitor (pKd = 6.6).199 The inhibitor shows 

10-fold bias for BRD4 BD1, although binding affinity is only given for BRD4 (BD1) and BRD3 

(BD1 and BD2). Zhou has now reported another structurally differentiated BD1 biased 

inhibitor MS402 (1.37).200 Compound 1.37 contains a cyclic enone warhead which binds as 

the KAc mimetic. Again, the selectivity for this series comes from exploiting the residue 

change in the ZA loop. The amide makes a H-bond to the BD1 specific Gln85 thought to be 

responsible for the 10-fold selectivity observed. These compounds represent the first steps 

towards BD1 selective BET inhibitors, however, they are not currently selective enough to 

confidently identify the phenotype of BD1 inhibition. 100 or indeed 1000-fold selective 

inhibitors remain a desirable challenge to the medicinal chemistry community in order to 

achieve this goal.  

 

1.5.4. BD2 Selective BET inhibitors 

BD2 selective BET inhibitors have also drawn increasing interest and reports of selective 

compounds are beginning to appear in the literature (Figure 1.38). RVX-208 (1.38) was 

developed by Resverlogix for the treatment of cardiovascular disease associated with 

atherosclerosis, through phenotypic screening against ApoA1 upregulation. This is the same 

mechanism which led to the serendipitous discovery of I-BET762 (1.07) as a BET inhibitor 

(Section 1.4.2).201 Intriguingly, with RVX-208 (1.38) no anti-proliferative effects were 

observed. On further investigation, it became clear that RVX-208 (1.38) had a bias for the 

second BRD of the BET family, with the highest selectivity window observed for BRD2 of 23-

fold. Compound 1.38 constituted one of the first indications of differentiated phenotypes 

between the two domains. The selectivity is believed to come from an interaction with the 

BD2 specific His433 (BRD2 numbering) which flips into the KAc binding pocket and makes a 

π-stacking interaction with the inhibitor. RVX-208 (1.38) was improved upon to deliver RVX-
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297 (1.39), which is an orally bioavailable BET inhibitor which shows 50-fold preference for 

BD2 in an alpha screen assay.202, 203 Compound 1.39 was efficacious in a collagen induced 

arthritis model. Molecular dynamic simulations identified the BC loop changes, which include 

His433, as the most influential factors for selectivity in studies on RVX-208 (1.38) and RVX-

297 (1.39).204, 205  

 

 

Figure 1.38. BET inhibitors with selectivity for BD2 (1.38–1.41). KAc mimetics are shown in blue. 

 

During their work developing the bump-and-hole approach Cuilli et al. reported 1.40 which 

was c.a. 10-fold selective for the second BRD in both BRD2 and BRD4.194 They believed that 

the electron rich indole was able to form an edge-to-face interaction with the BD2 specific 

His leading to greater stabilisation in BD2. More recently, Law et al. have reported 

tetrahydroquinoxaline (THQx) 1.41 as a BET inhibitor with selectivity for the second BRD.206 

THQx 1.41 showed a 50-fold bias towards BD2 in BRD4 biochemical FRET assays and >300-

fold selectivity against all other tested BRDs, in DiscoveRx’s BROMOscan panel. THQx 1.41 

has an analogous binding mode to THQ 1.41. Again, the acetamide warhead mimics the key 

interaction of KAc with Asn429 and Tyr386, but here, the cyclopropyl group occupies the 

small lipophilic pocket. The benzyl group occupies the shelf region between the WPF shelf 
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region and the benzylic alcohol then makes a H-bond to the BD2 specific His433 residue 

which is believed to enhance the bias for the second domain. The semi-saturated heterocycle 

then points into the ZA channel (Figure 1.39). 

 

 

Figure 1.39. X-ray crystallography (pdb6ffg) of THQx (1.41, silver) in BRD2 BD2 (pink). Key residues 

are depicted as magenta lines, waters as red spheres and H-bonds are shown as yellow dashed lines. 

A) THQx 1.41 makes interactions with Asn429 and Tyr386. B) The aromatic group benzyl group sits 

between the WPF shelf and the BD2 specific His433 which the benzyl alcohol makes a H-bond to. 

This interaction is believed to be a key driver of selectivity for the second BRD of the BET family. 

 

With the development of molecules capable of distinguishing between domains, clarity 

about the unique role of each domain is starting to occur. RVX-297 (1.39) maintains a range 

of immune relevant efficacies in vitro and in vivo, for example, it downregulates interleukin 

6 expression in FLS.202, 203 However, due to the high dose used, the selectivity of 1.39 is 

insufficient to determine whether the effects observed are caused solely by inhibition of BD2. 

Furthermore, THQx 1.41 inhibited the release of the MCP-1 cytokine in human PBMCs and 

whole blood following induction of an immune response by treatment with LPS.206 

Furthermore, it is still unclear what role the specific BET isoforms (BRD2, 3, 4 and T) play in 

gene transcription. Further work is needed both on domain selective and single domain 

selective inhibitors to understand their individual biological roles. 
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1.6. Pursuing a BD2 Selective BET inhibitor 

1.6.1. Development of a Highly Potent and BD2 Selective BET Inhibitor 

Although several BD2 selective inhibitors have been reported, it was felt that the level of 

selectivity obtained may not be sufficient to disconnect the safety and efficacy of BD1 and 

BD2. This was particularly important in this class of inhibitor due to the extent of the efficacy 

and toxicity associated with pan-BET inhibition. As such, work towards the development of 

BD2 selective BET inhibitors with enhanced selectivity was undertaken by our group. 

 

A HTS of 2 million compounds was undertaken, screening against the BRD4 BD2 domain at a 

single concentration. Mutated TR-FRET assays, which used a truncated BRD4 protein 

(residues 1-477) and either a Y390A mutation or a Y97A mutation to assess BD2 or BD1 

potency respectively, were used to determine affinity for a single domain. Mutation of the 

conserved Tyr to an Ala residue completely removed the ability of small molecule BRD 

inhibitors to interact with that domain. Hits which preferentially bound to the BD2 domain 

of BRD4 were selected. This identified acetamide derivative 1.42 (Figure 1.40), which 

displayed 13-fold selectivity over BD1 in a biochemical TR-FRET assay. Notably, this selectivity 

was also observed for BRD2, BRD3, and BRD4. Optimisation of the amide vector, insertion of 

a benzylic methylene unit and fluorination of the phenyl core lead to GSK046 (1.43, figure 

1.40): a potent BET inhibitor (BRD4 BD2 pIC50 = 7.3) with 1300-fold selectivity for BD2 (BRD4 

BD1 pIC50 = 4.2).207 

 

 

Figure 1.40. Development of GSK046 (1.43) from initial hit to potent and BD2 selective BET inhibitor. 

aalso <4.3 (n = 7); balso <4.3 (n = 10). 
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The exquisite selectivity could be understood by evaluation of the GSK046 (1.43) crystal 

structure in BRD2 BD2 (Figure 1.41). Here, the acetamide acts as the KAc mimetic, whilst the 

benzyloxy group occupies the WPF shelf, with the benzylic methyl pointing into the ZA-

channel. Crystallographic evidence shows that the fluorine substituent changes how the core 

is positioned in the binding pocket meaning that the cyclohexanol amide NH can form a 

bidentate interaction to Asn429 (BRD2 BD2 numbering). Although this interaction also occurs 

in BD1, the BD2 specific His433 makes an edge-to-face interaction with the benzyl group. In 

BD1 this residue is replaced with an Asp residue which cannot make this interaction and these 

combined factors are believed to drive the excellent selectivity. 

 

 

Figure 1.41. X-ray crystallography of GSK046 (1.43, silver) in BRD2 BD2 (pink). Key residues are 

shown in magenta, water as red spheres and H-bonds as yellow dashes. A) 1.43 interacts with 

Asn429 and Tyr386 through the methylamide. The second amide makes a bidentate interaction to 

Asn429. B) The phenyl ring sits between the WPF shelf region and BD2 specific His433. 

 

GSK046 (1.43) represents an excellent tool to probe mechanistically the roles of the BD1 and 

BD2 domains both in vitro and in vivo. To investigate whether a highly selective BD2 BET 

inhibitor could maintain an immuno-inflammation phenotype, 1.43 was tested in an LPS 

stimulated PBMC cellular assay. Pleasingly, acetamide 1.43 caused concentration-dependent 

inhibition of MCP-1, demonstrating for the first time that a BD2 selective BET inhibitor could 

be progressed to treat inflammatory diseases. Unfortunately, acetamide 1.43 contained an 
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embedded aniline and was considered of high genotoxic potential, so progression beyond a 

tool was not possible. 

 

1.6.2. Overcoming the Genotoxic Risk of 1.43 

Despite the exquisite selectivity of GSK046 (1.43), the genotoxic liability meant that an 

alternative chemotype was sought for the development of a BD2 selective clinical candidate. 

In parallel, pyridone 1.44, which showed a marginal degree of selectivity towards the second 

BRD of BRD4 after optimisation of another hit from the same HTS as 1.42, was identified as 

an alternative starting point (Figure 1.41).208 Despite the initially poor selectivity profile of 

pyridone 1.44, X-ray crystallography suggested that a scaffold hopping approach from 

GSK046 (1.43) could be used to improve selectivity. Addition of a meta-amide and 

optimisation of this vector led to GSK620 (1.45), a 200-fold selective BD2 BET inhibitor. 

 

Figure 1.41. Optimisation of GSK620 (1.45) from fragment hit to potent and BD2 selective BET 

inhibitor. 

 

An X-ray crystal structure of 1.45 in BRD2 BD2 was solved and overlaid with that of GSK046 

(1.43). Unsurprisingly, the methylamide warhead is the KAc binding mimetic, with the amide 

carbonyl making a H-bond to Asn429 and Tyr386 (Figure 1.42). A portion of the binding 

potency is believed to arise from an intramolecular H-bond between the pyridone carbonyl 

group and the methylamide NH which stabilises the required bioactive conformation of the 

warhead. The binding of pyridone 1.45 exploits the same BD2 residues as acetamide 1.43 

(Figure 1.42). The two amides participate in a bidentate interaction with Asn429 which places 

the benzyl group on the WPF shelf where it forms an edge-to-face interaction with His433 in 

BD2. When the X-ray crystal structure of acetamide 1.43 and pyridone 1.45 were overlaid, 
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the phenyl rings are co-located, suggesting that this interaction is integral for the high 

selectivity observed. 

 

 

Figure 1.42. X-ray crystallography of 1.43 (A) and 1.45 (B) showing interactions with key residues 

(magenta) and waters (red spheres). H-bonds are dashed yellow lines. C) 1.43 and 1.45 both form a 

bidentate interaction with Asn429 and the phenyl rings of both sit between His433 and the WPF 

shelf. 

 

1.6.3. Discovery of 2,3-Dihydrobenzofurans as BD2 Selective BET Inhibitors 

GSK620 (1.45) showed that achieving >100-fold selectivity was possible in multiple 

chemotypes, unfortunately, 1.45 had poor CAD and FaSSIF solubility (see Section 1.1.2). In 

addition to this, it was noted that pyridone 1.45 readily crystallised. The low FaSSIF solubility 

was therefore, at least partially, driven by a high lattice enthalpy. Additionally, a higher 

selectivity of 1000-fold was considered preferential. Therefore, improving both the 

selectivity and solubility of the series was desirable. It was hypothesised that conformational 
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restriction of the phenyl group would provide an entropically more favourable interaction 

with BD2. Lowering the number of potential free energy states of this group in solution 

means that there would be a smaller entropic penalty on binding the protein, potentially 

leading to an improvement in potency and therefore selectivity.209 Benzylic methylene 

groups had been well tolerated in the pyridone series and so it was envisioned that 

cyclisation from the benzylic position to the pyridone carbonyl group, to form a 2,3-

dihydrobenzofuran (DBF) core, would fit in the BD2 binding pocket and be able to mimic the 

key interactions of pyridone 1.45 for selectivity (Figure 1.43). This strategy proved effective 

and culminated in GSK973 ((S,S)-1.46), a DBF analogue which showed excellent potency 

against BRD4 BD2 pIC50 = 7.8, and greater than 1000-fold selectivity over BRD4 BD1. This BD2 

selectivity profile was recapitulated against the other BET BD1 family members.  

 

 

Figure 1.43. Constraining pyridone 1.45 affords DBF GSK973 ((S,S)-1.46) an exquisitely selective BD2 

inhibitor. aalso <4.3 (n = 1). 

 

To understand the drivers of domain selectivity in the DBF series, an X-ray crystal structure 

of DBF (S,S)-1.46 was solved and overlaid with the structure of bound pyridone 1.45 (Figure 

1.44). As expected, both templates contain the same basic pharmacophore with the key 

interactions being identical to GSK620 (1.45). The bicyclic lock of the DBF ring serves to place 

the phenyl ring between the WPF shelf region and the BD2 specific His433 as had been 

desired. The trans configuration of the C2/C3 substituents of the DBF ring places the CH2F 

group into the ZA channel with excellent shape complementarity. A cis conformation would 

induce a clash with the protein, a fact reflected by the lower potency of this diastereomer.  
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Figure 1.44. Crystal structure of GSK973 (1.46, yellow) overlaid with pyridone 1.45 (grey) in BRD2 

BD2 (pale pink). The key residues are present (magenta) and the H-bonding interactions are shown 

by yellow dotted lines. Water molecules are visible as red spheres. A-C) DBF 1.46 makes a bidentate 

interaction with Asn429 and place a phenyl ring between the BD2 specific His433 and the WPF shelf. 

D) The two inhibitors are shown to have significant overlap. 

 

Whilst DBF (S,S)-1.46 displayed excellent potency and selectivity, the DBF series had an 

inherently more lipophilic core, meaning that even with a more polar amide group, the 

ChromLogD of (S,S)-1.46 was higher than 1.45 (3.3 vs. 3.1, Table 1). SAR data showed that 

the DBF compounds such as (S,S)-1.46 were required to occupy a narrow physico-chemical 

range (ChromLogD = 3.0 – 4.0) to maintain a good overall developability profile. Analogues 

of (S,S)-1.46 which were of higher lipophilicity suffered from poor rodent PK, whilst lower 

lipophilicity negatively impacted permeability and bioavailability. GSK973 ((S,S)-1.46) did 

improve the poor solubility of pyridone 1.45 by CAD (≥152 vs. 87 µg mL-1) but this was not 

recapitulated in FaSSIF (25 vs. 47 µg mL-1) assays. Additionally, GSK973 ((S,S)-1.46) was 
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cleared more readily than pyridone 1.45 (1.8 vs. 1.0 mL min-1 g-1) in a rat hepatocyte in vitro 

clearance (IVC) assay.  

 

Table 1.01. Comparison of the properties of pyridone 1.45 and DBF GSK973 ((S,S)-1.46). 

 1.45 (S,S)-1.46 

BRD4 BD2 pIC50 (n) / BD1 pIC50 (n) 7.1(16) / 4.8(14) 7.8(20) / 4.6(19)a 

Selectivity 200x 1600x 

ChromLogD 3.1 3.6 

CAD solubility (µg mL-1) 87 ≥206 

FaSSIF solubility (µg mL-1) 25 47 

Rat hepatocyte  IVC (mL min-1 g-1) 1.0 1.8 

              aAlso <4.3 (n = 7). 

 

One limitation to the SAR work for this series was the synthetic tractability of changing the 

pendent C3 phenyl substituent. There was the potential that introduction of further 

embedded polarity on this vector would allow access to the desired physico-chemical space. 

Additionally, the removal of the 2-CH2F substituent from the DBF core had not been 

investigated. This potentially offered a method to reduce lipophilicity and molecular weight, 

whilst potentially reducing synthetic complexity and allowing a wider variety of shelf 

substituents to be prepared. To achieve this goal a new synthetic strategy was needed, and 

this is the subject of the first part of this thesis. 
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2. Synthetic Strategies Towards DBFs as BD2 Selective BET 

Inhibitors 

2.1. Aims 
The aim for this project was to develop synthetic methodology to allow for a full SAR analysis 

of the two key vectors of the DBF series, namely the shelf group and the amide vector on the 

DBF template (Figure 2.01). The methodology developed should allow for late stage 

functionalisation of the two key vectors with the aim of delivering a candidate quality 

molecule which fulfils the following criteria (see Section 1.1 for more details):  

 

• Potent and BET family selective molecule (BRD4 BD2 pIC50 > 7.0) with 1000-fold 

selectivity over BRD4 BD1. 

• Efficacy in in vitro immuno-inflammation disease models (hWB and PBMC pIC50> 6.0). 

• Suitable physico-chemical profile. 

• High solubility (FaSSIF >100 µg mL-1). 

• Suitable human PK predicted properties to drive a high unbound blood concentration 

(>IC90 for 4 H), with a low predicted human dose from oral administration. 

• Able to dose to two animal species (rat and dog) at multiples above predicted 

efficacious concentration. 

 

 

Figure 2.01. Strategic aims of investigating the DBF template. 
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2.2. Synthetic Approaches Targeting DBFs as BET Selective BET 

Inhibitors 

2.2.1. Initial Synthesis of DBFs (S,S)-1.46 and (±)-2.011. 

The starting point in the investigation of the DBF core without a C2 substituent was to 

examine the synthesis of DBF (S,S)-1.46.  

 

Scheme 2.01. Synthesis of (S,S)-1.46 

 

a) (E)-(3-Chloroprop-1-en-1-yl)benzene (1.2 eq.), K2CO3 (1.6 eq.), KI (1.0 eq.), acetone, reflux, 16 h, 97%; b) N,N-

dimethylaniline, 200 °C, 4 h, 71%; c) methylamine (40% w/w in water), THF, rt, 16 h, 50%; d) mCPBA, CH2Cl2, 0 °C, 

98%; e) KOH (2 eq.), DMSO:H2O, 0 °C, 45%; f) Pd(OAc)2 (10 mol%), Xantphos (10 mol%), CO, TEA (5 eq.) 

MeOH:DMF, 70 °C, 57%; g) Separation of the two enantiomers by chromatography using a chiral stationary phase; 

H), Deoxo-Fluor® (2.5 eq.), CH2Cl2, 0 °C to rt, 16 h, 80%; i)  NaOH (3 eq.), EtOH:THF, H2O, rt, 18 h, 92%; j) (1R,5S,6R)-

3-oxabicyclo[3.1.0]hexan-6-amine (2.007, 1.2 eq.), HATU (1.3 eq.), TEA (1.3 eq.), CH2Cl2, rt, 16 h, 82%. 
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Starting from the commercially available methyl 5-bromo-2-hydroxybenzoate 2.001, 

alkylation of the phenol with (E)-(3-chloroprop-1-en-1-yl)benzene gave 2.002 in a 97% yield 

(Scheme 2.01). When phenol ether 2.002 was heated at reflux, a key Claisen rearrangement 

occurred which installed the necessary terminal olefin in a yield of 71%. An amide formation 

with methylamine in water/THF inserted the methyl amide warhead (±)-2.003 in a 50% yield. 

This direct amidation is likely facilitated by the phenol and is discussed in more detail in 

Section 2.2.5. The terminal olefin (±)-2.003 could then be epoxidised using mCPBA in 98% 

yield. A 5-exo-tet cyclisation induced by deprotonation of the phenol by KOH, formed DBF  

(±)-2.005. Subsequent deprotonation of the dibenzylic centre led to formation of the more 

thermodynamically stable trans stereochemistry. A Pd catalysed carbonylation reaction 

installed an ethyl ester in 57% yield. At this point the two enantiomers were separated by 

chromatography using a chiral stationary phase. Deoxo-Fluor® could then convert the 

terminal alcohol to a fluorine atom in 80% yield. Quantitative hydrolysis of the ester using 

LiOH and a subsequent amide coupling gave DBF (S,S)-1.46. 

 

The initial synthesis of DBF (±)-2.011, where the CH2F group had been deleted, was carried 

out by other members of our laboratories (Scheme 2.01) and relied on terminal olefin 

intermediate (±)-2.004 used in the synthesis of GSK973 ((S,S)-1.46).210 Deletion of a 

methylene unit was undertaken by dihydroxylation using osmium tetroxide and diol cleavage 

with sodium periodate to give aldehyde (±)-2.008 quantitatively (Scheme 2.02). This was 

cyclised using acid catalysis to give benzofuran 2.009. This step gave the desired product in a 

low yield of 29% and proved a major obstacle to the scalability of this route. Nevertheless, a 

carbonylation was carried out in an 87% yield to insert the methyl ester giving 2.010. This 

was then hydrolysed to afford the acid and subsequently coupled with H2NcPr using HATU as 

the coupling agent in a 94% yield. The final step was a hydrogenation of the double bond 

using 10 mol% Pd/C in MeOH. The reaction was carried out in a flow H-cube apparatus, but 

the 16% yield for this step was disappointingly low, and suggested that an alternative 

approach to hydrogenation may be necessary to optimise this sequence.  
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Scheme 2.02. Initial synthesis of DBF (±)-2.011 by colleagues at GSK.

 

a) OsO4 (0.05 eq.), NaIO4 (4 eq.), water, acetone, rt, 10 min, 100%; b) pTsOH (0.2 eq.), toluene, reflux, 24 h, 29%; 

c) CO, Pd(OAc)2 (11 mol%), Xantphos (15 mol%), TEA (5 eq.), MeOH, DMF, 70 °C, 18 h, 87%;  d) 2 M NaOH, MeOH, 

rt, 2 h, 100%; e) HATU (1.5 eq.), TEA (2 eq.), H2NcPr (2 eq.), DMF, rt, 1 h, 94%; f) H2, Pd/C (10 mol%), H-cube, 

MeOH, 17%. 

 

Overall, this route was 9 steps with a poor overall yield of 0.7%. In addition, the C3 phenyl 

group which needs to be varied as part of the SAR strategy is installed in step 1. Therefore, a 

new route was required. 

 

2.2.2. Reimagining the Retrosynthetic Approach to DBF 2.011 

To establish a shorter, more efficient route to the target DBF (±)-2.011 the retrosynthetic 

approach was re-visited. A 5-step retrosynthesis was envisioned (Figure 2.02) which allowed 

for late-stage functionalisation of the amide vector. Despite the poor yield of the 

hydrogenation of 2.010 in Scheme 2.02, it was believed that optimisation of this reaction 

through screening of catalysts and conditions would provide higher yields, making 

benzofuran 2.010 an attractive intermediate. The methyl amide warhead could be installed 

though an amino carbonylation reaction from bromide 2.013. NBS bromination, controlled 

by the ortho directing electron donating oxygen and the meta directing electron withdrawing 

ester, should form bromide 2.013 from benzofuran 2.014. The key disconnection hinged 

upon epoxidation and cyclisation of alkene 2.016. The alkene could be prepared from 
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commercially available iodide 2.017 and boronic acid 2.018. Although this strategy also 

inserted the C3 substituent in the first step, it tested the key step of the retrosynthesis in the 

next step and was a much shorter overall route. 

 

 

Figure 2.02. Retrosynthesis of DBF 2.012 which identified the key cleavage of the benzofuran ring to 

give a vinylic phenol precursor. 

 

Phenols can add directly to alkenes in the presence of sulfuric acid.211 However, direct 

cyclisation onto the double bond would formally be a 5-endo-trig, which is disfavoured by 

Baldwin’s rules.212 The epoxide mediated cyclisation is a favoured 5-exo-trig reaction which 

should allow access to benzofuran 2.014.212, 213 For completeness, a 5-endo-trig cyclisation 

mediated by TfOH was attempted to prove this was correct and indeed only SM was observed 

after refluxing for 24 h (Scheme 2.03). 
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Scheme 2.03. Attempted 5-endo-trig cyclisation to form DBF (±)-2.019 using TfOH. 

 

a) TfOH, toluene, reflux, 24 h, no reaction observed. 

 

Chittimalla et al. have published a synthesis of benzofurans which relies on a Corey-

Chaykovsky epoxidation.214 Once the sulfur ylide had added into ketone 2.020 and 

subsequently formed the epoxide, in situ cyclisation and dehydration gave benzofuran 2.021 

in a 50% yield (Scheme 2.04). This was good precedent therefore, that if phenolic epoxide 

(±)-2.015 could be formed in the reaction, cyclisation and dehydration would follow to afford 

the desired benzofuran (Figure 2.02).215, 216  

 

Scheme 2.04. Literature precedent for the Corey-Chaykovsky epoxidation/cyclisation method to 

synthesise benzofuran 2.021. 

 

a) (CH3)3SOI, nBuLi, THF, 60 °C, 4 h, 50%. 

 

2.2.3. Initial Studies towards a Synthetic Route to DBF (±)-2.011 

To test the key benzofuran cyclisation proposal, simplified vinyl phenol 2.016 was prepared 

using a Suzuki coupling reaction (Scheme 2.05). The commercially available iodide 2.017 was 

reacted with (1-phenylvinyl)boronic acid 2.018, using PdCl2(dppf) as a catalyst, to afford the 

desired product 2.016 in 78% yield. This was then reacted with mCPBA in CH2Cl2 at rt 

overnight in an attempt to form the benzofuran 2.014. However, only diol (±)-2.022 was 

isolated from the reaction mixture as, what appeared by 1H and 13C NMR to be, a single 

compound of undefined stereochemistry. This diol is thought to arise due to the desired 

benzofuran 2.0.14 reacting with mCPBA to afford another epoxide which is then opened by 

water. Initially, the reaction was carried out with 2 eq. of mCPBA, but this was reduced to 1 

eq. in an attempt to stop the by-product formation. Unfortunately, upon analysis of the crude 
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reaction mixture by LCMS, only SM and diol (±)-2.022 were observed, suggesting that 

epoxidation of benzofuran 2.014 is faster than vinyl phenol 2.016. This is perhaps 

unsurprising as the oxygen of the benzofuran may increase the nucleophilicity of the double 

bond enabling it to react more readily with the electrophilic mCPBA. 

 

Scheme 2.05. Attempted synthesis of benzofuran 2.014 by epoxidation and subsequent ring 

opening. 

 

a) (1-Phenylvinyl) boronic acid (2.018, 1.0 eq.), PdCl2(dppf) (10 mol%), K2CO3 (3.0 eq.), 1,4-dioxane:water, 90 °C, 

4 h, 78%; b) mCPBA (2.0 eq.), CH2Cl2, rt, 16 h, 93%. 

 

Attempts were then made to find another method of activating the terminal olefin. Bromine 

was used as it was thought that formation of a bromonium ion would facilitate the ring 

closure. This ultimately proved unsuccessful as none of the desired benzofuran product 2.014 

was observed. This led to the search for an alternative strategy. 

 

It is well known in the literature that, given the appropriate precursors, DBFs can be 

synthesised using Mitsunobu conditions. Gotor-Fernandez et al. used this methodology to 

synthesise benzofuran (R)-2.024 in 85% yield using a precursor (S)-2.023 made by enzymatic 

methods (Scheme 2.06).217 The drawback of this approach was the ability to synthesise the 

required β-hydroxyphenol ((S)-2.023). Given the structure of phenol 2.016, it was thought 

that hydroboration of the olefin would afford primary alcohol (±)-2.25 in readiness for the 

Mitsunobu reaction. Importantly, this would form the DBF core directly and avoid the 

requirement for a subsequent hydrogenation of the benzofuran, which had previously been 

low yielding.  
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Scheme 2.06. Literature precedent for the Mitsunobu approach to cyclise diol (S)-2.023 into  

DBF (R)-2.024.217 

 

a) PPh3, DIAD, THF, rt, 3 h, 85%. 

 

The hydroboration of styrene was pioneered by H. C. Brown in the 1960s and 1970s, 

however, there are no examples in the literature where a hydroboration has been attempted 

on a vinyl group ortho to a phenol.218 Initial studies were therefore conducted using borane 

(1 M in THF). Two equivalents of borane are necessary as the first equivalent should react 

with the phenol before the second equivalent carries out the hydroboration reaction 

(Scheme 2.07). The reaction gave a separable mixture of two regioisomers in a 3:2 ratio, of 

which the desired isomer (±)-2.025 was isolated in a 50% yield by mass directed auto 

preparation (MDAP). The other regioisomer was a 34% impurity by LCMS analysis of the 

reaction and was isolated in 21% yield. Before this reaction was optimised, the Mitsunobu 

reaction was carried out to check that this route was appropriate for this substrate. A 

Mitsunobu reaction using the classic reagents of triphenyl phosphine and DIAD was 

undertaken and afforded the desired benzofuran (±)-2.019 in an isolated yield of 41% 

(Scheme 2.07). 

 

Scheme 2.07. Alternative strategy using hydroboration and a subsequent Mitsunobu reaction. 

 

a) Borane (1 M in THF, 2.0 eq.), 0 °C, 4 h, then NaOH (2 M, 3 eq.), H2O2 (33% w/w in water, 1.0 eq.) rt, 1.5 h, 

50%; b) PPh3 (1.2 eq.), DIAD (1.2 eq.), THF, rt, 16 h, 41%.  

 

2.2.4. Optimisation of the Hydroboration 

As this route had now been used to synthesise the required DBF framework, attention was 

turned to optimisation of the hydroboration reaction. As previously discussed, the first 

attempt using borane (1 M in THF) gave a mixture of alcohols (±)-2.025 and (±)-2.026 

(Scheme 2.07). Given the mechanism of hydroboration it was thought that the required anti-
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Markovnikov product (±)-2.025 would be favoured by both the electronics and sterics of the 

reaction. The anti-Markovnikov (±)-2.025 product would arise from a transition state with 

the δ+ charge on the benzylic position and the boron at the least hindered end of the double 

bond (Figure 2.03). This is seen in the hydroboration of styrene where the required anti-

Markovnikov product is formed favourably in an 80:20 mixture over the other regioisomer.218 

The selectivity for phenol (±)-2.016 was lower with a 60:34 mixture observed. This reaction 

clearly needed further investigation. 

 

 

Figure 2.03. Two transitions states for the hydroboration of a vinylic phenol: The theoretically 

favoured anti-Markovnikov (left) and the theoretically disfavoured Markovnikov (right). 

 

Firstly, alcohol (±)-2.025 was exposed once more to the hydroboration work up conditions 

(NaOH/H2O2) to determine whether the product was stable to the reaction conditions and to 

ensure that the ratio observed was not due to a rearrangement of the product. This proved 

to be the case as no formation of regioisomer (±)-2.026 was observed. An alternative work-

up procedure was then investigated. NaOH and H2O2 were replaced with sodium perborate 

tetrahydrate, however, little of the desired product (±)-2.025 was formed.219 There was no 

evidence to suggest a rearrangement of the product was occurring, so it was probable that 

regioselectivity was governed by the initial hydroboration. A selection of hydroborating 

agents were therefore employed to understand and influence the outcome of the reaction 

(Table 2.01). 

 

Initially, it was thought that increasing the bulk of the boron species would favour formation 

of the desired regioisomer. 9-BBN is a well-known bulky boron reagent.220 However, when 

the hydroboration was attempted using 9-BBN no reaction was observed (Table 2.01, Entry 

2). The reason for this is likely to be because the first equivalent will react with the phenol, 

which may then make the double bond too stericially hindered to undergo the 

hydroboration. It was thought that an intermediate sized boron species may help overcome 
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this problem. Thexylborane was synthesised from borane and 2,3-dimethylbut-2-ene by a 

known literature procedure, and was used directly as a 0.66 M solution in THF.221, 222 Upon 

exposing phenol 2.016 to thexylborane, a much more selective reaction was observed (Entry 

3), favouring the formation of (±)-2.025 in an 83:17 ratio. (+)-(Ipc)2BH is a well-known chiral 

hydroboration reagent first pioneered by H. C. Brown.223 In order to try and synthesise DBF 

(±)-2.025 as a single enantiomer, (+)-(ipc)2BH was synthesised from (+)-pinene and borane. 

No reaction was observed when this reagent was exposed to phenol 2.016 (Entry 4) and this 

was again thought to be due to steric hindrance. An alternative approach could be to 

synthesise (+)-(ipc)BH2 as this less bulky borane may be more effective. However, given the 

thexylborane result this was not attempted. 

 

Table 2.01. Optimisation of Hydroboration of vinyl phenol 2.025. 

 

 
Borane 
(R2BH) 

(±)-2.025 
(%)a 

(±)-2.027 
(%)a 

2.016 
(%)a 

 
1 

 
BH3 (1 M in THF) 

 
60 

 
34 

 
6 

 
2 

 
9-BBN (1 M in THF) 

 
0 

 
0 

 
100 

 
3 

 
Thexylborane (0.66 M in THF) 

 
83 

 
17 

 
0 

 
4 

 
(+)-(Ipc)2BH 

 
0 

 
0 

 
100 

aRatio calculated from LCMS analysis of the crude reaction mixture. 

 

2.2.5. Insertion of the Methyl Amide Warhead 

Now that a scalable route to DBF (±)-2.019 had been established, the methyl amide warhead 

needed to be installed (Scheme 2.08). Bromination of the benzofuran, using an electrophilic 

source of bromine such as NBS, should be directed ortho to the oxygen and meta to the 

carbonyl group to afford the bromide (±)-2.027. Unfortunately, when DBF (±)-2.019 was 

reacted with NBS in CH2Cl2 at rt only the 2-bromobenzofuran 2.028 (64%) was isolated from 

the reaction. Rather than bromination, an oxidation bromination sequence occurred which 
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placed a bromine at the 2-position of the furan ring. This transformation has been reported 

in the literature although these reactions normally require a radical initiator (typically 

AIBN),224 therefore, this outcome was surprising. 

 

Scheme 2.08. Attempted NBS bromination of DBF (±)-2.019. 

 

a) NBS (1.2 eq.), CH2Cl2, rt, 16 h. 

 

As late stage functionalisation to insert the warhead was proving problematic, an alternative 

route was devised which relied on carrying out the hydroboration/Mitsunobu reactions with 

the methyl amide already in place. An updated retrosynthesis was proposed which built up 

the more functionalised vinylic phenol 2.029 over 4 steps (Figure 2.04). A Suzuki reaction 

similar to that in Scheme 2.05 should yield the desired advanced intermediate 2.029 primed 

for the hydroboration/Mitsunobu sequence from the highly functionalised aromatic bromide 

2.030.  

 

 

Figure 2.04. Retrosynthesis of phenol 2.029 which incorporates the methyl amide warhead at an 

earlier stage. 
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This in turn could be formed from phenol 2.031 where halogenation using NXS (X = Br, I) 

should be directed ortho to the phenol and meta to both the electron-withdrawing carbonyl 

groups. There was some evidence in the literature and earlier work on the DBF series that 

amide 2.032 could be prepared from methyl ester 2.032, simply using methylamine 40% w/w 

in water.225, 226 The diester 2.032 could in turn be accessed by methylation of the readily 

available hydroxyisophthalic acid 2.033. 

 

The forward synthesis was carried out using the conditions in Scheme 2.09. Dimethyl 4-

hydroxyisophthalate 2.032 was prepared from commercially available 4-hydroxyisophthalic 

acid (2.033), using thionyl chloride in MeOH.227 Upon addition of thionyl chloride to 4-

hydroxyisophthalic acid 2.033 in MeOH, dimethyl sulfite is formed, a process which forms 

HCl and upon heating facilitates esterification to form 2.032. Once the reaction is cooled to 

rt, the product precipitated out of solution in a 92% yield (Scheme 2.09). Methylamine (40% 

w/w in water) was then added to 2.032 in THF and a precipitate formed. The suspension was 

stirred until full dissolution, at which point the reaction was complete. Only a single product 

was observed and the target 2.031 was isolated in a 98% yield. Halogenation was then 

achieved using either NBS (2.045, 81%) or NIS (2.035, 87%). Overall, 2.035 was prepared from 

2.033 in 3 steps and 78% overall yield. 

 

Scheme 2.09. Synthesis of highly functionalised phenols 2.031 and 2.035. 

 

a) SOCl2 (7.5 eq.), MeOH, reflux, 6 h, 92%; b) NH2Me (40% w/w in water, 5 eq.), THF, rt, 16 h, 98%; c) NXS (1.2 

eq.), CH2Cl2, rt, 2-16 h. 
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In order to rationalise the outcome of the regioselective amidation, the 13C NMR was 

examined as a means of understanding the electronic properties of each ester. Theoretically, 

the carbonyl carbon of the more electrophilic ester should have a higher chemical shift as it 

is more deshielded. In this instance, the inferred H-bonding interaction between the phenol 

and the ortho ester group should remove electron density from the carbonyl group increasing 

the dipole, therefore, deshielding the carbonyl carbon and increasing the chemical shift. 

When the 13C NMR of phenol 2.032 was fully assigned the ortho ester group did indeed have 

a higher chemical shift with a difference of 2.7 ppm when compared to the para ester group 

(Figure 2.05).  

 

     

Figure 2.05. Comparison of 13C NMR shifts of the two esters in phenol 2.44. 

 

2.2.6. Optimisation of the Suzuki Coupling to form ortho Vinyl Phenols 

Bromide 2.034 was then exposed to standard Suzuki conditions used previously to synthesise 

vinyl phenol 2.016 (Scheme 2.05). Unfortunately, this reaction had a low conversion of 17% 

by LCMS and an isolated yield of only 10% after purification by column chromatography 

(Scheme 2.10). The major side product observed in the reaction mixture was trans-alkene 

2.036. There are several possibilities which might explain the formation of this side-product. 

One option was that protodeborylation of boronic ester 2.018 was occurring and instead a 

Heck reaction, which would lead to the trans-alkene 2.036 with styrene is taking place. The 

presence of an additional EWG ortho to the phenol could cause this in two ways: by altering 

the electronics of the halide-carbon bond group (although this might be expected to enhance 

the rate of oxidative addition and transmetallation), or by providing a chelating group which 

could poison the catalyst. It is believed that the methyl amide chelating group slows down 

the reaction, which gives time for protodeborylation to occur before oxidative addition takes 

Ortho – 167.8 ppm 

Para – 165.1 ppm 
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place. Once the side-product had been identified a screen of different conditions was carried 

out in order to elucidate a solution to the problem. 

 

Scheme 2.10. Initial synthesis of functionalised precursor 2.030 for the hydroboration reaction. 

 

a) (1-Phenylvinyl)boronic acid (1.1 eq.), Pd(dppf)Cl2 (10 mol%), K2CO3 (3 eq.), 1,4-dioxane:water, 90 °C, 4 h, 10%. 

 

To overcome the poor yield of the Suzuki reaction, an investigation of different catalysts and 

conditions was conducted (Table 2.02). These conditions either came from previous 

precedent from our laboratories, or from the literature where they had been used on a 

similar substrate.228  

 

Table 2.02. Investigation into the Suzuki coupling of the functionalised phenols 2.034 and 2.035 with 

 (1-phenylvinyl)boronic acid 2.018. 

  

 X Catalyst Base Solvent 
Temp 

(°C) 

2.029 

(%)a 

2.036 

(%)a 

SM 

(%)a 

1 Br Pd(dppf)Cl2 K2CO3 1,4-dioxane:water 80 17 28 54 
2 I Pd(dppf)Cl2 K2CO3 1,4-dioxane:water 80 54 17 30 
3 Br Pd(amphos)Cl2 K3PO4 1,4-dioxane:water 75 19 46 35 
4 I Xantphos/Pd(OAc)2 K3PO4 1,4-dioxane:water 75 48 21 30 
5 Br XPhos Pd G2 K3PO4 EtOH:Water 75 30 39 30 
6 Br XPhos Pd G2 K3PO4 Toluene 75 - - 100 
7 I XPhos Pd G2 K3PO4 EtOH:Water 75 43 55 2 
8 I PEPPSI-iPr K3PO4 1,4-dioxane:water 70 88 2 10 
9 Br PEPPSI-iPr K3PO4 1,4-dioxane:water 70 45 17 38 

aRatio calculated from LCMS analysis of the crude reaction mixture. 
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To investigate if the halide could be altered to improve reactivity, the corresponding iodide 

2.035 was used (Entries 2 vs. 1). This improved reactivity in the Suzuki reaction (54%), but a 

major side-product 2.036 (17%) was still observed. Pd(amphos)Cl2 had been used to catalyse 

analogous reactions in the literature, albeit without the ortho methyl amide.229 The 

dimethylamine groups on the phosphine ligands, increase  electron density at the Pd, aiding 

oxidative addition (Figure 2.05).230 However, these conditions only gave a conversion of 19% 

(Entry 3) with bromide 2.034 which constituted no significant improvement over Pd(dppf)Cl2.  

 

 

Figure 2.06. Structures of the different ligands, catalysts and pre-catalysts used in the exploration of  

Suzuki reaction summarised in Table 2.02. 

 

Xantphos also showed no further improvement on the original conditions (48%, entry 4). As 

the reaction appeared to work better with iodide 2.035 and gave less side-product, it was 

thought that the oxidative addition step may be crucial. Buchwald et al. have reported pre-

catalysts which form the catalytically active species in situ under conditions where boronic 

acid decomposition is slow.231 The monodentate phosphine ligand XPhos is highly reactive in 

both C-C and C-N bond forming reactions.232 However, in this case XPhos Pd G2 offered only 

minor improvements (Entry 5) with bromide 2.034 (30% conversion) and showed poorer 

conversion with iodide 2.035 as a coupling partner (43% conversion) relative to Entries 1 and 
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2.233 When the reaction was run in toluene (Entry 5) none of the desired product 2.029 was 

observed suggesting this solvent was not tolerated. Another pre-catalyst which is known to 

work well for aryl chlorides where oxidative addition is often rate-limiting is PEPPSI-iPr, an N-

heterocyclic carbene (NHC) based catalyst (Figure 2.06).234 The NHC ligand makes PEPPSI-iPr 

more electron rich which aids the oxidative addition step. The bulk of the NHC ligand also 

ensures that reductive elimination occurs quickly. Remarkably, when PEPPSI-iPr was used as 

a catalyst with a potassium phosphate base in 1,4-dioxane/water a conversion of 88% was 

observed (Entry 8). To complete the study, the PEPPSI-iPr conditions were repeated with 

bromide 2.034 (Entry 9), where the conversion was only 45% supporting the argument that 

oxidative addition is the rate limiting stage of the catalytic cycle. 

 

2.2.7. Scale up of 2.029 and Exploration of the Amide Vector 

Having established optimal conditions for the Suzuki coupling, the reaction was then scaled 

up to 2.0 g and an isolated yield of 65% was achieved for 2.029 (Scheme 2.11).  

 

Scheme 2.11. Synthesis of acid (±)-2.038 by hydroboration/Mitsunobu reactions,  

to allow for exploration of the amide vector. 

 

a) (1-Phenylvinyl)boronic acid (1.2 eq.), K3PO4 (3.0 eq.), PEPPSI-iPr (10 mol%), 1,4-dioxane:water, 70 °C, 2 h, 65%; 

b) (i) thexylborane (0.66 M in THF, 2.0 eq.), THF, 0 °C, 16 h; (ii) NaOH, H2O2, rt, 2 h, 62%; c) PPh3 (1.2 eq.), DIAD 

(1.2 eq.), THF, rt, 16 h, 81%; d) LiOH (2 eq.), THF:water, 50 °C, 2 h, 99%. 
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In tandem with the other route improvements the advanced intermediate 2.029 was 

prepared on 1.2 g scale in 53% overall yield. Vinyl phenol 2.029 was then hydroborated with 

thexylborane to afford, after oxidative work-up, primary alcohol (±)-2.037 in 62% yield as a 

single regioisomer. Following this, a Mitsunobu reaction using triphenylphosphine and DIAD 

gave the functionalised DBF (±)-2.012 in an 87% yield. Now that a suitable route to form the 

DBF core had been established the methyl ester was hydrolysed quantitatively using lithium 

hydroxide to form carboxylic acid (±)-2.038 which was used to make a range of amides 

(Scheme 2.11). 

 

A range of different amides ((±)-2.011, (±)-2.039–2.042) were synthesised using HATU as the 

coupling reagent (Scheme 2.12). The amide couplings proceeded in yields of 58–97%. In the 

case of DBF 2.042, the Boc protected morpholine derivative (2.041) was coupled in a 58% 

yield and subsequently deprotected using TFA in a 45% yield to afford amide 2.042 as a 

mixture of diastereomers. Compound 2.040 was prepared as a mixture of diastereomers 

after being synthesised from (1S,2S)-2-methylcyclopropanamine. The single enantiomer, 

(S,S,S)-2.040 was prepared by colleagues at GSK.  

 

Scheme 2.12. Synthesis of final compounds: variation of the amide vector. 

 

a) Amine (1.2 eq.), HATU (1.4 eq.), DIPEA (3.0 eq.), DMF, rt, 2 h, 58–97%; b) TFA, CH2Cl2, rt, 2 h, 45%. 

 

The single enantiomers of (±)-2.011 and (±)-2.039 were obtained by separation through 

chromatography using a chiral stationary phase. The absolute configuration of the most 

active enantiomer was assigned as (S) based on previous crystallographic evidence of GSK973 
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((S,S)-1.46, see Figure 1.44, Section 1.6.3). Overall DBF (±)-2.011 was synthesised over 8 steps 

in 17% yield, a marked improvement on the original route (Scheme 2.02). The SAR of these 

analogues along with further examples synthesised by other members of the team will be 

discussed in Section 2.3. 

 

2.2.8. Late Stage Functionalisation of the C3 Position  

Whilst the synthetic route discussed above had delivered the desired amide alterations, one 

major disadvantage to this approach was that differentiation of the C3 phenyl group must 

happen at an early stage and the vinylic boronic acids required were not all commercially 

available. A novel approach which would allow for functionalisation of the shelf group was 

desirable, therefore, a new retrosynthesis was envisioned (Figure 2.07).  

 

 

Figure 2.07. Retrosynthetic plan which hinges upon a late stage insertion of the C3 aryl group. 

 

The last step of this route would be a hydrogenation of a benzofuran to DBF (±)-2.011. It was 

anticipated that optimisation of reaction conditions would afford improvements to the 
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original 10% yield (see Scheme 2.02). The C3 substituent could then be functionalised by late-

stage cross-coupling to the respective boronic esters, from bromide 2.044. Regioselective 

bromination of benzofuran 2.045 should furnish the necessary synthetic handle for these 

couplings. The benzofuran 2.046, in turn, could be synthesised by a Sonogashira reaction 

from key intermediate 2.035, the synthesis of which was optimised previously (Scheme 2.09). 

It is well known in the literature that if a Sonogashira reaction is carried out on a halogen 

ortho to a phenol, in situ cyclisation will occur to give the benzofuran leading to the direct 

synthesis of 2.046.235 

 

To investigate the key disconnection in the new synthetic strategy, the Sonogashira reaction 

was attempted (Scheme 2.13) using TMS acetylene and previously prepared phenols 2.031 

and 2.035. Once again, the iodide proved a more appropriate substrate, likely for similar 

reasons of higher turnover of the oxidative addition stage. Initially, when using bromide 

2.031, no reaction was observed, however, on switching to iodide 2.035 the desired 

benzofuran 2.046 was isolated in a yield of 73% after in situ TMS deprotection using TBAF. 

 

Scheme 2.13. Using the Sonogashira reaction to build up the benzofuran ring. 

 

a) (i) TMS acetylene (2.2 eq.), PdCl2(PPh3)2 (5 mol%), CuI (10 mol%), TEA (3.0 eq.), DMF, 80 °C, 16 h; (ii) TBAF (2 

M in THF), rt, 2 h, 73%. 

 

In order to brominate at the 3-position, benzofuran 2.046 was reacted with bromine in CH2Cl2 

to afford dibromide (±)-2.047. After removal of the excess bromine and solvent in vacuo, KOH 

in EtOH was added to facilitate the selective elimination of the bromide from the 2 position 

to afford 3-bromobenzofuran 2.048 in a yield of 94% (Scheme 2.14).236 The selectivity arises 

through formation of an oxonium ion intermediate followed by loss of a proton (Figure 2.08). 
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Figure 2.08. Proposed mechanism which explains the regioselectivity for the debromination of DBF 

2.048. 

 

Addition of the base also hydrolysed the ester to afford the (desired) corresponding 

carboxylic acid 2.049. A HATU mediated amide coupling, using DIPEA as a base, gave amide 

2.050 in a 60% yield (Scheme 2.14).  

 

Scheme 2.14. Functionalisation of the DBF scaffold to insert a range of different C3 substituents. 

 

a) i) Br2 (1.5 eq.), CH2Cl2, rt, 2 h; ii) KOH (2.0 eq.), EtOH, 40 °C, 24 h, 94%; b) HATU (1.2 eq.), DIPEA (3 eq.), 

(1R,5S,6R)-3-oxabicyclo[3.1.0]hexan-6-amine 2.007 (1.4 eq.), DMF, rt, 16 h, 60%; c) boronic acid (1.2 eq.), Pd Cat 

(10 mol%), K3PO4 (3.0 eq.), 1,4-dioxane:water, 40 °C, 2 h, 28–41%; d) Pd/C type 424 (10 mol%), EtOH, H2, rt, 16 h, 

25–73%. 
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The meso oxabicycle 2.007 was chosen as these compounds were predicted to occupy the 

desired physico-chemical space. Bromide 2.050 was then diversified via Suzuki couplings. The 

Suzuki reactions used PEPPSI-iPr or XPhos Pd G2 as a catalyst and proceeded in yields of up 

to 41%. Subsequent hydrogenation of the biaryl products (2.051–2.054) using the 

heterogeneous Pd/C type 424 under a hydrogen atmosphere gave DBFs (±)-2.039, (±)-2.055–

2.0257 in yields of up to 73%.  Pd/C type 424237 was used in previous in-house work where 

these conditions proved superior.238 Sufficient material was synthesised for the generation 

of the initial data for each compound and so the reactions were not optimised further. For 

indole (±)-2.056, the single enantiomer was prepared by another member of the team upon 

scale-up using the same route. The absolute stereochemistry of the most active enantiomer 

was assigned from X-ray crystallography (Figure 2.09, section 2.3.3.). Compounds (±)-2.055 

and (±)-2.057 were tested as a racemic mixture. 

 

With a synthetic strategy that allowed for functionalisation of both the amide and C3 aryl 

vectors established, synthesis of analogues 2.011, 2.039–2.042, and 2.055–2.057 along with 

further examples synthesised by other members of our laboratory was enabled. It was now 

possible to fully explore the SAR of the DBF template. 
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2.3. Investigating the SAR of the 2-unsubstituted DBFs  

2.3.1. SAR of the Amide Vector 

As outlined previously, the flexible synthetic strategy developed has allowed the synthesis of 

analogues to establish the effect of deletion of the C2 substituent and to explore a wider 

range of C3 substituents. Selected examples are shown in Table 2.03. First, the effect of 

removing the CH2F substituent was examined, by comparison of historical DBF systems 

where C2 = CH2F. Overall, potency and selectivity was generally well maintained in all 

examples (Entries 1–10 and 14–15) and an average reduction in ChromLogD of 0.2 log units 

was observed. The primary amide (S)-2.059 (Entry 2) was potent at BRD4 BD2 (pIC50 = 7.3), 

however, removal of the amide substituent negatively impacted on selectivity (200-fold). 

These trends were mirrored for the CH2F variant (S,S)-2.058 (Entry 1). The methyl amide (S)-

2.061, increased potency at BRD4 BD2 by 0.4 log units which was concomitant with a minor 

improvement in selectivity (320-fold), however, this was still below the desired 1000-fold 

threshold. With an aim to improve the selectivity, the cyclopropyl derivative which had been 

optimised for the pyridone series (Section 1.6.2) was tested. DBF (S)-2.011 showed excellent 

potency at BRD4 BD2 (pIC50 = 7.7) and was 800-fold selective over BD1. This compound 

occupied the desired physico-chemical space (ChromLogD = 3.6) and deletion of the CH2F 

substituent raised the CLND solubility from 8 to ≥141 μg mL-1 (Entry 6 vs. 5). Progression to a 

rat hepatocyte IVC assay showed minor improvements in metabolic stability (2.0 mL min-1 g-

1) compared to the CH2F DBF (S,S)-2.062 (3.2 mL min-1 g-1). As discussed in the introduction, 

the elevated rat clearance had been a major flaw for the fluorinated DBFs, therefore, because 

of its promising profile, DBF (S)-2.011 was progressed to in vivo PK studies which will be 

discussed in Section 2.3.4. The methyl cyclopropyl amide (S,S,S)-2.040 (Entry 8) improved 

potency at BD2 (pIC50 = 8.0) and selectivity (1600-fold) over BD1. However, this increase in 

potency was likely driven by the log unit increase in ChromLogD to 4.5 which was outside the 

desired range for this series and as such submission for IVC analysis was not undertaken. A 

marked improvement in the solubility was also observed on deletion of the CH2F group with 

this example (Entry 7 vs. entry 8).  
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Table 2.03. Comparison of the ‘973 series with 3-substituted DBFs. 

 

 
 

 
R1 

 
R2 

BRD4 BD2(n) / 
BD1(n) pIC50 
Selectivity 

Chrom
LogD7.4 

CLND 
Solubility 
(μg mL-1) 

Rat IVC 
(mL min-1 

g-1) 

1a CH2F 
(S,S)-2.058 

H 

6.9(2) / 4.7(2) 
160x 

2.9 ≥128 - 

2a 
H 

(S)-2.059 
7.3(3) / 5.0(2) 

200x 
2.7 ≥144e - 

3a 
CH2F 

(S,S)-2.060 
Me 

7.5(3) / 4.9(2) 
400x 

3.3 ≥149 3.0 

4a 
H 

(S)-2.061 
7.7(2) / 5.2(2) 

320x 
3.2 ≥130e - 

5a 
CH2F 

(S,S)-2.062 
 

 

7.6(3) / <3.3(2)d 

>20000x 
3.9 8 3.2 

6 
H 

(S)-2.011 
7.7(10) / 4.8(10) 

800x 
3.6 ≥141 2.0 

7a 
CH2F 

(S,S,S,S)-
2.063 

 

8.0(3) / 5.0(1)b 

1000x 
4.5 7 - 

8 
H 

(S,S,S)-
2.040 

8.0(2) / 4.8(2) 
1600x 

4.5 ≥76 - 

9a 
CH2F 

(S,S)-1.46 

 
 

7.8(20) / 4.6(19)c 

1600x 
3.6 ≥206e 1.8 

10 
H 

(S)-2.039 
7.8(8) / 4.8(8) 

1000x 
3.3 ≥143 8.6 

11a 
H 

(S)-2.064 
 

7.9(3) / 4.6(3) 
2000x 

 
2.9 

 
≥124e 3.3 

12a 
H 

(S)-2.065 

 

7.9(3) / 4.9(3) 
1000x 

3.4 ≥163 6.8 

13 
H 

2.042f 

 

7.3(2) / <4.3(2) 
>1000x 

2.1 ≥166 - 

14a 
CH2F 

(S,S)-2.066 

 

7.3(3) / 4.4(1)b 

790x 
2.7 165 1.1 

15a 
H 

(S)-2.067 
7.3(3) / 4.6(3) 

500x 
2.5 ≥201 1.8 

aPrepared by colleagues at GSK; bAlso <4.3 (n = 2); cAlso <4.3 (n = 1); dAlso <4.3 (n = 4); eCAD solubility; fA 1:1 

diastereomeric mixture of C3 epimers. 
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The meso oxabicycle amide was used successfully in the development of DBF (S,S)-1.46 

(Section 1.6.3) to lower the lipophilicity by introducing polarity into the amide substituent. 

DBF (S)-2.039 (Table 2.03, Entry 9) was well tolerated (pIC50 = 7.8) and was 1000-fold selective 

over BRD4 BD1. The lower ChromLogD (3.3) and high CLND solubility (≥143 μg mL-1) made 

progression to IVC desirable. Interestingly, DBF (S)-2.039 had high clearance in rat 

hepatocytes (8.6 mL min-1 g-1), which was raised relative to the CH2F DBF (S,S)-1.46 (1.8 mL 

min-1 g-1). Therefore, progression of this compound was halted. Due to the decrease in 

ChromLogD observed (relative to DBF (S,S)-1.46) it was believed that the increase in 

clearance was not driven by lipophilicity but by a metabolic liability in the new core. An 

exploration of other bicyclic amides was then conducted with the hope that the excellent 

potency and selectivity of DBF (S)-2.039 could be maintained alongside a reduction in IVC. 

The exocyclic alcohol (S)-2.039 and azabicyclic amide 2.065 were both investigated. Both 

bicycles (S)-2.064 and (S)-2.065 were potent against BRD BD2 (pIC50 = 7.9) and highly 

selective (2000-fold and 1000-fold respectively) over BD1. Both were in a suitable physico-

chemical space (ChromLogD = 2.9 and 3.4). Unsurprisingly, the addition of an additional 

hydrogen-bond donor in DBF (S)-2.064 decreased the lipophilicity compared to oxabicycle 

(S)-2.039. Due to the initial promising profile, both compounds were progressed to in vitro 

PK studies. Unfortunately, both DBF (S)-2.064 and DBF (S)-2.065 showed raised hepatocyte 

clearance (3.3 and 6.8 mL min-1 g-1 respectively) and progression to in vivo PK studies was not 

warranted. Weakly basic amides had been well tolerated in the pyridone series and their 

utility in the DBF series was assessed next. Morpholine 2.042 showed lower potency at BRD4 

BD2 (pIC50 = 7.3) although it maintained 1000-fold selectivity over BD1. DBF 2.042 had high 

CLND solubility (≥166 μg mL-1), however, it was thought that the low ChromLogD (2.1) would 

negatively impact bioavailability and so was not progressed further. As the low ChromLogD 

was believed to be driven by the basicity of the morpholine amine, the trans-1,3-dioxan-5-

amide (S)-2.067, which was first reported by Ndubaku et al. during the development of a 

selective p21 activated kinase 1 (PAK1), was explored.239 The trans-1,3-dioxan-5-amide 

moiety had a pKa of 6.8, where the amine basicity is modulated by the two oxygens of the 

acetal, and as such was predicted to provide the right balance of properties in the DBF series. 

DBFs (S)-2.066-2.067 were well tolerated, both with and without a C2 CH2F substituent, had 

a high potency against BD2 in both series (pIC50 = 7.3) and were ≥500-fold selective over BD1. 

Due to a desirable physico-chemical profile, DBF 2.067 was progressed to understand its 
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metabolic stability. Pleasingly, DBF 2.067 had lower clearance (1.8 mL min-1 g-1) relative to 

the other DBF analogues tested and was therefore progressed to in vivo studies. 

 

2.3.2. SAR of the C2 DBF Substituent 

Having established that the CH2F group was not required for potency and selectivity, a 

greater range of C3 substituents were prepared and the SAR examined. The high BD2 potency 

of the DBF series is believed to be partly driven by an edge-to-face π-stacking interaction 

between the phenyl ring and the BD2 specific His433 (Section 1.6.3, Figure 1.44). Therefore, 

replacement of this substituent with a non-aromatic group should lead to a decrease in 

activity at BD2, but it was felt important to test this hypothesis as the removal of an aromatic 

ring is known to be beneficial to solubility.15  As expected, THP (±)-2.057 showed a 10-fold 

drop in potency relative to the phenyl substituent (S)-2.039 (Table 2.04). Additionally, all 

three regioisomers of the electron-deficient pyridyls were poorly tolerated (Entries 2–4) 

relative to the phenyl derivative (S)-2.039. The reduction in activity was attributed to two 

probable causes; either the polarity of the pyridine rings was poorly tolerated, or a more 

electron-rich aromatic ring is required to maximize the potency obtained from the edge-to-

face interactions with Trp370 and His433. To investigate this further, an electron donating 

ortho methoxy group was examined with both a cyclopropyl amide ((±)-2.070) and an 

oxabicyclic amide ((±)-2.071). Both (±)-2.070 and (±)-2.071 (Entries 5 and 6) were potent at 

BRD4 BD2 (pIC50 = 7.5 and 7.2 respectively), however, this offered no improvements over the 

phenyl ring (S)-2.039 (Table 2.03, Entry 10), therefore, progression was halted. It was 

interesting to note that the additional electron density of the ring did not cause an increase 

in potency or selectivity. Any increase in potency that came from the increased aromaticity 

was possibly counterbalanced by a detrimental effect caused by the polarity or steric bulk of 

the substituent. The effect of polarity was further explored by examination of a 4-fluoro 

substituent. DBFs (S)-2.072 and (S)-2.073 were both potent (BRD4 BD2 pIC50 = 7.5 and 7.6 

respectively) and selective (630-fold). Both sat in the desired physico-chemical space 

(ChromLogD = 3.8 and 3.6 respectively), however, DBF (S)-2.072 had lower kinetic solubility 

(40 µg mL-1). Despite this both 4-fluoro phenyls (S)-2.072 and (S)-2.073 were progressed to 

assess the IVC. Disappointingly, both DBF 2.072 and 2.073 were rapidly cleared in rat 

hepatocytes (6.1 and 15.0 mL min-1 g-1 respectively) and were therefore not assessed in vivo.  

 

 



GSK Confidential – Do not copy 

 

81 
 

Table 2.04. Exploration of C3 substituent SAR. 

 

 R1 R2 

BRD4 BD2 
pIC50 (n) / BD1 

pIC50 (n) 

Selectivity 

Chrom
LogD7.4 

CLND 
Solubility 
(μg mL-1) 

IVC rat 
(mL min-1 g-1) 

 
1 4-THP 

(A) 
(±)-2.057 

6.6(3) / 4.7(3) 
80x 

 
2.1 

 

 
≥177 

 

 
- 

 
2a 

2-pyridyl 
(A) 

(±)-2.068 
6.7(3) / <4.3(3) 

>250x 

 
1.6 

 
≥158 

 
- 

 
3 3-pyridyl 

(A) 
(±)-2.055 

6.6(3) / 4.8(1)c 

63x 

 
1.4 

 
≥104 

 
- 

 
4a 

4-pyridyl 
(A) 

(±)-2.069 
6.8(2) / 4.8(1)d 

100x 

 
1.3 

 
≥184 

 
- 

 
5a 

3-OMe-
C6H4 

(B) 
(±)-2.070 

7.2(3) / 4.7(3) 
320x 

 
3.8 

 
≥161 

 
- 

 
6a 

(A) 
(±)-2.071 

7.5(3) / 4.6(3) 
790x 

 
3.2 

 
≥186 

 
- 

 
8a 

4-F- C6H4 

(B) 
(S)-2.072 

7.5(4) / 4.7(4) 
630x 

 
3.8 

 
40 6.1 

 
9a 

(A) 
(S)-2.073 

7.6(3) / 4.8(3) 
630x 

 
3.6 

 
≥176 14.8 

10a 2-Me- C6H4 
(A) 

(S)-2.074 
7.6(3) / 4.9(3) 

500x 

 
4.0 

 
≥103 30.9 

 
11a 

 
4-indole 

(B) 
(S)-2.075 

8.1(2) / 5.0(2) 
1300x 

 
3.5 

 
≥142 4.6 

12b (A) 
(S)-2.056 

8.2(8) / 5.3(8) 
790x 

 
3.1 

 
≥137 3.6 

aPrepared by colleagues at GSK; bSingle enantiomer prepared by a colleague at GSK; cAlso <4.3 (n = 2); dAlso <4.3 

(n = 1). 
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Fluoro groups are known to block metabolic soft spots, therefore, the raised clearance of 

DBFs (S)-2.072 and (S)-2.073, suggested that metabolism of the 4-position of the phenyl ring 

was not responsible for the raised clearance of DBFs (S)-2.072 and (S)-2.073 (Table 2.04, 

entry 8–9). It was proposed that ortho substitution of the phenyl ring could restrict rotation 

around the C3 position, potentially providing an entropic driving force for binding if the low 

energy state matched the desired binding conformation. However, DBF (S)-2.074 (Table 2.04, 

Entry 10) offered no improvements in either potency or selectivity compared to the 

unsubstituted phenyl ring (Table 2.03, Entry 10). This suggests that ortho substitution is 

tolerated but not beneficial. DBF (S)-2.074 was just within the acceptable ChromLogD range 

(4.0) and just over the desired solubility threshold (≥103 µg mL-1), therefore, was progressed 

to assess IVC. Again, DBF (S)-2.074 showed raised clearance in rat hepatocytes (31.0 mL     

min-1 g-1). Cuilli et al. had identified a BD2 selective triazoloazepene by exploiting the edge-

to-face interaction of an indole shelf group with the BD2 specific His433 (Section 1.5.4.).194 

An indole aryl substituent had increased both potency and selectivity in the pyridone series 

relative to a phenyl substituent. Therefore, to optimise for higher potency and selectivity in 

the DBF series, indoles (S)-2.075 and (S)-2.056 were prepared. As predicted, both indoles (S)-

2.075 and (S)-2.056 were highly potent against BRD4 BD2 (pIC50 = 8.1 and 8.2 respectively) 

and selective over BD1 (1300 and 790-fold respectively). The additional H-bond donor and 

increased polarity of the C3 substituent relative to the phenyl ring caused a reduction in 

lipophilicity of both indoles. Additionally, both indoles (S)-2.075 and (S)-2.056 had high CLND 

solubility (≥142 and ≥137 µg mL-1 respectively) and were therefore progressed to assess IVC. 

Both indoles showed a raised hepatocyte clearance of 3.6 and 4.6 mL min-1 g-1 respectively. 

However, this was an improvement over any other C3 substituents tested. Therefore, due to 

the high potency, and reduced clearance (compared to DBF (S)-2.039), DBF (S)-2.056 was 

progressed to in vivo PK and will be discussed further in Section 2.3.4. 

 

2.3.3. X-ray Crystallography of DBF (S)-2.056 

To further understand the key interactions of the DBF ligand with the BD2 BRD, and to further 

probe the increased potency obtained from the indole C3 substituent, an X-ray crystal 

structure of DBF (S)-2.056 was resolved and compared with DBF (S,S)-1.46 (Figure 2.08). The 

methyl amide warhead mimics the interactions of the natural KAc substrate, making a 

through water interaction with the conserved Tyr386 and a H-bond to the conserved Asn429. 

The second amide then makes a further bidentate interaction to Asn429. This places the 
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indole between the WPF shelf and the BD2 specific histidine (His433). Interestingly, Cuilli et 

al. attribute the increased BD2 potency of indole (S)-2.056 (see Section 1.5.4) to the 

increased aromaticity of the pyrrole ring relative to the phenyl ring.203 Furthermore, a 

through water H-bond to Asp434 is also visable. 

 

 

Figure 2.09. X-ray crystallography of (S)-2.056 (grey) in BRD2 BD2. The key residues are shown in 

magenta and H-bonds as dashed yellow lines. Waters are red dots. A) The methylamide warhead and 

amide vector make a bidentate interaction with Asn429. The carbonyl group of the warhead makes 

an additional through water interaction to Tyr386. B-C) These interactions place the indole 

substituent between the WPF shelf and BD2 specific His433, where it is further stabilized by a 

through water interaction to Asp434. D) DBF (S)-2.056 overlaid with GSK973 ((S,S)-1.46). 
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When DBF (S,S)-1.46 and indole (S)-2.056  were overlaid, they exhibited the same mode of 

binding, however, there is a slight movement in DBF (S)-2.056  relative to (S,S)-1.46 which 

places the indole pyrrole ring on top of the phenyl ring between Trp370 and His433. It was 

believed that this optimises the edge-to-face π-stacking between the ligand, His433 and 

Trp370. Additionally, the indole NH forms a through water interaction to Asp434, further 

stabilising this interaction. 

 

2.3.4. In Vivo PK profiling of DBFs (S)-2.011, (S)-2.056 and (S)-2.067 

The potency and selectivity of the DBF series was now well understood, but, despite careful 

control of the lipophilicity of the series, achieving suitable IVC had been challenging. The lead 

compounds ((S)-2.011, (S)-2.056 and (S)-2.067), which had demonstrated potency, selectivity 

and low clearance were progressed to understand their in vivo PK, cellular target engagement 

and thermodynamic (FaSSIF) solubility when compared to DBF (S,S)-1.46 (Table 2.05). DBF 

(S)-2.011 maintained excellent potency in both LPS stimulated PBMC and hWB assays 

measuring reduction of MCP-1 (Section 1.1.3), demonstrating that this series could reduce 

inflammation in vitro. Pleasingly, the low clearance in hepatocytes translated into a low in 

vivo clearance of 34 mL min-1 kg-1. However, the unbound clearance was 723 mL min-1 kg-1 

(c.f. 184 mL min-1 kg-1 for (S,S)-1.46) suggesting that the apparent low clearance is a function 

of high protein binding. When dosed orally, DBF (S)-2.011 showed a good bioavailability of 

47%. Unfortunately, a low FaSSIF solubility of 28 µg mL-1 meant it was not progressed to dog 

in vivo PK studies. DBFs (S)-2.056 and (S)-2.067 were then investigated. Both were active in 

PBMC (pIC50 ≥ 7.4) and hWB blood assays (pIC50 ≥ 6.7). Interestingly, DBF (S)-2.056 was 10-

fold more potent in the biochemical TR-FRET assay and this trend was also observed in the 

cellular assays. Pleasingly, (S)-2.056 and (S)-2.067 were more soluble than (S)-2.011 with 

FaSSIF solubility ≥269 µg mL-1. It is interesting to note that there was a poor correlation 

between CLND and FaSSIF solubility. Given the excellent profile of both (S)-2.056 and (S)-

2.067, in vivo PK studies were conducted. DBF (S)-2.056 showed low blood clearance of 39 

mL min-1 kg-1. However, unlike DBF (S)-2.011, a low blood clearance did not translate into 

good bioavailability (Fpo = 6%). This is suggestive of poor absorption, however, DBF (S)-2.056 

showed good permeability in an AMP assay (133 nm s-1) so this result is perhaps surprising. 

DBF (S)-2.067 was highly cleared in the rat (177 mL min-1 kg-1) and as expected this led to 

poor oral bioavailability (Fpo = 10%).  
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Table 2.05. Further profiling of DBFs (S)-2.011, (S)-2.056 and (S)-2.067. 

 

 (S,S)-1.46a (S)-2.011 (S)-2.056b (S)-2.067a 

BRD4 BD1 pIC50 (n) / 

BD2 pIC50 (n) 

7.8(20) / 

4.6(19)c 

7.7(10) / 
4.8(10) 

8.2(8) / 

5.3(8) 

7.3(3) / 

4.6(3) 
Selectivity 1600x 790x 790x 500x 

LE / LLEat 0.36 / 0.38 0.42 / 0.40 0.36 / 0.40 0.32 / 0.40 

PBMC MCP-1 pIC50 (n)f - 7.7(2) ≥8.7(3) 7.4(3) 

hWB MCP-1 pIC50 (n)f 7.2(2) 6.9(2) 7.9(2) 6.7(2) 

CLND Solubility (μg mL-1) ≥206e ≥141 ≥137 ≥202 

FaSSIF Solubility (μg mL-1) 47 28 269 845d 

AMP (nm s-1) 165 300 133 53 

IVC 
(mL min-1 g-1) 

Rat 1.8 2.0 3.6 1.8 

Dog <0.7 <0.7 0.8 <0.7 

Humanf <0.5 <0.5 <0.5 <0.5 

Rat IV PKg 

CLb / CLFU 
(mL min-1 kg-1) 

73 / 184 34 / 723 39 / - 177 / 1311 

%LBF 89 43 43 >100 

Vss (L kg-1) 2.1 0.6 1.2 3.7 

T1/2 (h) 0.6 0.3 0.6 0.4 

Rat Oral PKg Fpo (%) 48 47 6 10 

aPrepared by colleagues at GSK; bSingle enantiomer prepared by a colleague at GSK; cAlso <4.3 (n = 1); dData was 

>1000 on 1 / 2 test occasions; eCAD solubility; fThe human biological samples were sourced ethically and their 

research use was in accord with the terms of the informed consents under an IRB/EC approved protocol; gAll 

animal studies were ethically reviewed and carried out in accordance with Animals (Scientific Procedures) Act 

1986 and the GSK Policy on the Care, Welfare and Treatment of Animals. 

 



GSK Confidential – Do not copy 

 

86 
 

The poor oral bioavailability of (S)-2.056 and (S)-2.067 and the poor FaSSIF solubility of (S)-

2.011, meant the search for a more suitable lead compound must continue. The challenge 

for this series was balancing high solubility with a suitable in vitro and in vivo PK profile. Over 

150 compounds with this scaffold were synthesised and none had met the desired criteria of 

solubility and metabolic stability, therefore, a novel approach was required. 

 

2.3.5.  In Silico Analysis of DBF 2.039 

The synthetic strategy developed in Section 2.2, had allowed an investigation into an 

improved C3 substituent and the effect of removing the C2 CH2F group from the DBF core. 

However, suitable PK and high solubility remained challenging. Therefore, a new strategy 

which could improve on both these areas was sought. To aid rational design moving forward, 

an in silico Metasite ID was used to predict the metabolic liabilities of the template (Figure 

2.10).240  

 

Figure 2.10. In silico Metasite ID of (S)-2.039 which highlights vulnerable groups which are most 

likely to be metabolised. The darker circles represent the positions most likely to be oxidised. 

 

This suggested that the amide warhead would be the most easily metabolised site. However, 

as other series which contained the same warhead had demonstrated good PK (Section 1.6) 

with a similar ChromLogD, it was hypothesised that this was in fact more metabolically stable 

than predicted. Moreover, previous SAR work had shown that the methyl amide was critical 

for potency. Additionally, the oxabicyclo amide was predicted to be a metabolic liability 

through O-dealkylation of the ether. However, a range of structurally diverse amides were 

well tolerated but they all showed raised hepatocyte clearance. Hydroxylation of the aryl ring 

was also indicated, however, 4-fluoro (S)-2.072–2.073 did not improve metabolic stability 

relative to the unsubstituted aryl ring. This pointed towards the DBF core as the main driver 

for metabolism, with aromatisation to the benzofuran a likely metabolic fate for this type of 

compound. This is consistent with (S,S)-1.46 vs (S)-2.039 data where between the matched 
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pairs, the IVC increases from 1.8 to 8.6 mL min-1 g-1 (Table 2.03, Entries 9–10). It is possible 

that the increased steric hindrance of the CH2F potentially helps to limit metabolism at this 

position. Therefore, a strategy was envisioned which inserted a quaternary centre into the 

molecule at the 3-position to stop aromatisation/cleavage of the DBF ring and potentially 

lead to a more metabolically stable compound. Additionally, it was theorised that the 

increased sp3 character and 3D structure of a quaternary centre would increase solubility. 

 

2.4. Synthetic Approaches Targeting a DBF Quaternary Centre 

2.4.1. Reductive Heck cyclisation 

To improve the solubility and address the metabolic liabilities of DBF (S)-2.011, an alternative 

approach was proposed which targeted insertion of a quaternary centre within the DBF core 

(Figure 2.11). Retrosynthetically, the quaternary DBF (S)-2.076 could be accessed from ester 

(±)-2.077 via a chiral separation, hydrolysis and amide coupling. To install the quaternary 

centre, a reductive Heck cyclisation of iodide 2.078 was envisioned which would form a bond 

between an aryl iodide and an ether linked alkene. This could itself be prepared via alkylation 

of phenol 2.035 which had previously been prepared (Section 2.2.5.). 

 

 

Figure 2.11. Retrosynthetic approach to target a DBF quaternary centre. 

 

Precedent for a reductive Heck cyclisation came from two main sources. Diaz et al. used a 

reductive Heck to synthesise new synthetic retinoids (Scheme 2.15).241 Their procedure 

reacted iodide 2.079 with Pd(OAc)2, tributylamine as the base and formic acid as the 

reductant, which worked in yields of up to 70%. Another example was reported by Trost et 

al. in their total syntheses of Furaquinocin A, B, and E.242 Again, a formic acid reductant was 

used to facilitate the transformation of meso-iodide 2.081 in the presence of a palladium 

catalyst and 1,2,2,6,6-pentamethyl piperidine (PMP) base.  
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Scheme 2.15. Literature precedent for a reductive Heck cyclisation. 241, 242 

 

a) Pd(OAc)2 (10 mol%), Bu3N (2.2 eq.), HCO2H (1.1 eq.), MeCN, 65 °C, 4 h, 70%; b) PdCl2(MeCN)2 (10 mol%), PMP 

(6.0 eq.), HCO2H (4.0 eq.), DMF, 50 °C, then Ac2O (2.4 eq.), TEA (3.8 eq.), DMAP (cat.), CH2Cl2, rt, 1 h, 81% (2 steps). 

 

To test the utility of this methodology, the necessary precursor 2.085 was synthesised 

(Scheme 2.16). Starting from 1-methylstyrene (2.083), NBS bromination using catalytic TsOH 

at 100 °C gave bromide 2.084 in 86% yield according to the literature procedure.243 A more 

truncated DBF was chosen as a test substrate for proof of concept studies for the cyclisation 

reaction. Accordingly, alkylation using phenol 2.017 and K2CO3 as a base in acetone gave 

complete conversion to the desired ether 2.085 which was isolated in 96% yield.  

 

Scheme 2.16. Synthesis of the precursor alkene for the reductive Heck cyclisation. 

 

a) NBS (1.05 eq.), TsOH (0.1 eq.), THF, 100 °C, 4 h, 86%; b) K2CO3 (3.0 eq.), acetone, 80 °C, 1 h, 96%. 

 

Aryl iodide 2.085 was then taken forward to investigate a reductive Heck cyclisation (Table 

2.06). The literature conditions from Diaz and Trost were chosen as a starting point for the 
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investigation.241, 242 The first experimentexamined, using Diaz’s conditions of Bu3N and 

Pd(OAc)2, showed 33% conversion by LCMS but then did not progress further with significant 

unreacted iodide 2.085 remaining. Concurrently, Trost’s conditions using PMP and 

PdCl2(MeCN)2 were investigated and this reaction showed complete conversion to (±)-2.086 

by LCMS and the product was isolated in 83% yield. These conditions appeared superior and 

were taken forward in this work. 

 

Table 2.06. Investigation into conditions to facilitate a reductive Heck to access DBF (±)-2.086. 

 

 
Conditions 

HCO2H (2.2 eq.), Bu3N (3.3 eq.) 
Pd(OAc)2 (20 mol%) 

MeCN, 65 °C, 4 h 

HCO2H (4.0 eq.), PMP (6.0 eq.) 
PdCl2(MeCN)2 (10 mol%) 

DMF, 50 °C, 2 h 

Conversion (%)a 
Isolated Yield (%) 

33% 
- 

100% 
83% 

aConversion measured as (area product/(area product + area starting material)) in LCMS trace of reaction 

mixture. 

 

The next step was to investigate the reductive Heck cyclisation of the more functionalised 

aryl iodide 2.078 (Scheme 2.17). Compound 2.035, a key intermediate in the synthesis of (±)-

2.011 (Section 2.2), was alkylated using bromide 2.084 and K2CO3 in 53% yield. Attempts were 

then made to affect the cyclisation to form DBF (±)-2.077. 

 

Scheme 2.17. Exploration of reductive Heck cyclisation on a more functionalised substrate. 

 

a) K2CO3 (3.0 eq.), acetone, 100 °C, 16 h, 53%; b) Formic acid (4.0 eq.), PMP (6.0 eq.) PdCl2(MeCN)2 (10 mol%), 

DMF, 2 h, 50 °C. 
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Using the same conditions which were successful for (±)-2.086, only a small amount of 

desired product (±)-2.077 was observed in the reaction mixture. The major product was the 

formation of dealkylated and dehalogenated phenol 2.032. It is believed that loss of the allyl 

group occurs first, via a Tsuji-Trost like mechanism through Pd insertion into the allyl 

system.244 

 

The Tsuji-Trost like elimination of the phenol is facilitated by the electron withdrawing 

methyl amide which stabilises the phenolate leaving group to aid addition (Figure 2.12). Once 

the allyl group has been lost insertion into the aryl iodide will solely lead to dehalogenation 

through a reductive mechanism as there is no scope for an intramolecular cyclisation before 

reductive elimination. Additionally, previous work (Section 2.2.6) had shown that the 

addition of the amide group slowed down oxidative addition into the aryl iodide bond. 

Therefore, no further investigation into this route was carried out as it was believed that 

insertion of the methylamide warhead would be more facile at a later stage and this will be 

discussed in section 2.4.3. 

 

Figure 2.12. Tsuji-Trost like insertion of Pd(0) into an allyl group. The stabilised phenoxide anion can 

act as a leaving group to facilitate this addition. 

 

2.4.2. Further Functionalisation of the Quaternary Centre 

With the successful installation of a methyl quaternary centre to afford DBF (±)-2.086, 

attention then turned to inserting other functionality onto this new vector which could 

provide an additional handle to balance the physico-chemical properties of the series. DBFs 

(±)-2.087 and (±)-2.088 were designed to add polarity onto the quaternary centre using an 

alcohol and fluorine respectively (Figure 2.13). 
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Figure 2.13. Desired targets to probe the tolerability of polarity at the quaternary vector. 

 

To access DBF based systems (±)-2.087 and (±)-2.088, the Heck cyclisation strategy which had 

synthesised DBF (±)-2.086 was re-examined. In the successful reductive Heck reaction, it was 

thought that cyclisation (a pseudo 5-exo-trig) occurred at a far greater rate than the reductive 

cleavage of the Pd-C bond. Evidence for this came from the fact that the dehalogenated 

material (ether 2.089) had not been observed in the reaction mixture (Figure 2.14). This 

suggests that if oxidative addition does occur, cyclisation happens at a much faster rate than 

reductive elimination. Therefore, if an alternative catalytic cycle is employed e.g. a Miyaura 

borylation reaction, then the cyclisation should occur before the transmetallation and 

reductive elimination steps leading to exo-cyclic functionalisation. 

 

 

Figure 2.14. Proposed by-product that would be expected to be observed if cyclisation was slower 

than reduction. 

 

Intercepting cyclised Pd intermediate (±)-2.085a with a Miyaura borylation catalytic cycle 

(Figure 2.15) offered a promising strategy for the installation of a boronic ester for use as a 

synthetic handle. The boronic ester could be oxidised to afford alcohol (±)-2.090, which could 

in turn afford the corresponding fluoride through a deoxo fluorination reaction. 
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Figure 2.15. Proposed catalyst cyclic of the reductive Heck and intramolecular Heck/Miyaura 

borylation reactions. 

 

There was precedent for a tandem cyclisation/borylation reaction in the literature (Scheme 

2.18). Vachhani et al. reported the formation of borylated lactams such as boronic ester (±)-

2.092 using B2Pin2 and a Pd catalyst in yields of up to 79%.245 Additionally, Lautens et al. 

reported a cyclisation to form tetrahydropyrans such as (±)-2.094 with an exo-cyclic boronic 

ester, again using B2Pin2 and a Pd catalyst in up to 82% yield.246 These two reactions showed 

that it was possible to achieve both a 5-membered cyclisation and a cyclisation to form an O-

containing heterocycle, therefore, it was reasoned that under similar reaction conditions it 

should be possible to affect this transformation onto aryl iodide 2.085. 
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Scheme 2.18.  Literature precedent for a Heck/Miyaura Borylation cascade reaction.245, 246 

 

a) Pd(PPh3)4 (2 mol%), B2pin2 (2.0 eq.), Na2CO3 (2.0 eq.), MeCN:water, mw, 120 °C, 40 min, 79%; b) Pd2(dba)3 (2 

mol%), B2pin2 (1.5 eq.), KOAc (1.5 eq.), DMF, 80 °C, 2 h, 82%. 

 

An investigation was then initiated to find optimal conditions for the synthesis of boronic 

ester (±)-2.090 (Table 2.07). Initially, the literature conditions reported by Vachhani and 

Lautens were recapitulated. It was encouraging that immediate evidence for boronate (±)-

2.090 was observed, however, neither of these conditions gave high enough conversion to 

the desired product to be considered practical moving forward (Entries 1–2). Several side-

products were observed in the reaction mixture which were consistent with dehalogenation 

to form 2.017 as well as subsequent deallylation to form 2.095. In addition, deallylation of 

the starting iodide to form 2.089 was also observed. As neither set of literature conditions 

had given sufficient conversion, alternative conditions were looked for. It was believed that 

the rate of cyclisation was far greater than the rate of transmetallation, therefore, it was 

hypothesised that conditions which had been optimised for the Miyaura borylation reaction 

would lead to higher conversion to the desired product (±)-2.090. To adopt this strategy, the 

conditions for direct cross-coupling of haloarenes to B2pin2, which used a Pd(dppf)Cl2 catalyst  

and KOAc base, originally reported by Miyaura et al. were then examined.247 However, no 

improvements were seen over the initial reactions (Entry 3). Changing the base to TEA, gave 

no conversion to the desired product (±)-2.090 (Entry 4).248 Literature conditions for the 

borylation of unreactive substrates were then investigated. Molander et al. had reported the 

use of XPhos Pd G2 for the synthesis of aryl boronic esters from aryl chlorides in high yield.249 

These conditions overcame the lower reactivity observed with aryl chlorides and it was 



GSK Confidential – Do not copy 

 

94 
 

hoped they would prove efficient in the synthesis of DBF (±)-2.090. A higher conversion to 

boronic ester (±)-2.090 was observed (49%) with minimal side-product formation.  

 

Table 2.07.  Optimisation of a Heck/Miyaura borylation cascade reaction 

 

 Catalyst Base Solvent 
Temp 
(°C) 

2.090 
(%) 

2.017 
(%) 

2.094 
(%) 

2.089 
(%) 

2.085 
(%) 

1 Pd(PPh3)4 Na2CO3 
MeCN:water 

(10:1) 
100 20 4 1 22 0 

2 Pd2(dba)3 KOAc DMF 100 14 15 9 23 15 
3 Pd(dppf)Cl2 KOAc 1,4-dioxane 100 17 21 4 14 22 
4 Pd(dppf)Cl2 TEA 1,4-dioxane 100 0 9 3 0 81 

5 
XPhos Pd 

G2 
KOAc EtOH 100 49 0 0 6 12 

Peak areas calculated from LCMS trace of reaction mixture. 

 

The one-pot cyclisation/borylation reaction was then conducted on a 50 mg scale using the 

optimised conditions to isolate and characterise boronic ester (±)-2.090 (Scheme 2.19). The 

reaction proceeded in 84% isolated yield to afford the desired boronic ester (±)-2.090 which 

could be utilised as a synthetic handle to further functionalise the quaternary centre.  

 

Scheme 2.19. One-pot Heck cyclisation and Miyaura borylation. 

 

a) XPhos Pd G2 (10 mol%), KOAc (3.0 eq.), B2pin2 (2.0 eq.), EtOH, 100 °C, 4 h, 84%. 

 

To insert a CH2OH quaternary centre, oxidation to the alcohol was considered. However, 

exploration of a one-pot cyclisation/borylation/oxidation reaction was seen as a more 
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expedient approach which would streamline the synthesis of DBF (±)-2.095. The Heck 

cyclisation/Miyaura borylation was repeated with iodide 2.085, however, upon consumption 

of the starting material, the reaction was cool to 0 °C before hydrogen peroxide and NaOH 

were added to the reaction (Scheme 2.20). This furnished desired alcohol (±)-2.096 in 85% 

yield. Oxone® was also investigated as the oxidising agent, but no conversion to the desired 

alcohol was observed.250 

 

Scheme 2.20. One-pot Heck cyclisation, Miyaura borylation and oxidation procedure. 

 

a) i) XPhos Pd G2 (10 mol%), KOAc (3.0 eq.), B2pin2 (2.0 eq.), EtOH, 100 °C, 4 h; ii) H2O2 (10 eq.), NaOH (1.0 eq.),   

0 °C, 4 h, 85%. 

 

2.4.3. Synthesis of DBFs 2.101-2.103 

Having optimised the installation of both the Me and CH2OH quaternary centres, it was now 

necessary to introduce the key methylamide warhead and amide vector substituents onto 

the DBF core (Scheme 2.21). Fluorination would be attempted at a later stage to provide the 

most convergent route. Bromination of the core was directed to the 7-position by the ortho 

electron donating phenolic ether and the meta electron withdrawing ester to give a single 

regioisomer. In this case only bromination occurred, as oxidation to the benzofuran (which 

occurred when bromination of DBF (±)-2.019 was examined) was not possible (c.f. Scheme 

2.08, Section 2.2.5). Subsequently, the methylamide warhead could be installed directly 

through a Pd catalysed aminocarbonylation reaction. Mechanistically, the CO inserts into the 

Pd-aryl bond after the initial oxidative addition step, which subsequently undergoes 

reductive elimination with the amine nucleophile to form an amide.251, 252 There has been 

considerable work in this area looking for conditions suitable to lower CO pressures or which 

do not require CO gas. In this case, CO is released in situ by cobalt carbonyl, negating the 

need to use CO gas.253 Overall the reaction proceeded in 30-45% yield. Hydrolysis of the ester 

was achieved using LiOH in water and THF in high yield. The meso oxabicyclic amine was then 

installed using a HATU mediated amide coupling to give (±)-2.101 and (±)-2.102 in 97% and 

85% yield respectively. The oxabicycle was chosen as the optimal substituent from previous 
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SAR as it provided a good balance of properties whilst also providing a matched pair for 

analysis of the SAR. The single enantiomers of DBF (±)-2.101 was then obtained by 

purification using a chiral stationary phase and the absolute stereochemistry of the most 

potent enantiomer was assigned as (S) based on X-ray crystallography of this compound 

(Figure 2.16, Section 2.5.2). The single enantiomer of DBF (±)-2.102 was synthesised by 

another member of the team but used in the SAR analysis for clarity.  

 

Scheme 2.21. Synthesis of Quaternary DBFs (±)-2.101–2.103. 

 

a) Bromine (5.0 eq.), CH2Cl2, rt, 1h, 95-96%; b) Methylamine hydrochloride (2.4 eq.), Pd(OAc)2 (20 mol%), 

Xantphos (20 mol%), Co(CO)8 (0.5 eq.), DMAP (4.0 eq.), 1,4-dioxane, mw, 100 °C, 4 h, 45-50%; c) LiOH (2.0 eq.), 

THF:water, 50 °C, 2-3 h, 90-96%; d) (1R,5S,6R)-3-oxabicyclo[3.1.0]hexan-6-amine (1.1 eq.), HATU (1.2 eq.), DIPEA 

(3.0 eq.), CH2Cl2, rt, 85-97%. 

 

Bicyclic hexanol (±)-2.103, which was predicted to reside in a desirable physico-chemical 

space, was synthesised in 86% yield. Earlier work had shown that exo-cyclic alcohol (S)-2.064 

was potent and selective and lowered the lipophilicity of the DBF, it was therefore 

hypothesised to mitigate the ChromLogD increase caused by the methyl quaternary centre 

(see Table 2.03). The single enantiomers of DBF (±)-2.101 were then obtained by purification 
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using a chiral stationary phase. The absolute configuration of the most potent enantiomer of 

(±)-2.103 was assigned as (S) in accordance with X-ray crystallography of DBF (S)-2.101. 

 

2.4.4. Targeting a CH2F Quaternary centre 

Early work on the DBF series had identified GSK973 (S,S)-1.46, which contained a CH2F 

substituent at the 2-position of the DBF. The fluoro group was a useful tool to balance the 

physico-chemical properties of the series without inserting an additional H-bond         

donor.254, 255 Although not expected to be as polar as alcohol (±)-2.102, the fluorinated 

quaternary centre was predicted to reduce the ChromLogD compared to the methyl (±)-

2.102. Therefore, DBF (±)-2.088 was a desirable target. The synthesis of DBF (S,S)-1.46 had 

installed the fluorine atom through a deoxy fluorination reaction in 71% yield (see Scheme 

2.01, Section 2.2.1). It was hypothesised that a similar strategy could be employed to convert 

alcohol (±)-2.087 into fluoride (±)-2.088.256 However, when this was attempted using Deoxo-

Fluor® only 6-membered dihydropyran (±)-2.104 was isolated from the reaction mixture 

(Scheme 2.22). Formation of any of the desired product (±)-2.088 was not observed. 

 

Scheme 2.22. Proposed synthesis of fluoro compound 2.088. 

 

a) Deoxo-Fluor® (50% w/w in THF, 2.0 eq.), CH2Cl2, 40 °C, 1 h. 

 

The formation of the 6-membered ring can be rationalised by looking at the reaction 

mechanism (Figure 2.16). Firstly, the oxygen attacks the sulfur trifluoride to displace a 

fluoride ion. The nitrogen lone pair eliminates another fluoride to form activated alcohol (±)-

2.087b which is primed as a stable leaving group.  Normally, one of the displaced fluorides 

would act as a nucleophile at this stage and displace the oxygen in a SN2 process, however, 

this is not observed. In this instance it is possible that the neopentylic oxygen is too sterically 

hindered to undergo nucleophilic substitution. Instead a pinacol-like rearrangement occurs 
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to form a stabilised tertiary, benzylic carbocation (±)-2.087c.257 The carbocation can then be 

quenched by fluoride in the reaction mixture leading to the observed product. 

 

 

Figure 2.16. Proposed mechanism for the fluorination/rearrangement of DBF (±)-2.087 to form 

fluoride (±)-2.104. The rearrangement is shown by the blue arrows and the desired attack of the 

fluoride ion through an SN2 mechanism, by the red arrow. 

 

Alternative approaches which looked at other deoxy-fluorinating reagents were explored 

within the group. However, they still led to a rearrangement rather than the desired product. 

Future work will look at alternative routes to install the fluorine from a boronic ester 

intermediate, for example, using copper catalysis as pioneered by the Sandford lab.258 
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2.5. Investigating the SAR of the DBFs with a Quaternary Centre 

2.5.1. SAR of the Quaternary Vector 

With a suitable synthetic strategy established, the effect of inserting a quaternary centre at 

the C3 position of the DBF series could now be explored (Table 2.08). Firstly, a comparison of 

the matched molecular pairs utilising the oxabicyclic amide was conducted. The methyl 

quaternary centre (DBF (S)-2.101, Entry 2) maintained potency at BRD4 BD2 (pIC50 = 7.5) 

relative to the unsubstituted DBF (S)-2.039 (Entry 1, pIC50 = 7.8) albeit with a slight reduction 

in selectivity to 630-fold. This trend was mirrored with a CH2OH substituent ((S)-2.102, Entry 

3) which was equipotent and selective to DBF (S)-2.101. Unsurprisingly, the additional methyl 

group present in DBF (S)-2.101 increased the ChromLogD by 0.4 log units from 3.3 to 3.7 

relative to DBF (S)-2.039 (Entry 1). Addition of an alcohol served to lower the lipophilicity 

through introduction of polarity and a hydrogen-bond donor (ChromLogD = 2.4) although 

these factors were predicted to limit bioavailability. Both DBFs ((S)-2.101 and (S)-2.102) had 

high solubility (≥147 µg mL-1) and were therefore progressed to rat IVC, to assess whether a 

quaternary centre was able to mitigate the metabolic liabilities of the DBF core. Pleasingly, 

both 3,3-disubstituted DBFs (S)-2.101 and (S)-2.102 showed improved rat hepatocyte 

stability (Entries 2-3, ≤1.4 mL min-1 g-1) compared to DBF (S)-2.039. This validated the 

hypothesis that insertion of the quaternary centre would improve the metabolic stability of 

the template. DBF (S)-2.101 was chosen for in vivo PK studies due to its preferential 

ChromLogD (Section 1.6.3). The SAR of the amide vector with a quaternary DBF core was 

then explored. Methyl amide (S)-2.105 (Entry 4) was less potent at BRD4 BD2 (pIC50 = 7.1) 

and more active at BRD4 BD1 (pIC50 = 5.3) than the oxabicyclic amide (S)-2.101, which was 

concomitant with a reduction in selectivity to 63-fold. As seen previously (Section 2.3), the 

selectivity of the series could be increased by insertion of a cyclopropyl (2.106) or methyl 

cyclopropyl ((S,S,S)-2.107) amide which were 630 and 790-fold selective respectively. 

However, due to the additional quaternary methyl, both compounds were highly lipophilic 

(ChromLogD ≥4.0). Compound 2.106 was tested in rat hepatocytes and had a raised clearance 

of 6.7 mL min-1 g-1 which was likely a function of this increased lipophilicity. Therefore, (S,S,S)-

2.107 was not progressed to assess rat IVC. 
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Table 2.08. Exploration of the effect of a quaternary centre at the 3-position of the DBF. 

 

 R1 R2 
BRD4 BD2 pIC50 

(n) / BD1 pIC50 (n) 

Selectivity 

Chrom
LogD7.4 

CAD 
Solubility 
(μg mL-1) 

Rat IVC 
(mL min-1 

g-1) 

1 
H 

(S)-2.039 
 

7.8(8) / 4.8(8) 
1000x 

 
3.3 

 
≥143b 8.6 

2 
Me 

(S)-2.101 
 

7.5(8) / 4.7(8) 
630x 

 
3.7 

 
≥147 1.2 

3 
CH2OH 

(S)-2.102 
 

7.4(6) / 4.6(7) 
630x 

 
2.4 

 
≥202 

 
1.4 

 

4a Me 
(S)-2.105 

 
Me 

 

7.1(4) / 5.3(4) 
63x 

 
3.4 

 
≥132 8.9 

5a Me 
(S)-2.106  

 

7.3(4) / 4.5(4) 
630x 

 
4.0 

 
≥138 6.7 

6a 

Me 
(S,S,S)- 
2.107  

 

7.6(4) / 4.7(4) 
790x 

 
4.7 

 
3 - 

7a 

CH2OH 
(S,S,S)- 
2.108  

 

7.5(5) / 4.6(7) 
790x 

 
3.3 

 
≥123 2.7 

8a Me 
(S)-2.109 

 

6.5(4) / <4.3(4) 
>130x 

 
3.3 

 
≥161 - 

9 
Me 

(S)-2.103  

 
7.8(8) / 4.8(8) 

1000x 

 
3.3 

 
≥133 1.0 

10a Me 
(S)-2.110 

 

7.9(2) / 4.7(2) 
1600x 

 
3.7 

 
≥151 6.4 

aPrepared by colleagues at GSK; bCLND solubility.  
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The lipophilicity of the methyl cyclopropyl amide (S,S,S)-2.107 could be reduced (ChromLogD 

= 3.3) by installation of the CH2OH quaternary centre to  afford DBF (S,S,S)-2.108. Pleasingly, 

potency and selectivity were maintained and the high CLND solubility (≥123 µg mL-1) provided 

a strong rationale to assess the rat IVC. Although the rat hepatocyte clearance was slightly 

raised (2.7 mL min-1 g-1), DBF (S,S,S)-2.108 was progressed to study the in vivo PK which will 

be discussed in Section 2.5.3. The cyclohexanol amide had been optimal in the development 

of (S)-1.43 (GSK046, Section 1.6.1),  therefore, the DBF analogue (S)-2.109 was examined. 

Interestingly, the cyclohexanol amide was not well tolerated in this series and had sub 

optimal potency at BRD4 BD2 (pIC50 = 6.4). However, DBFs (S,S,S)-2.108 and (S)-2.109 showed 

that the addition of another H-bond donor placed the series in the optimal physico-chemical 

space (ChromLogD = 3.3 for both examples). Therefore, the exo-cyclic alcohol amide group 

which had been well tolerated previously (Table 2.03, Entry 11) was investigated as it 

combined the cyclopropyl moiety vital for potency and selectivity with a more polar alcohol. 

Both diastereomers of the alcohol were prepared. DBF (S)-2.103 was potent at BRD4 BD2 

(pIC50 = 7.8) and 1000-fold selective. As predicted, it had a desirable ChromLogD value of 3.3 

and a high CAD solubility of ≥133 μg mL-1 and was therefore progressed to rat IVC studies. 

Pleasingly, DBF (S)-2.103 showed the lowest rat clearance of all the DBFs tested (1.0 mL      

min-1 g-1) and was therefore progressed to in vivo PK (Section 2.5.3). Interestingly, the 

diastereomer, DBF (S)-2.110 was more potent (BRD4 BD2 pIC50 = 7.9) and selective (1600-

fold). However, IVC data on this diastereomer showed that it had high clearance in rat 

hepatocytes and was therefore not progressed. 

 

2.5.2. X-ray Crystallography of 2.101 

To understand whether the quaternary C3 carbon impacted the binding mode of the DBF 

series, an X-ray crystal structure of (S)-2.101 in BRD2 BD2 was solved and compared to DBF 

analogues (S)-2.056 and (S,S)-1.46. Figure 2.17 shows that the quaternary DBF (S)-2.101 

makes the same interactions as previous DBF examples. The methylamide warhead mimics 

the interactions of KAc whilst the bidentate interaction of the second amide to Asn429 still 

forces the phenyl group between the WPF shelf and BD2 specific His433 conferring BD2 

potency and selectivity. The quaternary methyl group occupies a space between the 

lipophilic WPF shelf region and a lipophilic region of the ZA loop, although the SAR (Table 

2.08, Entry 2 vs. Entry 1) suggests this is only tolerated and not optimal for potency. The X-

ray crystal structures of DBFs (S,S)-1.46 and (S)-2.056 were then overlaid to compare how 
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they interacted with BRD2 BD2. As shown in Figure 2.16, the nature of binding is highly 

homologous between the three DBFs. 

 

 

Figure 2.17. X-ray crystallography of (S)-2.101 (teal) in BRD2 BD2 (pink). Key residues are shown as 

magenta lines, H-bonds as dashed yellow lines and waters as red spheres. A) DBF (S)-2.101 makes a 

through water interaction with Tyr386 and a bidentate H-bonding interaction to Asn429. B-C) The 

phenyl C3 group is then placed between the BD2 specific His433 and Trp370 of the WPF shelf. The C3 

methyl occupies a lipophilic area adjacent to the WPF shelf. D) DBF (S,S)-1.46 (yellow) and DBF (S)-

2.056 (silver) are shown for comparison and a high degree of overlay is observed.  
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2.5.3. In Vivo PK Profile of DBFs (S)-2.101, (S,S,S)-2.108 and (S)-2.103 

The reduced IVC values observed for DBFs (S)-2.101, (S,S,S)-2.108 and (S)-2.103 were 

promising, as they validated the initial hypothesis that a quaternary centre could improve 

the metabolic stability of the series. The in vivo PK, cellular target engagement and 

thermodynamic solubility could now be assessed and compared to DBF (S)-2.011 (Table 

2.09). DBF (S)-2.101 was potent in both the phenotypic LPS stimulated PBMC (pIC50 = 8.1) 

and hWB assays (pIC50 = 6.8). To understand whether the improved IVC for this compound 

would translate in vivo, the rat PK was investigated. DBF (S)-2.101 had a moderate blood 

clearance of 61 mL min-1 kg-1, or 77% of the liver blood flow, however, the CLFU was 274 mL 

min-1 kg-1, which was significantly lower than for (S)-2.011. DBF (S)-2.101 had good oral 

bioavailability of 54%. Unfortunately, the FaSSIF solubility of DBF (S)-2.101 was still sub-

optimal (82 µg mL-1). DBF (S,S,S)-2.108 was also potent in the hWB assay (pIC50 = 7.0). 

Importantly, (S,S,S)-2.108 had a high FaSSIF solubility (>1000 µg mL-1), most likely caused by 

the reduced lipophilicity and additional H-bond donor compared to DBF (S)-2.101. Therefore, 

despite the slightly raised IVC (2.7 mL min-1 g-1), DBF (S,S,S)-2.108 was investigated in vivo. 

Although, the IVC of DBF (S,S,S)-2.108 was raised relative to DBF (S)-2.101, they had the same 

blood clearance in vivo, although the higher protein binding of (S,S,S)-2.108 meant a higher 

unbound clearance. Interestingly, the bioavailability of DBF (S,S,S)-2.108 was reduced 

compared to DBF (S)-2.101 although this was still consistent with the observed clearance and 

was likely a first pass effect. Nonetheless the rat in vivo data looked promising, however, due 

to elevated dog IVC data, progression into dog PK studies was halted. Finally, DBF (S)-2.103 

was highly potent in PBMC (pIC50 = 7.7) and hWB assays (pIC50 = 7.8). Previously, DBFs (S)-

2.011 and (S)-2.101 had shown a 10-fold reduction in potency between PBMC and hWB 

assays, but, (S)-2.103 was equipotent in the two assays. Pleasingly, (S)-2.103 was highly 

soluble by both FaSSIF (>1000 µg mL-1) and CAD (≥133 µg mL-1) assessment. The low IVC data 

gave strong rationale for progression into in vivo PK studies. Again, a moderate blood 

clearance of 55 mL min-1 kg-1 was observed equating to 69% LBF, the lowest unbound 

clearance was observed for (S)-2.103. The oral bioavailability (32%) is once again consistent 

with the %LBF observed, and was sufficient for progression into a second species. Overall, 

the excellent profile of DBF (S)-2.103 made it a suitable candidate for progression into dog in 

vivo PK studies. (S)-2.103 had a low clearance in dog (5 mL min-1 kg-1) and was 64% orally 

bioavailable. Thus, (S)-2.103 demonstrated suitable in vivo PK in two species.  
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Table 2.09. Further profiling of DBFs (S)-2.101, (S,S,S)-2.108 and (S)-2.103. 

 

Compound (S)-2.011 (S)-2.101 (S,S,S)-2.108 (S)-2.103 

BRD4 BD2 pIC50 (n) / 
BD1 pIC50 (n) 

7.7(10) / 
4.8(10) 

7.5(8) / 
4.7(8) 

7.5(5) / 
4.6(7) 

7.8(8) / 
4.8(8) 

Selectivity 790x 630x 790x 1000x 

BRD4 BD2 LE/LLEat 0.42 / 0.40 0.35 / 0.36 0.37 / 0.39 0.36 / 0.40 

PBMC pIC50 (n)b 7.7(2) 8.1(2) - 7.7(2) 

hWB MCP-1 pIC50 (n)b 6.9(2) 6.8(2) 7.0(2) 7.7(2) 

CAD Solubility (μg mL-1) ≥141a ≥147 ≥123 ≥133 

FaSSIF Solubility (μg mL-1) 28 82 >1000 >1000 

AMP (nm s-1) 300 153 210 82 

 
IVC 

(mL min-1 g-1) 

Rat 2.0 1.2 2.7 1.0 

Dog <0.7 <0.7 1.0 <0.7 

Humanb <0.5 <0.5 <0.5 <0.5 

Rat IV PKc 

CLb / CLFU 
(mL min-1 kg-1) 

34 / 723 61 / 274 60 / 340 55 / 260 

%LBF 43 77 60 69 

Vss (L kg-1) 0.6 1.6 1.2 2.3 

T1/2 (h) 0.3 0.3 0.3 0.7 

Rat Oral PKc Fpo (%) 47 54 38 32 

Dog IV PKc 

CLb / CLFU 
(mL min-1 kg-1) 

- - - 5 / 27 

%LBF - - - 8 

Vss (L kg-1) - - - 0.9 

T1/2 (h) - - - 2.9 

Dog Oral PKc Fpo (%) - - - 64 

aCLND solubility; bThe human biological samples were sourced ethically and their research use was in accord with 

the terms of the informed consents under an IRB/EC approved protocol; cAll animal studies were ethically 

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

Care, Welfare and Treatment of Animals. 
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(S)-2.103 also has human hepatocyte IVC of <0.5 (along with all of the other leads). Here it 

has been shown that rat and dog correlate in vitro and in vivo, which is suggestive of a 

low/moderate human clearance prediction. 

 

2.6. Conclusions and Future Work on the DBF Series 

The aim of this work was to develop a highly potent BET inhibitor with 1000-fold selectivity 

for the BD2 domain which had suitable PK and solubility for progression as a pre-candidate. 

This was achieved by investing in the development of a new, robust, synthetic strategy to 

access the DBF template. The routes developed allowed for a full exploration of the SAR of 

the DBF C3 substituent. Due to metabolic liabilities of this series attributed to oxidation of 

the DBF ring, a quaternary DBF was envisioned which was also predicted to improve the sub-

optimal FaSSIF solubility of DBF (S)-2.011. A novel route to synthesise the complex DBF core 

was developed which relied on a key reductive Heck cyclisation to install the methylated 

quaternary centre. Further functionalisation of the quaternary vector was achieved through 

a tandem cyclisation/borylation/oxidation procedure to access a CH2OH group. The routes 

developed allowed access to a series of DBFs which showed improved metabolic stability and 

higher FaSSIF solubility relative to the DBFs profiled previously. This work identified GSK852 

((S)-2.103) a potent, 1000-fold selective, highly soluble compound with good in vivo rat and 

dog PK as a promising pre-candidate molecule (Figure 2.18). As such, work to understand the 

dose prediction, pre-clinical safety and efficacy in both oncology and immuno-inflammation 

indications has been initiated. 

 

 

Figure 2.18. Development of DBF (S)-2.103 a highly potent and selective BD2 BET inhibitor with 

improved solubility and rat PK. 
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It is clear that BET inhibitors exhibit a strong potential to treat both oncology and 

inflammatory conditions. However, the development of a marketable medicine will rely on 

being able to achieve efficacy at a safe dose. DBF (S)-2.103 represents an exciting opportunity 

to understand whether highly BD2 selective BET inhibitors will offer a different clinical 

outlook from pan-BET compounds. Interestingly, whilst carrying out this work AbbVie 

reported ABBV-744 (2.111, Figure 2.19), a BD2 selective BET inhibitor which has recently 

entered the clinic for advanced prostate cancer and relapsed/refractory AML.259 ABBV-744 

(2.111) is reportedly 300-fold selective and the clinical end points of this study will be closely 

monitored to assess whether improved safety margins are observed based on this improved 

selectivity profile.  

 

 

Figure 2.19. ABBV-744 (2.111); a BD2 selective BET inhibitor reported by AbbVie for the treatment of 

advanced prostate cancer and AML. 

  

  

https://clinicaltrials.gov/ct2/show/NCT03360006?term=ABBV-744&rank=1
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3. Development of a Chemical Probe for CECR2 

Whilst the BET family represent well validated targets in drug discovery, they represent just 

8 of the 61 known human BRDs.82 Due to the mechanism by which BET inhibitors are believed 

to work (i.e. by regulating gene expression of enhancer regions critical to the molecular 

mechanism of disease), it has been hypothesised that other BCPs are likely to control the 

expression of genes crucial to other diseases.83, 260 Despite this promising hypothesis, the 

pharmacological relevance of inhibiting these BRDs using small molecules is still largely 

unknown. Therefore, before investment in a full drug discovery programme, these targets 

need to be fully validated.261 

  

3.1. Chemical Probes for Target Validation 

Target validation, or proving that the target protein has a key role in disease, is critical for 

successful target-based drug discovery. Commonly, the up- and down-regulation of specific 

genes, proteins or biomarkers in disease is investigated to identify potential therapeutic 

targets. The effect of deactivating entire proteins through protein knockdown experiments, 

using RNA interference techniques, can be explored to further validate the targets 

identified.262 However, protein knock-down experiments block the action of an entire protein 

complex including multiple domains and scaffolding functions and may not be representative 

of the effect of small molecule inhibition. This is particularly important when studying BRDs 

which are usually part of much larger BCPs which contain multiple domains of different 

function, for example, the BET family of proteins contain 2 BRDs and an extra terminal 

domain. Due to the limitations of protein knock-down experiments, chemical probes are 

increasingly being developed to validate potential drug targets. The expectation is that this 

effort will lead to new therapeutic targets. However, there is a degree of ambiguity when it 

comes to a description of what makes a good chemical probe.  

 

Chemical probes differ from drug candidates in a few different ways. As discussed previously 

(Section 1.1) high levels of target engagement, suitable PK for exposure at the site of action 

and functional pharmacology are just some of the requirements for a drug candidate. For a 

chemical probe, suitability for in vivo experiments is not a requirement, therefore, 

demonstrating good PK is not necessary per se. However, good PK would lead to the potential 

for use in vivo, which could be valuable to further delineate the target role in a given disease. 
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For a chemical probe to fulfil its purpose it must display high potency and selectivity for the 

target of interest. On the other hand, polypharmacology may be acceptable for a drug 

candidate if it delivers functional pharmacology and is safe. High enough solubility and 

permeability to prevent assay interference and allow cellular studies are also desirable 

properties for a chemical probe. There  has been discussion in the literature as to the specific 

criteria which a chemical probe should possess.263 As such, a list of guidelines based on this 

discussion can be drawn out which state that probes should display: 264 

 

• <100 nM activity in a biological assay (pIC50 > 7.0) 

• 10–100-fold selectivity over significant off-targets 

• <1 µM in vivo cell assay potency 264 

 

One caveat here is how selectivity is definitively assessed. In the case of a BRD inhibitor, 

activity at other BRD proteins can be routinely examined. However, there are predicted to 

be thousands of druggable targets in the human proteasome, therefore, a causative 

correlation between target engagement and a robust phenotype cannot be confirmed with 

a single compound. For full target validation, the use of multiple chemical probes with 

distinct chemotypes will give weight to any discoveries. Confidence in a target is therefore 

only increased when structurally dissimilar compounds of equal potency both show disease 

modifying efficacy. Additionally, a structurally similar negative control which is inactive 

against the target protein is desirable. This is ideally an enantiomer of the tool. For example, 

in the case of (+)-JQ1 (1.08, Section 1.4.2) the opposite enantiomer, (−)-JQ1, can be used as 

a negative control.265 

 

3.2. Small Molecule inhibitors of non-BET BRDs 

Due to the interest in BRDs as therapeutic targets, there has been an explosion of tool 

molecules being published in the literature.49, 52, 83, 137, 139, 260 There are now small molecule 

inhibitors for 30 of the 61 known human BRDs (Figure 3.01), although it should be noted that 

this includes inhibitors which display activity at multiple BRDs and therefore their utility as a 

suitable chemical tool is questionable. For example, PFI-3 (3.014, Figure 3.11, Section 3.3.1) 

is active at all 6 human polybromo 1 (PB1) BRDs. This is due, in part, to the high sequence 

homology of closely related BRDs and so finding selectivity can be challenging. P300/CBP-
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associated factor (PCAF) probes L-Moses and GSK4027 (Figure 5.02, Section 5) are both 

equipotent at the homologous general control nonderepressible 5 (GCN5) BRD.266, 267 

Interestingly, the development of chemical probes has not been uniform (Figure 3.01). 

Significant attention has been given to the development of tools for specific BRDs such as 

CREB binding protein (CREBBP)/E1a-associated protein p300 (EP300)268-276 and BRD7/9.277-281 

This asymmetry in development is most likely caused by multiple factors. The promising 

results of gene knock-down experiments will encourage the development of the first 

inhibitor, which leads to a deeper understanding for the requirements of potency and 

selectivity for a specific BRD.  Furthermore, the development of suitable assays during initial 

probe discovery makes future work on this target more tractable, encouraging others to 

develop orthogonal tools. 

 

 

Figure 3.01. BRD phylogenetic tree showing no. of inhibitors and number of distinct chemotypes 

reported for each non-BET BRD.282 
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One BRD of interest for which chemical probes are still desirable is the Cats Eye Chromosome 

region, candidate 2 (CECR2) BRD. In the search for a CECR2 tool molecule, this thesis details 

the optimisation of a series of dual ATAD2/CECR2 inhibitors.  

 

3.2.1. ATAD2 

ATAD2 is a non-BET BRD containing protein which has been linked to prostate, lung and 

breast cancer.283, 284 It is believed to regulate the transcription of the c-Myc oncoprotein 

which stimulates aggressive cell proliferation and is strongly linked to the development of 

cancer.285 As such, small molecule inhibitors of ATAD2 are desirable in order to investigate 

the phenotype of inhibition and determine its therapeutic potential. There has been 

discussion and hypotheses generated about the relative druggability of the non-BET BRDs.286-

288 Vidler et al. analysed the BRD family using SiteMap, which gives an in silico prediction of 

druggability based on pocket size and accessibility, and highlighted ATAD2 as one of the least 

tractable due to its shallow binding site. However, this hypothesis has slowly been 

discredited, beginning with Fesik et al. and Knapp et al. publishing fragments 3.001 and 3.002 

as weak inhibitors (Figure 3.02).288, 289 

 

 

Figure 3.02. Fragments with ATAD2 affinity. 

 

The first small molecule inhibitor of ATAD2 was naphthyridone 3.003 (Figure 3.03), a low 

micromolar inhibitor, which utilises a methyl pyridone as the AcK mimetic (discussed 

below).290 Despite showing relatively modest activity compared to the leading BET inhibitors 

(ATAD2 pIC50 = 5.9) this was a significant step forward against what was predicted to be a low 

tractability target.286 This initial probe was optimised by targeting interactions with the RVX 

shelf (vide infra) to afford 3.004, which was more potent (ATAD2 pIC50 = 6.9) and displayed 

160-fold selectivity over the BET family.291 Further improvement of physico-chemical 

properties culminated in the identification of the chemical probe GSK8814 (3.005), a cell-

permeable and selective tool molecule.292 The conformation of the piperidine ring was found 
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to be pivotal; maintaining the difluoro cyclohexyl moiety in the correct orientation to interact 

with the RVF shelf in ATAD2 was crucial to maintain potency. Bamborough et al. then went 

on to show that the correct conformation could also be achieved using tropane 3.006 (ATAD2 

pIC50 = 7.0).293  

 

 

Figure 3.03. Naphthyridone ATAD2 inhibitors with KAc mimetic shown in blue. 

 

Naphthyridones 3.003–3.006 mimic the KAc by making H-bonding interactions through the 

pyridone carbonyl and nitrogen to Asn1064 (Figure 3.04). The carbonyl group then makes a 

through water interaction with Tyr1021. The Importance of the piperidine conformation is 

obvious in the crystal structure. The equatorial conformation of the substituents places the 

methyoxy group into a pocket formed by the BC loop and then points the difluoro 

cyclohexane group towards the RVF residues where it occupies a lipophilic pocket formed by 

the Ile1074 gatekeeper residue.  
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Figure 3.04.  X-ray crystal structure (pdb5lj0) of GSK8814 (teal) in ATAD2 (orange) with key residues 

shown. Water molecules are depicted at red spheres and H-bonds as dashed yellow lines. 

 

More recently, an isoform selective ATAD2 inhibitor, BAY-850 (3.007) was published.294 This 

showed excellent ATAD2 potency (pIC50 = 6.8) and no inhibition of other BRDs. Whilst 

evaluating the potency using a thermal shift assay, the authors noted the melting curve was 

consistent with a shift from mono- to biphasic, suggesting the formation of a new protein 

species. They further investigated this phenomenon using mass spectrometry and 

interestingly, they only observed signals consistent with one molecule of 3.007 binding to an 

ATAD2 dimer. SEC was also consistent with the formation of an ATAD2 dimer although an X-

ray crystal structure was not solved to delineate the precise mode of binding. Despite its large 

size and the presence of 3 basic centres in the structure, 3.007 was shown to be cell 

permeable using a FRAP assay and as such is a suitable tool compound. 

 

 

Figure 3.05. BAY-850 (3.007), a small molecule ATAD2 inhibitor. 
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3.2.2. CECR2 

CECR2 is a BRD containing transcription factor which was first identified through an 

examination of the 22q11 chromosome region. Patients with Cats Eye Syndrome are 

characterised by multiple congenital defects and all have multiple copies of the 22q11 

chromosome region present in their DNA. CECR2 is a protein encoded by a gene found in this 

region of DNA, although the exact role of CECR2 in the development and prognosis of 

patients with Cats Eye Syndrome is unknown. Down-regulation of CECR2 does cause neural 

tube defects during development, potentially suggesting that aberrant CECR2 expression is a 

contributing factor to Cats Eye Syndrome.295, 296 The neural tubes developed will later 

constitute the brain and spinal cord, forming the central nervous system. The process by 

which neural tubes form during embryo development is called neurulation. CECR2 has been 

shown to be involved in neurulation through the chromatin remodeling complex SNF2L.297-

299 Furthermore, CECR2 has also been implicated in the response to DNA double strand 

breaks, using RNA knockdown experiments.300 If left unchecked, DNA double strand breaks 

can contribute to the development of cancer. Additionally, CECR2 was linked to c-Myc driven 

cancer through a functional genomics approach.301 Despite the apparent links to diseases 

such as Cats Eye Syndrome and oncology, the precise role of CECR2 remains unknown. 

Therefore, high quality chemical probes for CECR2 are desirable to further investigate its 

biological function. 

 

There are currently three published small molecule inhibitors of CECR2 (Figure 3.06) with two 

distinct chemotypes. The first, NVS-CECR2-1 (3.008) is a highly selective tool molecule which 

is highly selective against 48 other BRDs, although no data has been published to date. It has 

nanomolar affinity against CECR2 using ITC (pKd = 7.1) and maintains activity in a cellular FRAP 

assay at 0.1 µM (see Section 1.1.3). Compound 3.008 was also potent in the GSK CECR2 assay 

(pIC50 = 7.4). The authors describe the probe as being poorly soluble and this was observed 

in a CAD solubility assay (5 µg mL-1). The poor solubility is likely driven by the high PFI. More 

recently, the SGC and Takeda have worked to improve this chemotype and disclosed TP-238 

(3.009), a chemical probe based on the same pharmacophore as NVS-CECR2-1 (3.008) with 

improved solubility. The improved solubility is most likely a function of the addition of further 

basicity. Compound 3.009 is potent at CECR2 (pIC50 = 7.5) but also displays activity at the BRD 

PHD finger transcription factor (BPTF) BRD (pIC50 = 6.5). Despite poor permeability (AMP = 28 

nm s-1), cellular target engagement was demonstrated using nanoBRET experiments (CECR2 
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pEC50 = 6.5). In cells 3.009 was equipotent against BPTF (pEC50 = 6.5) which is a limitation of 

its use. The other available tool is GNE-886 (3.010), which has a CECR2 TR-FRET pIC50 of 7.8 

equating to a 100-fold selectivity window over the closest BRDs.302 Compound 3.010 had a 

high PFI (7.9) and sub-optimal solubility (80 μg mL-1). The authors demonstrated cellular 

permeability and target engagement, by showing displacement of an artificial CECR2-

ZsGreen fusion protein from chromatin. The displaced protein aggregates can be visualised 

by microscopy and quantified. The CECR2 pEC50 is 5.4 which equates to a 250-fold drop-off 

from the biochemical data, suggesting poor cellular permeability.  

 

 

Figure 3.06. Small molecule inhibitors of the CECR2 BRD (3.008–3.010) with KAc mimetics shown in 

blue. 
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During the development of GNE-886 (3.010), Crawford et al. disclosed the X-ray crystal 

structure (Figure 3.07) of the close analogue 3.011 (CECR2 pIC50 = 6.7). The pyrrolopyridine 

H-bonds to the conserved Asn514 residue, and the carbonyl group makes a through water 

interaction to the conserved Tyr471. The allyl group, which was shown to be critical for CECR2 

potency and selectivity, induces a small lipophilic pocket beneath the Tyr520 gatekeeper 

residue. The amide then points out into the channel formed by the ZA loop and the aromatic 

ring is placed in proximity to Trp457. 

 

 

 

Figure 3.07. X-ray crystal structure (pdb5v84) of 3.011 (yellow) in CECR2 (blue) with key residues 

shown. Pocket waters are shown as red spheres and H-bonds as yellow dashed lines. A) Hydrogen 

bonding interactions with Asn514 and Tyr461 are depicted. B) Aromatic group place in proximity to 

Trp457. 

 

Despite the availability of selective chemical probes for CECR2, none of the probes reported 

to date match the desired profile of a tool molecule (Section 3.1). NVS-CECR2-1 (3.008) and 
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GNE-886 (3.010) both have solubility issues which may be a limitation to their use. GNE-886 

is also significantly less potent in cells. TP-238 (3.009) is from the same series as 3.008, 

therefore, does not constitute a distinct chemotype. Furthermore, 3.009 does not maintain 

the desired 30-fold selectivity window over BPTF. Therefore, the phenotype of CECR2 

remains largely unexplored. Any results obtained would also be questionable until they have 

been repeated with a small molecule inhibitor with a different chemotype or a negative 

control (Section 3.1). A further tool molecule with a differentiated chemotype was therefore 

considered desirable. 

 

3.2.3. Structural Features of the CECR2 BRD 

CECR2 resides in the same family of BRDs as BPTF, GCN5L2 and PCAF as classified by whole 

sequence homology as shown by the phylogenetic tree (Figure 1.14, Section 1.2.4).  

Importantly, for this work, there are distinct features of the CECR2 KAc recognition site which 

differentiate it both from the BET family and ATAD2. As previously discussed (see Section 

1.4.1), the BET family are characterised by the presence of a WPF shelf region, a lipophilic 

shelf adjacent to Trp81 (BRD4 BD1). CECR2 also contains WPF residues in this region (Trp457), 

however, access to the shelf is restricted by the Tyr520 gatekeeper residue. Therefore, whilst 

the Trp457 residue can still be engaged through the ZA channel, exploitation of the shelf 

region in CECR2 is limited. Evidently, there is some flexibility associated with the Tyr520 

gatekeeper residue, as demonstrated by GNE-886 (3.010), which can induce a small lipophilic 

pocket to accommodate the allyl group (Figure 3.07). The shelf region is even more 

differentiated in ATAD2, the WPF residues are replaced with RVF residues which leads to a 

shallower shelf region, with no defined pocket. This is exaggerated by the Ile1074 gatekeeper 

residues, which helps make for a poorly defined binding pocket. There are also structural 

changes in other areas of the binding pocket. For instance, the ZA loop in CECR2 is 2 amino 

acids shorter compared to the BET family which creates a slightly smaller ZA channel. As 

access to the shelf region is blocked in CECR2, accessing the ZA channel may be necessary to 

achieve the desired potency.  
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Figure 3.08. Comparison of the Apo structures of BRD4 BD1 (A, yellow, pdb3uw9), CECR2 (B, blue, 

pdb3nxb) and ATAD2 (C, orange, pdb3dai). The shelf (WPF or RVF) and gatekeeper residues are 

shown. Table: Comparison of the key residues in the WPF/RVF shelf region and gate keeper parts of 

BRD4 BD1 and BD2, ATAD2 and CECR2. 

 

The significant number of structural differences between the gatekeeper and shelf residues 

make it a promising region for gaining selectivity. For example, Arg1007 is capable of making 

different interactions to Trp457 and could be exploited for selectivity between the 2 BRDs. 

Overall, the well-defined CECR2 binding pocket makes it an attractive target for development 

of a chemical probe. 

 

BRD WPF Shelf Residues Gate-keeper 

ATAD2 Arg1007 Val1008 Phe1009 Ile1074 

BRD4 (BD1) Trp81 Pro82 Phe83 Ile146 

BRD4 (BD2) Trp374 Pro375 Phe376 Val439 

CECR2 Trp457 Pro458 Phe459 Tyr520 



GSK Confidential – Do not copy 

 

118 
 

3.3. Discovery of the Phenylsulfonamide Series 

The strategy to find a novel chemical probe for CECR2 to further investigate its biological role 

began with an analysis of historical projects targeting orthogonal BCPs (e.g. TAF1, ATAD2 etc.) 

to identify a molecule with CECR2 activity. This approach took advantage of the large data 

set that had generated within our laboratories and the considerable number of BRD 

inhibitors historically prepared. This identified GSK388 ((S,S)-3.013), a tool molecule 

developed to target the ATAD2 BRD, which contained a unique phenyl sulfonamide 

chemotype (discussed fully in Section 3.3.1). This series was first discovered from a HTS 

against the ATAD2 BRD, which identified 3.012 as a promising hit. Optimisation of the 

sulfonamide and aryl substituent to increase affinity for ATAD2 delivered GSK388 ((S,S)-

3.013) as a potent ATAD2 inhibitor. This made an attractive starting point for the 

development of a chemical probe for CECR2 for a number of reasons (Table 3.01). Firstly, 

both 3.012 and (S,S)-3.013 showed no appreciable activity against the BET family, using BRD4 

BD1 as a representative example (pIC50 <4.3). Due to the strong phenotype observed for BET 

inhibitors, high selectivity over this family was considered of fundamental importance for a 

non-BET probe. Additionally, (S,S)-3.013 was soluble (129 μg mL-1) and permeable in an AMP 

assay (99 nm s-1) with a suitable lipophilicity (ChromLogD = 4.7). Also, although (S,S)-3.013 

exhibited significant ATAD2 potency (pIC50 = 7.2), there were enough residue and 

conformational differences between CECR2 and ATAD2 that it was felt that selectivity could 

be engineered. 

 

Table 3.01. Optimisation of GSK388 (3.013) a potent ATAD2 inhibitor from a HTS hit 3.012. 

 
 (±)-3.012 (S,S)-3.013 

CECR2 pIC50 (n) / ATAD2 pIC50 (n) 
Selectivitya 

5.0(4) / 5.7(6) 
5x(A) 

6.7(4) / 7.2(6) 
3x(A) 

CECR2 LE / LLEat 0.22 / 0.20 0.30 / 0.28 

BRD4 BD1 pIC50 (n) <4.3(4)  <4.3(2)  

ChromLogD7.4 4.8  4.7  

CLND Solubility (μg mL-1) 136 129 

AMP 125 99 
a(A) denotes selectivity for ATAD2. 
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At the outset of this project, an analysis of the ATAD2 vs. CECR2 selectivity of the phenyl 

sulfonamide template was conducted. All small molecules with this template which had been 

tested against both CECR2 and ATAD2 in our in-house TR-FRET assays were examined. Figure 

3.09 revealed the relationship between ATAD2 and CECR2 potency. None of the compounds 

in the collection showed any significant selectivity for CECR2, albeit these analogues had 

been designed to favour ATAD2, so this is perhaps unsurprising. In order to engineer CECR2 

selectivity into this template, structural insights into its binding mode were required, 

especially as at first glance, this series has no obvious KAc mimetic. 

 

 

 

Figure 3.09. ATAD2 vs. CECR2 selectivity of the phenyl sulfonamide template at the onset of the 

project. 

 

3.3.1. Displacing the Water: The Binding Mode of (S,S)-3.013 

Most small molecule BRD inhibitors mimic the interactions of the natural KAc substrate 

through key interactions with the conserved Asn and Tyr residues. Initially, it was not obvious 

how the phenyl sulfonamide series interacted with the ATAD2 BRD. X-ray crystallography in 

CECR2 proved problematic, but an X-ray crystal structure of (R,S)-3.013 (the opposite 

enantiomer to (S,S)-3.013, data for (R,S)-3.013 is in Table 5.02, Section 5) in ATAD2 was 

solved and revealed a unique mode of binding (Figure 3.10).  

30-fold Selectivity 

Equipotent 
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Figure 3.10. A and B: X-ray crystal structure of (R,S)-3.013 (silver, data in Table 5.02, Section 5) in 

ATAD2 (orange) overlaid with H-bonds to key residues shown as dashed yellow lines. The water 

network is shown as red spheres. (R,S)-3.013 can be seen sitting much deeper in the binding pocket 

displacing the canonical waters. C and D: X-ray crystal structure of (R,S)-3.013 (silver) in ATAD2 

(orange) overlaid with GSK8814 (3.005, pdb5lj0, teal) in ATAD2 (orange). E and F: Docking model of 

GSK388 ((S,S)-3.013, yellow) in the apo crystal structure of CECR2 (blue).  
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Phenylsulfonamide (R,S)-3.013 bound much deeper in the binding pocket than a typical 

inhibitor, wholly displacing the network of water molecules normally found in the base of the 

KAc recognition site (Figure 3.10, (a)–(b)). For comparison, an X-ray crystal structure for 

GSK8814 (3.005, Figure 3.10, (c)–(d)) shows the classical interactions of KAc made by a KAc 

mimetic (i.e. a H-bond from the pyridone carbonyl group to the conserved Asn1064 and a 

through water interaction to Tyr1021). Interestingly, (R,S)-3.013 does not appear to make 

any direct interactions with either Asn1064 or Tyr1021 in ATAD2. The sulfonamide occupies 

a lipophilic pocket formed in part by the Ile1074 gatekeeper residue, for which the (S)-methyl 

pyrrolidine provides good shape complementarity. The hydantoin moiety then vectors 

towards the ZA channel where it makes H-bonds to the backbone NH of Asp1014 on the ZA 

loop and Arg1007 of the RVF shelf.  

 

As CECR2 crystallography remained problematic, a docking model of GSK388 ((S,S)-3.013) in 

the apo structure of CECR2 was solved (Figure 3.10, (E)–(F)). This showed that (S,S)-3.013 

could fit in the binding pocket of CECR2, although it must be remembered that this is not 

proof of the actual binding conformation. However, throughout this work, the SAR of the 

series in CECR2 was consistent with displacement of the water and it is believed to bind in 

this manner. Like in ATAD2, (S,S)-3.013 sits deeper in the KAc recognition site than a typical 

inhibitor although it does not appear to make any specific interactions in this region. The (S)-

methyl cyclopropyl moiety is still well tolerated despite the significant change in the shape 

induced by the change in gatekeeper residue from Ile1074 in ATAD2 to Tyr520 in CECR2. 

Interestingly, the pyrrolidine sulfonamide appears to be flipped 180° in CECR2 relative to 

ATAD2, although it is difficult to know whether this is significant or not. One of the hydantoin 

carbonyl groups then makes a H-bond to the backbone NH of Asp464, although it cannot 

make another H-bond to Trp457 in CECR2. 

 

There are only a few examples in the literature where the BRD canonical water network has 

been wholly or partially displaced by an inhibitor. ATAD2 fragment 3.001 (Figure 3.02, Section 

3.2.1) which contains a tricyclic structure was shown to displace the water network.288 

Although it is worth noting that the low potency of this fragment and the high concentration 

required to generate X-ray crystallography limits the reliability of this data. Most success has 

come from the development of family VIII inhibitors (see phylogenetic tree, Figure 3.01, 

Section 3.2). Fedorov et al. reported that salicylic acid could displace the water network from 
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family VIII members.303 The salicylic fragment was then optimised to deliver PFI-3 (3.014, 

Figure 3.11), a pan-family VIII inhibitor.304 Compound 3.014 contains a phenol warhead which 

displaces the 4 conserved water molecules. The ortho ketone then makes a H-bonding 

interaction to the conserved Asn707 (PB1). Subsequently, Ley et al. reported 

dihydropyrrolo[1,2-a]quinazolone 3.015 as another pan-family VIII inhibitor.305 Compound 

3.015 was also shown to displace the water network from the BRD binding pocket. A 

significant increase in potency was observed upon the addition of the chloride which makes 

a halogen bond (see Section 3.5) to a carbonyl group of Met731 in PB1(5). The carbonyl 

oxygen then makes a H-bond to the conserved Asn residue. Lastly, Myrianthopoulos et al. 

used a virtual screening approach to identify 3.016 which also bound to family VIII BRDs 

through displacement of the canonical water molecules.306 

 

 

 

Figure 3.11. Small molecule inhibitors (3.014–3.016) of family VIII which have been shown to disrupt 

the network of water molecules ordinarily found in BRD binding pockets. 

 

More recently, Crawford et al. have shown that it is possible to disrupt, or partially displace 

the water network to drive selectivity for a particular BRD.307 They worked on a promiscuous 

N-methyl pyrrolopyridone 3.017 and showed that different N-pyridone substituents were 

able to bind preferentially to certain BRDs (Figure 3.12). Insertion of an allyl group and a but-

2-en-1-yl substituent were able to induce the formation of a lipophilic channel between the 

gatekeeper residue and the shelf region in CECR2 and BRD9. Pyrrolopyridone 3.018 was 

further optimised to deliver GNE-886 (3.010, Section 3.2.2). Furthermore, crystallography of 

but-3-en-1-yl 3.020 (Figure 2) was shown to rearrange the network of water molecules 

(removing one molecule entirely) in TATA-Box Binding Associated Factor 1 (TAF1) and BRD4. 

This work built on the observations make by Flynn et al. who noticed that butyryl and crotyl 

Lys bound preferentially to different BRDs.308 BRD9 and CECR2 both recognise butyryl Lys and 
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this was attributed to the Tyr gatekeeper residue in these two BRDs which is capable of 

moving to induce a small lipophilic pocket to accommodate the allyl group.  

 

 

Figure 3.12. N substitution of pyrrolopyridones 2.017–2.020 can induce a bias towards different 

BRDs. 

 

The tantalising evidence published by Flynn et al. and Crawford et al. suggesting that affinity 

and selectivity for different BRDs can been gained through disruption of the water network, 

has led to an increased interest in calculating the stability of the respective water networks. 

Zhang et al. studied the protein dynamics of 4 BRDs including ATAD2 and BRD2 BD1.309 Their 

work showed that the increased flexibility of the ZA loop in ATAD2 leads to a more open 

binding pocket and consequently, a reduction in the stability of the water network. These 

results were consistent with those of Biggin et al. who used grand canonical Monte Carlo 

simulations to calculate the free binding energy of the 4 conserved water molecules.310 They 

calculated the stability of each water separately and amalgamated their results to 

understand the overall stability. Their work showed that the water network present in ATAD2 

is amongst the least stable along with, unsurprisingly, the members of family VIII (PB1(1-4) 

etc.). Given these results, it is perhaps not surprising that a small molecule inhibitor which 

displaces the water network from ATAD2 has been discovered. However, it is interesting that 

phenylsulfonamide (S,S)-3.013 can displace one of the most stable water networks from the 

binding pocket of CECR2. Therefore, the phenyl sulfonamide series presented an interesting 

opportunity for optimisation of a potent and selective chemical probe for CECR2.  
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3.4. Aims 

The aim of this work was to deliver a potent and selective chemical probe for CECR2 from the 

phenylsulfonamide series. As discussed previously, a chemical probe for CECR2 should satisfy 

the following criteria: 

 

• CECR2 TR-FRET pIC50  >7.0 

• >100-fold selectivity over the BET family 

• >30 selectivity over another non-BET BRDs 

• CAD solubility >100 µg mL-1 

• Evidence of cellular target engagement (nanoBRET pEC50 >6.0) 

 

To achieve these aims, the phenyl sulfonamide series would be thoroughly explored. Full SAR 

optimisation of the 3 key vectors; the halide, sulfonamide and hydantoin vectors, would 

strive to deliver the desired profile (Figure 3.14). This work built upon the understanding and 

insights gained from the development of an ATAD2 inhibitor which had optimised all three 

vectors with respect to ATAD2. The previous SAR would be revisited to understand the 

relationship between the two BRDs and identify any opportunities for CECR2 selectivity. 

Although no crystallography was available in CECR2, a docking model would be used to 

exploit structural changes between the two BRDs. 

 

 

Figure 3.14. Phenylsulfonamide 3.013 with the 3 primary areas for SAR exploration, namely the 

sulfonamide vector, the halogen vector and the hydantoin vector. 
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3.5. Evaluating the Importance of the Aryl Substituent 

Due to the unique binding mode of the phenyl sulfonamide series, which displaces the water 

network from the BRD bind pocket, understanding the contribution of the bromide was a 

sensible starting point, especially as bromine is a large lipophilic atom. In addition, it was 

hoped this would aid our understanding of the binding mode of this series with respect to 

CECR2. To probe the tolerability of the binding pocket, a range of substituents were 

investigated. The compounds were either obtained from the GSK compound collection or 

synthesised using the route in Scheme 3.01. 

 

Although the most obvious halide replacements had already been prepared, given the series 

had displaced a water network, phenol 3.026 was seen as an important analogue to test. The 

synthesis of phenyl sulfonamide 3.026 started from commercially available sulfonyl chloride 

3.021 (Scheme 3.01). Synthesis of sulfonamide 3.022 was achieved by dropwise addition of 

piperidine to a stirred solution of sulfonyl chloride 3.021 and DIPEA at 0 °C. Subsequently, 

reduction of the nitro group to afford aniline 3.023 proceeded by treatment with iron and 

NH4Cl in 74% yield. The hydantoin group was then installed using the commercially available 

2-(4-cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)acetic acid ((±)-3.024) and HATU as a 

coupling agent in 63% yield. With the hydantoin in place it was possible to use bromide (±)-

3.025 as a synthetic handle to install the desired alcohol (±)-3.026. Indeed, a Miyaura 

borylation reaction developed previously (Section 2.4.2, Scheme 2.20) was used to convert 

bromide (±)-3.025 into the corresponding boronic ester, followed by a subsequent one-pot 

oxidation to phenol (±)-3.026 using hydrogen peroxide and NaOH in 37% yield.  
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Scheme 3.01. Synthesis of phenol 3.026. 

 

a) Piperidine (1.2 eq.), DIPEA (2.2 eq.), CH2Cl2, 0 °C, 1 h, 97%; b) Iron (3.0 eq.), NH4Cl (1.5 eq.), EtOH:water (3:1), 

70 °C, 2 h, 74%; c) 2-(4-Cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)acetic acid (3.024, 1.2 eq.), HATU (1.2 

eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 2 h, 63%; d) XPhos Pd G2 (10 mol%), KOAc (3.0 eq.), B2pin2 (2.0 eq.), EtOH, 100 °C, 

2 h; ii) H2O2 (10 eq.), NaOH (1.0 eq.), 0 °C, 10 min, 37%. 

 

The effect of replacing the bromide with phenyl sulfonamide (±)-3.026, synthesised in 

Scheme 3.01, and historical compounds (±)-3.012, (±)-3.025, and (±)-3.027–3.030, is shown 

in Table 3.02. Interestingly, the same trends in potency were observed for both ATAD2 and 

CECR2, which gave confidence that the phenyl sulfonamide series inhibited both BRDs 

through the same binding mode. When the aryl substituent was changed from bromide (±)-

3.025 to chloride (±)-3.012, a 4-fold decrease in activity and a reduction in LE was observed 

against CECR2 (Entry 1 vs. Entry 2) suggesting that the size of the pocket is more 

accommodating to the larger bromine atom. Pleasingly, neither compound showed any BET 

activity at the concentrations tested. Altering to the methyl ((±)-3.028) and trifluoromethyl 

((±)-3.027) substituents (Entries 3 and 4) gave a significant drop in potency against CECR2, 

suggesting that the halogen atoms may be providing a specific interaction with the protein 

(vide infra). Alkyne (±)-3.029 (Entry 5) showed poor affinity for both CECR2 (pIC50 = <4.0) and 

ATAD2 (pIC50 = 4.5).  As discussed, phenol (±)-3.026 was designed to mimic the interactions 

of the water molecule it was displacing through the availability of a H-bond donor. The poor 

activity of this substituent reinforced the belief that the pocket is mainly hydrophobic and 

that releasing crystallographic waters provides a gain in entropy. Therefore, replacing a single 
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interaction with a polar functional group is not favourable. Unsurprisingly, removal of the 

substituent gave phenylsulfonamide (±)-3.030 which was inactive at ATAD2 (Entry 6, pIC50 = 

<4.0).  

 

Table 3.02. Investigation into the halogen vector in the phenylsulfonamides. 

 
 

 
 

X 

CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivitya 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4 

CLND 
solubility 
(μg mL-1) 

1b Cl 

(±)-3.012 
5.0(4) / 5.7(6) 

5x(A) 
0.22 / 
0.20 

<4.3(4) 4.8 136 

2c Br 

(±)-3.025 
5.6(2) / 6.3(5) 

5x(A) 
0.25 / 
0.23 

4.3(1)f 4.8 93 

3b CF3
 

(±)-3.027 
4.5(4) / 5.0(2) 

3x(A) 
0.18 / 
0.17 

<4.3(2) 5.3 66 

4b Me 

(±)-3.028 
<4.0(4) / 4.6(4) 

>4x(A) 
<0.18 / 

0.16 
<4.3(2) 4.6 ≥152d 

5b C≡CH 

(±)-3.029 
<4.0(4) / 4.5(4) 

>3x(A) 
<0.17 / 

0.17 
<4.3(2) 4.4 ≥182 

6 
OH 

(±)-3.026 
<4.0(4) / <4.0(4) 

- 
<0.18 / 
<0.19 

<4.3(2) 3.7 176d 

7b H 

(±)-3.030 
4.4(2)e / <4.0(4) 

- 
0.20 / 
<0.20 

<4.3(4) 4.2 ≥169d 

a(A) denotes selectivity for ATAD2 over CECR2; bPrepared by colleagues at GSK; cCompound previously 

prepared by colleagues at GSK; dCAD solubility; eAlso <4.0 (n = 2); fAlso <3.3 (n = 2). 

 

Due to the increased potency observed with halides (±)-3.012 and (±)-3.025, the possibility 

of a halogen bonding interaction was investigated. Halogen bonds are a non-covalent 

interaction formed between an electron deficient region of a C-X bond (where X = F, Cl, Br, I) 

termed a σ hole and negative electron density such as the lone pairs of Lewis bases or 

anions.311, 312 σ holes are areas of positive electrostatic potential which arise in halogen atoms 

as a result of covalent bonding.313 The larger the σ hole, the stronger the halogen bonding 

interaction potential. The increase in potency observed from Me to Cl to Br in the phenyl 

sulfonamide series is consistent with reports of halogen bonds in the literature.314 Methyl 

groups are unable to form halogen bonds and the size of the σ hole increases from Cl to Br 

consistent with the observed increase in potency. Therefore, the X-ray crystal structure of  
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(R,S)-3.013 in ATAD2 was re-examined to search for possible halogen bonding interactions. 

The carbonyl group of Ile1056 is 3.2 Å away from the aryl bromide, this is shorter than the 

sum of the van der Waals distances (3.35 Å) and therefore suggestive of a non-covalent 

interaction. Additionally, the Ar─BrO bond angle is 158.3° and the BrO─C angle is 126.6°, 

both of which are close to the optimal 180.0° and 120.0° angles for halogen bonds 

respectively.311, 314, 315 Based on this evidence, it is possible that the increased affinity of the 

(±)-3.012 and (±)-3.025 is driven by a halogen bonding interaction. Alternatively, the 

increased affinity could simply be driven by the larger size of the bromide substituent for 

which the pocket size is more accommodating.  

 

 
Figure 3.15. Left: X-ray crystal structure of (R,S)-3.013 (silver) in ATAD2 with key residues shown in 

orange. Dashed line denotes the potential halogen bond interaction between the aryl bromide and 

the carbonyl of Ile1056. Right: Diagram of halogen bonding interaction formed by a δ+ sigma hole in 

a halogen (Cl, Br or I) and an electronegative oxygen atom. 

 

3.6. Optimisation of the Sulfonamide Vector 

Having been unable to replace the bromide with an alternative substituent or gain any CECR2 

selectivity, focus turned to the sulfonamide vector. Again, the sulfonamide vector had been 

investigated with respect to ATAD2 but given the previously discussed gatekeeper 

differences between ATAD2 and CECR2, it was felt that the SAR may be divergent in this 

region. Therefore, the historical data was re-examined and additional substituents (3.036, 

3.040–3.042) were designed and prepared to further understand the SAR and exploit the 

differences between the two BRDs. Throughout this work, the chloride substituent was used 
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to aid synthetic tractability and the unsubstituted hydantoin removed chirality from the 

hydantoin vector. 

 

There was no obvious interaction made by the sulfonamide oxygens, however, the 

characteristic 110.5° angle was believed to be key to deliver the alkyl substituent into the 

lipophilic pocket formed in part by the Tyr520 gatekeeper residue (see Figure 3.10). To 

investigate whether removal of the sulfonamide nitrogen was tolerated, sulfone 3.036 was 

synthesised via the route shown in Scheme 3.02. Nitro-aromatic 3.031 was first reduced to 

the corresponding aniline 3.032, using iron and NH4Cl. Aniline 3.032 was then subjected to 

amidation using 2-chloroacetyl chloride and DIPEA. Subsequent alkylation of alkyl halide 

3.033 with hydantoin using potassium carbonate in DMF gave bromide 3.034 in 79% yield.  

 

Scheme 3.02. Synthesis of sulfone 3.036. 

 

a) Iron (3.0 eq.), NH4Cl (1.5 eq.), EtOH:Water (3:1), 70 °C, 16 h, 88%; b) 2-chloroacetyl chloride (1.0 eq.), DIPEA 

(1.0 eq.), CH2Cl2, rt, 1 h, 88%; c) Hydantoin (1.2 eq.), K2CO3 (3.0 eq.), DMF, 70 °C, 1 h, 79%; d) Cyclohexane thiol 

(1.5 eq.), Xantphos (20 mol%), Pd2dba3 (10 mol%), DIPEA (3.0 eq.), 1,4-dioxane:DMF (3:2), 100 °C, 1 h, 42%; e) 

mCPBA (2.0 eq.), CH2Cl2, rt, 16 h, 46%. 

 

A chemoselective Pd-mediated coupling then afforded thioether 3.035, using Xantphos 

ligands in a 1,4-dioxane:DMF (3:2) solvent mixture at 100 °C. These conditions were first 

reported by Mispelaere-Canivet et al. in 2005 and optimised further inour own 

laboratories.316, 317 The reaction proceeded in good yield despite the notoriety of sulfur 
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compounds for deactivating palladium reactions. It is thought that the drop-wise addition of 

thiol was paramount for a high yield, as it provided time for each catalytic cycle to complete 

and oxidative addition to occur. The reaction was complete as soon as thiol addition had 

finished. Sulfide 3.035 was then oxidised to sulfone 3.036, using two equivalents of mCPBA 

in CH2Cl2 at rt. 

 

To introduce diversity at the sulfonamide vector, three further sulfonamides were prepared 

from sulfonyl chloride 3.039 (Scheme 3.03). This was undertaken starting from the bromide 

3.034. Sulfide 3.037 was synthesised in a 77% yield using the same palladium coupling 

conditions utilised in Scheme 3.02 but employing benzyl thiol. Sulfide 3.037 could then be 

oxidised directly to sulfonyl chloride 3.039 using 1,3-dichloro-5,5-dimethylimidazolidine-2,4-

dione 3.038 as an oxidant.318 The low yield (35%) of this reaction was attributed to the 

reactivity and instability of sulfonyl chloride 3.039. Sulfonyl chloride 3.039 could then be 

employed to synthesise sulfonamides (±)-3.040–3.042 using the commercial amines and 

DIPEA as a base in yields of 32-69%.  

 

Scheme 3.03. Synthesis of sulfonyl chloride 3.039 for use in a sulfonamide array. 

 

a) Benzyl mercaptan (1.5 eq.), Xantphos (20 mol%), Pd2dba3 (10 mol%), DIPEA (3.0 eq.), 1,4-dioxane:DMF (3:2), 

100 °C, 1 h, 77%; b) 1,3-dichloro-5,5-dimethylimidazolidine-2,4-dione 3.038 (2.0 eq.), water, AcOH, MeCN, rt, 2 h, 

35%; c) amine (1.0 – 1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 4 h, 32–69%. 
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It was proposed that the potency of GSK388 ((S,S)-3.013) against ATAD2 was driven by the 

good shape complementarity between the (S)-methyl pyrrolidine sulfonamide substituent 

and the lipophilic pocket of the protein formed by the Ile1074 gatekeeper residue. The 

Tyr520 gatekeeper changes the shape of the binding pocket, therefore, it was unknown 

whether the (S)-methyl pyrrolidine was the optimal substituent for CECR2 potency. To 

explore this area of the protein, unsubstituted heterocycles 3.043–3.045 were examined 

first. Increasing the size of the ring from pyrrolidine 3.043 (pIC50 = 5.4), to piperidine 3.044 

(pIC50 = 4.7) and azepane 3.045 (pIC50 = 4.9) was detrimental to both potency and LE. 

Pyrrolidine 3.043 was the most active of the saturated heterocycles and had an improved LE 

vs. Entries 2 and 3. This was attributed to an excellent shape complementarity with the 

binding pocket. Despite the differences in the protein homology, interestingly, these potency 

trends were repeated against ATAD2. Dimethyl sulfonamide 3.040 was less active against 

CECR2 (pIC50 = 4.2) and it was thought that this truncated substituent didn’t adequately fill 

the binding pocket. Substitution at the 3- position of the pyrrolidine ((S)-3.046, Entry 5) was 

tolerated but no increase in potency or selectivity was observed with a methyl group. 

Interestingly, the two enantiomers were equipotent (Entries 5 and 6) therefore 3,3-

disubstituted pyrrolidines 3.047–3.048 were examined. Gem-dimethyl analogue 3.047 was 

0.8 log units less potent against CECR2, suggesting that the increased size induces a clash 

with the protein. However, cyclopropyl 3.048 was equipotent with pyrrolidine 3.043 (pIC50 = 

5.5, LE = 0.28) albeit with a decrease in LE. X-ray crystallography of ATAD2 and a docking 

model of CECR2 (Figure 3.10, Section 3.3.1) had suggested that the pyrrolidine might be able 

to flip orientation in the binding pocket. Therefore, 3,4-disubstituted pyrrolidines 3.049–

3.050 were examined. The racemic trans-pyrrolidine (±)-3.049 was well tolerated (pIC50 = 5.7, 

LE = 0.28) and gave a moderate increase in potency but no increase in LE compared to (S)-

3.046, although a marginal increase in ATAD2 selectivity was also observed. Interestingly, the 

cis-conformation (2.050) was 10-fold less potent against CECR2 (pIC50 = 4.7) suggesting that 

this substitution pattern is not tolerated. Extending the chain length of the methyl pyrrolidine 

to ethyl pyrrolidine (±)-3.051 increased the potency and LE at CECR2 (Entry 11, pIC50 = 5.9, LE 

= 0.29), however, this was accompanied by a 0.5 log unit increase in ChromLogD and 

increased ATAD2 potency. Increasing the bulk and lipophilicity of the ethyl substituent to 

cyclopropyl pyrrolidine (±)-3.041 gave a further increase in potency and LE at CECR2 (Entry 

12, pIC50 = 6.5, LE = 0.30) without a concomitant increase in ATAD2 potency. However, there 

was still no significant selectivity for CECR2. The potency of this compound was attributed to 
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the sp2 character of the cyclopropyl ring, which could interact with the Tyr520 gatekeeper in 

CECR2 preferentially over the Ile1074 gatekeeper in ATAD2.  

 

Table 3.03. Investigation into the optimal sulfonamide for CECR2. 

 

 R 
CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivitya 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4 

CLND 
solubility 
(μg mL-1) 

1 
 

3.043b 

5.4(4) / 6.0(4) 
4x(A) 

0.28 / 
0.34 

<4.3(4) 2.6 ≥259 

2 
 

3.044b 

4.5(4) / 5.6(6) 
13x(A) 

0.23 / 
0.26 

<4.3(2) 3.5 ≥176 

3 
 

3.045b 

4.9(4) / 5.9(6) 
10x(A) 

0.24 / 
0.25 

<4.3(4) 3.7 ≥174 

4 

 

 
3.040 

4.1(4)d / 4.9(6) 
6x(A) 

0.23 / 
0.33 

4.4(2) 2.2 ≥129c 

5 
 

(S)-3.046b 

5.5(8) / 6.1(8) 
4x(A) 

0.28 / 
0.32 

<4.3(2) 3.2 ≥153 

6 
 

(R)-3.046b 

5.3(2) / 6.0(6) 
5x(A) 

0.27 / 
0.31 

<4.3(4) 3.2 175 

 
7 
  

3.047b 

4.6(3) / 5.5(6) 
8x(A) 

0.23 / 
0.24 

<3.3(2) 3.8 ≥153c 

8 
 

3.048b 

5.4(4) / 6.0(8) 
4x(A) 

0.26 / 
0.31 

<4.3(2) 3.3 ≥158 

9 
 

(±)-3.049b 

5.7(2) / 6.6(6) 
8x(A) 

0.28 / 
0.29 

4.7(1)f 3.8 167 
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10 
 

3.050b 

4.7(2) / 5.7(6) 
10x(A) 

0.23 / 
0.24 

<4.3(2) 3.7 156 

 
11  

(±)-3.051b 

5.9(4) / 6.2(8) 
2x(A) 

0.29 / 
0.30 

<4.3(4) 3.8 ≥175 

 
12 

 
(±)-3.041 

6.3(3) / 6.3(4) 
- 

0.30 / 
0.32 

<4.3(2) 4.0 ≥169c 

 
13 

  
(±)-3.052b 

5.4(2) / 6.0(4) 
4x(A) 

0.26 / 
0.36 

<4.3(2) 2.6 ≥352 

 
14  

(R)-3.053b 

5.1(4) / 5.6(6) 
3x(A) 

0.26 / 
0.29 

4.5(1)e 3.1 ≥201 

 
15 

 
 

3.036 

<4.0(6) / <4.0(2) 
- 

<0.20 / 
<0.21 

<4.3(2) 3.6 116 

 
16  

3.042 

<4.0(6) / <4.0(4) 
- 

<0.21 / 
<0.29 

<4.3(2) 2.1 ≥155 

 a(A) denotes selectivity for ATAD2 over CECR2; bPrepared by colleagues at GSK; cCAD solubility; dAlso  

<4.0 (n = 1); eAlso <4.3 (n = 2); fAlso <4.3 (n = 2). 

 

 
Polarity at the 3-position was poorly tolerated, the most potent example, ether (±)-3.052 

(Entry 13, CECR2 pIC50 = 5.4), offered no advantages over pyrrolidine 3.043. Substitution at 

the 2-position to afford pyrrolidine (R)-3.053 (Entry 14) was less well tolerated, with a drop 

in pIC50 to 5.1. This may be because 2-substitution induces a twist in the conformation of the 

sulfonamide or because the methyl group clashes with the protein. Changing from a 

sulfonamide to a cyclohexyl sulfone (3.036, entry 7, pIC50 <4.0) was not tolerated in either 

BRD in accordance with the prediction regarding the importance of the directionality 

provided by the sulfonamide (vide supra). Likewise, the aromatic variant 3.042 (Entry 16), 

which was designed to form an edge-to-face interaction with Tyr520, was inactive against 

ATAD2 and CECR2 at the concentrations tested. Importantly, phenyl sulfonamides 3.036, 
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3.040–3.053 had poor affinity for BRD4 BD1, increasing the belief that this series would 

deliver a probe with appropriate selectivity over the BET family. Additionally, the phenyl 

sulfonamides 3.036, 3.040–3.053 were highly soluble (CLND/CAD solubility >100 µg mL-1). 

However, it appeared that to obtain significant selectivity over ATAD2, a step change in 

structure elsewhere in the molecule would be required. 

 

3.7. Targeting Selectivity Through Interactions with the WPF 

Residues 

3.7.1. Understanding the Role of the Hydantoin Group 

Work to optimise the aryl and sulfonamide substituents had led to an increased 

understanding of the SAR and how to target potency for CECR2. However, throughout this 

work, perhaps surprisingly, selectivity over ATAD2 had not been forthcoming. Attention then 

turned to the amide vector which directed the hydantoin moiety towards the ZA channel 

bordering the WPF residues in CECR2 and the RVF residues in ATAD2.319 This was the region 

of the protein where the greatest number of residue changes had been identified (Section 

3.2.3), and as such modification of the hydantoin moiety offered the most potential to obtain 

selectivity. The hydantoin had offered appropriate potency for ATAD2 and had not previously 

been altered. However, the SAR of this vector with regards to CECR2 was poorly understood. 

As such, historical compounds 3.043 and 3.063–3.064 were re-examined, and, in order to 

fully probe this vector, hydantoin analogues (3.058–3.062) were synthesised using the route 

in Scheme 3.04. The chloro aryl substituent and pyrrolidine sulfonamide were chosen for this 

investigation as this template had the greatest range of historical data. 

 

Starting from commercially available sulfonyl chloride 3.054, a sulfonamide coupling using 

pyrrolidine and DIPEA as a base gave sulfonamide 3.055 in 84% yield. The nitro group could 

then be reduced using the conditions adopted previously (Scheme 3.01) to afford aniline 

3.056 in 83% yield. To afford acetamide 3.058, aniline 3.056 was acetylated using acetic 

anhydride and DIPEA in 55% yield. Succinamide 3.059 could also be prepared directly from 

aniline 3.056 using 2-(2,5-dioxopyrrolidin-1-yl)acetic acid and HATU as a coupling agent in 

52% yield. Alternatively, chloride 3.057 was prepared using 2-chloroacetyl chloride (see 

Scheme 3.02). Subsequent alkylation of alkyl chloride 3.057 with the respective hydantoin 

furnished 3.060–3.062 in 55-69% yield.  
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Scheme 3.04. Synthesis of phenyl sulfonamides 3.059–3.063. 

 

a) Pyrrolidine (1.0 eq.), DIPEA (2.2 eq.), CH2Cl2, 0 °C, 2 h, 84%; b) iron (5.0 eq.), NH4Cl (1.5 eq.), EtOH:water (3:1), 

70 °C, 2 h, 83%; c) R = 3.058, Ac2O (1.0 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 1 h, 55%; d) R = 3.059, 2-(2,5-

dioxopyrrolidin-1-yl)acetic acid (1.1 eq.), HATU (2.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 1 h, 52%; e) 2-chloroacetyl 

chloride (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, 0 °C-rt, 1 h, 80%; f) aminedione (1.1 eq.), K2CO3 (1.5 eq.), acetone, 70 

°C, 1 h, 55-69%. 

 

The 4-cyclopropyl-4-methyl hydantoin (±)-3.063 had given high ATAD2 potency during the 

development of GSK388 ((S,S)-3.013). Interestingly, (±)-3.063 was equipotent at ATAD2 and 

CECR2 (pIC50 = 6.0 and 5.8 respectively). The unsubstituted hydantoin had been prepared 

historically and was 0.4 log units less potent at CECR2 (Entry 2, pIC50 = 5.4), although 

equipotent against ATAD2 relative to (±)-3.063. Therefore, sequential removal of the 

substitution at the 4-position of the hydantoin was investigated. Gem-dimethyl analogue 

3.060 was 0.5 log units less potent at CECR2 than hydantoin (±)-3.063, a drop-off not 

observed in ATAD2, suggesting that the cyclopropyl was more important for CECR2 potency. 

Removal of one of the methyl groups to give 4-methyl hydantoin (±)-3.061 had a negligible 

effect on potency at CECR2 suggesting that this was not of pivotal importance. Furthermore, 

truncation back to hydantoin 3.043 had no effect on potency. The LE was maintained across 

this set of analogues (Entries 1–4).  
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Table 3.04. Investigation of the substituent targeting the RVF shelf 

 
 

 R 
CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivitya 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4 

CAD 
solubility 
(μg mL-1) 

 
1  

(±)-3.063b 

5.8(2) / 6.0(4) 
2x(A) 

0.26 / 
0.27 

<3.3(2)e 4.2 148c 

 
2  

3.043b 

5.4(4) / 6.0(4) 
4x(A) 

0.28 / 
0.34 

<4.3(4) 2.6 ≥259c 

 
3 
  

3.060 

5.3(6) / 5.8(8) 
3x(A) 

0.26 / 
0.27 

<4.3(2) 3.4 ≥158 

 
4 
  

(±)-3.061 

5.2(6) / 5.8(8) 
4wx(A) 

0.26 / 
0.30 

<4.3(2) 3.0 ≥343 

 
5 
  

3.062 

5.8(6) / 5.9(8) 
1x(A) 

0.31 / 
0.37 

<4.3(2) 3.6 94 

 
6  

3.059 

5.4(6) / 5.9(8) 
3x(A) 

0.28 / 
0.32 

<4.3(2) 3.3 ≥106 

 
7  

3.064b 

4.8(4) / 4.3(6) 
3x 

0.26 / 
0.28 

<4.3(2) 3.4 181c 

 
8 

H 
3.058 

4.1(4)d / 4.4(4) 
2x(A) 

0.30 / 
0.26 

3.7(2)f 

 
3.5 

 
≥122 

          a(A) denotes selectivity for ATAD2 over CECR2; bPrepared by colleagues at GSK; cCLND solubility; dAlso 

          <4.0 (n = 2); eAlso <4.3 (n = 1); fAlso <4.3 (n = 4). 

 

Interestingly, 2,4-oxazolidinedione 3.062 (Entry 5, pIC50 = 5.8) was also well tolerated with 

CECR2 potency increased over the NH analogue, hinting that the hydantoin NH was not 
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making any specific interactions in CECR2. Further evidence of the superficial role of the 

hydantoin NH in binding to CECR2 was shown by pyrrolidine-dione 3.059 (Entry 6) which 

maintained a similar potency of 5.4 (c.f. hydantoin 3.043). Interestingly, the potency at 

ATAD2 remained largely unchanged for these modifications, also suggesting that the NH was 

not vital here either. Previous work had further simplified the hydantoin substituent back to 

2-pyrrolidinone 3.064 (Entry 7) which saw a 5-fold decrease in CECR2 potency and decreased 

LE (pIC50 = 4.7, LE = 0.26) suggesting that both carbonyl groups are important for activity. 

However, 2-pyrrolidinone 3.064 had a 3-fold bias for CECR2 suggesting that the carbonyl 

groups are more important in ATAD2.  In fact, the 2-pyrrolidinone 3.064 offered little 

difference in ATAD2 potency compared to truncated acetamide 3.058 (Entry 8, pIC50 = 4.5). 

It is also important to note that acetamide 3.058 has improved CECR2 LE relative to most of 

the hydantoins prepared. This is suggestive that the hydantoin is by no means optimal for 

CECR2. Again, none of the compounds tested showed any significant activity at BRD4 BD1 

and were mostly in an acceptable ChromLogD range (2.6 – 4.2) with suitable solubility (≥94 

µg mL-1).  

 

3.7.2. Identification of 5,6 Biaryls with CECR2 Selectivity 

It was clear from Table 3.04 that the hydantoin moiety was not optimal for CECR2 potency. 

To aid rational design, the X-ray crystal structure of the compound (S,R)-3.013 was revisited. 

GSK388 ((S,S)-3.013) was docked into the apo structure of CECR2 (Figure 3.016) and the two 

structures compared. SAR work had shown that the two carbonyl groups were vital for ATAD2 

potency and that moderate selectivity for CECR2 could be gained through removal of one of 

them, albeit with a significant reduction in potency (Table 3.04). In ATAD2, the hydantoin 

makes H-bonds using both carbonyl groups; one to the backbone NH of Asp1014 and the 

other to Arg1007 on the RVF shelf (Figure 3.16, A). The decrease in ATAD2 potency observed 

for 3.064 (Entry 7, Table 3.04) relative to 3.059 is consistent with the reduction in viable H-

bonds. In CECR2, according to the model, one of the hydantoin carbonyl groups can still make 

a H-bond to the backbone NH of Asp 464. However, there is no suitable donor engaged from 

the WPF region due to the residue change from Arg1007 to Trp457. Therefore, a strategy was 

adopted which aimed to build out towards the WPF residues with a substituent which would 

interact more favourable with Trp457. 
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Figure 3.16. A) X-ray crystallography of (S,R)-3.013 (silver) in ATAD2 (orange) with key residues 

shown. (S,R)-3.013 makes H-bonds to both Asp1014 and Arg1007. B) A docking model of (S,S)-3.013 

(yellow) in the apo crystal structure of CECR2 (blue, pdb3nxb). (S,S)-3.013  makes a H-bond to 

Asp464 but cannot interact with Trp457. C) A docking model of (S,R)-3.013 (yellow) in the apo crystal 

structure of CECR2 (blue) with point changes between the CECR2 and ATAD2 domains annotated. 

 

Aromatic rings have been shown to form π-stacking interactions with the WPF shelf in the 

BET family.49 Therefore, it was hypothesised that substituents such as  benzimidazolinone (S)-

3.065 might interact favorably with Trp457 whilst maintaining a H-bond with the NH. This 

would also remove one of the carbonyl groups which had appeared crucial for ATAD2 activity, 

hopefully leading to an increase in selectivity. To test this hypothesis biaryls (S)-3.065, and 

(S)-3.069–3.075 were synthesised using the route in Scheme 3.05. In this case, the more 



GSK Confidential – Do not copy 

 

139 
 

active (S)-methyl pyrrolidine sulfonamide group was employed together with the bromide 

substituent, which should lead to the best opportunity for highly potent CECR2 inhibitors. 

 

 

Figure 3.17. Strategy for exploiting residues in the WPF region of CECR2. 

 

Starting from commercially available sulfonyl chloride 3.021, a sulfonamidation reaction with 

(S)-methyl pyrrolidine and DIPEA furnished nitro aromatic (S)-3.066. This could be reduced 

to the desired aniline ((S)-3.067) using iron and NH4Cl in 98% yield. The desired biaryls could 

then be accessed through two methods. N-linked heteroaryls ((S)-3.065 and (S)-3.070) could 

be prepared from chloride (S)-3.068, which was synthesised in turn from aniline (S)-3.067 

using 2-chloroacetyl chloride in 89% yield. Subsequent alkylation of chloride (S)-3.067 with 

the desired biaryl gave phenyl sulfonamides (S)-3.065 and (S)-3.069 in 11–56% yield. 

Alternatively, for (S)-3.069–3.075, the required carboxylic acid was commercially available. 

Therefore, a HATU mediated amide coupling gave the desired products ((S)-3.069–3.075) in 

19–88% yields. 
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Scheme 3.05. Synthesis of 5,6-biaryls (S)-3.066, and (S)-3.070–3.076. 

 

a) (S)-methyl pyrrolidine (1.0 eq.), DIPEA (2.2 eq.), CH2Cl2, 0 °C, 1 h, 90%; b) iron (5.0 eq.), NH4Cl (1.5 eq.), 

EtOH:water (3:1), 70 °C, 2 h, 98%; c)  2-Chloroacetyl chloride (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, 0 °C-rt, 1 h, 89%; 

d) R = (S)-3.065 and (S)-3.069, 5,6 biaryl (1.1 eq.), K2CO3 (1.5 eq.), acetone, 70 °C, 1 h, 11–56%; e) R = (S)-3.070–

3.075, (5,6-biaryl)-CH2COOH (1.1 eq.), HATU (2.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 1 h, 14–88%. 

 

Pleasingly, benzimidazolinone 3.065 (Table 3.05, entry 2) maintained potency at CECR2 (pIC50 

= 6.4) relative to hydantoin (S,S)-3.013 whilst activity at ATAD2 dropped 20-fold. The 

corresponding benzoxazolidine (S)-3.069 (Entry 3) showed a further 10-fold increase in 

potency towards CECR2 (pIC50 = 7.4) whilst no increase in ATAD2 potency was observed, 

leading to a 50-fold selective inhibitor. Interestingly, there was only a marginal increase in 

LLEat for (S)-3.069 relative to (S,S)-3.013, despite the 0.7 log unit increase in potency. 

Compound (S)-3.069 was also more potent at BRD4 BD1 (pIC50 = 5.0) although it still 

maintained a 250-fold selectivity window.  
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Table 3.05. Investigation of 5,6-biaryls designed to target Trp457 in CECR2. 

 

 R CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivitya 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4 

/ PFI 

CAD 
(μg mL-1) 

 
1 

 
(S,S)-3.013b 

 
6.7(4) / 7.2(6)  

3x(A) 

 
0.30 / 
0.28 

 
<4.3(2) 

 
4.7 / 
5.7 

 
129c 

 
2 

 
(S)-3.065 

 
6.4(6) / 5.8(8)  

4x 

 
0.29 / 
0.23 

 
<4.3(3) 

 
4.6 / 
7.6 

 
25 

 
3 

 
(S)-3.069 

 
7.3(8) / 5.7(8) 

40x 

 
0.33 / 
0.29 

 
5.0(2) 

 
5.7 / 
8.7 

 
21 

 
4 

 
(S)-3.070 

 
6.6(6) / 5.6(6) 

10x 

 
0.31 / 
0.26 

 
4.8(1)d 

 
5.3 / 
8.3 

 
18 

 
5 

 
(S)-3.071 

 
6.5(6) / 6.0(4) 

3x 

 
0.31 / 
0.26 

 
4.6(1)e 

 
6.2 / 
9.2 

 
3c 

 
6 
  

(S)-3.072 

 
5.5(4) / 5.7(6) 

2x(A) 

 
0.26 / 
0.21 

 
4.7(1)f 

 
5.3 / 
8.3 

 
7c,g 

 
7 

 
(S)-3.073 

 
5.0(5) / 5.6(2) 

4x 

 
0.24 / 
0.13 

 
<4.3(2) 

 
6.7 / 
9.7 

 
0c 

 
9 
  

(S)-3.074 

 
5.9(4) / 5.5(6) 

3x 

 
0.28 / 
0.24 

 
<4.3(2) 

 
4.5 / 
7.5 

 
38 

 
8 
  

(S)-3.075 

 
6.4(4) / 5.9(2) 

3x 

 
0.30 / 
0.23 

 
4.9(2)f 

 
5.8 / 
8.8 

 
16c 

a(A) denotes selectivity for ATAD2 over CECR2; bPrepared by colleagues at GSK; cCLND solubility; dAlso 

<4.3 (n = 1); eAlso <4.3 (n = 1); fAlso <4.3 (n = 1); gData is <0 on 1 test occasion. 
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Based on previously discussed ATAD2 crystallography and CECR2 modelling (Section 3.3.1), 

it was thought that the carbamate in (S)-3.069 was retaining a H-bonding interaction with 

the protein. Therefore, benzotriazole (S)-3.070  and benzisoxazole (S)-3.071 (Entries 4 and 5) 

were designed to explore whether this interaction could be maintained when the H-bond 

acceptor was located within an aromatic ring. Both compounds showed good potency for 

CECR2 (pIC50 = 6.7 and 6.6 respectively) and were somewhat selective over ATAD2 and highly 

selective over BRD4 BD1. Changing the H-bond donor-acceptor pattern to give indazole (S)-

3.072 lowered CECR2 potency 10-fold (pIC50 = 5.6) suggesting that a H-bond donor is poorly 

tolerated at this position. Further investigation of the optimal positioning of the H-bond 

donor pattern was then conducted. Removal of one of the heteroatoms to give benzofuran 

(S)-3.073 (Entry 7) showed a 32-fold drop-off in CECR2 potency, suggesting that a H-bond 

acceptor at the 2-position was crucial. However, fused imidazolopyridine (S)-3.074 with a 

nitrogen at the 3-position was more potent (pIC50 = 6.0). Although this is still 0.7 log units 

lower than benzotriazole (S)-3.070, which supported the importance of a lone-pair in the 2-

position. The poor tolerability of benzofuran (S)-3.073 is potentially the result of the furan 

oxygen being a weaker H-bond acceptor.320 Interestingly, N-linked indazole (S)-3.075 (pIC50 = 

6.5) which only features the H-bond acceptor at the 2-position, had a similar profile to 

benzotriazole (S)-3.070 with a reduced selectivity window over ATAD2 (4-fold). Overall, this 

SAR shows that a H-bond donor to acceptor change at the 3-position is highly beneficial for 

CECR2, whilst neutral for ATAD2 (Entry 3 vs 2). It also shows that an H-bond acceptor at the 

2-position is very important (e.g. Entry 5 vs Entry 7). Indeed, benzoxazolidine (S)-3.069 and 

benzotriazole (S)-3.070 showed the greatest potency and selectivity, however, the addition 

of 2 further aromatic rings to the template was detrimental to both ChromLogD and 

solubility. The increased ChromLogD and greater number of aromatic rings is likely the cause 

of the poor solubility observed (solubility ≤38 μg mL-1). As a result, none of the compounds 

tested were suitable for further progression.  

 

3.7.3. Exploration of 5,6 Biaryl Systems 

Whilst improvements had been made to the selectivity, none of the initial 5,6 biaryls tested 

had the desired physico-chemical profile (Table 3.05). The high lipophilicity was likely causing 

the reduced solubility; PFI (ChromLogD + Ar ring count) has previously been inversely 

correlated with solubility.321, 322 Therefore, an analysis of the physico-chemical properties of 

the phenylsulfonamide series was conducted. Figure 3.18 shows the solubility (Log10) plotted 
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against PFI, and the compounds are coloured according to their AMP. A PFI of <6 is 

considered optimal for improving solubility although the desired solubility could still be 

achieved for compounds where the PFI < 7.2. It was also feared that high lipophilicity may 

increase the likelihood of non-specific binding and therefore reduce selectivity over other 

BRDs or unknown off-targets. Furthermore, decreasing the PFI to < 5.5 appeared to be 

detrimental to permeability, therefore, a window of 5.5–7.2 was considered optimal to 

balance the physico-chemical properties.  

 

 

Figure 3.18. An analysis of the logarithmic solubility vs. PFI of the phenylsulfonamide series with the 

data points coloured according to permeability. 

 

Phenyl sulfonamides (S)-3.076–3.084, 3.091 and (S)-3.093 (Table 3.06) were substituted 

benzotriazoles designed to be of lower ChromLogD (and PFI), in order to establish whether 

this did indeed correlate with improved solubility. Furthermore, increased potency and 

selectivity at CECR2 was also desirable and it was hoped that elaboration of the benzotriazole 

might deliver this. The benzotriazole was chosen for this exploration due to the synthetic 

tractability of the desired compounds. 

 

Benzotriazoles (S)-3.076–3.081 could be prepared from alkyl chloride (S)-3.068 (Scheme 

3.06) described in Scheme 3.05. Alkylation using substituted benzotriazoles gave a mixture 
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of two regioisomers in a 1:1 ratio. Purification by MDAP delivered a mixture of the two 

regioisomers which could then be separated using chromatography on a chiral stationary 

phase. Further functionalisation of the 5-position was achieved by hydrolysis of ester (S)-

3.080 using LiOH and subsequent amidation to afford oxetane amide (S)-3.082. 

Triazolopyridines (S)-3.083–3.084 could also be synthesised from alkyl chloride (S)-3.068 

(Scheme 3.06). Using K2CO3 as a base, alkylation gave both possible regioisomers which could 

be separated using MDAP to afford (S)-3.083–3.084 without the need for further purification. 

 

Scheme 3.06. Synthesis of Substituted Benzotriazoles (S)-3.076–3.084. 

 

a) Benzotriazole or triazolopyridine (1.2 eq.), K2CO3 (1.3 eq.), acetone, 60 °C, 1 h, 14–30%; b) LiOH (2.0 eq.), 

THF:water (1:1), 50 °C, 2 h, 86%; c) oxetan-3-ylmethanamine hydrochloride (1.4 eq.), HATU (1.1 eq.), DIPEA (3.0 

eq.), CH2Cl2, 34%. 

 

Where the required benzotriazole was not commercially available, an alternative strategy 

was required. Bromide 3.088 was synthesised using the route outlined in Scheme 3.07 and 

could then be used as a synthetic handle to insert the desired functionality. Starting from the 

commercially available fluoride 3.085, an SNAr reaction, activated by the ortho-nitro group, 

was used to introduce tert-butyl glycinate.323 Reduction to aniline 3.086 was then effected 

using iron and NH4Cl (92%). To afford benzotriazole 3.088, aniline 3.087 was reacted with 

sodium nitrite to afford the diazonium species which cyclised in situ to form the triazole ring. 

A Suzuki reaction with the potassium salt of trifluoro(vinyl)borate, using the XPhos Pd G2 

catalyst installed a vinyl group to give benzotriazole 3.089.324 Functionalisation of the 

bromide was necessary at this stage, before coupling to aryl bromide 3.067, to mitigate any 

chemoselectivity issues involved with Pd catalysis at a late stage. Benzotriazole 3.089 could 

then be coupled to aniline 3.067 after acid hydrolysis of the tert butyl ester using HATU to 
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afford phenyl sulfonamide (S)-3.090. Finally, a Sharpeless asymmetric dihydroxylation 

reaction using AD-mix-β gave the desired diol 3.091 in 14% yield.325, 326 It was unknown 

whether the diol would be tolerated, therefore, AD-Mix was only used for synthetic feasibility 

and the diastereoselectivity was not determined due to the poor yield obtained and 3.091 

was tested as an unknown mixture of diastereomers.  

 

Scheme 3.07. Synthesis of benzotriazole 3.090 and functionalisation of the bromide synthetic handle 

through Pd catalysed cross-coupling 

 

a) tert-butyl glycinate, hydrochloride (1.2 eq.), TEA (1.0 eq.), EtOH, reflux, 6 h 59%; b) Iron (5.0 eq.), NH4Cl (1.5 

eq.), EtOH:water (3:1), 70 °C, 2 h, 92%; c) NaNO2 (1.1 eq.), AcOH, water, 80 °C, 10 min; 55%; d) 

trifluoro(vinyl)borate potassium salt (2.0 eq.), XPhos Pd G2 (10 mol%), TEA (3.0 eq.), 100 °C, mw, 2 h, 62%; e) HCl 

(4 M in dioxane), 40 °C, 16 h, 96-97%; f) (S)-4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (3.067, 1.0 eq.), 

HATU, 1.2 eq.), DIPEA, 3.0 eq.), CH2Cl2, rt, 2 h, 17-61%; AD-mix-β, isopropanol:water (1:1), rt, 16 h, 14%; H), 

Morpholine (1.5 eq.), Pd2(dba)3 (5 mol%), RuPhos (10 mol%), Cs2CO3 (3.0 eq.), toluene, 80 °C, mw, 1 h, 34%. 

 

Alternatively, a Buchwald Hartwig amination was used to install a morpholine group. The 

RuPhos ligand used was developed by Buchwald for the coupling of secondary amines to aryl 



GSK Confidential – Do not copy 

 

146 
 

bromides.327 Temperatures greater than 80 °C led to high levels of protodebromination, 

whilst Cs2CO3 as a base was also found to be important for high conversion. Purification of 

the desired product was problematic and led to a low 34% yield. However, this was sufficient 

to complete the synthesis of benzotriazole 3.092. The desired phenylsulfonamide (S)-3.093 

could again be synthesised through ester hydrolysis and subsequent amidation in good 

yields. 

 

The solubility of both the substituted 5,6-biaryls ((S)-3.076–3.084, 3.091 and (S)-3.093) and 

the 5,6-biaryls ((S)-3.065 and (S)-3.069–3.075) prepared previously (Table 3.05) was 

examined (Figure 3.19). There was a limited correlation between decreasing PFI and 

increasing solubility (r2 = 0.637), suggesting that this was a viable strategy for targeting an 

improved profile. However, only one of the compounds synthesised met the desired 

threshold despite a general trend towards a lower PFI and improved solubility. 

 

 

Figure 3.19. An analysis of the logarithmic solubility vs. PFI of the compounds in tables 3.05 and 3.06. 

 

When the benzotriazoles synthesised were tested in the TR-FRET assays, clear SAR was 

observed between substitution at the 5- or 6-position (Table 3.06). Substitution at the 6-

position (Entries 2, 4, and 6) offered no advantage over benzotriazole (S)-3.070. Nitrile (S)-

3.076 had no effect on CECR2 potency (Entry 2) whilst both alcohol (S)-3.078 and ester (S)-

3.080 (Entries 4 and 6) were less potent. However, the reverse was true for substitution at 

the 5-position (Entries 3, 5, and 7) which led to increased potency at CECR2 and selectivity 

over ATAD (16–32-fold) with all three examples.  
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Table 3.06. Exploring substitution of the benzotriazole to improve the physico-chemical profile. 

 

 R X Y 
CECR2 pIC50 (n) 
/ ATAD2 pIC50 
(n) Selectivitya 

CECR2 
LE / 
LLEat 

BRD4 
BD1 
pIC50 

Chrom
LogD7.4   

/ PFI 

CAD 
(μg  

mL-1) 

1 
- 

(S)-3.070 
CH CH 

6.6(6) / 5.6(6) 
13x 

0.31 / 
0.26 

4.8(1)d 5.3 / 
8.3 

18 

2 
6-CN 

(S)-3.076 
CH CR 

6.5(6) / 6.0(6) 
6x 

0.29 / 
0.26 

<4.3(1)e 5.4 / 
8.4 

<1 

3 
5-CN 

(S)-3.077 
CR CH 

7.1(6) / 5.8(6) 
20x 

0.31 / 
0.28 

<4.3(2) 
5.3 / 
8.3 

18 

4 
6-CH2OH 
(S)-3.078 

CH CR 
6.0(6) / 5.5(6) 

4x 
0.27 / 
0.27 

<4.3(2) 
4.1 / 
7.1 

54 

5 
5-CH2OH 
(S)-3.079 

CR CH 
6.8(6) / 5.6(6) 

16x 
0.30 / 
0.30 

4.4(2) 
4.0 / 
7.0 

59 

6 
6-CO2Me 
(S)-3.080 

CH CR 
6.2(6) / 6.1(6) 

1x 
0.26 / 
0.22 

<4.3(2) 
5.6 / 
8.6 

15 

7 
5-CO2Me 
(S)-3.081 

CR CH 
7.3(6) / 5.8(5)c 

32x 
0.30 / 
0.26 

<4.3(2) 
5.6 / 
8.6 

<1 

8  
(S)-3.093 

CR CH 
7.1(6) / 5.6(6) 

32x 
0.28 / 
0.27 

5.0(2) 
4.8 / 
7.8 

20 

9 
 

(S)-3.082 

CR CH 
7.1(4) / 5.9(2) 

16x 
0.26 / 
0.31 

4.6(2) 
3.8 / 
6.8 

49 

10  
3.091b 

CR CH 
6.6(5) / 5.8(4) 

6x 
0.27 / 
0.32 

4.4(2) 3.4 / 
6.4 

150 

11 
- 

(S)-3.083 
N CH 

6.8(5) / 5.7(4) 
13x 

0.32 / 
0.31 

4.5(2) 
4.2 / 
7.2 

73 

12 
- 

(S)-3.084 
CH N 

6.1(4) / 5.8(4) 
2x 

0.29 / 
0.28 

4.4(1)d 4.5 / 
7.5 

67 
 

a(A) denotes selectivity for ATAD2 over CECR2; bAn unknown diastereomeric mixture of hydroxy epimers; cAlso 

<4.0 (n = 1); dAlso <4.3 (n =1); eAlso <4.8 (n =1); 
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Having established that substitution at the 5-position of the benzotriazole was well tolerated, 

attention then turned to groups that would further reduce the PFI to aid in the search for a 

soluble compound. Morpholine derivative (S)-3.093 was well tolerated (Table 3.06, Entry 8, 

CECR2 pIC50 = 7.3) and was 40-fold selective over ATAD2, however, did not significantly 

increase solubility (20 µg mL-1) compared to (S)-3.070. Oxetanes are well known for their 

ability to increase solubility, but, surprisingly, only marginal improvements were observed 

for oxetane (S)-3.082 (Entry 9, 49 µg mL-1).328 Compound (S)-3.082 also did not display the 

desired 30-fold selectivity window over ATAD2. Of the benzotriazoles tested, only alcohol 

3.091 (Entry 10) gave significant improvements in solubility, which was most likely driven by 

the additional H-bond donors, albeit it also had the lowest PFI. Despite the improved 

solubility 3.091 was not potent enough at CECR2 to warrant further study (pIC50 = 6.6). 

Triazolopyridines (S)-3.083–3.084 were both designed to lower the ChromLogD and increase 

solubility without adding additional molecular weight. Pleasingly, (S)-3.084 maintained 

potency and selectivity compared to benzotriazole (S)-3.070 (Entries 11 vs 1). The reduction 

in lipophilicity did indeed increase the solubility, however, this was still below the desired 

threshold. The other regioisomer (S)-3.83 was 0.6 log units less potent at CECR2.  

 

3.7.4. Decreasing the PFI and Improving the LLEat of the Benzotriazole 

As further substitution of the benzotriazole had not delivered the desired physico-chemical 

profile, an alternative strategy was considered. Whilst the use of an aromatic phenyl ring 

increased potency at CECR2 it was unclear whether this was indeed the optimal substituent. 

Potentially, a smaller, less lipophilic substituent could provide the same boost in potency. 

Furthermore, removal of one aromatic ring would improve the PFI, therefore, it was 

reasonable to suggest that if tolerated these changes would improve the physico-chemical 

profile of the series. 
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As a starting point triazole (S)-3.095 was synthesised from aniline (S)-3.067 using the 

commercially available acid 3.094, HATU and DIPEA in 67% yield (Scheme 3.08). 

 

Scheme 3.08. Synthesis of triazole 3.095. 

 

a) 2-(1H-1,2,3-triazol-1-yl)acetic acid hydrochloride (1.2 eq.), HATU (1.5 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 2h, 67%. 

 

As expected triazole (S)-3.095 was 1.3 log units less potent at CECR2 (pIC50 = 5.4) relative to 

benzotriazole (S)-3.070. Interestingly, both compounds were similarly potent at ATAD2 

confirming that selectivity was being derived from the phenyl group of the benzotriazole. 

This is due to the polar Arg1007 residue in this region of ATAD2 which does not interact 

favourably with a hydrophobic group. Triazole (S)-3.095 had a lower ChromLogD and PFI (3.9 

and 5.9) compared to benzotriazole (S)-3.070 and improved solubility (166 µg mL-1) in 

agreement with previous analyses of the series (Figure 3.18).  

 

Table 3.07. Exploration of triazole substitution. 

 

 R CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivity 

CECR2 
LE / 
LLEat 

BRD4(1) 
pIC50 

Chrom
LogD7.4 

/ PFI 

CAD 
Solubility 
μg mL-1 

 
1  

(S)-3.095 

 
5.4(6) / 5.4(6) 

- 

 
0.30 / 
0.30 

 
<4.3(2) 

 
3.9 / 
5.9 

 
≥166 

 
2 

 
(S)-3.070 

 
6.6(6) / 5.6(6) 

10x 

 
0.31 / 
0.26 

 
4.8(1)a 

 
5.3 / 
8.3 

 
18 

     aAlso <4.3 (n = 1) 
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Both the LE and LLEat of (S)-3.095 and (S)-3.070 were calculated and the values were 

intriguing. Whilst the addition of a phenyl ring to benzotriazole (S)-3.070 increased CECR2 

potency by 1.3 log units, the LE had only increased by 0.02. The LLEat decreased on addition 

of the phenyl ring suggesting that the increase in potency was not justified by the 

concomitant increase in lipophilicity.  

 

3.7.5. Investigating Triazole Substitution 

It was proposed that it might be possible to maintain potency and selectivity whilst replacing 

the aromatic ring present in benzotriazole (S)-3.070 with alternative substituents. However, 

without X-ray crystallography to aid design, rationally identifying interactions to target was 

difficult. Therefore, a diversity orientated approach was used. The substituents chosen were 

commercially available alkynes covering a range of functionality including alkyl chains, ethers 

and amines. The synthetic tractability of regioselectively forming substituted triazoles made 

this a desirable strategy for investigating a wide range of groups. 

 

Triazole substituents (S)-3.097–3.103, 3.105 and 3.107 were prepared regioselectively by the 

route in Scheme 3.09. The late-stage azide (S)-3.096 was prepared from aniline (S)-3.067 and 

2-azidoacetic acid, via a HATU mediated amide coupling, in 94% yield. The products could be 

synthesised in a regioselective fashion using click chemistry. A copper catalysed click reaction 

with the desired alkyne gave 4-substituted triazoles (S)-3.098–3.100 in up to 59% yield.329 

Alternatively, a ruthenium catalysed click reaction gave the 5-substituted triazoles (S)-3.101–

3.103 in up to 62% yield.330 Although there was excellent literature precedent for the 

regioselective nature of the two orthogonal metal catalysts employed, the regiochemistry of 

the dimethylamine triazoles (3.100 and 3.103) was also confirmed by NOESY NMR (Scheme 

3.09, for spectra see Section 5). For 3.100, irradiation of the signal at 8.00 ppm, 

corresponding to the triazole CH, showed enhancement of the signals at 2.18, 3.55, and 5.34; 

corresponding to the dimethylamine protons, the methylene between the triazole and 

dimethylamine group, and the methylene between the triazole and carbonyl, respectively. 

For 3.103, irradiation of the signal at 3.51 ppm, corresponding to the methylene between the 

triazole and dimethylamine group, showed enhancement of the signals at 2.10, 5.33, and 

7.65; corresponding to the dimethylamine protons, the methylene between the triazole and 

carbonyl and the triazole CH, respectively.  
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Scheme 3.09. Regioselective synthesis of triazoles (S)-3.097–3.103, 3.105 and 3.107 and NOE 

correlations of 3.100 and 3.103.. 

 

 

a) 2-Azidoacetic acid (1.0 eq.), HATU (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 2 h, 94%; b) alkyne (1.5 eq.), 

Cp*RuCl(PPh3)2 (3 mol%), THF, 65 °C, 2 h, 22–82%. c) alkyne (1.1 eq.), CuSO4·5H2O (5 mol%), sodium ascorbate 

(0.15 eq.), CH2Cl2:water (1:1), rt, 16 h, 49–59%; d) alkyne (2.0 eq.), Cu(OAc)2·H2O  (10 mol%), sodium ascorbate 

(0.15 eq.),MeOH, 100 °C, mw, 30 min, 42%; e) NH2NH2·H2O (1.5 eq.), EtOH, reflux, 30 min, then formaldehyde (37 

w/w% in water, 2.5 eq.), STAB (2.5 eq.), MeOH, rt, 2 h,  40%; f) HCl (4 M in 1,4-dioxane, 4.5 eq.), rt, 4 h, then 

formaldehyde (37% w/w in water, 1. eq.), STAB (1.3 eq.), MeOH, rt, 2 h, 87%. 

 

The phthalimide protecting group of 3.104, was removed using hydrazine monohydrate to 

give the free amine which could be methylated using Eschweiler Clarke conditions to afford 

3.105 in 40% yield as a 1:1 mixture of diastereomers. For 3.106, Boc deprotection was 
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facilitated using HCl (4 M in 1,4-dioxane) and the free amine could again be methylated using 

Eschweiler Clarke conditions to afford pyrrolidine 3.107 in 87% yield as a 1:1 mixture of 

diastereomers. The two diastereomers of 3.107 were obtained by column chromatography 

using a chiral stationary phase, to give (S,S*)-3.107 and (S,R*)-3.107 of undefined absolute 

configuration at the new chiral centre.  

 

Alkyne (±)-3.109 was not commercially available, but could be synthesised via the route 

outlined in Scheme 3.10.331 Mesylation of alcohol (±)-3.108 was achieved using methane 

sulfonic anhydride and TEA base. Alkylation of the mesylate intermediate using potassium 

phthalimide gave (±)-3.109 in 39% yield. 

 

Scheme 3.10. Synthesis of alkyne 3.109. 

 

a) TEA (3.0 eq.), Ms2O (1.5 eq.), CH2Cl2, rt, 1 h, then potassium 1,3-dioxoisoindolin-2-ide (1.4 eq.), DMF, 80 °C, 1 

h, 39%. 

 

With a selection of substituted triazoles in hand, the potency, selectivity and physico-

chemical properties were evaluated. As discussed, triazole (S)-3.095 (Table 3.08, Entry 1) had 

shown reduced CECR2 potency (c.f. benzotriazole (S)-3.070, Table 3.07, Entry 2). However, 

4,5-dimethyltriazole (S)-3.097 showed increased CECR2 inhibition (pIC50 = 6.0) whilst 

maintaining reduced affinity for ATAD2 (Table 3.07, Entry 2). Importantly, this suggested that 

the aromatic ring could be replaced by sp3 groups with similar overall efficiency. A range of 

substituents at the 4-position were then investigated ((S)-3.098–3.100). Neither a propyl or 

ether group at the 4- position of the triazole increased potency or selectivity for CECR2 ((S)-

3.098 and (S)-3.099, Entries 3 and 4). However, the installation of a methylene linked 

dimethylamine afforded compound (S)-3.100 (Entry 5, pIC50 = 6.6) which was equipotent with 

benzotriazole (S)-3.070 and 2.2 log units more polar. Unfortunately, (S)-3.100 was only 5-fold 

selective over ATAD2 but it did give confidence in this approach. Substitution at the 5-

position was then explored. Interestingly, the same substituents at the 5-position ((S)-3.101–

3.103) all showed increased potency and selectivity (Entries 6–8). In particular, 
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dimethylamine (S)-3.103 was potent at CECR2 (pIC50 = 7.1) and displayed 40-fold selectivity 

over ATAD2. It was also highly soluble (224 µg mL-1) despite being 1.4 log units more lipophilic 

than dimethylamine (S)-3.100 (discussed in more detail subsequently). Importantly, (S)-3.103 

demonstrated for the first time that CECR2 selectivity was possible with compounds that had 

a suitable physico-chemical profile. Dimethylamine (S)-3.103 was progressed into 

downstream assays and will be discussed further in Section 3.9.  

 

Table 3.08. Exploration of triazole substitution. 

 

 R 
CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivity 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4 

/ PFI 

CAD 
solubility 
(μg mL-1) 

1  
(S)-3.095 

5.4(6) / 5.4(6) 
- 

0.30 / 
0.30 

<4.3(2) 
3.9 / 
5.9 

≥166 

2 
 

(S)-3.097 

6.0(6) / 5.2(6) 
6x 

0.30 / 
0.30 

<4.3(2) 
4.4 / 
6.4 

≥181 

3  
(S)-3.098 

5.8(6) / 5.8(8) 
- 

0.28 / 
0.24 

4.4(2) 
5.1 / 
7.1 

48 

4  
(S)-3.099 

5.8(6) / 5.6(8) 
2x 

0.28 / 
0.31 

<4.3(2) 
4.1 / 
6.1 

≥235 

5 
 

(S)-3.100 

6.6(4) / 5.9(6) 
5x 

0.31/ 
0.34 

<4.3(2) 
3.1 / 
5.1 

≥234 

6 

 
(S)-3.101 

7.1(5) / 5.5(6) 
40x 

0.35 / 
0.30 

5.1(2) 
5.1 / 
7.1 

19 

7 

 
(S)-3.102 

6.6(6) / 6.0(6) 
4x 

0.32 / 
0.35 

4.3(1)b 4.3 / 
6.3 

≥216 
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8 

 
(S)-3.103 

7.1(5) / 5.4(6) 
50x 

0.34 / 
0.37 

<4.3(2) 
4.6 / 
6.6 

≥219 

9 

 
3.105a 

7.0(4) / 5.6(4) 
25x 

0.32 / 
0.34 

4.6(2) 
5.1 / 
7.1 

≥213 

10 

 
(S,S*)-3.107 

7.8(3) / 5.6(4) 
160x 

0.34 / 
0.35 

5.2(2) 
4.7 / 
6.7 

≥226 

11 

 
(S,R*)-3.107 

7.4(3) / 5.5(4) 
80x 

0.33 / 
0.33 

4.9(2) 
4.7 / 
6.7 

≥189 

aA 1:1 diastereomeric mixture of methylene epimers; bAlso <4.3 (n = 1). 

 

Additional amine substituents were then investigated. α-Substitution of the methylene unit 

to give amine 3.105 was well tolerated, although it offered no benefits over (S)-3.103. The 

additional methyl group increased the ChromLogD by 0.6 log units relative to (S)-3.103, 

however, this did not significantly lower the solubility. This suggests that the reduction in 

aromatic ring count and the presence of a polar amine is sufficient to drive solubility. 

Pyrrolidines (S,S*)-3.107 and (S,R*)-3.107 significantly increased potency at CECR2 (pIC50 ≥ 

7.6) and were 126-fold  and 200-fold selective, respectively. Interestingly, the ChromLogD 

only increased by 0.2 log units for (S,S*)-3.107 and (S,R*)-3.107 compared to dimethylamine 

(S)-3.103. This is potentially due to an increase in polarity driven by cyclisation. Pleasingly, 

both (S,S*)-3.107 and (S,R*)-3.107 were highly soluble (CAD ≥ 189 µg mL-1). Pyrrolidines 

(S,S*)-3.107 and (S,R*)-3.107 will also be discussed further in Section 3.9. 

 

The difference in lipophilicity of the dimethylamine regioisomers (S)-3.100 and (S)-3.103 was 

interesting and warranted further investigation. It was thought that the difference in 

lipophilicity was either a function of basicity or polarity, therefore, the basicity of the amine 

nitrogen was examined (Table 3.09). Firstly, the difference between ChromLogD7.4 and 

ChromLogD10.5 was established. Interestingly, the greatest difference was observed for 

dimethylamine (S)-3.100 (Δ = 1.0) suggesting that at physiological pH the amine is protonated 
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and therefore basic. Furthermore, the difference observed for dimethylamine (S)-3.103 was 

negligible suggesting that in this case the amine is not basic. There is the possibility that the 

adjacent N-lone pair in (S)-3.100, is capable of stabilising the protonated species in this 

example. There is still a 0.7 log unit difference in ChromLogD10.5, suggesting that polarity is 

also a contributing factor to the overall lipophilicity. α-Substitution of the methylene unit 

(3.105) also showed no difference between ChromLogD7.4 and ChromLogD10.5 suggesting no 

formation of a protonated species. As expected, ChromLogD did increase relative to (S)-3.103 

with the addition of the methyl group.  

 

Table 3.09. Exploration of triazole substitution. 

 

 R Chrom 
LogD7.4 

Chrom 
LogD10.5 

Δ Chemaxon 
pKa 

 
4 

 
(S)-3.100 

 
3.1 

 

 
4.1 

 
1.0 

 
6.6 

 
7 

 
(S)-3.103 

 
4.6 

 
4.5 

 
-0.1 

 
6.6 

 
9 

 
3.105 

 
5.1 

 
5.1 

 
0.0 

 
6.9 

 
10 

 
(S,S*)-3.107 

 
4.7 

 
5.0 

 
0.3 

 
7.0 

 
11 

(S,R*)-3.107 

 
4.7 

 
5.0 

 
0.3 

 
7.0 
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There was a minor difference between ChromLogD7.4 and ChromLogD10.5 for pyrrolidines 

(S,S*)-3.107 and (S,R*)-3.107 (Δ = 0.3) suggesting a weakly basic amine. To further 

investigate the amine basicity, the pKa  was predicted using Chemaxon. Suprisingly, this was 

unable to distinguish between the two regioisomers, suggesting that the software does not 

give an accurate prediction in this case. 

 

3.7.6. Conformational restriction of triazole amides 

Secondary amine derivatives ((S)-3.103, (S,S*)-3.107 and (S,R*)-3.107) had demonstrated 

that the desired chemical probe profile was achievable. However, the most favourable 

conformation of the flexible amine groups, and whether they made any specific interactions 

with the protein, was unknown. To probe this, further rigidification of the amine groups was 

proposed. If rigidification locked the amine group in a desirable conformation, then, binding 

to CECR2 would become entropically more favourable leading to an increase in potency. 

Triazole (S)-3.097 had demonstrated that substitution at both the 4- and 5- position was 

tolerated simultaneously, therefore, cyclisation of the amines back into the triazole ring to 

form triazolopiperidines (S)-3.110–3.111 was proposed. 

 

Triazolopiperidines (S)-3.110–3.112 were prepared via the route in Scheme 3.11 from 

triazolopyridines (S)-3.084 and (S)-3.083 (which had been prepared previously by separation 

of the two regioisomers; see Scheme 3.06, Section 3.7.3). Firstly, the triazolopyridines (S)-

3.084 and (S)-3.083, were refluxed with an alkylating agent (either methyl or ethyl iodide) to 

form an intermediate pyridinium ion. After a solvent switch to MeOH:water, reduction of the 

intermediate pyridinium was then achieved using sodium borohydride to afford the desired 

product in 20–38% yield.  
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Scheme 3.11. Synthesis of triazolopiperidines (S)-3.10–3.115. 

 

a) Alkyl iodide or anhydride (1.2 eq.), MeCN, 80 °C, 4 h, then NaBH4 (2.2 eq.), MeOH:water (1:1), rt, 1 h, 20-38%. 

 

Unfortunately, this route was not feasible for a wider range of substituents. 2-Iodopropane, 

2,2,2-trifluoroethyl iodide and acetic anhydride all failed to form the desired pyridinium 

intermediate and only SM was observed in the reaction mixture. This suggested that either 

the electrophiles were not strong enough to promote attack by the pyridine lone pair or that 

the intermediate pyridinium was unstable. Therefore, an alternative approach was targeted 

which involved hydrogenation of triazolopyridine (S)-3.083 to form triazolopiperidine (S)-

3.120. From here, a series of alkylations/acylations would afford the desired substituents 

((S)-3.113–3.115). However, the previous synthesis of triazolopyridines (S)-3.084 and (S)-

3.083 had required the separation of the two regioisomers (Scheme 3.06, Section 3.7.3). 

Whilst this was appropriate for the concise synthesis of both desired triazolopyridine 

regioisomers, the low yield was not optimal for further functionalisation. Therefore, a 

regiospecific synthesis of the desired triazolopyridine (S)-3.083 was investigated using a 

route analogous to the synthesis of benzotriazole (S)-3.088 (Scheme 3.07, Section 3.7.3). 
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Scheme 3.12. Synthesis of late stage intermediate (S)-3.084. 

 

a) tert-butyl glycinate (1.1 eq.), TEA (1.0 eq.), EtOH, reflux, 6 h, 33%; b) iron (5.0 eq.), NH4Cl (1.5 eq.), EtOH:water 

(3:1), 70 °C, 2 h, 91%; c) NaNO2 (1.2 eq.), AcOH:water (1:1), 0 °C-80 °C, 37%; d) HCl (4 M in dioxane, 8.3 eq.), 40 

°C, overnight then 3.068 (0.83 eq.), HATU (1.0 eq.), DIPEA (2.5 eq.), rt, 2 h, 73%. 

 

An SNAr reaction of 3-nitro-4-chloropyridine (3.116) using tert-butyl glycinate gave aryl nitro 

derivative 3.117 (Scheme 3.12). This could be reduced to the corresponding aniline 3.118 

using iron and NH4Cl in 91% yield. Formation of the diazonium salt using sodium nitrite 

followed by in situ cyclisation gave the desired triazolopyridine 3.119. Hydrolysis of the tert-

butyl ester followed by an amide coupling gave triazolopyridine (S)-3.083 in 8% yield over 4 

steps which could now be used as a late stage intermediate. 

 

With a route to triazolopyridine (S)-3.083 that could be performed at scale in place, the 

hydrogenation to afford (S)-3.120 could be investigated. The hydrogenation conditions used 

needed to be compatible with the functionality already in place. Of immediate concern was 

the aromatic bromide which could be susceptible to hydrogenolysis (e.g. with a Pd/C 

catalyst). Reports in the literature suggested that Rh/C catalysts were optimal for the 

hydrogenation of triazolopyridines therefore this was chosen as a starting point for this 

investigation.332 Hydrogenation of triazolopiperidine (S)-3.083 was carried out using a 5% 

Rh/C catalyst in a H-cube apparatus at rt and atmospheric pressure. AcOH was also used, as 

protonation of the pyridine ring is known to promote reduction.332 Unfortunately, the 

conversion was disappointingly low even after 24 h, leading to an isolated yield of just 29%. 

This low yield was insufficient for progression and so an investigation into more suitable 

conditions was conducted.  
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Scheme 3.13. Initial attempts at the hydrogenation of triazolopyridine 3.120. 

 

a) Rh/C, H2, MeOH:EtOH:AcOH (1:1:1), H-cube flow apparatus, 24 h, 29%. 

 

To improve the efficiency of the hydrogenation, a catalyst screen was carried out. The 

catalysts were chosen from theinternal heterogeneous catalyst collection available in our 

laboratory. All Pd containing catalysts were omitted to try and mitigate the formation of 

debrominated product. This left 10 catalysts from Johnson Matthey’s (JM’s) primary 

screening collection. Additionally, two Rh/C catalysts from Evonik’s primary catalyst 

collection were also chosen for investigation. The reaction screen was carried out in a CAT96 

instrument.333 This is a semi-automated piece of equipment which can accurately control 

temperature, pressure and stirring rate for up to 96 reactions. The hydrogenation was first 

run at rt under 15 bars of hydrogen, in MeOH:AcOH (10:1). After 22 h only JM26 B103032-5 

(Table 3.10, Entry 2), a 5% Pt/C catalyst, showed any appreciable conversion (22%) to the 

desired product. Most reactions were mainly mixtures of starting material (S)-3.083 and 

desired product (S)-3.120 only, showing at least, that formation of undesirable side-products 

was being kept to a minimum.  

 

  



GSK Confidential – Do not copy 

 

160 
 

Table 3.10. HPLC analysis of hydrogenation catalyst screen run in MeOH:AcOH (10:1) at 15 bar H2 for 

22 h at rt.  

 Type Supplier Name 
(S)-3.120 
Area %a 

(S)-3.083 
Area % a 

(S)-3.120 + 
(S)-3.083 
Area % a 

1 3% Pt/C JM25 B103032-3 12 50 62 

2 5% Pt/C JM26 B103032-5 22 47 69 

3 5% Pt/C JM27 5R18 12 50 62 

4 5% Pt/C JM28 5R128M 9 65 74 

5 5% Pt/C JM29 B501032-5 7 69 76 

6 10% Pt/C JM31 10R128M 11 63 74 

7 5% Rh/C JM34 C101023-5 5 83 88 

8 5% Rh/C JM35 5R594 4 68 72 

9 5% Rh/Al2O3 JM36 C301099-5 11 65 76 

10 5% Rh/C JM38 5R619 6 86 92 

11 5% Rh/C Evonik P3051 1 92 93 

12 5% Rh/C Evonik P3053 0 94 94 
         aPeak areas were analysed by HPLC. 

 

To improve conversion, the temperature of the reaction was increased. After 28 h at 50 °C, 

the reaction mixture was analysed (Table 3.11). Unfortunately, none of the Rh/C catalysts 

investigated gave sufficient conversion to the desired product (Entries 7-8 and 10-12, <33%). 

Pleasingly, use of a Rh/Al2O3 catalyst, JM36 C301099-5 (Entry 9), gave 67% conversion to (S)-

3.120 leaving 10% remaining starting material (S)-3.083. Two Pt/C catalysts, JM26 B103032-

5 and JM31 10R128M, also gave good conversion (Entries 2 and 6). 10% Pt/C JM31 10R128M 

(63%) was slightly inferior to 5% Pt/C JM26 B103032-5, which gave the greatest conversion 

(80%) to the desired product (S)-3.120. This represented almost complete consumption of 

the starting material (3% remaining) and minimal side-product formation. Therefore, JM26 

B103032-5 was chosen as the optimal catalyst for the hydrogenation. Interestingly, none of 

the other Pt/C catalysts were comparable (Entries 1 and 3–5) which emphasizes the complex 

factors governing the choice of heterogeneous catalyst. 
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Table 3.11. HPLC analysis of hydrogenation catalyst screen run in MeOH:AcOH (10:1) at 15 bar H2 for 

22 h at rt and 28 h at 50 °C. Peak areas were measured by HPLC. 

 Type Supplier Name 
(S)-3.120 
Area %a 

(S)-3.083 
Area % a 

(S)-3.120 + 
(S)-3.083 
Area % a 

1 3% Pt/C JM25 B103032-3 50 16 66 

2 5% Pt/C JM26 B103032-5 80 3 83 

3 5% Pt/C JM27 5R18 47 20 67 

4 5% Pt/C JM28 5R128M 48 42 80 

5 5% Pt/C JM29 B501032-5 51 30 81 

6 10% Pt/C JM31 10R128M 63 10 73 

7 5% Rh/C JM34 C101023-5 19 70 89 

8 5% Rh/C JM35 5R594 29 26 55 

9 5% Rh/Al2O3 JM36 C301099-5 67 10 77 

10 5% Rh/C JM38 5R619 33 40 73 

11 5% Rh/C Evonik P3051 7 80 87 

12 5% Rh/C Evonik P3053 4 83 87 
         aPeak areas were analysed by HPLC. 

 

With the discovery of a suitable catalyst, the hydrogenation of triazolopyridine (S)-3.083 

could now be carried out on a 750 mg scale to give the desired product (S)-3.120 in 66% yield 

(Scheme 3.14).  

 

Scheme 3.14. Hydrogenation of triazolopyridine 3.084 to afford triazolopiperidine 3.121. 

 

a) 5% Pt/C (JM26, B103032-5, 10% w/w), H2 (240 psi), MeOH, 50 oC, 16 h; 66%. 

 

With a suitable route to triazolopiperidine (S)-3.120 established, further functionalisation of 

the amine could now be conducted (Scheme 3.15). Isopropyl amine (S)-3.113 was 

synthesised through alkylation of amine (S)-3.120 using 2-iodopropane and K2CO3 as a base 

in 58% yield. The fluorinated amine (S)-3.114 was prepared in 43% yield using methodology 

developed by Denton et al. for the late stage trifluoroethylation of amines.334 Their work used 

TFA as a trifluoroethyl source and phenylsilane as a reductant to give the desired 
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trifluoroethylamines in high yields. Lastly, amide (S)-3.115 was prepared using acetic 

anhydride and DIPEA to furnish the desired product in 53% yield. 

 

Scheme 3.15. Synthesis of triazolopiperidines (S)-3.113–3.115. 

 

a) Iodopropane (1.5 eq.), K2CO3, (3.0 eq.), acetone, 80 °C, 4 h, 58%; b) PhSiH3 (2.0 eq.), TFA (1.75 eq.), THF, 70 °C, 

1 h, 43%; c) Ac2O (1.5 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 1 h, 53%. 

 

Having the dimethylamine substituent at the 5-position ((S)-3.103) had afforded higher 

potency relative to the 4-substituent ((S)-3.100) during the exploration of the triazole vectors 

(Table 3.08, Section 3.7.5). Therefore, conformational restriction of this amine was 

investigated first. Interestingly, triazolopiperidine (S)-3.110 was 0.4 log units less potent at 

CECR2 (pIC50 = 6.7) relative to dimethylamine (S)-3.103. This suggested that conformational 

restriction did not keep the dimethylamine in its favoured binding conformation. It was also 

possible that the methyl group at this position induced a clash with the protein. Therefore, 

the regioisomer was prepared and pleasingly, triazolopiperidine (S)-3.111 was both highly 

potent (Entry 2, CECR2 pIC50 = 7.4) and 32-fold selective for CECR2. Additionally, (S)-3.111 

had a low ChromLogD (3.7) and was highly soluble (440 µg mL-1). The methyl group could be 

extended to give ethylamine (S)-3.112 (Entry 3) which had a comparable profile to (S)-3.111 

albeit with a slight increase in ChromLogD. Branching of the alkyl group gave isopropyl amine 

(S)-3.113 which was also highly potent at CECR2 (Entry 4, pIC50 = 7.6), equating to 79-fold 

selectivity over ATAD2. Despite the increased lipophilicity compared to (S)-3.111 and (S)-

3.112, isopropyl amine (S)-3.113 was still highly soluble (238 µg mL-1). None of these alkylated 

triazolopiperidines ((S)-3.111–3.113) showed any significant activity at BRD4 BD1 (pIC50 ≤ 4.5) 

and will therefore be discussed further in Section 3.9. 
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Table 3.12. Exploring cyclic saturated triazoles. 

 

 R 
CECR2 pIC50 (n) / 
ATAD2 pIC50 (n) 

Selectivity 

CECR2 
LE / 
LLEat 

BRD4 
BD1 

pIC50 (n) 

Chrom
LogD7.4   

/ PFI 

CAD 
Solubility 
(μg mL-1) 

1 

 
(S)-3.110 

6.6(4) / 5.7(4) 
8x 

0.30 / 
0.33 

<4.3(2) 
3.9 / 
5.9 

≥186 

2 
 

(S)-3.111 

7.3(8) / 5.7(10) 
40x 

0.33 / 
0.37 

<4.3(4) 
3.7 / 
5.7 

≥211 

3 
 

(S)-3.112 

7.3(8) / 5.6(10) 
50x 

0.32 / 
0.34 

4.5(3)a 4.1 / 
6.1 

569 

4 
 

(S)-3.113 

7.5(3) / 5.7(4) 
63x 

0.32 / 
0.32 

4.3(1)a 4.5 / 
6.5 

238 

5 
 

(S)-3.114 

6.8(3) / 5.6(4) 
16x 

0.27 / 
0.28 

4.5(2) 
5.3 / 
7.3 

49 

6 
 

(S)-3.115 

7.0(3) / 5.8(4) 
16x 

0.30 / 
0.40 

<4.3(2) 
3.4 / 
5.4 

182 

7 
 

(S)-3.120 

6.6(5) / 5.6(6) 
10x 

0.31 / 
0.37 

4.8(2) 
2.9 / 
4.9 

≥233 

aAlso <4.3 (n = 1). 

 

In an effort to further understand the tolerated substitution of the amine, 

trifluoroethylamine (S)-3.114 was tested. Interestingly, a 0.5 log unit reduction is CECR2 

potency was observed relative to ethylamine (S)-3.112. The increased lipophilicity of 3.114 

was also detrimental to the solubility (49 µg mL-1). Acylation of the amine gave acetamide 

3.115 which was potent at CECR2 (Entry 6, pIC50 = 7.1) but was only 20-fold selective over 
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ATAD2. The unsubstituted triazolopiperidine (S)-3.120 was poorly tolerated in CECR2 (Entry 

7, pIC50 = 6.6) but still maintained a 10-fold selectivity window. 

 

The basicity of the triazolopiperidine nitrogen was examined. Interestingly, there was little 

difference between the ChromLogD7.4 and ChromLogD10.5 for both methyl triazolopiperidine 

regioisomers (Table 3.13), suggesting that the amine is not highly protonated at physiological 

pH. Therefore, the desirable ChromLogD of (S)-3.110 and (S)-3.111 is most likely a function 

of polarity caused by the nitrogen dipoles. It is interesting that conformational restriction of 

(S)-3.100 decreases the degree of protonation, which might be in keeping with an inability of 

the adjacent triazole N-lone pair to stabilise the protonated form of these cyclic examples.  

 

Table 3.13. Assessing the basicity of triazolopiperidines (S)-3.111-3.112. 

 R 
Chrom 
LogD7.4 

Chrom 
LogD10.5 

Δ 
Chemaxon 

pKa 

1 

 
(S)-3.110 

3.9 4.1 0.2 6.1 

2 
 

(S)-3.111 

3.7 3.7 0.0 8.4 

 

 

3.8. Greater Selectivity Through Sulfonamide Modification 

The discovery of dimethylamine (S)-3.103 and triazolopiperidines (S)-3.111–3.113 was 

encouraging, as they met most of the desired  criteria set out at the onset of the project and 

could be progressed to understand their wider bromodomain selectivity and cellular target 

engagement. However, it was thought that by revisiting the most promising sulfonamides 

(Section 3.6), that potency and selectivity could be increased further. As shown in Table 3.03, 

(Section 3.6) further extending the substitution at the pyrrolidine 3-position from methyl to 

cyclopropyl, increased potency at CECR2, albeit with only minor increases in LE. It was felt 

that the improved physico-chemical profile of the triazole moiety would make the series 

much more tolerant of the increased lipophilicity associated with moving to a 3-cyclopropyl 

pyrrolidine and that this substituent would further increase potency at CECR2 without 
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affecting ATAD2 potency. In addition, the chloride had been shown to be an appropriate 

replacement of the bromide and therefore both halides were included in this final iteration. 

 

To test this hypothesis, sulfonamides (±)-3.127–3.130 and (±)-3.133–3.134 were synthesised 

using established routes. The cyclopropyl group had no detrimental impact on reactivity and 

the reactions proceeded in good yields (Scheme 3.16). Where sufficient material was 

obtained the two enantiomers were separated by chromatography on a chiral stationary 

phase. The most potent enantiomer of each compound was assigned as (S*) and the least 

potent enantiomer assigned as (R*) for clarity throughout this work. 

 

Scheme 3.16. Synthesis of 3-cyclopropylpyrrolidine sulfonamides (±)-3.127–3.130 and (±)-3.133–

3.134. 

 
a) 3-cyclopropylpyrrolidine (1.0 eq.), DIPEA (2.2 eq.), CH2Cl2, 0 °C, 2 h, 85–90%; b) iron (3.0 eq.), NH4Cl (1.5 eq.), 

3:1 EtOH:water, 70 °C, 2 h, 98–99%; c) Acid 3.120 (1.2 eq.), HATU (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 2 h, 76–

79%; d) R-I (1.0–5.0 eq.), MeCN, 80 °C, 2 h, then NaBH4 (2.2 eq.), 1:1 MeOH:water, rt, 30–73%; e) 2-azidoacetic 

acid (1.1 eq.), HATU (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, rt, 1 h, 89%; f) N,N-dimethylprop-2-yn-1-amine (1.5 eq.), 

Cp*RuCl(PPh3)2 (3 mol%), THF, 65 °C, 2 h, 50–75%. 
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Methyl triazolopiperidines (±)-3.127 and (±)-3.129 were prepared as single enantiomers with 

both a chloro and bromo aryl substituent. With the increase in potency gained from the 

cyclopropyl group, the most active enantiomer, (S*)-3.127 retained high potency at CECR2 

(pIC50 = 8.2) even with chloride substitution on the aromatic ring. Interestingly, the opposite 

enantiomer was 20-fold less potent at CECR2, a trend which was also observed for (S*)-3.129 

vs. (R*)-3.129. This is significant as both enantiomers of methyl pyrrolidine ((S)-3.046 and 

(R)-3.046) were equipotent at CECR2 (Table 3.03, Section 3.6). It is likely that the increased 

size of the cyclopropyl group means that the pocket is more accommodating to one 

enantiomer and less accommodating to the other. Chlorides (S*)-3.127 and (R*)-3.127 were 

in the desirable physico-chemical space and were highly soluble. Changing the aryl 

substituent to bromide (S*)-3.130 (Table 3.14, Entry 3) did not give the additive increase in 

potency normally associated with this point change (Table 3.02, Section 3.5). However, both 

enantiomers were potent (pIC50 ≥ 7.4), greater than 63-fold selective and highly soluble (≥ 

177 µg mL-1). Changing the triazolopiperidine substitution to ethyl was well tolerated. In this 

case, only the racemates were tested, but they were potent (pIC50 ≥ 7.6) and >150-fold 

selective for CECR2, with a slightly lower LE compared to the comparative methyl analogue. 

Furthermore, both chloride (±)-3.128 and bromide (±)-3.130 were highly soluble and showed 

low affinity for BRD4 BD1. However, it was not obvious at this stage if the ethyl group was 

really differentiating relative to (S*)-3.127 and (S*)-3.129. Next the triazoles 3.133–3.134 

were investigated. An additive loss in potency is usually associated with the bromide to 

chloride switch, however, for the most active cyclopropyl enantiomer ((S*)-3.133), this is 

mitigated by an increase in potency caused by the cyclopropyl substituent. This delivered a 

potent probe (pIC50 = 7.3) with 160-fold selectivity over ATAD2. As expected, a 0.4 log unit 

increase in potency from chloride (S*)-3.133 to bromide (S*)-3.134 is still observed. The most 

active enantiomer of (S*)-3.134 had a CECR2 pIC50 of 7.7 and maintained 130-fold selectivity 

over ATAD2. Triazoles 3.133–3.134 had a higher ChromLogD (5.1) than the 

triazolopiperidines 3.133–3.134, however, they were still highly soluble (≥ 111 μg mL-1). 

Overall, a set of potential tool compounds ((S)-3.103, (S,S*)-3.107, (S,R*)-3.107, (S)-3.111–

3.113,  (S*)-3.127, 3.128, (S*)-3.129, 3.130, (S*)-3.133, (S*)-3.134) had now been identified, 

however, it was now necessary to evaluate their wider BRD selectivity and demonstrate 

cellular target engagement.  
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Table 3.14. Investigating the addition of a 3-cyclopropyl pyrrolidine sulfonamide. 

 

 R X 
Cmpd 

No. 

CECR2 pIC50 
(n) / ATAD2 

pIC50 (n) 
Selectivity 

CECR2 
LE / 
LLEat 

BRD4 
BD1 
pIC50 

(n) 

Chrom
LogD7.4 

CAD 
Solubility 
(μg mL-1) 

1 

 
 
 

 
 

 
Cl 
 

(S*)-
3.127 

7.7(4) / 5.5(2) 
160x 

0.33 / 
0.36 

4.6(4) 
 

4.3 
 

207 

2 
(R*)-
3.127 

6.9(5) / 5.2(4) 
50x 

0.30 / 
0.32 

4.4(2) 
 

4.3 
 

≥312 

3 
 
 

Br 
 
 

(S*)-
3.129 

8.2(3) / 5.7(4) 
320x 

0.35 / 
0.38 

4.9(2) 
 

4.4 
 

177 

4 
(R*)-
3.129 

7.4(3) / 5.5(4) 
79x 

0.32 / 
0.35 

4.6(2) 
 

4.4 
 

248 

5 

 

 
Cl 
 

(±)-
3.128 

7.5(5) / 5.3(6) 
160x 

0.31 / 
0.32 

4.7(3) 
 

4.6 
 

171 

6 

 
Br 
 

(±)-
3.130 

7.9(5) / 5.7(6) 
160x 

0.33 / 
0.34 

4.9(2) 
 

4.7 
 

152 

7  
 
 

 
 
 
 

 
Cl 
 

(S*)-
3.133 

7.3(3) / 5.2(4) 
130x 

0.32 / 
0.34 

4.8(2) 
 

5.1 
 

131 

8 
(R*)-
3.133 

6.8(3) / 5.1(4) 
50x 

0.30 / 
0.32 

4.5(2) 
 

5.1 
 

136 

9 

 
 

Br 
 
 
 

(S*)-
3.134 

7.6(3) / 5.6(4) 
100x 

0.34 / 
0.36 

4.9(2) 
 

5.1 
 

112 

10 
(R*)-
3.134 

7.3(3) / 5.5(4) 
63x 

0.32 / 
0.34 

4.8(2) 
 

5.1 
 

111 

*Absolute stereochemistry of centre undefined 

 

 



GSK Confidential – Do not copy 

 

168 
 

3.9. Selectivity and Cellular Target Engagement 

The 12 compounds ((S)-3.103, (S,S*)-3.107, (S,R*)-3.107, (S)-3.111–3.113,  (S*)-3.127, 3.128, 

(S*)-3.129, 3.130, (S*)-3.133, (S*)-3.134) identified which met the established criteria for a 

CECR2 chemical probe were sent to DiscoveRx for screening against a panel of 32 BRDs. The 

compounds were tested at 10 μM concentration against each BRD and the percentage 

inhibition calculated. The results were then represented as a box and whisker plot (Figure 

3.20) to determine whether there were any overall trends (For full results see Appendix 5). 

Pleasingly, only 4 BRDs: ATAD2, CECR2, GCN5 and TAF1, showed 100% inhibition for every 

compound tested against it. That ATAD2 showed 100% inhibition for 11 of the compounds 

tested, each of which had previously been shown to be ≥30-fold selective, gave confidence 

that BRDs where 100% was not observed would not have appreciable inhibition. This was 

compelling evidence that obtaining a pKd on these BRDs would give a valuable insight into 

whether the optimised phenylsulfonamides had a suitable selectivity profile. Therefore, as 

selectivity data had already been generated for ATAD2, (S)-3.103, (S,S*)-3.107, (S,R*)-3.107, 

(S)-3.111–3.113, (S*)-3.127, (±)-3.128, (S*)-3.129, (±)-3.130, (S*)-3.133, and (S*)-3.134, 

were submitted to DiscoveRx’s GCN5 and TAF1 assay as well as CECR2 for comparison. These 

12 compounds were also submitted to GSK’s TAF1 TR-FRET  assay. 

 

 

Figure 3.20. Box plot of BRD inhibition at 10 μM concentration using DiscoveRx’s single shot panel. 

The mean is represented as a grey bar. 
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The results of the wider BRD profiling are shown in Table 3.15. Pleasingly, DiscoveRx’s CECR2 

assay showed a strong correlation with GSK’s CECR2 TR-FRET assay, with the greatest 

difference observed of 0.5 log units. This correlation gave confidence that (S)-3.103, (S,S*)-

3.107, (S,R*)-3.107, (S)-3.111–3.113,  (S*)-3.127, (±)-3.128, (S*)-3.129, (±)-3.130, (S*)-3.133, 

(S*)-3.135 were highly potent CECR2 inhibitors. Triazolopiperidines (S)-3.111–3.113,  (S*)-

3.127, (±)-3.128, (S*)-3.129, and (±)-3.130 showed good selectivity over GCN5 (≥30-fold) with 

the exception of (S*)-3.129, which had a slightly reduced selectivity of 20-fold. Interestingly, 

dimethylamines (S)-3.103, (S,S*)-3.107, (S,R*)-3.107, (S*)-3.133, and (S*)-3.134 did not 

show adequate selectivity for CECR2 over GCN5. The most selective example was (S,R*)-

3.107 which was 10-fold selective over GCN5. This suggests that the more flexible amine is 

capable of making a specific interaction in GCN5 which cannot be recapitulated with 

conformational restriction of the dimethylamine moiety. However, without the support of 

an adequate docking model or X-ray crystal structure this theory was difficult to pursue 

further. Unfortunately, this meant that (S)-3.103, (S,S*)-3.107, (S,R*)-3.107, (S)-3.111, (S*)-

3.133, (S*)-3.134 would not be suitable tool compounds. Disappointingly, (S)-3.103, (S,S*)-

3.107, (S,R*)-3.107, (S)-3.111–3.113,  (S*)-3.127, (S*)-3.129, (±)-3.130, (S*)-3.133, (S*)-3.134 

showed reduced selectivity against TAF1 using DiscoveRx’s data. Only (S)-3.103 and (±)-3.128 

showed the required selectivity for further progression. However, phenylsulfonamides (S)-

3.103, (S,S*)-3.107, (S,R*)-3.107, (S)-3.111, (S*)-3.127, (±)-3.128, (S*)-3.129, (±)-3.130, (S*)-

3.133, (S*)-3.134 were all ≥50-fold selective over TAF1 using the TR-FRET assays, with only 

(S)-3.112 and (S)-3.113 showing sub-optimal selectivity. The disconnect between GSK 

selectivity and DiscoveRx selectivity was intriguing and warranted further investigation. 
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Table 3.15. Assessing the wider BRD selectivity of the lead compounds. 

 

 
 

R1 

 
X 

 
R2 

CECR2 
pIC50 

(n) 

BROMOscan TAF1 
pIC50 

(n) / 
Selb 

CECR2 
pKd (n) 

GCN5 
pKd (n) 

/ Sela 

TAF1 
pKd (n) 

/ Sela 

 
1  

 

 
 

 
Cl 
 

(S*)-cyPr 
(S*)-
3.127 

7.7(4) 8.0(2) 
6.5(2) 

30x 
7.0(2) 

10x 
6.0(3) 

50x 

 
2 
 

Br 

(S*)-cyPr 
(S*)-
3.129 

8.2(3) 8.1(2) 
6.8(2) 

20x 
7.2(2) 

8x 
6.1(3) 
130x 

 
3 
 

(S)-Me 
(S)-3.111 

7.3(8) 7.8(2) 
6.2(2) 

40x 
6.7(2) 

13x 
5.6(3) 

50x 

 
4 

 
 
 

 
 

 
Cl 
 

(Rac)-cyPr 
(±)-3.128 

7.5(5) 7.9(2) 
6.2(2) 

50x 
<5.0(2) 
>790x 

5.8(3) 
50x 

 
5  

Br 
 

(Rac)-cyPr 
(±)-3.130 

7.9(5) 8.4(2) 
6.7(2) 

50x 
7.3(2) 

13x 
6.1(3) 

63x 
 

6 
 

(S)-Me 
(S)-3.112 

7.3(8) 7.5(2) 
6.0(2) 

32x 
6.8(2) 

5x 
6.0(3) 

25x 

 
7 

 

Br 
(S)-Me 

(S)-3.113 
7.5(3) 7.7(2) 

6.1(2) 
40x 

7.1(2) 
4x 

6.3(3) 
20x 

 
8  

 

 

Cl 
(S*)-cyPr 

(S*)-
3.133 

7.3(3) 7.3(2) 
7.0(2) 

2x 
6.1(2) 

16x 
4.9(3) 
250x 

 
9 
 

 
 

Br 
 
 

(S*)-cyPr 
(S*)-
3.134 

7.6(3) 7.9(2) 
7.2(2) 

5x 
6.6(2) 

22x 
5.4(3) 
160x 

 
10 

 

(S)-Me 
(S)-3.103 

7.1(5) 7.2(2) 
6.7(2) 

3x 
<5.0(2) 
>200x 

4.8(3) 
200x 

 
11 

 Br 

(S)-Me 
(S,S*)-
3.107 

7.8(3) 7.7(2) 
7.0(2) 

5x 
6.8(2) 

8x 
5.2(3) 
400x 

 
12 

 
  

(S)-Me 
(S,R*)-
3.107 

7.4(3) 7.8(2) 
6.7(2) 

13x 
6.6(2) 

16x 
5.1(3) 
200x 

 aCalculated using CECR2 pKd; bCalculated using CECR2 pIC50. 
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GSK TAF1 TR-FRET assay data was plotted against DiscoveRx’s TAF1 assay data (Figure 3.21) 

using data points from every compound which had been tested in both assays and not 

restricted to the phenylsulfonamide series. Pleasingly, there was a strong correlation 

between the data points (r2 = 0.775). However, there was a disconnect between the internal 

and external data, whereby compounds appear more potent when tested at DiscoveRx. The 

line of best fit (y = 1.23X + 0.21) shows that the gap widens for more potent compounds. The 

reasons behind this disconnect are not clear, however, the TAF1 data must be treated with 

caution due to this. 

 

 

Figure 3.21. Correlation between GSK’s TAF1 TR-FRET assay data and DiscoveRx’s TAF1(2) assay data. 

 

Overall triazolopiperidine (S*)-3.127 had the best wider BRD profile of the lead compounds. 

It fulfills all of the probe selectivity requirements with the expection of the disconnected 

external TAF1 data. 

 

3.10. Conclusions and Future Work on CECR2 

The aim of this work was to develop a chemical probe for the CECR2 BRD which was potent 

and selective, soluble and displayed cellular target engagement. To achieve this aim, the SAR 

of the phenyl sulfonamide series was thoroughly interrogated, starting with an investigation 

of historical data. This identified that bromide and chloride were the optimal aryl 

substituents, most likely due to their ability to form a halogen bond in the binding pocket. It 

also showed that pyrrolidine sulfonamides provide the optimal shape complementarity with 
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the binding pocket and that some substitution was tolerated. By targeting the gatekeeper 

residue, a 3-cyclopropyl pyrrolidine was identified as optimal. A structural analysis of the X-

ray crystal structure of (S,R)-3.013 in ATAD2 and the docking model of (S,S)-3.013 in CECR2 

identified targeting of the WPF residues in CECR2 as a promising strategy to obtain selectivity. 

This ultimately led to the discovery of the triazolopiperidine group which balanced the 

desired potency and selectivity with a suitable physico-chemical profile. This ultimately led 

to the nomination of triazolopiperidine (S*)-3.127 as a chemical probe for the CECR2 BRD 

(Figure 3.22). 

 

 

Figure 3.22. Development of GSK232 (S*)-3.127 as highly potent CECR2 inhibitor with 500-fold 

selectivity over the ATAD2 BRD. 

 

GSK232 ((S*)-3.127, Table 3.16) was a highly potent CECR2 inhibitor (pIC50 = 8.2) and was 

>160-fold selective over the other non-BET BRDs examined (500-fold selective over ATAD2 

and 160-fold selective over TAF1(internal data)). Pleasingly, (S*)-3.127 was 4000-fold 

selective against BRD4 BD1 and 1600-fold selective over BRD4 BD2. (S*)-3.127 has now been 

submitted to DiscoveRx to obtain complete dose response selectivity data against its panel 

of 32 BRDs to support the single shot data already generated. (S*)-3.127 also showed an 

excellent physico-chemical profile. It was highly soluble (207 μg mL-1) and showed good AMP 

(135 nm s-1) which gives confidence this molecule will be cell penetrant. A nanoBRET assay 

will be used to determine whether GSK232 (S*)-3.127 is capable of displacing CECR2 from 

chromatin in cells. This work is currently ongoing. Lastly, vibrational circular dichroism will be 

used to determine the absolute stereochemistry of (S*)-3.127. 
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Table 3.16. Full analysis of GSK232 (S*)-3.127. 

 

Compound (S*)-3.127 

CECR2 pIC50 (n) 7.7(4) 

CECR2 LE/LLEat 0.33 / 0.36 

ATAD2 pIC50 (n) / Selectivity 5.5(2) / 160x 

BRD4 BD1 pIC50 (n) / Selectivity 4.6(4) / 1300x 

BRD4 BD2 pIC50 (n) / Selectivity 5.0(4) / 500x 

TAF1 pIC50 (n) / Selectivity 6.0(3) / 50x 

ChromLogD7.4 / PFI 4.3 / 6.3 

CAD Solubility (μg mL-1) 207 

AMP (nm s-1) 135 

 

As previously discussed (Section 3.2.2), the current state of the art chemical probe for CECR2 

is GNE-886 (3.010), which was reported whilst this work was being undertaken. Whilst both 

GSK232 ((S*)-3.127) and GNE-886 (3.010) have comparable potency and selectivity profiles, 

GSK232 improves on the sub-optimal solubility of GNE-886 (3.010). When GSK232 ((S*)-

3.127) is used in conjuction with GNE-886 (3.010), NVS-CECR2-1 (3.008) and TP238 (3.009), 

the chemical probe toolset for CECR2 has the capability to drive full target validation 

experiments as there are now potent and selective chemical probes with three distinct 

chemotypes. 
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4. Experimental 

4.1. General Experimental 

Unless otherwise stated, all reactions were carried out under an atmosphere of nitrogen 

using anhydrous solvents. Solvents and reagents were purchased from commercial suppliers 

and used as received. 

 

Reactions were monitored by thin layer chromatography (TLC) or LCMS. TLC was carried out 

on glass or aluminium-backed 60 silica plates coated with UV254 fluorescent indicator. Spots 

were visualised using UV light (254 or 365 nm) or common staining methods as appropriate. 

Silica flash chromatography was carried out using Biotage SP4 or Isolera One apparatus using 

SNAP KP and SNAP ULTRA or RediSep® pre-packed silica cartridges. Ion exchange 

chromatography was carried out using Biotage Isolute cartridges and extracted organic 

mixtures were dried using Biotage PTFE hydrophobic phase separator frits unless otherwise 

stated.  

 

NMR spectra were recorded at rt (unless otherwise stated) using standard pulse methods on 

a Bruker AV-400 (1H = 400 MHz, 13C = 101 MHz) or a Bruker AV-500 (1H = 500 MHz, 13C = 151 

MHz). Chemical shifts are referenced to trimethylsilane (TMS) or the residual solvent peak, 

and are reported in ppm. Coupling constants are quoted to the nearest 0.1 Hz and 

multiplicities are given by the following abbreviations and combinations thereof: s (singlet), 

d (doublet), ABq (AB quartet), t (triplet), q (quartet), quin (quintet), sxt (sextet), m (multiplet), 

br. (broad).  

 

IR spectra were obtained on a Perkin Elmer Spectrum 1 FTIR apparatus, with major peaks 

reported (cm-1). Optical rotation of chiral products was measured using a Jasco P1030 

polarimeter. Melting point analysis was carried out using a Stuart SMP40 melting point 

apparatus, melting points are uncorrected. HRMS spectra were recorded on a Micromass Q-

Tof Ultima hybrid quadrupole time-of-flight mass spectrometer, with analytes separated on 

an Agilent 1100 Liquid Chromatograph equipped with a Phenomenex Luna C18(2) reversed 

phase column (100 mm x 2.1 mm, 3 μm packing diameter). LC conditions were 0.5 mL/min 

flow rate, 35 ºC, injection volume 2-5 μL. Gradient elution with (A) water containing 0.1% 

(v/v) formic acid and (B) acetonitrile containing 0.1% (v/v) formic acid. Gradient conditions 
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were initially 5% B, increasing linearly to 100% B over 6 min, remaining at 100% B for 2.5 min 

then decreasing linearly to 5% B over 1 min followed by an equilibration period of 2.5 min 

prior to the next injection. 

 

LCMS analysis was carried out on a Waters Acquity UPLC instrument equipped with a BEH or 

CSH column (50 mm x 2.1 mm, 1.7 μm packing diameter) and Waters micromass ZQ MS using 

alternate-scan positive and negative electrospray. Analytes were detected as a summed UV 

wavelength of 210 – 350 nm. Two liquid phase methods were used:  

Formic: 40 °C, 1 mL/min flow rate. Gradient elution with the mobile phases as (A) water 

containing 0.1% volume/volume (v/v) formic acid and (B) acetonitrile containing 0.1% (v/v) 

formic acid. Gradient conditions were initially 1% B, increasing linearly to 97% B over 1.5 min, 

remaining at 97% B for 0.4 min then increasing to 100% B over 0.1 min.  

High pH: 40 °C, 1 mL/min flow rate. Gradient elution with the mobile phases as (A) 10 mM 

aqueous ammonium bicarbonate solution, adjusted to pH 10 with 0.88 M aqueous ammonia 

and (B) acetonitrile. Gradient conditions were initially 1% B, increasing linearly to 97% B over 

1.5 min, remaining at 97% B for 0.4 min then increasing to 100% B over 0.1 min.  

 

Mass directed automatic purification (MDAP):  

Formic MDAP: The HPLC separation was conducted on an Xselect CSH C18 column (150 mm 

x 30 mm i.d. 5 µm packing diameter) at ambient temperature, eluting with 0.1% formic acid 

in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) using an elution gradient 

of between 0 and 100% solvent B over 15 or 25 min. The UV detection was an averaged signal 

from wavelength of 210 nm to 350 nm.  The mass spectra were recorded on a Waters ZQ 

Mass Spectrometer using alternate-scan positive and negative electrospray.  Ionisation data 

was rounded to the nearest integer. 

High pH MDAP: The HPLC analysis was conducted on an Xselect CSH C18 column (150 mm x 

30 mm i.d. 5 μm packing diameter) at ambient temperature, eluting with 10 mM ammonium 

bicarbonate in water adjusted to pH 10 with ammonia solution (solvent A) and acetonitrile 

(solvent B) using an elution gradient of between 0 and 100% solvent B over 15 or 25 min. The 

UV detection was an averaged signal from wavelength of 210 nm to 350 nm.  The mass 

spectra were recorded on a Waters ZQ Mass Spectrometer using alternate-scan positive and 

negative electrospray.  Ionisation data was rounded to the nearest integer. 
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4.2. General Procedures 

General Procedure A: Amide Coupling 

HATU (1.2 eq.) was added to the carboxylic acid (1.0 eq.) and DIPEA (3.0 eq.) in DMF or CH2Cl2 

at rt under nitrogen. The resulting solution was stirred at rt for 5 min, before the amine (1.1 

eq.) was added. The resulting solution was stirred at rt for 2 h. The reaction was diluted with 

water (20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organic extracts were 

washed with LiCl solution (20 mL), passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. 

 

General Procedure B: Suzuki Coupling 

The boronic acid/ester (1.2 eq.), aromatic bromide (1.0 eq.), base (3.0 eq.) and Pd catalyst 

(10 mol%) were dissolved in water (0.5 mL) and 1,4-dioxane (2.0 mL). The solution had 

nitrogen bubbled through it for 5 min and was then stirred at temperature until complete. 

The reaction was diluted with water (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. 

 

General Procedure C: Hydrogenation 

The benzofuran (1 eq.) in EtOH (10 mL) was added to a hydrogenation flask containing Pd/C, 

type 424 (5 mol%) The vessel was evacuated and back-filled with hydrogen (x3) and allowed 

to stir under a hydrogen atmosphere at rt for 24 h. Once complete, the reaction was filtered 

through a Celite plug, washing with EtOH (60 mL) and concentrated in vacuo to afford the 

crude product. 

 

General Procedure D: T3P Amide Coupling Array 

(S)-4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (0.032 g, 0.1 mmol) was dissolved in 

CH2Cl2 (0.5 mL and added to the preweighed carboxylic acid (0.140 mmol). DIPEA (0.052 mL, 

0.300 mmol) was added and the reaction stirred at rt for 5 mins. T3P (50% in EtOAc) (0.080 

mL, 0.140 mmol) was added and the solution stirred at rt for 2 h. Solvent was removed from 

all sample until dry.The samples were purified by HPH MDAP.  The solvent was dried under a 

stream of nitrogen to give the required product amides. 
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4.3. Optimisation Procedures 

Optimisation Procedure A: Hydroboration Screen (Table 2.01, Section 2.2.4) 

The borane (0.5 – 1.0  M in THF, 2.0 eq.) was added to methyl 4-hydroxy-3-(1-

phenylvinyl)benzoate in THF (1 mL) at 0 °C under nitrogen. The resulting solution was stirred 

at rt overnight. Water (0.10 mL) was added, followed by sodium hydroxide (2 M, 0.5 mL, 1.00 

mmol) and hydrogen peroxide (35% w/w in water, 0.5 mL, 5.71 mmol). The resulting solution 

was stirred at rt for 2 h. The reaction mixture was then analysed by LCMS. 

 

Optimisation Procedure B: Suzuki Screen (Table 2.02, Section 2.2.6) 

Methyl 4-hydroxy-3-iodo-5-(methylcarbamoyl)benzoate or methyl 4-hydroxy-3-bromo-5-

(methylcarbamoyl)benzoate (50 mg, 0.149 mmol), (1-phenylvinyl) boronic acid (24 mg, 0.164 

mmol), Pd catalyst (10 mol%, 0.015 mmol), and base (3.0 eq., 0.448 mmol) were dissolved in 

solvent (1 mL) and degassed under nitrogen. The resulting solution was heated to 

temperature and stirred for time. The reaction mixture was then analysed by LCMS. 

 

Optimisation Procedure C: Cyclisation/Borylation Screen (Table 2.07, Section 2.4.2) 

Methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate (20 mg, 0.051 mmol), bis(pinacolato) diboron 

(26 mg, 0.101 mmol), base (3.0 eq., 0.152 mmol), and Pd catalyst (2-10 mol%) were dissolved 

in solvent (1 mL) at rt under nitrogen. The resulting solution was heated to 100 °C for 2 h. The 

reaction mixture was then analysed by LCMS. 

 

Optimisation Procedure D: Hydrogenation Screen (Tables 3.10–3.11, Section 3.7.6) 

(S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide (S)-3.083 (240 mg, 0.501 mmol) was suspended in MeOH (3.60 mL) and 

0.30 mL aliquots were pipetted across 12 reaction vessels containing hydrogenation catalysts 

(0.050 mmol). AcOH (0.36 mL) was added across the 12 reaction vessels in 0.03 mL aliquots. 

The reactions vials were then placed in a Cat96 and stirred under 15 bar of hydrogen at rt for 

22 h. The reactions were analysed by HPLC. The reactions were then stirred at 50 °C under 

15 bar of hydrogen at rt for a further 28 h. The reactions were analysed by HPLC. 
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4.4. Chemistry Experimental 

4.4.1. BD2 Experimentals 

Methyl 4-hydroxy-3-(1-phenylvinyl)benzoate (2.016)228 

Methyl 4-hydroxy-3-iodobenzoate (1.50 g, 5.39 mmol) (1-

phenylvinyl)boronic acid (0.878 g, 5.93 mmol), Pd(dppf)Cl2 (0.396 g, 0.54 

mmol), and K2CO3 (2.23 g, 16.2 mmol) were dissolved in 1,4-dioxane (20 

mL) and water (4.0 mL) at rt and degassed under nitrogen. The resulting 

solution was heated to 90 °C and stirred for 4 h. The reaction was allowed to cool before 

diluting with CH2Cl2 (50 mL) and washing with sat. aq. Na2CO3 (20 mL). The organic layer was 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude product. 

The crude product was purified by silica chromatography, eluting with 0-30% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford methyl 4-

hydroxy-3-(1-phenylvinyl)benzoate 2.016 (1.07 g, 4.21 mmol, 78% yield) as an orange gum. 

LCMS (Formic, ES+): tR = 1.15 min; m/z = 255.1; HRMS (C16H14O3): [M+H]+ calculated 255.1016, 

found 255.1014; 1H NMR (CDCl3-d, 400 MHz,): δ (ppm) 7.97 (dd, J=8.6, 2.0 Hz, 1H), 7.89 (d, 

J=2.0 Hz, 1H), 7.32–7.38 (m, 5 H), 6.99 (d, J=8.6 Hz, 1H), 5.93 (d, J=1.0 Hz, 1H), 5.58 (s, 1H), 

5.46 (d, J=1.0 Hz, 1H), 3.88 (s, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 166.7, 157.2, 144.3, 

138.7, 132.4, 131.4, 128.9, 128.8, 127.5, 126.9, 122.7, 117.6, 115.9, 51.9; IR νmax (cm-1) 3335, 

1685, 1601, 1438, 1257, 1191, 1116, 909, 771, 704. 

 

(±)-Methyl 2,3-dihydroxy-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate ((±)-2.022) 

mCPBA (0.705 g, 3.15 mmol) was added to methyl 4-hydroxy-3-(1-

phenylvinyl) benzoate 2.016 (0.400 g, 1.57 mmol) in CH2Cl2 (10 mL) at 

rt under nitrogen. The resulting solution was stirred at rt for 16 h. The 

reaction was quenched with sat. aq. sodium thiosulfate (20 mL) and extracted with CH2Cl2 

(20 mL). The organic layer was washed with sat. aq. NaHCO3, passed through a hydrophobic 

frit and concentrated in vacuo to afford (±)-methyl 2,3-dihydroxy-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylate (±)-2.022 (0.420 g, 1.467 mmol, 93% yield). LCMS (Formic, 

ES-): tR = 0.93 min; m/z = 285.1; HRMS (C16H14O5): [2M+Na]+ calculated 595.1580, found 

595.1568; 1H NMR (CDCl3-d, 400 MHz,): δ (ppm) 7.97 (dd, J=8.6, 2.0 Hz, 1H), 7.78 (d, J=2.0 Hz, 

1H), 7.34–7.44 (m, 5 H), 6.90 (d, J=8.6 Hz, 1H), 5.77 (s, 1H), 5.00 (br. s., 1H), 3.82 (s, 3H), 1.60–

1.78 (m, 1H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 166.7, 162.1, 141.0, 133.5, 131.1, 128.7, 
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128.6, 128.1, 127.5, 125.8, 123.8, 110.5, 108.4, 52.0; m.p. 111.0 – 114.6 °C; IR νmax (cm-1) 

3462, 3384, 2956, 1694, 1613, 1416, 1349, 1295, 1139, 762, 706. 

 

(±)-Methyl 4-hydroxy-3-(2-hydroxy-1-phenylethyl)benzoate ((±)-2.025) and (±)-methyl 4-

hydroxy-3-(1-hydroxy-1-phenylethyl)benzoate ((±)-2.056) 

Borane (1 M in THF, 0.787 mL, 0.787 mmol) 

was added dropwise to methyl 4-hydroxy-3-

(1-phenylvinyl)benzoate 2.016 (0.100 g, 

0.393 mmol) in THF (5 mL) at 0 °C under 

nitrogen. The resulting solution was stirred for 4 h. After this time a solution of 10% water in 

THF (2 mL) was added followed by 2 M NaOH (3 mL), and hydrogen peroxide (35% w/w in 

water, 2 mL, 0.393 mmol). The resulting solution was stirred at rt for 1.5 h. The reaction was 

acidified with 2 M HCl and extracted with EtOAc (2 x 20 mL). The combined organics were 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude product. 

The crude product was purified by formic MDAP. The solvent was evaporated in vacuo to give 

(±)-methyl 4-hydroxy-3-(2-hydroxy-1-phenylethyl)benzoate (±)-2.025 (54 mg, 0.198 mmol, 

50% yield) as a white solid and (±)-methyl 4-hydroxy-3-(1-hydroxy-1-phenylethyl)benzoate 

(±)-2.056 (23 mg, 0.084 mmol, 21% yield) as a yellow gum. 

 

(±)-Methyl 4-hydroxy-3-(2-hydroxy-1-phenylethyl)benzoate ((±)-2.025): 

LCMS (Formic, ES+): tR = 0.89 min; m/z = 273.1; HRMS (C16H16O4): [M+H]+ calculated 273.1121, 

found 273.1110; 1H NMR (CDCl3-d, 400 MHz,): δ (ppm) 7.78 (d, J=2.2 Hz, 1H), 7.67 (dd, J=8.5, 

2.2 Hz, 1H), 7.21-7.30 (m, 4H), 7.14-7.19 (m, 1H), 6.87 (d, J=8.5 Hz, 1H), 4.45 (t, J=7.2 Hz, 1H), 

3.87-3.98 (m, 2H), 3.77 (s, 3H); Alcohol and phenol OH not visible; 13C NMR (DMSO-d6, 101 

MHz): δ (ppm) 166.7, 160.2, 142.8, 130.4, 129.6, 129.4, 128.8, 128.5, 126.4, 120.5, 115.5, 

63.9, 52.1, 46.3; m.p. 150.2 – 152.0 °C; IR νmax (cm-1) 3405, 3176, 2870, 1685, 1607, 1429, 

1285, 785, 701. 

 

(±)-Methyl 4-hydroxy-3-(1-hydroxy-1-phenylethyl)benzoate ((±)-2.026): 

LCMS (Formic, ES+): tR = 0.89 min; m/z = 255.1 (-H2O); 1H NMR (CDCl3-d, 400 MHz,): δ (ppm) 

7.86 (dd, J=8.6, 2.0 Hz, 1H), 7.77 (d, J=2.0 Hz, 1H), 7.25–7.41 (m, 5H), 6.86 (d, J=8.6 Hz, 1H), 

3.85 (s, 3H), 2.03 (s, 3H); Alcohol and phenol OH not visible; IR νmax (cm-1) 3262, 2951, 1687, 

1590, 1493, 1437, 1230, 1112, 765, 698.  
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(±)-Methyl 3-phenyl-2,3-dihydrobenzofuran-5-carboxylate ((±)-2.019) 

 DIAD (0.014 mL, 0.071 mmol) was added dropwise to (±)-methyl 4-

hydroxy-3-(2-hydroxy-1-phenylethyl)benzoate (±)-2.025 (0.016 g, 0.059 

mmol) and triphenyl phosphine (0.018 g, 0.071 mmol) dissolved in THF 

(2 mL). The resulting solution was stirred at rt overnight. The reaction was concentrated in 

vacuo, re-dissolved in CH2Cl2 (10 mL),  and washed with sat. aq. NaHCO3 (10 mL). The organic 

layer was passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by formic MDAP. The solvent was evaporated in 

vacuo to give (±)-methyl 3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.019 (6 mg, 

0.024 mmol, 40% yield) as a white solid. LCMS (Formic, ES+): tR = 1.23 min; m/z = 255.1; 1H 

NMR (CDCl3-d, 400 MHz,): δ (ppm) 7.94 (dd, J=8.4, 1.6 Hz, 1H), 7.71 (d, J=1.5 Hz, 1H), 7.27–

7.37 (m, 3H), 7.18–7.22 (m, 2H), 6.90 (d, J=8.4 Hz, 1H), 4.97–5.03 (m, 1H), 4.66–4.72 (m, 1H), 

4.53 (dd, J=8.9, 7.5 Hz, 1H), 3.83 (s, 3H). 

 

Methyl 2-bromo-3-phenylbenzofuran-5-carboxylate ((±)-2.027) 

 NBS (6 mg, 0.038 mmol) was added to  (±)-methyl 3-phenyl-2,3-

dihydrobenzofuran-5-carboxylate (±)-2.019 (8 mg, 0.031 mmol) in 

CH2Cl2 (1 mL) at rt under nitrogen. The resulting solution was stirred at 

rt overnight. The reaction was quenched with sat. aq. NaHCO3 (20 mL) and extracted with 

CH2Cl2 (2 x 10 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified using 

silica chromatography, eluting with 0-10% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-methyl 2-bromo-3-phenylbenzofuran-5-carboxylate (±)-

2.027 (7 mg, 0.021 mmol, 67% yield) as a white solid. LCMS (Formic, ES-): tR = 1.47 min; no 

m/z; 1H NMR (CDCl3-d, 400 MHz,): δ (ppm) 8.34 (d, J=1.5 Hz, 1H), 8.06 (dd, J=8.8, 1.5 Hz, 1H), 

7.63–7.68 (m, 2H), 7.52–7.58 (m, 3H), 7.43–7.50 (m, 1H), 3.94 (s, 3H); 13C NMR (CDCl3-d, 101 

MHz,): δ (ppm) 166.9, 157.8, 130.0, 128.9, 128.9, 128.3, 128.2, 127.5, 126.4, 126.0, 121.9, 

121.2, 111.0, 52.2. 
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Dimethyl 4-hydroxyisophthalate (2.032)  

Thionyl chloride (15 mL, 206 mmol) was added dropwise to a solution of  

4-hydroxyisophthalic acid 2.033 (5 g, 27.5 mmol) in MeOH (50 mL) at 0 °C 

under nitrogen. The resulting solution was stirred at rt for 30 min before 

heating gently to reflux for 6 h. The reaction was allowed to cool. Upon 

cooling, a precipitate formed which was collected by filtration to afford dimethyl 4-

hydroxyisophthalate 2.032 (5.32 g, 25.3 mmol, 92% yield) as a white solid. LCMS (Formic, 

ES+): tR = 1.02 min; no m/z; HRMS (C10H10O5): [M+H]+ calculated 211.0601, found 211.0602; 

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 11.01 (s, 1H), 8.36 (d, J=2.4 Hz, 1H), 8.04 (dd, J=8.6, 

2.4 Hz, 1H), 7.10 (d, J=8.6 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 3H); 13C NMR (DMSO-d6, 101 MHz): δ 

(ppm) 168.3, 165.6, 163.6, 136.1, 132.5, 121.2, 118.5, 114.4, 53.1, 52.5. 

 

Methyl 4-hydroxy-3-(methylcarbamoyl)benzoate (2.031) 

Methylamine (40% w/w in water, 20.59 mL, 238 mmol) was added to 

dimethyl 4-hydroxyisophthalate 2.032 (10 g, 47.6 mmol) in THF (100 mL) 

at rt. A precipitate formed and the resulting suspension was stirred at rt 

overnight. After this time the precipitate had dissolved. The reaction was 

quenched with sat. aq. NaHCO3 (50 mL) and extracted with EtOAc (2 x 100 mL) and CH2Cl2 (2 

x 100 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford methyl 4-hydroxy-3-(methylcarbamoyl)benzoate 2.031 (9.8 g, 46.8 mmol, 

98% yield) as a pink solid. LCMS (Formic, ES+): tR = 0.80 min; m/z = 210.1; HRMS (C10H11NO4): 

[M+H]+ calculated 210.0761, found 210.0756; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 11.55 

(q, J=4.6 Hz, 1H), 8.35 (d, J=2.8 Hz, 1H), 7.44 (dd, J=8.9, 2.8 Hz, 1H), 6.21 (d, J=8.9 Hz, 1H), 

3.67 (s, 3H), 2.75 (d, J=4.6 Hz, 3H); Phenol OH not visible; 13C NMR (DMSO-d6, 101 MHz): δ 

(ppm) 176.8, 168.9, 167.5, 133.5, 132.4, 122.5, 118.8, 108.3, 51.0, 25.4; m.p. 128.2 – 130.9 

°C; IR νmax (cm-1) 2964, 1728, 1679, 1586, 1435, 1350, 1307, 1206, 1239, 1110, 763, 698. 

 

Methyl 3-bromo-4-hydroxy-5-(methylcarbamoyl)benzoate (2.034) 

NBS (3.57 g, 20.08 mmol) was added to methyl 4-hydroxy-3-

(methylcarbamoyl)benzoate 2.031 (3.50 g, 16.73 mmol) in CH2Cl2 (15 mL) 

at rt. The resulting solution was stirred at rt for 2 h. The reaction was 

quenched with sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 (2 x 50 

mL) and EtOAc (50 mL). The combined organics were passed through a hydrophobic frit and 
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concentrated in vacuo to afford methyl 3-bromo-4-hydroxy-5-(methylcarbamoyl)benzoate 

2.034 (3.89 g, 13.50 mmol, 81% yield) as a yellow solid. LCMS (Formic, ES+): tR = 1.06 min; m/z 

= 287.9, 289.9; HRMS (C10H10BrNO4): [M+H]+ calculated 287.9866, found 287.9861; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 9.38 (br. s., 1H), 8.46 (d, J=2.0 Hz, 1H), 8.13 (d, J=2.0 Hz, 1H), 

3.79 (s, 3H), 2.78 (d, J=4.4 Hz, 3H); Phenol OH not visible; 13C NMR (DMSO-d6, 101 MHz): δ 

(ppm) 179.8, 169.4, 165.1, 162.9, 137.2, 128.8, 115.8, 112.0, 52.6, 26.6; m.p. 113.7 – 115.3 

°C; IR νmax (cm-1) 3376, 1776, 1699, 1567, 1426, 1363, 1287, 1187, 934, 816, 770, 727. 

 

Methyl 4-hydroxy-3-iodo-5-(methylcarbamoyl)benzoate (2.035) 

NIS (3.36 g, 14.91 mmol) was added to methyl 4-hydroxy-3-

(methylcarbamoyl)benzoate 2.031 (2.6 g, 12.43 mmol) in CH2Cl2 (15 mL) at 

rt. The resulting solution was stirred at rt overnight. The reaction was 

diluted with water (20 mL) before sodium hydrosulfite was added until the 

reaction was almost colourless. The solution was extracted with CH2Cl2 (2 x 50 mL) and the 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford methyl 4-hydroxy-3-iodo-5-(methylcarbamoyl)benzoate 2.035 (3.62 g, 10.80 mmol, 

87% yield) as a cream solid. LCMS (Formic, ES+): tR = 1.11 min; m/z = 335.9; HRMS 

(C10H10INO4): [M+H]+ calculated 335.9727, found 335.9725; 1H NMR (CDCl3-d, 400 MHz): δ 

(ppm) 8.50 (d, J=2.0 Hz, 1H), 8.18 (d, J=2.0 Hz, 1H), 7.09 (br. s., 1H), 3.89 (s, 3H), 3.04 (d, J=4.9 

Hz, 3H); Phenol OH not visible; 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 179.8, 169.5, 164.9, 

164.6, 143.6, 129.3, 122.0, 87.4, 52.7, 26.7; m.p. 138.9 – 142.2 °C; IR νmax (cm-1) 3394, 2510, 

1687, 1251, 696. 

 

Methyl 4-hydroxy-3-(methylcarbamoyl)-5-(1-phenylvinyl)benzoate (2.029) 

 (1-Phenylvinyl)boronic acid 2.018 (1.06 g, 7.16 mmol), methyl 4-hydroxy-

3-iodo-5-(methylcarbamoyl)benzoate 2.035 (2.00 g, 5.97 mmol), K3PO4 

(3.80 g, 17.91 mmol) and PEPPSI-iPr (0.406 g, 0.597 mmol) were dissolved 

in 1,4-dioxane (21 mL) and water (9 mL) at rt and degassed under nitrogen. 

The resulting solution was stirred at 70 °C for 2 h. The reaction was allowed 

to cool to rt and diluted with water (50 mL) and then extracted with CH2Cl2 (2 x 50 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by silica chromatography, eluting 

with 0-30% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford 
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methyl 4-hydroxy-3-(methylcarbamoyl)-5-(1-phenylvinyl)benzoate 2.029 (1.21 g, 3.89 mmol, 

65% yield) as a cream gum. LCMS (Formic, ES+): tR = 1.23 min; m/z = 312.3 ;HRMS (C17H17NO4): 

[M+H]+ calculated 312.1230, found 312.1232; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.45 (d, 

J=2.2 Hz, 1H), 7.96 (d, J=2.2 Hz, 1H), 7.22–7.34 (m, 5H), 5.78 (d, J=1.2 Hz, 1H), 5.38 (d, J=1.2 

Hz, 1H), 3.90 (s, 3H), 2.93 (s, 3H); Phenol OH and amide NH not visible; 13C NMR (MeOD-d4, 

101 MHz): δ (ppm) 170.3, 166.4, 163.0, 145.9, 140.4, 135.3, 131.3, 128.2, 127.8, 127.2, 126.1, 

119.8, 115.5, 114.4, 51.1, 25.1; m.p. 140.3 – 142.1 °C; IR νmax (cm-1) 3389, 2514, 1715, 1624, 

1589, 1549, 1493, 1433, 1589, 1256, 1160, 995, 910, 862, 769, 685. 

 

(E)-Methyl 4-hydroxy-3-(methylcarbamoyl)-5-styrylbenzoate (2.036) 

(E)-Styrylboronic acid (26 mg, 0.179 mmol), methyl 4-hydroxy-3-

iodo-5-(methylcarbamoyl)benzoate 2.035 (50 mg, 0.149 mmol), 

K3PO4 (95 mg, 0.448 mmol) and PEPPSI-iPr (10 mg, 0.015 mmol) 

were dissolved in 1,4-dioxane (2.0 mL) and water (0.9 mL) at rt and 

degassed under nitrogen. The resulting solution was stirred at 70 °C for 2 h. The reaction was 

allowed to cool, diluted with water (10 mL) and then extracted with CH2Cl2 (2 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by formic MDAP. The pure fractions 

were concentrated in vacuo to afford (E)-methyl 4-hydroxy-3-(methylcarbamoyl)-5-

styrylbenzoate 2.036 (31 mg, 0.100 mmol, 67% yield) as a white solid. LCMS tR = 1.32 min; 

m/z = 312.2; HRMS (C18H17NO4): [M+H]+ calculated 312.1230, found 312.1219; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 14.67 (s, 1H), 9.33 (q, J=4.6), 8.46 (d, J=2.0 Hz, 1H), 8.31 (d, 

J=2.0 Hz, 1H), 7.60–7.65 (m, 2H), 7.36–7.44 (m, 4H), 7.26–7.33 (m, 1H), 3.89 (s, 3H), 2.85 (d, 

J=4.6 Hz, 3H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 170.3, 166.1, 163.2, 137.5, 131.3, 131.0, 

129.2, 128.4, 128.1, 127.1, 126.6, 122.1, 120.3, 114.6, 52.5, 26.5; m.p. 166.7 – 169.1 °C; IR 

νmax (cm-1) 3394, 2511, 1688, 1251, 688. 
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(±)-Methyl 4-hydroxy-3-(2-hydroxy-1-phenylethyl)-5-(methylcarbamoyl)benzoate 

((±)-2.037) 

An oven-dried 25 mL round-bottomed flask equipped with a stirrer bar 

was dried under vacuum and then cooled using a stream of nitrogen. 

After cooling to 0 °C the reaction flask was charged with borane (1 M 

in THF, 8.0 mL, 8.00 mmol).  2,3-Dimethylbut-2-ene (2 M in THF, 4.0 

mL, 8.00 mmol) was added dropwise and the resulting solution was 

stirred at rt for 3 h to after which a solution of thexylborane in THF (0.66 M in THF) had 

formed. Thexylborane (0.66 M in THF, 9.74 mL, 6.43 mmol) was added to methyl 4-hydroxy-

3-(methylcarbamoyl)-5-(1-phenylvinyl)benzoate 2.029 (1.3 g, 2.92 mmol) at rt under 

nitrogen. The resulting solution was stirred at rt overnight. Water (10 mL) was added, 

followed by 2 M NaOH (10 mL, 20.00 mmol) and hydrogen peroxide (35% w/w in water, 10 

mL, 114 mmol). The resulting solution was stirred at rt for 2h. The reaction was quenched by 

addition of sat. aq. sodium thiosulfate (20 mL) and then acidified using 1 M HCl (20 mL) and 

extracted with EtOAc (2 x 50 mL) and CH2Cl2 (50 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford (±)-methyl 4-hydroxy-3-(2-

hydroxy-1-phenylethyl)-5-(methylcarbamoyl)benzoate (±)-2.037 (600 mg, 1.822 mmol, 62% 

yield) as a cream solid. LCMS (Formic, ES+): tR = 0.96 min; m/z = 330.3; HRMS (C18H19NO5): 

[M+H]+ calculated 330.1336, found 330.1339; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.33 (d, 

J=2.2 Hz, 1H), 8.03 (d, J=2.2 Hz, 1H), 7.26–7.33 (m, 4H), 7.15–7.23 (m, 1H), 4.66 (t, J=7.3 Hz, 

1H), 4.05–4.19 (m, 2H), 3.89 (s, 3H), 2.92 (s, 3H); Phenol OH, alcohol OH and amide NH not 

visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 170.5, 166.6, 163.3, 141.2, 132.8, 131.2, 128.1, 

128.0, 126.8, 126.1, 119.5, 114.0, 63.7, 51.1, 45.9, 25.1; m.p. 168.6 – 171.0 °C; IR νmax (cm-1) 

2949, 2161, 1714, 1637, 1591, 1546, 1431, 1284, 1019, 767, 699. 

 

(±)-Methyl 7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate 

((±)-2.012) 

 DIAD (0.149 mL, 0.765 mmol) was added dropwise to 

triphenylphosphine (0.201 g, 0.765 mmol) and (±)-methyl 4-hydroxy-3-

(2-hydroxy-1-phenylethyl)-5-(methylcarbamoyl)benzoate (±)-2.037 

(0.210 g, 0.638 mmol) in THF (10 mL) at rt. The resulting solution was 

stirred at rt overnight. The reaction was quenched with sat. aq. NaHCO3 

(20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organics were passed through 
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a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography, eluting with 0-80% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (±)-methyl 7-(methylcarbamoyl)-3-phenyl-

2,3-dihydrobenzofuran-5-carboxylate (±)-2.012 (160 mg, 0.514 mmol, 81% yield). LCMS 

(Formic, ES+): tR = 1.04 min; m/z = 312.1; HRMS (C18H17NO4): [M+H]+ calculated 312.1230, 

found 312.1233; 1H NMR (CDCl3-d, 400 MHz):δ (ppm) 8.74 (d, J=1.2 Hz, 1H), 7.77–7.85 (m, 

1H), 7.44–7.53 (m, 1H), 7.29–7.40 (m, 3H), 7.15–7.22 (m, 2H), 5.16 (dd, J=8.8, 8.8 Hz, 1H), 

4.64–4.78 (m, 2H), 3.86 (s, 3H), 3.06 (d, J=4.6 Hz, 3H); 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 

166.2, 165.0, 161.3, 141.8, 133.6, 131.4, 129.2, 128.7, 127.4, 127.2, 123.6, 115.6, 81.3, 51.2, 

46.8, 25.4;  IR νmax (cm-1) 3418, 2985, 275, 1711, 1654, 1608, 1556, 1475, 1430, 1269, 1157, 

1031, 993, 927, 767, 699. 

 

(±)-7-(Methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylic acid ((±)-2.038) 

LiOH (15.38 mg, 0.642 mmol) was added to (±)-methyl 7-

(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-

2.012 (100 mg, 0.321 mmol) in THF (2 mL) and water (2 mL) at rt. The 

resulting solution was stirred at 50 °C for 2 h. The reaction was allowed 

to cool, acidified to pH 5 with 1 M HCl and extracted with EtOAc (3 x 20 

mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford (±)-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylic acid 

(±)-2.038 (95 mg, 0.320 mmol, 99% yield) as a white solid. LCMS (Formic, ES+): tR = 0.89 min; 

m/z = 298.2; HRMS (C17H15NO4): [M+H]+ calculated 298.1074, found 298.1077; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 12.78 (br. s., 1H), 8.29 (d, J=1.5 Hz, 1H), 7.93 (q, J=4.6 Hz, 1H), 

7.61 (d, J=1.5 Hz, 1H), 7.34–7.41 (m, 2H), 7.24–7.33 (m, 3H), 5.19 (dd, J=9.1, 9.0 Hz, 1H), 4.86 

(dd, J=9.1, 6.8 Hz, 1H), 4.71 (dd, J=9.0, 6.8 Hz, 1H), 2.85 (d, J=4.6 Hz, 3H); 13C NMR (MeOD-d4, 

101 MHz): δ (ppm) 167.4, 165.2, 161.3, 141.8, 133.5, 131.7, 129.5, 128.7, 127.4, 127.1, 126.0, 

124.2, 81.2, 46.8, 25.4; m.p. 223.2 – 225.8 °C; IR νmax (cm-1) 2941, 2521, 1712, 1631, 1545, 

1474, 1252, 1152, 994, 924, 768, 697, 656. 
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(±)-N5-Cyclopropyl-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide 

 ((±)-2.011) 

 (±)-7-(Methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylic acid (90 mg, 0.303 mmol) was reacted with 

cyclopropanamine (0.021 mL, 0.303 mmol) in DMF (3 mL) according 

to general procedure A. The crude product was purified by silica 

chromatography eluting with 0-60% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (±)-2.011 (±)-N5-cyclopropyl-N7-methyl-3-

phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (60 mg, 0.179 mmol, 59%)  as a cream 

solid. LCMS (Formic, ES+): tR = 0.91 min; m/z = 337.1; HRMS (C20H20N2O3): [M+H]+ calculated 

337.1547, found 337.1555; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.32 (d, J=1.5 Hz, 1H), 7.62 

(d, J=1.5 Hz, 1H), 7.32–7.40 (m, 2H), 7.20–7.31 (m, 3H), 5.20 (dd, J=9.0, 9.0 Hz, 1H), 4.85 (dd, 

J=9.0, 7.2 Hz, 1H), 4.70 (dd, J=9.0, 7.2 Hz, 1H), 3.00 (s, 3H), 2.76–2.84 (m, 1H), 0.73–0.81 (m, 

2H), 0.55–0.64 (m, 2H); Amide NH not visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 169.0, 

165.3, 160.2, 141.9, 133.3, 128.8, 128.7, 127.7, 127.4, 127.3, 127.1, 115.3, 81.1, 47.0, 25.4, 

22.6, 5.1; m.p. 169.3 – 172.2 °C; IR νmax (cm-1) 3408, 3281, 2955, 1637, 1529, 1452, 1276, 839, 

762, 699. 

 

(S)-N5-Cyclopropyl-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide ((S)-

2.011) 

(±)-N5-Cyclopropyl-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-

dicarboxamide (±)-2.011 (55 mg, 0.164 mmol) was dissolved in EtOH 

(2.5 mL). and  injected onto the column (Column: 30 mm x 25 cm 

Chiralcel OD-H (5 µm, Lot No ODH11158-01) which was eluted with 

20% (EtOH + 0.2% isopropylamine)/(heptane + 0.2% isopropylamine), 

flow rate = 30 mL/min, detection wavelength, 215 nm, 4. Ref 550, 100. Appropraite fractions 

for isomer 1 were bulked and labelled peak 1. Appropriate fractions for isomer 2 were bulked 

and labelled peak 2. The bulked pure fractions from peak 1 were concentrated in vacuo to 

afford (S)-N5-Cyclopropyl-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide 

(S)-2.011 (12 mg, 0.036 mmol, 22%) as a white solid. 1H NMR and LCMS data consistent with 

racemate; Chiral LC: 4.6 mm x 25 cm Chiralcel OD-H coloum, 20% (EtOH + 0.2% 

isopropylamine)/(heptane + 0.2% isopropylamine), tR = 10.899 min, er >99:1.  
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(±)-N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((±)-2.039) 

Method 1: (±)-7-(Methylcarbamoyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylic acid (±)-2.038 (60 mg, 0.202 

mmol) was reacted with (1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-

amine 2.007 (28 mg, 0.283 mmol) in DMF (3 mL) according to 

general procedure A. The crude product was purified by silica 

chromatography eluting with 0-100% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-

3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (76 mg, 0.196 mmol, 97% yield) as a 

white solid. Method 2: N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-

phenylbenzofuran-5,7-dicarboxamide 2.051 (37 mg, 0.098 mmol) was hydrogenated 

according to general procedure C. The crude product was purified by HPH MDAP. Pure 

fractions were concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-

6-yl)-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (±)-2.039 (27 mg, 0.071 

mmol, 73% yield) as a white solid. LCMS (Formic, ES+): tR = 0.87 min; m/z = 379.3; HRMS 

(C22H22N2O4): [M+H]+ calculated 379.1652, found 379.1659; 1H NMR (DMSO-d6, 400 MHz): δ 

(ppm) 8.46 (q, J=4.6 Hz, 1H), 8.21 (d, J=1.5 Hz, 1H), 7.91 (d, J=4.5 Hz, 1H), 7.61 (d, J=1.5 Hz, 

1H), 7.33–7.40 (m, 2H), 7.21–7.32 (m, 3H), 5.14 (dd, J=9.3, 9.0 Hz, 1H), 4.84 (dd, J=9.3, 6.8 Hz, 

1H), 4.63 (dd, J=9.0, 6.8 Hz, 1H), 3.82 (d, J=8.4 Hz, 2H), 3.60 (dd, J=8.4, 2.7 Hz, 2H), 2.85 (d, 

J=4.6 Hz, 3H), 2.52-2.58 (m, 1H), 1.84 (q, J=2.7 Hz, 2H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 

166.3, 164.2, 162.7, 159.7, 142.7, 133.3, 129.4, 129.2, 128.1, 127.6, 127.3, 116.6, 81.0, 69.1, 

46.7, 31.4, 26.8, 24.4; m.p. 222.7 – 224.3 °C; IR νmax (cm-1) 3288, 2857, 1639, 1529, 1455, 

1263, 1073, 943, 698. 

 

(S)-N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((S)-2.039) 

(±)-N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-

phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (±)-2.039 (68 

mg, 0.180 mmol) was dissolved in EtOH (1.5 mL) and injected onto 

the column (Column: 30 mm x 25 cm Chiralpak AD-H (5 µm, Lot 

No ADH13231)) which was eluted with 40% (EtOH + 0.2% 

isopropylamine)/( heptane + 0.2% isopropylamine), flow rate = 30 mL/min, detection 
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wavelength, 215 nm, 4. Ref 550, 100. Appropraite fractions for isomer 1 were bulked and 

labelled peak 1. Appropriate fractions for isomer 2 were bulked and labelled peak 2. The pure 

fractions from peak 2 were concentrated in vacuo to afford (S)-N5-((1R,5S,6r)-3-Oxabicyclo 

[3.1.0]hexan-6-yl)-N7-methyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (S)-2.039 

(19 mg, 0.050 mmol, 28%) as a white solid. 1H NMR and LCMS data consistent with racemate; 

Chiral LC: 4.6 mm x 25 cm Chiralpak AD-H coloum, 40% (EtOH + 0.2% 

isopropylamine)/heptane, tR = 35.857 min, er 98:2. 

 

N7-methyl-N5-((1S,2S)-2-methylcyclopropyl)-3-phenyl-2,3-dihydrobenzofuran-5,7-

dicarboxamide (2.040) mixture of diastereomers 

(±)-7-(Methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylic acid (±)-2.038 (15 mg, 0.050 mmol) was reacted with 

(1S,2S)-2-methylcyclopropanamine (4 mg, 0.050 mmol) in DMF (3 mL) 

according to general procedure A. The crude product was purified by 

silica chromatography eluting with 0-100% EtOAc/cyclohexane. The 

pure fractions were concentrated in vacuo to afford N7-methyl-N5-((1S,2S)-2-

methylcyclopropyl)-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide 2.040 (11 mg, 0.031 

mmol, 62% yield) as a white solid and a mixture of diastereomers. LCMS (formic, ES+) tR = 

0.98 min; m/z = 351.2; HRMS (C21H22N2O3): [M+H]+ calculated 351.1703, found 351.1706; 1H 

NMR (MeOD-d4, 400 MHz): δ (ppm) 8.31 (d, J=2.0 Hz, 1H), 7.60 (d, J=2.0 Hz, 1H), 7.33–7.39 

(m, 2H), 7.21–7.31 (m, 3H), 5.20 (dd, J=9.3, 9.0 Hz, 1H), 4.84 (dd, J=9.3, 7.2 Hz, 1H), 4.70 (dd, 

J=9.0, 7.2 Hz, 1H), 3.00 (s, 3H), 2.44-2.50 (m, 1H), 1.11 (d, J=6.1 Hz, 3H), 0.91–1.00 (m, 1H), 

0.76–0.78 (m, 1H), 0.52–0.55 (m, 1H); Amide NH not visible; 13C NMR (MeOD-d4, 101 MHz): δ 

(ppm) 168.9, 165.3, 160.2, 141.9, 133.3, 128.8, 128.7, 127.8, 127.4, 127.3, 127.1, 115.3, 81.1, 

47.0, 30.2, 25.4, 16.1, 13.6, 13.4. 

 

(2R)-tert-Butyl-2-(2-(7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxamido)ethyl)morpholine-4-carboxylate (2.41)  mixture of diastereomers 

(±)-7-(methylcarbamoyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylic acid (±)-2.038 (60 mg, 

0.202 mmol) and (R)-tert-butyl 2-(2-

aminoethyl)morpholine-4-carboxylate (55.8 mg, 0.242 

mmol) were reacted in DMF according to general 
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procedure A. The crude product was purified by silica chromatography eluting with 0-100% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (±)-(2R)-tert-

butyl 2-(2-(7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxamido)ethyl)morpholine-4-carboxylate 2.41 (60 mg, 0.118 mmol, 58% yield) as a 

mixture of diastereomers. LCMS (HPH, ES+) tR = 1.12 min; m/z = 510.4; 1H NMR (DMSO-d6, 

400 MHz): δ (ppm) 8.38–8.50 (m, 1H), 8.23 (s, 1H), 7.86–7.94 (m, 1H), 7.62 (d, J=1.2 Hz, 1H), 

7.36 (d, J=7.6 Hz, 2H), 7.19–7.32 (m, 3H), 5.15 (s, 1H), 4.79–4.89 (m, 1H), 4.57–4.68 (m, 1H), 

3.56–3.87 (m, 3H), 3.15–3.31 (m, 5H), 2.86 (d, J=4.6 Hz, 3H), 1.53–1.67 (m, 2H), 1.38 (s, 9H), 

1.18–1.30 (m, 1H); Diastereotopic protons not visible. 

 

N7-Methyl-N5-(2-((R)-morpholin-2-yl)ethyl)-3-phenyl-2,3-dihydrobenzofuran-5,7-

dicarboxamide (2.042) mixture of diastereomers 

 TFA (0.5 mL, 6.49 mmol) was added to (2R)-tert-butyl 2-(2-(7-

(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxamido)ethyl)morpholine-4-carboxylate 2.041 (50 mg, 

0.098 mmol) in CH2Cl2 (3 mL) at rt under nitrogen. The resulting 

solution was stirred at rt for 2 h. The reaction was loaded onto 

a 2 g SCX column and flushed with MeOH (20 mL). The column was then flushed with 

ammonia (2 M in MeOH, 20 mL). The pure fractions were concentrated in vacuo to afford (±)-

N7-methyl-N5-(2-((R)-morpholin-2-yl)ethyl)-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxa 

mide 2.042 (18 mg, 0.044 mmol, 45% yield) as a mixture of diastereomers. LCMS (Formic, 

ES+): tR = 0.58 min; m/z = 410.4; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.45 (d, J=5.6 Hz, 1H), 

8.23 (d, J=1.5 Hz, 1H), 7.92 (q, J=4.6 Hz, 1H), 7.62 (d, J=1.5 Hz, 1H), 7.34–7.42 (m, 2H), 7.22–

7.32 (m, 3H), 5.15 (dd, J=9.7, 9.2 Hz, 1H), 4.85 (dd, J=9.7, 6.5 Hz, 1H), 4.64 (dd, J=9.2, 6.7 Hz, 

1H), 3.72 (d, J=10.3 Hz, 1H), 3.15–3.49 (m, 6H), 2.86 (d, J=4.6 Hz, 3H), 2.81 (d, J=11.5 Hz, 1H), 

2.58–2.75 (m, 2H), 2.37 (t, J=11.5 Hz, 1H), 1.55 (q, J=6.8 Hz, 2H); 13C NMR (DMSO-d6, 101 

MHz): δ (ppm) 165.4, 164.2, 159.4, 142.7, 133.3, 129.4, 129.0, 128.1, 127.6, 127.2, 126.5, 

116.5, 80.8, 73.8, 66.7, 50.3, 46.7, 45.1, 36.1, 33.3, 26.8; Diastereotopic protons not visible. 
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Methyl 7-(methylcarbamoyl)benzofuran-5-carboxylate (2.046) 

Methyl 4-hydroxy-3-iodo-5-(methylcarbamoyl)benzoate 2.035 (2.96 g, 

8.83 mmol), ethynyltrimethylsilane (2.77 mL, 19.43 mmol), copper(I) 

iodide (0.17 g, 0.883 mmol), TEA (3.69 mL, 26.5 mmol), and Pd(PPh3)2Cl2 

(0.31 g, 0.442 mmol) were dissolved in DMF (20 mL) and degassed under 

nitrogen. The resulting solution was stirred at 80 °C for 18 h. The reaction was cooled, diluted 

with water (100 mL) and extracted with CH2Cl2 (3 x 50 mL). The combined organics were 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

intermediate. TBAF (1M in THF, 17 mL, 17.67 mmol) was added to the crude and the resulting 

solution stirred for 2 hrs. The reaction was quenched with sodium carbonate (50 mL) and 

extracted with CH2Cl2 (2 x 50 mL). The combined organics were washed with sat. aq. LiCl (50 

mL), passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was taken up in CH2Cl2, at this point a precipitate formed and this 

was dried in vacuo to afford methyl 7-(methylcarbamoyl)benzofuran-5-carboxylate 2.046 

(1.50 g, 6.43 mmol, 73% yield) as a pink solid. LCMS (Formic, ES+): tR = 0.75 min; m/z = 234.2; 

HRMS (C12H11NO4): [M+H]+ calculated 234.0761, found 234.0758; 1H NMR (DMSO-d6, 400 

MHz): δ (ppm) 8.44 (d, J=1.7 Hz, 1H), 8.35 (q, J=4.6 Hz, 1H), 8.29 (d, J=1.7 Hz, 1H), 8.22 (d, 

J=2.2 Hz, 1H), 7.20 (d, J=2.2 Hz, 1H), 3.91 (s, 3H), 2.89 (d, J=4.6 Hz, 3H); 13C NMR (DMSO-d6, 

101 MHz): δ (ppm) 166.3, 163.9, 153.9, 148.5, 129.3, 126.1, 126.0, 125.2, 120.0, 108.0, 52.8, 

26.9; m.p. 188.8 – 190.2 °C; IR νmax (cm-1) 3327, 1719, 1636, 1552, 1413, 1280, 1174, 1026, 

765, 692. 

 

3-Bromo-7-(methylcarbamoyl)benzofuran-5-carboxylic acid (2.49) 

 Bromine (1.648 mL, 32.2 mmol) was added to methyl 7-

(methylcarbamoyl)benzofuran-5-carboxylate 2.46 (5.0 g, 21.44 mmol) in  

CH2Cl2 (50 mL). The resulting solution was stirred at rt for 2 h. The reaction 

was followed by TLC which appeared to show loss of SM. The reaction was 

concentrated in vacuo to afford an orange gum. KOH (2.65 g, 47.2 mmol) was dissolved in 

EtOH (50 mL) then added to the crude product, and the resulting solution was stirred at rt 

overnight. Water (10 mL) was added, then the reaction was warmed to 40 °C and stirred for 

a further 4 h. The reaction was stirred for a further 2 h. The reaction was quenched with 10% 

aq. sodium metabisulfate (20 mL) and acidified to pH 5 with 2 M HCl. A white precipitate 

formed which was filtered and the residue dried under vacuum to afford 3-bromo-7-
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(methylcarbamoyl)benzofuran-5-carboxylic acid 2.49 (6.0 g, 20.13 mmol, 94 % yield) as a 

white solid. LCMS (Formic, ES+): tR = 0.77 min; m/z = 298.0, 300.0; HRMS (C11H8BrNO4): [M+H]+ 

calculated 297.9710, found 297.9711; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.32–8.38 (m, 

2H), 8.28 (q, J=4.5 Hz, 1H), 8.13 (d, J=1.2 Hz, 1H), 2.85 (d, J=4.5 Hz, 3H), acid CO2H not visible; 

13C NMR (DMSO-d6, 101 MHz): δ (ppm) 168.0, 164.7, 151.5, 144.6, 137.9, 127.8, 126.9, 122.7, 

119.0, 98.4, 26.8; m.p. 203.3 – 205.8 °C; IR νmax (cm-1) 3315, 1663, 1625, 1589, 1552, 1456, 

1383, 1267, 1086, 866, 849, 799, 767. 

 

N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-3-bromo-N7-methylbenzofuran-5,7-

dicarboxamide (2.050)243 

 HATU (918 mg, 2.415 mmol) was added to 3-bromo-7-

(methylcarbamoyl)benzofuran-5-carboxylic acid 2.049 (600 mg, 

2.013 mmol) and DIPEA (1.055 mL, 6.04 mmol) in DMF (5 mL) at rt 

under nitrogen. The resulting solution was stirred at rt for 5 min 

before (1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-amine 2.007 (239 mg, 2.415 mmol) was added. 

The resulting solution was stirred at rt overnight. The reaction was diluted with water (20 

mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organics were washed with sat. aq. 

LiCl solution (20 mL), passed through a hydrophobic frit and concentrated in vacuo to afford 

the crude product. The crude product was purified by silica chromatography eluting with 0-

60% (3:1 EtOAc/EtOH)/EtOAc. The pure fractions were concentrated in vacuo to afford N5-

((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-bromo-N7-methylbenzofuran-5,7-dicarboxamid 

e 2.050 (460 mg, 1.213 mmol, 60% yield) as a cream solid. LCMS (Formic, ES+): tR = 0.75 min; 

379.1, 381.1; HRMS (C16H15BrN2O4): [M+H]+ calculated 379.0288, found 379.0286; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 8.79 (d, J=4.4 Hz, 1H), 8.51 (s, 1H), 8.41 (q, J=4.6 Hz, 1H), 8.25 

(d, J=2.0 Hz, 1H), 8.17 (d, J=2.0 Hz, 1H); 3.88–3.90 (m, 2H), 3.62–3.68 (m, 3H), 2.63–2.68 (m, 

1H), 1.23–1.27 (m, 4H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 165.9, 163.7, 151.5, 145.9, 

130.3, 128.0, 125.7, 121.5, 120.5, 97.6, 69.1, 38.7, 26.9, 24.5; IR νmax (cm-1) 3673, 3416, 2877, 

1666, 1637, 1600, 1549, 1529, 1415, 1393, 1267, 1150, 1065, 1013, 827, 742, 665. 
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N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-phenylbenzofuran-5,7-

dicarboxamide (2.051) 

 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (64.6 mg, 

0.316 mmol), N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-

bromo-N7-methylbenzofuran-5,7-dicarboxamide 2.050 (100 mg, 

0.264 mmol), K2CO3 (109 mg, 0.791 mmol) and PEPPSI-iPr (18 mg, 

0.026 mmol) were dissolved in 1,4-dioxane (2.0 mL) and water (0.5 

mL) and reacted at 40 °C for 2 h according to general procedure B. The crude product was 

purified by formic MDAP. The pure fractions were concentrated in vacuo to afford N5-

((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-phenylbenzofuran-5,7-dicarbox 

amide 2.051 (41 mg, 0.109 mmol, 41% yield) as a white solid. LCMS (Formic, ES+): tR = 0.90 

min; m/z = 377.3; HRMS (C22H20N2O4): [M+H]+ calculated 377.1496, found 377.1484; 1H NMR 

(MeOD-d4, 400 MHz): δ (ppm) 8.38 (d, J=1.7 Hz, 1H), 8.32 (d, J=1.7 Hz, 1H), 8.16 (s, 1H), 7.64–

7.72 (m, 2H), 7.47–7.55 (m, 2H), 7.38–7.46 (m, 1H), 4.04 (d, J=8.5 Hz, 2H), 3.76 (d, J=8.5 Hz, 

2H), 3.05 (s, 3H), 2.67 (t, J=2.5 Hz, 1H), 1.94–1.99 (m, 2H); Amide NHs not visible; 13C NMR 

(MeOD-d4, 101 MHz): δ (ppm) 169.0, 164.9, 153.9, 143.2, 130.4, 129.6, 128.8, 127.8, 127.4, 

127.4, 124.7, 122.7, 122.7, 118.2, 68.9, 30.9, 25.7, 24.5; m.p. 202.2 – 205.8 °C; IR νmax (cm-1) 

3264, 2861, 1635, 1521, 1457, 1412, 1330, 1265, 1227, 1095, 1073, 1003, 942, 898, 848, 760, 

697, 672. 

 

N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-(pyridin-3-yl)benzofuran-5,7-

dicarboxamide (2.052) 

 Pyridin-3-ylboronic acid (58 mg, 0.475 mmol), N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-3-bromo-N7-methylbenzofuran-5,7-

dicarboxamide 2.050 (150 mg, 0.396 mmol), PEPPSI-iPr (27 mg, 

0.040 mmol) and K3PO4 (252 mg, 1.187 mmol) were dissolved in 

1,4-dioxane (2.0 mL) and water (0.5 mL) and reacted at 60 °C for 

4 h according to general procedure B. The crude product was purified by silica 

chromatography, eluting with 0-80% (3:1 EtOAc:EtOH)/EtOAc. The pure fractions were 

concentrated in vacuo to afford N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-

(pyridin-3-yl)benzofuran-5,7-dicarboxamide 2.052 (55 mg, 0.146 mmol, 37% yield) as a white 

solid. LCMS (Formic, ES+): tR = 0.53 min; m/z = 378.3; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 

9.04 (d, J=1.7 Hz, 1H), 8.77 (q, J=4.6 Hz, 1H), 8.68 (s, 1H), 8.66 (dd, J=4.9, 1.7 Hz, 1H), 8.46 (d, 
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J=1.7 Hz, 1H), 8.40–8.44 (m, 1H), 8.26 (d, J=1.7 Hz, 1H), 8.19–8.23 (m, 1H), 7.57–7.62 (m, 1H), 

3.88 (d, J=8.3 Hz, 2H), 3.65 (d, J=8.3 Hz, 2H), 2.89 (d, J=4.6 Hz, 3H), 2.61–2.66 (m, 1H), 1.91– 

1.95 (m, 2H).  

 

N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-3-(1H-indol-4-yl)-N7-methylbenzofuran-5,7-

dicarboxamide (2.053) 

 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (77 

mg, 0.316 mmol), N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-

bromo-N7-methylbenzofuran-5,7-dicarboxamide 2.050 (100 mg, 

0.264 mmol), K2CO3 (109 mg, 0.791 mmol) and PEPPSI-iPr (18 mg, 

0.026 mmol) were dissolved in water (0.5 mL) and 1,4-dioxane (2 

mL) and reacted at 40 °C for 2 h according to general procedure B. The crude product was 

purified by formic MDAP.  The pure fractions were concentrated in vacuo to afford N5-

((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-(1H-indol-4-yl)-N7-methylbenzofuran-5,7-dicarb 

oxamide 2.053 (42 mg, 0.101 mmol, 38% yield) as a white solid. LCMS (Formic, ES+): tR = 0.86 

min; m/z = 416.3; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.30-8.38 (m, 1H), 8.19-8.26 (m, 

1H), 7.49 (d, J=8.1 Hz, 1H), 7.22-7.36 (m, 3H), 6.49-6.58 (m, 1H), 3.95-4.04 (m, 2H), 3.69-3.77 

(m, 2H), 3.07 (s, 3H), 2.58-2.65 (m, 1H), 1.86-1.95 (m, 2H); Amide NHs and indole NH not 

visible. 

 

N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-3-(3,6-dihydro-2H-pyran-4-yl)-N7-

methylbenzofuran-5,7-dicarboxamide (2.054) 

2-(3,6-Dihydro-2H-pyran-4-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (67 mg, 0.316 mmol), N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-3-bromo-N7-methylbenzofuran-5,7-

dicarboxamide 2.050 (100 mg, 0.264 mmol), K2CO3 (109 mg, 0.791 

mmol) and XPhos Pd G2 (21 mg, 0.026 mmol) were reacted at 40 

°C for 16 h according to general procedure B. The crude product was purified by formic 

MDAP. The pure fractions were concentrated in vacuo to afford N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-3-(3,6-dihydro-2H-pyran-4-yl)-N7-methylbenzofuran-5,7-dicarb 

oxamide 2.054 (28 mg, 0.073 mmol, 28% yield) as a white solid. LCMS (Formic, ES+): tR = 0.73 

min; m/z = 383.3; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.40 (d, J=1.5 Hz, 1H), 8.30 (d, J=1.5 

Hz, 1H), 7.97 (s, 1H), 6.44 (s, 1H), 4.38 (d, J=2.5 Hz, 2H), 4.05 (d, J=8.5 Hz, 2H), 3.96 (t, J=5.5 



GSK Confidential – Do not copy 

 

194 
 

Hz, 2H), 3.77 (d, J=8.5 Hz, 2H), 3.04 (s, 3H), 2.69 (t, J=2.5 Hz, 1H), 2.52 (d, J=1.5 Hz, 2H), 2.00 

(t, J=2.5 Hz, 2H); Amide NHs not visible. 

 

(±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-(pyridin-3-yl)-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((±)-2.055) 

N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-

(pyridin-3-yl) benzofuran-5,7-dicarboxamide 2.052 (50 mg, 0.132 

mmol) was hydrogenated according to general procedure C. The 

crude product was purified by formic MDAP. The solvent was 

evaporated in vacuo to afford (±)-N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-(pyridin-3-yl)-2,3-dihydrobenzofuran-5,7-dicarbox 

amide (±)-2.055 (18 mg, 0.047 mmol, 36% yield). LCMS (Formic, ES+): tR = 0.43 min; m/z = 

380.1; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.55 (d, J=2.0 Hz, 1H), 8.51 (dd, J=4.5, 2.0 Hz, 

1H), 8.46 (d, J=4.5 Hz, 1H), 8.22 (d, J=2.0 Hz, 1H), 7.92 (q, J=4.6 Hz, 2H), 7.60-7.65 (m, 2H), 

7.39 (dd, J=7.8, 4.5 Hz, 1H), 5.15 (t, J=9.8, 9.0 Hz, 1H), 4.92 (dd, J=9.8, 6.5 Hz, 1H), 4.68 (dd, 

J=9.0, 6.5 Hz, 1H), 3.80-3.85 (m, 2H), 3.60 (dd, J=8.3, 2.7 Hz, 2H), 2.85 (d, J=4.6 Hz, 3H), 2.53-

2.57 (m, 1H), 1.80-1.89 (m, 2H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 164.2, 163.6, 159.6, 

149.6, 149.0, 138.2, 135.6, 132.4, 129.3, 127.9, 126.9, 124.7, 116.7, 80.5, 69.1, 43.9, 31.4, 

26.8, 24.4. 

 

(±)-N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-3-(1H-indol-4-yl)-N7-methyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((±)-2.056) 

N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-(1H-indol-4-yl)-

N7-methyl benzofuran-5,7-dicarboxamide 2.053 (30 mg, 0.072 

mmol was hydrogenated according to general procedure C. The 

crude product was purified by formic MDAP.  The pure fractions 

were concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-3-(1H-indol-4-yl)-N7-methyl-2,3-dihydrobenzofuran-5,7-

dicarboxamide (±)-2.056 (19 mg, 0.046 mmol, 63% yield) as a white solid. LCMS (Formic, ES+): 

tR = 0.83 min; m/z = 418.3; HRMS (C24H23N3O4): [M+H]+ calculated 418.1761, found 418.1764; 

1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.35 (d, J=1.7 Hz, 1H), 7.59–7.64 (m, 1H), 7.36 (d, J=8.1 

Hz, 1H), 7.22 (d, J=3.0 Hz, 1H), 7.09 (s, 1H), 6.87 (d, J=7.1 Hz, 1H), 6.27 (d, J=3.0 Hz, 1H), 5.30 

(s, 1H), 5.15–5.23 (m, 1H), 4.92 (s, 1H), 3.97 (dd, J=8.3, 1.1 Hz, 2H), 3.70 (d, J=8.3 Hz, 2H), 3.03 
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(s, 3H), 2.55 (s, 1H), 1.87 (s, 2H); Amide NHs and indole NH not visible; 13C NMR (MeOD-d4, 

101 MHz): δ (ppm) 168.8, 165.3, 160.4, 136.8, 133.2, 132.3, 128.8, 127.5, 127.3, 126.1, 124.5, 

121.0, 117.9, 115.1, 110.5, 98.8, 80.0, 68.8, 45.6, 30.8, 25.4, 24.4; m.p. 127.0 – 131.4 °C; IR 

νmax (cm-1) 2856, 1633, 1394, 751. 

 

(±)-N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-(tetrahydro-2H-pyran-4-yl)-

2,3-dihydrobenzofuran-5,7-dicarboxamide ((±)-2.057) 

N5-((1R,5S,6r)-3-Oxabicyclo[3.1.0]hexan-6-yl)-3-(3,6-dihydro-2H-

pyran-4-yl)-N7-methylbenzofuran-5,7-dicarboxamide 2.050 (8 mg, 

0.021 mmol) was hydrogenated according to general procedure C. 

The crude product was purified by MDAP formic. The pure 

fractions were concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-

3-oxabicyclo[3.1.0]hexan-6-yl)-N7-methyl-3-(tetrahydro-2H-pyran-4-yl)-2,3-dihydrobenzofur 

an-5,7-dicarboxamide (±)-2.057 (2 mg, 5.18 µmol, 25% yield) as a white solid. LCMS (Formic, 

ES+): tR = 0.68 min; m/z = 387.3; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.29 (d, J=1.8 Hz, 1H), 

7.88 (d, J=1.8Hz, 1H), 4.79 (d, J=7.3 Hz, 2H), 4.04 (d, J=8.6 Hz, 2H), 3.92–4.01 (m, 2H), 3.76 (d, 

J=8.6 Hz, 2H), 3.48–3.55 (m, 1H), 3.37 (s, 3H), 2.97 (s, 3H), 2.64 (s, 1H), 1.96 (t, J=2.6 Hz, 2H), 

1.66–1.74 (m, 1H), 1.45–1.57 (m, 1H), 1.31–1.44 (m, 2H); Amide NHs not visible; 13C NMR 

(MeOD-d4, 101 MHz): δ (ppm) 170.5, 162.1, 132.5, 130.3, 129.0, 128.5, 116.3, 101.5, 77.4, 

70.4, 47.2, 40.4, 32.4, 31.2, 29.8, 26.9, 26.1. 

 

(3-Bromoprop-1-en-2-yl)benzene (2.084) 

Prop-1-en-2-ylbenzene 2.083 (5.5 mL, 42.3 mmol) was dissolved in THF (100 

mL) at rt under nitrogen. To the resulting solution was added NBS (7.91 g, 

44.4 mmol) and TsOH (0.81 g, 4.23 mmol) and the solution was refluxed at 

100 °C for 4 h. The reaction was cooled to rt, taken up in Et2O (20 mL) and washed with water 

(2 x 20 mL). The organic layer was passed through a hydrophobic frit and concentrated in 

vacuo to afford (3-bromoprop-1-en-2-yl)benzene 2.084 (7.15 g, 36.3 mmol, 86% yield) as a 

yellow oil. LCMS (Formic, ES+): tR = 1.21 min; does not ionise; 1H NMR (DMSO-d6, 400 MHz): δ 

(ppm) 7.53–7.59 (m, 2H), 7.32–7.41 (m, 3H), 5.62 (d, J=0.7 Hz, 1H), 5.58 (d, J=0.7 Hz, 1H), 4.64 

(s, 2H). 
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Methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate (2.085)  

Methyl 4-hydroxy-3-iodobenzoate 2.017 (1.00 g, 3.60 mmol), (3-

bromoprop-1-en-2-yl)benzene 2.084 (1.42 g, 7.19 mmol) and 

K2CO3  (1.49 g, 10.79 mmol) were dissolved in acetone (50 mL) 

and heated to 80 °C for 1 h under nitrogen. The reaction was allowed to cool before 

quenching with sat. aq. NaHCO3 (50 mL) and extracting with CH2Cl2 (3 x 50 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by silica column chromatography eluting with 

0-30% EtOAc/cyclohexane. The appropriate fractions were collected and concentrated in 

vacuo to afford methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate 2.085 (1.36 g, 3.45 mmol, 96% 

yield) as a yellow solid. LCMS (Formic, ES+): tR = 1.47 min; m/z = 395.2; ; HRMS (C17H15O3I): 

[M+H]+ calculated 395.0144, found 395.0144;  1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.30 (d, 

J=2.2 Hz, 1H), 7.97 (dd, J=8.6, 2.2 Hz, 1H), 7.54–7.60 (m, 2H), 7.33–7.43 (m, 3H), 7.26 (d, J=8.6 

Hz, 1H), 5.71 (d, J=1.0 Hz, 1H), 5.63 (d, J=1.0 Hz, 1H), 5.15 (s, 2H), 3.83 (s, 3H); 13C NMR (DMSO-

d6, 101 MHz): δ (ppm) 165.1, 160.9, 142.4, 140.3, 137.8, 131.7, 128.9, 128.6, 126.4, 124.3, 

115.0, 113.1, 86.9, 70.6, 52.6; m.p. 43.1 – 48.3 °C; IR νmax (cm-1) 2948, 1715, 1593, 1308, 1268, 

911, 703. 

 

(±)-Methyl 3-methyl-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate ((±)-2.086) 

Methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate 2.085 (500 mg, 1.268 mmol) 

and PdCl2(MeCN)2 (33 mg, 0.127 mmol) were dissolved in DMF (5 mL) at rt 

under nitrogen. PMP (1.38 mL, 7.61 mmol) was added followed by formic 

acid (0.19 mL, 5.07 mmol) and the reaction was heated to 50 °C for 2 h. The reaction was 

allowed to cool and diluted with Et2O (50 mL). The organic phase was washed with brine (2 x 

50 mL) and the aqueous phase was then extracted with EtOAc (50 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by silica chromatography eluting with 0-50% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (±)-methyl 3-

methyl-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.086 (281 mg, 1.047 mmol, 83% 

yield) as a colourless gum. LCMS (Formic, ES+): tR = 1.29 min; m/z = 269.2; HRMS (C17H16O3): 

[M+H]+ calculated 269.1183, found 269.1178; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.86 

(dd, J=8.3, 2.0 Hz, 1H), 7.66 (d, J=2.0 Hz, 1H), 7.21–7.38 (m, 5H), 7.00 (d, J=8.3 Hz, 1H), 4.73 

(d, J=9.0 Hz, 1H), 4.61 (d, J=9.0 Hz, 1H), 3.78 (s, 3H), 1.74 (s, 3H). 13C NMR (CDCl3-d, 101 MHz): 
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δ (ppm) 166.8, 163.7, 145.7, 136.2, 131.4, 128.6, 126.8, 126.3, 126.2, 123.3, 109.7, 87.1, 51.8, 

49.5, 26.3; IR νmax (cm-1) 2951, 1715, 1288, 1251, 772, 700. 

 

(±)-Methyl 3-iodo-5-(methylcarbamoyl)-4-((2-phenylallyl)oxy)benzoate (2.078)  

Methyl 4-hydroxy-3-iodo-5-(methylcarbamoyl)benzoate 2.035 

(1.00 g, 2.98 mmol), (3-bromoprop-1-en-2-yl)benzene 2.084 

(1.18 g, 5.97 mmol) and K2CO3 (1.24 g, 8.95 mmol) were dissolved 

in acetone (50 mL). The resulting solution was heated at 100 °C 

overnight. The reaction was allowed to cool before quenching with sat. aq. NaHCO3 (50 mL) 

and extracting with CH2Cl2 (3 x 50 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography eluting with 0-30% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (±)-methyl 3-iodo-5-(methylcarbamoyl)-4-((2-

phenylallyl)oxy)benzoate 2.078 (709 mg, 1.571 mmol, 53% yield) as a yellow oil. LCMS 

(formic, ES+) tR = 1.27 min, m/z = 452.1; HRMS (C19H18NO4I): [M+H]+ calculated 452.0359, 

found 452.0356;  1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.43 (q, J=4.5 Hz, 1H), 8.38 (d, J=2.0 

Hz, 1H), 7.95 (d, J=2.0 Hz, 1H), 7.53–7.58 (m, 2H), 7.30–7.42 (m, 3H), 5.71 (d, J=1.0 Hz, 1H), 

5.56 (d, J=1.0 Hz, 1H), 4.92 (s, 2H), 3.86 (s, 3H), 2.73 (d, J=4.5 Hz, 3H); 13C NMR (DMSO-d6, 101 

MHz): δ (ppm) 166.0, 164.6, 159.3, 142.8, 141.3, 137.9, 131.8, 130.8, 128.9, 128.5, 127.3, 

127.0, 126.4, 116.4, 93.9, 75.9, 52.9; m.p. 97.5 – 99.2 °C; IR νmax (cm-1) 3283, 1718, 1642, 

1268, 707. 

 

(±)-Methyl 3-phenyl-3-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-2,3-dihydro 

benzofuran-5-carboxylate ((±)-2.090)  

 Methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate 2.085 (50 mg, 

0.127 mmol), KOAc (37 mg, 0.381 mmol), bis(pinacolato) diboron 

(64 mg, 0.254 mmol) and XPhos Pd G2 (10 mg, 0.013 mmol) were 

dissolved in EtOH (1 mL) at rt under nitrogen. The resulting solution was heated to 100 °C for 

2 h. The reaction was allowed to cool, then concentrated in vacuo before redissolving in 

CH2Cl2 (5 mL) and washing with sat. aq. NaHCO3 (5 mL). The aqueous layer was washed with 

CH2Cl2 (5 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by formic 

MDAP. The pure fractions were concentrated in vacuo to afford (±)-methyl 3-phenyl-3-
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((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-2,3-dihydrobenzofuran-5-carboxylate 

(±)-2.090 (42 mg, 0.107 mmol, 84% yield) as a white solid. LCMS (formic, ES+) tR = 1.46 min, 

m/z = 313.2, 395.2; HRMS (C23H27BO5): [M+H]+ calculated 395.2030, found 395.2029; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 7.79–7.87 (m, 2H), 7.24–7.35 (m, 4H), 7.17–7.24 (m, 1H), 6.91–

6.99 (m, 1H), 4.76 (ABq, J=9.3 Hz, 2H), 3.79 (s, 3H), 1.81 (d, J=15.5 Hz, 1H), 1.62 (d, J=15.5 Hz, 

1H), 1.00 (d, J=2.4 Hz, 12H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 166.4, 163.8, 147.1, 

136.8, 131.3, 128.8, 126.9, 126.8, 126.3, 122.8, 110.1, 86.4, 83.4, 52.2, 50.5, 24.8, 24.7; m.p. 

105.9 – 108.4 °C; IR νmax (cm-1) 2978, 1708, 1286, 1254, 1142, 766. 

 

(±)-Methyl 3-(hydroxymethyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate ((±)-2.096) 

Methyl 3-iodo-4-((2-phenylallyl)oxy)benzoate 2.085 (3.00 g, 7.61 

mmol), bis(pinacolato) diboron (3.87 g, 15.22 mmol), KOAc (2.24 g, 

22.83 mmol) and XPhos Pd G2 (0.59 g, 0.761 mmol) were dissolved in 

EtOH (50 mL) at rt under nitrogen. The resulting solution was heated to 100 °C and stirred 

for 4 h. The reaction was allowed to cool to 0 oC before 2 M NaOH (1.90 mL, 3.81 mmol) and 

aq. hydrogen peroxide (35% w/w in water, 6.66 mL, 76 mmol) were added sequentially and 

the resulting solution stirred at 0 oC for 10 mins. The reaction was quenched by addition of 

sat. aq. sodium thiosulfate (50 mL) and extracted with CH2Cl2 (2 x 50 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by silica chromatography eluting with 0-50% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (±)-methyl 3-

(hydroxymethyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.096 (1.84 g, 6.47 

mmol, 85% yield) as a cream solid. LCMS (formic, ES+) tR = 1.04 min, m/z = 285.2; HRMS 

(C17H16O4): [M+H]+ calculated 285.1127, found 285.1135; 1H NMR (CDCl3-d, 400 MHz): δ 

(ppm) 8.00 (dd, J=8.3, 1.8 Hz, 1H), 7.92 (d, J=1.8 Hz, 1H), 7.34–7.41 (m, 2H), 7.28–7.33 (m, 

3H), 6.92 (d, J=8.3 Hz, 1H), 4.92 (d, J=9.1 Hz, 1H), 4.72 (d, J=9.1 Hz, 1H), 4.14 (ABq, J=11 Hz, 

2H), 3.88 (s, 3H); Alcohol OH not visible; 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 166.8, 164.6, 

141.8, 132.2, 130.6, 128.9, 127.4, 127.2, 126.8, 123.2, 110.0, 82.2, 67.2, 55.4, 51.6; m.p. 95.6 

– 97.2 °C; IR νmax (cm-1) 3496, 2976, 1708, 1254, 959, 774. 
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 (±)-Methyl-7-bromo-3-methyl-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate ((±)-2.097)  

Bromine (0.134 mL, 2.61 mmol) was added to (±)-methyl 3-methyl-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylate (±)-2.086 (140 mg, 0.522 mmol) in 

CH2Cl2 (5 mL) at rt under nitrogen. The resulting solution was stirred at rt 

for 1 h. The reaction was quenched with aq. sodium thiosulfate (5 mL) 

and sodium hydrosulfite was added until the reaction turned colourless. 

The reaction was then extracted with CH2Cl2 (2 x 20 mL). The organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford (±)-methyl 7-

bromo-3-methyl-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.097 (172 mg, 0.495 

mmol, 95% yield) as a colourless gum. LCMS (Formic, ES+): tR = 1.40 min; m/z = 347.0, 349.0; 

HRMS (C17H15O3Br): [M+H]+ calculated 347.0283, found 347.0288; 1H NMR (DMSO-d6, 400 

MHz): δ (ppm) 7.98 (d, J=1.5 Hz, 1H), 7.64 (d, J=1.5 Hz, 1H), 7.24–7.39 (m, 5H), 4.85 (d, J=9.3 

Hz, 1H), 4.73 (d, J=9.3 Hz, 1H), 3.80 (s, 3H), 1.77 (s, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 

179.2, 165.5, 160.6, 144.6, 137.2, 134.1, 128.6, 127.1, 126.1, 124.8, 102.7, 87.4, 52.2, 50.4, 

26.3; m.p. 60.8 – 63.3 °C; IR νmax (cm-1) 2956, 1707, 1432, 1276, 701. 

 

(±)-Methyl 7-bromo-3-(hydroxymethyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate 

((±)-2.098) 

Bromine (0.163 mL, 3.17 mmol) was added to (±)-methyl 3-

(hydroxymethyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate 

(±)-2.096 (180 mg, 0.633 mmol) in CH2Cl2 (5 mL) at rt under nitrogen. 

The resulting solution was stirred at rt for 1 h. The reaction was 

quenched with sat. aq. sodium thiosulfate (5 mL) and sodium 

hydrosulfite was added until the reaction turned colourless. The reaction was then extracted 

with CH2Cl2 (2 x 20 mL). The organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford (±)-methyl 7-bromo-3-(hydroxymethyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylate (±)-2.098 (220 mg, 0.606 mmol, 96% yield) as a colourless 

gum. LCMS (formic, ES+) tR = 1.18 min, m/z = 363.1, 365.1; HRMS (C17H15O4Br): [M+H]+ 

calculated 363.0232, found 363.0237;  1H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.99 (d, J=1.8 

Hz, 1H), 7.75 (d, J=1.8 Hz, 1H), 7.24–7.39 (m, 5H), 4.97 (d, J=9.3 Hz, 1H), 4.79 (d, J=9.3 Hz, 1H), 

3.99 (ABq, J=10.8 Hz, 2H), 3.82 (s, 3H); Alcohol OH not visible; 13C NMR (DMSO-d6, 101 MHz): 

δ (ppm) 179.3, 161.6, 143.2, 134.5, 133.6, 129.1, 127.4, 127.3, 126.6, 124.4, 119.6, 102.3, 

82.7, 57.0, 52.6; m.p. 136.1 – 137.8 °C; IR νmax (cm-1) 3462, 1694, 1430, 1287, 764. 
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(±)-Methyl 3-methyl-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate 

((±)-2.077) 

Methanamine hydrochloride (54 mg, 0.806 mmol), (±)-methyl 7-bromo-3-

methyl-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.097 (140 mg, 

0.403 mmol), Pd(OAc)2 (45 mg, 0.202 mmol), Xantphos (117 mg, 0.202 

mmol), DMAP (222 mg, 1.814 mmol), and cobalt carbonyl (138 mg, 0.403 

mmol) were dissolved in 1,4-Dioxane (10 mL) at rt under nitrogen. The 

resulting solution was stirred at 100 oC under mw irradiation for 4 h. The reaction was diluted 

with water (50 mL) and extracted with EtOAc (50 mL) and Et2O (50 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by silica chromatography eluting with 0-70% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford methyl (±)-3-

methyl-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.077 (79 g, 

0.243 mmol, 60% yield) as a white solid. LCMS (Formic, ES+): tR = 1.09 min; m/z = 326.3; HRMS 

(C19H19NO4): [M+H]+ calculated 326.1392, found 326.1400; 1H NMR (DMSO-d6, 400 MHz): δ 

(ppm) 8.34 (d, J=1.7 Hz, 1H), 7.92 (q, J=4.5 Hz, 1H), 7.75 (d, J=1.7 Hz, 1H), 7.23–7.39 (m, 5H), 

4.90 (d, J=9.0 Hz, 1H), 4.78 (d, J=9.0 Hz, 1H), 3.82 (s, 3H), 2.85 (d, J=4.5 Hz, 3H), 1.78 (s, 3H); 

13C NMR (DMSO-d6, 101 MHz): δ (ppm) 165.9, 163.7, 160.8, 145.8, 138.6, 131.5, 129.1, 127.9, 

127.3, 126.6, 123.4, 117.3, 87.7, 52.5, 49.0, 26.8, 26.0; m.p. 138.3 – 141.3 °C; IR νmax (cm-1) 

3357. 2946, 1707, 1650, 1270, 763. 

 

Methyl 3-(hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylate ((±)-2.087) 

(±)-Methyl 7-bromo-3-(hydroxymethyl)-3-phenyl-2,3-dihydrobenzo 

furan-5-carboxylate (±)-2.098 (450 mg, 1.239 mmol), methanamine 

hydrochloride (167 mg, 2.478 mmol), Pd(OAc)2 (139 mg, 0.619 mmol), 

Xantphos (358 mg, 0.619 mmol), DMAP (681 mg, 5.58 mmol), and 

cobalt carbonyl (424 mg, 1.239 mmol) were dissolved in 1,4-dioxane 

(10 ml) at rt under nitrogen. The resulting solution was stirred at 100 oC under mw irradiation 

for 4 h. The reaction was passed through a Celite plug, eluting with EtOAc (50 mL). The filrate 

was washed with water (50 mL) and the aqueous layer was then extracted with CH2Cl2 (50 

mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by silica chromatography 
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eluting with 0-100% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to 

afford (±)-methyl 3-(hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-

5-carboxylate (±)-2.087 (210 mg, 0.615 mmol, 50% yield) as a white solid. LCMS (formic, ES+) 

tR = 0.89 min, m/z = 342.3; HRMS (C19H19NO5): [M+H]+ calculated 342.1341, found 3342.1350; 

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.36 (d, J=1.8 Hz, 1H), 7.89 (q, J=4.5 Hz, 1H), 7.85 (d, 

J=1.8 Hz, 1H), 7.30–7.40 (m, 4H), 7.23–7.30 (m, 1H), 5.28 (t, J=5.0 Hz, 1H), 5.03 (d, J=9.1 Hz, 

1H), 4.84 (d, J=9.1 Hz, 1H), 4.02 (d, J=5.0 Hz, 2H), 3.83 (s, 3H), 2.84 (d, J=4.5 Hz, 3H); 13C NMR 

(DMSO-d6, 101 MHz): δ (ppm) 166.0, 163.7, 161.7, 143.4, 134.8, 131.7, 129.5, 129.0, 127.3, 

122.9, 119.6, 117.0, 83.4, 65.8, 55.3, 52.5, 26.8; m.p. 218.4 – 219.6 °C; IR νmax (cm-1) 3296, 

1707, 1651, 1273, 769. 

 

(±)-3-Methyl-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylic acid ((±)-

2.099) 

LiOH (10 mg, 0.430 mmol) and (±)-methyl 3-methyl-7-(methylcarbamoyl)-

3-phenyl-2,3-dihydrobenzofuran-5-carboxylate (±)-2.077 (70 mg, 0.215 

mmol) were dissolved in THF (2 mL) and water (2 mL). The resulting 

solution was heated to 50 °C and stirred for 2 h. The reaction was allowed 

to cooled before being acidified with 2 M HCl (20 mL) and extracted with 

EtOAc (2 x 20 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford (±)-3-methyl-7-(methylcarbamoyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylic acid (±)-2.099 (64 mg, 0.206 mmol, 96% yield) as a white 

solid. LCMS (formic, ES+) tR = 0.94 min, m/z = 312.3; HRMS (C18H17NO4): [M+H]+ calculated 

312.1236, found 312.1245; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 12.81 (br. s., 1H), 8.32 (d, 

J=2.0 Hz, 1H), 7.90 (q, J=4.6 Hz, 1H), 7.73 (d, J=2.0 Hz, 1H), 7.22-7.39 (m, 5H), 4.89 (d, J=9.0 

Hz, 1H), 4.76 (d, J=9.0 Hz, 1H), 2.85 (d, J=4.6 Hz, 3H), 1.78 (s, 3H). 

 

 (±)-3-(Hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylic acid ((±)-2.100) 

LiOH (11 mg, 0.469 mmol) and (±)-methyl 3-(hydroxymethyl)-7-

(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-carboxylate 

(±)-2.087 (80 mg, 0.234 mmol) were dissolved in THF (2 mL) and water 

(2 mL). The resulting solution was stirred at rt for 2 h. The reaction was 

then heated to 50 °C and stirred for 3 h. The reaction was allowed to 
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cooled before being acidified with 2 M HCl (20 mL) and extracted with EtOAc (2 x 20 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford (±)-3-(hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylic acid (±)-2.100 (69 mg, 0.211 mmol, 90% yield) as a white solid. LCMS (formic, ES+) 

tR = 0.76 min, m/z = 328.2; HRMS (C18H17NO5): [M+H]+ calculated 328.1185, found 328.1195; 

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 12.81 (br. s., 1H), 8.34 (d, J=1.8 Hz, 1H), 7.87 (q, J=4.5 

Hz, 1H), 7.83 (d, J=1.8 Hz, 1H), 7.31–7.40 (m, 4H), 7.28 (d, J=6.8 Hz, 1H), 5.27 (t, J=4.9 Hz, 1H), 

5.03 (d, J=9.1 Hz, 1H), 4.84 (d, J=9.1 Hz, 1H), 4.0 (d, J=4.9 Hz, 2H), 2.84 (d, J=4.5 Hz, 3H); m.p. 

259.6 – 262.8 °C; IR νmax (cm-1) 3376, 1716, 1619, 1174, 698. 

 

(±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((±)-2.101) 

(±)-3-Methyl-7-(methyl carbamoyl)-3-phenyl-2,3-dihydrobenzo 

furan-5-carboxylic acid (±)-2.099 (60 mg, 0.193 mmol) and 

(1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-amine 2.007 (23 mg, 0.231 

mmol) were dissolved in CH2Cl2 (4 mL) and reacted according to 

general procedure A. The crude product was purified by silica 

chromatography eluting with 0-100% (3:1 EtOAc/EtOH)/cyclohexane. Pure fractions were 

concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7,3-

dimethyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (±)-2.101 (73 mg, 0.186 mmol, 

97% yield) as a white solid. LCMS (formic, ES+) tR = 0.90 min; m/z = 393.4; HRMS (C23H24N2O4): 

[M+H]+ calculated 393.1816, found 393.1814; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.45 (d, 

J=3.9 Hz, 1H), 8.24 (d, J=2.0 Hz, 1H), 7.87 (q, J=4.6 Hz, 1H), 7.73 (d, J=2.0 Hz, 1H), 7.23–7.39 

(m, 5H), 4.83 (d, J=9.0 Hz, 1H), 4.72 (d, J=9.0 Hz, 1H), 3.84 (d, J=8.3 Hz, 2H), 3.62 (dd, J=8.3, 

2.2 Hz, 2H), 2.84 (d, J=4.6 Hz, 3H), 2.55–2.60 (m, 1H), 1.86–1.90 (m, 2H), 1.76 (s, 3H); 13C NMR 

(DMSO-d6, 101 MHz): δ (ppm) 166.4, 164.2, 159.2, 146.1, 137.6, 129.2, 129.0, 128.0, 127.2, 

126.6, 126.3, 87.3, 69.1, 49.1, 31.5, 26.7, 26.2, 24.5, 24.5. 
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(S)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-dihydro 

benzofuran-5,7-dicarboxamide ((S)-2.101) 

(±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-

phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (±)-2.101 (42 

mg, 0.107 mmol) was dissolved in EtOH (2.0 mL) and injected onto 

the column (Column: 30 mm x 25 cm Chiralcel OD-H (5 µm, Lot No 

ODH11158-01) which was eluted with 15% EtOH/heptane, flow rate 

= 30 mL/min, detection wavelength, 215 nm, 4. Ref 550, 100. Appropraite fractions for 

isomer 1 were bulked and labelled peak 1. Appropriate fractions for isomer 2 were bulked 

and labelled peak 2. The bulked pure fractions from peak 1 were concentrated in vacuo to 

afford (S)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide (S)-2.101 (16 mg, 0.041 mmol, 38%) as a white solid. 

1H NMR and LCMS data consistent with racemate; Chiral LC: 4.6 mm x 25 cm Chiralcel OD-H 

coloum, 15% EtOH/heptane, tR = 16.312 min, er >99:1. 

 

(±)-N5-((1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-yl)-3-(hydroxymethyl)-N7-methyl-3-phenyl-

2,3-dihydrobenzofuran-5,7-dicarboxamide ((±)-2.102) 

 (±)-3-(Hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylic acid (±)-2.100 (70 mg, 0.214 

mmol) and (1R,5S,6r)-3-oxabicyclo[3.1.0]hexan-6-amine 2.007 

(25 mg, 0.051 mmol) were dissolved in CH2Cl2 (4 mL) and 

reacted according to general procedure A. The crude product 

was purified by silica chromatography, eluting with 0-100% (3:1 EtOAc:EtOH)/EtOAc. The 

pure fractions were concentrated in vacuo to afford (±)-N5-((1R,5S,6r)-3-

oxabicyclo[3.1.0]hexan-6-yl)-3-(hydroxymethyl)-N7-methyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide (±)-2.102 (74 mg, 0.181 mmol, 85% yield) as a white 

solid. LCMS (formic, ES+) tR = 0.75 min; m/z = 409.2; HRMS (C23H24N2O5): [M+H]+ calculated 

409.1763, found 409.1759; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.48 (d, J=4.0 Hz, 1H), 8.25 

(d, J=2.0 Hz, 1H), 7.85 (q, J=4.8 Hz, 1H), 7.81 (d, J=2.0 Hz, 1H), 7.30–7.39 (m, 4H), 7.23–7.29 

(m, 1H), 5.26 (t, J=5.2 Hz, 1H), 5.01 (d, J=9.1 Hz, 1H), 4.81 (d, J=9.1 Hz, 1H), 3.93–4.04 (m, 2H), 

3.85 (d, J=8.3 Hz, 2H), 3.63 (dd, J=8.3, 2.5 Hz, 2H), 2.84 (d, J=4.5 Hz, 3H), 2.57–2.59 (m 1H), 

1.87–1.91 (m, 2H); m.p. 155.8 – 160.0 °C; IR νmax (cm-1) 3402, 1640, 1537, 838, 699. 
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(±)-N5-((1R,3R,5S,6r)-3-hydroxybicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((±)-2.103) 

HATU (2.56 g, 6.75 mmol) was added to 3-methyl-7-

(methylcarbamoyl)-3-phenyl-2,3-dihydrobenzofuran-5-

carboxylic acid (±)-2.099 (1.50 g, 4.82 mmol) and DIPEA (2.52 mL, 

14.45 mmol) in  CH2Cl2 (10 mL) at rt under nitrogen. The resulting 

solution was stirred at rt for 5 min before (1R,3s,5S,6r)-6-

aminobicyclo[3.1.0]hexan-3-ol (0.55 g, 4.82 mmol) was added. The resulting solution was 

stirred at rt for 2 h. The reaction was diluted with sat. aq. NaHCO3 (20 mL) and extracted with 

CH2Cl2 (2 x 10 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by silica 

chromatography eluting with 0-50% (3:1 EtOH:EtOAc)/EtOAc. The pure fractions were 

concentrated in vacuo to afford (±)-N5-((1R,3s,5S,6r)-3-hydroxybicyclo[3.1.0]hexan-6-yl)-

N7,3-dimethyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide (±)-2.103 (1.69 g, 4.16 

mmol, 86% yield) as a white solid (80% pure by NMR). 1H NMR and LCMS data consistent with 

single enantiomer. 

 

(S)-N5-((1R,3R,5S,6r)-3-hydroxybicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-

dihydrobenzofuran-5,7-dicarboxamide ((S)-2.103) 

(±)-N5-((1R,3R,5S,6r)-3-hydroxybicyclo[3.1.0]hexan-6-yl)-N7,3-

dimethyl-3-phenyl-2,3-dihydrobenzofuran-5,7-dicarboxamide 

(±)-2.103 (1.690 g, 4.16 mmol) was dissolved in EtOH (36 mL) 

and injected onto the column (Column: 250 mm x 30 mm 

Chiralpak AD-H (5 µm, Batch ADH0CE-PC014), in 2.0 mL aliquots, 

which was eluted with 50% (EtOH + 0.2% isopropylamine)/heptane, flow rate = 30 mL/min, 

detection wavelength = 230 nm. Appropraite fractions for isomer 1 were bulked and labelled 

peak 1. Appropriate fractions for isomer 2 were bulked bulked and labelled peak 2. The 

bulked pure fractions from peak 2 were concentrated in vacuo to afford (S)-N5-((1R,3R,5S,6r)-

3-hydroxybicyclo[3.1.0]hexan-6-yl)-N7,3-dimethyl-3-phenyl-2,3-dihydrobenzo furan-5,7-

dicarboxamide (S)-2.103 (0.645 g, 1.56 mmol) as a white solid. LCMS (formic, ES+) tR = 0.87 

min, m/z = 407.4; HRMS (C24H26N2O4): [M+H]+ calculated 407.1971, found 407.1972; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 8.29 (d, J=3.9 Hz, 1H), 8.21 (d, J=2.0 Hz, 1H), 7.86 (q, J=4.6 Hz, 

1H), 7.71 (d, J=2.0 Hz, 1H), 7.22–7.39 (m, 5H), 4.83 (d, J=9.0 Hz, 1H), 4.71 (d, J=9.0 Hz, 1H), 
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4.56 (d, J=5.4 Hz, 1H), 3.78–3.87 (m, 1H), 2.84 (d, J=4.6 Hz, 3H), 2.43–2.47 (m, 1H), 2.03 (dd, 

J=12.5, 7.1 Hz, 2H), 1.76 (s, 3H), 1.60 (ddd, J=12.4, 7.9, 4.4 Hz, 2H), 1.36–1.46 (m, 2H); 13C 

NMR (DMSO-d6, 101 MHz): δ (ppm) 166.3, 164.1, 159.0, 146.1, 137.5, 129.2, 129.0, 128.1, 

127.2, 126.6, 126.3, 116.5, 87.2, 69.9, 49.1, 36.6, 32.8, 26.7, 26.2, 23.4; m.p. 137.9 – 141.3 

°C; IR νmax (cm-1) 3300, 1637, 1534, 840, 699; Chiral LC: 4.6 mm x 25 cm Chiralpak AD-H 

coloum, 50% (EtOH + 0.2% isopropylamine)/heptane, tR = 7.749 min, er 98:2. 

 

(±)-Methyl 3-fluoro-8-(methylcarbamoyl)-3-phenylchromane-6-carboxylate ((±)-2.104) 

(±)-Methyl 3-(hydroxymethyl)-7-(methylcarbamoyl)-3-phenyl-2,3-

dihydrobenzofuran-5-carboxylate (±)-2.087 (120 mg, 0.352 mmol) 

was dissolved in dry CH2Cl2 (5 mL) at rt under nitrogen. Deoxo-Fluor® 

(50% w/w in THF, 0.259 mL, 0.703 mmol) was added and the resulting 

solution heated at 40 °C for 1 h. The reaction was allowed to cool before quenching with sat. 

aq. NaHCO3 (5 mL) and extracting with CH2Cl2 (2 x 5 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The pure fractions were concentrated in vacuo to 

afford (±)-methyl 3-fluoro-8-(methylcarbamoyl)-3-phenylchromane-6-carboxylate (±)-2.104 

(59 mg, 0.172 mmol, 49% yield) as a white solid. LCMS (formic, ES+) tR = 1.03 min, m/z = 344.1; 

HRMS (C19H18NO4F): [M+H]+ calculated 344.1298, found 344.1295; 1H NMR (DMSO-d6, 400 

MHz): δ (ppm) 8.26 (q, J=4.5 Hz, 1H), 8.23 (d, J=2.0 Hz, 1H), 7.92 (d, J=2.0 Hz, 1H), 7.42–7.60 

(m, 5H), 4.47–4.63 (m, 2H), 3.85 (s, 3H), 3.59–3.78 (m, 1H), 3.33–3.43 (m, 1H), 2.83 (d, J=4.5 

Hz, 3H); 19F NMR (DMSO-d6, 376 MHz): δ (ppm) -158.2 (br. s, 1F); 13C NMR (DMSO-d6, 151 

MHz): δ (ppm) 165.9, 164.9, 154.8, 139.3 (d, J=19.9 Hz), 133.7, 130.5, 129.2, 125.1 (d, J=7.7 

Hz), 123.3, 122.1, 121.7, 91.1 (d, J=175.8 Hz), 71.3 (d, J=22.1 Hz), 52.6, 40.6, 35.9 (d, J=23.2 

Hz), 26.9; IR νmax (cm-1) 3431, 2950, 1719, 1648, 1172, 699. 
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4.4.2. CECR2 Experimental 

1-((2-Bromo-5-nitrophenyl)sulfonyl)piperidine (3.022) 

 2-Bromo-5-nitrobenzenesulfonyl chloride 3.021 (1.10 g, 3.66 mmol) was 

taken up in CH2Cl2 (50 mL) under nitrogen and cooled to 0 °C. DIPEA (1.41 

mL, 8.05 mmol) was added and the reaction stirred for 5 min before 

piperidine (0.43 mL, 4.39 mmol)  was added. The reaction was stirred at 0 

°C for 1 h. The reaction mixture was quenched with sat. aq. NaHCO3 (50 mL) and extracted 

with CH2Cl2 (2 x 50 mL). The combined organics were filtered through a hydrophobic frit and 

concentrated in vacuo to afford 1-((2-bromo-5-nitrophenyl)sulfonyl)piperidine 3.022 (1.24 g, 

3.54 mmol, 97% yield) as an orange gum. LCMS (formic, ES+) tR = 1.24 min, m/z = 349.0, 351.0; 

HRMS (C11H13BrN2O4S): [M+H]+ calculated 348.9858, found 348.9844; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 8.91 (d, J=2.7 Hz, 1H), 8.22 (dd, J=8.6, 2.7 Hz, 1H), 7.96 (d, J=8.6 Hz, 1H), 3.32–

3.40 (m, 4H), 1.57–1.73 (m, 6H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.8, 140.8, 137.0, 

127.7, 127.2, 126.7, 46.8, 25.6, 23.7. 

 

4-Bromo-3-(piperidin-1-ylsulfonyl)aniline (3.023) 

 1-((2-Bromo-5-nitrophenyl)sulfonyl)piperidine 3.022 (1.10 g, 3.15 mmol), 

ammonium chloride (0.25 g, 4.73 mmol) and iron (0.53 g, 9.45 mmol) were 

dissolved in a 3:1 mixture of EtOH (5.0 mL) and water (1.7 mL). The resulting 

solution was heated to 70 °C for 2 h. The reaction was allowed to cool then 

filtered through a plug of Celite, washing with MeOH (20 mL). The resulting solution was 

concentrated in vacuo and then partitioned between sat. aq. NaHCO3 (20 mL) and CH2Cl2 (20 

mL). The layers were separated and the aq. phase was extracted with CH2Cl2 (2 x 20 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by silica chromatography, eluting 

with 0-50% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford 4-

bromo-3-(piperidin-1-ylsulfonyl)aniline 3.023 (0.75 g, 2.334 mmol, 74% yield) as an orange 

gum. LCMS (formic, ES+) tR = 1.02 min, m/z = 319.1, 321.1; HRMS (C11H15BrN2O2S): [M+H]+ 

calculated 319.0116, found 319.0112; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 7.39–7.48 (m, 

2H), 6.67 (dd, J=8.6, 2.9 Hz, 1H), 3.93 (br. s., 2H), 3.23–3.30 (m, 4H), 1.52–1.69 (m, 6H); 13C 

NMR (CDCl3-d, 101 MHz): δ (ppm) 145.9, 138.3, 136.2, 119.4, 118.3, 106.9, 46.5, 25.5, 23.8; 

IR νmax (cm-1) 3374, 2938, 1626, 1590, 1463, 1309, 1140, 719, 578. 
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(±)-N-(4-Bromo-3-(piperidin-1-ylsulfonyl)phenyl)-2-(4-cyclopropyl-4-methyl-2,5-dioxoimid 

azolidin-1-yl)acetamide ((±)-3.025) 

 (±)-2-(4-Cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-

yl)acetic acid (±)-3.024 (319 mg, 1.504 mmol), 4-bromo-3-

(piperidin-1-ylsulfonyl)aniline 3.023 (400 mg, 1.253 mmol), 

and HATU (572 mg, 1.504 mmol) were dissolved in CH2Cl2 (10 

mL). DIPEA (0.657 mL, 3.76 mmol) was added and the resulting solution was stirred at rt for 

2 h. The reaction was quenched with sat. aq. NaHCO3 (20 mL) and extracted with CH2Cl2 (3 x 

20 mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by silica chromatography, 

eluting with 0-60% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to 

afford (±)-N-(4-bromo-3-(piperidin-1-ylsulfonyl)phenyl)-2-(4-cyclopropyl-4-methyl-2,5-

dioxoimidazolid in-1-yl)acetamide (±)-3.025  (405 mg, 0.789 mmol, 63% yield) as a cream 

solid. LCMS (formic, ES+) tR = 1.05 min, m/z = 513.2, 515.2; HRMS (C20H25BrN4O5S): [M+H]+ 

calculated 513.0807, found 513.0807; 1H NMR (DMSO-d6, 600 MHz): δ (ppm) 10.71 (s, 1H), 

8.98 (s, 1H), 7.91-8.01 (m, 2H), 7.62 (d, J=8.6 Hz, 1H), 4.19 (s, 2H), 3.15–3.21 (m, 4H), 1.48–

1.56 (m, 6H), 1.40 (s, 3H), 1.12–1.19 (m, 1H), 0.41–0.48 (m, 2H), 0.34–0.39 (m, 1H), 0.26–0.33 

(m, 1H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 176.4, 164.6, 156.5, 138.1, 137.5, 136.3, 124.5, 

122.8, 113.9, 62.0, 46.6, 41.5, 25.5, 23.7, 23.0, 17.3, 1.1, 0.3; m.p. 221.5 – 225.0 °C; IR νmax 

(cm-1) 3308, 1712, 1535, 1454, 1307, 579. 

 

(±)-2-(4-Cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)-N-(4-hydroxy-3-(piperidin-1-

ylsulfonyl)phenyl)acetamide ((±)-3.026) 

(±)-N-(4-Bromo-3-(piperidin-1-ylsulfonyl)phenyl)-2-(4-

cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)acetamide 

(±)-3.025 (50 mg, 0.097 mmol), bis(pinacolato)diboron (50 

mg, 0.195 mmol), KOAc (29 mg, 0.292 mmol) and XPhos Pd G2 

(8 mg, 9.74 µmol) were dissolved in EtOH (1 mL) at rt under nitrogen. The resulting solution 

was heated to 100 °C and stirred for 2 h. The reaction was then cooled to 0 oC before aq. 2 

M NaOH (0.049 mL, 0.097 mmol) and hydrogen peroxide (35% w/w in water, 0.085 mL, 0.974 

mmol) were added sequentially. The resulting solution was stirred at 0 oC for 10 mins. The 

reaction was quenched by addition of 10% aq. sodium thiosulfate (2 mL) and extracted with 

CH2Cl2 (2 x 5 mL). The combined organics were passed through a hydrophobic frit and 
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concentrated in vacuo to afford the crude product. The crude product was purified by formic 

MDAP. The pure fractions were concentrated in vacuo to afford (±)-2-(4-cyclopropyl-4-

methyl-2,5-dioxoimidazolidin-1-yl)-N-(4-hydroxy-3-(piperidin-1-ylsulfonyl)phenyl)acetamide 

(±)-3.026 (16 mg, 0.036 mmol, 37% yield) as a white solid. LCMS (formic, ES+) tR = 0.90 min, 

m/z = 451.3; HRMS (C20H26N4O6S): [M+H]+ calculated 451.1651, found 451.1648; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 8.24 (s, 1H), 7.68 (dd, J=8.8, 2.7 Hz, 1H), 7.63 (d, J=2.7 Hz, 1H), 

6.99 (d, J=8.8 Hz, 1H), 5.83 (s, 1H), 4.33 (s, 2H), 3.04–3.14 (m, 4H), 1.64–1.68 (m, 4H), 1.55 (s, 

3H), 1.44–1.52 (m, 2H), 1.24–1.31 (m, 1H), 0.57–0.66 (m, 1H), 0.43–0.54 (m, 2H), 0.33–0.42 

(m, 1H); phenol OH not visible; 13C NMR (CDCl3-d, 101MHz): δ (ppm) 176.4, 164.2, 156.4, 

152.2, 130.1, 127.8, 119.7, 119.2, 119.1, 61.9, 46.8, 41.6, 25.0, 23.3, 23.0, 17.4, 1.2, 0.3; m.p. 

106.7 – 111.7 °C; IR νmax (cm-1) 3309, 2938, 1708, 1452, 579. 

 

3-Bromo-4-chloroaniline (3.032)335 

2-Bromo-1-chloro-4-nitrobenzene 3.031 (10.00 g, 42.3 mmol) was suspended 

in EtOH (30 mL) and water (8.5 mL) Ammonium chloride (3.39 g, 63.4 mmol) 

and iron (7.09 g, 127 mmol) were added and the reaction heated to 70 oC for 16 h. The 

reaction mixture was cooled and filtered through a plug of Celite, washing with MeOH (30 

mL). The filtrate was concentrated in vacuo and the residue partitioned between CH2Cl2 and 

sat. aq. NaHCO3 (25 mL each). The aq. layer was re-extracted with CH2Cl2 (2 x 25 mL). The 

combined organics were eluted through a hydrophobic frit and concentrated in vacuo to give 

the crude product as an orange solid. The crude product was purified by silica 

chromatography, eluting with 0-50% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to give 3-bromo-4-chloroaniline 3.032 (7.65 g, 37.1 mmol, 88% yield) 

as a yellow solid. LCMS (Formic, ES+) tR = 1.01 min; m/z = 206.0; HRMS (C6H5BrClN): [M+H]+ 

calculated 205.9367, found 205.9369; 1H NMR (CDCl3-d, 400 MHz):  δ (ppm) 7.19 (d, J=8.6 Hz, 

1H), 6.95 (d, J=2.7 Hz, 1H), 6.56 (dd, J=8.6, 2.7 Hz, 1H), 3.70 (br. s., 2H); 13C NMR (CDCl3-d, 101 

MHz): δ (ppm): 146.0, 130.6, 123.1, 122.6, 119.5, 115.2; m.p. 79.6 – 82.6 °C; IR νmax (cm-1) 

3312, 2938, 1708, 1456, 568. 

 

N-(3-Bromo-4-chlorophenyl)-2-chloroacetamide (3.033) 

DIPEA (3.37 mL, 19.4 mmol) was added to 3-bromo-4-chloroaniline 

3.032 (4.00 g, 19.4 mmol) in  CH2Cl2 (40 mL). 2-Chloroacetyl chloride 

(1.54 mL, 19.4 mmol) was added and the reaction was stirred at rt for 1 h. The reaction was 
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quenched with sat. aq. NaHCO3 (20 mL) and extracted with CH2Cl2 (2 x 20 mL). The organic 

layers were filtered through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by silica chromatography, eluting with 0-50% (3:1 

EtOH:EtOAc)/cyclohexane. The pure fractions were concentrated in vacuo to afford N-(3-

bromo-4-chlorophenyl)-2-chloroacetamide 3.033 (4.85 g, 17.1 mmol, 88% yield) as a yellow 

solid. LCMS (Formic, ES+) tR = 1.10 min; m/z = 281.9; 1H NMR (CDCl3-d, 400 MHz):  δ (ppm) 

8.21 (br. s., 1H), 7.93 (d, J=2.4 Hz, 1H), 7.49 (dd, J=8.6, 2.4 Hz, 1H), 7.44 (d, J=8.6 Hz, 1H), 4.20 

(s, 2H). 

 

N-(3-Bromo-4-chlorophenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide (3.034) 

Imidazolidine-2,4-dione (2.04 g, 20.4 mmol) was added to N-(3-

bromo-4-chlorophenyl)-2-chloroacetamide 3.033 (4.80 g, 17.0 

mmol) and K2CO3 (7.03 g, 50.9 mmol) in DMF (15 mL) at rt under 

nitrogen. The resulting solution was stirred at 70 °C for 1 h before being cooled to rt. The 

reaction was diluted with CH2Cl2 (20 mL) and washed with water (2 x 20 mL). The organic 

layer was passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified using silica chromatography, eluting with 0-100% 

(3:1 EtOAc:EtOH)/cyclohexane. The pure fractions were concentrated in vacuo to afford N-

(3-bromo-4-chlorophenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 3.034 (4.62 g, 13.3 

mmol, 79% yield) as a white solid. LCMS (Formic, ES+) tR = 0.86 min; m/z = 348.0; HRMS 

(C11H9BrClN3O3): [M+H]+ calculated 345.9589, found 345.9598; 1H NMR (DMSO-d6  400 MHz):  

δ (ppm) 10.49 (s, 1H), 8.16 (s, 1H), 8.07 (d, J=2.4 Hz, 1H), 7.55–7.59 (m, 1H), 7.49–7.50 (m, 

1H), 4.18 (s, 2H), 4.01 (s, 2H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 172.3, 165.9, 157.5, 

139.0, 131.1, 127.5, 124.0, 121.8, 120.2, 46.6, 41.3; IR νmax (cm-1) 3303, 3235, 1700, 1674, 

1587, 1523, 1455, 1143, 929, 827, 733, 683. 

 

N-(4-Chloro-3-(cyclohexylthio)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide (3.035) 

To a solution of N-(3-bromo-4-chlorophenyl)-2-(2,5-

dioxoimidazolidin-1-yl)acetamide 3.034 (100 mg, 0.29 mmol) and 

DIPEA (0.15 mL, 0.87 mmol), in 1,4-dioxane (3 mL) and DMF (2 mL)  

at 100 °C was added Xantphos (33 mg, 0.06 mmol and Pd2dba3 (26 

mg, 0.03 mmol). Cyclohexanethiol (0.04 mL, 0.29 mmol) was added dropwise and the 

reaction stirred for 1 h. The reaction was allowed to cool before quenching with sat. aq. 
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Na2CO3 (50 mL), and extracting with CH2Cl2 (3 x 20 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The pure fractions were concentrated in vacuo to give 

N-(4-chloro-3-(cyclohexylthio)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 3.035 (46 

mg, 0.12 mmol, 42% yield) as a white solid. LCMS (Formic, ES+) tR = 1.15; m/z = 382.1; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 8.33 (br. s., 1H), 8.12 (s, 1H), 7.69 (s, 1H), 7.64 (s, 1H), 7.02 (d, 

J=2.0 Hz, 1H), 4.30 (s, 2H), 4.08 (s, 2H), 1.99 (d, J=5.1 Hz, 1H), 1.78 (dd, J=8.7, 3.8 Hz, 2H), 

1.58–1.65 (m, 1H), 1.22–1.50 (m, 7 H). 

 

N-(4-Chloro-3-(cyclohexylsulfonyl)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide (3.036) 

mCPBA (46 mg, 0.27 mmol) was added to N-(4-chloro-3-

(cyclohexylthio)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 

3.035 (46 mg, 0.12 mmol) in CH2Cl2 (5 mL) at rt under nitrogen. The 

resulting solution was stirred at rt for 16 h. The reaction was 

quenched with sat. aq. Na2S2O3 (10 mL), and extracted with CH2Cl2 (10 mL). The organic layer 

was washed with sat. aq. NaHCO3, passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by formic MDAP.  The 

solvent was evaporated in vacuo to give N-(4-chloro-3-(cyclohexylsulfonyl)phenyl)-2-(2,5-

dioxoimidazolidin-1-yl)acetamide 3.036 (23 mg, 0.06 mmol, 46% yield) as a white solid. LCMS 

(Formic, ES+) tR = 0.92 min; m/z = 414.1; HRMS (C17H20ClN3O5S): [M+H]+ calculated 414.0885, 

found 414.0880; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.28 (s, 1H), 7.95–8.08 (m, 2H), 7.42 

(d, J=8.8 Hz, 1H), 6.63 (s, 1H), 4.35 (s, 2H), 4.06 (s, 2H), 3.43–3.57 (m, 1H), 1.81–1.97 (m, 4 H), 

1.69 (d, J=9.8 Hz, 1H), 1.41–1.58 (m, 2H), 1.12–1.34 (m, 3H); 13C NMR (CDCl3-d, 101 MHz): δ 

(ppm) 171.6, 165.3, 157.9, 137.3, 135.0, 132.6, 126.9, 125.7, 123.0, 61.5, 46.9, 41.5, 25.1, 

25.0, 24.9.  

 

N-(3-(Benzylthio)-4-chlorophenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide (3.037) 

To a solution of N-(3-bromo-4-chlorophenyl)-2-(2,5-

dioxoimidazolidin-1-yl)acetamide 3.034 (4.60 g, 13.27 mmol) 

and DIPEA (6.94 mL, 39.8 mmol) in 1,4-dioxane (25 mL) and 

DMF (17 mL) at 100 °C was added Xantphos (1.54 g, 2.65 mmol) 

and Pd2dba3 (1.22 g, 1.327 mmol). Phenylmethanethiol (1.87 mL, 15.93 mmol) was added 

dropwise. After 1 h, the reaction was allowed to cool and then partitioned between sat. aq. 
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NaHCO3 (20 mL) and EtOAc (20 mL). A precipitate formed and this was filtered off to give N-

(3-(benzylthio)-4-chlorophenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 3.037 (4.00 g, 10.26 

mmol, 77% yield) as a green solid. LCMS (Formic, ES+) tR = 1.07 min; m/z = 390.1; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 10.42 (s, 1H), 8.16 (s, 1H), 7.79 (d, J=2.2 Hz, 1H), 7.21–7.48 (m, 

7 H), 4.22 (s, 2H), 4.19 (s, 2H), 4.02 (s, 2H). 

 

2-Chloro-5-(2-(2,5-dioxoimidazolidin-1-yl)acetamido)benzene-1-sulfonyl chloride (3.039) 

To a suspension of N-(3-(benzylthio)-4-chlorophenyl)-2-(2,5-

dioxoimidazolidin-1-yl)acetamide 3.037 (4.00 g, 10.3 mmol) in 

MeCN (75 mL), water (3.5 mL) and AcOH (5.0 mL) was added 1,3-

dichloro-5,5-dimethylimidazolidine-2,4-dione 3.038 (4.04 g, 20.5 mmol). The resulting 

solution was stirred at rt for 2 h. The solution was concentrated in vacuo and redissolved in 

CH2Cl2 (50 mL), washing with sat. aq. NaHCO3 (50 mL). The organic layer was passed through 

a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography, eluting with 0-100% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford 2-chloro-5-(2-(2,5-dioxoimidazolidin-1-

yl)acetamido)benzene-1-sulfonyl chloride 3.039 (1.30 g, 3.55 mmol, 35% yield) as a white 

solid. LCMS (Formic, ES+) tR = 0.50 min; m/z = 364.2; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 

8.54 (d, J=2.5 Hz, 1H), 7.97 (dd, J=8.8, 2.5 Hz, 1H), 7.73 (d, J=8.8 Hz, 1H), 4.36 (s, 2H), 4.09 (s, 

2H); Amide NH and hydantoin NH not visible; 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 172.3, 

165.4, 157.5, 145.9, 137.1, 131.1, 125.2, 120.9, 120.4, 46.6, 41.2. 

 

N-(4-Chloro-3-(N,N-dimethylsulfamoyl)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 

(3.040) 

2-Chloro-5-(2-(2,5-dioxoimidazolidin-1-yl)acetamido)benzene 

sulfonyl chloride 3.039 (40 mg, 0.109 mmol) was taken up in CH2Cl2 

(5 mL) under nitrogen and cooled in an ice bath. DIPEA (0.042 mL, 

0.240 mmol) was added and the reaction stirred for 5 min before dimethylamine (2M in THF, 

0.057 mL, 0.115 mmol) was added and the reaction was stirred for 1 h. The reaction mixture 

was quenched with sat. aq. NaHCO3 (10 mL), and washed with 2M HCl aq. (10 mL), then 

filtered through a hydrophobic frit and concentrated in vacuo to give the crude product. The 

crude product was purified by formic MDAP. The pure fractions were concentrated in vacuo 

to afford N-(4-chloro-3-(N,N-dimethylsulfamoyl)phenyl)-2-(2,5-dioxoimidazolidin-1-



GSK Confidential – Do not copy 

 

212 
 

yl)acetamide 3.040 (14 mg, 0.037 mmol, 34% yield)  as a white solid. LCMS (Formic ES+) tR = 

0.73 min; m/z = 375.2; HRMS (C13H15ClN4O5S): [M+H]+ calculated 375.0530, found 375.0521; 

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 10.73 (s, 1H), 8.25 (d, J=2.7 Hz, 1H), 8.17 (s, 1H), 7.80 

(dd, J=8.8, 2.7 Hz, 1H), 7.64 (d, J=8.8 Hz, 1H), 4.21 (s, 2H), 4.02 (s, 2H), 2.81 (s, 6H). 

 

(±)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(2,5-dioxoimidazolidin-

1-yl)acetamide ((±)-3.041) 

 2-Chloro-5-(2-(2,5-dioxoimidazolidin-1-yl)acetamido)benzene 

sulfonyl chloride 3.039 (50 mg, 0.137 mmol) was dissolved in 

CH2Cl2 (2 mL) at rt under nitrogen. DIPEA (0.072 mL, 0.410 mmol) 

was added followed by 3-cyclopropylpyrrolidine (18 mg, 0.164 

mmol) and the resulting solution was stirred at rt for 1 h. The 

reaction was quenched with sat. aq. NaHCO3 (2 mL) and extracted with CH2Cl2 (3 x 2 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by formic MDAP. The pure fractions 

were concentrated in vacuo to afford (±)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide (±)-3.041 (19 mg, 0.043 mmol, 

32% yield) as a white solid. LCMS (formic, ES+) tR = 0.96 min, m/z = 441.1; HRMS 

(C18H21ClN4O5S): [M+H]+ calculated 441.0999, found 441.1001; 1H NMR (MeOD-d4, 400 MHz): 

δ (ppm) 8.32 (d, J=2.5 Hz, 1H), 7.78 (dd, J=8.6, 2.5 Hz, 1H), 7.56 (d, J=8.6 Hz, 1H), 4.34 (s, 2H), 

4.08 (s, 2H), 3.52-3.65 (m, 2H), 3.34-3.42 (m, 1H), 3.12-3.19 (m, 1H), 2.06-2.11 (m, 1H), 1.71-

1.86 (m, 1H), 1.57-1.69 (m, 1H), 0.61-0.74 (m, 1H), 0.40-0.51 (m, 2H), 0.11-0.19 (m, 2H); 

Amide NH and hydantoin NH not visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 172.4, 165.9, 

158.0, 137.4, 136.9, 132.3, 125.9, 124.2, 122.2, 52.4, 46.2, 44.2, 40.5, 30.9, 26.6, 12.6, 2.6, 

2.3; m.p. 113.0 – 114.7 °C; IR νmax (cm-1) 3309, 2938, 1708, 1455, 1149, 581. 

 

N-(3-((1H-Imidazol-1-yl)sulfonyl)-4-chlorophenyl)-2-(2,5-dioxoimidazolidin-1-yl)acetamide 

(3.042) 

1H-Imidazole (11.15 mg, 0.164 mmol) was added to 2-chloro-5-(2-

(2,5-dioxoimidazolidin-1-yl)acetamido)benzene-1-sulfonylchloride 

3.039 (60 mg, 0.164 mmol) and DIPEA (0.086 mL, 0.492 mmol) in 

CH2Cl2 (2 mL) at rt under nitrogen. The resulting solution was 

stirred at rt for 2 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted 



GSK Confidential – Do not copy 

 

213 
 

with CH2Cl2 (2 x 10 mL). The combined organics were concentrated in vacuo to afford the 

crude product. The crude product was purified by formic MDAP.  The pure fractions were 

concentrated in vacuo to afford N-(3-((1H-imidazol-1-yl)sulfonyl)-4-chlorophenyl)-2-(2,5-

dioxoimidazolidin-1-yl)acetamide 3.042 (45 mg, 0.113 mmol, 69% yield) as a white solid. 

LCMS (formic, ES+) tR = 0.71 min; m/z = 398.2; HRMS (C14H12ClN5O5S): [M+H]+ calculated 

398.0326, found 398.0327; 1H NMR (DMSO-d6, 400  MHz): δ (ppm) 10.85 (s, 1H), 8.58 (d, 

J=2.7 Hz, 1H), 8.36–8.42 (m, 1H), 8.20 (s, 1H), 7.90 (dd, J=8.8, 2.7 Hz, 1H), 7.64–7.74 (m, 2H), 

7.16 (dd, J=1.6, 0.9 Hz, 1H), 4.23 (s, 2H), 4.04 (s, 2H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 

172.3, 166.3, 157.4, 138.9, 138.6, 134.9, 133.7, 131.5, 126.9, 125.2, 121.7, 119.1, 46.6, 41.3; 

m.p. 149.3 – 152.8 °C; IR νmax (cm-1) 2951, 1715, 1608, 1288, 1251, 773. 

 

1-((2-Chloro-5-nitrophenyl)sulfonyl)pyrrolidine (3.055) 

2-Chloro-5-nitrobenzenesulfonyl chloride 3.054 (1.20 g, 4.69 mmol) was 

taken up in CH2Cl2 (50 mL) at 0 °C under nitrogen. DIPEA (1.80 mL, 10.31 

mmol) was added and the reaction stirred for 5 min before pyrrolidine (0.39 

mL, 4.69 mmol)  was added. The reaction was stirred for 2 h at 0 °C after which time the 

reaction mixture was quenched with sat. aq. NaHCO3 (50 mL) and extracted with CH2Cl2 (2 x 

50 mL). The combined organics were filtered through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by silica chromatography, 

eluting with 0-40% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to 

afford 1-((2-chloro-5-nitrophenyl)sulfonyl)pyrrolidine 3.055 (1.14 g, 3.92 mmol, 84% yield)  

as a yellow solid. LCMS (Formic, ES+) tR = 1.06, does not ionise; HRMS (C10H11ClN2O4S): [M+H]+ 

calculated 291.0206, found 291.0204; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.91 (d, J=2.7 Hz, 

1H), 8.33 (dd, J=8.8, 2.7 Hz, 1H), 7.74 (d, J=8.8 Hz, 1H), 3.41–3.54 (m, 4H), 1.88–2.02 (m, 4H); 

13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.2, 139.4, 139.0, 133.2, 127.4, 126.7, 48.1, 25.8; 

m.p. 95.5 – 101.5 °C; IR νmax (cm-1) 3105, 2970, 1601, 1524, 1337, 603. 

 

4-Chloro-3-(pyrrolidin-1-ylsulfonyl)aniline (3.056) 

1-((2-Chloro-5-nitrophenyl)sulfonyl)pyrrolidine 3.055 (1.00 g, 3.44 mmol), 

ammonium chloride (0.28 g, 5.16 mmol) and iron (0.96 g, 17.20 mmol) were 

dissolved in a 3:1 mixture of EtOH (5.0 mL) and water (1.7 mL). The resulting 

solution was heated to 70 °C for 2 h. The reaction was allowed to cool then filtered through 

a plug of Celite, washing with MeOH (20 mL). The resulting solution was concentrated in 
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vacuo and then partitioned between sat. aq. NaHCO3 (10 mL) and CH2Cl2 (10 mL). The layers 

were separated and the aq. layer extracted with CH2Cl2 (2 x 10 mL). The combined organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by silica chromatography, eluting with 0-100% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford 4-chloro-3-

(pyrrolidin-1-ylsulfonyl)aniline 3.056 (743 mg, 2.85 mmol, 83% yield) as a cream solid. LCMS 

(Formic, ES+) tR = 0.88 min, m/z = 261.2; HRMS (C10H13ClN2O2S): [M+H]+ calculated 261.0465, 

found 261.0464; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 7.36–7.43 (m, 1H), 7.25 (d, J=8.6 Hz, 

1H), 6.63–6.79 (m, 1H), 3.94 (br. s., 2H), 3.36–3.46 (m, 4H), 1.82–1.98 (m, 4H); 13C NMR 

(CDCl3-d, 101 MHz): δ (ppm) 145.5, 137.0, 132.6, 119.9, 119.2, 118.0, 47.7, 25.8; m.p. 114.2 

– 116.5 °C; IR νmax (cm-1) 3369, 2981, 1616, 1471, 1331, 1158, 586. 

 

2-Chloro-N-(4-chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl) (3.057) 

DIPEA (0.200 mL, 1.151 mmol) was added to 4-chloro-3-(pyrrolidin-1-

ylsulfonyl)aniline 3.056 (100 mg, 0.384 mmol) in CH2Cl2 (5 mL) at 0 °C. 

2-Chloroacetyl chloride (0.037 mL, 0.460 mmol) was added and the 

reaction was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) 

and extracted with CH2Cl2 (2 x 10 mL). The organic layers were filtered through a hydrophobic 

frit and concentrated in vacuo to afford 2-chloro-N-(4-chloro-3-(pyrrolidin-1-

ylsulfonyl)phenyl)acetamide 3.057 (103 mg, 0.305 mmol, 80% yield) as a brown oil. LCMS 

(Formic, ES+) tR = 0.98 min, m/z = 337.1, 339.1; HRMS (C12H14Cl2N2O3S): [M+H]+ calculated 

337.0180, found 337.0176; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.66 (br. s., 1H), 8.09 (d, 

J=2.5 Hz, 1H), 8.02 (dd, J=8.6, 2.5 Hz, 1H), 7.51 (d, J=8.6 Hz, 1H), 4.23 (s, 2H), 3.43–3.48 (m, 

4H), 1.92–1.97 (m, 4H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 164.4, 137.5, 135.9, 132.8, 

127.5, 124.6, 122.9, 47.9, 42.8, 25.8; m.p. 113.2 – 119.5 °C; IR νmax (cm-1) 3358, 2978, 1714, 

1582, 1465, 1145, 530. 

 

N-(4-Chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)acetamide (3.058) 

4-Chloro-3-(pyrrolidin-1-ylsulfonyl)aniline 3.056 (50 mg, 0.192 mmol) and 

DIPEA (0.100 mL, 0.575 mmol) were dissolved in CH2Cl2 (1 mL). Acetic 

anhydride (0.018 mL, 0.192 mmol) was added and the resulting solution 

was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and 

extracted with CH2Cl2 (3 x 10 mL). The combined organics were passed through a hydrophobic 



GSK Confidential – Do not copy 

 

215 
 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by formic MDAP. The pure fractions were concentrated in vacuo to afford N-(4-chloro-3-

(pyrrolidin-1-ylsulfonyl)phenyl)acetamide 3.058 (32 mg, 0.106 mmol, 55% yield) as a white 

solid. LCMS (formic, ES+) tR = 0.86 min, m/z = 303.1; HRMS (C12H15ClN2O3S): [M+H]+ calculated 

303.0570, found 303.0571; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.09–8.18 (m, 1H), 7.91-7.99 

(m, 2H), 7.48 (d, J=8.8 Hz, 1H), 3.40–3.47 (m, 4H), 2.23 (s, 3H), 1.89–1.98 (m, 4H); 13C NMR 

(DMSO-d6, 101 MHz): δ (ppm) 169.4, 139.0, 136.8, 133.0, 124.1, 124.0, 121.2, 48.1, 25.6, 

24.5; m.p. 179.5 – 181.3 °C; IR νmax (cm-1) 3336, 2981, 1693, 1593, 1527, 1464, 1326, 1156, 

595, 542. 

 

N-(4-Chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(2,5-dioxopyrrolidin-1-yl)acetamide 

(3.059) 

4-Chloro-3-(pyrrolidin-1-ylsulfonyl)aniline 3.056 (50 mg, 0.192 

mmol), 2-(2,5-dioxopyrrolidin-1-yl)acetic acid (33 mg, 0.211 mmol) 

and HATU (87 mg, 0.230 mmol) were dissolved in CH2Cl2 (2 mL) at 

rt under air. DIPEA (0.100 mL, 0.575 mmol) was added and the resulting solution was stirred 

at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 (5 mL) and extracted with 

CH2Cl2 (2 x 5 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by formic 

MDAP. The pure fractions were concentrated in vacuo to afford N-(4-chloro-3-(pyrrolidin-1-

ylsulfonyl)phenyl)-2-(2,5-dioxopyrrolidin-1-yl)acetamide 3.059 (40 mg, 0.100 mmol, 52% 

yield) as a white solid. LCMS (Formic, ES+) tR = 0.85 min, m/z = 400.3; HRMS (C16H18ClN3O5S): 

[M+H]+ calculated 400.0734, found 400.0733; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.76 (s, 

1H), 8.06 (dd, J=8.8, 2.7 Hz, 1H), 7.96 (d, J=2.7 Hz, 1H), 7.44 (d, J=8.8 Hz, 1H), 4.41 (s, 2H), 

3.37–3.46 (m, 4H), 2.86 (s, 4H), 1.89–1.95 (m, 4H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 

176.9, 164.3, 136.8, 136.6, 132.7, 126.5, 124.6, 122.6, 47.9, 41.7, 28.3, 25.7; m.p. 195.5 – 

198.5 °C; IR νmax (cm-1) 3317, 2972, 1708, 1682, 1529, 1421, 1100, 586, 533. 
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N-(4-Chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(4,4-dimethyl-2,5-dioxoimidazolidin-1-

yl)acetamide (3.060) 

4-Chloro-3-(pyrrolidin-1-ylsulfonyl)aniline 3.056 (50 mg, 0.192 

mmol), 2-(4,4-dimethyl-2,5-dioxoimidazolidin-1-yl)acetic acid 

(39 mg, 0.211 mmol) and HATU (87 mg, 0.230 mmol) were 

dissolved in CH2Cl2 (2 mL) at rt under air. DIPEA (0.10 mL, 0.575 mmol) was added and the 

resulting solution was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 

(5 mL) and extracted with CH2Cl2 (2 x 5 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by formic MDAP. The pure fractions were concentrated in vacuo to afford N-(4-

chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(4,4-dimethyl-2,5-dioxoimidazolidin-1-yl)acetam 

ide 3.060 (57 mg, 0.133 mmol, 69% yield) as a white solid. LCMS (Formic, ES+) tR = 0.87 min, 

m/z = 429.3; HRMS (C17H21ClN4O5S): [M+H]+ calculated 429.0993, found 429.0995; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 8.82 (s, 1H), 8.08 (dd, J=8.8, 2.5 Hz, 1H), 7.96 (d, J=2.5 Hz, 1H), 

7.44 (d, J=8.8 Hz, 1H), 6.03 (s, 1H), 4.40 (s, 2H), 3.38–3.46 (m, 4H), 1.90–1.95 (m, 4H), 1.53 (s, 

6H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 177.0, 164.7, 156.0, 136.8, 132.6, 132.7, 126.4, 

124.5, 122.6, 59.7, 47.9, 41.6, 25.7, 25.0; m.p. 264.2 – 267.2 °C; IR νmax (cm-1) 3344, 2980, 

1714, 1531, 1450, 1304, 595. 

 

(±)-N-(4-Chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(4-methyl-2,5-dioxoimidazolidin-1-

yl)acetamide ((±)-3.061) 

2-Chloro-N-(4-chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl) 

acetamide 3.056 (100 mg, 0.297 mmol), (±)-5-

methylimidazolidine-2,4-dione (37 mg, 0.326 mmol), and K2CO3 

(53 mg, 0.386 mmol) were dissolved in acetone (1 mL). The resulting solution was heated to 

70 °C and stirred for 1 h. The reaction was allowed to cool before quenching with sat. aq. 

NaHCO3 (10 mL) and extracting with CH2Cl2 (3 x 10 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The pure fractions were concentrated in vacuo to 

afford (±)-N-(4-chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(4-methyl-2,5-dioxoimidazolidin-

1-yl)aceta mide (±)-3.061 (82 mg, 0.198 mmol, 67% yield). LCMS (Formic, ES+) tR = 0.82 min, 

m/z = 415.3; HRMS (C16H19ClN4O5S): [M+H]+ calculated 415.0843, found 415.0844; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 8.41 (s, 1H), 8.30–8.37 (m, 1H), 8.27 (d, J=2.7 Hz, 1H), 7.80 (dd, 
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J=8.8, 2.7 Hz, 1H), 7.63 (d, J=8.8 Hz, 1H), 4.14–4.24 (m, 3H), 3.24–3.35 (m, 4H), 1.79–1.88 (m, 

4H), 1.30 (d, J=6.8 Hz, 3H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 175.4, 166.0, 156.4, 138.3, 

136.8, 133.2, 124.8, 124.3, 121.7, 52.8, 48.1, 41.2, 25.6, 17.8; m.p. 130.9 – 134.9 °C; IR νmax 

(cm-1) 3321, 2981, 1702, 1454, 1152, 588. 

 

N-(4-Chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(2,4-dioxooxazolidin-3-yl)acetamide 

(3.062) 

2-Chloro-N-(4-chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)acetamide 

3.056 (50 mg, 0.148 mmol) and potassium 2,4-dioxooxazolidin-3-

ide (25 mg, 0.178 mmol) were dissolved in DMF (0.5 mL). The 

resulting solution was heated to 100 °C and stirred for 2 h. The reaction was allowed to cool,  

diluted with water (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The combined organics were 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude product. 

The crude product was purified by formic MDAP. The pure fractions were concentrated in 

vacuo to afford N-(4-chloro-3-(pyrrolidin-1-ylsulfonyl)phenyl)-2-(2,4-dioxooxazolidin-3-

yl)acetamide 3.062 (33 mg, 0.082 mmol, 55% yield) as a white solid. LCMS (formic, ES+) tR = 

0.89 min, m/z = 402.2; HRMS (C15H16ClN3O6S): [M+H]+ calculated 402.0527, found 402.0523; 

1H NMR (DMSO-d6, 400 MHz): δ (ppm) 10.75 (s, 1H), 8.26 (d, J=2.7 Hz, 1H), 7.80 (dd, J=8.8, 

2.7 Hz, 1H), 7.66 (d, J=8.8 Hz, 1H), 5.04 (s, 2H), 4.32 (s, 2H), 3.28–3.33 (m, 4H), 1.82–1.87 (m, 

4H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 171.4, 165.0, 156.2, 138.0, 136.9, 133.2, 125.1, 

124.5, 121.9, 69.2, 48.1, 42.6, 25.6; m.p. 230.6 – 233.1 °C; IR νmax (cm-1) 3343, 2980, 1745, 

1683, 1446, 1157, 534. 

 

 (S)-1-((2-Bromo-5-nitrophenyl)sulfonyl)-3-methylpyrrolidine ((S)-3.066) 

 2-Bromo-5-nitrobenzene-1-sulfonyl chloride 3.021 (1.70 g, 5.66 mmol) 

was taken up in CH2Cl2 (5 mL) under nitrogen and cooled in an ice bath. 

DIPEA (2.17 mL, 12.45 mmol) was added and the reaction stirred for 5 min 

before (S)-3-methylpyrrolidine hydrochloride (0.69 g, 5.66 mmol) was 

added. The reaction was stirred for 1 h before warming to rt. The reaction mixture was 

quenched with sat. aq. NaHCO3 (10 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined 

organics were washed with 2M HCl aq. (10 mL), filtered through a hydrophobic frit and 

concentrated in vacuo to give the crude product. The crude product was purified by silica 

chromatography, eluting with 0-40% EtOAc/cyclohexane. The pure fractions were 
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concentrated in vacuo to afford (S)-1-((2-bromo-5-nitrophenyl)sulfonyl)-3-methylpyrrolidine 

(S)-3.066 (1.77 g, 5.08 mmol, 90% yield) as a yellow solid. LCMS (Formic, ES+) tR = 1.17 min, 

m/z = 349.1, 351.1; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.89 (d, J=2.7 Hz, 1H), 8.21 (dd, 

J=8.8, 2.7 Hz, 1H), 7.95 (d, J=8.8 Hz, 1H), 3.56–3.67 (m, 2H), 3.45 (ddd, J=9.5, 8.6, 7.1 Hz, 1H), 

2.98 (dd, J=9.4, 7.9 Hz, 1H), 2.28–2.43 (m, 1H), 2.09 (dtd, J=12.7, 6.6, 3.9 Hz, 1H), 1.53–1.67 

(m, 1H), 1.07 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.8, 141.2, 127.7, 

127.2, 126.6, 126.1, 59.6, 54.8, 47.9, 33.7, 17.4; IR νmax (cm-1) 3000, 1595, 1528, 1331, 1153, 

1125, 1057, 1022, 880, 842, 774, 739, 697, 670. 

 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline ((S)-3.067) 

(S)-1-((2-Bromo-5-nitrophenyl)sulfonyl)-3-methylpyrrolidine (S)-3.066 

(2.92 g, 8.36 mmol), ammonium chloride (0.67 g, 12.54 mmol) and iron 

(2.36 g, 41.8 mmol) were dissolved in a 3:1 mixture of EtOH (20 mL) and 

water (7 mL). The resulting solution was heated to 70 °C for 2 h. The 

reaction was allowed to cool then filtered through a plug of Celite, washing with MeOH (50 

mL). The resulting solution was concentrated in vacuo and then partitioned with sat. aq. 

NaHCO3 (20 mL) and CH2Cl2 (20 mL). The layers were separated and the aq. extracted with 

CH2Cl2 (2 x 20 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford (S)-4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (2.62 g, 8.21 mmol, 98% yield) as an orange gum. LCMS (formic, ES+) tR = 1.00 min, m/z 

= 319.1, 321.1; HRMS (C11H15BrN2O2S): [M+H]+ calculated 319.0116, found 319.0114; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 7.41–7.49 (m, 2H), 6.67 (dd, J=8.4, 2.8 Hz, 1H), 3.92 (br. s., 2H), 

3.51-3.62 (m, 2H), 3.33-3.44 (m), 2.88-2.96 (m, 1H), 2.26-2.38 (m, 1H), 1.99-2.09 (m, 1H), 

1.50-1.57 (m, 1H), 1.05 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.0, 138.8, 

136.0, 119.4, 118.4, 106.8, 54.4, 47.5, 33.8, 33.6, 17.5; IR νmax (cm-1) 3467, 3371, 1591, 1468, 

1328, 1142, 584. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-chloroacetamide ((S)-3.068) 

DIPEA (0.273 mL, 1.566 mmol) was added to (S)-4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)aniline (S)-3.067 (500 mg, 1.566 mmol) 

in CH2Cl2 (5 mL). 2-Chloroacetyl chloride (0.125 mL, 1.566 mmol) was 

added and the reaction was stirred at rt for 1 h. The reaction was 

quenched with sat. NaHCO3 (20 mL) and extracted with CH2Cl2 (2 x 20 mL). The organic layers 
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were filtered through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. This was purified by silica chromatography, eluting with 0-50% (3:1 

EtOH:EtOAc)/cyclohexane. The pure fractions were concentrated in vacuo to afford (S)-N-(4-

bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-chloroacetamide (S)-3.068 (554 mg, 

1.400 mmol, 89% yield) as a yellow oil. LCMS (formic, ES+) tR = 1.08 min, m/z = 395.3, 397.3; 

HRMS (C13H16BrClN2O3S): [M+H]+ calculated 394.9832, found 394.9830; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 8.49 (br. s., 1H), 8.10 (d, J=2.7 Hz, 1H), 7.93 (dd, J=8.8, 2.7 Hz, 1H), 7.73 (d, 

J=8.8 Hz, 1H), 4.22 (s, 2H), 3.56–3.64 (m, 2H), 3.43 (td, J=9.0, 7.2 Hz, 1H), 2.96 (dd, J=9.0, 8.1 

Hz, 1H), 2.28–2.43 (m, 1H), 2.02–2.12 (m, 1H), 1.53–1.61 (m, 1H), 1.07 (d, J=6.6 Hz, 3H); 13C 

NMR (CDCl3-d, 101 MHz): δ (ppm) 164.3, 139.3, 136.5, 136.3, 124.5, 123.1, 115.1, 54.6, 47.7, 

42.8, 33.8, 33.6, 17.4; IR νmax (cm-1) 3301, 2961, 1718, 1532, 1460, 1150, 591. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(2-oxo-2,3-dihydro-1H-

benzo[d]imidazol-1-yl)acetamide ((S)-3.065) 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-

chloroacetamide (S)-3.068 (50 mg, 0.126 mmol), 1,3-dihydro-

2H-benzo[d]imidazol-2-one (19 mg, 0.139 mmol), and K2CO3 

(23 mg, 0.164 mmol) were dissolved in acetone (1 mL). The 

resulting solution was heated to 70 °C and stirred for 1 h. The reaction was allowed to cool 

before quenching with sat. aq. NaHCO3 (10 mL) and extracting with CH2Cl2 (2 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by formic MDAP. The pure fractions 

were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-1-yl)acetamide (S)-3.065 (7 

mg, 0.014 mmol, 11% yield) as an off-white solid. LCMS (formic, ES+) tR = 1.03 min, m/z = 

493.2, 495.2; HRMS (C20H21BrN4O4S): [M+H]+ calculated 493.0545, found 493.0544; 1H NMR 

(MeOD-d4, 400 MHz): δ (ppm) 8.33 (d, J=2.4 Hz, 1H), 7.69–7.79 (m, 2H), 7.06–7.15 (m, 4H), 

4.76 (s, 2H), 3.49–3.60 (m, 2H), 3.35–3.43 (m, 1H), 2.92 (dd, J=9.4, 7.7 Hz, 1H), 2.25–2.39 (m, 

1H), 1.99–2.12 (m, 1H), 1.57 (dd, J=12.3, 8.4 Hz, 1H), 1.03 (d, J=6.8 Hz, 3H); Amide NH and 

benzoimidazolone NH not visible. 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(2-oxobenzo[d]oxazol-

3(2H)-yl)acetamide ((S)-3.069) 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-

chloroacetamide (S)-3.068 (50 mg, 0.126 mmol), 

benzo[d]oxazol-2(3H)-one (20 mg, 0.152 mmol) and K2CO3 (23 

mg, 0.164 mmol) were dissolved in acetone (1 mL). The 

resulting solution was heated to 60 °C and stirred for 1 h. The reaction was allowed to cool 

before quenching with sat. aq. NaHCO3 (10 mL) and extracting with CH2Cl2 (3 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by formic MDAP. The pure fractions 

were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(2-oxobenzo[d]oxazol-3(2H)-yl)acetamide (S)-3.069 (35 mg, 0.071 

mmol, 56% yield) as a cream solid. LCMS (formic, ES+) tR = 1.15 min, m/z = 394.0, 396.0; HRMS 

(C20H20BrN3O5S): [M+H]+ calculated 494.0385, found 494.0384; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 8.95 (s, 1H), 8.11 (d, J=2.7 Hz, 1H), 7.94 (dd, J=8.8, 2.7 Hz, 1H), 7.64 (d, J=8.8 Hz, 1H), 

7.13–7.27 (m, 3H), 7.10 (dd, J=7.5, 1.6 Hz, 1H), 4.73 (s, 2H), 3.52–3.63 (m, 2H), 3.40 (td, J=9.0, 

7.1 Hz, 1H), 2.92 (dd, J=9.4, 7.9 Hz, 1H), 2.27–2.38 (m, 1H), 1.98–2.10 (m, 1H), 1.57 (dq, 

J=12.3, 8.5 Hz, 1H), 1.04 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 164.5, 155.1, 

142.7, 138.6, 137.2, 136.3, 130.8, 124.7, 124.4, 123.2, 123.0, 114.3, 110.4, 109.1, 54.6, 47.8, 

45.7, 33.8, 33.6, 17.4. 

 

(S)-2-(1H-Benzo[d][1,2,3]triazol-1-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phe 

nyl)acetamide ((S)-3.070) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (50 mg, 0.157 mmol), 2-(1H-benzo[d][1,2,3]triazol-1-

yl)acetic acid (28 mg, 0.157 mmol) and HATU (89 mg, 0.235 

mmol) were dissolved in CH2Cl2 (2 mL) at rt under air. DIPEA 

(0.082 mL, 0.470 mmol) was added and the resulting solution was stirred at rt for 1 h. The 

reaction was quenched with sat. aq. NaHCO3 (5 mL) and extracted with CH2Cl2 (2 x 5 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by formic MDAP. The pure fractions 

were concentrated in vacuo to afford (S)-2-(1H-benzo[d][1,2,3]triazol-1-yl)-N-(4-bromo-3-

((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.070 (59 mg, 0.123 mmol, 79% 
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yield) as a white solid. LCMS (formic, ES+) tR = 1.13 min, m/z = 478.1, 480.1; HRMS 

(C19H20BrN5O3S): [M+H]+ calculated 478.0548, found 478.0551; 1H NMR (DMSO-d6, 400 MHz): 

δ (ppm) 11.02 (s, 1H), 8.30 (d, J=2.8 Hz, 1H), 8.07 (d, J=8.3 Hz, 1H), 7.80–7.89 (m, 2H), 7.70–

7.77 (m, 1H), 7.57 (ddd, J=8.2, 7.1, 1.0 Hz, 1H), 7.43 (ddd, J=8.2, 7.1, 1.0 Hz, 1H), 5.74 (s, 2H), 

3.37–3.50 (m, 2H), 3.23–3.33 (m, 1H), 2.82 (dd, J=9.3, 7.8 Hz, 1H), 2.24 (dq, J=14.7, 7.2 Hz, 

1H), 1.90–2.03 (m, 1H), 1.48 (dq, J=12.3, 8.3 Hz, 1H), 0.93 (d, J=6.8 Hz, 3H); 13C NMR (DMSO-

d6, 101 MHz): δ (ppm) 165.0, 145.0, 138.3, 138.1, 136.2, 133.8, 127.4, 124.0, 123.9, 121.6, 

119.0, 112.5, 110.9, 54.2, 50.4, 47.3, 33.0, 32.8, 17.1. 

 

(S)-2-(Benzo[d]isoxazol-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl) 

acetamide ((S)-3.071) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (50 mg, 0.157 mmol) was dissolved in CH2Cl2 (3 mL). 2-

(Benzo[d]isoxazol-3-yl)acetic acid (28 mg, 0.157 mmol) and 

DIPEA (0.082 mL, 0.470 mmol) were added and the solution 

stirred at rt for 5 min. T3P (50% w/w in EtOAc, 1.438 mL, 0.157 mmol) was added and the 

reaction was stirred at rt for 1 h. The reaction was concentrated in vacuo and the residue was 

partitioned between CH2Cl2 and sat. NaHCO3 (15 mL each). The aq. layer was re-extracted 

with CH2Cl2 (15 mL). The combined organics were eluted through a hydrophobic frit then 

concentrated in vacuo to give the crude product. The crude product was purified by formic 

MDAP.  The pure fractions were concentrated in vacuo to afford (S)-2-(benzo[d]isoxazol-3-

yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.071 (41 mg, 

0.086 mmol, 55% yield) as a white solid.  LCMS (formic, ES+) tR = 1.21 min; m/z = 478.1, 480.1; 

HRMS (C20H20BrN3O4S): [M+H]+ calculated 478.0436, found 478.0432; 1H NMR (DMSO-d6, 400 

MHz): δ (ppm) 10.91 (br. s., 1H), 8.33 (d, J=2.4 Hz, 1H), 7.92 (d, J=8.1 Hz, 1H), 7.81 (d, J= 8.6 

Hz, 1H), 7.72–7.78 (m, 2H), 7.67 (ddd, J= 7.5, 7.5, 1.2 Hz, 1H), 7.41 (dd, J=7.5, 7.5 Hz, 1H), 4.22 

(s, 2H), 3.38–3.51 (m, 2H), 3.25–3.29 (m, 1H), 2.79–2.86 (m, 1H), 2.26 (dq, J=14.5, 7.2 Hz, 1H), 

1.94–2.06 (m, 1H), 1.50 (dq, J=12.2, 8.3 Hz, 1H), 0.95 (d, J=6.6 Hz, 3H); 13C NMR (DMSO-d6, 

101 MHz): δ (ppm) 167.0, 162.9, 154.3, 139.0, 138.8, 136.6, 130.8, 124.4, 124.2, 123.2, 121.9, 

121.9, 112.7, 110.1, 54.7, 47.8, 33.7, 33.5, 33.4, 17.6; m.p. 61.3 – 64.9 °C; IR νmax (cm-1) 3326, 

2961, 1674, 1583, 1522, 1459, 1380, 1322, 1141, 750. 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(1H-indazol-3-yl)acetamide 

((S)-3.072) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline 3.067 

(32 mg, 0.100 mmol) was reacted with 2-(1H-indazol-3-yl)acetic 

acid (25 mg, 0.140 mmol) according to general procedure C to 

afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)-2-(1H-indazol-3-yl)acetamide (S)-3.072 (10 mg, 0.022 mmol, 19%). LCMS (formic, 

ES+) tR = 1.11 min; m/z = 477.0, 479.0; 1H NMR (DMSO-d6, 600 MHz): δ (ppm) 8.32–8.40 (m, 

1H), 7.80 (d, J=8.7 Hz, 3H), 7.45–7.56 (m, 1H), 7.30–7.38 (m, 1H), 7.07–7.13 (m, 1H), 4.05 (s, 

2H), 3.44–3.50 (m, 2H), 3.27–3.31 (m, 1H), 2.77–2.88 (m, 1H), 2.20–2.31 (m, 1H), 1.94–2.07 

(m, 1H), 1.44–1.55 (m, 1H), 0.97 (d, J=6.6 Hz, 3H); Indazole NH and amide NH not visible. 

 

(S)-2-(Benzofuran-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl) 

acetamide ((S)-3.073) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (50 mg, 0.157 mmol) and 2-(benzofuran-3-yl)acetic acid 

(33 mg, 0.188 mmol) were dissolved in CH2Cl2 (2 mL) at rt under 

air. DIPEA (0.082 mL, 0.470 mmol) was added, followed by T3P 

(50% w/w in EtOAc, 0.131 mL, 0.219 mmol) and the resulting solution was stirred at rt for 1 

h. The reaction was quenched with sat. aq. NaHCO3 (5 mL) and extracted with CH2Cl2 (2 x 5 

mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by formic MDAP. The pure 

fractions were concentrated in vacuo to afford (S)-2-(benzofuran-3-yl)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.073 (48 mg, 0.101 mmol, 64% yield) as 

a cream solid. LCMS (formic, ES+) tR = 1.29 min, m/z = 477.1, 479.1; HRMS (C21H21BrN2O4S): 

[M+H]+ calculated 477.0484, found 477.0491; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.04 (s, 

1H), 7.98 (dd, J=8.7, 2.5 Hz, 1H), 7.90 (d, J=2.5 Hz, 1H), 7.73 (s, 1H), 7.61–7.66 (m, 2H), 7.53 

(d, J=8.1 Hz, 1H), 7.35 (td, J=7.7, 1.3 Hz, 1H), 7.24–7.31 (m, 1H), 3.84 (s, 2H), 3.48–3.58 (m, 

2H), 3.36 (td, J=9.0, 7.2 Hz, 1H), 2.89 (dd, J=9.0, 8.2 Hz, 1H), 2.20–2.35 (m, 1H), 1.97–2.06 (m, 

1H), 1.53 (dq, J=12.3, 8.6 Hz, 1H), 1.01 (d, J=6.5 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 

168.5, 155.5, 143.4, 138.6, 137.5, 136.2, 127.2, 125.0, 124.7, 123.1, 122.8, 119.6, 113.9, 

113.2, 111.8, 54.6, 47.7, 33.8, 33.6, 32.8, 17.4; m.p. 134.0 – 138.5 °C; IR νmax (cm-1) 3338, 

2964, 1673, 1583, 1521, 1453, 1143, 746, 587. 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(1H-indazol-1-yl)acetamide 

((S)-3.074) 

 (S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (32 mg, 0.100 mmol) was reacted with 2-(1H-indazol-1-

yl)acetic acid (25 mg, 0.140 mmol) according to general 

procedure C to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl) phenyl)-2-(1H-indazol-1-yl)acetamide (S)-3.074 (7 mg, 0.016 mmol, 14%). LCMS 

(formic, ES+) tR = 1.17 min; m/z = 477.0, 479.0; 1H NMR (DMSO-d6, 600 MHz): δ (ppm) 8.32 (d, 

J=2.6 Hz, 1H), 8.12 (s, 1H), 7.78–7.84 (m, 2H), 7.74 (dd, J=8.7, 2.6 Hz, 1H), 7.67 (d, J=8.7 Hz, 

1H), 7.41 (dd, J=7.5, 7.5 Hz, 1H), 7.17 (dd, J=7.5, 7.5 Hz, 1H), 5.36 (s, 2H), 3.46 (dd, J=9.4, 7.2 

Hz, 2H), 3.28 (dd, J=7.9, 1.9 Hz, 1H), 2.82 (dd, J=9.4, 7.9 Hz, 1H), 2.20–2.29 (m, 1H), 1.94–2.02 

(m, 1H), 1.43–1.53 (m, 1H), 0.93 (d, J=6.6 Hz, 3H); Amide NH not visible. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(imidazo[1,2-a]pyridin-3-

yl)acetamide ((S)-3.075) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-

3.067 (50 mg, 0.157 mmol), 2-(imidazo[1,2-a]pyridin-3-yl)acetic 

acid (28 mg, 0.157 mmol) and HATU (89 mg, 0.235 mmol) were 

dissolved in CH2Cl2 (2 mL) at rt under air. DIPEA (0.082 mL, 0.470 

mmol) was added and the resulting solution was stirred at rt for 1 h. The reaction was 

quenched with sat. aq. NaHCO3 (5 mL) and extracted with CH2Cl2 (2 x 5 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by formic MDAP. The pure fractions were 

concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-

2-(imidazo[1,2-a]pyridin-3-yl)acetamide 3.075 (66 mg, 0.138 mmol, 88% yield) as a white 

solid. LCMS (formic, ES+) tR = 0.69 min, m/z = 477.2, 479.2; 1H NMR (DMSO-d6, 400 MHz): δ 

(ppm) 10.70 (s, 1H), 8.40 (d, J=7.0 Hz, 1H), 8.31 (d, J=2.5 Hz, 1H), 7.81 (d, J=8.5 Hz, 1H), 7.75 

(dd, J=8.5, 2.5, 1H), 7.56 (d, J=9.0 Hz, 1H), 7.50 (s, 1H), 7.24 (ddd, J=9.0, 6.8, 1.3 Hz, 1H), 6.93 

(td, J=6.8, 1.0 Hz, 1H), 4.14 (s, 2H), 3.38–3.49 (m, 2H), 3.23–3.32 (m, 1H), 2.82 (dd, J=9.3, 7.8 

Hz, 1H), 2.24 (dq, J=14.7, 7.2 Hz, 1H), 1.92–2.03 (m, 1H), 1.49 (dq, J=12.3, 8.3 Hz, 1H), 0.94 (d, 

J=6.8 Hz, 3H); 13C NMR (DMSO-d6, 101MHz): d (ppm) 167.7, 162.9, 144.8, 138.7, 138.1, 136.0, 

132.6, 125.0, 123.8, 121.4, 118.4, 116.9, 111.9, 111.6, 54.2, 47.3, 33.0, 32.8, 31.7, 17.1; 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-cyano-1H-

benzo[d][1,2,3]triazol-1-yl)acetamide ((S)-3.076) and (S)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-cyano-1H-benzo[d][1,2,3]triazol-1-

yl)acetamide ((S)-3.077) 

 (S)-N-(4-Bromo-3-((3-

methylpyrrolidin-1-yl) 

sulfonyl)phenyl)-2-chloro 

acetamide (S)-3.068 (50 

mg, 0.126 mmol), 1H-benzo[d][1,2,3]triazole-5-carbonitrile (22 mg, 0.152 mmol), and K2CO3 

(23 mg, 0.164 mmol) were dissolved in acetone (1 mL). The resulting solution was heated to 

60 °C and stirred for 1 h. The reaction was allowed to cool before quenching with sat. aq. 

NaHCO3 (10 mL) and extracting with CH2Cl2 (3 x 10 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The fractions containing the desired products were 

concentrated in vacuo to afford a mixture of regioisomers. The regioisomers were dissolved 

in EtOH (5mL) and injected onto the column (column: 250 mm x 30 mm Chiralpak AD-H, 5 

μm), eluting with 50% EtOH/heptane, flow rate = 43 mL min-1, detection wavelength 280 nm.  

The pure fractions were concentrated in vacuo to afford first eluter (S)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-cyano-1H-benzo[d][1,2,3]triazol-1-yl)acetamide 

(S)-3.076 (19 mg, 0.038 mmol, 30% yield) as a white solid and second eluter (S)-N-(4-bromo-

3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-cyano-1H-benzo[d][1,2,3] triazol-1-

yl)acetamide (S)-3.077 (15 mg, 0.030 mmol, 24% yield) as a white solid.  

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-cyano-1H-benzo[d][1,2,3] 

triazol-1-yl)acetamide ((S)-3.076): 

LCMS (formic, ES+) tR = 1.10 min, m/z = 503.1, 505.1; HRMS (C20H19BrN6O3S): [M+H]+ 

calculated 503.0501, found 503.0504; 1H NMR (DMSO-d6, 600 MHz): δ (ppm) 11.05 (s, 1H), 

8.68 (d, J=1.5 Hz, 1H), 8.27–8.34 (m, 2H), 7.77–7.86 (m, 2H), 7.72 (dd, J=8.7, 2.6 Hz, 1H), 5.82 

(s, 2H), 3.38–3.51 (m, 2H), 3.25–3.29 (m, 1H), 2.83 (dd, J=9.4, 7.7 Hz, 1H), 2.25 (td, J=7.8, 6.8 

Hz, 1H), 1.93–2.04 (m, 1H), 1.49 (dd, J=12.3, 8.4 Hz, 1H), 0.94 (d, J=6.8 Hz, 3H); 13C NMR 

(DMSO-d6, 151 MHz): δ (ppm) 164.6, 146.2, 138.3, 137.8, 136.2, 133.4, 126.2, 124.0, 121.6, 

120.8, 118.6, 117.9, 112.5, 109.6, 54.2, 50.8, 47.3, 33.0, 32.8, 17.1. 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-cyano-1H-benzo[d][1,2,3] 

triazol-1-yl)acetamide ((S)-3.077): 

LCMS (formic, ES+) tR = 1.10 min, m/z = 503.1, 505.1; HRMS (C20H19BrN6O3S): [M+H]+ 

calculated 503.0501, found 503.0497; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 11.06 (s, 1H), 

8.82 (t, J=1.1 Hz, 1H), 8.30 (d, J=2.7 Hz, 1H), 8.12 (d, J=8.6 Hz, 1H), 7.95 (dd, J=8.6, 1.5 Hz, 1H), 

7.83 (d, J=8.6 Hz, 1H), 7.73 (dd, J=8.6, 2.7 Hz, 1H), 5.82 (s, 2H), 3.40–3.48 (m, 2H), 3.23–3.29 

(m, 1H), 2.82 (dd, J=9.3, 7.6 Hz, 1H), 2.19–2.30 (m, 1H), 1.93–2.05 (m, 1H), 1.48 (dd, J=12.2, 

8.3 Hz, 1H), 0.89–0.99 (m, 3H); 13C NMR (DMSO-d6, 151 MHz): δ (ppm) 164.7, 144.1, 138.3, 

138.0, 136.2, 135.7, 129.7, 125.8, 124.0, 121.6, 118.7, 113.0, 112.6, 106.6, 54.1, 50.7, 47.3, 

33.0, 32.8, 17.1. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-(hydroxymethyl)-1H-

benzo[d][1,2,3]triazol-1-yl)acetamide) ((S)-3.078) and (S)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(hydroxymethyl)-1H-benzo[d][1,2,3]triazol-1-

yl)acetamide ((S)-3.079) 

 (S)-N-(4-Bromo-3-((3-

methylpyrrolidin-1-yl) 

sulfonyl)phenyl)-2-chlo 

roacetamide (S)-3.068 

(150 mg, 0.379 mmol), (1H-benzo[d][1,2,3]triazol-5-yl)methanol (68 mg, 0.455 mmol) and 

K2CO3 (68 mg, 0.493 mmol) were dissolved in acetone (5 mL) at rt under air. The resulting 

solution was heated to 60 °C for 2 h. The reaction was allowed to cool before quenching with 

sat. aq. NaHCO3 (10 mL) and extracting with CH2Cl2 (2 x 10 mL). The combined organics were 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude product. 

The crude product was purified by formic MDAP to afford a mixture of regioisomers. The 

regioisomers were dissolved in EtOH (5mL) and injected onto the column (column: 250 mm 

x 30 mm Chiralpak AD-H, 5 μm), eluting with 50% EtOH/heptane, flow rate = 43 mL min-1, 

detection wavelength 280 nm. The pure fractions were concentrated in vacuo to afford first 

eluter (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-(hydroxymethyl)-

1H-benzo[d] [1,2,3]triazol -1-yl)acetamide (S)-3.078 (46 mg, 0.90 mmol, 24% yield) and 

second eluter (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-

(hydroxymethyl)-1H-benzo[d] [1,2,3]triazol-1-yl)acetamide (S)-3.079 (43 mg, 0.085 mmol, 

22% yield). 
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(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(6-(hydroxymethyl)-1H-benzo 

[d][1,2,3]triazol-1-yl)acetamide) ((S)-3.078): 

 LCMS (formic, ES+) tR = 0.96 min, m/z = 508.1, 510.2; HRMS (C20H22BrN5O4S): [M+H]+ 

calculated 508.0654, found 508.0653; 1H NMR (CDCl3-d, 600 MHz): δ (ppm) 8.12 (d, J=2.0, Hz, 

1H), 7.68 (d, J=8.4 Hz, 1H), 7.57 (s, 1H), 7.46–7.51 (m, 1H), 7.41 (d, J=8.8 Hz, 1H), 7.07 (d, J=9.2 

Hz, 1H), 5.47 (br. s., 2H), 4.69 (br. s., 2H), 4.30 (br. s., 1H), 3.35–3.46 (m, 2H), 3.20-3.26 (m, 

1H), 2.77 (t, J=8.8 Hz, 1H), 2.13–2.23 (m, 1H), 1.87–1.95 (m, 1H), 1.38–1.47 (m, 1H), 0.92 (d, 

J= 6.6 Hz, 3H); Amide NH not visible; 13C NMR (CDCl3-d, 151 MHz): δ (ppm) 164.9, 144.7, 142.3, 

138.3, 137.2, 135.9, 134.0, 124.6, 123.7, 122.9, 119.0, 114.1, 107.1, 64.2, 63.6, 54.5, 47.6, 

33.7, 33.5, 17.3. 

 

(S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(hydroxymethyl)-1H-benzo 

[d][1,2,3]triazol-1-yl)acetamide ((S)-3.079): 

LCMS (formic, ES+) tR = 0.97 min, m/z = 508.1, 510.2; HRMS (C20H22BrN5O4S): [M+H]+ 

calculated 508.0654, found 508.0655; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.42 (br. s., 1H), 

8.17 (d, J=2.6 Hz, 1H), 7.79 (s, 1H), 7.72 (dd, J=8.6, 2.6 Hz, 1H), 7.55 (d, J=8.6 Hz, 1H), 7.45–

7.52 (m, 1H), 7.37–7.45 (m, 1H), 5.51 (s, 2H), 4.75 (s, 2H), 3.45–3.56 (m, 2H), 3.28–3.37 (m, 

1H), 2.86 (dd, J=9.3, 8.1 Hz, 1H), 2.19–2.35 (m, 1H), 1.93–2.08 (m, 1H), 1.43–1.58 (m, 1H), 

0.99 (d, J=6.6 Hz, 3H); OH not visible; 13C NMR (CDCl3-d, 151 MHz): δ (ppm) 165.0, 145.3, 

138.8, 138.3, 138.1, 136.2, 133.1, 126.9, 124.0, 121.6, 115.7, 112.5, 110.5, 62.7, 54.2, 50.5, 

47.3, 33.0, 32.8, 17.1. 

 

Methyl (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2- 

oxoethyl)-1H-benzo[d][1,2,3]triazole-5-carboxylate) ((S)-3.080) and methyl (S)-1-(2-((4-

bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-

benzo[d][1,2,3]triazole-6-carboxylate ((S)-3.081) 

 (S)-N-(4-Bromo-3-

((3-methylpyrrolidin-

1-yl)sulfonyl)phenyl)-

2-chloroacetamide 

(S)-3.068 (50 mg, 0.126 mmol), methyl 1H-benzo[d][1,2,3]triazole-5-carboxylate (27 mg, 

0.152 mmol) and K2CO3 (23 mg, 0.164 mmol) were dissolved in acetone (1 mL). The resulting 

solution was heated to 60 °C and stirred for 1 h. The reaction was allowed to cool before 
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quenching with sat. aq. NaHCO3 (10 mL) and extracting with CH2Cl2 (3 x 10 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by formic MDAP to afford a mixture of 

regioisomers. The regioisomers were dissolved in EtOH (5mL) and injected onto the column 

(column: 250 mm x 30 mm Chiralpak IF, 5 μm), eluting with MeOH + 2% isopropylamine, flow 

rate = 43 mL    min-1, detection wavelength 280 nm. The pure fractions were concentrated in 

vacuo to afford first eluter methyl (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-benzo[d][1,2,3]triazole-5-carboxylate 3.081 (13 

mg, 0.024 mmol, 19% yield) and second eluter methyl (S)-1-(2-((4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-benzo[d][1,2,3]triazole-6-

carboxylate (S)-3.080 (19 mg, 0.035 mmol, 28% yield). 

 

Methyl (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-

1H-benzo[d][1,2,3]triazole-6-carboxylate ((S)-3.080): 

LCMS (formic, ES+) tR = 1.13 min, m/z = 536.1, 538.1; HRMS (C21H22BrN5O4S): [M+H]+ 

calculated 536.0603, found 536.0602; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.64–8.71 (m, 

1H), 8.30 (d, J=2.4 Hz, 1H), 8.13 (dd, J=8.8, 1.5 Hz, 1H), 8.00 (d, J=8.8 Hz, 1H), 7.77-7.85 (m, 

1H), 7.68–7.76 (m, 1H), 5.79 (s, 2H), 3.93 (s, 3H), 3.37–3.48 (m, 2H), 3.24–3.27 (m, 1H), 2.81 

(dd, J=9.4, 7.7 Hz, 1H), 2.24 (td, J=7.8, 6.7 Hz, 1H), 1.92–2.03 (m, 1H), 1.48 (dd, J=12.2, 8.3 Hz, 

1H), 0.93 (d, J=6.6 Hz, 3H); Amide NH not visible; 13C NMR (DMSO-d6, 151 MHz): δ (ppm) 

165.9, 164.9, 144.7, 138.2, 136.2, 136.2, 136.2, 127.6, 125.7, 124.1, 121.6, 121.3, 112.4, 

111.6, 54.2, 52.4, 50.7, 47.3, 33.0, 32.8, 17.1. 

 

Methyl (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-

1H-benzo[d][1,2,3] triazole-5-carboxylate) ((S)-3.081): 

LCMS (formic, ES+) tR = 1.13 min, m/z = 536.1, 538.1; HRMS (C21H22BrN5O4S): [M+H]+ 

calculated 536.0603, found 536.0600; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.82 (t, J=1.1 

Hz, 1H), 8.30 (d, J=2.7 Hz, 1H), 8.12 (d, J=8.6 Hz, 1H), 7.95 (dd, J=8.6, 1.5 Hz, 1H), 7.83 (d, J=8.6 

Hz, 1H), 7.73 (dd, J=8.6, 2.7 Hz, 1H), 5.82 (s, 2H), 3.92 (s, 3H), 3.40–3.48 (m, 2H), 3.23–3.29 

(m, 1H), 2.82 (dd, J=9.3, 7.6 Hz, 1H), 2.19–2.30 (m, 1H), 1.93–2.05 (m, 1H), 1.46–1.50 (m, 1H), 

0.95 (d, J= 6.6 Hz, 3H); Amide NH not visible; 13C NMR (DMSO-d6, 151 MHz): δ (ppm) 165.9, 

165.0, 147.0, 138.3, 138.2, 136.2, 133.8, 128.5, 124.1, 124.0, 121.5, 119.4, 113.7, 112.4, 54.2, 

52.5, 50.8, 47.3, 33.0, 32.8, 17.1. 
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(S)-1-(2-((4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-

benzo[d][1,2,3]triazole-5-carboxylic acid ((S)-3.080a) 

LiOH (31 mg, 1.272 mmol) and ethyl (S)-1-(2-((4-bromo-

3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-

oxoethyl)-1H-benzo[d][1,2,3]triazole-5-carboxylate (S)-

3.080 (350 mg, 0.636 mmol) were dissolved in THF (0.5 

mL) and water (0.5 mL). The resulting solution was stirred at 50 °C  for 2 h. The reaction was 

allowed to cool before being acidified with 2 M HCl aq. (20 mL) and extracted with EtOAc (2 

x 20 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-

oxoethyl)-1H-benzo[d][1,2,3]triazole-5-carboxylic acid (S)-3.080a (284 mg, 0.544 mmol, 86% 

yield) as a white solid. LCMS (formic, ES+) tR = 1.02 min, m/z = 522.1, 524.1; 1H NMR (MeOD-

d4, 400 MHz): δ (ppm) 8.71–8.75 (m, 1H), 8.35 (d, J=2.4 Hz, 1H), 8.24 (dd, J=8.8, 1.5 Hz, 1H), 

7.84 (d, J=8.3 Hz, 1H), 7.71–7.80 (m, 2H), 5.74 (s, 2H), 3.49–3.66 (m, 2H), 3.38 (dt, J=8.5, 1.3 

Hz, 1H), 2.92 (dd, J=9.5, 7.8 Hz, 1H), 2.26–2.37 (m, 1H), 2.02–2.08 (m, 1H), 1.57 (dd, J=12.2, 

8.5 Hz, 1H), 0.98–1.07 (m, 3H); Acid OH and amide NH not visible. 

 

(S)-1-(2-((4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-oxoethyl)-N-

(oxetan-3-ylmethyl)-1H-benzo[d][1,2,3]triazole-5-carboxamide ((S)-3.082) 

(S)-1-(2-((4-Bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-

benzo[d][1,2,3]triazole-5-carboxylic acid (S)-3.080a 

(40 mg, 0.077 mmol), oxetan-3-ylmethanamine, 

hydrochloride (13 mg, 0.107 mmol) and HATU (35 mg, 0.092 mmol) were dissolved in CH2Cl2 

(2 mL). DIPEA (0.040 mL, 0.230 mmol) was added and the resulting solution was stirred at rt 

for 1 h. The reaction was quenched with sat. aq. NaHCO3 (5 mL) and extracted with CH2Cl2 (2 

x 5 mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by HPH MDAP. The pure 

fractions were concentrated in vacuo to afford (S)-1-(2-((4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)amino)-2-oxoethyl)-N-(oxetan-3-ylmethyl)-1H-benzo[d][1,2,3]triazole-5-

carboxamide (S)-3.082 (15 mg, 0.026 mmol, 34% yield) as a white solid. LCMS (formic, ES+) tR 

= 0.95 min, m/z = 591.3, 593.2; HRMS (C24H27BrN6O5S): [M+H]+ calculated 591.1025, found 

591.1026; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.88 (s, 1H), 8.37 (s, 1H), 8.15 (d, J=2.5 Hz, 
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1H), 7.91 (dd, J=8.8, 1.5 Hz, 1H), 7.84 (dd, J=8.8, 2.5 Hz, 1H), 7.47–7.61 (m, 3H), 5.65 (s, 2H), 

4.87 (dd, J=7.8, 6.4 Hz, 2H), 4.56 (t, J=6.0 Hz, 2H), 3.81 (t, J=6.2 Hz, 2H), 3.45–3.56 (m, 2H), 

3.27–3.42 (m, 2H), 2.86 (t, J=8.6 Hz, 1H), 2.28 (dd, J=15.8, 7.2 Hz, 1H), 1.95–2.07 (m, 1H), 

1.46–1.59 (m, 1H), 1.00 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101MHz): δ (ppm) 167.4, 164.1, 

145.0, 138.5, 137.2, 136.2, 135.1, 131.5, 127.7, 124.8, 123.1, 118.4, 114.4, 75.2, 54.6, 47.6, 

42.7, 35.0, 33.8, 33.5, 17.4, 0.0; m.p. 131.5 – 137.0 °C; IR νmax (cm-1) 3267, 2970, 1639, 1531, 

1300, 1152, 621, 585. 

 

(S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)acetamide ((S)-3.083) and (S)-2-(3H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-

(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide ((S)-3.084) 

Method 1: (S)-N-(4-

Bromo-3-((3-

methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-

chloroacetamide (S)-3.068 (350 mg, 0.885 mmol), 1H-[1,2,3]triazolo[4,5-c]pyridine (127 mg, 

1.061 mmol) and K2CO3 (159 mg, 1.150 mmol) were dissolved in acetone (3 mL). The resulting 

solution was heated to 80 °C and stirred for 12 h. The reaction was allowed to cool before 

quenching with sat. aq. NaHCO3 (10 mL) and extracting with CH2Cl2 (3 x 10 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by TFA MDAP. Fractions containing the 

desired products were collected separately and concentrated in vacuo to afford (S)-2-(3H-

[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl) 

acetamide (S)-8.084 (59 mg, 0.123 mmol, 14% yield) as a white solid and (S)-3.083 which 

required further purification. This was re-purified using formic MDAP. The pure fractions 

were concentrated in vacuo to afford (S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-

bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl) acetamide (S)-8.083 (67 mg, 0.140 

mmol, 16% yield) as a white solid.  

 

Method 2: Synthesis of (S)-2-(1H-[1,2,3]Triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl) acetamide ((S)-8.083): tert-Butyl 2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate 3.120 (176 mg, 0.752 mmol) was dissolved in HCl (4 

M in dioxane, 1.566 mL, 6.27 mmol) and stirred at 40 °C overnight. The reaction was 
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concentrated in vacuo to afford the crude acid. (S)-4-Bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)aniline (S)-3.067 (200 mg, 0.627 mmol) dissolved in CH2Cl2 (10 mL) was added to 

the crude acid. HATU (286 mg, 0.752 mmol) and DIPEA (0.328 mL, 1.880 mmol) were added, 

and the resulting solution was stirred at rt for 2 h. The reaction was quenched with sat. aq. 

NaHCO3 (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by silica chromatography, eluting with 0-50% EtOAc/cyclohexane. The 

pure fractions were concentrated in vacuo to afford (S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-

yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl) acetamide (S)-3.083 (220 mg, 

0.459 mmol, 73% yield) as a cream solid.  

 

(S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide ((S)-3.083): 

LCMS (formic, ES+) tR = 0.91 min, m/z = 479.2, 481.2; HRMS (C18H19BrN6O3S): [M+H]+ 

calculated 479.0501, found 479.0500; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 9.89–10.00 (m, 

1H), 8.67–8.80 (m, 1H), 8.38 (d, J=2.5 Hz, 2H), 7.76 (d, J=8.7 1H), 7.67 (dd, J=8.7, 2.5 Hz, 1H), 

5.93 (s, 2H), 3.47–3.57 (m, 2H), 3.34–3.41 (m, 1H), 2.90 (dd, J=9.3, 7.8 Hz, 1H), 2.24–2.36 (m, 

1H), 2.00–2.04 (m, 1H), 1.47–1.61 (m, 1H), 1.01 (d, J=6.6 Hz, 3H); Amide NH not visible; 13C 

NMR (MeOD-d4, 101 MHz): δ (ppm) 164.0, 142.1, 140.9, 140.0, 138.9, 137.7, 136.8, 136.0, 

124.2, 122.3, 113.6, 109.5, 54.3, 50.9, 47.4, 33.6, 33.1, 16.2; m.p. 141.5 – 143.0 °C; IR νmax 

(cm-1) 3572, 2957, 1704, 1586, 1610, 1462, 1316, 1138, 818, 618. 

 

(S)-2-(3H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide ((S)-3.084): 

LCMS (formic, ES+) tR = 0.98 min, m/z = 479.2, 481.2; HRMS (C18H19BrN6O3S): [M+H]+ 

calculated 479.0501, found 479.0501; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 11.09 (s, 1H), 

9.47 (d, J=1.5 Hz, 1H), 8.55 (d, J=5.9 Hz, 1H), 8.31 (d, J=2.7 Hz, 1H), 8.16 (dd, J=5.9, 1.5 Hz, 

1H), 7.84 (d, J=8.7 Hz, 1H), 7.73 (dd, J=8.7, 2.7 Hz, 1H), 5.91 (s, 2H), 3.38–3.50 (m, 2H), 3.23–

3.33 (m, 1H), 2.82 (dd, J=9.4, 7.7 Hz, 1H), 2.18–2.31 (m, 1H), 1.93–2.03 (m, 1H), 1.48 (dq, 

J=12.2, 8.3 Hz, 1H), 0.94 (d, J=6.6 Hz, 3H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 164.7, 148.2, 

141.2, 138.3, 138.1, 136.7, 136.3, 131.1, 124.0, 121.6, 113.3, 112.6, 54.2, 51.3, 47.3, 33.1, 

32.8, 17.1. 
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tert-Butyl (4-bromo-2-nitrophenyl)glycinate (3.086)336 

4-Bromo-1-fluoro-2-nitrobenzene 3.085 (1.0 g, 4.55 mmol) and 

tert-butyl glycinate, hydrochloride (0.800 g, 4.77 mmol) were 

dissolved in EtOH (20 mL). TEA (0.634 mL, 4.55 mmol) was added 

and the reaction refluxed for 6 h. The reaction was allowed to cool, upon which a precipitate 

formed. The precipitate was filtered off and collected to afford tert-butyl (4-bromo-2-

nitrophenyl)glycinate 3.086 (0.884 g, 2.67 mmol, 59% yield) as an orange solid. LCMS (formic, 

ES+) tR = 1.34 min, m/z = 275.1, 277.1; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.37 (s, 1H), 

8.20 (d, J=2.4 Hz, 1H), 7.68 (dd, J=9.0, 2.4 Hz, 1H), 6.91 (d, J=9.0 Hz, 1H), 4.17 (d, J=5.6 Hz, 

2H), 1.45 (s, 9H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 169.1, 144.1, 139.2, 132.3, 128.2, 

117.9, 106.3, 82.1, 45.4, 28.2; m.p. 139.6 – 142.1 °C; IR νmax (cm-1) 3339, 2980, 1732, 1563, 

1507, 1240, 1147. 

 

tert-Butyl (2-amino-4-bromophenyl)glycinate (3.087)336 

 tert-Butyl (4-bromo-2-nitrophenyl)glycinate 3.086 (0.80 g, 2.416 

mmol) was suspended in EtOH (30 mL) and water (8 mL). 

Ammonium chloride (0.194 g, 3.62 mmol) and iron (0.675 g, 12.08 

mmol) were added and the reaction heated to 70 oC for 2 h. The reaction mixture was filtered 

through a 10 g Celite cartridge which was washed with MeOH (30 mL). The filtrate was 

concentrated in vacuo and the residue partitioned between CH2Cl2 and water (25 mL each). 

The aq. layer was re-extracted with CH2Cl2 (2 x 25 mL). The combined organics were eluted 

through a hydrophobic frit and concentrated in vacuo to give tert-butyl (2-amino-4-

bromophenyl)glycinate 3.087 (670 mg, 2.225 mmol, 92% yield)  as a cream solid. LCMS 

(formic, ES+) tR = 1.13 min, 301.2, 303.1; HRMS (C12H18BrN2O2): [M+H]+ calculated 301.0552, 

found 301.0562; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 6.71 (d, J=2.2 Hz, 1H), 6.58 (dd, J=8.5, 

2.2 Hz, 1H), 6.18 (d, J=8.5 Hz, 1H), 5.01 (s, 1H), 4.83 (s, 2H), 3.77 (d, J=6.4 Hz, 2H), 1.42 (s, 9H); 

13C NMR (DMSO-d6, 101 MHz): δ (ppm) 170.9, 138.0, 135.0, 119.6, 116.4, 111.7, 109.1, 81.1, 

46.3, 28.2; m.p. 100.5 – 105.0 °C; IR νmax (cm-1) 3389, 2982, 1724, 1505, 1362, 1234, 1151. 

 

tert-Butyl 2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)acetate (3.088) 

tert-Butyl (2-amino-4-bromophenyl)glycinate 3.087 (500 mg, 

1.660 mmol) was suspended in water (2.0 mL) at 0 °C under air. 

AcOH (0.8 mL) was added followed by sodium nitrite (126 mg, 1.826 mmol) and the resulting 
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suspension was then placed in a pre-heated stirrer hotplate and stirred at 80 °C for 10 min 

before allowing to cool to rt. The reaction was diluted with water and extracted with CH2Cl2 

(3 x 20 mL). The combined organics were passed through a 10 g SCX column, washing with 

MeOH and concentrated in vacuo to afford the crude product. The crude product was 

purified by silica chromatography, eluting with 0-25% EtOAc/cyclohexane. The pure fractions 

were concentrated in vacuo to afford tert-butyl 2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-

yl)acetate 3.088 (284 mg, 0.910 mmol, 55% yield) as a pale pink solid. LCMS (formic, ES+) tR = 

1.13 min, m/z = 312.1, 314.1; HRMS (C12H14BrN3O2): [M+H]+ calculated 312.0348, found 

312.0342; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.37 (d, J=2.0 Hz, 1H), 7.85 (d, J=8.8 Hz, 1H), 

7.74 (dd, J=8.8, 2.0 Hz, 1H), 5.68 (s, 2H), 1.40 (s, 9H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 

166.5, 146.7, 133.1, 131.0, 122.0, 117.0, 113.3, 83.1, 50.0, 28.1; m.p. 148.4 – 152.4 °C; IR νmax 

(cm-1) 2982, 1739, 1153, 806. 

 

tert-Butyl 2-(5-vinyl-1H-benzo[d][1,2,3]triazol-1-yl)acetate (3.089) 

tert-Butyl 2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)acetate 3.088 

(350 mg, 1.121 mmol), trifluoro(vinyl)borate, potassium salt (300 

mg, 2.242 mmol), and XPhos Pd G2 (88 mg, 0.112 mmol) were dissolved in THF (5 mL) at rt 

under nitrogen. TEA (0.469 mL, 3.36 mmol) was added and the reaction heated at 100 °C 

under mw irradiation for 2 h. The reaction was diluted with water (10 mL) and extracted with 

EtOAc (3 x 10 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crede product. The crude product was purified by silica 

chromatography, eluting with 0-40% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford tert-butyl 2-(5-vinyl-1H-benzo[d][1,2,3]triazol-1-yl)acetate 

3.089 (181 mg, 0.698 mmol, 62% yield) as a cream solid. LCMS (formic, ES+) tR = 1.10 min, m/z 

= 260.2; ; HRMS (C14H17N3O2): [M+H]+ calculated 260.1399, found 260.1392; 1H NMR (CDCl3-

d, 400 MHz): δ (ppm) 8.04 (d, J=1.0 Hz, 1H), 7.68 (dd, J=8.6, 1.0 Hz, 1H), 7.44 (d, J=8.6 Hz, 1H), 

6.89 (dd, J=17.6, 11.0 Hz, 1H), 5.84 (d, J=17.6 Hz, 1H), 5.36 (d, J=11.0 Hz, 1H), 5.33 (s, 2H), 

1.45–1.50 (m, 9H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 165.2, 146.7, 136.2, 134.3, 133.2, 

126.1, 117.7, 114.5, 109.3, 83.7, 50.0, 27.9. 
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2-(5-Vinyl-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid (3.089a) 

HCl (4 M in dioxane, 1.7 mL, 6.94 mmol) was added to tert-butyl 2-(5-

vinyl-1H-benzo[d][1,2,3]triazol-1-yl)acetate 3.089 (180 mg, 0.694 

mmol) at rt under air. The reaction was stirred at 40 °C overnight. The reaction was allowed 

to cool and then concentrated in vacuo to afford 2-(5-vinyl-1H-benzo[d][1,2,3]triazol-1-

yl)acetic acid 3.089a (136 mg, 0.669 mmol, 96 % yield) as a yellow solid. LCMS (formic, ES+) 

tR = 0.77 min, m/z = 204.3; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.08 (s, 1H), 7.73–7.85 (m, 

2H), 6.92 (dd, J=17.6, 11.0 Hz, 1H), 5.96 (d, J=17.6 Hz, 1H), 5.64 (s, 2H), 5.34 (d, J=11.0 Hz, 

1H); Acid OH not visible; 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 169.0, 146.1, 136.7, 134.1, 

133.8, 126.1, 117.1, 115.2, 111.5, 49.3. 

 

N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-vinyl-1H-benzo[d][1,2,3] 

triazol-1-yl)acetamide ((S)-3.090) 

2-(5-Vinyl-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid 3.089a 

(122 mg, 0.601 mmol), (S)-4-bromo-3-((3-methylpyrrolidin-

1-yl)sulfonyl)aniline (S)-3.067 (160 mg, 0.501 mmol), and 

HATU (229 mg, 0.601 mmol) were dissolved in CH2Cl2 (10 

mL). DIPEA (0.263 mL, 1.504 mmol) was added and the resulting solution was stirred at rt for 

2 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted with CH2Cl2 (3 x 

10 mL). The combined organics were passed through a hydrophobic frit and concentrated in 

vacuo to afford the crude product. The crude product was purified by silica chromatography, 

eluting with 0-50% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to 

afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-vinyl-1H-benzo 

[d][1,2,3]triazo l-1-yl)acetamide (S)-3.090 (153 mg, 0.303 mmol, 61% yield) as a cream solid. 

LCMS (formic, ES+) tR = 1.18 min, m/z = 504.2, 506.2; HRMS (C21H22BrN5O3S): [M+H]+ 

calculated 504.0705, found 504.0706; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.31 (d, J=2.7 

Hz, 1H), 8.10 (s, 1H), 7.68–7.90 (m, 4H), 6.93 (dd, J=17.5, 11.0 Hz, 1H), 5.97 (d, J=17.5 Hz, 1H), 

5.71 (s, 2H), 5.34 (d, J=11.0 Hz, 1H), 3.38–3.52 (m, 2H), 3.15–3.28 (m, 1H), 2.80–2.84 (m, 1H), 

2.22–2.27 (m, 1H), 1.92–2.05 (m, 1H), 1.47–1.51 (m, 1H), 0.94 (d, J=6.8 Hz, 3H); Amide NH 

not visible; 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 165.5, 146.1, 138.8, 138.6, 136.7, 134.2, 

134.1, 126.1, 124.5, 122.1, 117.2, 115.2, 113.0, 113.1, 111.6, 54.7, 51.0, 47.8, 33.5, 33.4, 17.6; 

m.p. 140.9 – 146.9 °C; IR νmax (cm-1) 3275, 2971, 1697, 1586, 1459, 1151, 586. 
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N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((R)-1,2-dihydroxyethyl)-

1H-benzo[d][1,2,3]triazol-1-yl)acetamide (3.091), mixture of diastereomers  

 AD-mix-β (0.140 g, 0.099 mmol) was added to a stirred 

solution of (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-vinyl-1H-benzo[d][1,2,3]triaz 

ol-1-yl)acetamide (S)-3.090 (50 mg, 0.099 mmol) in 

iPrOH (1 mL) and water (1 mL). The reaction mixture was stirred at rt for 4 h. A further 2 eq. 

of AD-mix-β were added and the reaction stirred at rt for 16 h. The reaction was quenched 

by the addition of 10% aq. sodium sulfite solution (10 mL) and the mixture stirred for 5 min. 

The mixture was extracted with EtOAc (3 x 10 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The pure fractions were concentrated in vacuo to 

afford N-(4-bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((R)-1,2-

dihydroxyethyl)-1H-benzo[d][1,2,3]triazol-1-yl)acetamide 3.091 (8 mg, 0.014 mmol, 14% 

yield) as a white solid and a mixture of diastereomers. LCMS (formic, ES+) tR = 0.89 min, m/z 

= 538.2, 540.1; HRMS (C21H24BrN5O5S): [M+H]+ calculated 538.0760, found 538.0765; 1H NMR 

(MeOD-d4, 400 MHz): δ (ppm) 8.35 (d, J=2.0 Hz, 1H), 8.06 (d, J=1.0 Hz, 1H), 7.70–7.79 (m, 3H), 

7.65 (dd, J=8.7, 2.0 Hz, 1H), 5.67 (s, 2H), 4.86–4.94 (m, 1H), 3.72 (dd, J=6.0, 2.6 Hz, 2H), 3.47–

3.60 (m, 2H), 3.35–3.42 (m, 1H), 2.91 (dd, J=9.4, 7.7 Hz, 1H), 2.24–2.38 (m, 1H), 2.06–2.10 (m, 

1H), 1.51–1.62 (m, 1H), 1.02 (d, J=6.6 Hz, 3H); Amide  NH and alcohol OHs not visible; 

Diastereotopic protons not visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 164.9, 145.3, 

139.5, 139.0, 137.9, 136.0, 133.6, 126.8, 124.1, 122.1, 116.0, 113.4, 109.9, 74.1, 67.2, 54.3, 

33.6, 33.0, 16.9, 16.2, -0.6. 

 

tert-Butyl 2-(5-morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetate (3.092) 

tert-Butyl 2-(5-bromo-1H-benzo[d][1,2,3]triazol-1-yl)acetate 

3.088 (200 mg, 0.641 mmol), Cs2CO3 (626 mg, 1.922 mmol), 

Pd2(dba)3 (29 mg, 0.032 mmol), and RuPhos (30 mg, 0.064 

mmol) were dissolved in toluene (1 mL) at rt under nitrogen. Morpholine (0.084 mL, 0.961 

mmol) was added and the resulting solution was stirred at 80 °C under mw irradiation for 1 

h. The reaction was diluted with water (5 mL) and extracted with CH2Cl2 (3 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by silica chromatography eluting 
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with 0-50% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford tert-

butyl 2-(5-morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetate 3.092 (70 mg, 0.220 mmol, 34% 

yield) as a cream solid. LCMS (formic, ES+) tR = 0.93 min, m/z = 319.3; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 7.43 (d, J=2.2 Hz, 1H), 7.38 (d, J=9.0 Hz, 1H), 7.31 (dd, J=9.0, 2.2 Hz, 1H), 5.29 

(s, 2H), 3.85–4.02 (m, 4H), 3.16–3.27 (m, 4H), 1.47 (s, 9H). 

 

2-(5-Morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid (3.092a) 

 HCl (4 M in dioxane, 393 µL, 1.570 mmol) was added to tert-

butyl 2-(5-morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetate 

3.092 (50 mg, 0.157 mmol) at rt under air. The reaction was 

stirred at 40 °C for 4 h. A further 4 eq. of HCl (4 M in dioxane,  157 µL, 0.628 mmol) was added 

and the reaction left stirring at 40 °C overnight. The reaction was allowed to cool and then 

concentrated in vacuo to afford 2-(5-morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetic acid 

3.092a (40 mg, 0.153 mmol, 97% yield) as a yellow solid. LCMS (formic, ES+) tR = 0.58 min, 

m/z = 263.2; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.27 (d, J=2.4 Hz, 1H), 7.99 (d, J=9.0 Hz, 

1H), 7.88 (dd, J=9.0, 2.4 Hz, 1H), 5.70 (s, 2H), 4.09–4.16 (m, 4H), 3.74–3.78 (m, 4H); Acid OH 

not visible. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-morpholino-1H-

benzo[d][1,2,3]triazol-1-yl)acetamide ((S)-3.093) 

2-(5-Morpholino-1H-benzo[d][1,2,3]triazol-1-yl)acetic 

acid 3.092a (41 mg, 0.157 mmol), (S)-4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)aniline (S)-3.067 (50 mg, 

0.157 mmol), and HATU (72 mg, 0.188 mmol) were 

dissolved in CH2Cl2 (10 mL). DIPEA (0.082 mL, 0.470 mmol) was added and the resulting 

solution was stirred at rt for 2 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) 

and extracted with CH2Cl2 (3 x 10 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by formic MDAP. The fractions which contained the desired product were 

concentrated in vacuo and purified by silica chromatography, eluting with 0-100% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-

3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-morpholino-1H-benzo[d][1,2,3]triazol-1-yl) 

acetamide (S)-3.093 (15 mg, 0.027 mmol, 17% yield) as a white solid. LCMS (formic, ES+) tR = 
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1.05 min, m/z = 563.1, 565.1; HRMS (C23H27BrN6O4S): [M+H]+ calculated 563.1076, found 

563.1080; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.34 (d, J=2.4 Hz, 1H), 7.68–7.78 (m, 2H), 

7.65 (d, J=9.0 Hz, 1H), 7.38–7.44 (m, 1H), 7.29–7.35 (m, 1H), 5.61 (s, 2H), 3.84–3.92 (m, 4H), 

3.47–3.58 (m, 2H), 3.35–3.39 (m, 1H), 3.14–3.25 (m, 4H), 2.86–2.94 (m, 1H), 2.24–2.36 (m, 

1H), 2.03–2.08 (m, 1H), 1.51–1.65 (m, 1H), 1.01 (d, J=6.7 Hz, 3H); Amide NH not visible; 13C 

NMR (MeOD-d4, 101 MHz): δ (ppm) 164.9, 149.8, 146.6, 138.9, 137.9, 136.0, 129.5, 124.0, 

122.3, 121.6, 113.5, 110.5, 101.7, 66.6, 60.2, 54.3, 50.4, 33.6, 33.1, 16.2, 12.9; m.p. 122.3 – 

125.9 °C; IR νmax (cm-1) 2964, 1698, 1586, 1459, 1114, 619, 586. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(1H-1,2,3-triazol-1-yl)aceta 

mide  ((S)-3.095) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-3.067 

(40 mg, 0.125 mmol), 2-(1H-1,2,3-triazol-1-yl)acetic acid 3.094, 

hydrochloride (25 mg, 0.150 mmol) and HATU (72 mg, 0.188 mmol) 

were dissolved in CH2Cl2 (2 mL) at rt under air. DIPEA (0.066 mL, 

0.376 mmol) was added and the resulting solution was stirred at rt for 2 h. The reaction was 

quenched by the addition of sat. aq. NaHCO3 (10 mL) and extracted with CH2Cl2 (2 x 10 mL). 

The combined organics were passed through a hydrophobic frit and concentrated in vacuo 

to afford the crude product. The crude product was purified by formic MDAP. The pure 

fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(1H-1,2,3-triazol-1-yl)acetamide (S)-3.095 (36 mg, 0.084 mmol, 67% 

yield) as a white solid. LCMS (formic, ES+) tR = 0.83 min, m/z = 428.2, 430.2; HRMS 

(C15H18BrN5O3S): [M+H]+ calculated 428.0397, found 428.0394; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 9.33 (s, 1H), 8.23 (d, J=2.5 Hz, 1H), 7.92 (s, 1H), 7.86 (s, 1H), 7.81 (dd, J=8.6, 2.5 Hz, 

1H), 7.65 (d, J=8.6 Hz, 1H), 5.40 (s, 2H), 3.52–3.61 (m, 2H), 3.33–3.44 (m, 1H), 2.91 (dd, J=9.4, 

7.9 Hz, 1H), 2.24–2.35 (m, 1H), 1.98–2.09 (m, 1H), 1.55 (dq, J=12.4, 8.5 Hz, 1H), 1.03 (d, J=6.6 

Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.8, 138.7, 137.0, 136.2, 134.0, 126.1, 124.8, 

123.3, 114.6, 54.6, 53.2, 47.7, 33.8, 33.6, 17.4; m.p. 65.8 – 71.1 °C; IR νmax (cm-1) 2970, 1704, 

1585, 1531, 1459, 1142, 840, 557. 
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(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide ((S)-3.096) 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-3.067 

(500 mg, 1.566 mmol), 2-azidoacetic acid (158 mg, 1.566 mmol), and 

HATU (715 mg, 1.880 mmol) were dissolved in CH2Cl2 (5 mL) at rt 

under air. DIPEA (0.819 mL, 4.70 mmol) was added and the resulting 

solution was stirred at rt for 2 h. The reaction was quenched with sat. aq. NaHCO3 (20 mL) 

and extracted with CH2Cl2 (2 x 20 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography eluting with 0-100% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (S)-2-azido-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.096 (590 mg, 1.467 mmol, 94% yield) 

as a yellow oil. LCMS (formic, ES+) tR = 1.08 min, m/z = 400.1, 402.1; ; HRMS (C13H16BrN5O3S): 

[M+H]+ calculated 402.0232, found 402.0231; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.39 (br. 

s., 1H), 8.09 (d, J=2.7 Hz, 1H), 7.94 (dd, J=8.8, 2.7 Hz, 1H), 7.71 (d, J=8.8 Hz, 1H), 4.17 (s, 2H), 

3.54–3.64 (m, 2H), 3.36–3.47 (m, 1H), 2.95 (dd, J=9.4, 7.9 Hz, 1H), 2.35 (ddd, J=14.9, 6.6, 2.2 

Hz, 1H), 2.03–2.12 (m, 1H), 1.59 (dq, J=12.3, 8.5 Hz, 1H), 1.06 (d, J=6.6 Hz, 3H); 13C NMR 

(CDCl3-d, 101 MHz): δ (ppm) 165.1, 139.2, 136.6, 136.3, 124.5, 123.0, 114.7, 54.6, 52.9, 47.7, 

33.8, 33.6, 17.4; m.p. 80.5 – 83.2 °C; IR νmax (cm-1) 3339, 2960, 2097, 1715, 1598, 1530, 1146, 

618, 586, 538. 

 

((S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4,5-dimethyl-1H-1,2,3-

triazol-1-yl)acetamide ((S)-3.097) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide (S)-3.096 (50 mg, 0.124 mmol), but-2-yne (10 

mg, 0.186 mmol), and Cp*RuCl(PPh3)2 (3 mg, 3.73 µmol) were 

dissolved in THF (1 mL) at rt under nitrogen. The resulting 

solution was stirred at 65 °C for 2 h. The reaction was quenched with water (2 mL) and 

extracted with CH2Cl2 (2 x 2 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by formic MDAP. The pure fractions were concentrated in vacuo to afford ((S)-N-(4-bromo-

3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4,5-dimethyl-1H-1,2,3-triazol-1-yl)acetamide 

(S)-3.097 (35 mg, 0.077 mmol, 62% yield) as a cream solid.  LCMS (Formic, ES+) tR = 0.99 min, 

m/z = 456.2, 458.2; HRMS (C17H22BrN5O3S): [M+H]+ calculated 456.0705, found 456.0705; 1H 
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NMR (CDCl3-d, 400 MHz): δ (ppm) 9.44 (s, 1H), 8.20 (d, J=2.7 Hz, 1H), 7.84 (dd, J=8.8, 2.7 Hz, 

1H), 7.65 (d, J=8.8 Hz, 1H), 5.22 (s, 2H), 3.52–3.61 (m, 2H), 3.35–3.44 (m, 1H), 2.92 (dd, J=9.4, 

7.9 Hz, 1H), 2.26–2.37 (m, 7H), 1.99–2.09 (m, 1H), 1.49–1.62 (m, 1H), 1.04 (d, J=6.6 Hz, 3H); 

13C NMR (CDCl3-d, 101 MHz): δ (ppm) 164.1, 141.2, 138.9, 137.2, 136.1, 131.3, 124.7, 123.3, 

114.5, 54.6, 51.4, 47.7, 33.8, 33.6, 17.4, 10.3, 7.9. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4-propyl-1H-1,2,3-triazol-

1-yl)acetamide ((S)-3.098) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)acetamide (S)-3.096 (50 mg, 0.124 mmol), 

pent-1-yne (0.03 mL, 0.249 mmol), sodium ascorbate (4 mg, 

0.019 mmol) and Cu(OAc)2.H2O (3 mg, 0.012 mmol) were 

dissolved in degassed MeOH (1 mL). The resulting solution was stirred at 100 °C under mw 

irradiation for 30 min. The reaction was diluted with water (10 mL) and extracted with CH2Cl2 

(3 x 10 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford the crude product. The crude product was purified by formic MDAP. The 

pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-

1-yl)sulfonyl)phenyl)-2-(4-propyl-1H-1,2,3-triazol-1-yl)acetamide (S)-3.098 (26 mg, 0.055 

mmol, 45% yield) as a white solid. LCMS (Formic, ES+) tR = 1.09 min, m/z = 470.2, 472.2; HRMS 

(C18H24BrN5O3S): [M+H]+ calculated 470.0861, found 470.0863; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 8.87 (s, 1H), 8.14 (d, J=2.7 Hz, 1H), 7.82 (dd, J=8.6, 2.7 Hz, 1H), 7.67 (d, J=8.6 Hz, 1H), 

7.54 (s, 1H), 5.24 (s, 2H), 3.50–3.63 (m, 2H), 3.40 (td, J=9.0, 7.1 Hz, 1H), 2.93 (dd, J=9.4, 7.9 

Hz, 1H), 2.75 (t, J=7.6 Hz, 2H), 2.26–2.39 (m, 1H), 2.01–2.11 (m, 1H), 1.71–1.78 (m, 3H), 1.50–

1.61 (m, 1H), 0.97–1.07 (m, 5H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.3, 149.0, 139.0, 

136.7, 136.2, 124.7, 123.3, 122.7, 114.9, 54.6, 53.4, 47.7, 33.8, 33.6, 27.6, 22.5, 17.4, 13.8; IR 

νmax (cm-1) 3276, 2961, 1705, 1586, 1531, 1459, 1143, 650, 536. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4-(methoxymethyl)-1H-

1,2,3-triazol-1-yl)acetamide ((S)-3.099) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide (S)-3.096 (50 mg, 0.124 mmol), 3-

methoxyprop-1-yne (10 mg, 0.137 mmol), CuSO4.5H2O (2 

mg, 6.21 µmol) and sodium ascorbate (4 mg, 0.019 mmol) 
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were dissolved in a mixture of CH2Cl2 (1.0 mL) and water (1.0 mL). The resulting solution was 

stirred at rt for 16 h. The reaction was diluted with water (10 mL) and extracted with CH2Cl2 

(3 x 10 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford the crude product. The crude product was purified by formic MDAP. The 

pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-

1-yl)sulfonyl)phenyl)-2-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)acetamide (S)-3.099 (29 

mg, 0.061 mmol, 49% yield) as a white solid. LCMS (Formic, ES+) tR = 0.96 min, m/z = 472.2, 

474.2; HRMS (C17H22BrN5O4S): [M+H]+ calculated 472.0654, found 472.0658; 1H NMR (CDCl3-

d, 400 MHz): δ (ppm) 9.17 (s, 1H), 8.19 (d, J=2.7 Hz, 1H), 7.81–7.92 (m, 2H), 7.67 (d, J=8.6 Hz, 

1H), 5.33 (s, 2H), 4.64 (s, 2H), 3.53–3.62 (m, 2H), 3.44 (s, 3H), 3.36–3.43 (m, 1H), 2.93 (dd, 

J=9.4, 7.9 Hz, 1H), 2.28–2.39 (m, 1H), 2.00–2.10 (m, 1H), 1.51–1.64 (m, 1H), 1.04 (d, J=6.8 Hz, 

3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.7, 145.6, 138.8, 137.0, 136.2, 124.8, 124.5, 

123.3, 114.6, 65.8, 58.5, 54.6, 53.3, 47.8, 33.8, 33.6, 17.4; IR νmax (cm-1) 2964, 1706, 1586, 

1532, 1459, 1139, 620, 536. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide, formic acid salt ((S)-3.100) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide (S)-3.096 (50 mg, 0.124 mmol), N,N-

dimethylprop-2-yn-1-amine (0.02 mL, 0.137 mmol), 

CuSO4.5H2O (2 mg, 6.21 µmol) and sodium ascorbate (4 mg, 

0.019 mmol) were dissolved in a mixture of CH2Cl2 (1.0 mL) 

and water (1.0 mL). The resulting solution was stirred at rt for 16 h. The reaction was diluted 

with water (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by formic MDAP. The pure fractions were concentrated in vacuo to 

afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide, formic acid salt (S)-3.100 (39 mg, 0.073 mmol, 59% 

yield) as a white solid. LCMS (Formic, ES+) tR = 0.60 min, m/z = 485.2, 487.2; HRMS 

(C18H25BrN6O3S): [M+H]+ calculated 485.0970, found 485.0975; 1H NMR (DMSO-d6, 600 MHz): 

d (ppm) 10.91 (s, 1H), 8.31 (d, J=2.8 Hz, 1H), 8.00 (s, 1H), 7.82 (d, J=8.8 Hz, 1H), 7.72 (dd, 

J=8.8, 2.8 Hz, 1H), 5.34 (s, 2H), 3.55 (s, 2H), 3.47 (dd, J=9.5, 7.0 Hz, 1H), 3.42 (td, J=8.8, 4.0 Hz, 

1H), 3.29 (dt, J=9.5, 7.7 Hz, 1H), 2.80-2.85 (m, 1H), 2.22-2.29 (m, 1H), 2.18 (s, 6H), 1.96-2.03 
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(m, 1H), 1.46-1.53 (m, 1H), 0.95 (d, J=7.0 Hz, 3H); NOE was observed upon irradiation of 8.00 

to 5.34, 3.55, and 2.18; 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.6, 139.0, 137.4, 136.3, 

134.7, 133.9, 124.5, 122.7, 114.3, 54.5, 52.6, 51.3, 47.6, 45.0, 33.8, 33.6, 17.4. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-propyl-1H-1,2,3-triazol-

1-yl)acetamide ((S)-3.101) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phe 

nyl)acetamide (S)-3.096 (40 mg, 0.099 mmol), pent-1-yne (0.02 

mL, 0.149 mmol), and Cp*RuCl(PPh3)2 (2 mg, 2.98 µmol) were 

dissolved in THF (1 mL) at rt under nitrogen. The resulting 

solution was stirred at 65 °C for 2 h. The reaction was quenched with water (2 mL) and 

extracted with CH2Cl2 (2 x 2 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by formic MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-

((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-propyl-1H-1,2,3-triazol-1-yl)acetamide (S)-

3.101 (24 mg, 0.051 mmol, 51% yield) as a cream solid. LCMS (Formic, ES+) tR = 1.08 min, m/z 

= 470.3, 472.3; HRMS (C18H24BrN5O3S): [M+H]+ calculated 470.0861, found 470.0865; 1H NMR 

(DMSO-d6, 400 MHz): δ (ppm) 10.94 (s, 1H), 8.30 (d, J=2.6 Hz, 1H), 7.83 (d, J=8.6 Hz, 1H), 7.73 

(dd, J=8.6, 2.6 Hz, 1H), 7.57 (s, 1H), 5.29 (s, 2H), 3.39–3.52 (m, 2H), 3.30–3.34 (m, 1H), 2.84 

(dd, J=9.4, 7.5 Hz, 1H), 2.63 (t, J=7.5 Hz, 2H), 2.18–2.34 (m, 1H), 1.93–2.07 (m, 1H), 1.63–1.64 

(m, 2H), 1.51 (dq, J=12.3, 8.3 Hz, 1H), 0.89–1.03 (m, 6H); 13C NMR (DMSO-d6, 101 MHz): δ 

(ppm) 165.4, 139.1, 138.9, 138.6, 136.7, 131.9, 124.4, 121.9, 113.0, 54.7, 50.6, 47.8, 33.6, 

33.4, 24.7, 21.3, 17.6, 14.0; m.p. 145.0 – 150.0 °C; IR νmax (cm-1) 2970, 1693, 1531, 1461, 584. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(methoxymethyl)-1H-

1,2,3-triazol-1-yl)acetamide ((S)-3.102) 

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phe 

nyl)acetamide (50 mg, 0.124 mmol), 3-methoxyprop-1-yne (S)-

3.096 (13 mg, 0.186 mmol), and Cp*RuCl(PPh3)2 (3 mg, 3.73 

µmol) were dissolved in THF (1 mL) at rt under nitrogen. The 

resulting solution was stirred at 65 °C for 18 h. The reaction was quenched with water (2 mL) 

and extracted with CH2Cl2 (2 x 2 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 
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was purified by formic MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-

(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(methoxymethyl)-1H-1,2,3-triaz 

ol-1-yl)acetamide (S)-3.102 (13 mg, 0.028 mmol, 22% yield) as a cream solid. LCMS (Formic, 

ES+) tR = 0.97 min, m/z = 472.2, 474.2; HRMS (C17H22BrN5O4S): [M+H]+ calculated 472.0654, 

found 472.0651; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.78 (s, 1H), 8.10 (d, J=2.7 Hz, 1H), 7.87 

(dd, J=8.6, 2.7 Hz, 1H), 7.75 (s, 1H), 7.68 (d, J=8.6 Hz, 1H), 5.34 (s, 2H), 4.65 (s, 2H), 3.53–3.63 

(m, 2H), 3.37–3.46 (m, 4H), 2.94 (dd, J=9.4, 7.9 Hz, 1H), 2.27–2.40 (m, 1H), 2.01–2.11 (m, 1H), 

1.52–1.64 (m, 1H), 1.05 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.8, 139.0, 

136.9, 136.2, 134.6, 134.1, 124.7, 123.1, 114.7, 62.6, 58.7, 54.6, 52.0, 47.7, 33.8, 33.6, 17.4; 

m.p. 63.1 – 69.9 °C; IR νmax (cm-1) 2970, 1699, 1585, 1532, 1460, 1153, 585. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino)meth 

yl)-1H-1,2,3-triazol-1-yl)acetamide, formic acid salt ((S)-3.103) 

 (S)-2-azido-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl) phenyl)acetamide (S)-3.096 (150 mg, 0.373 

mmol), N,N-dimethylprop-2-yn-1-amine (47 mg, 0.559 

mmol), and Cp*RuCl(PPh3)2 (9 mg, 0.011 mmol) were 

dissolved in THF (3 mL) at rt under nitrogen. The resulting solution was stirred at 65 °C for 2 

h. The reaction was quenched with water (2 mL) and extracted with CH2Clc (2 x 2 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by silica chromatography, eluting 

with 0-25% EtOH/EtOAc. The pure fractions were concentrated in vacuo to afford the second 

crude product. The second crude was purified by HPH MDAP. The pure fractions were 

concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-

2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)acetamide (S)-3.103 (82 mg, 0.169 

mmol, 45% yield) as a cream solid. LCMS (Formic, ES+) tR = 0.63 min, m/z = 485.3, 487.2; HRMS 

(C18H25BrN6O3S): [M+H]+ calculated 485.0970, found 485.0969; 1H NMR (DMSO-d6, 600 MHz): 

δ (ppm) 8.27 (d, J=2.6 Hz, 1H), 7.81 (d, J=8.5 Hz, 1H), 7.71 (dd, J=8.5, 2.6 Hz, 1H), 7.65 (s, 1H), 

5.33 (s, 2H), 3.51 (s, 2H), 3.47 (dd, J=9.5, 7.0 Hz, 1H), 3.40-3.45 (m, 1H), 3.29 (dt, J=9.6, 7.7 

Hz, 1H), 2.83 (dd, J=9.2, 7.7 Hz, 1H), 2.20-2.30 (m, 1H), 2.10 (s, 6H), 1.95-2.02 (m, 1H), 1.45-

1.54 (m, 1H), 0.95 (d, J=7.0 Hz, 3H); NOE was observed upon irradiation of 3.51 to 5.33, 7.65 

and 2.10; 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 164.9, 138.3, 138.2, 136.2, 135.2, 133.1, 

123.9, 121.4, 112.2, 54.2, 50.9, 50.8, 47.3, 44.7, 33.0, 32.8, 17.1. 
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N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-(1,3-dioxoisoindol in-

2-yl)ethyl)-1H-1,2,3-triazol-1-yl)acetamide (3.104), mixture of diastereomers  

(S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfo 

nyl)phenyl)acetamide (S)-3.096 (60 mg, 0.149 mmol), (±)-

2-(but-3-yn-2-yl)isoindoline-1,3-dione (±)-3.109 (45 mg, 

0.224 mmol), and Cp*RuCl(PPh3)2 (4 mg, 4.47 µmol) were 

dissolved in THF (3 mL) at rt under nitrogen. The resulting solution was stirred at 65 °C for 2 

h. The reaction was allowed to cool before quenching with water (5 mL) and extracting with 

CH2Cl2 (2 x 5 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified using HPH 

MDAP. The pure fractions were concentrated in vacuo to afford N-(4-bromo-3-(((S)-3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-(1,3-dioxoisoindolin-2-yl)ethyl)-1H-1,2,3-triaz 

ol-1-yl)acetamide 3.104 (38 mg, 0.063 mmol, 42% yield) as a colourless gum and a smixture 

of diastereomers. LCMS (formic, ES+) tR = 1.08 min, m/z = 601.3, 603.3; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 8.04 (s, 1H), 7.86 (t, J=2.4 Hz, 1H), 7.69–7.73 (m, 1H), 7.62–7.70 (m, 4H), 7.53 

(d, J=8.6 Hz, 1H), 7.33–7.38 (m, 1H), 5.66 (q, J=7.1 Hz, 1H), 5.37 (d, J=16.9 Hz, 1H), 5.10 (d, 

J=16.9 Hz, 1H), 3.49–3.59 (m, 2H), 3.32–3.43 (m, 1H), 2.87–2.96 (m, 1H), 2.27–2.39 (m, 1H), 

2.02–2.10 (m, 1H), 1.99 (d, J=7.1 Hz, 3H), 1.59–1.61 (m, 1H), 1.06 (d, J=6.6 Hz, 3H); 

Diastereotopic protons not visible. 

 

N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-(dimethylamino) 

ethyl)-1H-1,2,3-triazol-1-yl)acetamide (3.105), mixture of diastereomers 

To a solution of N-(4-bromo-3-(((S)-3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-(1-(1,3-dioxoisoindolin-2-yl)ethyl)-1H-

1,2,3-triazol-1-yl)acetamide, mixture of diastereomers 3.104 

(28 mg, 0.047 mmol) in EtOH (2 mL) was added hydrazine 

hydrate (7 µL, 0.070 mmol). The mixture was stirred at rt for 10 min then at reflux for a 

further 30 min. The mixture was allowed to cool to rt before the addition of a 2 M solution 

of NaOH (10 mL). The EtOH was evaporated and the residual aq. suspension was then 

extracted with EtOAc (3 × 10 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to give the free primary amine which was used without further 

purification. The free primary amine was dissolved in MeOH (2 mL). Formaldehyde (37% w/w 
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in water, 9 µL, 0.116 mmol) and STAB (25 mg, 0.116 mmol) were added and the resulting 

solution stirred at rt for 2 h. The reaction was quenched with water (2 mL) and extracted with 

CH2Cl2 (2 x 5 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by HPH 

MDAP. The pure fractions were concentrated in vacuo to afford N-(4-bromo-3-(((S)-3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-(dimethylamino)ethyl)-1H-1,2,3-triazol-1-yl) 

acetamide 3.105 (9 mg, 0.019 mmol, 40% yield) as a white solid and a mixture of 

diastereomers. LCMS (formic, ES+), tR = 0.65 min, m/z =499.3, 501.4; 1H NMR (MeOD-d4, 400 

MHz): δ (ppm) 8.35 (d, J=2.4 Hz, 1H), 7.79 (d, J=8.6 Hz, 1H), 7.73 (dd, J=8.6, 2.4 Hz, 1H), 7.69 

(s, 1H), 5.42 (ABq, J=16.9 Hz, 2H), 4.04 (q, J=6.6 Hz, 1H), 3.52–3.62 (m, 2H), 3.38–3.44 (m, 1H), 

2.90–2.96 (m, 1H), 2.28–2.39 (m, 1H), 2.19 (s, 6H), 2.07–2.13 (m, 1H), 1.55–1.64 (m, 1H), 1.41 

(d, J=6.6 Hz, 3H), 1.04 (d, J=6.8 Hz, 3H); Amide NH not visible; Diastereotopic protons not 

visible. 

 

tert-Butyl 2-(1-(2-((4-bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)amino)-2-

oxoethyl)-1H-1,2,3-triazol-5-yl)pyrrolidine-1-carboxylate (3.106), mixture of diastereomers 

 (S)-2-Azido-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)acetamide (S)-3.096 (60 mg, 0.149 mmol), tert-butyl 2-

ethynylpyrrolidine-1-carboxylate (44 mg, 0.224 mmol), and 

Cp*RuCl(PPh3)2 (4 mg, 4.47 µmol) were dissolved in THF (1 mL) 

at rt under nitrogen. The resulting solution was stirred at 65 °C for 2 h. The reaction was 

quenched with water (2 mL) and extracted with CH2Cl2 (2 x 2 mL). The combined organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by HPH MDAP. The pure fractions were 

concentrated in vacuo to afford tert-butyl 2-(1-(2-((4-bromo-3-(((S)-3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)amino)-2-oxoethyl)-1H-1,2,3-triazol-5-yl)pyrrolidine-1-carboxylate 3.106 

(73 mg, 0.122 mmol, 82% yield) as a white solid and a mixture of diastereomers. LCMS 

(Formic, ES+) tR = 1.20 min, m/z = 597.2, 599.2; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.85 (s, 

1H), 8.19 (br. s., 1H), 7.80 (d, J=6.1 Hz, 1H), 7.66 (d, J=8.8 Hz, 1H), 7.60 (s, 1H), 5.36–5.45 (m, 

1H), 5.19 (br. s., 1H), 4.91–4.96 (m, 1H), 3.55–3.65 (m, 4H), 3.37–3.46 (m, 1H), 2.88–2.99 (m, 

1H), 2.32–2.45 (m, 2H), 2.03–2.10 (m, 2H), 1.92–2.00 (m, 1H), 1.58–1.64 (m, 2H), 1.44 (br. s., 

9H), 1.06 (d, J=6.6, 3H); Diastereotopic protons not visible. 
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N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolidin-2-

yl)-1H-1,2,3-triazol-1-yl)acetamide (3.107), mixture of diastereomers 

HCl (4 M in dioxane, 2 mL, 8.00 mmol) was added to tert-butyl 

2-(1-(2-((4-bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)amino)-2-oxoethyl)-1H-1,2,3-triazol-5-yl)pyrrolidine-1-

carboxylate, mixture of diastereomers 3.106 (70 mg, 0.117 

mmol) at rt under air. The resulting solution was stirred at rt for 4 h. The reaction was 

concentrated in vacuo to afford the free secondary amine. The free secondary amine was 

dissolved in MeOH (1 mL) and formaldehyde (37% w/w in water, 0.012 mL, 0.151 mmol) was 

added, followed by STAB (32 mg, 0.151 mmol) and the resulting solution stirred at rt for 2 h. 

The reaction was quenched with water (2 mL) and extracted with CH2Cl2 (2 x 5 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by HPH MDAP. The pure fractions 

were concentrated in vacuo to afford N-(4-bromo-3-(((S)-3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolidin-2-yl)-1H-1,2,3-triazol-1-yl) acetamide 3.107 (45 

mg, 0.087 mmol, 87% yield) as a white solid and a mixture of diastereomers. LCMS (formic, 

ES+), tR = 0.67 min, m/z = 511.2, 513.2; HRMS (C20H27BrN6O3S): [M+H]+ calculated 511.1127, 

found 511.1127; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.54 (s, 1H), 8.11 (d, J=2.7 Hz, 1H), 7.85 

(dd, J=8.6, 2.7 Hz, 1H), 7.66 (s, 1H), 7.64 (d, J=8.6 Hz, 1H), 5.52 (d, J=16.0 Hz, 1H), 5.35 (d, 

J=16.0 Hz, 1H), 3.51–3.62 (m, 3H), 3.34–3.42 (m, 1H), 3.16–3.25 (m, 1H), 2.91 (dd, J=9.4, 7.9 

Hz, 1H), 2.28–2.41 (m, 3H), 2.24 (s, 3H), 2.03–2.08 (m, 1H), 1.96–2.01 (m, 1H), 1.85–1.94 (m, 

2H), 1.50–1.61 (m, 1H), 1.03 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 164.3, 

139.3, 138.9, 137.3, 136.2, 133.4, 124.7, 123.0, 114.3, 60.4, 56.4, 54.6, 52.1, 47.7, 40.8, 33.8, 

33.6, 31.9, 23.0, 17.4. 

 

(S,R*)-N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolid 

in-2-yl)-1H-1,2,3-triazol-1-yl)acetamide ((S,R*)-3.107) and (S,S*)-N-(4-bromo-3-(((S)-3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolidin-2-yl)-1H-1,2,3-triazol-1-yl) 

acetamide ((S,S*)-3.107) 
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 N-(4-bromo-3-(((S)-3-methyl 

pyrrolidin-1-yl)sulfonyl)phen 

yl)-2-(5-(1-(dimethylamino) 

ethyl)-1H-1,2,3-triazol-1-yl) 

acetamide 3.107 was dissolved in EtOH (1 mL) and injected onto the column (column: 250 

mm x 30 mm Chiralpak AD-H, 5 μm), eluting with 40% (EtOH + 2% isopropylamine)/(heptane 

+ 2% isopropylamine), flow rate = 30 mL min-1, detection wavelength 215 nm. The pure 

fractions from peak 1 were concentrated in vacuo to afford (S,R*)-N-(4-Bromo-3-(((S)-3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolidin-2-yl)-1H-1,2,3-triazol-1-yl) 

acetamide (S,R*)-3.107 (10 mg, 0.020 mmol) as a white solid and the pure fractions from 

peak 2 were concentrated in vacuo to afford (S,S*)-N-(4-bromo-3-(((S)-3-methylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-(1-methylpyrrolidin-2-yl)-1H-1,2,3-triazol-1-yl)acetamide (S,S*)-

3.107 (11 mg, 0.022 mmol) as a white solid. Data consistent with distereomeric mixture 

(3.107); Chiral LC: 4.6 mm x 250 mm Chiralpak AD-H column, 40% (EtOH + 2% 

isopropylamine)/heptane, (S,R*)-3.107: tR = 10.292 min; dr 98:2; (S,S*)-3.107: tR = 13.782 

min; dr 98:1. 

 

(±)-2-(But-3-yn-2-yl)isoindoline-1,3-dione (3.109)337 

 TEA (1.193 mL, 8.56 mmol) and methanesulfonic anhydride (746 mg, 4.28 

mmol) were added to but-3-yn-2-ol (±)-3.108 (0.224 mL, 2.85 mmol) in 

CH2Cl2 (2 mL) at rt under air. The resulting solution was stirred at rt for 1 h. 

The reaction was diluted with water (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude mesylate intermediate. The crude mesylate intermediate was dissolved in 

DMF (3 mL). Potassium 1,3-dioxoisoindolin-2-ide (793 mg, 4.28 mmol) was added and the 

reaction stirred at 80 °C for 1 h. The reaction was quenched with ice water (10 mL) and 

extracted with CH2Cl2 (3 x 10 mL). The combined organics were pass through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by silica chromatography, eluting with 0-80% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-2-(but-3-yn-2-yl)isoindoline-1,3-dione (±)-3.109 (220 mg, 

1.104 mmol, 39% yield) as a white solid. LCMS (formic, ES+) tR = 0.94 min, no m/z; HRMS 

(C12H9NO2): [M+H]+ calculated 200.0712, found 200.0704; 1H NMR (CDCl3-d, 400 MHz): δ 

(ppm) 7.85–7.92 (m, 2H), 7.72–7.78 (m, 2H), 5.24 (qd, J=7.3, 2.5 Hz, 1H), 2.36 (d, J=2.5 Hz, 
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1H), 1.74 (d, J=7.3 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 166.9, 134.1, 131.9, 123.4, 

81.1, 71.2, 36.9, 20.0; IR νmax (cm-1) 3266, 2980, 1712, 1386, 719. 

  

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-3H-[1,2,3]triazolo[4,5-c]pyridin-3-yl)acetamide ((S)-3.110) 

Iodomethane (6.23 µl, 0.100 mmol) was added to (S)-2-(3H-

[1,2,3]triazolo[4,5-c]pyridin-3-yl)-N-(4-bromo-3-((3-methylpyrr 

olidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.084 (40 mg, 0.083 

mmol) in MeCN (2 mL) at rt under air. The resulting solution was 

refluxed at 80 °C for 8 h. The reaction mixture was allowed to cool and concentrated in vacuo 

to afford the methyl pyridinium intermediate. The residue was dissolved in a 1:1 mixture of 

MeOH (1 mL) and water (1 mL) before NaBH4 (7 mg, 0.184 mmol) was added and the resulting 

solution was stirred at rt for 30 min. The reaction was quenched with water (5 mL) and 

extracted with EtOAc (3 x 5 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by HPH MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-

((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-3H-[1,2,3]triazol 

[4,5-c]pyridin-3-yl) acetamide (S)-3.110 (12 mg, 0.025 mmol, 29% yield) as a white solid. 

LCMS (formic, ES+) tR = 0.66 min, m/z = 497.2, 499.2; HRMS (C19H25BrN6O3S): [M+H]+ 

calculated 497.0969, found 497.0970; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.27 (br. s., 1H), 

8.20 (d, J=2.7 Hz, 1H), 7.86 (dd, J=8.8, 2.7 Hz, 1H), 7.67 (d, J=8.8 Hz, 1H), 5.18 (s, 2H), 3.66 (s, 

2H), 3.52–3.63 (m, 2H), 3.35–3.46 (m, 1H), 2.89–2.99 (m, 3H), 2.76–2.86 (m, 2H), 2.54 (s, 3H), 

2.26–2.39 (m, 1H), 1.99–2.11 (m, 1H), 1.58 (dq, J=12.3, 8.5 Hz, 1H), 1.05 (d, J=6.8 Hz, 3H); 13C 

NMR (CDCl3-d, 101 MHz): δ (ppm) 163.6, 142.2, 139.0, 137.0, 136.2, 132.6, 124.7, 123.3, 

114.7, 54.6, 52.1, 51.6, 49.5, 47.7, 45.1, 33.8, 33.6, 22.2, 17.4; m.p. 106.5 – 109.5 °C; IR νmax 

(cm-1) 2970, 1705, 1585, 1534, 1460, 1148, 621, 589. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-3.111) 

Iodomethane (8 µL, 0.125 mmol) was added to (S)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-methyl 

pyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.083 (50 mg, 

0.104 mmol) in MeCN (2 mL) at rt under air. The resulting 
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solution was refluxed at 80 °C for 4 h. The reaction was allowed to cool and concentrated in 

vacuo to afford the methyl pyridinium intermediate. The residue was dissolved in a 1:1 

mixture of MeOH (1 mL) and water (1 mL) before NaBH4 (9 mg, 0.184 mmol) was added and 

the resulting solution was stirred at rt for 30 min. The reaction was quenched with water (5 

mL) and extracted with EtOAc (3 x 5 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by HPH MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-

(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-

[1,2,3]triazolo [4,5-c]pyridin-1-yl)acetamide (S)-3.111 (20 mg, 0.039 mmol, 38% yield) as a 

white solid. LCMS (formic, ES+) tR = 0.62 min, m/z = 497.2, 499.2; HRMS (C19H24BrN5O3S): 

[M+H]+ calculated 497.0967, found 497.0964; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.36 (d, 

J=2.7 Hz, 1H), 7.65–7.80 (m, 2H), 5.29 (s, 2H), 3.66 (s, 2H), 3.49–3.62 (m, 2H), 3.39 (ddd, J=9.6, 

8.4, 7.2 Hz, 1H), 2.82–2.96 (m, 5H), 2.51–2.57 (m, 3H), 2.27–2.40 (m, 1H), 1.99–2.12 (m, 3H), 

1.51–1.65 (m, 1H), 1.04 (d, J=6.6 Hz, 3H); Amide NH not visible; 13C NMR (MeOD-d4, 101 MHz): 

δ (ppm) 164.5, 141.2, 139.0, 137.8, 136.0, 132.4, 124.0, 122.1, 113.5, 54.3, 51.1, 50.6, 50.2, 

47.4, 43.6, 33.6, 33.1, 19.7, 16.3; m.p. 71.2 – 75.2 °C; IR νmax (cm-1) 2970, 1704, 1586, 1532, 

1459, 1304, 1143, 620, 587. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-tetrahydro-

1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-3.112) 

Iodoethane (33 mg, 0.209 mmol) was added to (S)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (S)-3.083 

(100 mg, 0.209 mmol) in MeCN (2 mL) at rt under air. The 

resulting solution was refluxed for 18 h. The reaction was allowed to cool and concentrated 

in vacuo to afford the ethyl pyridinium intermediate. The intermediate was dissolved in a 1:1 

mixture of MeOH (1 mL) and water (1 mL), NaBH4 (17 mg, 0.459 mmol) was added and the 

resulting solution was stirred at rt for 30 min. The reaction was quenched with sat. aq. 

NaHCO3 (5 mL) and extracted with CH2Cl2 (3 x 5 mL). The combined organics were passed 

through a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude 

product was purified by HPH MDAP. The pure fractions were concentrated in vacuo to afford 

(S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-tetrahydro-

1H-[1,2,3]triazolo [4,5-c]pyridin-1-yl)acetamide (S)-3.112 (21 mg, 0.041 mmol, 20% yield) as 
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a white solid. LCMS (formic, ES+) tR = 0.63 min, m/z = 511.3, 513.3; HRMS (C20H27BrN6O3S): 

[M+H]+ calculated 511.1114, found 511.1125; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.75 (br. 

s., 1H), 8.22 (d, J=2.7 Hz, 1H), 7.78 (dd, J=8.8, 2.7 Hz, 1H), 7.62 (d, J=8.8 Hz, 1H), 5.20 (s, 2H), 

3.78 (s, 2H), 3.48–3.58 (m, 2H), 3.34–3.41 (m, 1H), 2.82–2.96 (m, 5H), 2.76 (q, J=7.3 Hz, 2H), 

2.23–2.36 (m, 1H), 1.96–2.07 (m, 1H), 1.54 (dd, J=12.5, 8.6 Hz, 1H), 1.18–1.25 (m, 3H), 1.02 

(d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 164.0, 142.0, 138.8, 137.3, 136.1, 

132.6, 124.7, 123.1, 114.3, 54.6, 51.2, 49.3, 48.7, 47.7, 33.7, 33.6, 20.3, 17.4, 12.2, 1.9; m.p. 

88.0 – 90.4 °C; IR νmax (cm-1) 3262, 2965, 1704, 1586, 1533, 1459. 

 

tert-Butyl (3-nitropyridin-4-yl)glycinate (3.117) 

4-Chloro-3-nitropyridine 3.116 (3.00 g, 18.92 mmol) and tert-butyl 

glycinate, hydrochloride (3.33 g, 19.87 mmol) were dissolved in EtOH 

(20 mL). TEA (2.64 mL, 18.92 mmol) was added and the reaction 

refluxed for 6 h. The reaction was allowed to cool before concentrating in vacuo. The residue 

was partitioned between sat. aq. NaHCO3 (20 mL) and CH2Cl2 (20 mL). The layers were 

separated and the aq. layer was extracted with CH2Cl2 (2 x 20 mL). The combined organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude was purified by silica chromatography, eluting with 0-80% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford tert-butyl (3-

nitropyridin-4-yl)glycinate 3.117 (1.58 g, 6.24 mmol, 33% yield) as a yellow solid. LCMS 

(Formic, ES+) tR = 0.61 min, m/z = 254.2; HRMS (C11H15N3O4): [M+H]+ calculated 254.1141, 

found 254.1136; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.27 (s, 1H), 8.59 (s, 1H), 8.36 (d, J=6.1 

Hz, 1H), 6.58 (d, J=6.1 Hz, 1H), 4.02 (d, J=5.1 Hz, 2H), 1.55 (s, 9H); 13C NMR (DMSO-d6, 101 

MHz): δ (ppm) 168.6, 153.3, 149.0, 148.5, 130.0, 109.6, 82.3, 44.9, 28.2; m.p. 91.2 – 93.3 °C; 

IR νmax (cm-1) 3346, 1727, 1623, 1355, 1164, 826, 550. 

 

tert-Butyl (3-aminopyridin-4-yl)glycinate (3.118) 

tert-Butyl (3-nitropyridin-4-yl)glycinate 3.117 (1.50 g, 5.92 mmol) was 

suspended in EtOH (30 mL) and water (8 mL). Ammonium chloride 

(0.48 g, 8.88 mmol)  and iron (1.65 g, 29.6 mmol) were added and the 

reaction heated to 70 oC for 2 h. The reaction mixture was filtered through a 10 g Celite 

cartridge washing with MeOH (30mL). The filtrate was concentrated in vacuo and the residue 

partitioned between CH2Cl2 and water (25 mL each). The aq. layer was re-extracted with 
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CH2Cl2 (2 x 25 mL). The combined organics were eluted through a hydrophobic frit and 

concentrated in vacuo to give tert-butyl (3-aminopyridin-4-yl)glycinate 3.118 (1.21 g, 5.42 

mmol, 91% yield) as an orange gum. LCMS (formic, ES+) tR = 0.39 min, m/z = 224.3; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 8.00 (d, J=5.4 Hz, 1H), 7.95 (s, 1H), 6.37 (d, J=5.4 Hz, 1H), 4.67–

4.76 (m, 1H), 3.86 (d, J=5.1 Hz, 2H), 3.18 (s, 2H), 1.53 (s, 9H). 

 

tert-Butyl 2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate (3.119) 

tert-Butyl (3-aminopyridin-4-yl)glycinate 3.118 (1.00 g, 4.48 mmol) was 

suspended in water (10 mL) at 0 °C under air. AcOH (10 mL) was added, 

followed by sodium nitrite (0.371 g, 5.37 mmol) and the resulting suspension was then placed 

in a pre-heated stirrer hotplate and stirred at 80 °C for 10 min before it was allowed to cool 

to rt. The reaction was diluted with water (5 mL) and extracted with CH2Cl2 (3 x 20 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to 

afford the crude product. The crude product was purified by silica chromatography, eluting 

with 0-100% EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford 

tert-butyl 2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate 3.119 (0.39 mg, 1.665 mmol, 37% 

yield) as a white solid. LCMS (formic, ES+) tR = 0.68 min, m/z = 235.2; HRMS (C11H14N4O2): 

[M+H]+ calculated 235.1195, found 235.1192; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.51 (d, 

J=1.5 Hz, 1H), 8.62 (d, J=5.9 Hz, 1H), 7.44 (dd, J=5.9, 1.5 Hz, 1H), 5.36 (s, 2H), 1.48 (s, 9H); 13C 

NMR (DMSO-d6, 101 MHz): δ (ppm) 166.4, 145.2, 144.3, 142.9, 137.5, 106.1, 83.2, 49.8, 28.0; 

m.p. 96.7 – 98.2 °C; IR νmax (cm-1) 2978, 1745, 1607, 1369, 1234, 1154, 1081. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4,5,6,7-tetrahydro-1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-3.120) 

Method 1: (S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-

bromo-3-((3-methylpyrrolidin-1-yl) sulfonyl)  phenyl) 

acetamide (S)-3.083 (30 mg, 0.063 mmol) was dissolved in a 

1:1:1 mixture of MeOH, EtOH and AcOH (12 mL). The resulting 

solution was hydrogenated over Rh/C on the H-cube apparatus with a flow rate of 1 mL min-

1. The apparatus was set up to allow the reaction mixture to cycle through the H-cube for 24 

h. The reaction mixture was then concentrated in vacuo to afford the crude product. The 

crude product was purified by HPH MDAP. The pure fractions were concentrated in vacuo to 

afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4,5,6,7-tetrahydro-
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1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (S)-3.120 (9 mg, 0.018 mmol, 29% yield) as a 

cream solid.  

Method 2: (S)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)phenyl) acetamide (S)-3.083 (750 mg, 1.565 mmol) and 5% Pt/C B103032-5 JM26 

(75 mg, 1.565 mmol) were dissolved in MeOH (3.6 mL) and AcOH (0.1 mL). The resulting 

solution was placed in a HP ChemSCAN reactor and stirred at 50 °C under 240 psi of hydrogen 

for 48 h. The reaction was filtered through Celite, washing with MeOH and concentrated in 

vacuo to afford (S)-N-(4-bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (S)-3.120 (500 mg, 1.034 mmol, 

66% yield) as a cream solid. LCMS (formic, ES+) tR = 0.61 min, m/z = 483.2, 485.2; HRMS 

(C18H23BrN6O3S): [M+H]+ calculated 483.0814, found 483.0814; 1H NMR (MeOD-d4, 400 MHz): 

δ (ppm) 8.31 (d, J=2.5 Hz, 1H), 7.82 (d, J=8.7 Hz, 1H), 7.73 (dd, J=8.7, 2.5 Hz, 1H), 5.28 (s, 2H), 

3.95–4.00 (m, 2H), 3.50–3.60 (m, 2H), 3.37 (s, 2H), 3.12 (s, 2H), 2.88–2.97 (m, 1H), 2.76–2.82 

(m, 2H), 2.28–2.40 (m, 1H), 2.02–2.13 (m, 1H), 1.52–1.65 (m, 1H), 1.04 (d, J=6.6 Hz, 3H); 

Amide NH not visible; 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.9, 142.7, 138.9, 137.1, 136.2, 

132.9, 124.7, 123.2, 114.5, 54.6, 51.1, 47.7, 42.4, 42.3, 33.8, 33.6, 21.6, 17.4; m.p. 140.0 – 

144.8 °C; IR νmax (cm-1) 2959, 1701, 1586, 1533, 1459, 1301, 1149, 621. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-isopropyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-3.113) 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)-2-(4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-

c]pyridin-1-yl)acetamide (S)-3.120 (35 mg, 0.072 mmol) 

and K2CO3 (30 mg, 0.217 mmol) were dissolved in acetone 

(1 mL). 2-Iodopropane (18 mg, 0.109 mmol) was added and the resulting solution stirred at 

80 °C for 4 h. A further 1 eq. of 2-iodopropane was added and the resulting solution stirred 

at 80 °C for a further 4 h. The reaction was allowed to cool, diluted with water (2 mL) and 

extracted with CH2Cl2 (2 x 2 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by HPH MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-

((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-isopropyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazo 

lo[4,5-c]pyridin-1-yl)acetamide (S)-3.113 (22 mg, 0.042 mmol, 58% yield) as a white solid. 

LCMS (formic, ES+) tR = 0.64 min, m/z = 525.3, 527.3; HRMS (C21H29BrN6O3S): [M+H]+ 
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calculated 525.1283, found 525.1280;  1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.36 (d, J=2.7 

Hz, 1H), 7.77 (s, 1H), 7.70–7.75 (m, 1H), 3.78 (s, 2H), 3.50–3.59 (m, 2H), 3.36–3.44 (m, 1H), 

3.01–3.10 (m, 1H), 2.93 (d, J=5.1 Hz, 3H), 2.81–2.87 (m, 2H), 2.29–2.40 (m, 1H), 2.08–2.12 (m, 

1H), 2.02–2.04 (m, 1H), 1.52–1.64 (m, 1H), 1.17–1.22 (m, 7H), 1.05 (d, J=6.6 Hz, 3H); Amide 

NH not visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 164.6, 142.0, 139.0, 137.8, 136.0, 

133.1, 124.1, 122.3, 116.7, 56.9, 54.3, 53.8, 50.2, 45.4, 44.1, 33.7, 33.0, 20.4, 17.2, 16.2. 

 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(2,2,2-trifluoroethyl)-

4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-3.114) 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)phen 

yl)-2-(4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-

1-yl)acetamide (S)-3.120 (40 mg, 0.083 mmol) was 

dissolved in THF (1 mL) at rt under nitrogen. The resulting 

solution was heating to 70 °C, followed by sequential addition of phenylsilane (0.02 mL, 0.165 

mmol) and TFA (0.01 mL, 0.145 mmol). The resulting solution was stirred at 70 °C for 1 h. The 

reaction was allowed to cool, quenched with sat. aq. NaHCO3 (2 mL) and extracted with 

CH2Cl2 (3 x 2 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by formic 

MDAP. The pure fractions were concentrated in vacuo to afford (S)-N-(4-bromo-3-((3-methyl 

pyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-(2,2,2-trifluoroethyl)-4,5,6,7-tetrahydro-1H-[1,2,3]triaz 

olo[4,5-c]pyridin-1-yl)acetamide (S)-3.114 (20 mg, 0.035 mmol, 43% yield) as a white solid. 

LCMS (formic, ES+) tR = 1.10 min, m/z = 565.0, 567.0; HRMS (C20H24BrF3N6O3S): [M+H]+ 

calculated 565.0844, found 565.0842; 1H NMR (MeOD-d4, 400 MHz): δ (ppm) 8.36 (d, J=2.5 

Hz, 1H), 7.78 (d, J=8.6 Hz, 1H), 7.72 (dd, J=8.6, 2.4 Hz, 1H), 5.29 (s, 2H), 3.94 (s, 2H), 3.51–3.61 

(m, 2H), 3.34–3.43 (m, J=9.8 Hz, 3H), 3.11 (t, J=5.9 Hz, 2H), 2.93 (dd, J=9.5, 7.8 Hz, 1H), 2.85 

(t, J=5.7 Hz, 2H), 2.29–2.39 (m, 1H), 2.06–2.11 (m, 1H), 1.53–1.64 (m, 1H), 1.05 (d, J=6.6 Hz, 

3H); Amide NH not visible; 13C NMR (MeOD-d4, 101 MHz): δ (ppm) 165.0, 141.0, 138.9, 137.7, 

135.9, 135.0, 132.7, 127.2, 123.0 (q, J=193.2 Hz), 113.7, 55.9, 54.4, 50.2, 49.7, 49.1, 47.7 (q, 

J=21.3 Hz), 33.6, 33.2, 26.6, 19.8, 16.3; 19F NMR (MeOD-d4, 376 MHz): δ (ppm) -71.50. 
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(S)-2-(5-Acetyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-

methylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide ((S)-3.115) 

(S)-N-(4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl) 

phenyl)-2-(4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-

c]pyridin-1-yl)acetamide (S)-3.120 (35 mg, 0.072 mmol) 

was dissolved in CH2Cl2 (1 mL) at rt under nitrogen. DIPEA 

(0.038 mL, 0.217 mmol) was added followed by Ac2O (10 µL, 0.109 mmol). The resulting 

solution was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 (2 mL) and 

extracted with CH2Cl2 (3 x 2 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by formic MDAP. The pure fractions were concentrated in vacuo to afford (S)-2-(5-acetyl-

4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-methy lpyrrolidin-

1-yl)sulfonyl)phenyl)acetamide (S)-3.115 (20 mg, 0.039 mmol, 53% yield) as a white solid. 

LCMS (formic, ES+) tR = 0.89 min. m/z = 525.2, 527.2; HRMS (C20H25BrN6O4S): [M+H]+ 

calculated 525.0920, found 525.0920; 1H NMR (DMSO-d6, 400 MHz, 373 K): δ (ppm) 1H NMR 

(DMSO-d6, 400 MHz): d (ppm) 8.36 (d, J=2.7 Hz, 1H), 7.78 (d, J=8.6 Hz, 1H), 7.71 (dd, J=8.6, 

2.7 Hz, 1H), 4.64 (s, 2H), 3.79 (t, J=5.7 Hz, 2H), 3.42–3.55 (m, 2H), 3.29–3.39 (m, 1H), 2.89 (dd, 

J=9.7, 7.2 Hz, 1H), 2.81 (t, J=5.7 Hz, 4H), 2.31 (dd, J=14.3, 7.2 Hz, 1H), 2.12 (s, 3H), 1.99–2.09 

(m, 1H), 1.52 (dd, J=12.2, 7.8 Hz, 1H), 1.01 (d, J=6.8 Hz, 3H); Amide NH not visible. 

 

(±)-1-((2-Chloro-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine ((±)-3.121) 

 2-Chloro-5-nitrobenzenesulfonyl chloride 3.054 (1.10 g, 4.30 mmol) was 

taken up in CH2Cl2 (50 mL) under nitrogen and cooled to 0 °C. DIPEA (1.65 

mL, 9.45 mmol) was added and the reaction stirred for 5 min before (±)-

3-cyclopropylpyrrolidine (0.48 g, 4.30 mmol)  was added. The reaction 

was stirred at 0 °C for 2 h. The reaction mixture was quenched with sat. NaHCO3 (50 mL) and 

extracted with CH2Cl2 (2 x 50 mL). The combined organics were filtered through a 

hydrophobic frit and concentrated in vacuo to give the crude product. The crude product was 

purified by silica chromatography, eluting with 0-40% cyclohexane/EtOAc. The pure fractions 

were concentrated in vacuo to afford (±)-1-((2-chloro-5-nitrophenyl)sulfonyl)-3-

cyclopropylpyrrolidine (±)-3.121 (1.28 g, 3.87 mmol, 90% yield)  as a yellow gum. LCMS 

(formic, ES+) tR = 1.23 min, m/z = 331.2; HRMS (C13H15ClN2O4S): [M+H]+ calculated 331.0519, 

found 331.0510; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.92 (d, J=2.7 Hz, 1H), 8.33 (dd, J=8.8, 
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2.7 Hz, 1H), 7.71 (d, J=8.8 Hz, 1H), 3.58–3.69 (m, 2H), 3.45 (ddd, J=9.7, 8.3, 7.2 Hz, 1H), 3.21 

(dd, J=9.5, 7.8 Hz, 1H), 2.03–2.15 (m, 1H), 1.80 (dq, J=12.5, 8.3 Hz, 1H), 1.60–1.69 (m, 1H), 

0.63–0.76 (m, 1H), 0.43–0.55 (m, 2H), 0.08–0.22 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ 

(ppm) 146.2, 139.4, 139.0, 133.2, 127.4, 126.7, 52.9, 47.8, 44.4, 31.5, 13.0, 3.7, 3.4; IR νmax 

(cm-1) 3098, 1601, 1524, 1344, 1162, 884. 

 

(±)-1-((2-Bromo-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine ((±)-3.122) 

 2-Bromo-5-nitrobenzenesulfonyl chloride 3.021 (1.30 g, 4.33 mmol) was 

taken up in CH2Cl2 (50 mL) under nitrogen and cooled in an ice bath. 

DIPEA (1.66 mL, 9.52 mmol) was added and the reaction stirred for 5 min 

before (±)-3-cyclopropylpyrrolidine (0.48 g, 4.33 mmol)  was added. The 

reaction was stirred for 2 h at 0 °C. The reaction mixture was quenched with sat. NaHCO3 (50 

mL) and extracted with CH2Cl2 (2 x 50 mL). The combined organics were filtered through a 

hydrophobic frit and concentrated in vacuo to give the crude product. This was purified by 

silica chromatography, eluting with 0-30% cyclohexane/EtOAc. The pure fractions were 

concentrated in vacuo to afford (±)-1-((2-bromo-5-nitrophenyl)sulfonyl)-3-

cyclopropylpyrrolidine (±)-3.122 (1.38 g, 3.68 mmol, 85% yield)  as a yellow gum. LCMS 

(formic, ES+) tR = 1.24 min, m/z = 375.2, 377.2; HRMS (C13H15BrN2O4S): [M+H]+ calculated 

375.0014, found 375.0013; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 8.91 (d, J=2.8 Hz, 1H), 8.22 

(dd, J=8.7, 2.8 Hz, 1H), 7.96 (d, J=8.6 Hz, 1H), 3.58–3.68 (m, 2H), 3.41–3.52 (m, 1H), 3.21 (dd, 

J=9.5, 7.6 Hz, 1H), 2.04–2.16 (m, 1H), 1.81 (dq, J=12.3, 8.4 Hz, 1H), 1.55–1.71 (m, 1H), 0.62–

0.77 (m, 1H), 0.43–0.55 (m, 2H), 0.08–0.23 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 

146.8, 141.2, 136.9, 127.7, 127.2, 126.6, 53.0, 47.9, 44.4, 31.5, 13.0, 3.7, 3.4; IR νmax (cm-1) 

3103, 1597, 1526, 1341, 1161, 880, 606. 

 

(±)-4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline ((±)-3.123) 

(±)-1-((2-Chloro-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine (±)-

3.121 (1.25 g, 3.78 mmol), ammonium chloride (0.30 g, 5.67 mmol) and 

iron (0.63 g, 11.34 mmol) were dissolved in EtOH (5.0 mL) and water (1.7 

mL). The resulting solution was heated to 70 °C for 2 h. The reaction was 

allowed to cool then filtered through a plug of Celite, washing with MeOH (20 mL). The 

resulting solution was concentrated in vacuo and then partitioned between sat. aq. NaHCO3 

(20 mL) and CH2Cl2 (20 mL). The layers were separated and the aq. layer extracted with CH2Cl2 
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(2 x 20 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford (±)-4-chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (±)-3.123 

(1.11 g, 3.69 mmol, 98% yield) as a yellow gum. LCMS (formic, ES+) tR = 1.07 min, m/z = 301.1; 

HRMS (C13H17ClN2O2S): [M+H]+ calculated 301.0778, found 301.0771; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 7.41 (d, J=2.7 Hz, 1H), 7.26 (d, J=8.5 Hz, 1H), 6.75 (dd, J=8.5, 2.7 Hz, 1H), 3.91 

(br. s., 2H), 3.53–3.63 (m, 2H), 3.39 (ddd, J=9.5, 8.3, 7.1 Hz, 1H), 3.15 (dd, J=9.5, 7.7 Hz, 1H), 

1.98–2.09 (m, 1H), 1.74 (dq, J=12.3, 8.4 Hz, 1H), 1.56–1.61 (m, 1H), 0.60–0.74 (m, 1H), 0.41–

0.52 (m, 2H), 0.08–0.18 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 145.4, 137.1, 132.5, 

120.1, 119.2, 118.0, 52.5, 47.4, 44.3, 31.5, 13.1, 3.6, 3.3; IR νmax (cm-1) 3375, 1596, 1468, 1323, 

1159, 590. 

 

(±)-4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline ((±)-3.124) 

(±)-1-((2-Bromo-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine (±)- 

3.122 (1.30 g, 3.46 mmol), ammonium chloride (0.28 g, 5.20 mmol) and 

iron (0.58 g, 10.39 mmol) were dissolved in EtOH (5.0 mL) and water (1.7 

mL). The resulting solution was heated to 70 °C for 2 h. The reaction was 

allowed to cool then filtered through a plug of Celite, washing with MeOH (20 mL). The 

resulting solution was concentrated in vacuo and then partitioned between sat. aq. NaHCO3 

(20 mL) and CH2Cl2 (20 mL). The layers were separated and the aq. layer extracted with CH2Cl2 

(2 x 20 mL). The combined organics were passed through a hydrophobic frit and concentrated 

in vacuo to afford the crude product. The crude product was purified by silica 

chromatography, eluting with 0-100% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-4-bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline 

(±)-3.124 (1.19 g, 3.45 mmol, 99% yield) as an orange gum. LCMS (formic, ES+) tR = 1.10 min, 

m/z = 345.2, 347.2; HRMS (C13H17BrN2O2S): [M+H]+ calculated 345.0272, found 345.0270; 1H 

NMR (CDCl3-d, 400 MHz): δ (ppm) 7.40–7.48 (m, 2H), 6.67 (dd, J=8.4, 2.8 Hz, 1H), 3.94 (br. s., 

2H), 3.51–3.63 (m, 2H), 3.39 (ddd, J=9.5, 8.2, 7.2 Hz, 1H), 3.15 (dd, J=9.4, 7.7 Hz, 1H), 1.97–

2.11 (m, 1H), 1.69–1.82 (m, 1H), 1.54–1.66 (m, 1H), 0.62–0.75 (m, 1H), 0.39–0.54 (m, 2H), 

0.07–0.20 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.0, 138.8, 136.0, 119.4, 118.4, 

106.9, 52.5, 47.4, 44.3, 31.5, 13.2, 3.6, 3.3; IR νmax (cm-1) 3374, 1591, 1462, 1312, 1156, 544. 
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(±)-2-(1H-[1,2,3]Triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl) 

sulfonyl)phenyl)acetamide ((±)-3.125) 

tert-Butyl 2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate 

3.119 (187 mg, 0.798 mmol) was dissolved in HCl (4 M in 

dioxane, 1.66 mL, 6.65 mmol) and stirred at rt for 16 h. The 

reaction mixture was concentrated in vacuo to afford the 

crude acid. (±)-4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (±)-3.123 (200 mg, 

0.665 mmol), and HATU (303 mg, 0.798 mmol) were added and the mixture dissolved in 

CH2Cl2 (10 mL). DIPEA (0.348 mL, 1.995 mmol) was added and the resulting solution was 

stirred at rt for 2 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted 

with CH2Cl2 (3 x 10 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by silica 

chromatography, eluting with 0-100% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-

((3-cyclopropylpyrrolidin-1-yl)sulf onyl)phenyl)acetamide (±)-3.125 (241 mg, 0.523 mmol, 

79% yield) as a cream solid. LCMS (formic, ES+) tR = 0.98 min, m/z = 461.3; HRMS 

(C20H21ClN6O3S): [M+H]+ calculated 461.1163, found 461.1161; 1H 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 9.45 (d, J=1.1 Hz, 1H), 9.16 (s, 1H), 8.58 (d, J=6.0 Hz, 1H), 8.25 (d, J=2.7 Hz, 1H), 

7.82 (dd, J=8.8, 2.7 Hz, 1H), 7.65 (dd, J=6.0, 1.1 Hz, 1H), 7.43 (d, J=8.8 Hz, 1H), 5.67 (s, 2H), 

3.51–3.58 (m, 2H), 3.30–3.39 (m, 1H), 3.12 (dd, J=9.7, 7.7 Hz, 1H), 1.97–2.06 (m, 1H), 1.73 

(dd, J=12.5, 8.6 Hz, 1H), 1.51–1.63 (m, 1H), 0.55–0.67 (m, 1H), 0.37–0.48 (m, 2H), 0.05–0.12 

(m, 2H); m.p. 63.7 – 68.8 °C; IR νmax (cm-1) 3008, 1590, 1465, 1156, 839, 556. 

 

(±)-2-(1H-[1,2,3]Triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)acetamide ((±)-3.126) 

tert-Butyl 2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate 

3.119 (163 mg, 0.695 mmol) was dissolved in HCl (4 M in 

dioxane, 1.45 mL, 5.79 mmol) and stirred at 40 °C for 16 h. 

The reaction mixture was concentrated in vacuo to afford the 

crude acid. (±)-4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (±)-3.124 (200 mg, 

0.579 mmol), and HATU (264 mg, 0.695 mmol) were added and the mixture dissolved in 

CH2Cl2 (10 mL). DIPEA (0.304 mL, 1.738 mmol) was added and the resulting solution was 

stirred at rt for 2 h. The reaction was quenched with sat. aq. NaHCO3 (10 mL) and extracted 
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with CH2Cl2 (3 x 10 mL). The combined organics were passed through a hydrophobic frit and 

concentrated in vacuo to afford the crude product. The crude product was purified by silica 

chromatography, eluting with 0-50% EtOAc/cyclohexane. The pure fractions were 

concentrated in vacuo to afford (±)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-

((3-cyclopropylpyrrolidin-1-yl)sulfonyl) phenyl)acetamide (±)-3.126 (222 mg, 0.439 mmol, 

76% yield) as a cream solid. LCMS (formic, ES+) tR = 0.97 min, m/z = 505.2, 507.2; HRMS 

(C20H21BrN6O3S): [M+H]+ calculated 505.0657, found 505.0658; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 9.54 (d, J=0.7 Hz, 1H), 9.06 (s, 1H), 8.67 (d, J=4.5 Hz, 1H), 8.12 (d, J=2.7 Hz, 1H), 7.99 

(dd, J=8.6, 2.7 Hz, 1H), 7.59–7.71 (m, 2H), 5.64 (s, 2H), 3.55–3.65 (m, 2H), 3.38–3.47 (m, 1H), 

3.17 (dd, J=9.4, 7.7 Hz, 1H), 2.04–2.13 (m, 1H), 1.80 (dq, J=12.3, 8.4 Hz, 1H), 1.57–1.69 (m, 

1H), 0.61–0.73 (m, 1H), 0.40–0.53 (m, 2H), 0.07–0.19 (m, 2H); 
13C NMR (CDCl3-d, 101 MHz): δ 

(ppm) 163.5, 145.3, 144.7, 138.5, 137.4, 137.0, 136.5, 125.1, 125.0, 123.2, 114.7, 104.9, 52.9, 

51.4, 47.9, 44.4, 31.4, 13.0, 3.7, 3.4; m.p. 74.3 – 77.8 °C; IR νmax (cm-1) 3207, 1701, 1587, 1387, 

1158, 833, 556. 

 

 (±)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((±)-3.127) 

 Iodomethane (0.16 mL, 2.169 mmol) was added to (±)-2-

(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (±)-

3.125 (1.00 g, 2.169 mmol) in MeCN (20 mL) at rt under air. 

The resulting solution was refluxed at 80 °C for 2 h. The reaction was allowed to cool and 

concentrated in vacuo to afford the methyl pyridinium intermediate. The residue was 

dissolved in MeOH (10 mL) and water (10 mL), before NaBH4 (0.18 g, 4.77 mmol) was added 

and the resulting solution stirred at rt for 30 min. The reaction was quenched with water (20 

mL) and extracted with CH2Cl2 (3 x 20 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford (±)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazol 

o[4,5-c]pyridin-1-yl)acetamide (±)-3.127 (762 mg, 1.591 mmol, 73% yield) as a white solid.  

LCMS (formic, ES+) tR = 0.68 min, m/z = 479.3; HRMS (C21H27ClN6O3S): [M+H]+ calculated 

479.1632, found 479.1629; 1H NMR (CDCl3-d, 400 MHz): d (ppm) 8.98 (s, 1H), 8.13 (d, J=2.7 

Hz, 1H), 7.91 (dd, J=8.8, 2.7 Hz, 1H), 7.46 (d, J=8.8 Hz, 1H), 5.16 (s, 2H), 3.70 (s, 2H), 3.53–3.62 

(m, 2H), 3.39 (ddd, J=9.5, 8.3, 7.2 Hz, 1H), 3.15 (dd, J=9.5, 7.8 Hz, 1H), 2.80–2.89 (m, 4H), 2.56 



GSK Confidential – Do not copy 

 

257 
 

(s, 3H), 1.99–2.10 (m, 1H), 1.76 (dq, J=12.2, 8.4 Hz, 1H), 1.56–1.66 (m, 1H), 0.60–0.71 (m, 1H), 

0.41–0.52 (m, 2H), 0.09–0.18 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.6, 143.0, 

137.3, 136.1, 132.6, 132.2, 127.3, 124.7, 123.1, 77.2, 52.7, 51.4, 51.4, 47.6, 45.1, 44.3, 31.4, 

20.6, 13.0, 3.7, 3.3; m.p. 91.8 – 97.8 °C; IR νmax (cm-1) 2950, 1705, 1535, 1464, 1157, 591. 

 

(S*)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S*)-3.127) and (R*)-N-(4-

chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-

1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((R*)-3.127) 

(±)-N-(4-Chloro-3-((3-

cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5  

-methyl-4,5,6,7-tetra 

hydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (±)-3.127 was dissolved in EtOH (1 mL) 

and injected onto the column (column: 250 mm x 20 mm Chiralpak IG, 5 μm), eluting with 

50% (EtOH + 0.2% isopropylamine)/(heptane +0.2% isopropylamine), flow rate = 15 mL min-

1, detection wavelength 215 nm. The pure fractions from peak 1 were concentrated in vacuo 

to afford (S*)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-

4,5,6,7-tetrahydro-1H-[1,2,3]triazol o[4,5-c]pyridin-1-yl) acetamide (S*)-3.127 (16 mg, 0.033 

mmol) as a white solid and the pure fractions from peak 2 were concentrated in vacuo to 

afford (R*)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-

4,5,6,7-tetra hydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (R*)-3.127 (15 mg, 0.031 

mmol) as a white solid. Data consistent with racemate ((±)-3.127); Chiral LC: 4.6 mm x 250 

mm Chiralpak IG column, 80% (EtOH + 2% isopropylamine)/heptane, (S*)-3.127: tR = 17.354 

min; er >99:1; (R*)-3.127: tR = 23.739 min; er >99:1. 

 

(±)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((±)-3.128) 

Iodoethane (27 mg, 0.174 mmol) was added to (±)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-cyclo 

propylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (±)-

3.125 (80 mg, 0.174 mmol) in MeCN (2 mL) at rt under 

air. The resulting solution was refluxed at 80 °C for 2 h. The reaction was allowed to cool and 
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concentrated in vacuo to afford the ethyl pyridinium intermediate. The residue was dissolved 

in MeOH (1 mL) and water (1 mL), before NaBH4 (14 mg, 0.382 mmol) was added and the 

resulting solution stirred at rt for 30 min. The reaction was quenched with water (5 mL) and 

extracted with EtOAc (3 x 5 mL). The combined organics were passed through a hydrophobic 

frit and concentrated in vacuo to afford the crude product. The crude product was purified 

by HPH MDAP. The pure fractions were concentrated in vacuo to afford (±)-N-(4-chloro-3-

((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-tetrahydro-1H-[1,2,3]triaz 

olo[4,5-c]pyridin-1-yl)acetamide (±)-3.128 (33 mg, 0.066 mmol, 38% yield) as a white solid. 

LCMS (formic, ES+) tR = 0.70 min, m/z = 493.3; HRMS (C22H29ClN6O3S): [M+H]+ calculated 

493.1789, found 493.1790; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.16 (s, 1H), 8.13 (d, J=2.7 

Hz, 1H), 7.90 (dd, J=8.8, 2.7 Hz, 1H), 7.46 (d, J=8.8 Hz, 1H), 5.15 (s, 2H), 3.81 (s, 2H), 3.53–3.63 

(m, 2H), 3.34–3.44 (m, 1H), 3.15 (dd, J=9.5, 7.6 Hz, 1H), 2.92–2.99 (m, 2H), 2.85–2.92 (m, 2H), 

2.78 (q, J=7.1 Hz, 2H), 1.99–2.10 (m, 1H), 1.76 (dq, J=12.3, 8.5 Hz, 1H), 1.53–1.66 (m, 1H), 

1.19–1.27 (m, 3H), 0.59–0.73 (m, 1H), 0.40–0.53 (m, 2H), 0.08–0.17 (m, 2H); 13C NMR (CDCl3-

d, 101 MHz): δ (ppm) 163.7, 142.4, 137.3, 136.2, 132.6, 132.4, 127.2, 124.7, 123.1, 52.7, 51.3, 

51.2, 49.2, 48.7, 47.6, 44.3, 31.4, 20.3, 13.0, 12.1, 3.7, 3.3; m.p. 84.6 – 88.2 °C; IR νmax (cm-1) 

2970, 1704, 1537, 1465, 1157, 591. 

 

(±)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((±)-3.129) 

Iodomethane (42 mg, 0.297 mmol) was added to (±)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (±)-

3.126 (150 mg, 0.297 mmol) in MeCN (2 mL) at rt under air. 

The resulting solution was refluxed at 80 °C for 2 h. The reaction was allowed to cool and 

concentrated in vacuo to afford the methyl pyridinium intermediate. The residue was 

dissolved in MeOH (1 mL) and water (1 mL), before NaBH4 (25 mg, 0.653 mmol) was added 

and the resulting solution was stirred at rt for 30 min. The reaction was quenched with water 

(5 mL) and extracted with EtOAc (3 x 5 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by HPH MDAP. The pure fractions were concentrated in vacuo to afford (±)-N-

(4-bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-

1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (±)-3.129 (67 mg, 0.128 mmol, 43% yield) as 
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a white solid. LCMS (formic, ES+) tR = 0.69 min, m/z = 523.2, 525.2; HRMS (C21H27BrN6O3S): 

[M+H]+ calculated 523.1127, found 523.1124; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.23 (s, 

1H), 8.18 (d, J=2.7 Hz, 1H), 7.83 (dd, J=8.8, 2.7 Hz, 1H), 7.66 (d, J=8.8 Hz, 1H), 5.18 (s, 2H), 

3.68 (s, 2H), 3.53–3.62 (m, 2H), 3.35–3.43 (m, 1H), 3.15 (dd, J=9.5, 7.6 Hz, 1H), 2.78–2.87 (m, 

4H), 2.54 (s, 3H), 2.03–2.09 (m, 1H), 1.76 (dq, J=12.3, 8.4 Hz, 1H), 1.54–1.66 (m, 1H), 0.61–

0.72 (m, 1H), 0.40–0.52 (m, 2H), 0.08–0.17 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 

163.7, 143.0, 138.9, 137.0, 136.2, 132.4, 124.7, 123.3, 114.7, 52.8, 51.4, 51.4, 51.4, 47.7, 45.2, 

44.3, 31.4, 20.6, 13.1, 3.7, 3.4. 

 

(S*)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetr 

ahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S*)-3.129) and (R*)-N-(4-bromo-

3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-

[1,2,3]triaz olo[4,5-c]pyridin-1-yl)acetamide ((R*)-3.129) 

(±)-N-(4-bromo-3-((3-

cyclopropylpyrrolidin-

1-yl)sulfonyl)phen yl)-

2-(5-methyl-4,5,6,7-te 

trahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl) acetamide (±)-3.129 was dissolved in EtOH (5 

mL) and injected onto the column (column: 250 mm x 20 mm Chiralpak IG, 5 μm), eluting 

with 95% (EtOH + 0.2% isopropylamine)/CH2Cl2, flow rate = 15 mL min-1, detection 

wavelength 215 nm. The pure fractions from peak 1 were concentrated in vacuo to afford 

(S*)-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazol o[4,5-c]pyridin-1-yl)acetamide (S*)-3.129 (20 mg, 0.038 mmol) 

as a white solid and the pure fractions from peak 1 were concentrated in vacuo to afford 

(R*)-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]tria zolo[4,5-c]pyridin-1-yl)acetamide (R*)-3.129 (24 mg, 0.046 mmol) 

as white solids. Data consistent with racemate ((±)-3.129); Chiral LC: 4.6 mm x 250 mm 

Chiralpak IG column, 80% (EtOH + 2% isopropylamine)/heptane, (S*)-3.129: tR = 9.785 min; 

er >99:1; (R*)-3.129: tR = 12.045 min; er >99:1. 
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(±)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((±)-3.130) 

Iodoethane (70 mg, 0.495 mmol) was added to (±)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-bromo-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide 

(±)-3.126 (50 mg, 0.099 mmol) in MeCN (2 mL) at rt under 

air. The resulting solution was refluxed at 80 °C for 2 h. 

The reaction was allowed to cool and concentrated in vacuo to afford the ethyl pyridinium 

intermediate. The residue was dissolved in MeOH (1 mL) and water (1 mL), before NaBH4 (8 

mg, 0.218 mmol) was added and the resulting solution stirred at rt for 30 min. The reaction 

was quenched with water (5 mL) and extracted with EtOAc (3 x 5 mL). The combined organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by HPH MDAP. The pure fractions were 

concentrated in vacuo to afford (±)-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-ethyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)aceta 

mide (±)-3.130 (16 mg, 0.030 mmol, 30% yield) as a white solid. LCMS (formic, ES+) tR = 0.71 

min, m/z = 537.2, 539.2; HRMS (C22H29BrN6O3S): [M+H]+ calculated 537.1283, found 

537.1281; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.46 (s, 1H), 8.19 (d, J=2.7 Hz, 1H), 7.82 (dd, 

J=8.7, 2.7 Hz, 1H), 7.65 (d, J=8.7 Hz, 1H), 5.17 (s, 2H), 3.83 (s, 2H), 3.52–3.61 (m, 2H), 3.33–

3.44 (m, 1H), 3.15 (dd, J=9.5, 7.6 Hz, 1H), 2.87–3.02 (m, 4H), 2.80 (q, J=7.6 Hz, 2H), 1.98–2.10 

(m, 1H), 1.76 (dq, J=12.4, 8.3 Hz, 1H), 1.54–1.67 (m, 1H), 1.24 (t, J=7.1 Hz, 3H), 0.61–0.73 (m, 

1H), 0.40–0.51 (m, 2H), 0.07–0.18 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.8, 141.9, 

138.9, 137.1, 136.1, 132.4, 124.7, 123.2, 114.6, 52.7, 51.3, 51.1, 49.2, 48.6, 47.7, 44.3, 31.4, 

20.2, 13.1, 12.0, 3.7, 3.3. 

 

(±)-2-Azido-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide  

((±)-3.131) 

(±)-4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (±)-

3.123 (400 mg, 1.330 mmol), 2-azidoacetic acid (148 mg, 1.463 

mmol), and HATU (607 mg, 1.596 mmol) were dissolved in CH2Cl2 (5 

mL) at rt under air. DIPEA (0.695 mL, 3.99 mmol) was added and the 

resulting solution was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 

(20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organics were passed through 



GSK Confidential – Do not copy 

 

261 
 

a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography eluting with 0-50% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (±)-2-azido-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (±)-3.131 (455 mg, 1.185 mmol, 89% 

yield) as a pale yellow gum. LCMS (formic, ES+) tR = 1.17 min, m/z = 428.2, 430.2; HRMS 

(C15H18ClN5O3S): [M+H]+ calculated 384.0897, found 384.0894; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 8.49 (s, 1H), 8.09 (d, J=2.7 Hz, 1H), 7.94 (dd, J=8.8, 2.7 Hz, 1H), 7.69 (d, J=8.8 Hz, 1H), 

4.16 (s, 2H), 3.52–3.65 (m, 2H), 3.40 (ddd, J=9.5, 8.4, 7.1 Hz, 1H), 3.16 (dd, J=9.5, 7.7 Hz, 1H), 

2.03–2.07 (m, 1H), 1.78 (dq, J=12.3, 8.4 Hz, 1H), 1.55–1.69 (m, 1H), 0.62–0.73 (m, 1H), 0.38–

0.53 (m, 2H), 0.06–0.21 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 165.2, 137.3, 136.0, 

132.6, 127.2, 124.6, 122.8, 52.9, 52.7, 47.6, 44.3, 31.5, 13.1, 3.6, 3.3; IR νmax (cm-1) 3325, 2104, 

1589, 1524, 1465, 1155, 588. 

 

(±)-2-Azido-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide 

((±)-3.132) 

(±)-4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (±)-

3.124 (500 mg, 1.448 mmol), 2-azidoacetic acid (161 mg, 1.593 

mmol), and HATU (661 mg, 1.738 mmol) were dissolved in CH2Cl2 (5 

mL) at rt under air. DIPEA (0.757 mL, 4.34 mmol) was added and the 

resulting solution was stirred at rt for 1 h. The reaction was quenched with sat. aq. NaHCO3 

(20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organics were passed through 

a hydrophobic frit and concentrated in vacuo to afford the crude product. The crude product 

was purified by silica chromatography eluting with 0-50% EtOAc/cyclohexane. The pure 

fractions were concentrated in vacuo to afford (±)-2-azido-N-(4-bromo-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (±)-3.132 (552 mg, 1.289 mmol, 89% 

yield) as a pale yellow gum. LCMS (formic, ES+) tR = 1.17 min, m/z = 428.2, 430.2; HRMS 

(C15H18BrN5O3S): [M+H]+ calculated 428.0392, found 428.0392; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 8.49 (s, 1H), 8.09 (d, J=2.7 Hz, 1H), 7.94 (dd, J=8.8, 2.7 Hz, 1H), 7.69 (d, J=8.8 Hz, 1H), 

4.16 (s, 2H), 3.52–3.65 (m, 2H), 3.40 (ddd, J=9.5, 8.4, 7.1 Hz, 1H), 3.16 (dd, J=9.5, 7.7 Hz, 1H), 

2.03–2.07 (m, 1H), 1.78 (dq, J=12.3, 8.4 Hz, 1H), 1.55–1.69 (m, 1H), 0.62–0.73 (m, 1H), 0.38–

0.53 (m, 2H), 0.06–0.21 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 165.4, 138.9, 136.7, 

136.3, 124.6, 123.0, 114.6, 52.9, 52.8, 47.7, 44.3, 31.4, 13.1, 3.7, 3.4; IR νmax (cm-1) 3347, 2102, 

1588, 1525, 1322, 1152, 585.  
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(±)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide ((±)-3.133) 

 (±)-2-Azido-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl) 

sulfonyl)phenyl)acetamide (±)-3.131 (80 mg, 0.208 mmol), 

N,N-dimethylprop-2-yn-1-amine (17 mg, 0.208 mmol), and 

Cp*RuCl(PPh3)2 (5 mg, 6.25 µmol) were dissolved in THF (3 mL) 

at rt under nitrogen. The resulting solution was stirred at 65 °C for 1 h. The reaction was 

diluted with water (2 mL) and extracted with CH2Cl2 (3 x 2 mL). The combined organics were 

passed through a hydrophobic frit and concentrated in vacuo to afford the crude product. 

The crude product was purified HPH MDAP. The pure fractions were concentrated in vacuo 

to afford (±)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-

((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)acetamide (±)-3.133 (48 mg, 0.103 mmol, 

50% yield) as a cream solid. LCMS (Formic, ES+) tR = 0.70 min, m/z = 467.3; HRMS 

(C20H27ClN6O3S): [M+H]+ calculated 467.1632, found 467.1633; 1H NMR (CDCl3-d, 400 MHz): 

δ (ppm) 10.25 (s, 1H), 8.04 (dd, J=8.8, 2.5 Hz, 1H), 7.79 (d, J=2.5 Hz, 1H), 7.70 (s, 1H), 7.46 (d, 

J=8.8 Hz, 1H), 5.25 (s, 2H), 3.66 (s, 2H), 3.51–3.61 (m, 2H), 3.38 (ddd, J=9.5, 8.3, 7.1 Hz, 1H), 

3.14 (dd, J=9.5, 7.6 Hz, 1H), 2.40 (s, 6H), 2.03–2.07 (m, 1H), 1.75 (dq, J=12.3, 8.4 Hz, 1H), 1.53–

1.64 (m, 1H), 0.61–0.71 (m, 1H), 0.41–0.51 (m, 2H), 0.10–0.15 (m, 2H); 13C NMR (CDCl3-d, 101 

MHz): δ (ppm) 163.6, 137.3, 136.7, 134.8, 133.9, 132.7, 126.8, 124.6, 122.5, 52.6, 52.5, 51.2, 

47.5, 44.9, 44.3, 31.4, 13.1, 3.7, 3.3. 

 

(S*)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide ((S*)-3.133) and (R*)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) methyl)-1H-1,2,3-

triazol-1-yl)acetamide ((R*)-3.133) 

 (±)-N-(4-Chloro-3-((3-cyclo 

propylpyrrolidin-1-yl)sulfon 

yl)phenyl)-2-(5-((dimethyla 

mino) methyl)-1H-1,2,3-tria 

zol-1-yl)acetamide (±)-3.133 was dissolved in MeCN (2 mL) and injected onto the column 

(column: 250 mm x 30 mm Chiralpak AS-H, 5 μm), eluting with 15% (MeCN + 0.2% 

isopropylamine)/MTBE, flow rate = 30 mL min-1, detection wavelength 215 nm. The pure 

fractions from peak 1 were concentrated in vacuo to afford (S*)-N-(4-chloro-3-((3-
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cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-1 

-yl)acetamide (S*)-3.133 (11 mg, 0.024 mmol) as a white solid and the pure fractions from 

peak 2 were concentrated in vacuo to afford (S*)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)acetamide (R*)-

3.133 (10 mg, 0.021 mmol) as a white solid. Data consistent with racemate ((±)-3.133); Chiral 

LC: 4.6 mm x 250 mm Chiralpak AS-H column, 10% (MeCN + 0.2% isopropylamine)/MTBE, 

(S*)-3.133: tR = 27.003 min; er >99:1; (R*)-3.133: tR = 31.278 min; er 98:2. 

 

(±)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide ((±)-3.134) 

(±)-2-Azido-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)acetamide (±)-3.132 (40 mg, 0.093 mmol), 

N,N-dimethylprop-2-yn-1-amine (8 mg, 0.093 mmol), and 

Cp*RuCl(PPh3)2 (2 mg, 2.80 µmol) were dissolved in THF (3 mL) 

at rt under nitrogen. The resulting solution was stirred at 65 °C for 1 h. The reaction mixture 

was diluted with water (2 mL) and extracted with CH2Cl2 (3 x 2 mL). The combined organics 

were passed through a hydrophobic frit and concentrated in vacuo to afford the crude 

product. The crude product was purified by HPH MDAP. The pure fractions were 

concentrated in vacuo to afford (±)-N-(4-bromo-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)acetamide (±)-3.134 

(36 mg, 0.070 mmol, 75% yield) as a cream solid. LCMS (Formic, ES+) tR = 0.71 min, m/z = 

511.2, 513.2; HRMS (C20H27BrN6O3S): [M+H]+ calculated 511.1127, found 511.1127; 1H NMR 

(CDCl3-d, 400 MHz): δ (ppm) 10.27 (s, 1H), 7.95 (dd, J=8.8, 2.7 Hz, 1H), 7.81 (d, J=2.7 Hz, 1H), 

7.63–7.72 (m, 2H), 5.24 (s, 2H), 3.65 (s, 2H), 3.51–3.60 (m, 2H), 3.38 (ddd, J=9.5, 8.5, 7.1 Hz, 

1H), 3.14 (dd, J=9.5, 7.5 Hz, 1H), 2.40 (s, 6H), 2.05 (dd, J=7.5, 0.9 Hz, 1H), 1.77 (dd, J=12.5, 8.5 

Hz, 1H), 1.53–1.68 (m, 1H), 0.60–0.73 (m, 1H), 0.40–0.52 (m, 2H), 0.10–0.15 (m, 2H); 13C NMR 

(CDCl3-d, 101 MHz): δ (ppm) 163.6, 139.0, 137.4, 136.3, 134.8, 133.9, 124.5, 122.7, 114.3, 

52.7, 52.6, 51.3, 47.6, 45.0, 44.4, 31.4, 13.1, 3.7, 3.4. 
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(S*)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) 

methyl)-1H-1,2,3-triazol-1-yl)acetamide ((S*)-3.134) and (R*)-N-(4-bromo-3-((3-

cyclopropylpyrro lidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino) methyl)-1H-1,2,3-

triazol-1-yl)acetamide ((R*)-3.134) 

(±)-N-(4-bromo-3-((3-cyclo 

propylpyrrolidin-1-yl)sulfon 

yl)phenyl)-2-(5-((dimethyl 

amino) methyl)-1H-1,2,3-tri 

azol-1-yl)acetamide (±)-3.134 was dissolved in MeCN (2 mL) and injected onto the column 

(column: 250 mm x 30 mm Chiralpak AS-H, 5 μm), eluting with 15% (MeCN + 0.2% 

isopropylamine)/MTBE, flow rate = 30 mL min-1, detection wavelength 215 nm. The pure 

fractions from peak 1 were concentrated in vacuo to afford (S*)-N-(4-bromo-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-

1-yl)acetamide (S*)-3.134 (14 mg, 0.027 mmol) as a white solid and the pure fractions from 

peak 2 were concentrated in vacuo to afford (R*)-N-(4-Bromo-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)-2-(5-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)acetamide (R*)-

3.134  (14 mg, 0.027 mmol) as a white solid. Data consistent with racemate ((±)-3.134); Chiral 

LC: 4.6 mm x 250 mm Chiralpak AS-H column, 10% (MeCN + 0.2% isopropylamine)/MTBE, 

(S*)-3.134: tR = 33.336 min; er >99:1; (R*)-3.134  : tR = 37.937 min; er 98:2.  

 

4.5. Biological Data Experimental 

ATAD2 TR-FRET Binding Assay 

Compounds were titrated from 10 mM in 100% DMSO, and 100 nL was transferred to a low-

volume black 384-well microtiter plate using a Labcyte Echo 555. A Thermo Scientific 

Multidrop Micro was used to dispense 5 μL of 5 nM FLAG-6His-Tev-ATAD2(981−1121) in 50 

mM Hepes, 150 mM NaCl, 5% Glycerol, 1 mM CHAPS, and 1 mM DTT at pH 7.4, in the 

presence of 100 nM Alexa Fluor 488-labeled ligand. After equilibrating for 30 min in the dark 

at rt, the ATAD2 protein−fluorescent ligand interaction was  detected using TR-FRET following 

a 5 μL addition of 1.5 nM Lanthascreen Elite Tb-anti His antibody (Invitrogen, PV5863) in 

assay buffer. Time-resolved fluorescence (TRF) was then detected on a TRF laser equipped 

PerkinElmer Envision multimode plate reader (excitation = 337 nm; emission 1 = 520 nm; 

emission 2 = 495 nm; dual wavelength bias dichroic = 400, 505 nm). TR-FRET ratio was 
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calculated using the following equation: ratio = ((acceptor  fluorescence at 520 nm)/(donor 

fluorescence at 495 nm)) × 1000. TR FRET ratio data was normalized to a mean of 16 

replicates per microtiter plate of both 10 μM 4.01 and 100% DMSO controls.  

 

IC50 values were determined for each of the compounds tested by fitting the fluorescence 

ratio data to a four parameter curve fit of the following form was then applied. 

 

𝑦 =  
𝑎 − 𝑑

1 + (𝑥
𝑐⁄ )𝑏

+ 𝑑 

Where ‘a’ is the minimum, ‘b’ is the Hill slope, ‘c’ is the pIC50 and‘d’ is the maximum. 

 

CECR2 TR-FRET Binding Assay 

Compounds were titrated from 10 mM in 100% DMSO, and 100 nL was transferred to a low-

volume black 384-well microtiter plate using a Labcyte Echo 555. A Thermo Scientific 

Multidrop Micro was used to dispense 5 μL of 6H-FLAG-tev-CECR2 (424-543) in 50 mM Hepes, 

150 mM NaCl, 5% Glycerol, 1 mM CHAPS, and 1 mM DTT at pH 7.4, in the presence of 200 

nM Alexa Fluor 647-labeled ligand. After equilibrating for 15 min at rt, the CECR2 

protein−fluorescent ligand interaction was  detected using TR-FRET following a 5 μL addition 

of 3 nM Eu-W1024-labeled Anti-6xHis antibody in assay buffer. Time-resolved fluorescence 

(TRF) was then detected on a TRF laser equipped PerkinElmer Envision multimode plate 

reader (excitation = 315 nm; emission 1 = 665 nm; emission 2 = 615 nm). TR-FRET ratio was 

calculated using the following equation: ratio = ((acceptor  fluorescence at 665 nm)/(donor 

fluorescence at 615 nm)) × 1000. TR FRET ratio data was normalized to a mean of 16 

replicates per microtiter plate of both no protein and 100% DMSO controls. IC50 values were 

determined for each of the compounds tested by fitting the fluorescence ratio data to a four 

parameter curve fit of the following form was then applied. 

𝑦 =  
𝑎 − 𝑑

1 + (𝑥
𝑐⁄ )𝑏

+ 𝑑 
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5. Appendix 

Table 5.01a. Single Shot BROMOscan data from DiscoveRx 

BRD 3.112 3.103 3.111 3.130 3.128 3.113 

ATAD2A 100 100 100 100 100 99 

ATAD2B 0 36 83 100 100 100 

BAZ2A 56 3 73 7 8 30 

BAZ2B 21 20 62 29 41 47 

BRD1 97 94 93 95 73 97 

BRD2(1) 90 75 43 48 37 54 

BRD2(2) 96 95 66 89 10 1 

BRD3(1) 97 84 36 50 39 57 

BRD3(2) 97 96 68 96 56 77 

BRD4(1) 88 80 67 31 26 92 

BRD4(2) 100 97 97 99 66 34 

BRD7 48 69 70 72 60 66 

BRD9 95 91 98 93 84 92 

BRDT(1) 96 66 76 84 63 70 

BRDT(2) 97 96 94 100 95 78 

BRPF1 93 88 98 100 90 99 

BRPF3 98 91 100 95 95 50 

CECR2 100 100 100 99 100 100 

CREBBP 0 75 0 1 1 2 

EP300 2 0 25 8 0 1 

FALZ 92 94 99 99 89 93 

GCN5L2 99 100 100 100 100 100 

PBRM1(2) 58 13 88 100 82 64 

PBRM1(5) 11 11 93 18 23 31 

PCAF 73 99 93 99 89 83 

SMARCA2 0 0 58 0 0 9 

SMARCA4 0 0 48 0 5 3 

TAF1(2) 99 98 100 100 100 100 

TAF1L(2) 76 96 100 100 100 100 

TRIM24 19 30 48 46 46 45 

TRIM33 25 14 38 30 48 38 

WDR9(2) 97 85 100 89 44 100 

 Continued overleaf… 
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Table 5.01b. Single Shot BROMOscan data from DiscoveRx 

BRD 
(S,S*)-
3.107 

(S,R*)-
3.107 

(S*)-
3.134 

(S*)-
3.133 

(S*)-
3.127 

(S*)-
3.129 

ATAD2A 99 100 99 99 100 98 

ATAD2B 100 100 100 100 100 100 

BAZ2A 59 74 91 65 54 57 

BAZ2B 51 62 38 0 58 52 

BRD1 99 99 94 67 89 96 

BRD2(1) 94 89 51 23 96 94 

BRD2(2) 87 1 35 28 97 99 

BRD3(1) 95 92 41 38 97 96 

BRD3(2) 97 63 81 67 100 100 

BRD4(1) 100 99 90 84 100 89 

BRD4(2) 85 0 57 8 100 100 

BRD7 93 82 73 45 75 66 

BRD9 100 98 90 71 97 99 

BRDT(1) 92 84 83 63 100 99 

BRDT(2) 89 57 87 70 100 100 

BRPF1 100 100 98 72 96 87 

BRPF3 85 100 92 55 92 96 

CECR2 100 100 100 100 99 100 

CREBBP 15 3 0 4 1 0 

EP300 1 0 0 0 0 0 

FALZ 99 96 98 93 95 95 

GCN5L2 100 100 100 100 100 100 

PBRM1(2) 60 49 98 75 97 99 

PBRM1(5) 19 13 31 6 0 11 

PCAF 100 100 100 100 100 100 

SMARCA2 4 0 0 0 0 3 

SMARCA4 0 1 8 6 0 0 

TAF1(2) 100 100 100 100 100 100 

TAF1L(2) 99 98 95 87 81 82 

TRIM24 47 48 57 39 11 8 

TRIM33 20 20 32 10 54 51 

WDR9(2) 100 100 98 81 95 98 
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Figure 5.01. Graph to show correlation between CLND solubility and CAD solubility. 

 

Figure 5.02. PCAF Chemical probes L-Moses (5.01) and GSK4028 (5.02).266, 267 

 

 

Table 5.02. Data on (S,R)-3.013. 

 

 (S,R)-3.013 

CECR2 pIC50 (n) / ATAD2 pIC50 (n) 
Selectivitya 

6.9(4) / 7.0(8) 
1x(A) 

BRD4 BD1 pIC50 (n) <4.3(4)  

ChromLogD7.4 4.8 

CLND Solubility (μg mL-1) 146 

AMP 147 
          a(A) denotes selectivity for ATAD2 over CECR2  
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Figure 5.03. NOESY spectrum for 3.100. 

 

 

Figure 5.04. NOESY spectrum for 3.103. 
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