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i) Abstract 

The prostaglandin E2 (PGE2) receptor subtype 2 (EP2), a G protein-coupled receptor, is a 

key mediator of inflammatory response regulating pro-inflammatory cytokine 

expression and modulation of Th17 cell function. The EP2 receptor is reportedly 

upregulated in chronic inflammation and as a result its inhibition is a potential strategy 

for the treatment of cancer and chronic inflammatory neurodegenerative diseases such 

as Alzheimer’s and Parkinson’s. Anti-inflammatory therapeutics, such as non-steroidal 

anti-inflammatory drugs (NSAIDs), inhibit cyclooxygenase (COX) enzymes upstream of 

the prostanoid synthesis pathway but are not approved by the Food and Drug 

Administration (FDA) for treatment of the above diseases due to numerous adverse 

effects associated with long term use. 

(Tetrahydrofuran-2-yl)methyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylate (25a) is the first reported EP2 antagonist with a 

reversible agonist-dependent allosteric mode of action (Jiang et al., 2020). Compound 

25a demonstrated selectivity against other prostanoid receptors: prostaglandin E2 

receptor subtype 4 (EP4), prostaglandin I2 receptor (IP) and prostaglandin D2 receptor 

subtype 1 (DP1) and limited structure-activity relationships (SARs) of only fourteen 

analogues identified the 2,3-dihydrobenzo[b][1,4]dioxine motif as essential for EP2 

modulation. 

Herein, this thesis reports the design, synthesis and pharmacological characterisation 

of 33 novel analogues of 25a, with a focus on modifications at the (tetrahydrofuran-2-yl) 

methyl ester moiety. From this SAR dataset, numerous analogues demonstrating an 

improvement in EP2 binding affinity and functional potency, compared to 25a, were 

identified. These parameters were determined utilising NanoBRET competition binding 

assays for the EP2 G protein binding site, and NanoBiT complementation assays 

reporting EP2 recruitment of beta-arrestin2, respectively. Additionally, these ligands 

displayed classical allosteric insurmountable antagonism in agonist concentration 

response curves (CRCs) with decreasing agonist maximal effect proportional to 

increasing concentrations of our negative allosteric modulators (NAMs). The 
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development of a new computational model, based on the recently reported cryo-EM 

structure of EP2 (protein data base (PDB) 7CX2) which was evaluated using the SAR 

dataset, is also reported. This model supports that these ligands bind to an intracellular 

binding pocket on EP2 which is predicted to sterically block the recruitment of the 

heterotrimeric Gαs protein and thus inhibit downstream signalling. Overall, the findings 

presented in this thesis highlight the synthesis and pharmacological characterisation of 

fourteen novel NAMs of the prostanoid EP2 receptor and provides an insight into their 

allosteric mechanism of action.  
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Chapter 1- General Introduction 

1.1 Chronic inflammation 

1.1.1 An introduction to chronic inflammation 

Arguably one of the most important scientific discoveries in recent decades is the 

identification of inflammation as playing a significant role in both the development and 

progression of diseases which currently dominate worldwide morbidity and mortality 

rates[1, 2]. Inflammation is the body’s protective response by the immune system to a 

tissue injury, infectious agent or a foreign body to eliminate the harmful stimulus and 

begin the healing process. Typically, symptoms of inflammation only last a few days 

until the injury or infection is healed and the inflammatory process ends (see Figure 1) 

[3-6]. However, chronic inflammation occurs when an inflammatory response 

continues past the point of healing or begins when there is no infection/injury. Over 

time, chronic inflammation can damage healthy cells, tissues and organs and has been 

identified as a key contributor to disease progression in cardiovascular disease, cancer, 

diabetes, rheumatoid arthritis (RA), allergic asthma, chronic obstructive pulmonary 

disease (COPD), Alzheimer’s disease (AD), chronic kidney disease and inflammatory 

bowel disease (IBD) [3, 5, 6]. As a result, chronic inflammatory diseases have been 

recognised as the most significant cause of mortality worldwide, accounting for more 

than 50 % of all deaths [7, 8].  Therefore, inhibition of inflammatory pathways utilising 

small molecule inhibitors could provide therapeutic benefits to patients by both 

reducing the severity and the progression of these life threatening diseases. 
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Figure 1- Hallmarks of acute and chronic inflammation [3-6].  

Numerous causes of chronic inflammation have been identified. For example, these 

include a failure to eliminate the agent causing acute inflammation (e.g. infectious 

organisms, foreign material or exposure to low level irritant), autoimmune disorders in 

which the immune system recognises a normal body component as a foreign antigen 

and attacks healthy tissue (e.g. RA) and defects in immune cells responsible for 

mediating inflammation (auto inflammatory disorders e.g. Familial Mediterranean 

Fever). Additionally, recurrent episodes of acute inflammation and inflammatory or 

biochemical inducers (e.g. free radicals, uric acid crystals) causing oxidative stress and 

mitochondrial dysfunction have also been found to cause chronic inflammation [3]. 

Numerous risk factors are associated with chronic inflammation including old age, 

obesity, poor diet (rich in saturated fats and processed foods) and smoking. 

Additionally, low sex hormones, stress and sleep disorders have also be linked to the 

development of chronic inflammation [3].  

Inflammation is a complex biological process and involves both an innate and adaptive 

immune response to combat harmful stimuli (see Figure 2).  
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Figure 2- The innate versus adaptive immune responses and the cells involved. [9] 

The innate immune response is the host’s first defence mechanism found in all 

multicellular organisms. It includes physical barriers such as skin and mucosa as well 

as effector cells and cytokines [9]. When a pathogen first enters the body, macrophages 

and dendritic cells recognise specific pathogen associated molecular patterns (PAMPs) 

present on the pathogen surface via complementary pattern recognition receptors 

(PRRs) e.g. toll-like receptors (TLRs). This binding triggers the release of cytokines such 

as interleukin-1 (IL-1) and tumour necrosis factor α (TNF-α). These cytokines induce the 

injury-site endothelial cells to express selectins and integrins which stimulate the 

chemotaxis and diapedesis of circulating myeloid cells [3]. As well as releasing 

cytokines, tissue macrophages and dendritic cells also clear antigens by phagocytosis 

and serve as antigen presenting cells [9]. Neutrophils are the initial and most prominent 

myeloid cells to be recruited to the local site of injury during acute inflammation [10]. 

They contain granules rich with lysozyme, matrix metalloproteinases and 

myeloperoxidase which are released on the foreign or self-antigen leading to its 

destruction. Neutrophils also destroy the antigen by phagocytosis, release of reactive 

oxygen species and produce a wide range of cytokines (both pro-and anti-inflammatory) 

[11].  
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The next line of defence, part of the adaptive immune response, involves the activation 

and recruitment of lymphocytes, including B-cells and T-cells, to the site of injury [3, 12, 

13]. B-cells play a crucial role in mediating inflammation; plasma B cells produce 

antibodies to form immune antigen-antibody complexes neutralizing pathogens and 

marking them (opsonization) for destruction by cytotoxic T-cells (CD8+). Furthermore, 

activation of B cells and T cells generates the formation of memory B cells and memory 

T cells for a more robust immune response on rechallenge of the antigen [14].  Two 

other types of T-cells are involved in adaptive immunity including helper T cells (CD4+) 

and regulatory T cells. Helper T cells produce pro-inflammatory cytokines and stimulate 

B-cells to generate antibodies. Whereas regulatory T cells are responsible for 

maintaining immune balance, dampening excessive inflammation by suppressing 

activation, proliferation and effector function of T cells and preventing the immune 

system from attacking native cells [14]. Additionally, the complement system, 

classically activated by the formation of antigen-antibody complexes, is another crucial 

part of the innate immune system response against common pathogens. It is a rapid 

and non-specific defence involving plasma and membrane associated serum proteins 

(C-reactive proteins) that activate in a cascade to tag (opsonize), engulf and destroy 

pathogens directly (lysis) through the assembly of membrane attack complexes [15, 

16]. 

Three key pro-inflammatory cytokines (protein-based mediators) are prevalent during 

acute and chronic inflammation including IL-1, IL-6 and TNF-α, which work 

synergistically to mediate the inflammatory response (see Figure 3).  
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Figure 3- A summary diagram of the production and signalling of key pro-inflammatory cytokines IL-1β, IL-6 and TNF-

α during an inflammatory response. [17-23] 

The cytokine IL-1 can be subdivided into IL-1α, which is constitutively expressed, and IL-

1β mainly produced by macrophages, monocytes and T-cells [17]. IL-1β is reported to 

activate CD4+ T-cells which in turn stimulate infected cell destruction by cytotoxic 

CD8+ T-cells and the production of antibodies by B-cells. Additionally, IL-1β promotes 

CD4+ T-cell differentiation into memory T-helper17 (Th17) cells. Th17 have been 

identified as key pro-inflammatory immune cells due to their production of IL-17; IL-17 

promotes the recruitment and expansion of myeloid cells and proliferation of vascular 

endothelial cells, expanding blood flow and delivering myeloid cells to the target area to 

combat pathogens [18]. In contrast, IL-6 is a pleiotropic cytokine produced by 

monocytes, fibroblasts and endothelial cells. It induces B-cell differentiation into 

plasma cells, induces production of acute-phase proteins in the liver (e.g. C-reactive 
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proteins in the classical complement pathway) and promotes myeloid cell infiltration 

[19]. During chronic inflammation IL-6 has been linked to the migration of monocytes, 

which differentiate into macrophages and dendritic cells in response to inflammation, 

at the site of injury [20]. Furthermore, IL-6 is also responsible for sustaining Th17 cell 

function via upregulation of Interleukin-23 (IL-23) which binds and activates the 

immune cell [18]. In addition to its pro-inflammatory action, IL-6 regulates cell growth, 

gene activation, proliferation, survival and differentiation [19]. The final pro-

inflammatory cytokine TNF-α is mainly produced by macrophages, T-lymphocytes and 

natural killer cells [21]. In addition to activating neutrophils and lymphocytes, TNF-α 

enhances expression of the leukocyte adhesion molecules on endothelial cells that 

stimulate infiltration of lymphocytes to the infection area [22]. Furthermore, similarly to 

IL-17, TNF-α triggers the proliferation of endothelial cells and increases their 

permeability to improve blood flow to the injury site [23]. 

Most features of acute inflammation continue in chronic conditions. These include 

vasodilation, increased blood flow, capillary permeability and migration of neutrophils 

to the infected tissue. However, the composition of white blood cells differs in chronic 

inflammation with macrophages and lymphocytes being prevalent replacing the short-

lived neutrophils [3]. Two types of chronic inflammation have been reported; 

nonspecific proliferative and granulomatous inflammation [3]. Nonspecific proliferative 

chronic inflammation is characterised by the formation of new non-specific granulation 

tissue, including connective tissue and blood vessels, formed by infiltration of 

mononuclear cells such as lymphocytes and macrophages. Proliferation of fibroblasts 

and epithelial cells also occurs in nonspecific proliferative chronic inflammation. 

Diseases featuring nonspecific proliferative chronic inflammation include RA, Asthma, 

COPD, IBD, tuberculosis and some cancers [3, 24]. Granulomatous inflammation is 

characterized by the presence of distinct granulomas formed from an aggregation of 

activated macrophages, epithelial cells and lymphocytes. There are two types of 

granulomas that can form, either due to the presence of a foreign body (foreign body 

granuloma) or due to chronic infection (infection granuloma) such as tuberculosis [3, 

25]. 
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1.1.1 Inhibition of the COX pathway as a treatment for chronic inflammation  

Non-steroidal anti-inflammatory drugs (NSAIDs) have long been utilised to treat the 

symptoms of RA, menstrual cramps, migraines and influenza through reducing 

inflammation, pain and fever [26, 27]. An estimated 40% of people age 65 years and 

older fill one or more prescriptions for NSAIDs each year [28]. Some common examples 

approved by the U.S. Food and Drug Administration (FDA) for clinical treatment include 

aspirin (1), celecoxib (2), indomethacin (3), ibuprofen (4) and diclofenac (5) (see Figure 

4)[26].  

 

Figure 4- Chemical structures of Aspirin, Celecoxib, Indomethacin, Ibuprofen and Diclofenac [26]. 

NSAIDs reduce inflammation by competitively inhibiting the activity of cyclooxygenases 

(COXs) which are responsible for the conversion of arachidonic acid (AA, 6) into 

prostaglandin (PG) intermediate PGH2 in a two-step process involving either COX-1 or 

COX-2 (see Figure 5) [26, 29]. First, COX isozymes catalyse the cyclisation of AA to PGG2 

(7) which is followed by a reduction of the 15-hydroperoxy group forming PGH2 (8) by the 

same enzymes [30-32]. COX-1 is constitutively expressed in most tissues unlike COX-2 

which is typically present at undetectable levels in most cells except when upregulated 
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during inflammation by cytokines IL-1, IL-6 and TNF-α [30, 33]. The constitutive 

expression of COX-1 promotes gastric mucosal protection and increased mucosal 

blood flow through signalling via PGE2 and PGI2 [34, 35]. Five primary bioactive 

prostanoids PGD2 (9), PGE2 (10), PGF2α (11), PGI2 (12) and thromboxane A2 (TXA2, 13) are 

generated by specific PG synthases from PGH2 (see Figure 5)[29].  

Prostanoids are defined as the cyclooxygenase metabolites of AA which are synthesized 

and released upon cell stimulation. They act locally on cells and tissue to contribute to 

a wide variety of physiological responses and pathological processes including immune 

regulation, inflammation, vascular control/airway smooth muscle tone and 

gastrointestinal function and secretion [29, 32]. AA is also utilized in a COX independent 

pathway called the 5-lipoxygenase pathway to produce leukotrienes (e.g. leukotriene B4 

and cysteinyl leukotrienes) which are potent inflammatory mediators typically 

produced by myeloid cells [36, 37].  
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Figure 5- Biosynthetic pathways of prostanoids PGD2, PGE2, PGF2α, PGI2 and TXA2 from arachidonic acid via PGG2 

and PGH2 including the associated enzymes [29, 31, 32].  

One clinically important example is the use of unselective COX inhibitor aspirin in low 

doses to reduce thrombosis risk in patients by inactivating PG mediated platelet 

clotting via platelet COX-1 [38, 39]. However, despite the common application of 

NSAIDs to reduce inflammation they have been found to exacerbate numerous chronic 

inflammatory diseases and produce life-threatening adverse effects [27, 40]. As a 

result, NSAID use has been reported to cause an estimated 41,000 hospitalizations and 
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3300 deaths each year among older adults in the US [41]. A wide range of 

gastrointestinal (GI) adverse effects have been reported upon use of non-selective 

NSAIDs which inhibit COX-1 (e.g. ibuprofen, aspirin, naproxen) ranging from dyspepsia 

(10-20% of patients) to life-threatening gastric bleeding (1.5% of patients) [41, 42]. The 

development of COX-2 selective inhibitors (e.g. celecoxib, rofecoxib and valdecoxib) 

which are associated with fewer GI complications, provided an alternative approach to 

treatment of inflammation [43]. However, numerous additional adverse effects leading 

to multiple organ pathologies were still prevalent across all NSAIDs preventing their 

widespread adoption in the clinic [27]. Most notably for COX-2 selective inhibitors the 

risk of cardiovascular events has limited their use, with thrombotic events, increased 

blood pressure, congestive heart failure and palpitations all being reported [35]. 

Additionally, long term NSAID therapy has been found to induce renal dysfunction in an 

estimated 2.5 million people in the US in 2006, ranging from decreased glomerular 

perfusion, decreased glomerular filtration rate and acute renal failure [40, 44]. 

Furthermore, central nervous system (CNS) adverse effects, including headaches, 

fatigue, insomnia, vertigo and seizures, has also been linked to COX inhibition. Other 

common adverse effects of NSAIDs include bleeding, asthma attacks, Reye’s 

syndrome, urticaria and neutropenia [27, 35].  The occurrence of these life-threatening 

adverse effects by NSAIDs has been linked to the inhibition of downstream prostanoid 

production in a non-selective and unbalanced manner. As each specific prostanoid 

activates downstream signalling at numerous receptors to induce a variety of different 

physiological responses the elimination of all prostanoid production by COX-inhibitors 

results in these unwanted side-effects. Secondly, inhibition of the COX pathway may 

shift the balance to other local mediators produced from arachidonic acid, such as the 

leukotrienes produced from 5-lipooxygenase activity. Therefore, the production of small 

molecule inhibitors acting at specific prostanoid receptors downstream of the COX 

pathway might generate more selective actions and could mitigate chronic 

inflammation whilst eliminating these adverse effects. 
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1.2 Prostaglandin EP2 receptor 

1.2.1 An introduction to GPCRs and the prostanoid receptors 

Prostanoid receptors belong to the G protein-coupled receptors (GPCRs) family and are 

the largest and most diverse group of membrane receptors in eukaryotes mediating 

cellular responses to most hormones, metabolites, cytokines and neurotransmitters 

through effector proteins [45]. These receptors form a superfamily of membrane 

proteins and are comprised of five distinct classes in vertebrates; Rhodopsin-like (class 

A), Secretin (class B), Glutamate (class C), Adhesion (class B2) and 

Frizzled/Smoothened (class F) [46]. The Rhodopsin-like family is the most diverse and 

largest, comprising approximately 400 proteins in the human genome [47]. Typically, 

members are characterized by conserved sequence motifs that are indicative of shared 

structural features and activation mechanisms. However, individual GPCRs have 

unique modes of signal-transduction which can involve multiple G-protein subtypes, G-

protein independent signalling pathways and complex regulatory processes [47]. As 

GPCRs employ such diverse signalling mechanisms involving a variety of G-protein and 

β-arrestin subtypes, they can modulate a wide variety of physiological responses and 

provide attractive targets for pharmacological exploitation. To date GPCRs are the most 

intensively studied drug targets with a total of 481 drugs (~38% of all drugs approved by 

the FDA) acting at 107 GPCRs and accounting for ~27% of the global market share of 

therapeutic drugs [48, 49]. Despite this success, 57% of non-olfactory GPCRs have yet 

to be explored in clinical trials, indicating significant therapeutic potential not yet 

exploited.  With the rapid advancements in structural biology, receptor pharmacology 

assays and improvements in structural elucidation techniques, the development of 

small molecule ligands targeting novel GPCRs has become more viable [49].  

All GPCRs span the membrane with seven transmembrane (TM) α-helices (TM1-TM7) 

connected by three extracellular loops (ECL1-ECL3), three intracellular loops (ICL1-

ICL3), an extracellular N-terminal domain (NH3
+) and an intracellular C-terminal domain 

(COO-) (see Figure 6) [46, 50]. 
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Figure 6- Generic structure of a GPCR showing the 7 TM α-helices and separately the three subunits of the 

heterotrimeric G-protein (α, β and γ) [47, 51]. Made using ChemDraw 19.1. 

The main feature of many GPCRs is their interaction with heterotrimeric G proteins 

composed of Gα and Gβγ subunits (see Figure 6). Individual receptors typically select 

from a subset of G protein isoforms for activation including, Gαs, Gαq, Gαi/o and Gα12/13, 

each of which regulates distinct signalling pathways, resulting in the functional diversity 

of GPCRs [52, 53].  

The five primary bioactive prostanoids previously discussed PGD2, PGE2, PGF2α, PGI2 

and TXA2 act locally on nine GPCRs, each classified as selective on the basis of their 

natural prostanoid (which is at least one order of magnitude more potent than the other 

four) [54, 55]. These GPCR families are designated as DP, EP, FP, IP, and TP for the PGD2, 

PGE2, PGF2α, PGI2 and TXA2 prostanoids respectively (see Table 1). The EP receptors 

exist as four subtypes EP1-4 all producing a different physiological response upon 

activation [32, 56]. The nine prostanoid receptors can also be classified into three 

subfamilies in accordance with their structural similarities and the intracellular 

signalling they induce (see Table 1) [32, 57]. The ‘relaxant’ receptors consist of DP1, EP2, 

EP4 and IP subfamilies and are Gαs coupled mediating cyclic adenosine 

monophosphate (cAMP) production and leading to the relaxation of smooth muscles. 

The ‘contractile’ receptors include EP1, FP and TP receptors are Gαq coupled and 

mediate cytosolic Ca2+ mobilization inducing smooth muscle contractions. In contrast, 

the EP3 subfamily member is Gαi coupled and primarily mediates a decrease in cAMP 
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and are therefore classified as ‘inhibitory’ receptors [32, 57]. Each prostanoid receptor 

is responsible for the modulation of various physiological processes and abnormal 

receptor expression can be linked to the pathology of numerous disease states. 
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Table 1- Prostanoid receptors, their endogenous prostanoids, coupled G-protein, second messenger effect, subfamily classification and biological response [32, 57].  

Prostanoid 

receptor 

Endogenous 

prostanoid 

G-protein Second 

messenger 

effect 

Prostanoid 

receptor 

subtype 

Immune cell 

expression 

Biological response 

DP1 PGD2 Gαs ↑ cAMP (↑ Ca2+) Relaxant Mast cells, 

basophils, 

eosinophils, t-

helper cell type 

2 (Th2) cells, 

dendritic cells, 

macrophages. 

Regulates allergic and inflammatory responses (both 

pro- and anti- inflammatory role dependent on phase of 

allergic response), vasodilation, bronchodilation, sleep 

regulation and the inhibition of platelet aggregation [32, 

58-60]. The pro-inflammatory role of DP1 involves the 

polarisation of T-helper cell type 2 (Th2- stimulates B 

cells) during sensitization stage of inflammation [61]. 

Inhibits apoptotic cascade for survival of eosinophils 

[62]. Anti-inflammatory role by inhibiting signalling 

pathways decreasing the production of pro-

inflammatory cytokines Il-1β, IL-6 and TNF-α [59]. 

Additionally, suppresses dendritic cell maturation and 

function during effector phase reducing activation of 

antigen specific Th2 cells [61]. 



28 
 

DP2 PGD2 Gαi ↓ cAMP (↑ Ca2+) Contractile Th2 cells, 

eosinophils, 

basophils and 

mast cells. 

Inflammatory mediator- recruits and activates Th2 

cells, eosinophils and basophils to the site of 

inflammation [63]. DP2 plays a key role in the 

pathophysiology of asthma promoting release of 

cytokines IL-4, IL-5 and IL-14 which drive eosinophilic 

inflammation, goblet cell hyperplasia and mucus 

hypersecretion [64]. DP2 activation also remodels 

airways through promoting the proliferation and 

migration of airway smooth muscle cells [65]. 

 

EP1 PGE2 Gαq ↑ Ca2+ Contractile T cells (CD4 + 

and CD8+), 

dendritic cells, 

B cells and 

macrophages. 

 

Mediator of pain perception, neuroinflammation, 

neuronal death, cardiovascular homeostasis and plays 

a role in cancer cell proliferation and progression [66-

68]. Regulates sensitization stage of inflammation by 

facilitating differentiation of naïve T cells into Th1[69]. 

EP1 receptors can interact with COX-2 to facilitate its 

Ubiquitination and degradation (negative feedback 

loop) [70]. 
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EP2 PGE2 Gαs ↑ cAMP Relaxant T cells (CD4+ 

and CD8+), B 

cells, 

macrophages, 

monocytes, 

microglia and 

neutrophils. 

Inflammatory mediator regulating Th17 cell 

differentiation, function through production of IL-23 

and is linked to Th17 cell production of IL-17 leading to 

angiogenesis. Role in smooth muscle regulation and 

cell growth. Implicated in progression of cancer and 

neurodegenerative diseases [51, 71, 72]. EP2 signalling 

in macrophages and microglia (CNS resident 

macrophage like cells) promotes the expression and 

release of pro-inflammatory cytokines. Part of a positive 

feedback loop upregulating COX-2 expression and thus 

amplifying the inflammatory response [73, 74]. 

EP3 PGE2 Gαi (Gαs 

/Gαq) 

↓ cAMP (↑ Ca2+) Inhibitory Macrophages, 

dendritic cells, 

B cells and 

neutrophils.  

Role in thermoregulation, smooth muscle contraction, 

GI function (inhibits secretion of gastric acid) and 

neuroinflammation [75-77]. Highly expressed in the 

kidney where it regulates fluid metabolism by inhibiting 

water and sodium reabsorption [78]. Activation of EP3 

receptors has been linked to antinociception (reduction 

in inflammatory pain) [79]. 
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EP4 PGE2 Gαs (Gαi) ↑ cAMP Relaxant T cells (CD4+ 

and CD8+), 

eosinophils 

macrophages, 

dendritic cells, 

natural killer 

cells and 

microglia. 

Vascular relaxation, angiogenesis, bone remodelling 

and both pro- and anti- inflammatory role in 

macrophages. EP4 suppresses macrophage production 

of TNF-α, IL-12 and MCP-1 but promotes pro-

inflammatory cytokine IL-6 via the MAPK pathway. EP4 

works in tandem with EP2 to modulate Th17 cells (via IL-

6) to produce IL-17. IL-17 is responsible for the 

recruitment and expansion of myeloid cells and 

inducing proliferation of vascular endothelial cells 

leading to angiogenesis [80]. IL-17 is upregulated in 

cancer and linked to tumour cell proliferation, migration 

and metastasis [80, 81]. 

FP PGF2α Gαq ↑ Ca2+ Contractile Macrophages Mediates smooth muscle contraction, regulates 

reproductive processes like luteolysis and parturition. 

Regulates intraocular and blood pressure. Implicated in 

hypertension, age-related cardiac fibrosis and can 

promote angiogenesis in some cancers [82]. 

IP PGI2 Gαs ↑ cAMP (↑ Ca2+) Relaxant T-cells (CD4+), 

dendritic cells, 

IP is a key vasodilator to regulate cardiovascular 

functions including blood pressure. Primarily 
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macrophages, 

neutrophils and 

eosinophils. 

associated with pulmonary arterial hypertension and 

atherothrombosis [83]. Additionally, inhibits platelet 

activation, adhesion and aggregation by inhibiting 

production of 1,4,5-trisphosphate (IP3) and subsequent 

Ca2+ release [84, 85]. Influences endothelial cell 

function and vascular permeability during inflammation 

[86, 87]. IP signalling supresses Th2-mediated allergic 

inflammatory response by enhancing its production of 

anti-inflammatory cytokine IL-10 [88]. IP present on 

sensory neurons and linked with inflammatory pain and 

induction of hyperalgesia [89]. 

TP TXA2 Gαq (Gαs 

/Gα12/13) 

↑ Ca2+ (↑ cAMP) Contractile Platelets, T 

cells (CD4+ and 

CD8+), 

macrophages 

and dendritic 

cells. 

Promote platelet activation and aggregation, 

vasoconstriction, vascular smooth muscle cell 

proliferation and promotes inflammation.[90, 91] Role 

in cardiovascular diseases including atherosclerosis, 

thrombosis and hypertension. Linked to cancer 

progression (angiogenesis, cell survival and metastasis) 

and asthma [91, 92].   
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All prostanoid receptors have been reported to play complex roles in the promotion of 

chronic inflammation and can be linked to the progression of cancer and 

neurodegenerative diseases [93, 94]. For the purpose of this report only the role of 

prostanoid receptor EP2 in the inflammatory process will be discussed in detail.   

1.2.2 Prostaglandin EP2 signalling 

The prostaglandin EP2 receptor is a Gαs coupled GPCR which is commonly expressed in 

the human small intestine, lungs, media of the arteries, arterioles of the kidney, thymus, 

uterus, cerebral cortex and immune cells (T-cells, myeloid and dendritic cells) [51].  All 

G-protein isoforms function via a GTPase cycle in which agonist binding (e.g. 

endogenous agonist PGE2) to the EP2 receptor results in a conformational change to the 

‘active state’  mediating interactions with the G protein. Once bound, the G protein acts 

as a guanine nucleotide exchange factor exchanging guanosine diphosphate (GDP) for 

guanosine triphosphate (GTP) on the surface of the Gα subunit. As a result, the G-

protein uncouples from the receptor forming two functional subunits, membrane bound 

Gβγ and Gαs-GTP, which induce downstream signalling. Subsequent termination of Gαs 

signalling occurs when GTP is hydrolysed into GDP and inorganic phosphate by inherent 

GTPase activity, facilitating the reassembly of the Gα-GDP complex with the βγ subunit. 

Subsequently, the dissociation of the agonist from EP2 triggers a conformational change 

returning both EP2 and the G protein to their inactive state and terminating signal 

transduction [95]. 

The EP2 Gαs signalling pathway regulates cAMP production through the activation of 

adenylate cyclase which converts adenosine triphosphate (ATP) to cAMP (see Figure 7) 

[51, 96]. Increasing concentrations of cAMP can bind, activate and induce the signalling 

of cAMP sensitive binding proteins such as protein kinase A (PKA) and exchange 

proteins regulated by cAMP (EPACs). PKA regulates gene transcription, cell survival and 

migration and extracellular signal-regulated kinase (ERK) signalling via the mitogen-

activated kinase (MAPK) cascade pathway [97, 98]. For example, PKA phosphorylates 

downstream transcription factors such as cAMP-response element binding protein 

(CREB), a downstream target of the MAPK cascade, and nuclear factor kappa-light-
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chain-enhancer of activated B cells (NF-kB, see Chapter 1.2.3). CREB reportedly 

mediates neuronal plasticity, long-term memory formation, neuronal survival and 

neurogenesis in the brain [73, 99].  In comparison, cAMP activated EPACs modulate 

hormone secretion, formation of cell junctions, cell differentiation/proliferation and 

gene expression via activation of the Ras superfamily small GTPases Rap1 and Rap2 

[100].  

 

Figure 7- EP2 receptor signalling pathways detailing Gαs dependent and independent β-arrestin signalling and their 

downstream biological response [51, 96-98, 100]. Made using ChemDraw 19.1. 

GPCRs can also be regulated and signal independently of G proteins, for example 

through the direct recruitment of β-arrestins. β-arrestin-dependent signalling is 

extremely diverse, having been originally described classically for GPCR inactivation 

(desensitisation) and receptor internalisation [101]. Four main isoforms of arrestin are 

reported (arrestins 1-4) with only arrestin-2 and 3, termed β-arrestin 1/2 respectively, 
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being involved in classical signalling due to their ubiquitous expression. Arrestin-1 and 4 

denoted as ‘visual’ arrestins are almost exclusively located within photoreceptive cells 

[102].  

Recruitment of β-arrestin to the GPCR and subsequent signalling is promoted upon 

receptor activation by agonists. Agonist-occupied GPCRs are rapidly phosphorylated at 

select serine and threonine amino acids within the C-terminal tail and/or intracellular 

loop by specific GPCR kinases (GRKs). The pattern of phosphorylation dictates the 

duration, stability and subtype of β-arrestin-GPCR association [101].  The recruitment of 

β-arrestin to the GPCR facilitates receptor inactivation and reduces the downstream 

effects of G-protein signalling by numerous mechanisms. Firstly, the binding of β-

arrestin to an intracellular pocket on the GPCR sterically inhibits G-protein binding and 

signalling resulting in receptor desensitisation. This desensitisation is often referred to 

as “homologous” as the mechanism ensures that only agonist activated and occupied 

receptors are inactivated. In contrast, heterologous desensitisation mechanisms, for 

example receptor phosphorylation by second messenger kinase PKA, PKC or casein 

kinase 2 (CK2), affect both inactive and active receptor populations [103-105]. 

Secondly, β-arrestin undergoes conformational rearrangement upon recruitment to 

GPCRs promoting binding to both clathrin endocytic machinery (e.g. clathrin, β2-

adaptin and N-ethylmaleimide-sensitive fusion protein (NSF) and E3 ubiquitin ligases) 

to induce receptor internalisation and degradation respectively. Furthermore, the β-

arrestin receptor complex scaffolds enzymes such as phosphodiesterase (PDE) and 

diacylglycerol kinase (DGK) that degrade second messengers generated by G protein 

activity such as cAMP, further contributing to GPCR desensitization [101, 106]. In 

addition to these inhibitory mechanisms EP2 activation is also known to engage β-

arrestin2 in a G protein-independent signalling pathway. The formation of an EP2-β -

arrestin2 complex has been reported to scaffold proteins and induce signalling via 

Ras/MAPK and phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), including 

activation of Src, EGFR and ERK1/2. The PI3K/Akt signalling pathway is essential for 

processes like cell migration, glucose metabolism, immune cell development and cell 

growth, survival and proliferation. Dysregulation of this EP2-β -arrestin2 signalling 
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pathway is strongly linked to migration, adhesion and proliferation of tumour cells [73, 

107]. This implies β-arrestin recruitment to EP2 plays a larger role in cellular signalling 

than just desensitization and internalisation. 

1.2.3 EP2 and inflammation 

Prostanoid receptor EP2 plays an essential role in the inflammatory process by 

promoting the expression of pro-inflammatory cytokines from leukocytes, macrophages 

and lymphocytes [71, 108]. During inflammation, PKA activates NF-kB transcription 

factors upon phosphorylation to regulate genes involves in inflammation, immune 

response, cell survival and proliferation [109]. For example, NF-kB signalling in 

macrophages leads to the production of pro-inflammatory cytokines IL-1, IL-6, IL-12, 

TNF-α and chemokines. Additionally, NF- kB is the main downstream signalling pathway 

of cytokine receptors TNF-α, IL-1 and TLRs further driving immune response. As a result, 

dysregulation of NF-kB signalling is a hallmark of chronic inflammatory diseases [109]. 

Furthermore, EP2 receptor signalling has been identified as one of the most essential 

GPCRs for the modulation of Th17 cell function [73, 110]. The stimulation and 

differentiation of CD4+ into Th17 cells is induced by the cytokine IL-1β whose receptors 

are upregulated by EP2 induced PKA/EPAC signalling [111]. Additionally, working 

synergistically with EP4, EP2 receptors activate and sustain Th17 cell function through 

the upregulation of IL-23 induced by cytokine IL-6. Cytokine IL-6 is produced by EP2 

induced Akt and NF-kB signalling, whilst IL-23 receptors are upregulated by the EP2 

induced cAMP-PKA signalling cascade [111-113]. Furthermore, Th17 production of 

cytokine IL-17 has been linked to EP2 activation via upregulation of the IL-17 

transcription factor ROR-yt [111]. As previously discussed, IL-17 increases blood flow to 

the site of inflammation delivering myeloid cells and lymphocytes to combat 

disease/pathogens (see Chapter 1.1.1) [18, 73, 110]. EP2 induced production of IL-6 is 

also responsible for B-cell differentiation and migration of monocytes to the site of 

inflammation. The exacerbation of inflammation has been linked to EP2 signalling via 

cAMP suppression of phagocytosis and antimicrobial function by pulmonary 

macrophages thus dampening innate antibacterial responses [73, 114]. 



36 
 

The upregulation and increased expression of prostanoid EP2 receptors has been 

reported in numerous disease states including cancer, arthritis, IBD, epilepsy, 

amyotrophic lateral sclerosis (ALS) and chronic inflammatory neurodegenerative 

diseases including AD and Parkinsons (PD) [115, 116]. Therefore, targeted inhibition of 

EP2 receptors is an attractive therapeutic approach for the treatment of these diseases 

either by mitigating chronic inflammatory induced disease progression or removing 

immunosuppression in cancer (see Chapter 1.2.4 and 1.2.5) [116]. To date only a single 

EP2 orthosteric agonist omidenepag (14), has been approved for clinical use in a non-

immune indication as its pro-drug omidenepag isopropyl in the treatment of glaucoma 

and ocular hypertension, (see Figure 9) [117]. Omidenepag reduces intraocular 

pressure through an EP2 induced increase in both trabecular and uveoscleral outflow via 

smooth muscle relaxation. 

1.2.4 EP2 and chronic inflammation in cancer. 

The EP2 signalling pathway has been identified as a key modulator of various 

physiological functions in cancer, including tumour occurrence, invasion and 

metastasis, angiogenesis, chronic inflammation, tumour immunity, cell apoptosis and 

immunosuppression [51, 118]. Upregulation of EP2 receptors has been reported in 

various cancers including gastric, prostate, skin, colon, brain and cervical cancer [72, 

99, 119].  Notably, individuals with existing chronic inflammatory diseases have an 

increased risk of cancer development, for example IBD is a well-known precancerous 

lesion to colorectal cancer [120].  

Approximately 60% of solid cancers are associated with an immunosuppressive tumour 

microenvironment (TME) occurring in parallel with active inflammation [120, 121]. An 

immunosuppressive TME can facilitate tumour progression and treatment resistance. It 

is a common characteristic of malignancy and is generated by promoting the activation 

of oncogenes and the release of reactive oxygen species (ROS). ROS lead to 

DNA/protein damage and affects multiple signalling pathways including NF-kB (EP2 

induced), K-Ras and P53 [120, 121]. Under these TME conditions it appears that PGE2-

EP2/ EP4 signalling is immunosuppressive, driving the mature dendritic cell enriched in 
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immunoregulatory molecules regulatory T cell (mregDC-Treg) axis and hampering the 

bioenergetics and ribosome biogenesis both in lymphocytes and tumour-infiltrating 

myeloid cells [122]. For example, EP2 signalling has been linked to the suppression of 

antigen presentation by dendritic cells resulting in subsequent suppression of cytotoxic 

T cell responses [123]. Overall, in the TME immune cells have reduced migration 

activity, poor survival and expansion capacity as a result of PGE2-EP2/EP4 signalling 

[124]. Therefore, in these circumstances, EP2 antagonists acting on immune cells in the 

TME may help remove immunosuppression and improve the effectiveness of anti-

cancer treatments which aim to harness the immune response to destroy cancer cells 

[125]. One anti-cancer treatment that would theoretically benefit from combination 

therapy with an EP2 antagonist is immune checkpoint inhibitors. These drugs bind and 

block the function of checkpoint proteins such as programmed cell death protein 1 (PD-

1), programmed death ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) thereby reactivating T cells to recognise and destroy cancer cells [125, 126]. 

In addition to the immunosuppression action of PGE2-EP2/EP4 signalling, EP2 

simultaneously promotes active inflammation through NF-kB induced transcription 

which is responsible for more than 500 cancer related genes. One example includes the 

regulation of anti-apoptotic genes TNF receptor-associated factor (TRAF) 1 and TRAF2 

which are found to be chronically active in inflammatory diseases and cancer [109, 

120]. Furthermore, the production of pro-inflammatory cytokines (IL-6 & IL-17) via EP2 

signalling promotes malignant cell survival, proliferation, angiogenesis and metastasis 

[127, 128]. The elimination of EP2 receptors has been reported to supress the growth of 

tumours and prolong survival in syngeneic mouse tumour models [123]. As a result, the 

modulation of EP2 is an attractive target for development of cancer therapies currently 

not exploited. COX inhibitors are not FDA approved for cancer treatment due to the 

requirement for high doses and prolonged use which results in a high risk of toxic 

adverse effects [129, 130].  
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1.2.5 EP2 and neurodegenerative diseases. 

1.2.5.1 EP2 and Alzheimer’s disease  

More than 10% of people over 65 years of age and 30% of people >85 are affected by AD 

which clinically manifests as progressive cognitive impairment [131, 132]. 

Pathologically AD is characterized by the formation of both extracellular amyloid 

plaques, formed of amyloid beta (Aβ), and intracellular neurofibrillary tangles, formed 

of the hyperphosphorylated microtubule-binding protein tau. These plaques are 

surrounded by immune cells which could pose as a potential target for 

immunomodulation [133]. In the earliest stages of AD the formation of Aβ occurs due to 

abnormal cleavage of amyloid precursor protein (APP) by β- and γ- secretases. Aβ 

intrinsically oligomerise and aggregate to form plaques because of genetic mutations in 

the APP gene. It is thought that Aβ binds and activates microglia to phagocytose 

plaques and protect neurons [134]. However, a failure in Aβ clearance leads to 

persistent chronic inflammation and chronically activated microglia which then 

increase APP expression and plaque formation in a feedback loop [131, 135]. The 

activation of EP2 receptors at microglia reportedly regulates APP expression, via 

Ras/MAPK signalling, and has been shown to reduce their ability to phagocytose Aβ 

plaques [136, 137]. Additionally, the hyperphosphorylation of tau proteins occurs by 

kinases which are activated by inflammatory cytokines such as IL-6 produced from the 

EP2 signalling pathway. Therefore, EP2 signalling contributes to the production of tau 

tangles and neuronal cell death [131]. A 1995 study found that individuals on long-term 

NSAIDs had up to 50 % reduction in risk of developing AD, therefore development of 

anti-inflammatory EP2 antagonists, without COX inhibitor side effects, is an attractive 

approach for treatment of AD [138]. 

1.2.5.2 EP2 and Parkinson’s disease 

PD is the second most common neurodegenerative disease, afflicting 1% of the 

population greater than 60 years old. PD is a multi-system disorder resulting in motor 

deficits, neuro inflammation, immune disfunction, sleep and GI dysfunction. It is 

pathologically characterized by the presence of Lewy bodies, composed of aggregated 
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α-synuclein, and the loss of dopaminergic neurons in the substantia nigra [131, 139].  

Excessive α-synuclein in neurons is transported to the mitochondria where its 

phosphorylation and aggregation leads to mitochondrial dysfunction and neuron 

damage, the central progression of PD. Excessive aggregation of α-synuclein and failure 

to clear from the neuron results in its direct or exosomal release, activating microglia 

and amplifying neurotoxicity by spreading α-synuclein to neighbouring healthy neurons. 

Cytokine production by EP2 signalling pathways in chronically activated microglia 

results in upregulation of α-synuclein expression, α-synuclein phosphorylation and 

increased mitochondrial dysfunction further exacerbating PD [131]. With evidence 

suggesting that the adaptive immune system plays an important role in approximately 

40 % of PD cases, inhibition of the EP2 receptor is an attractive therapeutic target [131].  

Overall, chronic inflammation, modulated by the prostanoid EP2 receptor, plays a 

central role in the initiation and progression of neurodegeneration in both AD and PD. 

With no curative treatment to prevent disease progression available current treatments 

focus on managing symptoms using cholinesterase inhibitors and dopaminergic drugs 

for AD and PD respectively [140]. The development of EP2 inhibitors to combat chronic 

inflammation in the brain may provide an alternative therapeutic strategy to eliminate 

disease progression.  

 

1.3 EP2 receptor antagonists. 

1.3.1 GPCR ligand pharmacology 

Therapeutic ligands targeting GPCRs can be defined first by the molecular site of action 

being either the same binding site as the endogenous agonist (orthosteric) or through a 

topographically distinct (allosteric) binding site. In either case, the direct action of a 

ligand at a receptor can be classed as an agonist/partial agonist, antagonist or inverse 

agonist [141]. Agonists have both the ability to bind to the GPCR (affinity) and to activate 

it through conformational change (intrinsic efficacy). The simplest model to describe 

receptor agonism involves an equilibrium between inactive (R) and active (R*) 
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conformations (D+R↔DR↔DR*, where D is the therapeutic ligand, see section 1.4.1). 

Agonist efficacy in this model is therefore represented by the extent of the shift in 

equilibrium to the R* active conformation once the agonist has bound. Agonists at 

GPCRs commonly display differing efficacies. In functional assays lower efficacy can be 

revealed as partial agonism, in which a submaximal response is observed compared to 

a reference agonist. In contrast, antagonists have receptor affinity but act to inhibit the 

biological response of an agonist and do not activate the receptor. For competitive 

reversible antagonists, the antagonist competes non-covalently for the orthosteric 

binding site, which results in a reduction in potency of the agonist response. Inverse 

agonists represent a subset of antagonists, in which the ligands actively stabilise the 

inactive R conformation of the receptor. Therefore, under conditions where the receptor 

displays constitutive basal activity, inverse agonists can induce an opposite functional 

response to that of an agonist, as well as antagonising agonist responses [142, 143]. 

Traditionally most drugs on the market target orthosteric sites, with ligands exerting 

their effect through competition with the endogenous agonist binding site. The extent of 

inhibition depends on the respective affinities and concentrations of the competing 

ligands. For orthosteric antagonists where interaction with the receptors is reversible 

and conditions are at equilibrium, surmountable antagonism is observed, in which 

increasing agonist concentrations outcompete the antagonist and are able to restore 

the maximal response (with a reduced potency compared to the no antagonist control) 

[143]. Despite a large portion of GPCR-targeting drugs operating through this 

mechanism, designing orthosteric ligands that are both safe and effective under diverse 

biological conditions presents a significant challenge [144]. The occurrence of off-target 

side effects and poor selectivity of many orthosteric drugs is a result of the highly 

conserved structure of the orthosteric binding pockets between closely related GPCRs 

and has contributed to many drug candidates failing to reach the clinic [145].  

Allosteric ligands offer an alternative route for manipulation of GPCR responses and 

attempts to mitigate the challenges associated with orthosteric ligands. Allosteric drugs 

bind at a topographically distinct site in the receptor protein from the endogenous 
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ligands, offering potentially increased subtype selectivity and tunability of receptor 

function [141]. Allosteric ligands demonstrate multiple modes of action to modulate 

receptor activity. The binding of allosteric modulators can indirectly affect protein 

activity by changing the conformation of the receptor; this can impact the orthosteric 

agonist affinity (often referred to as α co-operativity), or its efficacy in activating 

downstream pathways (often referred to as β co-operativity), in a positive, negative or 

neutral manner [143, 146, 147]. Allosteric ligands may enhance the activity of an 

orthosteric agonists (positive allosteric modulation, PAM), inhibit their activity (NAM) or 

have no impact on the orthosteric agonist effect (silent allosteric modulation) [143]. 

Direct effects on GPCR efficacy (intrinsic efficacy, τβ) can also be exhibited with the 

allosterically induced conformation change modulating receptor G-protein/β-arrestin 

binding affinities and/or the formation of the ligand-receptor complex sterically 

hindering their recruitment. Unlike classical orthosteric ligands, allosteric ligands may 

have a ceiling to their modulation on the orthosteric agonist function, their inhibitory 

effect reaches a maximum saturation point even with increased drug concentration as 

allosteric sites become fully occupied, which can be a useful property to titrate the 

magnitude of their effect and prevent overdose [148]. For allosteric ligands without 

intrinsic efficacy of their own, their pharmacological action depends on the presence of 

the orthosteric ligand- thereby generating use dependence. For example, the anti-

inflammtory effect of a drug only occur if immune cells are stimulated by existing 

concentrations of local orthosteric mediator PGE2.  

Both allosteric and orthosteric modulators have the potential to induce signalling bias 

and probe dependence at GPCRs, further contributing to the possibility to develop 

drugs with precise pharmacological modulation [149]. Signalling bias occurs when 

different ligands activate the same GPCR but preferentially trigger distinct downstream 

pathways, either G-protein or β-arrestin, rather than both pathways equally. This leads 

to drugs with unique cellular responses and the potential for reduced side effects [150]. 

In comparison probe dependence is where the extent of the allosteric effect is 

dependent on the nature of the orthosteric agonist used [151].  
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Four druggable allosteric hotspots have been identified for GPCRs termed; the 

extracellular vestibule, the intracellular and extracellular faces of the transmembrane 

helices/domains and outside and at the intracellular surface, (see Figure 8) [152]. Some 

notable examples of ligands binding to these allosteric hotspots include ‘LSN3160440’ 

(15) a PAM targeting the extracellular vestibule of glucagon-like peptide-1 receptor (GLP-

1R), as well as, ‘Compound-6FA’ (16, PAM) and ‘AS408’ (17, NAM) both targeting binding 

pockets located outside the transmembrane domain of the beta-2 adrenergic receptor 

(β2AR) [153-155]. Typically, these drugs have high lipophilicity with rigid lipophilic 

regions to anchor the ligand within the lipid cell membrane. Additionally, ‘HTL14242’ 

(18) is an advanced orally active NAM, binding inside the transmembrane domain, of 

metabotropic glutamate (mGlu) receptor type 5 in early clinical testing [156]. Finally, 

both Navarixin (19) and ‘Compound 15’ (20) are intracellular NAMs, binding between 

TM1-3 and 6-8, at the C-X-C motif chemokine receptor 2 (CXCR2) and β2AR receptors 

respectively [157, 158]. These ligands must be sufficiently lipophilic to passively diffuse 

across the hydrophobic cell membrane (but not too high to avoid becoming trapped in 

lipid bilayer) and generally have smaller molecular weights to prevent steric hinderance 

and promote intracellular penetration [159]. 
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Figure 8- Diagram demonstrating the location of the four druggable allosteric pockets reported across GPCRs. 

Structures of LSN3160440, HTL14242, ‘Compound 15’, Navarixin, AS408 and ‘Compound-6FA’ are also included and 

colour coded according to their reported allosteric pocket binding type [152-158]. Made using ChemDraw 19.1. 

1.3.2 Targeting the EP2 receptor 

Numerous considerations must be made when developing antagonists targeting the EP2 

receptor. Firstly, developing antagonists with EP2 selectivity is desirable to minimise off-

target adverse effects. Despite the relatively low overall sequence homology between 

EP subtypes of 28-33 %, a conserved α chain carboxyl recognition motif at the 

endogenous agonist PGE2 binding site, containing essential amino acids Tyr2.65, ThrECL2, 

Arg7.40, Met3.32/Leu3.32 and Leu7.36/Phe7.36 (Ballesteros-Weinstein numbering), shared by all 
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prostanoid receptors except DP2 has been reported [29, 160, 161]. Potential adverse 

effects of non-selective EP2 antagonists include vasoconstriction leading to stoke and 

heart attack via EP4/IP antagonism, over-activation of platelets resulting in thrombosis 

via IP/DP1 antagonism, and increased ischemic injury following stroke as well as an 

interference with sleep regulation via DP1 antagonism [162-166]. The complexity of 

chronic conditions also needs considered with PGE2 induced signalling resulting in a 

balance of different effects, both positive and negative in relation to disease 

progression. To develop a therapeutic there is a need to identify the precise effect for 

which EP2 antagonism is beneficial and whether this is dependent on the stage and/or 

nature of the chronic disease [167]. As a result, it may be beneficial to titrate the effect 

of the antagonist with a ceiling, protecting patients from excessive inhibition (overdose) 

seen in competitive antagonism, to regulate immune pathways [168]. Therefore, 

development of allosteric as well as orthosteric EP2 ligand approaches may be 

beneficial due to their tendency for increased selectivity, ability for use dependence and 

ceiling effect.  

1.3.3 Orthosteric antagonists of EP2. 

Numerous orthosteric antagonists for EP2 have been reported in the literature and can 

be divided into four structural classes; cinnamic amides e.g.TG4-155 (21), 

carbamothioacrylamide e.g. TG6-129 (22), azetidine-carboxylic acid derivatives e.g. PF-

04418948 (23) and benzoxapine derivatives e.g. benzoxapine 52 (24), (see Figure 9) 

[169-172]. TG6-129 was identified as part of a new acrylamide class of selective 

antagonists through a high-throughput screening (HTS) approach [170].  TG6-129 

demonstrates inhibition of PGE2 induced EP2 receptor activation in a concentration 

dependent manner with PGE2 and has an equilibrium dissociation constant (KD) value of 

8.8 nM [170]. PF-04418948 has also been determined to be a potent in vitro, selective 

EP2 receptor antagonist against EP1, EP3, DP1 and TP in recombinant cell-based 

systems, and smooth muscle preparations from human non-pregnant myometrium (EP2  

expression heavily regulated by hormonal cycles and pregnancy), dog bronchiole  

(robust EP2 expression, closely homologous) and mouse trachea (robust EP2 expression, 
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significantly larger protein with extended and divergent intracellular/extracellular loops) 

[171]. Inhibition of EP2 by TG6129 in a mouse model containing xenografts from human 

neuroblastoma cell line SK-N-AS demonstrated antiangiogenic, anti-inflammatory and 

apoptotic effects [173]. In comparison, PF-04418948 inhibited PGE2-induced cAMP 

increase in cells expressing EP2 receptors (KB = 1.8 nM in functional cAMP assays 

utilising a Chinese Hamster Ovary (CHO-EP2) receptor cell line). CHO cells are widely 

used in prostanoid receptor pharmacology as they offer minimal interference from 

other prostaglandin receptors due to negligible expression, however as they lack 

specific human glycosyltransferases this leads to alterations in the hydrodynamic 

volume, stability and conformation of the extracellular loops [174]. Increasing 

concentrations of PF-04418948 caused parallel rightward shifts of PGE2 curves with no 

significant reduction in maximal response, indicating surmountable antagonism, 

consistent with competitive reversible antagonism [171]. In a dextran sodium sulphate-

induced colitis mice model for the study of IBD, inhibition of EP2 by PF-04418948 was 

found to protect against excessive inflammatory responses and intestinal tissue 

damage [175]. 
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Figure 9- Chemical structure of clinical orthosteric agonist omindenepag and examples of the four structural classes 

of EP2 orthosteric antagonists reported in the literature: TG4-155, TG6-129, PF-04418949 and benzoxazepine 52 [117, 

169-172]. 

However, the development of safe and effective orthosteric drugs for clinical use can be 

challenging due to their tendency to cause side effects in vivo due to poor selectivity 

[148]. For example, TG4-155 displayed approximately 14-fold selectivity for EP2 (KD = 2.4 

nM) over DP1 (KD =34.5 nM) in time resolved fluorescence resonance energy transfer (TR-

FRET) cAMP assays using stably transfected human embryonic kidney (HEK)293 cells. 

Additionally, TG4-155 also displayed weak off target activity inhibiting the serotonin 5-

HT2B receptor with an IC50= 2.6 µM and hERG with IC50= 12 µM, assessed by either 

enzyme assays or radioligand binding assays [99]. hERG channels are essential voltage- 
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gated potassium ion channels primarily expressed in the heart and play a crucial role in 

heart muscle electrical activity regulation. Therefore, off target inhibition of hERG can 

trigger potentially fatal ventricular arrhythmia [176].  

1.3.4 Allosteric antagonists of EP2. 

The development of allosteric modulators has the potential to minimise problems 

associated with orthosteric ligands through their topographically distinct mode of 

action, modulating the function of the receptor but, importantly, not engaging the 

orthosteric site.[148] The ligands bind in non-conserved regions between receptor 

subtypes, due to a lack of evolutionary pressure to engage with a common endogenous 

ligand (e.g. PGE2), and can therefore achieve greater selectivity [177, 178].  

In 2020 ‘Compound 1’ the first prostaglandin EP2 receptor antagonist with a reversible, 

agonist dependent allosteric mode of action was reported, herein termed 25a, 

identified through HTS (see Figure 10) [179]. 

 

                       

 

 

 

 

 

Figure 10- A) Allosteric inhibition of EP2 receptors by 25a at various concentrations measured by cAMP production, 

PGE2 was used as an orthosteric agonist in C6G-hEP2 cells; both affinity and maximal response of PGE2 is reduced 

(n=4). B) Structure of 25a highlighting three regions of interest for structural modification; 1,4-benzodioxane (blue), 

tetrahydrofuran-2-yl methyl ester (pink) and quinoxaline (green) [179]. Adapted with permission from  Jiang, et al. An 

Agonist Dependent Allosteric Antagonist of Prostaglandin EP2 Receptors. ACS Chem. Neurosci. 2020. 11(10): p. 1436-

1446. Copyright 2022 American Chemical Society.  

A) 
 

B) 
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Antagonist 25a displayed an insurmountable inhibition of cAMP accumulation in C6 

glioma cells overexpressing human EP2 when stimulated by multiple different EP2 

agonists, including PGE2 (10), butaprost (26), evatanepag (CP533536, 27), taprenepag 

(CP544326, 28), ONO-AE1-259 (29) and ONO-4960073 (30) (see Figure 11) [179]. At 1-30 

μM of 25a, a graded rightward shift and downward displacement of all EP2 agonist 

curves was produced, typical of an allosteric antagonist, with the extent of agonist 

potency and efficacy reduction dependent on the agonist employed. At an antagonist 

concentration of 30 μM butaprost, ONO-4960073, and ONO-AE1-259 had a stronger 

efficacy than PGE2; however, the efficacy for ONO-AE1-259 and ONO-4960073 was 

similar. In the case of PGE2 a 14-fold shift in EC50 was reported in the presence of 25a 

(30 μM), with KB = 2.6 ± 0.4 μM [179]. 
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Figure 11- Chemical structures of EP2 orthosteric agonists butaprost, evatanepag (CP533536), taprenepag 

(CP544326), ONO-AE1-259 and ONO-4960073 [179]. 

Due to the unique binding pocket of ‘compound 1’, not thought to be conserved across 

GPCR families, 25a exhibited selectivity over other Gαs coupled prostaglandin receptors 

EP4, IP and DP1. At 30 μM 25a showed a small reduction in the potency of PGE2 at EP4 

receptors with a 2.20-fold-shift in the EC50 value with no change in the maximal 

response [179]. No effect on either the potency or maximal response of agonists 

BW245C and Iloprost was observed at both the DP1 and IP receptors respectively upon 

addition of 30 μM 25a. Jiang reported that out of 727 PubChem bioassays conducted, 

evaluating the selectivity of 25a over other molecular targets, only a single assay 

involving Gα15/16 mediated Ca2+ signalling reported inhibition by 25a [179]. These results 

demonstrate that 25a is a selective allosteric antagonist of EP2 receptors and is unlikely 

to produce any off-target toxicity/side effects. Furthermore, an ATP-based 

luminescence assay, widely used to measure cytotoxicity in the drug discovery field as 

ATP is an indicator of metabolically active cells, determined that 25a showed no 

observed cytotoxicity using doxorubicin as a positive control in BV2 microglia and C6G 

cells after 24 hr incubation [179, 180].  

A homology model of hEP2 was reported in the literature, developed using hEP4 (PDB 

5YWY) as a template, and predicting that the binding pocket of 25a is located on the 

intracellular surface of EP2, (see Figure 12) [179, 181]. Poor sequence homology (30 %) 

is reported between hEP2 and hEP4 receptors, with hEP4 containing an additional 25 

amino acids in ICL3 and a longer intracellular C terminus with an additional 108 amino 

acids reported [182]. This model predicts the binding pose of 25a with the 

tetrahydrofuran methyl ester pointing up into the receptor pocket between TM2,3 & 6, 

the 1,4-benzodioxane moiety sits perpendicular to the receptor sitting between TM5 & 

6, and the quinoxaline ring is solvent exposed directed away from the receptor. The 

enantiomer of 25a docked into the homology model is not reported and no predicted 

ligand-receptor interactions are shown.  
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Figure 12- 25a docked to a homology model of the human EP2 receptor (by UCSF CHIMERA) including the predicted 

allosteric binding site. A) Structure is shown across the cell membrane. B) Structure looking up from the cytoplasmic 

surface of the receptor [179]. Reprinted with permission from  Jiang, et al. An Agonist Dependent Allosteric Antagonist 

of Prostaglandin EP2 Receptors. ACS Chem. Neurosci. 2020. 11(10): p. 1436-1446. Copyright 2022 American 

Chemical Society. 

Multiple NAMs of GPCRs with similar binding mechanisms have been reported in the 

literature; these NAMs inhibit their receptors by binding to and stabilising the inactive 

conformation states and prevent coupling of the G proteins and β-arrestin eliminating 

downstream signalling. Examples include ‘compound 15’ (β2 adrenergic receptor 

(β2AR)), CCR2-RA-[R] (CC chemokine receptor 2 (CCR2)), Navarixin (C-X-C motif 

chemokine receptor 2 (CXCR2)) and Vercirnon (CC chemokine receptor 9 (CCR9)) [157, 

158, 183, 184]. 
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Figure 13- Diagram summarising the modifications made to 25a reported in the literature [179]. 

Fourteen analogues of 25a were reported in the literature showing no modulation of 

potency nor reduction of maximal response in both PGE2 and ONO-AE1-259 treated 

C6G-hEP2 cells [179]. Most modifications were made at the 1,4-benxodioxane moiety 

inserting a variety of halides and ethers at various substitution patterns (see Figure 13). 

Three modifications were made to the tetrahydrofuran ester including insertion of a 

primary amide and replacement with a methyl/ethyl ester [179]. From this structure 

activity relationship (SAR) dataset it was determined that the 1,4-benzodioxane moiety 

is essential for ligand binding to EP2 with any modifications in this region eliminating the 

ligands inhibitory activity. With such a limited SAR reported in the literature, there is a 

significant research opportunity for SAR dataset expansion exploring modifications at 

the three key regions of interest; 1,4-benzodioxane moiety, tetrahydrofuran methyl ester 

moiety and quinoxaline ring moiety (see Figure 13).  
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1.4 Exploring GPCR pharmacology- models and methods 

1.4.1 Pharmacological models of ligand action at GPCRs 

GPCRs can be modelled simply as molecular switches existing in dynamic equilibrium 

in unbound, bound and activated states. A simple two state model of drug receptor 

interaction is represented by: 

𝐷 + 𝑅 ⇌ 𝐷𝑅 ⇌ 𝐷𝑅∗ 

Where R is the unoccupied receptor, DR is the occupied but inactive receptor and DR* 

is the active receptor. The ability of a ligand to bind to a receptor (D + R ⇌ DR) is termed 

the ‘affinity’ and the ability of a drug, following binding, to activate the receptor (DR ⇌ 

DR*) is termed the intrinsic efficacy [185, 186]. The affinity is dependent on the forward 

and reverse rates of interaction described by the law of mass action as association rate 

constant (kon) and dissociation rate constant (koff). At equilibrium both the forward and 

reverse binding rates are equal, and the receptor affinity of a ligand can be represented 

by the equilibrium dissociation constant (KD). KD is defined by the ratio of dissociation 

and association rate constants (koff/kon) and is related to the drug concentration and 

proportional receptor occupancy α according to the Hill-Langmuir equation: [187, 188] 

𝛼 =
[𝐷]

[𝐷] + 𝐾𝐷
 

KD is therefore also defined as the concentration of ligand to occupy 50 % of receptors 

at equilibrium (when KD =[D], α=0.5). KD can be referred to in different ways (e.g. KB, Ki) 

depending on the type of experimental assay used to estimate it.  

The two-state model provides a simplistic description of GPCR function and dynamics 

but does not incorporate the effector proteins and their allosteric effects on ligand 

binding, such as heterotrimeric G-proteins or β-arrestin, and is therefore incomplete.  

The ‘ternary complex model’ was developed to account for these effectors (see Figure 

14a). This model represents a three-way binding interaction that occurs at GPCRs; upon 
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ligand binding with the receptor a conformational change occurs, stabilizing the 

activate state and enabling allosteric coupling of the G-protein and formation of a 

ternary complex [189]. The ’extended ternary complex model’ has evolved to 

incorporate both inactive and active receptor conformations (see Figure 14b). The 

consequence is that both low affinity (for the uncoupled receptor) and high affinity 

states (for the effector-coupled receptor) for agonist binding at the receptor can be 

measured under conditions which vary the amount of G protein coupling (e.g. presence 

of non-hydrolysable GTP nucleotides which disrupt R-G interactions). A ‘high affinity 

agonist state’ arises from the allosteric co-operativity between agonist and effector 

binding to the receptor in the ternary complex, and the extent to which agonists shift the 

equilibrium to receptor G protein coupling in this manner is a representation of their 

efficacy [190, 191]. This model was further modified to incorporate the thermodynamic 

interactions between the receptor and G-protein in the absence of an agonist to yield 

the ‘cubic ternary complex model’, (see Figure 14c) [192]. This model is the most 

complete theoretically but has limited experimental applications as measurement of 

the different populations is difficult to achieve. Furthermore, the activated GPCR can 

exist in several conformational states which is not considered by this model [193]. 

Finally the addition of an allosteric modulator to the system can be incorporated 

leading to the operational model of allosterically-modulated agonism (OMAN) which is 

a thermodynamically complete theoretical description of allosteric modulation of 

receptor activation, (see Figure 14d) [192, 194]. As for the cubic ternary complex model, 

in practice, measurement of all the individual rate constants in this model 

unambiguously is difficult to achieve. 

 

 

 

𝐀.                                                    𝐴 + 𝑅 ⇌ 𝐴𝑅 + 𝐺 ⇌ 𝐴𝑅𝐺 
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𝐁.                                       𝐴𝑅 + 𝐺      ⇌     𝐴𝑅∗ + 𝐺   ⇌  𝐴𝑅∗𝐺 

                                             𝐴 + 𝑅 + 𝐺   ⇌  𝐴 + 𝑅∗ + 𝐺 ⇌  𝐴 +  𝑅∗𝐺 

𝐂.                                        

 

𝐃.   

 

Figure 14- Ternary complex models detailing interactions between receptors (R), agonists (A), G-proteins (G) and 

allosteric modulators (B). A) The original ternary complex model [189]. B) The extended ternary complex model 

including constitutively active receptors (R*) [190, 191].  C) The cubic tertiary complex model with receptors bound to 

either ligand (A) and/or a G-protein (G) and existing in either an active (Rα) or inactive (Ri) state [192]. D) The cubic 

ternary complex model of allosteric modulation of receptor activation. 

 

1.4.2 Pharmacological quantification of receptor pharmacology. 

There are two main aims of pharmacologically characterizing modulators of GPCRs 

experimentally: directly measuring the ligand binding parameters (e.g. KD & Bmax) and 

indirectly measuring receptor functional response in the presence and absence of 

different ligands (EC50/IC50 & Rmax).  



55 
 

Bmax or maximal binding capacity represents the maximum number of molecules of a 

ligand (e.g. radiolabelled or fluorescent ligand probe) that can bind specifically to the 

receptor ligand binding sites and is often used as a representation of the total receptor 

density in the preparation. In a saturation binding assay that determines Bmax, KD is 

therefore the concentration of the probe that produces ½ Bmax binding (concentration of 

drug to occupy 50% target population)[195]. As will be discussed below and in later 

chapters, KD can also be estimated from competition binding studies or functional data 

for unlabelled ligands. 

Both EC50 and Rmax parameters are derived from agonist concentration-response curve 

analysis. The EC50, a measure of agonist potency, is defined as the half maximal 

effective concentration of a ligand required to produced 50 % of its maximal biological 

response in a system, while Rmax refers to the maximum response or effect a ligand can 

produce. Differences in agonist potency (EC50) and full versus partial agonism (Rmax 

differences) can then be assessed accordingly [195-197]. 

IC50 values represent the concentration of ligand that produces 50% of maximal 

inhibition in a binding or functional assay. They are typically used to determine the 

potency of a competing unlabelled ligand in preventing the binding of a 

fluorescent/radiolabelled ligand probe or, in a functional assay, the inhibition of a 

functional response by an antagonist to a specific concentration of agonist drug. For 

ligands that are competitive and reversible with the tracer in a binding assay format, the 

unlabelled ligand IC50 in binding studies can be converted to an estimate of its 

dissociation constant KD using the Cheng-Prusoff correction [198-200]. 

 

 

1.4.3 Assays used to pharmacologically characterize ligand action at GPCRs 

For GPCRs a wide variety of techniques have been developed to monitor ligand binding 

and functional responses at a cellular level. Direct ligand binding measurements have 

been most commonly studied using radioligand binding assays wherein membranes, 
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cells or tissue preparations containing the desired receptor of interest are incubated 

with radioligand (ligand containing a desired radioisotope) in the presence and absence 

of unlabelled competitor ligands to define non-specific binding. The specific 

relationship between the radiolabel emission and the amount of ligand present allows 

calculations of the amount of bound ligands directly, after separation of the receptor 

preparations (e.g. by filtration) from the free radiolabelled probe present in the assay 

solution [201]. However, due to the hazardous nature of radioligands (emission of 

ionizing radiation) and the inability to produce continuous experimental reads because 

of a bound/free separation step (new experiment for each timepoint required) the use of 

higher throughput fluorescent based methods has become more prevalent in drug 

discovery [202]. The use of resonance energy transfer within fluorescence based 

approaches provides a significant advantage as it enables continuous homogenous 

measurements to be taken over a time period, without bound/free separation and 

allowing kinetic as well as endpoint data to be collected. FRET is a technique utilising 

the transfer of non-radiative energy from one fluorescent molecule (donor fluorophore) 

to another (acceptor fluorophore) resulting in the release of detectable photons from 

the acceptor. Each fluorophore is required to have a distinct excitation and emission 

wavelength profile with a small degree of spectral overlap to enable FRET [203]. The 

proximity between donor and acceptor fluorophores is essential for FRET with an ideal 

range between 1-10 nm, this is most likely to occur during ligand-receptor interactions 

enabling real time measurements of ligand binding affinity. This distance constraint 

ensures that limited non-specific binding is detected, enabling binding studies to be 

performed without separation of the bound and free fluorescent ligands [204-206]. In 

GPCRs TR-FRET is commonly utilized to monitor various GPCR functions including 

second messenger accumulation (e.g. IP1 and cAMP for calcium-sensing receptor 

CaSR), receptor oligomerization, receptor conformational changes and ligand binding 

[205, 207-210]. Typically receptors are N or C-terminally tagged (e.g. SNAP/CLIP/Halo-

tag) with a fluorophore donor (e.g. europium, terbium or cyan fluorescent protein (CFP)) 

and the fluorescent probe/protein (e.g. Cy5, d2 or yellow fluorescent protein (YFP)) is 

labelled as acceptor [202, 208, 211].  
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Bioluminescence Resonance Energy Transfer (BRET) assays have a similar principle to 

FRET but rely on the production of donor emission by a luciferase enzyme tag on the 

receptor generating bioluminescence upon substrate addition. One example luciferase 

is the nanoluciferase (NLuc), a 19.1 kDa luciferase enzyme derived from a deep-sea 

shrimp Oplophorus gracilirostris, chosen for its high intensity, stability and long-term 

luminescence output [212]. NLuc catalyses an oxidation reaction converting its 

substrate furimazine (31) to furimamide (32)in its excited state; UV photons are emitted 

upon the decay of the amide to its ground state (see Figure 15a) [213, 214]. This change 

eliminates the need for fluorescent excitation (essential for FRET) and does not require 

expensive fluorophore labelling reagents (e.g. Terbium) [202, 215].  

These assays can be conducted in both membranes and whole cells with a 

bioluminescent donor NLuc fused to either the C- or N-terminal tail of the receptor. 

Upon binding of an agonist to the GPCR a conformational change enables recruitment 

of the fluorescent probe bringing the luciferase and acceptor fluorophore into close 

proximity (<10 nm). Upon addition of substrate furimazine luminescence is produced 

and undergoes BRET to excite the acceptor fluorophore to emit light of a longer 

wavelength (see Figure 15b). The fluorescent tracer binding is quantified as the 

respective acceptor/donor emission ratios, termed BRET ratios. Upon insertion of an 

unlabelled intracellular ligand into the assay we would expect to see its competition 

with the fluorescent tracer for the binding site, leading to a reduction in the BRET ratio  

[216-219].  

Fluorescent ligand BRET and FRET approaches for GPCR binding can then be analysed 

in the same manner as other binding studies. If the fluorescent probe concentration is 

varied (in the presence and absence of unlabelled competitor to determine specific 

binding), this generates a saturation binding curve from which the KD and Bmax for the 

probe can be estimated. Alternatively, competition binding studies using a set 

concentration of fluorescent probe can be performed, which measure competition for 

the probe with increasing concentrations of unlabelled ligand present. An IC50 value for 

the unlabelled ligand can then be determined from the concentration inhibition curves. 
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If it is assumed the competitor ligand acts competitively and reversibly with the probe, 

the IC50 values can be converted to a Ki estimate for the unlabelled ligands affinity, using 

the Cheng-Prusoff relationship [198].  

In GPCRs NanoBRET has been used to monitor orthosteric ligand binding at Nluc-N 

terminally tagged β2AR using the fluorescent tracer (known binding ligand connected to 

a fluorophore via a linker) TAMRA-labelled β2AR antagonist alprenolol in HEK293 cells 

[217]. Another example includes the use of a NanoBRET ligand binding assay at NLuc-

adenosine A3 receptor (A3AR) in HEK293 cells with two fluorescent ligands (antagonist 

xanthine amine congener linked to BODIPY (XAC-ser-tyr-X-BY630) or antagonist 1,2,4-

triazolo[4,3-a]quinoxalin-1-one linked to BY630 (AV039)) to determine the rate constants 

of three unlabelled orthosteric antagonists (PSB-11, compound 5 and LUF7565) [206]. 

NanoBRET competition binding assays utilising a fluorescent tracer for the binding site 

of interest can also be exploited to determine unlabelled allosteric ligand binding 

affinities for desired GPCRs (see Figure 15b) [216-219].  
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Figure 15- A) Oxidation reaction of furimazine to furimamide catalysed by NanoLuc® luciferase.[220] B) Diagram of 

NanoBRET competition binding assay with a GPCR C-terminally tagged with luciferase in the presence of a 

fluorescent probe and competing unlabelled ligand [216-219]. Made using ChemDraw 19.1. 

Cell-based functional assays for GPCR activity can be performed in a wide variety of 

formats (for example, measurements of second messenger of downstream kinase 

cascade activity, G protein activation, reporter gene, or phenotypic responses). For 

analysis of ligand pharmacology, formats which measure the direct protein-protein 

interaction between the receptor of interest, and a downstream effector protein, can be 

useful. For example, NanoBiT complementation assays have been developed which 

monitor the recruitment of either heterotrimeric G-proteins or β-arrestins to the 

receptor providing an insight into downstream signalling [213, 221]. The NanoBiT 



60 
 

system utilises a NLuc split into two subunits, the 1.3 kDa peptide (SmBiT), and the 18 

kDa (LgBiT) polypeptide which can weakly associate (KD= 190 µM) and reversibly 

assemble into a functional NLuc complex dependent on the interaction characteristics 

of the proteins of interest [221, 222]. The LgBiT subunit is fused to the C-terminus of the 

receptor of interest and the effector is N-terminally tagged to SmBiT (see Figure 16) 

[222]. Effectors include β-arrestins and mini-Gα proteins that preserve the receptor-G 

protein binding interface [223, 224]. 

 

Figure 16- NanoBiT luminescence complementation assay measuring β-arrestin or mini-Gα recruitment at GPCRs. 

The receptor recruits the effector, either constitutively or upon agonist simulation, which results in enzyme 

complementation and the production of luminescence on addition of furimazine substrate [221, 222]. Made using 

ChemDraw 19.1. 

Under basal conditions low level luciferase activity is observed, yet upon recruitment of 

the effector, either constitutively or upon agonist stimulation, the SmBiT and LgBiT 

subunits are brought into close proximity enabling assembly of the luminescent 

complex (see Figure 16). Upon addition of substrate furimazine which is converted to 

furimamide by NanoLuc luminescence is produced; this luminescence is proportional 

to GPCR activation and/or effector recruitment [222]. The mode of action of modulatory 

ligands can be assessed by generating agonist concentration response curves (CRCs) in 

the absence and presence of a range of modulator concentrations and calculating the 



61 
 

agonist EC50 and Rmax values in each case. Alternatively functional antagonist IC50 values 

can also be determined through production of inhibitor concentration inhibition 

relationships in the presence of a set concentration of agonist [222, 225]. 

 

1.5 Thesis aims and objectives 

This thesis has highlighted the key role of the prostanoid EP2 receptor in the 

development and progression of chronic inflammatory diseases and has discussed 

their modulation as a potential therapeutic approach. With COX inhibitors not being 

FDA approved for the treatment of inflammation in cancer, AD, PD and IBD due to their 

associated adverse cardiovascular and GI effects, there is currently an unmet need for 

anti-inflammatory therapeutics [129, 130]. The improvement in selectivity and potential 

for inducing signalling bias of EP2 NAMs for either G-protein or β-arrestin2 signalling, 

compared to current orthosteric antagonists, is proposed to eliminate toxic adverse 

effects and produce a more successful clinical candidate [226, 227]. Additionally, the 

complexity of the EP2 receptor’s role in disease pathogenesis and acute/chronic 

inflammatory processes means ongoing research to understand the intricacies of EP2 

signalling is essential to mitigate disease progression and guide development of novel 

therapeutic agents.  

The recent publication of NAM 25a targeting the EP2 receptor provides a starting point 

for the development of a novel SAR dataset which serves as the main focus of this 

project [179]. The SAR dataset reported in the literature demonstrated a clear research 

gap; three modifications at the ester moiety, methyl-/ethyl ester and primary amide, 

were reported but were not present in combination with essential 2,3-

dihydrobenzo[b][1,4]dioxine motif for EP2 inhibition [179].  Therefore, resynthesis and 

further modification of these esters and amides analogues in combination with 2,3-

dihydrobenzo[b][1,4]dioxine would explore a currently unknown branch of theorised EP2 

NAMs. 
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Firstly, the development of a synthetic route to novel analogues of 25a was required to 

generate our compound library. The tetrahydrofuran-2yl methyl ester moiety of 25a was 

the focal point of structural modifications, reported as the moiety occupying the 

deepest region of the EP2 allosteric pocket from the literature hEP2 homology model, 

whilst maintaining the essential binding 2,3-dihydrobenzo[b][1,4]dioxine motif [179]. 

Initial proposed novel analogues of 25a aimed to vary the solubility and lipophilicity of 

our ligands as well as exploring potential new ligand-target interactions (see Figure 17, 

further detailed in Chapter 2.1). 

 

Figure 17- Initial proposed synthetic lines of enquiry to produce a novel compound library of 25a analogues. The 

removal of electronegative oxygen atoms at the tetrahydrofuran increases ligand lipophilicity (reducing aqueous 

solubility) and removes the ability to form hydrogen bonds. The methyl- and ethyl- esters explore the impact of 

decreasing ester chain length and the introduction of a benzyl ester explores binding site toleration of larger 

functionality. Additionally, introduction of aromaticity enables the formation of non-covalent interactions such as π- π 

stacking. Breaking of the tetrahydrofuran ring introduces a flexible alkyl chain whilst maintaining the hydrogen 

bonding oxygen. Replacement of the ester with a carboxylic acid or amide introduces a hydrogen bond donor 

hydrogen atom and explores the impact of removing the ester functionality. 
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Pharmacological characterisation of this library, utilising both NanoBRET competition 

binding assays and NanoBiT complementation assays, would enable identification of 

the key ligand regions driving modulator binding and provide an insight into the 

modulator mechanism of action [216-219, 221, 222]. Furthermore, development of SAR 

could produce an analogue with improved binding affinity and functional potency, 

compared with 25a, which could be advanced into a therapeutic agent. 

The homology model presented by Jiang et. al. was developed from the crystal structure 

of related protstanoid receptor hEP4. Utilising hEP4 as a template for hEP2 model 

development is not ideal having produced a low-quality model due to the poor 

sequence homology between these receptors (30 %); the respective amino acids and 

their conformations lining the predicted binding pocket may not be conserved across 

receptors [228]. Therefore, developing a new hEP2 homology model, based upon the 

recently reported cryo-electron microscopy (cryo-EM) structure of the PGE2-bound EP2-

Gαs complex (PDB 7CX2) and evaluating it using the expanded SAR dataset would 

produce a more accurate visualization of the EP2 allosteric pocket bound to the NAMs 

[160].  
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Chapter 2- Synthesis of series 1 

2.1 An introduction to series 1 

Development of an allosteric antagonist targeting the emerging pro-inflammatory GPCR 

EP2 is an attractive approach for therapeutics relating to both cancer and a variety of 

neurodegenerative diseases where chronic neuroinflammation may be mediated by the 

prostanoid system. The first reported ligand 25a with this desired mechanism of action 

was identified from a high-throughput screening approach in 2020 by the Dingledine 

group, however, no synthetic route was published [179]. 25a displayed insurmountable 

inhibition selectively at the EP2 receptor, with efficacy varying dependent on the agonist 

employed, measured using a cAMP FRET assay monitoring cAMP production (see 

Chapter 1.3.4) [179]. Initial SAR data reported in the literature was limited to fourteen 

analogues of 25a, with focus on modifications at the 2,3-dihydrobenzo[b][1,4]dioxine 

moiety. The alteration of this region was not tolerated and no additional active NAMs of 

the EP2 receptor were identified in this screen [179].  

The initial homology model developed in the literature predicted the binding pocket of 

25a to be at the intracellular surface of the EP2 receptor (see Chapter 1.3.4) [179]. As a 

result 25a is predicted to have a similar mechanism of action to previously reported 

NAM ‘compound 15’ which stabilises the inactive conformation of the β2-adrenoceptor 

(β2AR) preventing recruitment of both the Gs heterotrimeric G-protein and β-arrestin 

[158]. The proposed binding conformation of 25a with EP2 has the ester moiety oriented 

into the deepest region of the binding pocket between TM α-helices 2,3 and 6, the 2,3-

dihydrobenzo[b][1,4]dioxine moiety posed perpendicular to the receptor towards TM5 

and the quinoxaline ring is solvent exposed directed away from the receptor [179]. Due 

to the tight SAR around the 2,3-dihydrobenzo[b][1,4]dioxine motif you might expect the 

homology model to yield a different binding pose, for example with this moiety 

occupying the deepest binding pocket between the TM α-helices 2,3 and 6. Conducting 

an expanded SAR study focused on the ester moiety (currently occupying this pocket in 

the literature homology model) would provide further experimental evidence to prove or 

disprove this theory. 
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The predicted conformation of the ester moiety deep within the pocket was identified as 

an ideal starting point to explore ligand-receptor interactions and in theory presented a 

straightforward synthesis route to analogues. Only four examples of ester modifications 

were present in the literature SAR study but did not contain the essential 2,3-

dihydrobenzo[b][1,4]dioxine moiety and displayed no inhibitory activity at EP2. 

Therefore, in addition to resynthesis of 25a, a series of ester analogues were designed 

and synthesised maintaining the key 2,3-dihydrobenzo[b][1,4]dioxine motif. A summary 

of the proposed SAR mini-library (compounds 25a-i) and compound physiochemical 

properties is provided (see Table 2) [179]. Isolation of the R- and S- enantiomers of 25a 

was not conducted to enable direct comparison to the literature data; a racemic 

mixture was utilised by Jiang et. al. [179]. 

This series has inserted a variety of new functionalities to modify ligand properties such 

as solubility and lipophilicity, as well as exploring potential new ligand-target 

interactions. Six esters were designed based on the original tetrahydrofuran-2-yl methyl 

ester in 25a. Firstly the potential hydrogen bonding acceptor (HBA) oxygen atom was 

removed in the cyclopentylmethyl ester 25e increasing lipophilicity (cLogP increase of 

1.27, see Table 1) whilst maintaining the five membered ring system. In contrast, the 2-

methoxyethyl analogue 25f contains a linear more flexible alkyl chain maintaining the 

position of the HBA oxygen. The methyl- and ethyl- esters 25i/b explore the impact of 

decreasing the ester chain length whilst the introduction of a larger benzyl ester 25h 

explores the toleration of larger functionality in the binding pocket. Additionally, the 

introduction of aromaticity in both the furan-2-yl ester 25g and the benzyl 25h could 

enable engagement in non-covalent interactions. For example, π- π stacking occurs 

when the aromatic ring of a drug molecule stack with aromatic amino acid residues in 

the binding pocket, including Phe, Tyr and Trp [229, 230].  

Furthermore, this series explores some modifications at the 2,3-

dihydrobenzo[b][1,4]dioxine moiety, which was previously identified as an essential 

binding motif [179]. The shortening and breaking of the 1,4-dioxane bridge afforded 

analogues 25m/n respectively, these each maintain two HBA oxygens whilst varying 
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their rigidity, positioning and flexibility due to differences in rotational freedom. Three 

compounds described in the literature 25j-l, that demonstrated no inhibition of cAMP 

production at the EP2 receptor, were resynthesized to act as negative controls for our 

pharmacological characterisation assays (see Chapter 1.3.4) [179]. These ligands 

contain O-methyl groups at various substitution patterns (3,5-dimethoxy, 2,5-dimethoxy 

and 3,4,5-trimethoxy) in place of the 2,3-dihydrobenzo[b][1,4]dioxine ring system which 

could all act as potential HBAs. 

The corresponding amide analogues 25o-t of esters 25a,b,e-h were designed for series 

one. The insertion of an amide could increase ligand binding affinities and functional 

potency at the EP2 receptor resulting from their stronger dual hydrogen bonding 

capability; the carbonyl group acts as a HBA and the amine a hydrogen bond donor 

(HBD) [231]. Direct comparison between ester and amide analogues with the same 

substituents would enable us to quantify any resulting change in NAM pharmacology. 

Furthermore, replacement of an ester with an amide would improve the metabolic 

stability of the compounds and reduce renal elimination/excretion of the drug [232]. 

Due to the electronic resonance effect of nitrogen donating electrons into the carbonyl, 

the amide bond is a poorer electrophile and less susceptible to nucleophilic attack and 

hydrolysis by liver enzymes such as carboxylesterases [233]. However, a successful 

synthetic approach to these amide analogues has not yet been identified and the 

desired compounds were not isolated. 

An additional five compounds 25u-y were purchased from Life Chemicals (Munich, 

Germany) to further expand the compound library. These analogues were deemed 

suitable for pharmacological characterization as they all contain the pyrrole[2,3,-

b]quinoxaline core but have modifications at the 2,3-dihydrobenzo[b][1,4]dioxine and/or 

tetrahydrofuran-2-yl methyl ester. 25u/v/x all maintain the ester but have a 2-ethyl 

thiophene, benzo[d][1,3]dioxole and 2-methoxyethyl group respectively in place of the 

benzyl dioxane. All three compounds contain an extended alkyl chain in this region, 

increasing the flexibility and potentially accessing new conformations within the binding 

pocket to improve binding affinity and selectivity. They also contain a minimum of one 
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HBA molecule, either oxygen or sulphur, whilst varying aromatic ring size in 25u & 25v or 

removing it entirely in 25x. The substitution of the ester with an amide is explored by 

25w/y, primary and secondary amides typically exhibit stronger hydrogen bonding than 

esters.[234] Ligand 25w has the same benzo[d][1,3]dioxole present in 25n but contains 

an N-2-isopropoxyethyl amide in place of an ester. In contrast, 25y contains a primary 

amide at the ester position and a 3-methyoxy phenyl group in place of the 2,3-

dihydrobenzo[b][1,4]dioxine. 
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Table 2-Series 1 compound library structures including their calculated molecular weight, number of H-bond donors/acceptors, LogP, LogS, number of rotatable bonds and 

calculated total polar surface area (calculated using Marvinsketch version 25.1.75 by Chemaxon). Compounds in red were not successfully synthesized. 

 

Compound R1 R2 Molecular 
weight 

H-bond 
acceptors 

H-bond 
donors 

LogP LogS Rotatable 
bonds 

Total polar 
surface area 

(Å2) 

25a 

 

 

446.46 9 1 3.59 -5.31 6 110.7 

25b 

 

 

390.40 8 1 3.70 -5.09 6 101.5 

25c 

 

 

362.35 8 2 2.72 -4.62 3 112.4 

25d 
 

 

343.35 7 1 2.37 
 

-4.84 2 99.0 
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25e 

 

 

444.49 8 1 4.86 -6.68 6 101.5 

25f 

 

 

420.43 9 1 3.19 -4.72 8 110.7 

25g 

 

 

442.43 9 1 4.08 -5.76 6 114.6 

25h 

 

 

452.47 8 1 5.13 -6.39 6 101.5 

25i 

 

 

376.37 8 1 3.36 -4.79 5 101.5 

25j 

 

 

392.42 8 1 3.88 -4.61 10 101.5 

25k 

 

 

392.42 8 1 3.88 -4.61 10 101.5 
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25l 

 

 

422.44 9 1 3.62 -4.55 12 110.7 

25m 

 

 

392.42 8 1 3.88 -4.61 10 101.5 

25n 

 

 

432.44 9 1 3.95 -5.31 6 110.7 

25o 

 

 

445.48 9 2 2.34 -5.27 5 113.5 

25p 

 

 

389.42 8 2 2.45 -4.96 5 104.3 

25q 

 

 

443.51 8 2 3.61 
 

-6.54 5 104.3 
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25r 

 

 

419.44 
 

9 2 1.94 -4.68 7 113.5 

25s 

 

 

441.45 9 2 2.83 -5.71 5 117.4 

25t 

 

 

451.49 8 2 3.88 -6.25 5 104.3 

25u 

  

408.48 8 1 4.19 -4.76 6 92.3 

25v 

 

 

446.46 9 1 4.05 -5.11 6 110.7 

25w 

 

 

447.50 9 2 3.06 -5.10 8 113.5 

25x 

 
 

370.41 8 1 2.42 -3.03 8 101.5 
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25y 

 

 

333.35 7 2 2.29 -4.27 4 109.1 
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Included in the above table are seven calculated parameters known to contribute to the 

physiochemical properties of our ligands. Lipinski’s rule of 5 was developed to set 

‘drugability’ guidelines for new molecular entities and was based on trends in the world 

drug index database containing ~2,000 drugs. It was observed that poor absorption or 

permeation is more likely when a molecule has more than 5 H-bond donors, 10 H-bond 

acceptors, a molecular weight >500 and the calculated LogP value >5 across this 

database [235]. Molecules that conform to these rules are thought to be more easily 

converted to orally active drugs. LogP is defined as the logarithm of the octanol-water 

partition coefficient and is a measure of the lipophilicity of a molecule, the higher the 

LogP value the more hydrophobic the compound and the less soluble in water. This 

single property impacts many aspects of drug pharmacokinetics such as aqueous 

solubility, absorption from the gastrointestinal tract, phospholipid membrane 

permeability, distribution via blood, blood-brain barrier (BBB) permeation and 

metabolism/clearance from the body [236]. Compounds in series one possess a wide 

range of calculated LogP values with over 1000-fold difference (1.94- 5.13). Except for 

25h, which has a LogP >5, the remaining analogues in series 1 fit within Lipinski’s 

proposed rules and are predicted to display high drug-likeness. The six amide 

analogues are predicted to have a much lower range of LogP values between 1.94-3.88 

compared to 3.36-5.13 for their corresponding ester analogues. This is a result of the 

amides stronger dual hydrogen bonding capability increasing water solubility. Whilst 

strict adherence to Lipinski’s guidelines is important for developing a drug with a good 

pharmacokinetic profile (including absorption, distribution, metabolism and excretion) 

at this stage of a drug discovery campaign the development of ligands which fall outside 

the rule of five should be considered to probe the extremes of ligand-receptor 

interactions. However, ligand properties should still be compatible with 

pharmacological assay conditions to produce accurate and comparable data.  

Physiochemical properties outside of Lipinski’s rule of five have also been reported, 

(see Table 2). Rotatable bonds, single bonds in a molecule which can freely rotate 

around their axis, are a key determinant of a molecule’s conformational flexibility. A 

more flexible ligand can more effectively induce optimal conformational changes within 
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the receptor binding pocket to create a more stable, high affinity complex [237, 238]. 

Molecules with too many rotatable bonds may be too flexible to bind tightly to their 

target, while molecules with too few are too rigid to adapt to the binding pocket [239, 

240]. Whilst there is no set target number of rotatable bonds, a study suggests that drug 

candidates with 10 or fewer rotatable bonds and a polar surface area (PSA) equal to or 

less than 140 Å2 will have a high probability of good oral bioavailability in rat studies 

[240]. In series 1, only analogue 25l exceeds this limit. 

The total surface area (tPSA) of a molecule that is contributed by its polar atoms 

(oxygen, nitrogen and attached hydrogens), is a crucial metric in drug discovery for the 

prediction of drug absorption, membrane permeability and BBB permeation [241]. 

Typically, a molecule with high tPSA >140 Å2 has poor membrane permeability whilst 

those with <60 Å2 are more likely to cross the BBB resulting in either therapeutic and/or 

adverse effects [242]. All analogues synthesized in series 1 are within the ideal PSA 

range.  

LogS is defined as the logarithm of the intrinsic aqueous solubility of a compound, 

typically measured in mol/L, and is a key predictor of drug absorption. The higher the 

LogS value the greater the absorption in the gastrointestinal tract after oral 

administration. However, molecules that are too polar with high LogS values can 

struggle to cross the phospholipid bilayers of the cell membrane and reach their 

intended site of action [243]. Consequently, most drugs have reported LogS values 

between -5 and -1[244].  Series 1 has a predicted LogS range between -3.03 and -6.60 

with twelve compounds outside of the desired range with LogS values <-5 including 

literature NAM 25a. As a result, we can expect poor aqueous solubility for these 

analogues, likely a result of the large MW of these compounds, which could lead to poor 

drug absorption and permeation in vitro and in vivo studies. 

 

2.2 Development of a convergent synthetic route to 25a and analogues. 
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Initial work was focused on the development of a synthetic route to the desired 

analogues; no synthesis was published in the literature with 25a being obtained from a 

chemical library [179]. The synthesis of a 1,3-substituted pyrrolo[2,3-b]quinoxaline has 

been previously reported in the literature and formed the basis of our synthetic 

approach. In 2004 Obafemi and Pfleiderer first reported a nucleophilic aromatic 

substitution (SNAr) reaction of 2,3-dichloroquinoxaline with malonitrile and 

ethylcyanoacetate [245]. The resulting product could then undergo cyclisation to form 

the desired pyrrolo-[2,3-b]quinoxalines as reported by Takahashi et. al. in 1970 [246]. A 

convergent approach based upon this literature was initially conducted, with the aim of 

inserting the variable ester functionality at the final reaction step (see Scheme 1). 

Scheme 1- Attempted development of a convergent synthesis to 25a [245, 246].  

 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- (a) Ethyl cyanoacetate, 60% NaH mineral oil, DME, 3h, rt-80 oC. 65-79 %, (b) Amine, EtOH: 

tetrahydrofuran (THF) (3:1), 19h, 78 oC. 45-91%, (c) NaOH/LiOH, THF/Water (1:1), 72 h, 70 oC. 
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The first synthetic step in scheme 1 involved an SNAr reaction of 2,3-dichloroquinoxaline 

(26) with ethyl cyanoacetate (27) to afford ethyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (28) [245]. A cyclisation reaction with 2,3-

dihydrobenzo[b][1,4]dioxin-6-amine (29) generated ethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (25b) 

[246]. Hydrolysis of 25b was attempted using numerous hydrolysing agents, including 

NaOH and LiOH both with and without heating as well as acid catalysed conditions with 

2M and 6M aq. Hydrochloric acid (HCl), but failed to yield the corresponding carboxylic 

acid 25c [247, 248]. This work was undertaken by students Mohamed Khaki and Khai 

Sing Lim (School of Pharmacy, University of Nottingham) [249, 250]. Whilst this 

synthetic approach was found to be unviable, the ethyl ester intermediate 25b was 

identified as a suitable analogue to be taken forward into pharmacological 

characterisation. 

Intermediate 28 was determined to be present wholly in its enamine tautomer when 

characterised by 1H NMR (see Figure 18a/b) [251]. This was identified due to the 

presence of the NH broad peak at 14.50 ppm with an integration of ~1 and the lack of a 

hydrogen peak for the 2-cyanoacetate position, predicted at approximately 4.61 ppm. 

This is further supported by the 13C nuclear magnetic resonance (NMR) which reported 

the cyanoacetate-2-C at shift 69.6 ppm compared to the predicted shift of 32.7 ppm for 

the methylene imine, calculated by CS ChemNMR Pro (see Figure 18c). This downfield 

shift is due to the increased de-shielding effect in a sp2 hybridized carbon double bond 

vs the sp3 hybridised single bond, resulting from a difference in the electronegativity and 

anisotropic effects of the pi system. The preference for the enamine tautomer was 

reported in the literature in both the solid state and in deuterated chloroform (CDCl3) 

and dimethyl sulfoxide (DMSO-d6), confirmed by 13C-nuclear magnetic resonance 

(NMR) and 1H-NMR experiments [245]. The presence of an intramolecular hydrogen 

bond between the carbonyl/nitrile and NH was postulated in the literature to stabilise 

the enamine tautomer shifting the equilibrium to favour its formation [245]. All the SNAr 

substituted quinoxaline intermediates synthesized were identified exclusively in the 

enamine form. 
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Figure 18- A) The methyline imine and enamine tautomer forms of substituted quinoxaline intermediate 28 including stabilising hydrogen bonding. B) 1H NMR of 28 at the 

enamine tautomer. C) 13C NMR of 28 as the enamine tautomer [251]. H or C peak assignments are highlighted in green. F1= frequency axis (chemical shift).  
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An alternative convergent synthetic route (see Scheme 2) was devised and successful in 

resynthesizing 25a and producing analogues 25c-e.  

Scheme 2- Convergent synthetic route to 25a and analogue 25e [245, 246, 252-254].  

 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- (a) Malonitrile, Cs2CO3, DMSO, rt, 24 h, 86-99 % (b) Amine, Ethanol/THF (3:1), 80 oC, 24 h, 

69-96 % (c) 10M NaOH in H2O: 1,4 dioxane (1:1), 120 oC, 8 h, microwave, 15-38 % (d) H2SO4, alcohol, 24 h, 110-160 
oC, 8-21 %. Note: A small amount of intermediate 25c was purified for pharmacological characterisation but was 

taken forward as crude material for the generation of 25a/e due to purification challenges.  

Similarly to scheme 1, this synthesis scheme involves the SNAr reaction of 26 with 

malonitrile followed by subsequent cyclisation of  with 2,3-dihydrobenzo[b][1,4]dioxin-

6-amine (29) to generate nitrile 25d. Hydrolysis of 25d was then conducted under basic 

conditions with vigorous heating to yield the corresponding carboxylic acid 25c. A range 

of conditions were screened for hydrolysis step (c), (see Table 3). Methodical alterations 

were made to the reagents employed in this reaction, both acid- and base- catalysed 

hydrolysis was explored using concentrated H2SO4 or metal hydroxides such as NaOH, 
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LiOH and KOH. The solvent system was varied including both miscible solutions of 

water with DMSO/EtOH, immiscible mixtures of water with dioxane/cyclopentane 

methanol or MeOH alone. A range of temperatures were explored from a range of rt-180 
oC and reactions were monitored between 0.75- 168 h. The use of a microwave was also 

investigated for this reaction step. The optimal conditions identified in experiment 13 

were 10 M NaOH in a 1:1 mix of water and dioxane ran in the microwave at 120 oC for 8h.  



82 
 

Table 3- Reaction condition screen of hydrolysis of 25d to form carboxylic acid 25c. Experiment number 13 was chosen as it produced the best ratio of product to starting 

material measured by liquid chromatography-mass spectrometry (LCMS). [255-258] 

Experiment Reagent Solvent 
System 
(volume 

ratio) 

Temperature 

(oC) 

Time 
(h) 

Microwave 
(Y/N) 

Outcome 

(measured by 
LCMS) 

Notes 

1 Conc. 
H2SO4 

(3 eq.) 

Water: 
DMSO 

(2:1) 

100-110 48 N No product 
formation 

Temp. increased at 
24 h. 

2 NaOH 

(3.5 eq.) 

Water: 

DMSO 

(1:1) 

80-180 168 

(7 
days) 

N Minor product 
formation but 

significant side 
reactions. 

 

3 NaOH 

(5 eq.) 

Water: 

DMSO 

(1:1) 

120-180 0.75 

(45 
min) 

Y No product 
formation 

Increased temp by 
15 oC at 15 min 

intervals. 

4 10 M NaOH 

(Excess) 

 

10 M NaOH 
in water: 

EtOH (1:1) 

88 96 

(4 
days) 

N Minor product 
formation, side 

reaction present. 

Side reaction 
caused by ethanol 

forming ester. 

5 NaOH 

(1eq.) 

H2O2 

MeOH rt 36 

(3 
days) 

N No product 
formation. 
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(5 eq.) 

6 10 M NaOH 

(excess) 

10 M NaOH 
in water: 

cyclopentan
e methanol 

(1:1) 

100 120 

(5 
days) 

N 1:1 ratio of starting 
material 25d: 

carboxylic acid 15e. 
No ester product 

present. 

Attempt to directly 
form a desired 

ester. 

7 10 M NaOH 
(excess) 

10 M NaOH 
in water: 

cyclopentan
e methanol 

(1:1) 

88 6 Y Minor formation of 
25e. No ester 

product present. 

 

8 10 M NaOH 

(excess) 

10 M NaOH 
in water: 

EtOH (4:1) 

88 6 Y 2:1 ratio of starting 
material 25d: 
product 25e. 

Reduction in 
ethanol volume to 

avoid side reaction. 

9 10 M 

LiOH 

(excess) 

10 M LiOH in 
water: EtOH 

(4:1) 

88 1.75 Y Minor product 
formation at 15 mins. 

No change after 
additional 1.5 h. 

 

10 10 M KOH 

(excess) 

10 M KOH in 
water: EtOH 

(4:1) 

88 2 Y Minor product 
formation at 15 mins, 

no change after 
additional 1.75 h. 
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11 10 M NaOH 
(excess) 

10 M NaOH 
in water: 
dioxane 

(2:1) 

100 12 Y Major product 
formation. 3:1 ratio 

of product 25e to 
starting material 

25d. 

Dioxane improved 
solubility and ran 

no risk of ester 
formation. No 

change in starting 
material amount 
after 12 h (ran for 

additional 6h). 

12 10 M NaOH 
(excess) 

10 M NaOH 
in water: 
dioxane 

(1:1) 

100 14 Y Major product 
formation. 2:1 ratio 

of product 25e to 
starting material 

25d. 

23 mg and 34 mg of 
purified product 1e 
was isolated from 
two separate 500 
mg batches. The 
remainder was 

carried forward as a 
mixture. 

13 10 M NaOH 
(excess) 

10 M NaOH 
in water: 
dioxane 

(1:1) 

120 8 Y Major product 
formation. 3:1 ratio 

of product 25e to 
starting material 

25d. 

Increased temp. 
and decreased time 

gave the same 
product ratio as 
experiment 11 

conditions. 
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Numerous purification techniques were employed to achieve separation between 

25c/d.  Recrystallization was attempted using either MeOH, EtOH, EtOAc, toluene or 

acetone but proved unsuccessful due to poor solubility of both the product and starting 

material. Column chromatography was conducted employing various solvent 

conditions such as 0-5 % MeOH in dichloromethane (DCM) and 1.5 % methanolic 

ammonia in EtOAc over 14 column volumes (CV). In both cases product and starting 

material co-eluted and the loading of columns with the crude material proved 

challenging due to poor solubility. Overall, isolation of 25c in large batches proved too 

labour intensive to be viable and was carried forward in the next reaction step as crude 

material.  

The poor reactivity of both the carbonyl in 25b and the nitrile in 25d can be explained by 

the presence of a vinylogous carbamate system within the molecule; vinylogy is the 

transmission of electronic effects through a conjugated system [259, 260]. The lone pair 

of electrons on the primary amine can be delocalised across the conjugated system 

decreasing the electrophilicity of the nitrile and carbonyl, scheme 3 [261]. The 

unsuccessful hydrolysis of 25b could be explained by the formation of a hydrogen bond 

between the enol hydroxy group and the imine nitrogen, (see Figure 19a). This 

interaction stabilises the enol tautomer, a poor electrophile, requiring a higher 

activation energy for nucleophilic attack by the hydroxide ion.  
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Figure 19- Vinylogy of the A) carbamate system including potential stabilising hydrogen bonding (red) and B) amino-

nitrile conjugated system leading to a decrease in the nucleophilicity of the C=O and C-N bond [259, 260]. 

Carboxylic acid 25c underwent acid-catalysed esterification with (tetrahydrofuran-2-

yl)methanol and cyclopentylmethanol to yield 25a and 25e respectively. However, due 

to the use of the desired alcohol as a solvent, high boiling points required for reflux and 

a tendency for side reactions to occur this approach produced poor yields (8-21 %). 

Alternative conditions were explored, aiming to generate both ester and amide 

analogues, including the formation of acyl chloride intermediates and traditional 

Steglich esterification using N,N′-dicyclohexylcarbodiimide (DCC) with 4-

dimethylaminopyridine (DMAP), and triphenyl phosphine with diethyl azodicarboxylate 

(DEAD) [262, 263].  Furthermore, coupling reagents 1-[bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) and N,N,N′,N′-

tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) were 

trialled, all of the above proving unsuccessful with no formation of the desired products 

and only starting material present [264].  

Overall, the convergent schemes described enabled the synthesis of a small number of 

desired analogues. However, due to low yields (7 % overall for 25a), poor compatibility 

with alcohols for the esterification step and harsh conditions with incomplete formation 

of desired product in scheme 2 step c (~50% conversion), this route was determined as 

non-viable for the generation of the remaining desired analogues. 
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2.3 Development of a non-convergent synthetic route to 25a and analogues.  

A non-convergent route was developed with the inclusion of various ester moieties 

within the first reaction step, (see Scheme 3). This approach was not initially explored 

due to the larger synthetic effort required. This route was used in the synthesis of 25f-

25n with good tractability, consistently high yields and ease of purification.  

Scheme 3- Non-convergent synthetic route to analogues 25f-n [245, 246, 263]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- (a) Alcohol, DCC, DMAP, DCM, 0 oC-rt, 24 h, 57-66 %. (b) 2,3-Dichloroquinoxaline, 

Cs2CO3, dimethylformamide (DMF), rt, 24 h, 37-90 %. (c) Amine, EtOH:THF  (3:1), 80 oC, 24 h, 12-91 %. 
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In this method the insertion of various ester moieties occurs within the first reaction 

step, a ‘Steglich esterification’ with 2-cyanoacetic acid (31) and the desired alcohol 

using DCC and DMAP coupling conditions [263]. The resulting esters (32f-i & k) then 

react via SNAr with 26 to yield 33f-I & 3 followed by cyclisation with the desired amine as 

previously described [245, 246]. Overall, this non-convergent route was used to isolate 

sufficient quantities of 25f-n at a purity >95 % (determined by LCMS and NMR) for 

pharmacological characterisation.  

The non-convergent synthetic route proved more successful than the convergent 

scheme with calculated overall yield ranges between 2.5-54 % and 0.7-7.5 % 

respectively. Despite the success of scheme 3 for the generation of series 1, numerous 

drawbacks can be identified. Firstly, due to its non-convergent nature this route is less 

efficient with more reactions conducted to achieve the desired analogues. Secondly, 

the synthesis is limited to the generation of esters. A non-convergent approach was 

attempted for the generation of a benzyl amide analogue 25t, (see Scheme 4), 

contributed to by student Fook Looeng Lai (School of Pharmacy, University of 

Nottingham) [265]. 
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Scheme 4- Attempted non-convergent route to amide analogues [245, 246, 266, 267]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- (a) 2-Cyanoacetic acid, amine, DMAP, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC), DCM, 48 h, rt, 23 %. (b) Methyl 2-cyanoacetate, amine, rt, 1 h, 35 %; (c) 2,3-Dichloroquinoxaline, 11, Cs2CO3, 

DMF, reflux, 2 h, 42 % by-product. 

This scheme details two amide coupling reactions with benzyl amine 34 to produce N-

benzyl-cyanoacetamide (35) either using EDC with the cyanoacetic acid or a direct 

aminolysis of the corresponding methyl ester 32d [266, 267]. During the SNAr reaction of 

step (c) there was no formation of the desired intermediate 36 and a cyclised by-

product 37 was isolated. Therefore, this route is currently unviable for the generation of 

amide analogues. By-product 37 was determined a suitable analogue for 

pharmacological characterisation as it contains the pyrroloquinoxaline core but has 

modifications at both the 2,3-dihydrobenzo[b][1,4]dioxine and ester regions. A benzyl 
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group, increasing the number of rotatable bonds but eliminating the HBA oxygen atoms, 

has replaced the 2,3-dihydrobenzo[b][1,4]dioxane whilst the ester has been substituted 

for a weaker HBA nitrile. 

By-product 37 is thought to be produced by a secondary SNAr cyclisation reaction 

following the initial formation of 36. Due to the presence of excess base (pKa 10.3) the 

nitrogen of the amide (pKa ~15) can be deprotonated forming a resonance stabilised 

anion that can act as a nucleophile to undergo a secondary SNAr at the 3-chloro 

position, (see Figure 20). This is supported by the lack of cyclised by-products in the 

SNAr reaction with an ester as the oxygen cannot be deprotonated to form a nucleophile 

to attack the quinoxaline-3 position.  

 

Figure 20- Proposed mechanism for the generation of by-product 37. 

To circumvent the formation of 37 an alternative approach was explored with the initial 

SNAr on 2,3-dichloroquinoxaline (26) conducted with amine 29. Intermediate 38 could 

then undergo a second SNAr and cyclisation with the desired amide 35 to form final 

compound 25t, scheme 5. However, this reaction was unsuccessful due to no 

formation of the mono-substituted product 38. Instead, the di-substituted by-product 

39 was isolated and confirmed by NMR and LCMS. This was determined a suitable 
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analogue to take forward for pharmacological characterisation as it maintained the 

quinoxaline ring core structure whilst exploring the toleration of two 2,3-

dihydrobenzo[b][1,4]dioxine moieties. The HBA ester has been replaced with two 

secondary amines with the ability to act as two new HBD sites.  

Scheme 5- Attempted convergent route to amide analogue 25t [245, 246].  

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- (a) 1. 2,3-dichloroquinoxaline, 2,3-dihydrobenzo[b][1,4]dioxin-6-amine, EtOH, 100 oC, 2 h 

microwave. 2. 110 oC, 1 h, microwave, 23 % by-product. 

A reaction conditions screen was conducted varying the ratio of starting materials, 

temperature and solvent, as well as using reagents such as AlCl3 and sodium 

bis(trimethylsilyl amide) [268, 269].  AlCl3 is a strong Lewis acid that can coordinate with 

the chlorine in 2,3-dichloroquinoxaline, this acts as a better leaving group and 

facilitates nucleophilic attack by the amine [270]. In contrast, sodium bis(trimethylsilyl 

amide) is a strong base that can deprotonate weakly acidic amines, this generates a 

more nucleophilic anion to undergo the SNAr reaction [271]. In all cases, either no 

reaction occurred or a majority of by-product 39 was formed (see Table 4).  
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Table 4-Reaction conditions screen for scheme 5 reaction (a) [268, 269, 272]. 

Experiment Reagents Solvent 
System 

Temperature 

(oC) 

Time (h) Microwave 
(Y/N) 

Outcome (monitored 
by LCMS and TLC) 

1.  26 (1 eq.), 29 (1.5 eq.) EtOH a) 100 

b) 110 

a) 2 

b) 1 

Y 23 % yield of by-
product 39 

2.  26 (1 eq.), 29 (1 eq.) EtOH 79 24 N At 3 h mixture of 
desired 38 and by-

product 39. identified. 

At 24 h only by-
product 39. 

3.  26 (1 eq.), 29 (1 eq.) 1,4-dioxane rt 24 N Incomplete reaction- 
small amount of 38 

and 39 observed. 

4.  26 (1 eq.), 29 (1 eq.) 1,4-dioxane 50 48 N Incomplete reaction- 
small amount of 38 

and 39 observed. 

5.  26 (1 eq.), 29 (1 eq.), 

N,N-diisopropylethylamine 
(DIPEA, 1 eq.) 

1,4-dioxane a) rt 

b) 100 

a) 24 

b) 18 

N No reaction observed. 

6.  26 (1 eq.), 29 (1 eq.), 

Aluminium (III) chloride 
(1.25 eq.) 

Anhydrous 
DCE 

80 24 N Incomplete reaction- 
minor formation of by-

product 39. 
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7.  26 (1 eq.), 29 (1 eq.), 

Sodium 
bis(trimethylsilyl)amide 

(1.25 eq.) 

Anhydrous THF 0-rt 40 N No reaction observed 

 



94 
 

Due to the lack of a successful synthetic route and project time restrictions the 

production of a series of amide analogues was not further explored. However, some 

alternative approaches have been discussed. To prevent the cyclisation of secondary 

amides and the formation of by-product 37 (scheme 4) amine protection strategies, 

which remain intact under basic conditions, could be implemented. This strategy would 

eliminate deprotection at the nitrogen and the formation of any lone pairs of electrons, 

thus preventing nucleophilic attack at the 3-quinoxaline position. One example involves 

the synthesis of a series of N-methyl protected analogues which are stable under strong 

basic conditions and the secondary amine starting materials are commercially 

available. However, demethylation of the N-methyl amide analogues is chemically 

challenging and involves novel approaches such as copper-catalyzed radical N-

demethylation and visible light-induced cerium catalysis [273, 274]. Both reactions are 

known for difficulty in achieving high selectivity and high yields due to the formation of 

highly reactive alkyl radical intermediates forming competing side reactions. Issues with 

over-oxidation by copper catalysts in copper-catalyzed radical N-demethylation and a 

sensitivity to water during visible light-induced cerium catalysis also contribute to low 

yields [273, 274]. An alternative approach involves silyl protecting groups such as 2-

(trimethylsilyl)ethoxycarbonyl (teoc) a carbamate protecting group which is stable to 

strong acids and mild bases and is deprotected using a fluoride ion in tetra-n-

butylammonium fluoride (TBAF) [275]. 

 

2.4 Synthesis of series 1 conclusions 

In conclusion, series 1 was designed and synthesized with the future aim of 

investigating the ligand-receptor interactions of the previously unexplored ester moiety 

in NAM 25a. This region was identified as a key starting point for SAR development from 

initial literature homology modelling, predicting the tetrahydrofuran-2-yl methyl ester as 

occupying an intracellular pocket between EP2 TM α-helices 2-4 [179]. The 2,3-

dihydrobenzo[b][1,4]dioxine moiety, previously reported as a key contributor to the 
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inhibition of EP2 induced cAMP production, was also modified to expand the SAR 

dataset [179].  

Three chemistry approaches were successfully used to resynthesize literature 

compounds 25a,j-l and yield 12 novel analogues (25b-i,m/n) in sufficient quantities for 

pharmacological characterisation [179]. An additional five compounds (25q-u) 

purchased from Life Chemicals (Munich, Germany) further expand the series 1 

compound library.  

This series has inserted a variety of new functionalities to modify ligand properties such 

as solubility and lipophilicity, as well as exploring potential new ligand-target 

interactions. For example, this series explores the binding pocket being occupied by the 

2,3-dihydrobenzo[b][1,4]dioxine through both the shortening of and the breaking of the 

dioxane bridge (25n/m respectively) maintaining two HBA oxygens but varying the 

rigidity, position and flexibility of this moiety. The substitution patterns of the resulting 

di-methoxy phenyl groups were also varied as 3,5-dimethoxy, 2,5-dimethoxy and 3,4,5-

trimethoxy for 25j/k/l respectively. Furthermore, the 2,3-dihydrobenzo[b][1,4]dioxine 

motif was completely replaced with a thiophene and 2-methoxyethyl in the purchased 

compounds 25u/x but still maintained a HBA sulfur or oxygen. 

Additionally, a range of ester analogues were explored. Firstly, we have covered the 

replacement of the ester with either a nitrile (25d) carboxylic acid (25c) or amide 

(25w/y) varying H-bond donor/acceptor strength. The tetrahydrofuran ring was broken in 

25f.  Lipophilicity has also been increased through the removal of an oxygen in 25e and 

the ester chain length has been shortened in the methyl/ethyl esters (25i/b). Finally, 

aromaticity was introduced through the replacement of the tetrahydrofuran with furan-

2-yl (25g) and benzyl rings (25h). Enabling engagement in non-covalent interactions 

such as π- π stacking [230]. Two amide analogues containing either a N-2-

isopropoxyethyl amide (25w) or a primary amide (25y) were purchased for SAR dataset 

expansion. However, these analogues do not maintain the essential 2,3-

dihydrobenzo[b][1,4]dioxine moiety and therefore the direct impact of ester to amide 

replacement cannot be quantified by this series. Six amide analogues were designed as 
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part of this series (25o-t) with the aim of increasing ligand binding affinity and functional 

potency through their dual hydrogen-bonding capabilities [231]. Insertion of an amide 

would also improve the metabolic stability of our compounds as they are less 

susceptible to hydrolysis compared to the ester counterparts [232]. However, no 

successful synthetic route was established to produce these ligands via either 

convergent or non-convergent approaches due to side reactions yielding by-products 

37 and 39. These by-products were determined suitable compounds to 

pharmacologically characterise as they maintain the quinoxaline core structure but 

contain modifications at the ester and/or 2,3-dihydrobenzo[b][1,4]dioxine moieties. 

Future work could exploit an amide protecting group strategy such as N-methyl or silyl 

carbamate protecting group teoc to synthesize the desired analogues 25o-t [275]. 

Despite the success of the convergent synthesis (scheme 2) to yield a small number of 

analogues its incompatibility with most desired alcohols in the final esterification step 

meant that future chemical syntheses did not employ this route. In contrast, the non-

convergent approach, whilst requiring a larger synthetic effort, has been proven viable 

with a large variety of ester modifications and was applied in the production of a second 

series of analogues.  
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Chapter 3- Pharmacological assessment of series 1 analogues 

as EP2 negative allosteric modulators 

3.1 Introduction and aims of pharmacological characterization of series 1 

3.1.1 Aims of pharmacological characterization of series 1 

Typically, a lead compound in the drug discovery process displays desirable biological 

activity against a target. This is often characterised by improved binding affinity, 

functional potency, receptor selectivity and pharmacokinetic properties compared to 

the initial hit [179]. These lead compounds serve as a starting point for further 

optimization and are often taken forward into in vivo studies to assess their efficacy, 

safety and potential for development in the clinic [276]. In this work optimization of 

literature NAM 25a for EP2 was explored with 12 novel analogues designed and 

synthesized as part of series 1 (see Chapter 2). The pharmacokinetics and safety profile 

of our NAMs were not evaluated using in vivo assays as this falls outside the project 

scope focussed on evaluating ligand target interactions in model cell systems. Series 1 

underwent in vitro pharmacological characterisation to identify a lead NAM of the 

prostaglandin EP2 receptor, as a target mechanism for the treatment of inflammation.  

The proposed mechanism of action of my series 1 compounds, based upon initial 

homology modelling from the literature (see Chapter 1.3.4), is through binding to an 

intracellular allosteric binding site of the EP2 receptor, leading to antagonism of 

receptor-effector coupling. To experimentally demonstrate this, we first needed a 

measure that allows the assessment and ranking of our ligand binding affinities for this 

allosteric binding site. A NanoBRET competition binding assay in conjunction with a 

fluorescent probe for the desired intracellular binding site was utilized to produce these 

data.  

Secondly, to confirm these ligands are functional antagonists in a cell-based assay our 

compound library was screened in the NanoBiT complementation binding assay. This 

experiment measures receptor-effector recruitment at the hEP2 receptor using β-

arrestin2 as the example effector protein. This assay can also be utilized for initial 
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exploration of our ligand selectivity by comparing their effects on hEP2 versus hEP4 

receptors. 

3.1.2 Introduction to NanoBRET competition binding assays at hEP2 using TMR-

Gαs19cha18 

To use NanoBRET assays to evaluate the binding affinities of this series at the 

intracellular site, a probe that competes for binding at the same binding site on hEP2 is 

required [216-219]. A potential option is utilising peptides based on the G protein Gα 

subunit C terminus that recognise and bind to the intracellular G-protein binding pocket 

of active GPCRs. These short Gα-protein peptides are produced from identifying key 

residues in the G-protein C-terminus that interact with the associated binding pocket of 

the receptor which determines their selectivity (Gαs, Gαi, Gαq etc.) [277-280]. 

Historically, these G-protein C-terminal peptides have been shown to functionally 

antagonise G-protein coupling of GPCRs when expressed in target cells [281, 282]. More 

recently, using the Gαs C-terminal peptide, Mannes et al. then optimised the sequence 

to improve its affinity for the Gαs coupled β2AR [283]. Notably, these authors 

demonstrated that such peptides can substitute for the G protein in supporting the high 

affinity agonist-receptor-G-peptide ternary complex. For example, the optimal peptide 

Gαs19Cha19 was demonstrated to increase the affinity of the orthosteric agonist 

isoprenaline for β2AR through stabilisation of its high affinity conformation [283].  

In 2022 Farmer et al developed a tetramethylrhodamine (TMR) N-terminally labelled 

fluorescent tracer based on Gαs19cha18 (TMR-Gαs19cha18) and showed that its 

binding to both β2AR and EP2 receptor could be detected and be utilised in competition 

binding assays to explore intracellular GPCR binding sites (see Figure 21) [219]. This 

tracer is based on the 19 amino acids Gαs subunit C-terminus with the conserved 

penultimate leucine substituted for a non-native amino acid cyclohexylalanine residue 

[219, 283]. The substitution, identified in a HTS approach, was found to increase the 

potency of the peptide in stabilising the original target β2AR high affinity active 

conformation bound to isoproterenol [284]. The TMR-Gαs19cha18 fluorescent probe is 

predicted to bind to the same intracellular EP2 G-protein binding pocket as the Gαs 
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subunit C-terminus, reportedly between TM2,3,5&6 in the recent cryo-EM structure of 

PGE2-bound EP2-Gs complex, supported by mutagenesis studies conducted by Conklin 

in 1993 with predecessor G-protein C-terminus mimetics [280]. This overlaps with the 

proposed (but not proven) binding pocket of literature compound 25a and its derivatives 

[160, 179]. 

 

Figure 21- A) TMR-Gαs19cha18 amino acid sequence (N-C terminus left to right). B) Structure of Gαs19cha18 

including site of fluorophore addition (green) and non-natural amino acid cyclohexyl alanine substitution (yellow). 

The NanoBRET™ competition binding assay utilising TMR-Gαs19cha18 was used to 

directly determine the binding affinities of our ligands for the hEP2 receptor (see Chapter 

1.4.2) [199]. This assay was conducted using EP2-thermostableNanoLuc (tsNLuc) 

expressing HEK293 cell membranes, in which the bioluminescent donor NLuc is fused 

to the intracellular C-terminal of the EP2 receptor [285]. tsNLuc is a bioluminescent 

donor with a similar luminescence emission profile to Nluc but, due to mutations 

removing cysteine residues, has a ~30 oC improvement in thermostability and lower 

reported luminescence output compared to wild type [285]. The Nluc enzyme catalyses 

an oxidation reaction converting its substrate furimazine to furimamide in its excited 

state; UV photons are emitted upon the decay of the amide to its ground state [214]. The 

emitted donor luminescence, emission 420-550 nm, can then undergo BRET exciting a 

fluorescent acceptor in close proximity (within 10 nm) that in turn emits light of a 

different wavelength. The TMR-Gαs19cha18 probe emits light at a longer wavelength of 

~550 nm [219]. Total binding is quantified as the respective acceptor/donor emission 

ratios (BRET ratios), and specific probe binding can be calculated through comparison 
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of the probe binding in the presence and absence of a high concentration of unlabelled 

competitor [216].  

Unlike radioligand techniques, real time measurements of fluorescent probe binding for 

this site can be recorded in a homogenous format without traditional separation (e.g. by 

filtration) of the bound ligand-receptor complexes from free probe in solution [202]. 

Upon the addition of unlabelled intracellular ligands to the assay we would expect to 

see competition with the tracer for the intracellular site. This results in a reduction in the 

BRET ratio (acceptor TMR emission/ donor NLuc emission) and the inhibitory 

concentration for half maximal inhibition of specific binding is estimated as the IC50 

value. The ligand equilibrium dissociation constant KD/Ki (see Chapter 1.4.1) values 

respectively are calculated for the TMR-Gαs19cha18 tracer and unlabelled ligands 

according to saturation analysis (probe) or competition IC50 values with Cheng- Prusoff 

correction, which assumes a competitive reversible binding of the unlabelled ligands 

and the probe (see Chapter 8.2.2.3) [198, 199, 216, 219]. Therefore, NanoBRET™ 

competition binding assays using TMR-Gαs19cha18 enable direct assessment of the 

affinity of our unlabelled ligands in series 1 [219]. 

In addition to supporting an intracellular binding mode of action, the ability of our 

ligands to successfully compete with TMR-Gαs19cha18 can lead to the identification of 

key structural moieties participating in ligand-receptor interactions and determining 

affinity.  

3.1.3 Introduction to NanoBiT complementation assays at hEP2 and hEP4 whole 

cells. 

Th ligands demonstrating the highest binding affinities in the NanoBRET™ competition 

binding assays were then selected for further functional studies, focussed on identifying 

whether the compounds could induce receptor-arrestin interactions or disrupt 

receptor-effector signalling complexes. NanoBiT™ is a real time reversible 

complementation assay measuring agonist stimulated EP2 receptor βarrestin2 

recruitment in whole cells (see Chapter 1.4.2), which has previously been successfully 
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employed for many different GPCRs including β1AR and β2AR, dopamine D2 receptor 

and the CXCR4 chemokine receptor [222, 286, 287]. The NanoBiT™ system is composed 

of two subunits, the 1.3 kDa (SmBiT) peptide and the 18 kDa (LgBiT) polypeptide, which 

weakly associate and reversibly assemble into a functional NLuc complex dependent 

on the interaction characteristics of the proteins of interest [221, 288]. Here, a 

NanoBiT™ assay was established by co-expressing cDNA of (1) the hEP2 receptor C-

terminally fused to the LgBiT fragment, and (2) β-arrestin2 N-terminally tagged to SmBiT, 

previously generated by Dr Nicola Dijon [222]. In this assay the agonist activation of EP2 

receptor and β-arrestin2 effector recruitment is proportional to luminescence produced 

by the complemented NanoBiT. 

 

3.2 Determination of the EP2 binding affinity of series 1 compounds through the 

NanoBRET competition binding assay. 

3.2.1 Saturation analysis to determine the affinity of TMR-Gαs19cha18 at the 

EP2 receptor. 

The tracer TMR-Gαs19cha18 was first characterized by saturation analysis, varying the 

concentrations of the probe, to determine its binding affinity for EP2 tsNLuc in HEK293 

membranes. These experiments were conducted by Dr James Farmer [289]. As 

observed for this probe at other Gs coupled GPCRs, TMR-Gαs19cha18 specific binding 

was only observed in the presence of the endogenous orthosteric agonist PGE2 (10 µM), 

suggesting selective binding to an agonist-occupied EP2 conformation, (see Figure 22a). 

Under these conditions, saturation analysis determined a Kd for TMR-Gαs19cha18 at 

the EP2 receptor of 1.92 ± 0.19 µM, (see Figure 2b). Addition of unlabelled competitor 

25b showed effective competition with TMR-Gαs19cha18, (see Figure 22c), with a pIC50 

value of 7.17 and a maximum inhibition of 98.3 % specific binding. Therefore, the 

NanoBRET competition binding assays utilising TMR-Gαs19cha18 could then 

successfully be used to demonstrate whether series 1 ligands were able to compete for 

the probe binding site in for EP2 tsNLuc in HEK293 membranes, and if so determine their 

binding affinities. A low sodium buffer was utilized in this assay to mimic the 
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intracellular biochemical environment and minimise potential assay interference by 

sodium ions [290].
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Figure 22- Agonist-dependent binding of TMR-Gαs19cha18 to EP2-tsNLuc membranes determined by NanoBRET, using low sodium buffer at 37 oC, endpoint reads taken at 

60- min incubation (experiments performed by Dr James Farmer). Non-specific binding (NSB) determined using 40 µM concentration of 25b. A) Saturation binding of TMR-

Gαs19cha18, demonstrating the increased total binding observed in the presence of 10 μM PGE2. Data is a representative example from three independent experiments.  B) 

Specific binding data in the presence of PGE2 fitted with a one-site specific binding model to determine TMR-Gαs19cha18 affinity (Kd) quoted in the text. The data was 

normalised and pooled from three independent experiments. C) NanoBRET competition binding data shown as % specific binding against increasing concentrations of 25b 

in the presence of 500 nM TMR-Gαs19cha18 and 10 µM PGE2. Data is a representative example from three independent experiments [289].
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3.2.2 NanoBRET competition binding assays for series 1 ligands at hEP2 in cell 

membranes. 

Of the twenty-one compounds in series 1, nine ligands (including 25a) successfully 

displaced the fluorescent tracer TMR-Gαs19cha18 in the NanoBRET™ competition 

binding assay, supporting a competitive binding mode at the intracellular site, (see 

Figure 23). The binding affinities of these modulators was calculated and reported as 

the negative log of the dissociation constant (pKi); the higher the pKi value the greater 

the binding affinity of the ligand, (see Table 5). 
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Figure 23- A/B) NanoBRET® competition binding data shown as % specific binding against increasing concentrations of the competing ligand. The specific binding data 

shown was normalised and pooled from five independent experiments, with non-specific binding determined by addition of 10 µM of 25b. Assay was performed using 1 µM 

TMR-Gαs19cha18 tracer in a low sodium buffer + 0.2 % bovine serum albumin, 1/960 Furimazine, 10 µM PGE2 and varied concentrations of competing ligands, incubated at 

37 oC for 1 h [219, 289]. 
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Table 5- Mean pKi values of series 1 unlabelled competing ligands pooled from five individual values from five independent NanoBRET competition binding experiments 

including the standard error of the mean (SEM), fold increase in pKi from 25a and compound structures. One way ANOVA followed by Dunnett’s post test conducted for pKi 

and % reduction in specific binding comparing to 25a reference compound reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound R1 R2 Mean pKi ± SEM Mean Ki (nM) Fold change in Ki from 
25a 

25a 

 

 

7.14 ± 0.11 73 1.00 

25b 

 

 

7.64 ± 0.18* 23 3.17 

25d 
 

 

<6.00*** N/A N/A 

25e 

 

 

7.53 ±0.15 30 2.43 
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25f 

 

 

7.20 ± 0.11 63 1.16 

25g 

 

 

7.53 ± 0.12 30 2.43 

25h 

 
 

7.84 ± 0.11*** 14 5.2 

25i 

 

 

7.30 ± 0.12 50 1.46 

25j 

 

 

<6.00*** N/A N/A 

25k 

 

 

<6.00*** N/A N/A 
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25l 

 

 

<6.00*** N/A N/A 

25m 

 

 

<6.00*** N/A N/A 

25n 

 
 

<6.00*** N/A N/A 

25u 

  

<6.00*** N/A N/A 

25v 

 
 

<6.00*** N/A N/A 

25w 

 

 

<6.00*** N/A N/A 



109 
 

25x 

  

<6.00*** N/A N/A 

25y 

 

 

<6.00*** N/A N/A 

39 

 

<6.00*** N/A N/A 
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The seven reported active ligands had determined pKi values within the range 7.14-7.84 

(73-14 nM), displaying a relatively flat SAR for affinity based on the modifications tested. 

This implies that the presence of an ester is essential for ligand binding, potentially due 

to the formation of hydrogen bond donor interactions within the binding site, but the 

nature of the alkyl moiety has minimal impact [291]. This is further supported by ligands 

25d and 39 which do not contain an ester moiety but do have the essential 2,3-

dihydrobenzo[b][1,4]dioxine motif; the rightward curve shift highlights these ligands as 

lower affinity binders. These analogues did not fully inhibit specific binding and 

therefore only minimum pKi values could be calculated. The reduced affinity of 39 

indicates that a replacement of the ester moiety with a larger secondary 2,3-

dihydrobenzo[b][1,4]dioxine motif is sterically disfavoured for this pocket. 

The benzyl ester analogue 25h was identified as the ligand with the highest binding 

affinity for the intracellular Gs binding pocket in this series with a pKi value five-fold 

higher than the literature compound 25a. The potential to form pi-pi stacking 

interactions between the benzyl group and the aromatic side chains of amino acids 

within the binding pocket (e.g. Phe, Tyr, Trp and His) may contribute to this increase in 

binding affinity [292]. The increase in lipophilicity of 25h (LogP of 5.13) could also be a 

contributing factor potentially interacting with hydrophobic pockets within the hEP2 

allosteric binding site. 

The remaining eleven compounds, including three negative controls from the literature 

25j-l, failed to displace the fluorescent tracer TMR-Gαs19cha18 at concentrations up to 

10 µM (see Table 5) [179]. This indicated these ligands had very low affinity for the Gs 

binding pocket. For most of these analogues, the detrimental effect on binding affinity 

can be attributed to modifications/removal of the essential 2,3-

dihydrobenzo[b][1,4]dioxine. Negative controls 25j-l contained di/tri- methoxy phenyl 

rings with various substitution patterns in place of the 1,4-dioxine moiety. Additionally, 

no tolerance was observed for ligands containing either a reduction in the ring size to a 

1,3-dioxole in analogues 25n/v/w. This highlights the importance of the ethylene bridge 

in either supporting the rigidity and positioning of the hydrogen bond acceptor oxygen 
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molecules or their direct involvement in van-der Waals interactions with the EP2 

receptor [293, 294]. Replacement of the benzo-1,4-dioxine with 2-ethyl thiophene in 

25u, 2-methoxyethyl in 25x or 3-methyoxy phenyl in 25y also demonstrated very low 

affinity for the Gs binding pocket. 

For two remaining analogues 25c and 37, at high concentrations (above 10-6 M) a sharp 

increase in apparent TMR-Gαs19cha18 specific binding in the NanoBRET to over 400 % 

was observed. Subsequent emission spectrum recorded on 10-5 M solutions of 

compounds (with excitation 450 nm and recordings taken from 510-650 nm) highlighted 

an overlap with the tracer TMR-Gαs19cha18 emission, (see Figure 24). Therefore, assay 

interference limited accurate assessment of binding by BRET at these concentrations (> 

1 µM), and as a result the affinity of 25c and 37 for hEP2 in the assay could not be 

accurately determined.  Assay interference resulting from pharmacophores/functional 

groups with inherent fluorescent properties is a weakness of 

fluorescence/luminescence-based assays [295]. Traditional radioligand binding 

techniques are less prone to these issues, however the assays are not homogenous and 

require synthesis of a radioligand [201, 202]. 
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Figure 24-Emission spectrum of series 1 compounds 25a/c/d/e/n/39 (10 µM) compared with TMR-Gαs19cha18, 

using excitation of 470 nm (bandpass 40 nm- measuring 450-490 nm emission) to represent BRET luminescence 

donor emission.  

For this assay we must consider it employs a G-protein mimetic probe not a full G-

protein. Despite mimetics having the advantage of improved stability and easy 

modification for fluorophore addition, they may not perfectly replicate the binding 

characteristics of the full protein [296]. For example, proteins can adopt a large number 

of complex conformations which cannot easily be replicated by smaller mimetics [297]. 

Additionally, the substitution of a conserved penultimate leucine for the larger non-

native amino acid cyclohexylalanine residue may introduce steric hinderance for 

mimetic binding. TMR-Gαs19cha18 was initially designed to target the β2AR which 

reportedly has a larger cytoplasmic pocket than EP2 due to a larger separation of the 

TM3-TM6-TM7 bundles [160, 298].   

 

3.3 Determination of the EP2 functional potency of series 1 compounds through 

the NanoBiT complementation assays  

3.3.1 Agonist responses in the NanoBiT arrestin assay 

Firstly, the HEK293 EP2-βarrestin2 NanoBiT™ cell line was used to generate CRCs for 

three agonists reported to have differing efficacies with respect to βarrestin2 

recruitment; butaprost, evatanepag and endogenous agonist PGE2, (see Figure 25a) 

[299-301]. The pEC50 values (the negative log of the concentration of agonist required to 

produce 50 % of the maximal biological response), Rmax (maximum assay response 

produced by the agonist) and the Hill slope (determining the steepness of the 

concentration response curve) were recorded, (see Table 6). On this basis, agonist 

concentrations representing EC80 were determined for subsequent evaluation of 

inhibitors in the IC50 experiment (see Chapter 3.3.2). An EC80 concentration of agonist in 

such assays maximises the window to determine the inhibitor effect, avoiding higher 

concentrations which might adversely reduce inhibitor potencies. Normalised agonist 

EC80 time course data was generated to determine suitable assay read times post 
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agonist addition; when both agonist-receptor equilibrium is established and a suitable 

assay window, is retained (see Figure 25b). This was identified as 30 minutes post 

agonist addition for PGE2, butaprost and evatanepag. 
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Figure 25- NanoBiT complementation assay in EP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells, 1x HEPES buffer + 0.1 % BSA, 1:750 furimazine, 

incubated at 37 oC for a total of 60 mins.  A) NanoBiT complementation assay shown as % PGE2 response (RLU) against increasing concentrations of agonists. Reading taken 

30 minutes post agonist addition. The CRC curves shown were normalised and pooled from a minimum of five independent experiments. B) Agonist EC80 time course 

measuring β-arrestin2 recruitment by NanoBiT™ complementation assay for 60 minutes post agonist addition. Data is normalised and pooled from a minimum of five 

independent experiments [222]. 
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Table 6- Mean pEC50, Rmax, Hill slope and EC80 values of EP2 agonists normalised and pooled from five independent NanoBiT complementation assays in EP2-LgBiT, β-

arrestin2-SmBiT tagged stably transfected HEK293 cells including the standard error of the mean (SEM) and compound structures. One way ANOVA followed by Dunnett’s 

post test conducted for pEC50 and % Rmax comparing to PGE2 reference compound reported as *P<0.05, ** P<0.01 and ***P<0.001. 

Agonist pEC50 ± SEM Rmax ± SEM Hill slope EC80 (nM)  Structures 

PGE2 7.20 ± 0.06 102.0 ± 1.4 0.94 ± 0.10 208  

 

Butaprost 5.68 ± 0.18** 52.0 ± 8.7** 1.39 ± 0.12 4677  

 

Evatanepag 6.46 ± 0.11** 67.8 ± 3.0** 1.10 ± 0.06 950  
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The endogenous agonist PGE2 exhibited the highest functional potency with a pEC50 

value of 7.20 compared to evatanepag and butaprost at 6.46 and 5.68 respectively. 

Additionally, the latter agonists demonstrated partial agonism with their Rmax values, 

approximately 30 % for evatanepag and 50 % for butaprost, lower than PGE2’s value of 

102 %. This partial agonism has been described previously in the literature, reflecting 

the lower intrinsic efficacy of butaprost and evatanepag to activate the EP2 receptor-

arrestin pathway once bound [300, 302]. This may also underpin the more sustained 

time-course for arrestin recruitment observed for butaprost and evatanepag (see Figure 

25b) compared to PGE2, as sustained signalling kinetics are characteristics of other 

GPCR partial agonists (e.g. levorphanol and tramadol as µ-opioid receptor partial 

agonists, and taprostene as IP receptor partial agonist) [303, 304]. Overall, this data 

demonstrated that all three agonists induced a quantifiable concentration dependent 

recruitment of β-arrestin2 to the hEP2 receptor in whole HEK293 cells. At EC80 

concentration, all three agonists were therefore suitable to provide an appropriate 

luminescence window for determining the functional potency of the unlabelled 

allosteric modulators in series 1. Initial data focused on use of the native agonist, PGE2, 

as the stimulus.  

To conduct selectivity studies for our series one ligands a HEK293 EP4-βarrestin2 

NanoBiT™ cell line was utilised; hEP4 is also a Gαs coupled receptor similarly activated 

by the endogenous agonist PGE2 and sharing 38% homology with hEP2 (see Chapter 

1.2.1) [182, 305]. As for hEP2, CRCs and EC80 time course data was produced for the 

agonist PGE2 (see Figure 26a/b) and the pEC50 and EC80 values are reported (see Table 7). 



117 
 

 

 

 

 

 

 

 

 

Figure 26- NanoBiT complementation assay in EP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected Hek293 cells, 1x hepes buffer + 0.1 % BSA, 1:750 furimazine, 

incubated at 37 oC for a total of 60 mins.  A) NanoBiT complementation assay shown as % PGE2 response (RLU) against increasing concentrations of PGE2. Readings taken 

30 minutes post agonist addition. The CRC curves shown were normalised and pooled from a minimum of three independent experiments. B) PGE2 EC80 time course 

measuring β-arrestin2 recruitment by NanoBiT™ complementation assay for 30 minutes post agonist addition. Data is normalised and pooled from a minimum of three 

independent experiments [222].
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Table 7- Mean pEC50, EC80 and Hill slope values of EP4 agonist PGE2 normalised and pooled from three independent 

NanoBiT complementation assays in EP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells including 

the standard error of the mean (SEM) and compound structure. 

Agonist pEC50 ± SEM Hill slope EC80 (nM)  Structures 

PGE2 8.39 ± 0.11 1.28 ± 0.25 1.24  

 

 

Endogenous agonist PGE2 exhibits a higher functional potency, pEC50 of 8.39, at hEP4 

receptors compared to hEP2, pEC50 of 7.20, indicating a difference in agonist selectivity 

(168 fold change) across receptor subtypes which is in line with recent literature [306].  

This data demonstrated that PGE2 induced a quantifiable concentration dependent 

recruitment of β-arrestin2 to the hEP4 receptor in whole HEK293 cells. Additionally, the 

EC80 concentration (1.24 nM) provided an appropriate luminescence window, at the 30-

minute timepoint read, to determine the functional potency of our unlabelled NAMs in 

series 1 and enabling direct comparison of ligand selectivity between receptor 

subtypes. 

3.3.2 NanoBiT complementation assay for series 1 ligands at hEP2 and hEP4 in 

whole cells. 

CRCs of our ligands were determined, following 30 minute NAM pre-treatment, by 

recording 30 minutes post stimulation using the EC80 concentration of PGE2 (164 nM for 

EP2 and 1.25 nM for EP4), conducted in both EP2-LgBiT, β-arrestin2-SmBiT and EP4-LgBiT, 

β-arrestin2-SmBiT tagged stably transfected HEK293 whole cells using EP2 agonist PGE2 

(see Figure 27) [222]. Functional potency is reported as pIC50 values, the negative 

logarithm of the IC50 value which represents the compounds concentration to inhibit an 

assay response by 50 % of its maximal inhibition, (see Table 8). The higher the pIC50 

value the greater the functional potency of the compound [307].  
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Figure 27- β-arrestin2 NanoBiT complementation assay data in A-C) EP2-LgBiT, β-arrestin2-SmBiT tagged or D/E) EP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected 

HEK293 cells. Compounds were preincubated with cells for 30 min prior to PGE2 addition at approximately EC80 concentration (164 nM EP2; 1.25 nM EP4). Response data 30- 

min post PGE2 addition are shown as % PGE2 EC80 luminescence against increasing concentrations of competing ligand. Experiments were performed in 1x Hepes buffer + 

0.1 % BSA and 1:750 furimazine. The functional data shown were normalised and pooled from either five (A/B) or three (C-E) independent experiments.  
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Table 8- Mean pIC50 values of series 1 unlabelled competing ligands normalised and pooled from five independent NanoBiT complementation experiments in hEP2-LgBiT, β-

arrestin2-SmBiT and hEP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 whole cells including the standard error of the mean (SEM), fold selectivity and 

compound structures. One way ANOVA followed by Dunnett’s post test conducted for pIC50 and % inhibition comparing to 25a reference compound at both hEP2 and hEP4 

reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound Structure 

R1 

Mean hEP2 
pIC50 ± 

SEM 

Mean 
hEP4 

pIC50 ± 
SEM 

Fold 
selectivity 
hEP2 v hEP4 

% Inhibition at 
top 

concentration 
(30 uM) from 

vehicle control 
for EP2 ± SEM 

% Inhibition at 
top 

concentration 
(30 uM) from 

vehicle control 
for EP4 ± SEM 

25a 

 

5.00 ± 0.08 4.65 ± 0.04 2.2 59.4 ± 4.0 91.6 ± 12.4 

25b 

 

5.20 ± 0.07 4.43 ± 0.14 5.9 37.3 ± 5.8* 86.8 ± 4.4 

25e 

 

5.40 ± 0.09 5.01 ± 0.24 2.5 47.8 ± 3.7 84.3 ± 5.8 
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25f 

 

4.77 ± 0.29 4.54 ± 0.15 1.7 53.2 ± 5.1 80.6 ± 4.8 

25g 

 

5.20 ± 0.14 4.55 ± 0.21 4.5 50.6 ± 8.1 89.2 ± 1.4 

25h 

 

5.96 ± 
0.08*** 

4.65 ± 0.03 20.4 56.5 ± 5.9 56.3 ± 6.5** 

25i 

 

4.95 ± 0.25 4.49 ± 0.03 2.9 45.7 ± 6.5 81.6 ± 4.6 
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The hEP2 NanoBiT™ complementation assay demonstrated that all ligands with known 

affinity for the Gαs allosteric binding pocket also displayed functional inhibition of β-

arrestin2 recruitment at the hEP2 receptor with pIC50 values ranging between 4.77-5.96 

(1.1-17.0 µM). The maximal inhibition, reduction in NanoBiT™ luminescent response 

from the EC80 PGE2 control response, by the highest concentration of compound was 

56.5 % by NAMs tetrahydrofuran ester 25a and benzyl ester 25h. This is typical of a non-

competitive mode of action for our NAMs as the maximal inhibition is <100 % 

(percentage of PGE2 EC80 response does not reach 0 %). In contrast the ethyl ester 25b 

has the lowest reported % inhibition at 37.3 ± 5.8 followed by methyl ester 25i at 45.7 ± 

6.5, the reduction in size of the ester moiety could be attributed to this trend in SAR. 

Unlike the flat nature of the previous binding affinity data, benzyl ester 25h displayed 

the best inhibitory potency by approximately a half log unit compared to cyclopentane 

ester 25e with the second-best reported functional potency. Therefore, from this SAR 

data we can determine that the inclusion of a benzyl ester in our NAMs plays a key role 

in improving functional inhibition of β-arrestin2 recruitment, however, its mechanism of 

action is currently unknown.  

In comparison negative controls 25j-l containing di/tri- methoxy phenyl rings with 

various substitution patterns, which were functionally inert in prior cAMP assays from 

the literature, failed to inhibit β-arrestin2 recruitment and pIC50 values could not be 

calculated (pIC50 <4.5) [179]. This poor functional potency (IC50 <4.5 and maximal 

inhibition <25%) is believed to be a result of modifications at the 2,3-

dihydrobenzo[b][1,4]dioxine moiety; previously determined to be a key driver of ligand 

binding to the intracellular allosteric pocket by the NanoBRET competition binding SAR 

data (see Chapter 3.2.2). Therefore, the correlation between these SAR datasets 

demonstrates that the functional inhibition of β-arrestin2 recruitment is likely a direct 

result of ligand binding to the EP2 receptor at the intracellular G-protein binding site. 

The use of whole cells compared to membrane preparations for the functional potency 

and binding affinity assays respectively should be considered when comparing SAR 

data as this impacts the ability of compounds to access the intracellular site. All ligands 
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demonstrating functional potency at EP2 are lipophilic with a cLogP range between 3.19-

5.13 suggestive of good membrane permeation in whole cells.  A high lipophilicity can 

enhance a ligand’s ability to penetrate the cell membrane increasing the relative 

concentration at the target [308]. This range in lipophilicity may contribute to differing 

rates of membrane permeation in whole cells and vary the time taken for equilibrium 

across the membrane to be established. As a result, less lipophilic compounds with 

poor permeation will lead to a lower-than-actual quantity of ligand at the intracellular 

EP2 binding pocket causing inaccuracies in the recorded data [309]. This effect may 

contribute to differences in SAR trends between the binding affinity and functional 

potency data, with lead 25h having the highest calculated lipophilicity value (cLogP 

5.13). However, the 60-minute total incubation of the NAMs with EP2-LgBiT, β-arrestin2-

SmBiT expressing whole HEK293 cells prior to data read provides sufficient time for all 

ligands to establish equilibrium across the cell membrane [310]. Thus, minimising the 

influence of membrane permeability on the functional potency data. Conducting 

immobilised artificial membrane (IAM) analysis to experimentally quantify the 

membrane permeability of our NAMs would provide evidence to determine if 

permeability is influencing the SAR functional potency data [311]. Furthermore, in 

whole cells there is also the possibility that our unlabelled NAMs are competing with 

native G-proteins driving a reduction in the displayed functional potency [279, 312, 

313]. Additionally, the relative EP2 receptor expression levels in whole cell assays can 

result in shifts in ligand potency and efficacy as well as baseline constitutive activity. 

High receptor expression creates a receptor reserve increasing the amount of 

antagonist required to block the agonist effect skewing assay results. Additionally, high 

receptor expression can produce a high basal signal that can mask the inhibitory effects 

of an antagonist [314]. Furthermore, in this assay the presence of serum proteins (e.g. 

bovine serum albumin) should also be taken into consideration, these proteins can bind 

to lipophilic small-molecule ligands lowering their effective concentration and therefore 

could lead to inaccuracies in the calculated pIC50 values [315]. 

Another key difference between the pharmacological assays that should be considered 

when comparing the binding affinity and functional potency data is the type of 
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transducer proteins utilised. Firstly, in the NanoBRET™ competition binding assay we 

measure the unlabelled ligands binding affinity for the G-protein binding site using the 

G-protein mimetic TMR-Gαs19cha18. In contrast, the NanoBiT assay provides 

functional characterisation of the effects of our ligands on β-arrestin2 recruitment. As 

both β-arrestin2 and the Gs heterotrimeric G-protein are recruited to the same 

intracellular region of the EP2 receptor, their binding pockets are predicted to have 

significant overlap; supported by the recently reported cryo-EM structure of PGE2 bound 

to the EP2-Gs complex [160].  Therefore, binding of our NAMs is expected to induce a 

similar response in β-arrestin2 recruitment as for G protein binding. This is further 

supported by the inhibition of cAMP production, modulated by G-protein activated 

adenylate cyclase, demonstrated by 25a in the literature [51, 96, 179]. However, it 

remains possible that our NAMs alter Gαs-protein and β-arrestin2 signalling to different 

degrees and may explain the differences in SAR dataset trends. For example, NAM 25h 

could be more effective at functionally inhibiting β-arrestin2 recruitment specifically 

than 25a because the increase in size of the ester moiety, through introduction of the 

phenyl ring, has an improved overlap of the ligand with the β-arrestin2 binding pocket. 

Recent literature at class A GPCR neurotensin receptor 1, has reported the ability of 

intracellular allosteric modulator SBI-533 (biased agonist) to be effector selective 

preferentially activating β-arrestins over the G protein Gαq preference [316]. 

In contrast, the NanoBRET competition binding assay identified that variation in the 

ester moiety had minimal impact on the binding affinity of our ligands for the Gαs 

peptide mimetic binding pocket. Therefore, the variation in SAR trends between the two 

datasets for different recruitment proteins supports the theory that our NAMs bind to an 

intracellular region overlapping both the β-arrestin2 and Gs binding pockets [160, 179]. 

The extent of ligand overlap with these binding pockets may result in our NAMs altering 

the signalling of β-arrestin2 and the heterotrimeric Gs protein to different degrees. 

Future work may involve the development of new NanoBiT competition binding assays 

using EP2-LgBiT, mGα-SmBiT expressing whole HEK293 cells to monitor Gs-protein 

recruitment and enable direct comparison to β-arrestin2 modulation. Mini-Gα proteins 
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are engineered GTPase domains of Gα subunits which preserve the GPCR receptor-G 

protein binding interface and have been applied to the NanoBiT system to measure 

interactions between GPCRs and their effector proteins [222, 223]. Alternatively, assays 

measuring downstream cAMP accumulation (e.g. homogeneous time-resolved 

fluorescence (HTRF) cAMP kit- Revvity) as G-protein dependent responses would 

provide comparable SAR data [317]. 

Furthermore, the conformational selectivity and kinetics could differ between binding 

and functional assays due to ligand-receptor co-operativity. Within the NanoBiT™ assay 

the 30-minute incubation with the NAMs prior to agonist addition requires binding to the 

inactive (PGE2-unbound) conformation of the receptor [318, 319]. Therefore, a ligand’s 

relative ability to bind and stabilise the inactive conformation, shifting the equilibrium in 

the presence of the orthosteric agonist, could explain the SAR trend in functional 

potency with 25h proving the most effective. In contrast, PGE2 agonist and unlabelled 

ligands are added concurrently in the NanoBRET assay eliminating this pre-established 

stabilisation and resulting in the observed flat SAR. However, as both assays achieve 

equilibrium prior to data recording this is an unlikely contributor to the SAR dataset. 

Additionally, the use of membranes compared to whole cells in the NanoBRET assay 

and the addition of a C-terminal NLuc modification could result in alterations to the EP2 

receptor conformation thus distorting our generated functional potency/binding affinity 

data. 

Selectivity studies for the most efficacious hEP2 compounds 25a-b and 25e-i were 

conducted using a NanoBiT complementation assay in the closely related EP4 receptor. 

Overall, these ligands demonstrated lower functional potency for hEP4, with pIC50 

values between 4.43-5.01. Calculating the fold change in the pIC50 values between hEP2 

and hEP4 identified 25h as having the best selectivity at over 20-fold. Comparatively, 

literature compound 25a demonstrated only 2.2 -fold selectivity and 25b, the second 

best, a selectivity of 5.9-fold. While it would have been useful to establish a hEP4 

NanoBRET binding assay for additional comparisons with the hEP2 binding data, 
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previous laboratory attempts using the TMR- Gαs19cha18 probe proved unsuccessful 

(Dr N Holliday, personal communication). 

 

3.4 Series 1 pharmacology conclusions. 

In summary, the NanoBRET™ competition binding assay demonstrated for the first time 

seven ligands 25a-b and 25e-i had nanomolar binding affinity (15-72 nM range) for the 

intracellular Gs binding site detected by fluorescent probe TMR-Gαs19cha18. 

Modifications focused on the ester region exhibited a flat SAR with a notable reduction 

in binding affinity occurring upon ester removal. This indicates the ester likely 

participates in a key hydrogen bonding interaction with the EP2 intracellular binding 

pocket. The SAR dataset of series 1 further supports the 2,3-

dihydrobenzo[b][1,4]dioxine motif as an essential driver of ligand binding to the 

allosteric site. Elimination/modification of this region resulted in very low ligand affinity 

for the receptor. 

The NanoBiT™ complementation assay was first utilised to produce CRC curves for 

three known EP2 receptor agonists; butaprost, evatanepag and PGE2 [299-301]. The 

pEC80 and Rmax values were calculated with endogenous agonist PGE2 having the highest 

functional potency and being the only full agonist tested. Both butaprost and 

evatanepag demonstrated partial agonism at the EP2 receptor with Rmax values 30 % and 

50 % lower respectively than for PGE2 [300, 302]. Additionally, the generation of an 

agonist EC80 timecourse allowed for identification of suitable assay read times. Two 

agonists, PGE2 and evatanepag, produced a suitable luminescence window for 

determination of our unlabelled allosteric modulators functional potency. 

Five analogues in series 1 were identified as having micromolar range functional 

potency at EP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells with 

pIC50 values >5. This confirms our NAMs permeate the cell membranes and reach the 

proposed allosteric binding pocket to functionally inhibit β-arrestin2 recruitment at the 

hEP2 receptor. Selectivity studies, monitoring β-arrestin2 recruitment at hEP4 in whole 
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cells, demonstrated that all NAMs of the hEP2 receptor had lower functional potency at 

hEP4 (pIC50 4.4-5.0). From these assays benzyl ester analogue 25h was identified as the 

NAM with both the best inhibitory potency, pIC50 value of 5.96, and the largest fold 

difference in selectivity, 20.4- fold difference in pIC50 value, for hEP2 over hEP4.   

In conclusion benzyl ester analogue 25h was identified as the allosteric antagonist of 

the hEP2 receptor with the highest binding affinity, highest functional potency and best 

selectivity for EP2 over EP4 in series 1. A second compound library was designed and 

synthesize based upon this lead compound with modifications focused on the phenyl 

ring. 

Chapter 4- Synthesis of series 2 

4.1 An introduction to series 2 

Pharmacological characterisation of our series 1 compound library identified seven 

analogues with binding affinity for the intracellular pocket of the hEP2 receptor and a 

reported pKi range of 7.14-7.84. Binding affinity was determined using NanoBRET™ 

competition binding assays in membrane suspensions observing the displacement of a 

Gs protein mimetic probe TMR-Gαs19cha18 by our unlabelled ligands [219, 289]. A 

relatively flat SAR dataset was produced with binding affinity being reduced upon 

replacement of the ester for a nitrile and eliminated with modifications at the 2,3-

dihydrobenzo[b][1,4]dioxine moiety.  The NanoBiT™ complementation assay, conducted 

in whole cells, demonstrated that all ligands with known binding affinity for the Gαs 

allosteric binding pocket displayed functional inhibition of β-arrestin2 recruitment at 

the hEP2 receptor with pIC50 values ranging between 4.77-5.96 [222]. Selectivity studies 

conducted at the closely related hEP4 receptor demonstrated lower functional potency 

with reported pIC50 values between 4.43-5.01.   

From this data we identified ligand 25h as an allosteric antagonist of the hEP2 receptor 

displaying both the highest binding affinity (pKi= 7.84 ± 0.11) and functional potency 

(pIC50= 5.96 ± 0.08) of the compound library; an improvement compared to literature 

compound 25a (pKi= 7.14 ± 0.11, pIC50=5.00 ± 0.08) [179]. Furthermore, 25h 
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demonstrated the best selectivity in series 1 for the hEP2 receptor over hEP4 with a 20.4-

fold difference in pIC50 values. Comparatively, the literature compound 25a 

demonstrated only 2.2-fold selectivity in functional potency at hEP2 vs hEP4 in whole 

cells.   

Using the pharmacological characterization results of series 1, a second compound 

library was designed and synthesized with modifications focused on the benzyl ester 

aromatic ring in 25h, (see Table 9). Synthesis of the ortho-, meta- and para- analogues 

were conducted for each phenyl substituent to explore ligand toleration at the 

intracellular EP2 binding pocket. The aim of this series was to vary physiochemical 

properties to ensure cell membrane permeability, good bioavailability and reducing 

lipophilicity to a value <5 to satisfy Lipinski’s rules [235]. Additionally, adding new 

hydrogen bond donor/acceptor regions could potentially exploit additional interactions 

within the binding pocket. Analogues 40a-c & h-m are predicted to satisfy Lipinski’s rule 

of five, with a molecular weight below 500 g/mol, calculated logP of <5, <5 hydrogen 

bond donors and <10 hydrogen bond acceptors. This suggests these ligands have good 

drug-likeness and are predicted to have good absorption and permeability [235, 236]. 

The remaining analogues have a predicted LogP value >5 which may contribute to poor 

absorption, distribution, metabolism and excretion (ADME) properties in in-vivo studies. 

All ligands reported have <10 rotatable bonds and have a calculated tPSA within the 

ideal range of 60- 140 Å2 [239-241]. These values predict the ligands can permeate the 

cell membrane to reach the intracellular Gs heterotrimeric G-protein binding site and 

have the conformational flexibility to undergo an induced fit binding mechanism at the 

target [237]. However, all compounds in this series demonstrate a calculated LogS 

value <-5, with a range between -5.22 and -8.07, predicting poor aqueous solubility 

[243, 244].  

The first analogues explored involved the replacement of the phenyl ring with pyridine, 

analogues were generated varying the nitrogen between the 2, 3 and 4 positions 

(40a/b/c respectively). As pyridines contain a weakly basic polar nitrogen atom (pKa= 

5.20), which are ionizable and polarise the ring system, these ligands are predicted to 
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have an improved aqueous solubility (calculated LogS of -5.35 for 40a and -5.22 40b/c 

compared to -6.39 for 25h) [320, 321]. The addition of a strong hydrogen bond acceptor 

nitrogen, hydrogen bond basicity pKBHX= 1.86 (logarithm of complexation constant K of 

4-fluorophenol with bases, the higher the PKBHX value the stronger the hydrogen bond 

acceptor) aims to explore new intermolecular interactions within the binding pocket 

[322-325]. 

Inclusion of halogens to the phenyl ring enables potential halogen-π bonding to occur 

with amino acids such as tyrosine, phenylalanine and tryptophan [326, 327]. Typical 

halogen-π bonding involves the aromatic benzene ring acting as donors and the C-X 

(where X= F, Cl, Br or I) act as the acceptors [328]. The reduction in size and increasing 

electronegativity difference between the chloride-substituted analogues 40d-f and the 

fluoride-substituted analogues 40q-s varies the strength of potential halogen-π bonding 

and explores what is tolerated in the binding pocket [329]. However, halogen atoms are 

hydrophobic and their addition to the phenyl ring is predicted to increase compound 

lipophilicity and decrease aqueous solubility in accordance to their atomic size. The 

larger less electronegative chloro- substituents increase the nonpolar character of the 

molecule and have a predicted LogS of -7.01, whereas, for the smaller fluoro- 

substituents this effect is reduced with a LogS of -6.62 [330, 331]. 

Aromaticity has been removed in the cyclohexyl ester 40g inserting a non-planar ring 

and increasing conformational diversity (adopting either a chair or boat conformation) 

to better adapt to the intracellular binding pocket [332]. The inclusion of methoxy 

phenyl in various substitution patterns (40h-j) is a typical functionalization during lead 

optimisation [333]. Unlike purely electron-withdrawing atoms e.g. fluorine, the methoxy 

group exhibits both an electron donating (+M) mesomeric effect, with the oxygen atom 

lone pair of electrons being delocalised into the pi system, and an electron withdrawing 

(-I) inductive effect caused by the electronegativity of the oxygen [334]. As a result the 

oxygen atom displays a partial negative charge, whereas the methyl group has a partial 

positive charge. These varying electrostatic potentials could enable either hydrogen 

bonding with oxygen as the acceptor and/or Van der Waals interactions between the 
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ligand and the amino acid residues of the intracellular EP2 pocket [333]. Furthermore, 

the bent arrangement of this group means it can orient itself either coplanar (all atoms 

lie within the same geometric plane) or orthogonal (methoxy group is at 90o) compared 

to the aromatic ring and to be more easily accommodated in the binding pocket, (see 

Figure 4) [335, 336]. These analogues are predicted to decrease the calculated LogP 

value to within the desired range of <5 at 4.88. 

 

Figure 28- Coplanar vs orthogonal conformations of methoxyphenyl [333, 336]. 

The inclusion of naphthalenes in 40n/o results in a large increase in molecular weight to 

explore binding pocket tolerability. It is notable that these ligands fall outside the 

Lipinski’s rule of five, with both a molecular weight and cLogP outside of the desired 

values of <500 and <5 respectively [235].  As a result, these ligands are predicted to 

have high lipophilicity, poor absorption/permeation and display poor drug-likeness. 

Additionally, these analogues display the lowest predicted LogS value (-8.07) of the 

series which may result in aqueous solubility issues during preparation of the 

pharmacological characterization assays. The extension of the alkyl chain in the phenyl 

ethyl ester 40p increases the number of rotatable bonds and the conformational 

flexibility of our ligand potentially improving binding affinity [238]. The predicted 

aqueous solubility and lipophilicity of 40p remains unchanged compared to lead 25h. 

Finally, development of a series of phenols 40k-m, which are weakly acidic (pKa = 9.8) 

and can act as hydrogen bond donors, would enable the formation of interactions with 

any NH/OH species in the amino acids of the binding pocket (eg. Gln, Ser and Tyr) [337, 

338]. Furthermore, aqueous solubility is predicted to improve with an increase in the 

LogS to -5.92 and decrease in the LogP value to 4.85 compared to 25h.  
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Table 9-Series 2 compound library structures including their calculated molecular weight, No of H-bond donors/acceptors, LogP, LogS, No of rotatable bonds and total polar 

surface area (calculated using Marvinsketch version 25.1.75 by Chemaxon). Compounds in red were designed but not synthesized due to time constraints. 

 

Compound 
No 

R1 Molecular 
weight 

No H-bond 
acceptors 

No H-bond 
donors 

cLogP cLogS Rotatable 
bonds 

Total polar surface 
area (Å2) 

40a 

 

453.46 

 

9 1 3.97 -5.35 6 114.4 

40b 

 

453.46 

 

9 1 3.82 -5.22 6 114.4 

40c 

 

453.46 9 1 3.82 -5.22 6 114.4 

40d 

 

486.91 

 

8 1 5.65 -7.01 7 101.5 
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40e 

 

486.91 

 

8 1 5.65 -7.01 7 101.5 

40f 

 

486.91 

 

8 1 5.65 -7.01 7 101.5 

40g 

 

458.52 

 

8 1 5.25 -7.15 6 101.5 

40h 

 

482.50 

 

9 1 4.88 -6.30 8 110.7 

40i 

 

482.50 

 

9 1 4.88 -6.30 8 110.7 

40j 

 

482.50 

 

9 1 4.88 -6.30 8 110.7 

40k 

 

468.47 9 2 4.85 -5.92 7 121.7 
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40l 

 

468.47 9 2 4.85 -5.92 7 121.7 

40m 

 

468.47 9 2 4.85 -5.92 7 121.7 

40n 

 

502.53 

 

8 1 6.13 -8.07 6 101.5 

40o 

 

502.53 

 

8 1 6.13 -8.07 6 101.5 

40p 

 

466.50 

 

8 1 5.38 -6.38 7 101.5 

40q 

 

470.46 

 

8 1 5.27 -6.62 7 101.5 

40r 

 

470.46 

 

8 1 5.27 -6.62 7 101.5 
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40s 

 

470.46 

 

8 1 5.27 -6.62 7 101.5 
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4.2 Synthesis of analogues 40a-j and 40n-t. 

The non-convergent synthetic route developed for series 1, inserting the ester moieties 

within the first reaction step, was employed for the synthesis of series 2 (see Scheme 6). 

University of Nottingham, School of Pharmacy students Sam Robinson, Ng Yu Yang and 

Bulbul Singh contributed to this work [339-341]. 

Scheme 6- Non-convergent synthetic route to analogues 40a, c-j & n-s [245, 246, 263]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- a) Alcohol, DCC, DMAP, DCM, 0 oC, rt, 24 h, 17-77 %. b) 2,3-Dichloroquinoxaline, Cs2CO3, 

DMF, rt, 24 h, 37-90 %. c) Amine, EtOHl/THF (3:1), 80 oC, 24 h, 12-91 %. 
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This route employs a ‘Steglich esterification’ with 2-cyanoacetic acid (30) and the 

desired alcohol using DCC and DMAP coupling conditions [263]. The resulting esters 

(41b-j & n-s) then react via SNAr with 26 to yield 42b-j & n-s followed by cyclisation with 

the desired amine to yield the desired analogues [245, 246]. Final compounds were 

isolated in mg quantities and at suitable purities (>95 % by LCMS and NMR) to be 

carried forward into pharmacological characterisation.  

Scheme 7- Three-step one pot synthetic route to analogue 40b [245, 246, 263]. 

 

 

 

 

 

 

 

 

Reagents and conditions- a) Alcohol, DCC, DMAP, DCM, 0 oC- rt, 24 h. b) 2,3-Dichloroquinoxaline, Cs2CO3, DMF, rt, 

72 h, c) Amine, EtOH: THF (3:1), 80 oC, 24 h, 35 %. 

The synthesis of meta-pyridine 40b was conducted in a three-step one pot reaction 

procedure, (see Scheme 7). This method involves a filtration and aqueous work-up for 

crude intermediate 41b to remove the coupling reagents DCC and DMAP. The solvent 

DCM was also removed under vacuum at room temperature before the crude material 

underwent the SNAr reaction with dichloroquinoxaline (26). Additionally, after the 

formation of intermediate 42b DMF was removed under vacuum at room temperature, 

dry acetonitrile was then added and the crude material sonicated and filtered to remove 

the Cs2CO3. This crude material was carried forward into the final cyclisation reaction 

step to produce a white solid which crashed out upon cooling and was be recrystalized 
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in 3:1 EtOH: THF to yield the 40b in mg quantities and appropriate purity (>95 % by 

LCMS and NMR). 

This route was developed due to the tendency of the ester intermediate 41b to undergo 

transformation from a pale pink solid to a dark pink/purple by-product upon attempted 

work-up/purification procedures. Additionally, upon isolation of intermediate pyridin-3-

ylmethyl 2-cyanoacetate a colour and composition change from a pale pink solid 

running as a single spot by thin-layer chromatography (TLC) to a dark pink/purple oil 

with multiple spots on TLC occurred after drying in a vacuum oven overnight. This 

significant colour/composition change is likely the result of compound decomposition 

and as a result no heat was used in the first two reaction steps. Furthermore, an attempt 

was made to isolate 42b, synthesized with the above reaction conditions, but was 

proved unsuccessful.  A second nucleophilic aromatic substitution occurred at the 

chloro- position with methanol during the work-up/purification procedure and was 

identified by NMR and LCMS.  

Alternative solvent conditions were trialled for the one-pot three step reaction following 

esterification to eliminate removal of Cs2CO3 and the use of DMF- a high boiling point 

and difficult to remove solvent. Similar polar aprotic solvents N-methylpyrrolidone 

(NMP) and 1,4-dioxane were trialled and formed intermediate 42b confirmed by TLC and 

LCMS [342]. However, neither solvent yielded final compound 40b upon reaction with 

amine 28 despite an increase in reaction temperature from 80 oC to 100 oC. Therefore, 

the original conditions in scheme 4 were employed with the described work-up 

procedures at each crude intermediate to yield 40b.  

 

4.3 Synthesis of phenols 40k-m. 

Due to time constrains phenols 40k-m were not successfully synthesized however 

significant synthetic effort was conducted attempting to produce these analogues. 

Since methoxy benzene 40h-j analogues had already been synthesized as part of this 

series numerous demethylation reactions were trialled. Demethylation attempts using 
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reagents boron tribromide or pyridine hydrochloride in the microwave both resulted in 

hydrolysis of the ester to form the corresponding carboxylic acid by-product, therefore, 

an alternative approach to synthesise the phenols was required [343, 344]. This work 

was undertaken by student Bulbul Singh [340].  

Due to the presence of two nucleophilic alcohols on the ortho/meta or para substituted 

-(hydroxymethyl)phenol starting material, the attachment of a protecting group to the 

phenol is essential in preventing unwanted side reactions and by-products. For 

example, during the esterification and nucleophilic aromatic substitution reactions. A 

reaction screen was conducted on 4-(hydroxymethyl)phenol to identify protecting 

groups that are selective for the phenyl alcohol and stable under basic conditions (see 

Table 10). Any successful protecting group strategies identified in this screen could then 

be used to produce the remaining ortho- and meta- substituted phenols.  

Table 10- Reaction condition screen inserting a selective protection group on the para substituted phenol [345-349].

 

Experiment Protecting 
Group 

R1 

Reagents Reaction 
condition

s 

Outcome  
 

Notes 

1 

 

t-butyl chloride 
(excess) 

zinc dust (1eq.) 

Rt, 
24 h.  

No product 
formation by 

NMR. 

Reaction mixture 
plum coloured. 

 

2 

 

t-butyl chloride (1 
eq.) 

K2CO3 (1.2 eq,) 
DMF 

80 oC 
48 h. 

No desired 
product 

formation by 
LCMS.  

Additional 0.5 eq. of 
both t-butyl 

chloride and K2CO3 
at 24 h. 

3 

 

Tert-
butyldimethylsilyl 
chloride (TBDMS-

Cl, 1 eq.) 
1,8-

Diazabicyclo[5.4.
0]undec-7-ene 
(DBU, 1.2 eq.) 

Acetonitrile 

-10 oC -> 
rt, 

24 hr, 

23 % yield of 
desired 

product as a 
colourless 

oil. 

Product unstable 
under mild basic 

conditions 
(Cs2CO3). Not 

suitable for second 
reaction step. 



139 
 

4 
 

Chloromethyl 
methyl ether 
(MOM, 1 eq.) 

DIPEA (1.2 eq.) 
DCM 

0 oC -> rt, 
48 hr, 

No desired 
product 

formation by 
LCMS. 

At 12 hours an 
additional 0.5 eq. of 

DIPEA and MOM 
was added. 

5 
 

Allyl bromide (1 
eq.) 

K2CO3 (1.2 eq.) 
DMF 

80 oC 
24 h. 

39 % yield 
colourless 

oil.  

Suitable protecting 
group to take 

forward. 

 

The results of our screen identified the formation of an allyl ether 44 as a suitable 

protection strategy, scheme 8. This protected phenol could then undergo the ‘Steglich 

esterification’ with 2-cyanoacetic acid (30), followed by subsequent nucleophilic 

aromatic substitution and cyclisation to yield 22 [263]. A final deprotection reaction 

would theoretically generate desired phenol 40m. Compound 22 was identified as a 

suitable analogue for pharmacological characterisation containing the same core 

structure as lead 25h and a novel phenyl substituent with a hydrogen bond donor 

oxygen.  
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Scheme 8- Unsuccessful Synthetic route to generate analogue 2m involving protection of the phenol with an allyl 

ether prior to esterification and unsuccessful deprotection in the final reaction step using various conditions  [245, 

246, 263, 349]. Intermediate 40u was isolated in mg amounts and appropriate purity for pharmacological 

characterisation. 

 

 

 

 

 

 

 

 

 

 

 

Reagents and conditions- a) Alcohol, allyl bromide, K2CO3, DMF, 80 oC, 24 h, 39 %. b) 2-cyanoacetic acid, DCC, 

DMAP, DCM, 0 oC- rt, 24 h, 68%. c) 2,3-Dichloroquinoxaline, Cs2CO3, DMF, rt, 72 h, d) Amine, EtOH/THF (3:1), 80 oC, 

24 h, 53%. 

A screen of reaction conditions for the deprotection of 47 was conducted but proved 

unsuccessful; either no reaction occurred, or the ester was hydrolysed to the carboxylic 

acid, (see Table 11). 
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Table 11- Reaction condition screen for the deprotection of allyl ether protected phenol [349-353]. 

 

 

 

Future work for the synthesis of phenol’s 40k-m could explore the use of the Dakin 

reaction from the corresponding aromatic aldehyde using dihydrogen peroxide and a 

Experiment Reagents Reaction 
conditions 

Outcome- 
monitored by LCMS 

 

Notes 

1 1mol% Pd(PPh3)4, 
K2CO3 (3 eq.) 

MeOH (degassed) 

Rt, 
36 h 

Incomplete 
reaction- Majority 

47 present with 
small amount of 
hydrolysed ester 

present. 

 

2 tBuLi (1.1 eq.), 
pentane 

Rt, 
24 h. 

No reaction- only 
starting material 

present 

This is likely a 
solubility 

issue of 47 in 
pentane. 

3 1. tBuOK (6 
eq.), 
DMSO 

2. HCl (6.6 
eq.) 

1. 120 oC,  
16 h 

2. Rt, 24 h 

No formation of 
desired product, 

complete 
conversion to 

hydrolysed ester. 

Due to the mg 
scale of this 

scope 
reaction 

adding 0.5 eq. 
of reagents 

was not 
viable. 

4 10 % Pd/C 
10 % KOH in 

MeOH 

Rt, 
30 hr, 

No desired product 
formation by LCMS. 

Majority 47 with 
small amount of 
hydrolysed ester. 

 

5 BBr3 (0.33 eq.) 
BCl3 (0.33 eq.) 

DCM 

-78  oC -> rt, 
24 h. 

Complete 
conversion to 

carboxylic acid by-
product by ester 

hydrolysis. 
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base [354]. This reaction is a two-step one pot process involving a Baeyer-Villiger 

oxidation of the aryl aldehyde with a peroxide source to form an aryl formate ester which 

can be saponified to yield the desired phenol [355, 356]. Additionally, insertion of a 

nucleophilic flavin catalyst and a Hantzsch ester to the reaction could eliminate the 

need for dihydrogen peroxide in this reaction and can be conducted under mild basic 

conditions [357]. Palladium or copper catalysed reactions such as Buchwald-Hartwig 

etherification and an Ullmann reaction respectively, can also be employed to introduce 

oxygen to the phenyl ring [358, 359]. These reactions involve the coupling of an aryl 

halide with an oxygen source, such as water or hydroxide salt, and a catalyst. For the 

Ullman reaction a catalyst stabilising ligand such as N,N-dimethyl glycine is often 

employed [360]. Furthermore, the development of an amide series of analogues would 

mean the allyl ether protecting group strategy may be a viable approach for phenol 

synthesis. Amides are significantly more stable to demethylation conditions than their 

ester counterpart. This is a result of resonance stabilisation from the nitrogen lone pair 

resulting in a less electrophilic carbonyl and leading to resistance towards hydrolysis in 

typical acidic or basic conditions [361]. 

 

4.4 Synthesis of series 2 conclusion 

In conclusion, the previously developed non-convergent synthetic route was 

successfully employed to synthesize 16 novel analogues of lead compound 25h. A 

variety of functionality was inserted onto the benzyl ester phenyl ring attempting to vary 

physiochemical properties and add new moieties for the formation of new 

intermolecular interactions with the intracellular prostaglandin EP2 binding pocket. 

Synthesis of the ortho-, meta- and para- analogues were conducted for each phenyl 

substituent to explore ligand toleration at this binding site. The synthesis of meta-

pyridine 40b required the modification of scheme 6 to produce a three-step one pot 

reaction (see Scheme 7) eliminating the need for purification of unstable intermediates.  
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Development of phenols 40k-m would insert an additional hydrogen bond donor and 

was predicted to modify aqueous solubility and lipophilicity [337, 338]. Significant 

synthetic effort was conducted to yield these analogues but, due to time restraints, 

these phenols were not isolated. Firstly, demethylation of the methoxy benzene 

analogues 40h-j proved unsuccessful. The ester, a better electrophile, is more reactive 

towards nucleophilic attack than the relatively stable methyl groups. Therefore, as 

expected a carboxylic acid by-product was observed under all screened demethylation 

conditions. An alternative approach called for the installation of a phenol protecting 

group prior to the initial ‘Steglich esterification’. This would ensure selective ester 

coupling with the primary alcohol and prevent unwanted nucleophilic aromatic 

substitution upon reacting with the 2,3-dichloroquinoxaline. From a reaction screen 

allyl ether protection was identified as a suitable approach and carried through the 

synthesis route to yield 47; identified as a suitable analogue to carry forward for 

pharmacological testing. However, deprotection strategies proved challenging with 

either no formation of the desired phenol, or with ester hydrolysis occurring. The 

development of an amide series which is stable to acid or base hydrolysis would 

circumvent issues relating to allyl ether deprotection and may provide a suitable 

strategy to yield a series of phenol analogues. Alternatively, future work could explore 

alternative synthetic approaches to install phenols at the phenyl ring. Some examples 

include the Dakin reaction, Buchwald-Hartwig etherification or the Ullmann reaction 

[354, 358, 359].  

Additional future work involves conducting IAM analysis to experimentally predict and 

compare the membrane permeability and lipophilicity of each analogue [311]. IAM 

columns contain a monolayer of phospholipids covalently bonded to an inert silica 

support which mimic fluid cell membranes. The retention time of each compound 

through the columns are measured and converted into the solute capacity factor 

logK(IAM) which correlates well with solute equilibrium partition coefficients log(Km) 

measured in fluid liposome systems [311]. These experiments were not conducted due 

to project time constraints but would produce valuable data for future lead optimization 

strategies. 
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Chapter 5- Pharmacological assessment of series 2 analogues 

as EP2 negative allosteric modulators 

5.1 Aims of pharmacological characterization of series 2 

Pharmacological characterisation of series 1 identified the benzyl ester analogue 25h 

as the lead compound for further optimisation, as it displayed both the highest 

functional potency and binding affinity at the hEP2 receptor in series 1. Seventeen novel 

analogues of 25h were designed and synthesised with modifications focused on the 

ester phenyl ring, to yield the series 2 compound library. The aim of this series was to 

vary the physiochemical properties of the ligands and explore the formation of new 

intramolecular interactions with the intracellular EP2 binding pocket to improve ligand 

functional potency and binding affinity. Series 2 underwent pharmacological 

characterization using the previously described NanoBRET™ competition binding assay 

utilizing the fluorescent probe TMR-Gαs19cha18 to assess and rank our ligand binding 

affinities for the intracellular allosteric Gαs binding pocket in EP2. Next, the NanoBiT™ 

complementation assay measuring β-arrestin2 recruitment to EP2 in the presence of the 

EC80 concentration of PGE2 was utilized to determine ligand properties as functional 

antagonists of the pro-inflammatory target prostanoid receptor hEP2 in cell-based 

assays (see Chapter 3.3). This assay was additionally employed to conduct selectivity 

studies at the closely related receptor hEP4. 

From the literature it was identified that the extent of NAM 25a’s potency and efficacy 

for the reduction of cAMP production in C6 glioma cells was dependent on the agonist 

employed.[179] Therefore, the NanoBiT™ complementation assay measuring β-arrestin2 

recruitment in the presence of the EC80 concentration of the partial agonist evatanepag 

(see Chapter 3.3.2) was conducted in HEK293 cells stably overexpressing either hEP2 or 

hEP4 whole cells to allow for direct comparison of our NAM’s functional potency upon 

receptor activation by agonists with different intrinsic efficacy at the EP2 receptor [362]. 

Furthermore, Schild style concentration response curve analysis employing the 

agonists PGE2 and evatanepag in the presence and absence of different concentrations 
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of antagonist in whole cell NanoBiT complementation assays were conducted with the 

aim of providing further insight into the mode of action of our ligands. For competitive, 

reversible antagonists we would expect to see surmountable antagonism with no 

change in the maximum agonist response (Rmax) but a rightward curve shift indicative of 

higher agonist EC50 values. In this instance the affinity of the antagonist could be 

calculated from this by a Schild plot/ Gaddum equation: [363-366] 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 (𝐶𝑅) =
log (𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝐸𝐶50 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡)

𝐿𝑜𝑔(𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝐸𝐶50 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 

𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝐾𝐷 =  
[𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡]

(𝐶𝑅 − 1)
 

In contrast for non-competitive (allosteric) or non-reversible antagonism a reduction in 

agonist Rmax can be observed in the presence of the antagonist. Allosteric ligands may 

exhibit a ceiling effect with the extent of the curve shift saturating at higher 

concentrations of the modulator. 

 

5.2 Determination of the EP2 binding affinity of series 2 compounds through 

NanoBRET™ competition binding assay. 

The previously described NanoBRET™ competition binding assay conducted at EP2-

tsNLuc HEK293 cell membranes, utilizing the fluorescently tagged G-protein mimetic 

TMR-Gαs19cha18, was used to calculate the binding affinities (reported as pKi values) 

of our unlabelled ligands for the intracellular hEP2 pocket (see section Chapter 1-5.3, 

Chapter 3-1.2) [219, 289]. 

All seventeen ligands in series 2 successfully displaced fluorescent tracer TMR-

Gαs19cha18 with pKi values within the range 6.53-7.59 (see Figure 29, Table 12). The 

series 1 lead compound 25h was used as a reference control and re-characterised in 

these NanoBRET assays to account for any variations caused by utilising a new batch of 

membranes (produced from a later cell passage number) and to enable direct 

comparison to data produced in series 1. The pKi values in this series were lower than 



146 
 

previously reported; lead NAM 25h had a calculated pKi of 7.05 ±0.16 when assayed in 

tandem with series 2 compounds (see Figure 29A), compared to a previously 

determined pKi of 7.84 ±0.18 when determined in series 1 data  (see Figure 23, Table 5).
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Figure 29-A-D) NanoBRET® competition binding data for series 2 compounds shown as % specific binding against increasing concentrations of the competing ligand. The 

specific binding data shown was normalised and pooled from five independent experiments, with non-specific binding determined by addition of 10 µM of 25b. Assay was 

performed using 1 µM TMR-Gαs19cha18 tracer in a low sodium buffer + 0.2 % bovine serum albumin, 1/960 Furimazine, 10 µM PGE2 and varied concentrations of competing 

ligands, incubated at 37 oC for 1 h. [219, 289] 
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Table 12- Mean pKi values of series 2 unlabelled competing ligands normalised and pooled from five independent NanoBRET competition binding experiments including the 

standard error of the mean (SEM), % reduction in specific binding, fold increase in pKi from 25h and compound structures. One way ANOVA followed by Dunnett’s post test 

conducted for pKi and % reduction in specific binding comparing to 25h reference compound reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound Structure Mean pKi ± 
SEM 

Mean Ki (nM) Fold change in Ki 
compared to 25h 

% reduction in 
specific binding 

(mean ± SEM) 

 

25h 

 

7.05 ± 0.16 89 1.00 94.7 ± 8.0  

40a 

 

7.09 ± 0.12 81 1.10 95.9 ± 17.0  

40b 

 

6.92 ± 0.01 120 - 99.7 ± 23.2  

40c 

 

7.10 ± 0.18 79 1.13 92.9 ± 8.2  
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40d 

 

7.04 ± 0.09 91 - 69.7 ± 7.5*  

40e 

 

7.59 ± 0.18*** 26 3.42 44.4 ± 9.9***  

40f 

 

6.90 ± 0.23 126 - 70.0 ± 8.0*  

40g 

 

7.25 ± 0.18 56 1.59 76.0 ± 7.3  

40h 

 

7.18 ± 0.18 66 1.35 89.1 ± 4.9  

40i 

 

6.95 ± 0.21 112 - 102.2 ± 12.5  

40j 

 

7.15 ± 0.17 71 1.25 83.9 ± 5.7  

40n 

 

6.53 ± 0.15*** 295 - 97.0 ± 9.4  
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40o 

 

6.70 ± 0.26* 200 - 105.1 ± 17.1  

40p 

 

7.20 ± 0.09 63 1.41 82.3 ± 8.3  

40q 

 

7.01 ± 0.17 98 - 102.3 ± 7.3  

40r 

 

7.51 ± 0.11** 31 2.87 70.0 ± 8.8*  

40s 

 

6.99 ± 0.15 102 - 98.6 ± 9.4  

47 

 

7.08 ± 0.16 83 1.07 56.7 ± 11.5  
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Series 2 analogues showed only modest differences in SAR in relation to the pKi values, 

with no analogue showing more than a 3-fold increase or decrease in binding affinity 

compared to the representative 25h (see Table 12). Nine analogues demonstrated an 

improved binding affinity for the Gs intracellular binding pocket compared to the lead 

compound from series 1, 25h. Both meta- substituted halogens (40e/r) report the 

highest binding affinities for EP2 with pKi values of 7.59 and 7.51 for chloro- and fluoro- 

substituents respectively. This suggests the possible formation of a new halogen-π 

intermolecular interaction with the intracellular binding pocket [328, 329]. The sharp 

decrease in pKi values for the corresponding ortho- and para- substituted halogens 

suggests that only meta- substituted halogens are positioned in the correct orientation 

and conformation for halogen-π bonding to occur with an amino acid in the Gs binding 

pocket. The naphthalene analogues 40n/o have the lowest reported pKi values of this 

series at 6.53 and 6.70 respectively. This is likely a result of the bulkier naphthalene 

group not being sterically tolerated within the confines of the binding pocket. Large 

molecules often require an unfavourable energetic cost to the protein, by forcing 

conformational changes in amino acids of the binding pocket, leading to a high 

energetic barrier to binding and are therefore not tolerated [367, 368].  

However, an additional characteristic of the data was that six ligands in series 2 had a % 

reduction in specific binding of <80 %, with 40e having the lowest at 44.4%. Two 

hypotheses can be put forward to consider the incomplete competition. Firstly, these 

ligands are not fully displacing the probe either through binding in different 

conformations, driven by the addition of new phenyl substituents, or these ligands are 

binding to a different, but overlapping, site on the EP2 intracellular pocket [369].  

Mutagenesis studies, systematically altering amino acids within the EP2 intracellular 

binding pocket between TM 2-6, would identify key residues essential for ligand and/or 

fluorescent tracer TMR-Gαs19cha18 binding [160, 179, 370]. This would enable 

identification of the extent of binding pocket overlap and the amino acid residues 

involved. 
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Alternatively, due to poor solubility, our ligands could be reaching a saturated solution 

at the higher concentrations, which then provides a ceiling to the free concentration of 

the unlabelled ligand in the assay, even if the input of concentration is higher (for 

example, at greater than 300 nM for ligand 40e, see Figure 29B).[371] However, based 

on the calculated physiochemical property measures cLogP and cLogS (see Chapter 

4.1, Table 9) the naphthalene analogues 40n/o are predicted to have both the highest 

lipophilicity and poorest aqueous solubility but have ~ 100 % reduction in specific 

binding in our assays. Therefore, incomplete displacement of the fluorescent probe is a 

more likely contributor to this observed change in the % reduction of specific binding for 

some analogues. Thermodynamic solubility experiments, such as the shake-flask 

method, can be used to determine the equilibrium saturation solubility of a compound; 

state of equilibrium where no more solid compound will dissolve into the solution.[372] 

The shake-flask method involves the manual shaking of an excess amount of solid with 

a solvent at constant temperature until equilibrium is achieved. The compound 

concentration in the resulting saturated solution is then measured by ultraviolet (UV) 

spectroscopy and high-performance liquid chromatography (HPLC) [372, 373]. For both 

explanations, some caution should be applied to the pKi calculations from analogues 

which showed incomplete competition. This is due to the Cheng-Prusoff correction, 

which calculates a Ki estimate for unlabelled competitors from the IC50 values in 

competition experiments, assuming completely competitive and reversible behaviour 

with the probe (i.e. 100 % maximum competition) and that the free concentration of the 

ligand in the assay is as calculated [374]. 

Overall, from this NanoBRET™ competition binding assay the meta-fluoro substituted 

benzyl ester 40r can be identified as the ligand with the highest binding affinity to the Gs 

EP2 binding pocket, with Ki decreased by 2.88-fold compared to lead 25h, while 40r 

retains near maximal displacement of the probe at 70.0 ± 8.8 %.   
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5.3 Determination of the EP2 functional potency of series 2 compounds through 

NanoBiT™ complementation assay. 

5.3.1 NanoBiT complementation assay for series two ligands at hEP2 and hEP4 in 

whole cells. 

All ligands in series 2 demonstrating binding affinity for the Gs intracellular binding 

pocket of hEP2 in NanoBRET™ competition binding assays were selected for further 

functional studies. Their functional potencies were first assessed as pIC50 

measurements using a NanoBiT™ arrestin complementation assay conducted in EP2-

LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 whole cells, and using a 

single EC80 concentration of the EP2 agonist PGE2 (see Figure 30A/B and Table 13) [222, 

286]. The series 2 analogues displaying the highest functional potency for the hEP2 

receptor were then carried forward into selectivity studies using the equivalent 

NanoBiT™ β-arrestin2 complementation assays for EP4 receptors stably transfected in 

Hek293 whole cells (see Figure 30c/d and Table 13). Lead compound 25h was re-

characterized as a reference ligand in these NanoBiT complementation assays to 

account for any variations in the cell line passages and enable direct comparison to 

data produced in series 1.  
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Figure 30- NanoBiT complementation assay data in A/B) EP2-LgBiT, β-arrestin2-SmBiT or C/D) EP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells shown 

as % PGE2 EC80 luminescence against increasing concentrations of competing ligand. Compounds were preincubated with cells for 30 min prior to PGE2 addition at 

approximately EC80 concentration (164 nM EP2; 1.25 nM EP4). Response data 30- min post PGE2 addition are shown as % PGE2 EC80 luminescence against increasing 

concentrations of competing ligand (60 min total incubation). 1x HEPES buffer + 0.1 % BSA, incubated at 37 oC, 1:750 furimazine, 164 nM PGE2 EC80. The functional data 

shown were normalised and pooled from either five (A/B) or three (C/D) independent experiments.[222] 
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Table 13- Mean pIC50 values of series 2 unlabelled competing ligands normalised and pooled from five independent NanoBiT™ complementation experiments in hEP2-LgBiT, 

β-arrestin2-SmBiT and hEP4-LgBiT, β-arrestin2-SmBiT tagged stably transfected Hek293 whole cells including the standard error of the mean (SEM), fold selectivity and 

compound structures. Square brackets around EP4 pIC50 values indicated these came from extrapolations to the curve fit beyond the top concentration of compound tested 

in the assay. Note- Analogue 40q was not pharmacologically characterized at the hEP4 receptor subtype due to time constraints. One way ANOVA followed by Dunnett’s post 

test conducted for pIC50 and % inhibition comparing to 25h reference compound at both hEP2 and hEP4 reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound Structure Mean hEP2 
pIC50 ± SEM 

Mean hEP4 
pIC50 ± SEM 

Fold selectivity 
IC50 hEP4 v hEP2 

% inhibition at 
top concentration 

(30 µM) from 
vehicle control 

for EP2 ± SEM 

% inhibition at 
top concentration 

(30 µM) from 
vehicle control 

for EP4 ± SEM 

25h 

 

5.70 ± 0.03 4.62 ± 0.13 12.0 49.4 ± 5.8 49.6 ± 10.5 

40a 

 

5.45 ± 0.07 4.80 ± 0.12 4.5 57.2 ± 2.9 55.9 ± 9.2 

40c 

 

5.71 ± 0.03 4.86 ± 0.18 7.1 65.7 ± 3.9* 60.4 ± 9.2 
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40g 

 

5.20 ± 0.19* [4.34 ± 0.12] 7.2 35.2 ± 4.8 36.9 ± 9.9 

40h 

 

5.40 ± 0.12 5.05 ± 0.28 2.2 43.8 ± 4.1 63.2 ± 11.8 

40p 

 

5.12 ± 0.09** 5.31 ± 0.16 - 37.2 ± 2.5 74.4 ± 7.2 

40q 

 

5.28 ± 0.07 - - 27.7 ± 1.2** - 

40r 

 

5.52 ± 0.04 [4.02 ± 0.15] 31.6 49.4 ± 4.8 25.6 ± 4.2 

40s 

 

5.24 ± 0.14* 4.78 ± 0.07 2.9 45.6 ± 2.4 47.6 ± 4.6 
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The hEP2 NanoBiT™ complementation assay demonstrated that all ligands that 

demonstrated known affinity for the Gαs allosteric binding pocket in the NanoBRET 

competition assay also displayed functional inhibition of β-arrestin2 recruitment at the 

hEP2 receptor with pIC50 values ranging between 5.12-5.71 (1.9-7.6 µM). Of all the 

compounds in this series only the para pyridine analogue 40c demonstrated 

comparable functional potency to series 1 lead 25h with pIC50 values of 5.71 and 5.70 

respectively. However, analogue 40c saw a modest drop in fold selectivity between 

target receptor hEP2 and closely related receptor hEP4 when compared to 25h (7.1 and 

12.0 respectively; see Table 13) Comparatively, the 3-fluorobenzyl ester containing 

compound 40r, displayed the largest fold selectivity difference between the two 

receptor subtypes at 31.6- fold change whilst maintaining a relatively high functional 

potency, pIC50 of 5.52 for the EP2 receptor. The maximal inhibition, reduction in 

NanoBiT™ luminescent response from EC80 PGE2 control response at hEP2, by the 

highest concentration of compound was para pyridine 40c at 66.2 % followed by ortho 

pyridine 40a at 57.2 %. In comparison series 1 lead benzyl ester 25h and 3-fluoro benzyl 

ester 40r had similar maximal inhibition at 49.4 % and 45.6 % respectively for hEP2. 

Additionally, analogue 40r had the lowest reported maximal inhibition at hEP4 at 25.6 %.  

Almost all NAMs assayed by NanoBiT complementation demonstrated selectivity for 

target hEP2 over the hEP4 receptor, lower functional potency is reported at hEP4 with pKi 

values in the range of 4.02-4.86. An exception to this was the phenylethyl ester 40p 

which had approximately similar functional potencies for both receptor types, which did 

not differ significantly (p= 0.3384 Student’s unpaired t test). Furthermore, 40p also had 

the largest reported maximal inhibition at hEP4 at 74.4 %. Theoretically, the similar 

functional potency may be a result of the increased conformational flexibility of the 

molecule resulting in similar binding affinities to both the hEP2 and hEP4 receptors 

intracellular binding pockets.  
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5.3.2 PGE2 concentration response curves in the absence and presence of series 

2 ligands at hEP2 in whole cells. 

Additionally, PGE2 CRCs in the absence and presence of two set concentrations (1 µM 

and 30 µM) of our modulators were conducted (see Figure 31) and the pEC50 and Rmax 

values were calculated to provide more information on their mode of action (see Table 

3) [197, 375].  

.
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Figure 31- Effect of compounds on PGE2 concentration response curves in the EP2 receptor NanoBiT arresin complementation assay. Experiments were performed in EP2-

LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells against increasing concentrations of agonist PGE2 in the presence or absence of NAM ligands (1 µM or 30 

µM). Compounds were preincubated with cells for 30 min prior to PGE2 addition at approximately EC80 concentration (164 nM EP2). Response data 30- min post PGE2 

addition are shown as % PGE2 EC80 luminescence against increasing concentrations of competing ligand (60 min total incubation). 1x HEPES buffer + 0.1 % BSA, incubated 

at 37 oC, 1:750 furimazine. The functional data shown were normalised and pooled from five independent experiments [222]. 
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Table 14- Mean pEC50 values of PGE2 with/without addition of 1 µM or 30 µM NAMs 25a/h or 40c/r. Data were normalised and pooled from five independent NanoBiT 

complementation experiments in hEP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 whole cells including the standard error of the mean (SEM), % Rmax 

values, fold change in PGE2 pEC50 from control and compound structures. One way ANOVA followed by Dunnett’s post test conducted for pEC50 and % Rmax comparing to 

PGE2 control reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound Structure [Antagonist] 
(µM) 

Mean hEP2 pEC50 

Mean ± SEM 

Mean EC50 
(nM) 

% Rmax 

mean ± SEM 

Fold increase in 
PGE2 EC50 from 

control 

PGE2 
control 

 N/A 6.70 ± 0.06 200 100 N/A 

25a 

 

1 7.33 ± 0.06*** 47 85.5 ± 2.7 4.3 

30 8.3 ± 0.06*** 5 24.1 ± 1.8*** 40.0 

25h 

 

1 7.47 ± 0.06*** 34 64.6 ± 4.2*** 5.9 

30 8.00 ± 0.06*** 10 34.5 ± 1.1*** 20.0 

40c 

 

1 7.43 ± 0.04*** 37 53.4 ± 2.7*** 5.4 

30 7.92 ± 0.05*** 12 23.5 ± 1.2*** 16.7 
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40r 

 

1 7.49 ± 0.04*** 32 59.6 ± 2.8*** 6.3 

30 7.97 ± 0.03*** 11 29.2 ± 1.3*** 18.2 
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All four analogues assayed displayed insurmountable antagonism with a significant 

reduction in the Rmax value increasing with higher concentrations of our ligands [376]. At 

30 µM 25a, 25h, 40c and 40r all demonstrated equivalent reduction in PGE2 Rmax values 

of 65-75 % inhibition (see Table 14). At the lower concentration of 1 µM 40c produced 

the greatest inhibition (whilst submaximal compared to the effect at 30 µM), followed by 

40r and 25h, and then 25a with the lowest effect at 1 µM (see Table 14). Based on the 

extent of insurmountability, this suggests that 40c may have greater functional potency 

than 40r, 25h and then 25a- a difference that was not revealed by the measurement of 

IC50 only at a single agonist concentration in the same assay (see Figure 30, Table 13). 

Given the analogues were broadly equivalent in affinity, as determined by the NanoBRET 

binding assay (see Table 12), this may indicate some differences in negative allosteric 

efficacy (β co-operativity factor) within the series SAR, leading to greater functional 

inhibition at lower concentration by 40c compared to 25a [146, 147]. 

Additionally, there was an observed leftward shift of the curves upon addition of our 

NAMs and a resulting significant increase in the PGE2 pEC50 values compared to the 

control (One way ANOVA followed by Dunnett’s post test p <0.001 for all NAM at both 

concentrations). This increase in PGE2 functional potency at the hEP2 receptor was in 

proportion to the increasing concentrations of our NAMs. This trend is indicative of an 

agonist dependent mechanism of action with positive affinity cooperativity (α) between 

allosteric and orthosteric ligand binding. This data supports the theory that our 

modulators preferentially bind and stabilise the active conformation of the hEP2 

receptor for which PGE2 has the highest affinity [377, 378]. Leftward shifts in PGE2 CRC 

in the presence of 30 µM ligands were 17-40-fold as determined by comparison of the 

EC50 values (see Table 3). Apart from NAM 25a at 30 µM the shift in PGE2 potency upon 

addition of 30 µM modulator is similar across the compounds assayed. This trend is 

supported by the flat SAR dataset produced in the NanoBRET competition binding assay 

which reported all ligands have a similar binding affinity to the hEP2 receptor in 

membranes (performed in the presence of saturating concentrations of PGE2) and 

therefore stabilise its active conformation to the same extent.  



163 
 

5.4 NanoBiT complementation assays using agonist evatanepag. 

The literature reported that the extent of NAM 25a’s potency and efficacy for the 

reduction of cAMP production in C6 glioma cells was dependent on the agonist 

employed (see Chapter 1.3.4)[179]. Six EP2 agonists, in the presence of 25a, were 

compared in the literature including PGE2 (10), butaprost (26), evatanepag (27), 

taprenepag (28), ONO-AE1-259 (29) and ONO-4960073 (30) all changing the Rmax and 

EC50 values to varying extents [179]. To explore whether the effects of the synthesised 

ligands were also orthosteric agonist dependent, the EP2-β-arrestin2 NanoBiT 

complementation assays above were repeated using the partial agonist evatanepag for 

a selection of lead analogues from series 1 and 2 (see Chapter 3.3.1).  

Firstly, concentration inhibition curves of our ligands were determined against the EC80 

concentration of evatanepag (27, 950 nM) conducted in EP2-LgBiT, β-arrestin2-SmBiT 

stably transfected HEK293 whole cells (see Figure 32). The pIC50 values have been 

reported (see Table 15).  
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Figure 32- NanoBiT complementation assay data in EP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells shown as % evatanepag EC80 luminescence 

against increasing concentrations of competing ligand. Compounds were preincubated with cells for 30 min prior to Evatanepag addition at approximately EC80 

concentration (950 nM EP2). Response data 30- min post PGE2 addition are shown as % Evatanepag EC80 luminescence against increasing concentrations of competing 

ligand (60 min total incubation). 1x HEPES buffer + 0.1 % BSA, incubated at 37 oC, 1:750 furimazine, 950 nM evatanepag EC80. The functional data shown were normalised 

and pooled from five independent experiments [222]. 
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Table 15- Mean pIC50 values of lead NAMs from series 1 and 2 normalised and pooled from five independent NanoBiT 

complementation experiments using agonist evatanepag in hEP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected 

HEK293 whole cells including the standard error of the mean (SEM) and compound structures. One way ANOVA 

followed by Dunnett’s post test conducted for pIC50 and % inhibition comparing to 25a reference compound reported 

as *P<0.05, ** P<0.01 and ***P<0.001.  

 

Compound Structure Mean hEP2 pIC50 ± SEM 

evatanepag 

% inhibition at top 
concentration (30 
µM) from vehicle 

control for EP2 ± SEM 

25a 

 

4.47 ± 0.11 69.3 ± 3.3 

25h 

 

5.40 ± 0.09*** 43.4 ± 3.2*** 

40a 

 

5.34 ± 0.04*** 56.6 ± 1.6*** 

40c 

 

5.62 ± 0.02*** 61.9 ± 4.1*** 

40h 

 

5.28 ± 0.09*** 47.9 ± 1.8*** 

40q 

 

5.06 ± 0.15*** 22.8 ± 4.1*** 

40r 

 

5.48 ± 0.07*** 47.5 ± 3.6*** 
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40s 

 

5.21 ± 0.08*** 48.7 ± 1.9*** 

 

The NanoBiT™ complementation assay demonstrated functional inhibition of β-

arrestin2 recruitment by our unlabelled ligands when using agonist evatanepag. The 

calculated pIC50 values for agonist evatanepag were not significantly different to the 

previously described PGE2 pIC50 values for all compounds tested except for 40c 

(Student t-test p> 0.05 except 40c with p< 0.05 at 0.04). Both assays demonstrate a flat 

SAR dataset with generally similar analogue functional potency; analogues 40c, 40r and 

25h have the highest reported pIC50 values of 5.62, 5.48 and 5.40 respectively. The same 

trends in maximal inhibition, reduction in NanoBiT™ luminescent response from the 

EC80 evatanepag control response, was observed for our NAMs when employing partial 

agonist evatanepag compared to endogenous agonist PGE2 in hEP2 whole cells. The 

tetrahydrofuran ester 25a from the literature has the highest % inhibition at 69.3 % 

followed by para-pyridine 40c and ortho-pyridine 40a at 61.9 % and 56.6 % respectively. 

For both pyridine analogues (40a/c) the % inhibition values were similar to those 

reported for the NanoBiT complementation assays employing agonist PGE2. 

Additionally, no change in maximal inhibition for the 3-fluorobenzyl ester 40r is 

observed between the two agonists employed; maximal inhibition reported at 47.5 ± 3.6 

% for evatanepag and 45.6 ± 2.4 % for PGE2. 

Evatanepag concentration response curves in the absence and presence of two set 

concentrations (1 µM and 30 µM) of our lead modulators were also conducted (see 

Figure 33) and the pEC50 and Rmax values were calculated (see Table 16) [197, 375] . 
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Figure 33- NanoBiT complementation assay data in EP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 cells shown as % evatanepag response against 

increasing concentrations of agonist evatanepag in the presence or absence of NAM ligands (1 µM or 30 µM). Compounds were preincubated with cells for 30 min prior to 

Evatanepaf addition at approximately EC80 concentration (960 nM EP2). Response data 30- min post PGE2 addition are shown as % PGE2 EC80 luminescence against 

increasing concentrations of competing ligand (60 min total incubation).  1x HEPES buffer + 0.1 % BSA, incubated at 37 oC, 1:750 furimazine. The functional data shown was 

normalised and pooled from five independent experiments [222]. 
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Table 16- Mean pEC50 values of evatanepag with/without addition of 1 µM or 30 µM NAMs 25a/h or 40c/r. Data was normalised and pooled from five independent NanoBiT 

complementation experiments in hEP2-LgBiT, β-arrestin2-SmBiT tagged stably transfected HEK293 whole cells including the standard error of the mean (SEM), % Rmax 

values, fold change in evatanepag pEC50 from control and compound structures. One way ANOVA followed by Dunnett’s post test conducted for pEC50 and % Rmax comparing 

to evatanepag control reported as *P<0.05, ** P<0.01 and ***P<0.001. 

 

Compound Structure [Antagonist] (µM) Mean hEP2 
pEC50 

Mean ± SEM 

Mean EC50 
(nM) 

% Rmax 

Mean ± SEM 

Fold change in 
evatanepag EC50 

from control 

Evatanepag 
control 

 N/A 7.17 ± 0.05 68 100 N/A 

25a 

 

1 7.48 ± 0.04*** 33 97.1 ± 1.3 2.0 

30 8.49 ± 0.04*** 3 30.6 ± 4.4*** 20.9 

25h 

 

1 7.68 ± 0.04*** 21 87.9 ± 4.5 3.2 

30 8.21 ± 0.07*** 6 52.9 ± 2.2*** 11.0 

40c 

 

1 7.59 ± 0.01*** 26 75.6 ± 2.4* 2.6 

30 8.08 ± 0.05*** 8 36.3 ± 1.8*** 8.1 
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40r 

 

1 7.64 ± 0.02*** 23 79.3 ± 4.4 3.0 

30 8.12 ± 0.03*** 7 44.6 ± 1.0*** 8.9 
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All four analogues assayed in the NanoBiT™ complementation assay using agonist 

evatanepag displayed insurmountable antagonism with a significant reduction in the 

evatanepag Rmax value proportional to higher concentrations of our ligands. The maximal 

reduction in evatanepag Rmax observed with 30 µM ligand was lower than that observed 

for PGE2 inhibition. This may simply be a consequence of the NanoBiT response to the 

high efficacy agonist PGE2 compared to partial agonist evatanepag (see Chapter 3-3.1). 

Despite evatanepag acting orthosterically at the same extracellular binding pocket as 

PGE2, the agonist-EP2 complex adopts a lower-level active conformation with a lower 

binding affinity of β-arrestin2 for the target resulting in the observed partial agonism 

[379]. Therefore, β-arrestin2 recruitment and its corresponding inhibition by our NAMs 

may vary between agonists [380].   

The same overall trends in functional potency of our NAMs (comparing effects at two 

concentrations 1 µM and 30 µM) were observed when considering evatanepag 

concentration response curves (see Figure 33) compared to PGE2 (see Figure 31). At 30 

µM, all four analogues showed 50-70 % inhibition of the evatanepag response, whilst at 

1 µM 40c, 40r and 25h showed greater inhibition than 25a. As for PGE2 there was an 

observed leftward shift of the curves upon addition of our NAMs and a resulting 

increase in the evatanepag pEC50 values compared to the control. This increase in 

evatanepag functional potency of 8-20-fold at the hEP2 receptor was in proportion to the 

increasing concentrations of our NAMs.  

This data demonstrated positive co-operativity of our NAMs with both PGE2 and 

evatanepag as orthosteric agonists, with a potentially greater effect on potency with the 

more efficacious agonist PGE2. This would be consistent with our NAMs stabilising an 

active conformation of hEP2 where the functional potency of PGE2 is increased to a 

greater extent than for agonist evatanepag. However, as the binding of our NAMs inhibit 

the recruitment of β-arrestin2 to the hEP2 receptor, overall, negative functional 

cooperativity is observed with regards to both the evatanepag and PGE2 response. 
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5.5 Series 2 pharmacology conclusions 

In summary, the NanoBRET™ competition assay of series 2, utilising fluorescently 

tagged G-protein mimetic TMR-Gαs19cha18, identified NAM 40r as having the highest 

reported binding (pKi= 7.51, 31 nM) affinity for the intracellular binding pocket fully 

displacing the probe [219, 289]. The data is indicative of a new halogen-π 

intermolecular interaction with the fluoro- substituent of 40r and the receptor Gs 

binding pocket which is only conformationally viable at the meta position on the phenyl 

ring [326, 328, 329].  

Additionally, the NanoBiT™ complementation assays determined fluorophenyl 40r had 

the best fold selectivity (31.6) for the target hEP2 receptor compared to closely related 

receptor subtype hEP4 and maintained the third highest reported pIC50 value at 5.52, 

(3.02 µM), inhibiting β-arrestin2 recruitment, across the two series.  

Lead modulators 25a/h and 40c/r all display classical allosteric insurmountable 

antagonism for both orthosteric agonists PGE2 and evatanepag which is as expected for 

allosteric modulators binding to the intracellular binding site.[376] The Schild analysis 

determined that 40c demonstrated the greatest insurmountability (reduction in Rmax)  at 

the lower concentration tested (1 µM) closely followed by 40r, 25h and 25a. A clear use 

dependent mechanism was observed for both PGE2 and evatanepag with the othosteric 

agonist potency (EC50) increasing the in the presence of our antagonists. For agonist 

PGE2 NAM 25a at 30 µM has the largest shift in functional potency, 40-fold change vs 

control, with a PGE2 pEC50 value of 8.30 ±0.08. This supports a NAM mechanism with 

positive affinity co-operativity (alpha) with the orthosteric agonist, but negative efficacy 

cooperativity (beta) as the ligand binding sterically inhibits effector coupling. The 

differences between the modulator action on PGE2 and evatanepag responses were not 

sufficient to confirm dependence on the orthosteric ligand. However, a potentially 

higher degree of positive effect on potency was observed for PGE2 compared to the 

lower efficacy ligand evatanepag. This can be rationalised by the modulator 

preferentially binding to the active EP2 receptor conformation, which is stabilised more 

by higher efficacy orthosteric agonists. 
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In conclusion these data allow us to identify the 3-fluorophenyl NAM 40r as a promising 

lead candidate for future optimisation and pharmacological exploration. Ligand 40r 

demonstrated the highest reported binding affinity for the Gs intracellular binding 

pocket and maintained one of the highest functional potencies in all NanoBiT™ 

complementation assays from both compound libraries. The high selectivity of 40r for 

hEP2 over hEP4 will minimise off target interactions, reducing potential negative side 

effects in vivo compared to literature compound 25a.  

Future work could involve the experimental identification of key amino acid residues for 

NAM binding using mutagenesis studies [381]. The resulting binding affinity data of our 

ligands, produced by NanoBRET competition binding assays, at these modified 

receptors can be compared and amino acid residues forming essential intermolecular 

interactions with our ligands can be identified [370]. The elucidation of the intracellular 

binding pocket can drive future lead optimisation work by exploiting new interactions 

between our NAMs and amino acids in close vicinity to our key residues. 

In addition to monitoring β-arrestin2 recruitment at the EP2 receptor, it would be 

beneficial to investigate the effect of our ligands on G-protein activity. As a result, we 

would be able to quantify any differences in the degree of modulation of our NAMs 

between β-arrestin2 and G-protein effector signalling. For example, a pharmacological 

characterisation experiment investigating the functional potency of our ligands on mini-

Gαs protein recruitment can be conducted. This would utilise a NanoBiT™ 

complementation binding assay in EP2-LgBiT, mGαs-SmBiT tagged stably transfected 

Hek293 whole cells with agonist PGE2 to monitor Gs protein recruitment [223, 286]. 

Mini-Gα proteins are engineered GTPase domains of Gα subunits which preserve the 

GPCR receptor-G protein binding interface and have been applied to the NanoBiT 

system to measure interactions between GPCRs and their effector proteins [222, 223]. 

Alternatively, BRET Gαβγ biosensors, such as TRUPATH, could be used to monitor G 

protein-coupled receptor activity through measurement of heterotrimeric Gα and Gβγ 

dissociation in the presence or absence of our NAMs [382, 383]. For both assays’ trends 

in pIC50, Rmax and agonist pEC50 data can be directly compared between recruitment 
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proteins. Furthermore, measurement of second messenger cAMP accumulation 

utilising cAMP biosensors (e.g. FRET-, luciferase-, or BRET-based cAMP sensors) would 

also provide EP2 G-protein signalling functional data [384]. 

Additionally, further selectivity studies, utilising the NanoBiT™ complementation assays, 

at alternate Gαs coupled prostaglandin receptors should be conducted. For example, 

extended family members of prostanoid receptors DP1 and IP have 44 % and 40 % 

structural homology (amino acid identity) to the hEP2 receptor respectively, compared 

with 31 % for hEP4 [116, 385]. The DP1 and IP receptors are primarily responsible for 

inhibiting platelet aggregation and relaxation of myometrium and smooth muscles [386, 

387]. As a result, inhibition of both receptors is associated with a reduction in 

vasodilation causing hypertension in patients and increasing the risk of myocardial 

infarction, stroke and kidney disease [388, 389]. DP1 inhibition has also been linked to 

modulation of allergic responses, resulting from decreased histamine release, and 

disruption of sleep regulation [61, 390]. Therefore, selectivity of our NAMs for prostanoid 

receptor EP2 over DP1 and IP receptors is necessary to minimise the risk of off-target 

adverse effects. In order to trial these NAMs for the treatment of chronic inflammatory 

associated diseases in the clinic their activity at additional safety targets, such as the 

hERG potassium channel, adrenergic receptors (α and β), angiotensin receptors and 

opioid receptors, should be assessed to evaluate the potential for life-threatening off 

target toxicity [116, 385, 391, 392]. 
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Chapter 6- Homology modelling of the NAM-hEP2 receptor 

complex 

6.1 An introduction to homology modelling 

6.1.1 Development of a homology model 

The aim of this project, as previously described, involves the development of 

intracellular allosteric antagonists for the inhibition of prostanoid receptor EP2 and the 

treatment of chronic inflammation in numerous disease states. Structural elucidation 

and visualisation of three-dimensional ligand-receptor complexes has proved an 

essential tool in the drug development process. By revealing ligand binding sites and 

their interactions with the target receptor, researchers can tailor drug molecules to 

optimally bind to the desired pocket and yield highly efficacious and selective ligands 

[393-395]. To date, X-ray crystallography is the most comprehensive and leading 

method for determining the atomic-scale structure of crystalline materials including 

proteins, DNA and drugs [396]. A purified sample of the desired protein is crystallised 

before being exposed to an X ray beam. The resulting diffraction patterns are processed 

and a map of electron density calculated and used for structural determination.[396] 

However, the application of X-ray crystallography to study GPCRs faces several 

challenges. Firstly, as GPCRs are membrane proteins their hydrophobic and 

amphipathic nature means they are insoluble and unstable in the detergents required 

for purification processes [397, 398]. Additionally, GPCRs are highly flexible and 

dynamic which is essential to their function but makes them inherently difficult to 

crystalise; as a result elucidated structures often do not provide the whole picture of 

how G proteins/ligands couple to receptors [50, 397]. GPCRs possess multiple 

conformation states but to date only 74 and 64 GPCRs have been structurally 

elucidated in their active and inactive states respectively and only 36 GPCRs have 

experimental structures in both [399]. The development of high-resolution structure 

determination by cryo-EM has led to a rapid emergence of previously inaccessible 

membrane protein structures available to the scientific community [400].  Cryo-EM 

involves imaging radiation-sensitive specimens in a transmission electron microscope 
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under cryogenic conditions [401]. Despite the relative ease of structural elucidation of 

membrane proteins with cryo-EM structures, they are typically produced at a lower 

resolution than X-ray crystallography and are not suitable for proteins below 60 kDa in 

size. The coupling GPCRs in their active state with their heterotrimeric G protein is a 

technique used to counteract these limitations [397]. 

Where neither X-ray crystal or cryo-EM structures are available of the target receptor 

bound to the ligands of interest, the development of an alternative accurate three-

dimensional (3D) representation is essential to understand ligand function and drive 

lead optimisation. Accessible computational structure predicting methods such as 

homology models, are the most reliable and accurate alternative to date [402, 403]. 

Homology models are developed based on the observation that protein 3D structures 

are determined by their amino acid sequences and evolutionally related proteins with 

similar sequences (homologous proteins) have a very similar structural conformation. 

Minor changes in amino acid sequences typically result in little variation of the 3D 

structure as protein structural conformation is more highly conserved [402]. 

Comparatively, very low structural similarity can be observed between proteins with low 

sequence homology <20 %) [404]. Other traditional protein structure prediction 

methods include threading, de novo and ab initio methods, with many modelling 

strategies using a combination of all four methods to model protein structures [403]. 

Threading methods assign the target amino acid sequence to templates which are not 

evolutionarily related but have known folds of similar architecture. Each trial template 

has the optimal sequence-to-structure alignment evaluated by a set of scoring 

functions based on physical parameters [405]. However, this method is limited to a 

search of known folds and is unable to predict a target structure which adopts novel 

folding. Both de novo and ab initio are free-modelling methods which do not require a 

template but are based on the amino acid sequence’s thermodynamic and 

physiochemical properties. De novo methods utilise knowledge-based force fields as 

scoring functions, from experimentally determined structures, to find the in-silico 

conformation at the minimum potential energy through scanning of the energy 

landscape [403, 406].  In contrast, the ab initio method uses force fields based on first 
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principles, calculations and theories from fundamental established laws and 

principles, without reference to solved structures [403]. 

An example artificial intelligence (AI) system utilising a combination of the 

aforementioned methods is AlphaFold developed by DeepMind and EMBL’s European 

Bioinformatic Institute (EMBL-EBI) [407, 408]. AlphaFold predicts the 3D structure of a 

protein from its amino acid sequence with atomic accuracy (near experimental 

accuracy in the majority of cases) and speed, the structures are freely available for the 

scientific community from a public database (AlphaFold Protein Structure Database) 

[407, 408].  The neural network AlphaFold that was developed was entered and 

determined vastly more accurate than competing methods by CASP14 assessment; the 

gold standard assessment for the accuracy of structure prediction comparing with 

recently released PDB structures. CASP14 determined AlphaFold structures had a 

median backbone accuracy of 0.96 Å and an all atom accuracy of 1.5 Å, the next best 

performing method 2.8 Å backbone accuracy and 3.5 Å all atom accuracy (for 

comparison the width of carbon atom is 1.4 Å) [408-410]. This improvement in accuracy 

of structure prediction is due to its incorporation of novel neural network architectures 

and training procedures based on the evolutionary, physical and geometric constrains 

of protein structures [408]. 

The development of a homology model was conducted for the hEP2 receptor to evaluate 

the binding of our intracellular allosteric NAMs. Homology modelling involves multiple 

sequential steps: template selection, sequence alignment, model building, refinement 

and evaluation [403]. Template selection is the most important process of the model 

building stage. The best templates are identified by aligning the sequence of the target 

with template sequences of proteins with known structures. The Protein Database 

(PDB), a publicly accessible collection of protein information, is first utilised to obtain 

the target sequence of the desired protein [411]. The Basic Local Alignment Search Tool 

(BLAST) is then employed to generate sequence-sequence alignment between the 

target sequence and existing PDB sequences with known structures [412]. A single or 

multiple templates are chosen based on the extent of sequency similarity between 
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target and template, typically sequence homology needs to be >25 % to be successfully 

employed for homology modelling [413]. Other factors also requiring consideration 

during template selection include: resolution of the experimental structure (high-

resolution templates, > 3 Å, provide a more accurate template foundation), 

phylogenetic similarity, environmental factors (pH, solvent type) and existence of a 

bound ligand within the structure [228, 413]. For the purpose of ligand docking, a 

template containing a ligand crystalized in a similar/the same pocket as the target 

ligand would be ideal. The development of multiple templates is conducted to improve 

model accuracy when the template-target sequence identity is below 40%, however, 

most modelling software does not support homology model development using 

multiple templates [228, 414]. Modelling software (e.g. SWISS-MODEL) can then align 

the amino acid sequences of the target to the chosen template and generate a 

structural model of the target protein. Most errors in homology model generation are the 

result of poor template selection, the better the target-template sequence alignment 

the higher the quality homology model [228]. Template dependent model building can 

be achieved through three methods. Firstly, assembly of rigid bodies method consists of 

building a model framework from sections of the target structure that align with the 

template sequence, de novo methods are then used to model fragments which do not 

align with the template [228]. Segment matching or coordinate reconstruction involves 

dividing the target structure into short segments which are matched against a database 

of known structures selected based on sequence identity, geometrical and energetic 

considerations. These segments are then placed upon the guiding template to produce 

the homology model [228]. Thirdly, the spatial restraint method is built by fulfilling 

restraints, such as bond angles and lengths, derived from the template structure [228]. 

Refinement of the homology model, by de novo molecular dynamics and energy 

minimisation procedures, is an important step to acquire the correct orientation of 

amino acid side chains and to add structure to the evolutionary diverse loop regions 

[403]. Both amino acids side chains and loop regions play crucial roles in protein 

function but typically do not have homologous regions in the template. Finally, the 

quality of the homology model must be evaluated for its agreement with known target 
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information [403]. Structural features of a model can be evaluated by generating a 

Ramachandra plot and by calculating clash scores for steric overlap using software 

such as PROCHECK, WHATCHECK or MolProbity [415-417]. Homology models can also 

be compared with experimental data from the literature including both mutagenesis 

studies and docking with known ligand binders, from an SAR dataset, in the binding site 

of the model [403].  

6.1.2 Homology modelling of EP2 docked with 25a in the literature 

A hEP2 receptor homology model docked with 25a was included in the original 

publication [179].  This model was developed using the crystal structure of hEP4 in 

complex with its antagonist ONO-AE3-208 and an inhibitory antibody Fab (PDB 5YWY) 

as a template, 3.2 Å resolution [179, 418]. UCSF Chimera, an interactive molecular 

visualization and analysis programme, was utilized to conduct molecular docking of 

25a and the highest score model was reported [179, 419].  The top three docking sites of 

this model predict ligand binding to occur at an intracellular allosteric binding pocket 

between TM2,3,5 &6 on the hEP2 receptor (see Chapter 1, 3.4)[179]. The binding pose of 

25a was reported to have the tetrahydrofuran-2-yl methyl ester pointing up into the 

deepest region of the binding pocket between TM2,3 & 6 of the hEP2 receptor. The 2,3-

dihydrobenzo[b][1,4]dioxine moiety, identified as the key driver of ligand binding affinity, 

sits perpendicular to the receptor between TM5&6 and the quinoxaline ring system is 

solvent exposed oriented into the cell cytoplasm [179].  

The presence of this proposed intracellular allosteric binding pocket is supported by the 

recent crystal structures of GPCRs β2AR, CCR2, CXCR2 and CCR9 all bound to 

intracellular allosteric modulators [157, 158, 183, 184]. Various mechanisms of 

inhibition is theorised for this intracellular allosteric site observed in numerous class A 

GPCRs. ‘Compound 15’ a NAM of β2AR reportedly binds to an intracellular pocket 

formed primarily by the cytoplasmic ends of TM1,2,6 &7 as well as ICL1 and helix 

8.[158] The allosteric antagonists CCR2-RA-[R], CXCR2-00767013 (Navarixin analogue) 

and Vercirnon all bind to an intracellular allosteric pocket on receptors CCR2, CXCR2 

and CCR9 respectively between TM1-3 & TM6-8 [157, 183, 184]. The binding pocket of 
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the above antagonists spatially overlaps the G-protein binding site of their receptors. 

Inhibition of β2AR, CCR2, CXCR2 and CCR9 by their NAMs is non-competitive and 

mechanistically blocks activation-associated conformational changes, through 

stabilisation of the inactive conformation, and inhibits the formation of the G-protein/β-

arrestin-binding interface [158, 183, 184]. Due to the similarity in location between the 

intracellular allosteric binding pocket reported by the hEP2 homology model compared 

with NAM binding sites observed at other family A GPCRs, the mechanism of EP2 

inhibition is predicted to be the same. However, this mechanism of action is not 

supported by our pharmacological data produced in chapters 3 and 5. Instead our 

NAMs are theorised to stabilise the active conformation of hEP2, supported by the 

increased agonist affinity for the NAM-EP2 complex, but sterically block the recruitment 

of the heterotrimeric G-proteins and β-arrestin2 resulting in the functional inhibition of 

hEP2. 

The use of the hEP4 receptor as a template is not ideal for computational modelling due 

to poor sequence homology between these receptors (30 %) resulting in a lower quality 

model; the respective amino acids and their conformations lining the predicted binding 

pocket may not be conserved across receptors [228]. In 2021 a cryo-EM structure of the 

PGE2-bound hEP2-Gs complex (PDB 7CX2) with a 2.8 Å resolution was reported [160].  

Therefore, development of a new homology model using the cryo-EM structure of hEP2 

as a template and evaluating the models against our SAR dataset for all NAMs in series 

1 & 2 would produce a model which more accurately represents the 3D structure of 

hEP2. This model would provide further insight into the size, shape and amino acid 

conformation at the NAM intracellular binding pocket of hEP2, identify the conformation 

of our bound ligands including any essential ligand-receptor interactions, improve 

understanding of the mechanism of receptor inhibition and act as a guide for future lead 

optimisation studies [395, 420]. 
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6.2 Generation of a new hEP2 computational model  

The cryo-EM structure of the PGE2-bound EP2-Gαs complex (PDB 7CX2) was identified 

as a suitable template for the development of a new homology model to perform 

docking of our compound library [160]. Two pre-established homology models of EP2 in 

either its active or inactive conformation were obtained from GPCRdb, developed from 

the template EP2 cryo-EM complex using multistate prediction protocol in AlphaFold2 

[399]. AlphaFold2 uses a machine learning method to predict protein structures; these 

methods use both neural network models, that have learned how to deduce 

relationships between residues based on co-evolutionary couplings, and high-

resolution structure generation modules trained on known experimental structures 

[399]. The molecular docking of our compound library into both models was performed 

using Maestro from the Schrödinger suite [421]. Firstly, both models underwent 

Schrödinger’s protein preparation workflow which employs numerous tools to increase 

structural accuracy [422]. For example, protein preparation optimizes the protein’s 

hydrogen bond network, adds missing hydrogen atoms and can correct potentially 

transposed heavy atoms in Asn, Gln and His side chains [422]. A SiteMap algorithm was 

then applied to identify all potential binding pockets on the receptor in an unbiased 

manner [423, 424]. Sitemap identifies potential binding sites by linking together ‘site 

points’ that are most likely to contribute to tight protein-protein or protein-ligand 

interactions. Site points are evaluated by how close they are to the protein surface and 

how sheltered they are from the solvent. When multiple site points are sufficiently close 

and could plausibly be bridged in solvent-exposed regions by ligand atoms they are 

merged and a binding pocket is identified [424]. For both models, only one allosteric 

binding pocket, located intracellularly between TM α-helices 2-4, was identified as large 

enough to accommodate the ligands in our compound library (see Figure 34a/b). The 

computational model of EP2 in its inactive conformation had an intracellular allosteric 

binding pocket that was measured at approximately 16.31 Å by 8.08 Å, a sufficient size 

to accommodate various conformations of literature NAM 25a (measured at 

approximately 17.37 Å by 9.92 Å, see Figure 34c). 
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Figure 34- A) A side on view of the EP2 receptor inactive conformation computational model following protein preparation and site map identification with transmembrane 

labelling TM 1-7. B) Bottom-up view of the EP2 receptor inactive conformation computational model following protein preparation and site map identification. C) Structure of 

25a with dimensions. The models display the intracellular allosteric site generated by sitemap (pink dots), hydrogen bond acceptor regions (red), hydrogen bond donor 

region (purple) and hydrophobic regions (yellow). Images taken directly from Maestro Schrödinger suite. 
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Induced docking fit (IDF) using a combination of known binding and non-binding ligands 

from our SAR dataset was then conducted for both the inactive and active 

conformational models at the identified binding pocket [425-427]. IDF considers the 

flexibilities of both the ligand and the amino acid side chains in the receptor binding site 

as both change in their conformations to form a minimum energy and optimal-fit 

complex [428]. Upon analysing the generated IDF results only the inactive conformation 

model of EP2 had consistent poses for all ligands with known binding affinity; the 

majority of known non-binding compounds did not dock into the corresponding pose. 

Therefore, based on this observed trend all additional docking work was undertaken 

using the EP2 inactive conformation computational model. 

Using a combination of predicted docking scores and key interactions observed in 

selected poses, the IDF results for the SAR dataset of ligands were evaluated, and a 

suitable model based on the IDF of 25b was identified [425-427]. The chosen 

computational model produced a single high scoring ligand pose for all known active 

analogues. The 2,3-dihydrobenzo[b][1,4]dioxine moiety, previously identified as 

essential for ligand binding, is nestled in a novel EP2 receptor pocket between TM 2 and 

4 formed by five amino acids Ser149 (Ballesteros-Weinstein position 4.38), Arg150 

(4.39), Gly153 (4.42), Leu154 (4.43) and Leu157 (4.46) (see Figure 36a-d). Three key 

hydrogen bonding interactions are predicted to be present in this model, the first 

between Arg150 (4.39) and the hydrogen bond acceptor oxygen within the dioxane, a 

second between Gln145 (34.54) and the nitrogen hydrogen bond donor in the 

quinoxaline ring and finally between Arg61 (loop not fixed) and the carbonyl of the ester. 

This hydrogen bonding interaction with the ester is experimentally supported by our SAR 

data as the removal of this moiety results in a significant loss in binding affinity. 

Furthermore, the ligand binding pose in this model displays the functionality attached 

to the ester oriented away from the receptor being solvent exposed. This supports the 

hypothesis that modifications in this region will have no effect on binding affinity but 

due to its flexibility may impact functionality by sterically blocking β-arrestin2 

recruitment. 
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Figure 36- A) Side on view of the EP2 inactive conformation computational model with compound 25a docked (pink) 

including key hydrogen bonding interactions. S enantiomer shown as a representation. B) Ligand interaction diagram 

of 25a with the predicted binding pocket and hydrogen bonding interactions to their corresponding amino acids. 

Image generated with Maestro from the Schrödinger suite. C) Bottom-up view of the EP2 inactive conformation 

computational model with compound 25a docked and key hydrogen bonding interaction. D) Bottom-up view of the 

EP2 inactive conformation computational model with compound 25a docked with added surface coloured as relative 

electrostatic potential. 

A B 

C D 
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Docking of ligands containing a benzyl ester (e.g. 25h, 40a-s) into the computational 

model predicted the formation of a new aromatic hydrogen bonding interaction 

between Arg61(loop not fixed) and the π-system (see Figure 37a/b). This interaction 

supports the higher experimentally determined binding affinity and functional potency 

of benzyl ester containing analogues. Analysis of predicted binding for the phenols, 

which were designed but not successfully synthesized, highlighted the potential 

formation of a novel hydrogen bond between the alcohol and Val148 (34.57) for the 

meta-substituted phenol 40k, (see Figure 37b/c). Therefore, future development of 

these phenol analogues should be prioritized; any resulting improvements in ligand 

binding affinity would support the accuracy of allosteric ligand binding at this EP2 

receptor computational model. Furthermore, docking of para-chlorobenzyl ester 

analogue 40f into the computational model predicted the formation of a halogen bond 

with Arg61(loop not fixed) (see Figure 37d/e), however, this interaction was not observed 

for the remaining halogen-substituted benzyl esters including lead analogue 40r. 

A B 
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Figure 37- Side on view of ligands 40k and 40f docked into the EP2 computational model (A &C respectively) and their 

ligand interaction diagrams (B & D respectively). 

For this model 55 % of known non-binding ligands failed to dock or generated very low 

docking scores; higher docking scores indicate a more stable protein-ligand complex 

typically correlating qualitatively with ligands relative binding affinities [429].  The 

remaining non-binding controls (25j-m, 25w & 25y), all contained a hydrogen bond 

acceptor oxygen, in place of the 1,4-dioxane moiety, forming an interaction with Arg150 

A B 

C D 
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(4.39) believed to be the main driver of docking. Therefore, the presence of this 

interaction does not completely align with the experimental SAR data, and two theories 

have been generated for rationalisation. Firstly, it is theorised that replacement of the 

dioxane region with a less rigid hydrogen bond donor moiety, e.g. methoxy substituent, 

may have unfavourable entropic consequences when binding into this pocket (the 

freedom of rotation for these flexible bonds is impeded). Alternatively, ligand binding 

could be primarily driven by the presence of the ethylene bridge, not present in docked 

negative controls, forming key van-der Waals interactions with this binding pocket. 

 

6.3 Comparison of NAM docking at the hEP2 computational model against 

crystal structures of CXCR2-00767013 bound to CXCR2 and ‘Compound 15’ 

bound to β2AR. 

Our generated computational model docked with literature compound 25a was 

overlayed with X-ray crystal structures of CXCR2-00767013 (Navarixin analogue) bound 

CXCR2 receptor (PDB 6LFL) and ‘Compound 15’ bound β2AR (PDB 5X7D) using PyMOL 

(see Figure 38a/b) [157, 158]. Both ligands for the CXCR2 and β2AR occupy a known 

intracellular allosteric binding pocket between TM 1-3 and 6-8. Upon comparison, this 

overlay demonstrates that NAM 25a and its analogues occupy a novel intracellular 

binding site, between TM2-4, not previously reported in the literature. Upon inclusion of 

the bound heterotrimeric Gαs protein we can identify a likely spatial overlap between 

the quinoxaline ring of docked ligand 25a and the key binding region of the Gαs protein. 

This model supports the theory that our NAMs functionally inhibit the EP2 by sterically 

blocking Gαs protein recruitment.  
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Figure 38- A) Bottom-up view of overlayed ligand 25a (pink) bound EP2 inactive conformation computational model with CXCR2-00767013 (orange) bound CXCR2 X-ray 

crystal structure and ‘Compound 15’ (grey) bound β2AR X-ray crystal structure. B) Bottom-up view of overlayed EP2 inactive conformation computational model with the 

bound heterotrimeric Gαs protein (pink ribbon) and predicted docking of 25a (shown in space-filling representation) against the CXCR2 and β2AR X-ray crystal structures 

with their respective allosteric ligands [157, 158].

A B 

25a 

CXCR2-00767013 

Compound
15 
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Sequence alignment for EP2, CXCR2 and β2AR was then conducted using GPCRdb 

sequence alignment tool [430, 431]. The corresponding amino acids within a 4 Å 

distance of bound ligand 25a (see Table 17) and CXCR2-00767013/’Compound 15’ (see 

Table 18) were compared to identify differences in the allosteric binding pockets across 

receptors [158, 160, 183].  
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Table 17- Comparison of sequence aligned amino acids 4 Å from NAM 25a docked into the EP2 receptor computational model with CXCR2 and β2AR. For CXCR2 and β2AR 

amino acids in green are identical to the EP2 pocket, orange indicates an amino acid in the same sub-group characterised by properties of their unique R-group (e.g. 

hydrophobic, polar and charged +/-) and red denotes an amino acid in a different sub-group. A blank section represents no corresponding amino acid within 4 Å of the bound 

ligand. Amino acids are reported as their three-letter code. 

GPCRdb position EP2 amino acid CXCR2 amino 
acid 

β2AR amino 
acid 

Note 

2.37 Ser65 Ser81 Thr66  

2.38 Leu66 Val82 Val67 CXCR2 orientation blocking binding of 
quinoxaline ring. 

2.39 Phe67 - -  

2.41 Val69 Val85 Tyr70  

3.49 Glu133 - -  

3.5 Arg134 Arg144 Arg131  

34.51 

(ICL-3) 

- - Phe139 Loop region between TM3-4. β2AR amino acid 
blocks binding of the ester region. 

34.53 Tyr144 Thr154 Tyr141  

34.54 Gln145 Leu155 Gln142 β2AR amino acid blocks quinoxaline region. 

34.55 - Thr156 Ser143  

34.56 - - Leu144  

34.57 Val148 Lys158 Leu145  
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34.58 - Arg159 - CXCR2 main amino acid blocking the dioxane 
pocket 

4.38 Ser149 - Thr146  

4.39 Arg150 - Lys147 β2AR main amino acid blocking the dioxane 
pocket 

4.42 Gly153 Val162 Ala150  

4.43 Leu154 Lys176 Arg151  

 

Table 18- Comparison of sequence aligned amino acids 4 Å from NAM CXCR2-00767013/’Compound 15’ docked into CXCR2 and β2AR computational model with EP2. For 

EP2 amino acids in green are identical to the those in CXCR2 or β2AR, orange indicates an amino acid in the same sub-group characterised by properties of their unique R-

group (e.g. hydrophobic, polar and charged +/-) and red denotes an amino acid in a different sub-group. A blank section represents no corresponding amino acid within 4 Å 

of the bound ligand. 

GPCRdb position CXCR2 amino acid β2AR amino acid EP2 amino acid Note 

1.53 - Val54 -  

1.56 Val72 - Leu45  

1.57 Ile73 - Leu46  

1.6 Ser76 Phe61 Arg49  

Loop not fixed   Trp50  

Loop not fixed   Leu64  
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12.49 

(ICL1) 

 Arg63 -  

12.5 Gly79 Leu64 -  

12.51 Arg80 Gln65 -  

2.37 Ser81 - Ser65  

2.39 Thr83 Thr68 Phe67 EP2 amino acid blocking the CXR2 and 
β2AR pocket. 

2.40 Asp84 Asn69 His68  

2.43 Leu87 Ile72 Val71  

3.49 - - Glu133  

3.5 Arg144 Arg131 Arg134  

6.29 - - Gly258  

6.33 Glu249 Ala271 His262 EP2 amino acid blocking the CXR2 and 
β2AR pocket. Glu249 is a mutation. 

6.36 Val252 - Leu265  

6.37 Ile253 Ile275 -  

7.53 Tyr314 Tyr326 Phe315  

8.47 Gly318 Ser329 Arg319  

8.49 Lys320 - -  

8.5 Phe321 Phe322 Val322  
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When comparing the EP2 allosteric binding pocket with corresponding amino acids in 

CXCR2 and β2AR we can identify numerous sequence differences which sterically 

prevent ligand binding to this region in the latter receptors. For CXCR2 the presence of 

Arg159 (34.58) (loop between TM3-4) sterically blocks the 2,3-

dihydrobenzo[b][1,4]dioxine binding pocket reported on the 25a docked EP2 

computational model. Furthermore, the orientation of the R group in Val82 (2.38) on 

TM2, in place of EP2 Leu66 (2.38), sterically blocks the quinoxaline ring. At β2AR amino 

acid Lys147 (4.39) on TM4, in place of Arg150 (4.39) on EP2, occupies the 2,3-

dihydrobenzo[b][1,4]dioxine binding pocket. Additionally, the loop region between TM3-

4 contains Phe139 (34.51), which sterically hinders binding of the ester moiety and 

eliminates the hydrogen bonding formed by the ester carbonyl, and Gln142 (34.54) 

whose orientation has the potential to block the ligand quinoxaline region binding. 

Therefore, from this sequence alignment data, we can conclude that there is no 

corresponding intracellular pocket present at both CXCR2 and β2AR for the binding of 

NAM 25a and analogues. As a result, we can predict our NAMs will demonstrate 

selectivity for EP2 over CXCR2 and β2AR. 

In comparison, sequence alignment data investigating the CXCR2-

00767013/’Compound 15’ binding pocket indicated this site is not present within the 

EP2 receptor due to two key amino acid changes. Firstly, a change from Thr83/68 (2.39) 

in CXCR2 and B2AR respectively to a Phe67 (2.39) is reported for EP2. Secondly a 

change from Ala271 (6.33) in β2AR (mutation present for CXCR2 at this position) to a 

His262 (6.33) is observed in EP2. In both cases the amino acids present in EP2 contain 

significantly larger side chains spatially blocking the corresponding binding site. As a 

result, it is predicted that NAMs ‘Compound 15’ and CXCR2-00767013 will not inhibit 

the EP2 receptor. 
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6.4 Conclusions of computational modelling. 

In conclusion, a new computational model based on the recently reported cryo-EM 

structure of EP2, in an inactive conformation, has been generated which successfully 

docks known active compounds from our SAR dataset in a consistent pose with 

reasonable interactions into a novel intracellular allosteric binding pocket [160]. The 

binding pose of our ligands differs from the reported homology model in the literature 

with the essential 2,3-dihydrobenzo[b][1,4]dioxine moiety interacting with a novel 

pocket between TM2&4 forming a hydrogen bonding interaction with Arg150 (4.39). 

Comparatively, the literature reported that the tetrahydrofuran-2-yl methyl ester 

occupies this pocket. The new EP2 computational model predicts the quinoxaline ring 

sits perpendicular to the EP2 receptor, forming a hydrogen bond with Gln145 (34.54), 

and the ester moiety is solvent exposed with the ester carbonyl hydrogen bonding to 

Arg61 (loop not fixed). This binding pose is supported by our pharmacological data, with 

the presence of the ester improving ligand binding affinity but modifications to the 

attached moiety having little impact. Validation of this model was shown through most 

known inactive compounds failing to bind or producing low docking scores. Additional 

refinement of the 2,3-dihydrobenzo[b][1,4]dioxine pocket may be needed to rationally 

eliminate the docking of all remaining inactive ligands, however this is currently beyond 

the scope of the project.  

Sequence alignment of the EP2 receptor computational model with crystal structures of 

CXCR2 and β2AR bound to their intracellular allosteric modulators (TM1-3 & 6-8) 

highlighted that our NAMs bind to a novel pocket between TM2-4 not previously 

reported in the literature [158, 183]. The comparison of amino acid sequences at both 

binding sites identified that the CXCR2 and β2AR intracellular binding pocket is not 

present at EP2 with amino acids Phe67 (2.39) and His262 (6.33) sterically blocking this 

site. The equivalent is also true in relation to the EP2 binding pocket with amino acids 

Arg159 (34.58)/Val82 (2.38) at CXCR2 and Lys147 (4.39)/Phe139 (34.51)/Gln142 (34.54) 

at β2AR sterically hindering any ligand binding between TM2-4 [158, 160, 183]. Inclusion 

of the bound heterotrimeric Gαs protein with our NAM-bound EP2 receptor model gives 
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an insight into the mechanism of functional inhibition; the quinoxaline ring of our NAMs 

overlaps the Gαs protein binding site and sterically blocks its recruitment to the 

receptor. Conducting a NanoBiT™ complementation assay in EP2-LgBiT, mGαs-SmBiT 

tagged stably transfected Hek293 whole cells would quantify the functional inhibition of 

our NAMs on heterotrimeric Gαs protein recruitment and validate this proposed 

mechanism of action.  

Based on both the predicted binding pose of our analogues and their overlap with the 

bound heterotrimeric Gαs protein it would be beneficial for future work to explore 

modifications at the pyrroloquinoxaline ring. Increasing the size of this core structure, 

for example through the addition of various substituents at the 6/7-pyrroloquinoxaline 

position, would both improve the overlap with the heterotrimeric Gαs protein binding 

pocket and enable the formation of new ligand-receptor interactions. Thus, potentially 

improving ligand binding affinity and functional potency. Furthermore, modifications at 

this moiety have the potential to produce biased inhibitors which can selectively inhibit 

certain signalling pathways and have the potential to optimize drug efficacy and 

improve safety profiles [167, 432]. For example, replacement of this core structure with 

a smaller ring system may remove the ability of our ligand to inhibit heterotrimeric Gαs 

protein recruitment, no overlap of the binding pockets, whilst still inhibiting β-arrestin 

signalling.  
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Chapter 7- General conclusions and future work 

7.1 Thesis summary and conclusions 

Prostaglandin EP2 is a GPCR identified as an emerging pro-inflammatory target in 

chronic inflammatory disease. Chronic inflammation occurs when an inflammatory 

response continues past the point of healing or begins when there is no infection/injury 

and damages healthy cells, tissues and organs over time [3-6]. It plays an essential role 

in promoting the expression of pro-inflammatory cytokines at leukocytes, such as 

macrophages and lymphocytes, and is reported to modulate Th17 cell function to 

recruit/expand myeloid cells. Conversely, in the tumour micro-environment, EP2 activity 

appears immune-suppressive, allowing cancer cells to escape the immune system, and 

may also have other tumour supporting actions including the stimulation of tumour 

angiogenesis and direct effects on proliferation and survival [18, 71, 73, 108, 110]. EP2 

receptors are also upregulated in chronic inflammation and EP2 expression is linked to 

an exacerbation of a variety of diseases including cancer and chronic inflammatory 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease [51, 72, 99, 

118, 119, 131]. Despite NSAIDs (COX inhibitors) regularly being used to alleviate 

inflammation in rheumatoid arthritis and acute fever, they are not FDA approved for the 

treatment of cancer or neurodegenerative diseases due to numerous adverse effects 

associated with long-term use, which may arise from on target side effects (for example 

in the GI tract), and general elevation of prostanoid signalling through the nine different 

prostanoid receptor subtypes [27, 35, 40-42, 44]. Long-term NSAID therapy has been 

found to induce renal dysfunction, GI complications and increase the risk of 

cardiovascular events [35, 40-42, 44].  Therefore, the development of small molecule 

antagonist for the EP2 receptor, downstream of the COX pathway, is an attractive 

therapeutic approach to modulate chronic inflammation whilst minimizing potential 

toxic side effects. This thesis details the design, synthesis and pharmacological 

characterisation of NAMs for prostaglandin EP2, expanding on the first reported NAM 

25a, published in 2020 by C. Jiang, et al (see Figure 10) [179]. As the limited literature 

SAR data highlighted the 2,3-dihydrobenzo[b][1,4]dioxine motif as an essential driver of 
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NAM function, the development of our compound library was focused on expanding the 

SAR around the tetrahydrofuran-2-yl methyl ester [179]. The pharmacological 

characterisation of this compound library, utilizing NanoBRET competition binding and 

NanoBiT complementation assays, aimed to identify NAMs demonstrating improved 

binding affinites and functional potencies as well as providing further insights into 

potential mechanisms of action.  
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Figure 39- A project workflow including a summarisation of the main aims and outcomes reported in this thesis. 
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As no synthetic route to 25a was provided in the literature, chapter 2 reports, for the first 

time, the development of both a convergent and non-convergent synthetic approach to 

resynthesize 25a and produce the series 1 compound library. Series 1 was designed to 

insert new functionalities at the ester moiety with the aim of modifying physiochemical 

properties, with proposed variations in compound solubility and lipophilicity, and 

exploring potential new ligand-target interactions. In addition to the resynthesis of 25a 

and three negative controls from the literature 25j-l (containing modifications at the 2,3-

dihydrobenzo[b][1,4]dioxine motif) a total of 17 novel analogues were isolated with a 

purity >95 % for pharmacological characterisation [179].   

The pharmacological characterisation of series 1, presented in chapter 3, 

experimentally demonstrated that our ligands bind to an intracellular allosteric binding 

pocket, predicted to be the site of heterotrimeric Gαs-receptor interaction, by 

competing with the G-protein mimetic fluorescent probe TMR-Gαs19cha18 in a 

NanoBRET competition binding assay for EP2. Additionally, NanoBiT complementation 

assays were employed to determine our ligands act as functional antagonists inhibiting 

β-arrestin2 recruitment in cell-based assays at both the target hEP2 receptors and 

closely homologous receptor hEP4 for selectivity studies [219]. From this SAR of series 

1, benzyl ester 25h was identified as the allosteric antagonist of the hEP2 receptor with 

the highest binding affinity (pKI = 7.05 ± 0.16, 89 nM, highest functional potency (pIC50 = 

5.70 ± 0.03, 2.0 µM)  and best selectivity (12- fold) for EP2 over EP4 in series 1 (note- data 

taken from Chapter 2 series 2 data to enable comparison between series).  

A second compound library was designed and synthesize based upon this lead 

compound 25h with modifications focused on the phenyl ring disclosed in chapter 4. 

The aim of this series was to vary physiochemical properties predicting good cell 

membrane permeability and good bioavailability through their proposed reduction in 

lipophilicity. Insertion of new hydrogen bond donor/acceptor regions was also explored 

to exploit any additional interactions within the receptor binding pocket. In total, the 

non-convergent synthetic route was successfully employed to yield a further 16 novel 

analogues of 25a.  
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The pharmacological characterisation of series 2, presented in chapter 5, identified 3-

fluorobenzyl analogue 40r as a promising lead compound (from both series) with the 

highest reported EP2 binding affinity for the intracellular Gαs binding pocket (pKI = 7.51 ± 

0.11, 31 nM), third highest reported functional potency (pIC50 = 5.52 ± 0.04, 3.0 µM) 

inhibiting β-arrestin2 recruitment, and best fold selectivity (32) for the target hEP2 

receptor compared to closely related receptor subtype hEP4. Despite the proposed 

theory of an allosteric mode of action improving EP2 selectivity, when evaluating the 

selectivity reported for 40r compared to selective orthosteric antagonists reported in 

the literature a 32-fold selectivity is low; TG4-155, TG6-129 and PF-04418948 all 

demonstrating >443-fold selectivity for EP2 over EP4 in functional cAMP assays (see 

Chapter 1-3.3) [115]. Additionally, 40r has a lower EP2 binding affinity (by 2-3 fold) than 

the best in class orthosteric antagonists TG4-155 (EP2 Ki= 9.9 nM) and PF-04418948 (EP2 

Ki= 16 nM) [115]. A higher affinity would be desirable (<10 nM) to optimise further for in 

vivo studies, pharmacokinetics and ultimately candidate selection. Additionally, our 

NAMs, at two set concentrations, displayed classical allosteric insurmountable 

antagonism in PGE2 CRC curves. A reduction in the Rmax of the curves proportional to the 

increasing concentrations of the modulators is observed, indicative of negative 

cooperativity of our ligands with PGE2 efficacy (EP2 function). However, positive co-

operativity between allosteric and orthosteric ligand binding is observed with a leftward 

curve shift and increase in functional potency of PGE2 proportional to addition of our 

modulators. Therefore, it is proposed that our NAMs stabilise the active conformation of 

hEP2 but functionally inhibit downstream signalling through sterically blocking effector 

recruitment. Furthermore, this pharmacological characterization verified the ‘use 

dependent’ property of our NAMs meaning compound binding and resulting EP2 

inhibition will be highest in the presence of high levels of PGE2 in the tissues. For 

example, inhibition of EP2 will be localised to sites of inflammation or the tumour 

microenvironment where high levels of PGE2 are released. Conversely, tissues 

producing lower levels of PGE2 will have a reduced level of EP2 inhibition theoretically 

reducing the risk of on target side effects e.g. hypertension, increased ocular 

hypertension and renal dysfunction [115]. The non-surmountable inhibition, reduction 
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in Rmax regardless of PGE2 concentration, resulting from the allosteric action of our 

ligands would also prove beneficial in vivo with effective antagonism being achieved 

even in high PGE2 concentrations. In comparison standard competitive, reversible 

orthosteric antagonists demonstrate surmountable antagonism and pose a risk that 

high inflammatory levels of PGE2 would outcompete these antagonists and limit the 

extent of EP2 inhibition lowering their therapeutic effect. Furthermore, as previously 

discussed allosteric antagonists have the potential to demonstrate a ceiling effect, 

reaching a maximal inhibitory effect even with increased NAM concentrations, which 

can titrate the magnitude of their effect and prevent overdose. However, our 

pharmacological data provides no evidence to indicate that this titration could be 

achieved in vitro, as the highest ligand concentrations in Schild analysis fully inhibited 

PGE2, potentially a direct result of our NAMs competing with the effector protein β-

arrestin2. 

As part of this work a new computational model based on the recently reported cryo-EM 

structure of EP2 in its inactive conformation was developed and reported in chapter 6. 

This model successfully docks known active compounds from our SAR dataset in 

consistent poses with reasonable interactions into a novel intracellular allosteric 

pocket not previously identified in the literature. Additionally, the model provides an 

insight into the mode of action of our NAMs. The quinoxaline ring of our receptor-bound 

ligands overlaps with the known binding site of the heterotrimeric Gαs; thus, further 

supporting the theory that the NAMs inhibit EP2 through steric blocking of effector 

recruitment. However, the computational model produced was based upon the inactive 

conformation of EP2 when our pharmacological data strongly indicates our NAMs bind 

best to the active conformation of EP2 based on the need for PGE2 in the binding assays 

and use dependence in the functional assays. Therefore, further work should be 

conducted to model the active EP2 conformation, despite IDF not producing consistent 

docking poses for ligands with known binding affinity, to explore whether receptor state 

differences in compound binding can be rationalised by comparing the docking scores 

and poses between the two. This information could help inform further refinements to 

the models and resultant in silico SAR. 
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In conclusion this work produced a well characterised novel lead NAM 3-fluorobenzyl 

analogue 40r, selective for the prostaglandin EP2 GPCR (over the closely related 

receptor EP4) with the potential to treat chronic inflammation in numerous disease 

states whilst circumventing adverse effects commonly associated with current NSAID 

therapy. For the first time we have reported a successful synthetic route to yield these 

novel EP2 NAMs and provided experimental evidence, from both EP2 ligand binding and 

functional assays, supporting their intracellular allosteric mode of action. As this 

project is still in the early stages of the drug discovery process significant future work 

could be conducted to further elucidate the mechanism of action for these NAMs as 

well as improve drug pharmacodynamics and explore their pharmacokinetics.  

7.2 Future work 

The data reported in this thesis could be used to guide additional lead optimisation 

strategies and produce a third series of ligands to further expand our compound library 

with the objective to further increase binding affinity, functional potency, selectivity and 

metabolic stability (see Figure 40). Firstly, the proposed compounds designed for series 

3 should be docked into the EP2 computational model reported in this thesis; evaluating 

the binding poses, receptor-ligand interactions and docking scores produced could 

further justify or eliminate the synthesis of these ligands. 
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Figure 40- Proposed compounds for series 3 exploring the replacement of ester moiety with amides, addition of 

substituents to the 6/7 position of the pyrroloquinoxaline ring and replacement with an alternative ring system. 

Reagents and conditions- (a) 1. 30 % aq. H2O2 (10 eq.), acetic acid (excess), 50 oC, 24 h.  2. POCl3 (5 eq.), reflux ,24 h. 

[433, 434] Subsequent synthesis to desired analogues is the same as reported in Chapter 4-2.  

Future work could focus on the development of an amide series (48a-d) replacing the 

ester functionality in lead NAMs 25a/h and 40c/r reported in this thesis. Not only do 

these analogues introduce a moiety with dual hydrogen-bonding capabilities, acting as 

both a HBD and HBA, but they would be expected to demonstrate improved metabolic 

stability compared to their ester counterparts [231]. Amides are less susceptible to 

hydrolysis (both chemically and enzymatically) and therefore, could provide synthetic 

access to the desired phenol analogues. As previously reported in chapter 4, 

deprotection of phenol 40m from the corresponding protected allyl ether proved 

unviable due to the occurrence of an ester hydrolysis side reaction. Synthesis and 

subsequent pharmacological characterisation of these phenols would allow for further 

evaluation of our EP2 computational model as docking studies indicated the presence 

of a new hydrogen bonding interaction of ortho substituted phenol 40k with ICL2 amino 

acid Val148 (34.57) (detailed in chapter 6-2). 

Based on proposed by docking of the NAMs into the EP2 computational model it is 

theorised that addition of substituents at the 6/7-pyrroloquinoxaline position in 48e-t 

would increase the overlap of our bound ligands with the Gαs protein intracellular 

binding pocket on EP2 (see Chapter 6.3). As a result, these ligands may sterically hinder 

Gαs protein recruitment to EP2 to a greater extent, resulting in improve functional 

potency for these NAMs. The generation of a biased antagonist toolkit would enable 

exploration of the EP2 specific G protein versus β-arrestin signalling pathways involved 

in the chronic inflammatory immune response of cancer, AD and PD leading to disease 

progression. If one signalling pathway was identified as therapeutically relevant and the 

other linked to the production of side effects this would provide evidence for strategic 

development of biased EP2 antagonists [435-437]. 

The inclusion of halogens (48e-j) at the 6/7-pyrroloquinoxaline position would enable 

the formation of halogen- π bonding between the ligand and EP2 receptor potentially 
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improving NAM binding affinity and receptor selectivity.[326-331] Similarly, the insertion 

of a trifluoromethyl group (48k/l) can also introduce halogen- π bonding as well as weak 

hydrogen bonding interactions with the receptor protein backbone with fluorine acting 

as the acceptor. The trifluoromethyl group is also reported to increase metabolic 

stability and lipophilicity [438].  

Furthermore, the introduction of the methoxy group (48m/n) could enable either new 

hydrogen bonding with oxygen (partial negative charge) as the acceptor and Van der 

Waals interactions with the methyl group (partial positive charge) as well as decreasing 

lipophilicity (see Chapter 4.1) [333]. Incorporation of a strong electron withdrawing 

nitro-group (48o/p) at the 6/7-pyrroloquinoxaline position introduces a new hydrogen 

bond acceptor and can also exhibit π -hole interactions, a positive electrostatic 

potential (positive charge) on the nitrogen can form a non-covalent bond with lone pairs 

on O/S atoms in the receptor binding site, in addition to decreasing lipophilicity and 

increasing aqueous solubility [439]. Additionally, this nitro-group can be reduced to an 

aniline which is amenable to further functionalisation. Finally, the methyl (48q/r) and 

isopropyl (48s/t) are bulky hydrophobic substituents aiming to fill the Gαs protein 

intracellular binding pocket and increase lipophilicity [440]. 

In contrast, replacement of the pyrroloquinoxaline ring system with a smaller ring 

system, e.g. the 5H-pyrrolo[2,3-b]pyrazine in 48u, the 5,6-dimethyl-1H-indol-2-amine in 

48v, and the 5,6-diethyl-1H-indol-2-amine in 48w, could lead to development of a 

biased inhibitor further validate our EP2 computational model. In theory the binding 

pose of 48u-w, bound to the intracellular allosteric binding pocket of EP2, would not 

overlap with Gαs protein due to the lack of a third ring in the core (see Chapter 6.3). 

Therefore, it is predicted that 48u-w would not inhibit heterotrimeric Gαs protein 

recruitment but could maintain steric inhibition of β-arrestin2 recruitment and its 

signalling. The replacement with 5,6,7,8-tetrahydro-1H-pyrrolo[2,3-b]quinoxaline-2-

amine in 48x and 1,5,6,7- tetrahydrocyclopenta[b]pyrrolo[2,3-e]pyrazin-2-amine in 48y 

would remove aromaticity, lower lipophilicity and reduce the planarity of these 
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compounds whilst still having the potential to sterically hinder G-protein recruitment at 

the EP2 Gαs protein binding site [441]. 

Additional pharmacological characterisation experiments to establish the effect of our 

NAMs on G-protein effector signalling at EP2 could also be conducted, e.g. investigating 

the functional potency of our ligands on mini-Gαs protein recruitment, the dissociation 

of G-proteins through BRET Gαβγ biosensor TRUPATH or second messenger cAMP 

accumulation via cAMP biosensors. (see Chapter 5.5) [223, 286, 382-384]. This would 

quantify any differences in the degree of modulation of our NAMs on G-protein and β-

arrestin2 signalling helping to guide the development of ligands which display signalling 

bias and further elucidate understanding of EP2 signalling pathways. Expanding our NAM 

selectivity studies utilising NanoBiT complementation assays at closely related-

prostanoid receptors DP1 and IP, which share 44 % and 40 % total structural homology 

respectively and couple with Gαs-proteins, would provide further experimental evidence 

that our NAMs have good selectivity against other prostanoid receptors.[116, 385] A 

screening of our ligands against additional safety targets  (e.g. hERG potassium 

channel, adrenergic receptors (α and β), angiotensin receptors and opioid receptors) 

would assess the potential for life-threatening off target toxicity by our NAMs prior to in 

vivo studies [116, 385, 391, 392]. 

It would also be beneficial to evaluate the effects of our NAMs in suitable phenotypic 

assays for example measuring the effect of EP2 inhibition on PGE2 stimulated cytokine 

release in primary human immune cells [442, 443]. Studies evaluating the efficacy of 

EP2-specific antagonists to protect conventional type 2 DCs (cDC2s) from suppressive 

effects (inhibit immunosuppressive IL-10 production and expansion of regulatory T 

cells) of tumour-derived PGE2 in different tumour models can also be conducted [444]. 

Conducting mutagenesis studies to identify the key amino acid residues required for 

NAM binding [381]. Mutations at Arg61 (loop not fixed), Arg150 (4.39) and Gln145 

(34.54), identified as essential hydrogen bonding amino acids at the intracellular 

allosteric binding pocket in our docking studies, could produce experimental evidence 



206 
 

to further validate our computational model. This data could also support the 

development of a computational model of EP2 in its active conformation. 

Furthermore, Immobilised artificial membrane analysis would enable the experimental 

quantification and ranking of the membrane permeability and lipophilicity of our 

compound library (detailed in chapter 4-4). This would provide suitable evidence to 

determine if ligand permeability is influencing the SAR functional potency data by 

limiting ligand ability to access the intracellular site and could guide compound 

optimisation for a drug-like profile.  

Finally, initial drug metabolism and pharmacokinetics (DMPK) in vitro assessments 

should also be conducted to predict our ligands absorption, distribution, metabolism 

and excretion properties for potential in vivo application. Examples include conducting 

liver microsomal and hepatocyte stability assays to measure the rate of metabolism, 

calculate intrinsic clearance and identify potentially toxic metabolites using LC-MS 

[445-447].  
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Chapter 8- Experimental 

8.1 Chemistry experimental  

8.1.1 Materials and general methods  

Chromatography- Normal phase flash column chromatography was conducted using 

flash silica gel 60 (particle size 40-63 µm) purchased from Sigma-Aldrich Company Ltd 

(England) and performed on Biotage HPFC SP4 system with UV detection at 254 nm. 

Reverse phase flash column chromatography was conducted on Interchim puriflash 

4100 system with UV detection at 254 nm. The solvent systems used for purification are 

specified for each compound. Thin layer chromatography (TLC) was performed on 

aluminium sheet silica gel plates, 0.2 mm thick silica gel 60, using the stated mobile 

phase and reported as Rf values (the distance travelled by the component/distance 

travelled by the solvent). Visualisation of TLC plates was accomplished with UV-light 

(254 and 366 nm), KMnO4, ninhydrin and bromocresol green staining. LCMS was 

performed using a Phenomenex GeminiNX C18 110A column (50 mm x 2 mm x 3 μm) at 

a flow rate 0.5 mL/min over a 5- or 15-minute period (gradient method of 5%-95% 

solvent B; solvent A= 0.01 % formic acid in H2O, solvent B= 0.01% formic acid in 

CH3CN). Spectra were recorded on a Shimadzu UFLCXR system coupled to an Applied 

Biosystems API2000 and visualised at 254 nm. Values given as retention time (tR) and 

MS [M+H+] m/z. The purity of final compounds was determined using area under the 

curve method on the UV trace recorded at a wavelength of 254 nm and NMR analysis 

found to be >95 % for all pharmacologically characterized compounds. 

Equipment and materials- Solvents and chemicals were purchased from standard 

suppliers and used without further purification. Reactions were carried out at ambient 

temperature unless stated and monitored by TLC or LCMS.  

NMR spectra- 1H, 13C and 19F NMR was performed using Bruker-AV(III) HD 400 NMR 

equipped with a 5 mm BBFO+ probe [400.25 MHz (1H), 100.66 MHz (13C), 377 MHz (19F)]. 

Deuterated solvents used for NMR detection included CDCl3, DMSO-d6 or MeOD-d4, 
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purchased from Sigma-Aldrich. Chemical shifts (δ) are reported as parts per million 

(ppm) and referenced against the residual proton or carbon references of the >99 % 

deuterated solvents as internal standards. Coupling constants (J) are reported as hertz 

(Hz). Data is reported in the following format: chemical shift, multiplicity (s= singlet, 

d=doublet, t=triplet, q= quartet, m=multiplet, dd= doublet of doublet, dt= doublet of 

triplets), coupling constants, integration and assignment. Spectra were assigned in 

combination with correlated spectroscopy (COSY) and heteronuclear single quantum 

coherence (HSQC). NMR were evaluated using MestReNova 14.0 (Mestrelab research). 

High resolution mass spectra (HRMS)-HRMS was recorded on a Bruker microTOF 

mass spectrometer using electrospray ionization (ESI-TOF) operating in positive or 

negative ion mode. 

General procedure 1: Nucleophilic aromatic substitution of 2,3-

dichloroquinoxaline (26) with desired ester or malonitrile. The appropriate ester or 

malonitrile (1 eq.) is dissolved in DMF or DMSO before addition of Cs2CO3 (1.7-5 eq.) 

and 2,3- dichloroquinoxaline (26). The reaction mixture was either a) left to stir at rt for 

16 hours or b) refluxed at 100 oC for 1 h. TLC (conditions reported for each compound) 

was used to monitor the reaction before further purification was undertaken. 

General procedure 2: Cyclisation reactions with aniline and 2-substituted-3-

chloroquinoxalin compounds. To a suspension of 2-substituted-3-chloroquinoxalin (1 

eq.) in EtOH/THF (3:1, 3-75 mL: 1-25 mL) was added the desired amine (1.3 eq.). The 

reaction was heated under reflux at 80 oC with stirring for 16 h. TLC (conditions reported 

for each compound) was used to determine reaction completion before solvent was 

removed under reduced pressure to give a crude material for further purification.  

General procedure 3: Acid-catalysed esterification of 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylic acid 

(25c) with primary alcohols. Amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylic acid (25c) (1 eq.) was added to concentrated 



209 
 

H2SO4 (2.5 eq.) in the appropriate alcohol (1-9 mL). The reaction mixture was heated 

under reflux with stirring for 1 week. TLC (conditions reported for each compound) and 

LCMS used to determine reaction completion before solvent was removed under 

reduced pressure. The crude material was extracted into EtOAc (100 mL) and washed 

with NaHCO3 (100 mL) and distilled water (100 mL). The organic layer was dried with 

MgSO4 before being filtered and concentrated under reduced pressure. The crude 

material was then purified by column chromatography (conditions reported for each 

compound). 

General procedure 4: Esterification of 2-cyanoacetic acid (31) with desired alcohol. 

To a solution of 2-cyanoacetic acid (31) (1 eq.) and alcohol (1 eq.) in DCM at 0oC was 

added a solution of DMAP (0.1 eq.), DCC (1 eq.) in DCM. The reaction mixture was 

stirred and allowed to warm to room temperature over 16 h. TLC (conditions reported 

for each compound) and LCMS was used to determine reaction completion. The 

reaction mixture was filtered to remove the white solid urea by-product washing with 

cold DCM. The resulting filtrate was washed with distilled water (100 mL) before being 

dried over MgSO4, filtered, and concentrated under reduced pressure. The crude 

material then underwent further purification using column chromatography (conditions 

reported for each compound).  

8.1.2 Series 1 experimental  

Ethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-cyanoacetate (28). 

Ethylcyanoacetate (27) (0.55 mL, 584 mg, 5 mmol, 2.0 eq.) was added        

dropwise with stirring to a suspension of NaH (60 % in mineral oil, 208 

mg, 5.2 mmol, 2.0 eq.) in dimethoxyethane (DME, 10 mL). The reaction 

mixture was left stirring at rt for 30 minutes before addition of 2,3-dichloroquinoxaline 

(26) (500 mg, 2.5 mmol, 1 eq.) The reaction mixture was stirred at rt for 2 hr before 

addition of a further 20 mL DME increasing to reflux (80 oC) for 1h. Monitoring by TLC 

confirmed reaction completion (1:5 EtOAc:cyclohexane). The solvent was removed 

under reduced pressure before the crude material was treated with cold aqueous 2M 
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HCl (100 mL) to give a yellow solid that was filtered under vacuum and washed with 

cold water. The resulting solid was then recrystalised in EtOAc and filtered under 

vacuum to give the title compound as a yellow solid (425 mg, 62 %). Rf= 0.41 (1:5 EtOAc: 

cyclohexane). LC/MS m/z calculated for C13H11ClN3O2 [M+H] +:276.1, found: 276.0, tR 2.8 

min. 1H NMR (400 Hz, CDCl3)- δ 14.50 (s, 1H, quinoxaline-1-NH), 7.80 (d, J= 8.1 Hz, 1H, 

quinoxaline-5-CH), 7.62 (t, J= 7.6 Hz, 1H, quinoxaline-6-CH), 7.46 (t, J= 7.9 Hz, 1H, 

quinoxaline-7-CH), 7.39 (d, J= 7.1 Hz, 1H, quinoxaline-8-CH), 4.38 (q, J= 7.1, 2H, 

CH3CH2O), 1.41 (t, J= 7.1 Hz, 3H, CH3).13C NMR (101 Hz, CDCl3)- δ 171.1 (C=O), 146.4 

(cyanoacetate-2-C), 143.9 (quinoxaline-3-C), 134.5 (quinoxaline-8a-C), 132.5 

(quinoxaline-4a-C), 128.9 (quinoxaline-7-CH), 128.5 (quinoxaline-6-CH), 126.8 

(quinoxaline-5-CH), 116.8 (nitrile-CN), 116.7 (quinoxaline-8-CH), 69.6 (cyanoacetate-2-

C), 62.4 (CH3CH2O), 14.4 (CH3). 

Ethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylate (25b). 2,3-

Dihydrobenzo(1,4)dioxin-6-amine (29) (356 mg, 2.36 mmol, 1.4 

eq.) was reacted with ethyl 2-(3-chloroquinoxalin-2-yl)-2-

cyanoacetate (28) (508 mg, 1.81 mmol, 1.0 eq.) according to 

general procedure in EtOH (20 mL) and THF (7 mL). The reaction was monitored by TLC 

using conditions 1:1 EtOAc: cyclohexane. The crude material was recrystallised in hot 

EtOH to produce the title compound (656 mg, 91 %). Rf= 0.22 (1:1 EtOAc: cyclohexane). 

LC/MS m/z calculated for C21H19N4O4 [M+H] +:391.1, found: 391.1, tR 2.59 min. HRMS 

(TOF ES+) calculated: 391.1401, found: 391.1395. 1H NMR (400 Hz, DMSO-d6)- δ 7.94 

(m, 3H, NH2, pyrroloquinoxaline-5-CH), 7.76 (dd, J= 8.2, 1.5 Hz, 1H, pyrroloquinoxaline-

8-CH), 7.56 (t, J= 7.8 Hz, 1H, pyrroloquinoxaline-6-CH), 7.48 (t, J= 7.6 Hz, 1H, 

pyrroloquinoxaline-7-CH), 7.12 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.02 

(dd, J= 8.6, 2.4 Hz, 1H, benzodioxane-8-CH), 4.36 (m, 6H, benzodioxane-2-CH2, 

benzodioxane-3-CH2, CH3CH2O), 3.33 (s, 3H, CH3). 13C NMR (101 Hz, DMSO-d6)- δ 

165.4 (C=O), 160.6 (pyrroloquinoxaline-8a-C), 144.9 (benzodioxane-8a-C), 144.4 

(benzodioxane-4a-C), 143.7 (pyrroloquinoxaline-9a-C), 141.9 (pyrroloquinoxaline-3a-
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C), 141.1 (pyrroloquinoxaline-4a-C), 137.4 (benzodioxane-6-C), 128.0 

(pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 126.9 (pyrroloquinoxaline-

6-CH), 126.0 (pyrroloquinoxaline-7-CH), 125.3 (pyrroloquinocaline-2-C), 122.4 

(benzodioxane-8-CH), 118.44 (benzodioxane-7-CH), 118.40 (benzodioxane-5-CH), 81.3 

(pyrroloquinoxaline-3-C), 64.7 (benzodioxane-3-CH2), 64.6 (benzodioxane-2-CH2), 59.2 

(CH3CH2O), 15.3 (CH3). 

2-(3-Chloroquinoxalin-2(1H)-ylidene)malononitrile (30). [245] 

Malonitrile (732 mg, 0.011 mol, 1.1 eq.), DMSO (30 mL), Cs2CO3 (5.56 

g, 0.017 mol, 1.7 eq.) and 2,3-dichloroquinoxaline (26) (2.00 g, 0.01 

mol, 1.0 eq.) were reacted according to general procedure 1(a). A colour change from 

colourless to orange was observed. TLC analysis (EtOAc/cyclohexane 2:8) confirmed 

reaction completion through disappearance of 2,3-dichloroquinoaxline (26) (product 

Rf= 0, on baseline). The reaction mixture was diluted with distilled water (300 mL) and 2 

M HCl (10 mL) before the product was back extracted into EtOAc (2 x 200 mL). The 

phases were separated, and the resulting organic phases were combined, dried over 

MgSO4, filtered and concentrated under reduced pressure to yield an orange powder. 

DMSO found to be present and was removed by addition of cold distilled water (30 mL) 

allowing to stir for 5 minutes to form a suspension. The material was filtered and dried 

under vacuum filtration to produce the title compound as an orange solid (2.041 g, 89 

%). LC/MS m/z calculated for C11H6ClN4 [M+H] +:229.0, found: 229.0, tR 2.62 min. 1H 

NMR (400 Hz, DMSO-d6)- δ 7.81 (dd, J= 8.4, 1.3 Hz, 1H, quinoxaline-8-CH), 7.74 (dd, J= 

8.2, 1.4 Hz, 1H, quinoxaline-5-CH),  7.65 (ddd, J= 8.5, 7.2, 1.5 Hz, 1H, quinoxaline-7-

CH), 7.45 (ddd, J= 8.3, 7.1, 1.3 Hz, 1H, quinoxaline-6-CH).13C NMR (101 Hz, DMSO-d6)-

δ 149.0 (quinoxaline-2-C), 142.2 (quinoxaline-3-C), 134.8 (quinoxaline-8a-C), 133.4 

(quinoxaline-4a-Cl), 131.6 (quinoxaline-5-CH), 127.7 (quinoxaline-7-CH), 125.8 

(quinoxaline-6-CH), 119.3 (2x nitrile-CN), 117.9 (quinoxaline-8-CH), 46.9 (malonitrile-1-

C). 
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2 Amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carbonitrile (25d). The title compound was 

obtained by reacting 2-(3-Chloroquinoxalin-2(1H)-

ylidene)malononitrile (30) (3.961 g, 0.0173 mol, 1.0 eq.) with 2,3-

dihydrobenzo(1,4)dioxin-6-amine (29) (3.405 g, 0.0225 mol, 1.3 eq.) 

according to general procedure 2 in EtOH (75 mL) and THF (25 mL). The reaction was 

monitored using TLC conditions 1:1 EtOAc: cyclohexane. The crude material was 

recrystalised using the minimum amount of EtOH before being filtered and dried under 

vacuum filtration. The title compound was isolated as red solid (25d) (5.778 g, 97%), Rf= 

0.22 (1:1 EtOAc: cyclohexane). LC/MS m/z calculated for C19H14N5O2 [M+H] +:344.1, 

found: 344.1, tR 2.68 min. HRMS (TOF ES+) calculated: 344.1142, found: 344.1137.1H 

NMR (400 Hz, DMSO-d6)- δ 8.32 (s, 2H, amine-NH2), 7.93 (dd, J= 8.2, 1.4 Hz, 1H, 

pyrroloquinoxaline-5-CH), 7.78 (dd, J= 8.2, 1.5 Hz, 1H, pyrroloquinoxaline-8-CH),  7.59 

(ddd, J= 8.3, 6.8, 1.5 Hz, 1H, pyrroloquinoxaline-6-CH), 7.50 (ddd, J= 8.3, 6.9, 1.5 Hz, 

1H, pyrroloquinoxaline-7-CH), 7.14-7.06 (m, 2H, benzodioxane-5-CH,  benzodioxane-7-

CH), 7.00 (dd, J= 8.5, 2.4 Hz, 1H, benzodioxane-8-CH), 4.34 (t, J= 3.6 Hz, 4H, 

benzodioxane-2-CH2, benzodioxane-3-CH2).13C NMR (101 Hz, DMSO-d6)-δ 160.6 

(pyrroloquinoxaline- 8a-C), 145.0 (benzodioxane-8a-C), 144.4 (benzodioxane-4a-C), 

144.2 (pyrroloquinoxaline-9a-C), 143.5 (pyrroloquinoxaline-3a-C), 140.9 

(pyrroloquinoxaline-4a-C), 137.7 (benzodioxane-6-C), 128.1 (pyrroloquinoxaline-8-CH), 

127.5 (pyrroloquinoxaline-5-CH), 127.2 (pyrroloquinoxaline-2-C),126.1 

(pyrroloquinoxaline-6-CH), 125.1 (pyrroloquinoxaline-7-CH), 122.5 (benzodioxane-8-

CH), 118.5 (benzodioxane-7-CH), 118.43 (benzodioxane-5-CH), 115.73 (nitrile-CN), 

64.7 (benzodioxane-3-CH2), 60.8 (benzodioxane-2-CH2), 54.9 (pyrroloquinoxaline-3-

CCN) 

2-Amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylic acid (25c). Six batches of 2-amino-1-

(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-

3-carbonitrile (25d) (500 mg, 1.46 mmol, 1.0 eq.) were suspended in 
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1,4-dioxane (6 mL) in a microwave vial before addition of 10 M NaOH (6 mL). The 

reaction mixture was shaken before placing in a microwave for 8 h at 120 oC, with high 

stirring. An LCMS at this timepoint showed approximately 3:1 ratio of product: starting 

material. The batches were combined before being concentrated under reduced 

pressure to remove the 1,4-dioxane. Distilled water (100 mL) was added, and the 

reaction mixture acidified to pH 5 before being back extracted with EtOAc (4 x 100 mL); 

large amounts of orange solid precipitated out of solution and collected by filtration. 

The organic phase was separated, dried over MgSO4, filtered, and concentrated under 

reduced pressure to give a yellow solid. LCMS determined both batches of solid 

contained a mixture of product and starting material. The two were combined before 

being recrystalised in hot ethanol to give an orange solid of the title compound (25c) 

(466 mg, 15 %) over 3 batches, Rf= 0.27 (3:1 EtOAc: cyclohexane). A batch of crude 

material (703 mg) containing a 1:1 ratio of product: starting material by LCMS proved 

difficult to further recrystalize (starting material Rf= 0.6 in 3:1 EtOAc: cyclohexane). 

LC/MS m/z calculated for C19H15N4O4: [M+H] +:362.1, found: 362.1, tR 2.75 min. HRMS 

(TOF ES+) calculated: 362.1244 ,found: 362.1239.1H NMR (400 Hz, DMSO-d6)- δ 8.03 (s, 

1H, carboxylicacid-OH), 7.92 (dd, J= 8.2, 1.4 Hz, 1H, pyrroloquinoxaline-5-CH), 7.81-

7.72 (m, 2H, pyrroloquinoxaline-8-CH, 1x amine-NH), 7.56 (ddd, J= 8.4, 6.9, 1.5 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.46 (ddd, J= 8.3m 6.9, 1.5 Hz, 1H, pyrroloquinoxaline-7-CH), 

7.32 (s, 1H, 1x amine-NH), 7.15-7.07 (m, 2H, 1 x benzodioxane-5-CH, 1 x benzodioxane-

7-CH), 7.01 (dd, J= 8.5, 2.4 Hz, 1H, benzodioxane-8-CH), 4.43 (s, 4H, benzodiocane-2-

CH2, benzodioxane-3- CH2).13C NMR (101 Hz, DMSO-d6)-δ 167.2 (C=O), 159.8 

(pyrroloquinoxaline-8a-C), 144.8 (benzodioxane-4a-C), 144.3 (benzodioxane-8a-C), 

144.2 (pyrroloquinoxaline-9a-C), 142.0 (pyrroloquinoxaline-3a-C), 140.0 

(pyrroloquinoxaline-4a-C), 137.3 (benzodioxane-6-C), 128.1 (pyrroloquinoxaline-8-CH), 

127.3 (pyrroloquinoxaline-5-CH), 127.1 (pyrroloquinoxaline-6-CH), 125.6 

(pyrroloquinoxaline-7-CH), 125.2 (pyrroloquinoxaline-2-C), 122.2 (benzodioxane-8-

CH), 118.4 (benzodioxane-7-CH), 118.2 (benzodioxane-5-CH), 82.9 

(pyrroloquinoxaline-3-C) 64.7 (benzodiocane-3-CH2) , 64.6 (benzodioxane-2-CH2). 
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(Tetrahydrofuran-2-yl)methyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25a).[179] The title compound 

was obtained by reacting 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-

3-carboxylic acid (25c) (111 mg, 0.307 mmol, 1.0 eq.) with tetrahydrofurfuryl alcohol (9 

mL) according to general procedure 3. The reaction was monitored by TLC conditions 

3:1 EtOAc: cyclohexane. Column chromatography was conducted using a 12 g flash 

silica gel 60 column at a flow rate 15 mL/min, using the following gradients: A (50 %)/ B 

(50 %) for 3 column volumes (CV) to A (75 %)/B (25 %) for 8 CVs (A = EtOAc; B = 

cyclohexane). Fractions containing product were combined and concentrated under 

reduced pressure to give 51 mg of yellow solid (NMR determined impurities present). 

Crude material dissolved in minimum amount of methanol before addition of distilled 

water resulting in a white solid precipitating out; this was filtered and dried to yield the 

title compound as a pale-yellow solid (29 mg, 21 %). Rf= 0.33 (3:1 EtOAc: cyclohexane). 

LC/MS m/z calculated for C24H23N4O5: [M+H] +: 447.2, found; 447.2, tR 2.61 min. HRMS 

(TOF ES+) calculated: 447.1663, found: 447.1657.1H NMR (400 Hz, CDCl3)- δ 8.14 (dd, 

J= 8.4, 1.5 Hz, 1H, pyrroloquinoxaline-5-CH), 7.88 (dd, J= 8.3, 1.5 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.58 (ddd, J= 8.4, 6.9, 1.6 Hz, 1H, pyrroloquinoxaline-6-CH), 

7.50 (ddd, J= 8.3, 6.9, 1.5 Hz, 1H, pyrroloquinoxaline-7-CH), 7.10 (d, J= 8.5 Hz, 1H, 

benzodioxane-5-CH), 7.03 (d, J= 2.4 Hz, 1H, benzodioxane-7-CH), 6.97 (dd, J= 8.5, 2.5 

Hz, 1H, benzodioxane-8-CH ), 4.57 (m, 1H, tetrahydrofuran-2-CH ), 4.43-4.31 (m, 6H, 

CO2CH2 benzodioxane-3-CH2, benzodioxane-2-CH2), 4.10-4.01 (m, 1H, 1x 

tetrahydrofuran-5-CH2), 3.86 (dt, J= 8.0, 6.5 Hz, 1H, 1x tetrahydrofuran-5-CH2), 2.19-

2.07 (m, 2H, tetrahydrofuran-4-CH2), 2.02-1.91 (m, 2H, tetrahydrofuran-3-CH2).13C 

NMR (101 Hz, (DMSO-d6)- δ 165.1 (C=O), 160.6 (pyrroloquinoxaline-8a-C), 144.9 

(benzodioxane-4a-C), 144.4 (benzodioxane-8a-C), 143.7 (pyrroloquinoxaline-9a-C), 

142.0 (pyrroloquinoxaline-3a-C), 141.2 (pyrroloquinoxaline-4a-C), 137.4 

(benzodioxane-6-C), 128.0 (pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-

CH), 126.9 (pyrroloquinoxaline-6-CH), 126.0 (pyrroloquinoxaline-7-CH), 125.3 
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(benzodioxane-8-CH), 122.4 (pyrroloquinoxaline-2-C), 118.5 (benzodioxane-7-CH), 

118.4 (benzodioxane-5-CH), 81.2 (pyrroloquinoxaline-3-C), 76.7 (tetrahydrofuran-2-C), 

68.2 (tetrahydrofuran-5-CH2), 65.4 (CO2CH2), 64.7 (benzodioxane-3-CH2), 64.6 

(benzodioxane-2-CH2), 27.9 (tetrahydrofuran-3-CH2), 25.9 (tetrahydrofuran-4-CH2). 

Cyclopentylmethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25e). The title compound was 

obtained by reacting 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-

6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylic acid (25c) (90 

mg, 0.25 mmol, 1.0 eq.) with cyclopentanemethanol (1 mL) according to general 

procedure 3. The reaction was monitored using TLC conditions 0.5 % MeOH in DCM. 

Reverse phase column chromatography was conducted using a C18 110A column at a 

flow rate 15 mL/min, using the following gradients: A (95 %)/ B (5 %) to A (5 %)/B (95 %) 

over 15 CVs (A = H2O containing HCOOH: 0.1 %; B = ACN). Fractions containing 

product were combined and concentrated under reduced pressure to give the title 

compound as a cream solid (8.7 mg, 7 %). Rf= 0.29 (0.5 % MeOH in DCM). LC/MS m/z 

calculated for C25H25N4O4: [M+H] +: 445.2, found: 445.1, tR 2.85 min. HRMS (TOF ES+) 

calculated: 445.1870 , found: 445.1854.1H NMR (400 Hz, DMSO-d6)- δ 7.93-7.84 (m, 

3H, 1 x pyrroloquinoxaline-5-CH, 2 amine-NH2), 7.75 (d, J = 8.2 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.56 (t, J = 6.8 Hz, 1H, pyrroloquinoxaline-6-CH), 7.47 (t, J = 

7.6 Hz, 1H, pyrroloquinoxaline-7-CH), 7.15-7.07 (m, 2H, benzodiocane-5-CH, 

benzodioxane-7-CH), 7.01 (dd, J = 8.2, 2.4 Hz, 1H, benzodioxane-8-CH), 4.35 (s, 4H, 

benzodioxane-3-CH2 benzodioxane-2-CH2), 4.21 (d, J = 6.5 Hz, 2H, CO2CH2), 2.36 

(m,1H, cyclopentane-1-CH), 1.85- 1.66 (m, 4H, cyclopentane-2-CH2, cyclopentane-5-

CH2), 1.61-1.42 (m, 4H, cyclopentane-3-CH2, cyclopentane-4-CH2).  13C NMR (101 Hz, 

DMSO-d6)- δ 165.5 (C=O), 160.5 (pyrroloquinocaline-8a-C), 144.9 (benzodioxane-4a-

C), 144.4 (benzodioxane-8a-C), 143.7 (pyrroloquinoxaline-9a-C), 142.1 

(pyrroloquinoxaline-3a-C), 141.2 (pyrroloquinoxaline-4a-C), 137.4 (benzodioxane-6-C), 

128.1 (pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 126.8 
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(pyrroloquinoxaline-6-CH), 125.9 (pyrroloquinoxaline-7-CH), 125.3 (pyrroloquinoxaline-

2-C), 122.4 (benzodioxane-8-CH), 118.4 (benzodioxane-7-CH), 118.3 (benzodioxane-5-

CH), 81.3 (pyrroloquinoxaline-3-C), 66.7 (CO2CH2), 64.7 (benzodioxane-3-CH2), 64.6 

(benzodiocane-3-CH2), 48.8 (cyclopentane-1-CH), 29.2 (cyclopentane-2-CH2, 

cyclopentane-5-CH2), 25.3 (cyclopentane-3- CH2, cyclopentane-4-CH2). 

2-Methoxyethyl 2-cyanoacetate (32f). 2-Cyanoacetic acid (31) (150 

mg, 1.76 mmol, 1.0 eq.) was reacted with 2-methoxyethan-1-ol 

(0.139 mL, 134 mg, 1.76 mmol, 1.0 eq.), DCC (362 mg, 1.76 mmol, 1.0 eq.), DMAP (22 

mg, 0.18 mmol, 0.1 eq) in 5 mL DCM according to general procedure 4. The reaction 

was monitored using TLC conditions 3:7 EtOAc: cyclohexane. The crude material was 

purified by column chromatography on 12 g silica, 0-20 % EtOAc in cyclohexane 

increased in 5 % increments with 3 CVs solvent each time. Desired fractions were 

combined and concentrated under reduced pressure to yield the title compound as a 

colourless oil (144 mg, 57%). Rf = 0.22 (3:7, EtOAC: Cyclohexane). LC/MS m/z 

calculated for C6H10NO3: [M+H] +: 144.1, found: 143.0, tR 2.74 min. 1H NMR (400 Hz, 

CDCl3)- δ 4.38-4.31 (m, 2H, CO2CH2), 3.61 (t, J= Hz, 2H, CH2OCH3), 3.50 (s, 2H, 

cyanoacetate-2-CH2), 3.37 (s, 3H, CH3).13C NMR (101 Hz, CDCl3)- δ 163.1 (C=O), 112.9 

(nitrile-CN), 69.8 (CH2OCH3), 65.7 (CO2CH2), 59.0 (CH3), 24.7 (cyanoacetate-2-CH2).  

Furan-2-ylmethyl 2-cyanoacetate (32g). 2-Cyanoacetic acid (31) 

(150 mg, 1.76 mmol, 1.0 eq.) was reacted with furan-2-yl methanol 

(0.152 mL, 173 mg, 1.76 mmol, 1.0 eq.), DCC (364 mg, 1.76 mmol, 

1.0 eq.) and DMAP (22 mg, 0.18 mmol, 0.1 eq.) in DCM 5 mL according to general 

procedure 4. The reaction was monitored using TLC conditions 3:7 EtOAc: cyclohexane. 

The crude material was purified by column chromatography on 30 g silica 0-40 % EtOAc 

in Cyclohexane increased in 5 % increments with 3 CVs solvent each time. Desired 

fractions combined and concentrated under reduced pressure to obtain the title 

compound as a yellow oil (191 mg, 66 %). Rf = 0.5 (3:7 EtOAc:Cyclohexane). No LCMS 

data obtained.1H NMR (400 Hz, CDCl3)- δ 7.44 (m, 1H, furan-5-CH), 6.48 (d, J= 3.30 Hz, 

1H, furan-4-CH), 6.39 (m, 1H, furan-3-CH), 5.91 (s, 2H, CO2CH2), 3.48 (s, 2H, 
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cyanoacetate-2-CH2).13C NMR (101 Hz, CDCl3)- δ 162.5 (C=O), 147.7 (furan-2-C), 143.6 

(furan-5-CH), 112.6 (nitrile-CN), 111.7 (furan-4-CH), 110.6 (furan-3-CH), 59.8 (CO2CH2), 

24.5 (cyanoacetate-2-CH2). 

Benzyl 2-cyanoacetate (32h). 2-Cyanoacetic acid (31) (200 mg, 

2.35 mmol, 1 eq.) was reacted with benzyl alcohol (0.243 mL, 

485 mg, 2.35 mmol, 1 eq.), DCC (485 mg, 2.35 mmol, 1 eq.) and 

DMAP (29 mg, 0.34 mmol, 0.1 eq.) in DCM 3 mL according to general procedure 4. The 

reaction was monitored using TLC conditions 1:4 EtAOc: cyclohexane. The resulting 

crude material was purified by column chromatography on 24 g silica 5 CV 10% EtOAc 

in Cyclohexane followed by 10 CVs 20 % EtOAc in Cyclohexane. The desired fractions 

were combined and concentrated under reduced pressure to yield a colourless oil of 

the title compound (264 mg, 64 %). Rf= 0.34 (2:8, EtOAc: cyclohexane). LC/MS m/z 

calculated for C10H10NO2: [M+H] +: 176.1, no ion found but UV peak at tR 2.58 min.1H 

NMR (400 Hz, CDCl3)- δ 7.38 (s, 5H, benzyl-H), 5.23 (s, 2H, CO2CH2), 3.47 (s, 2H, 

cyanoacetate-2-CH2).13C NMR (101 Hz, CDCl3)- δ 162.9 (C=O), 134.4 (benzyl-1-C), 

128.9 (benzyl-3-CH, benzyl-5-CH), 128.8 (benzyl-4-CH), 128.6 (benzyl-2-CH, benzyl-6-

CH), 113.0 (nitrile-CN), 68.5 (CO2CH2), 24.8 (cyanoacetate-2-CH2). 

(Tetrahydrofuran-2-yl)methyl 2-cyanoacetate (32n). 2-

Cyanoacetic acid (32) (153 mg, 1.76 mmol, 1.0 eq.) was reacted 

with tetrahydrofuran-2-yl methanol (0.17 mL, 1.76 mmol, 1.0 eq.), 

DCC (370 mg, 1.76 mmol, 1.0 eq.) and DMAP (22 mg, 0.76 mmol, 0.1 eq.) in DCM 5 mL 

according to general procedure 4. The reaction was monitored by TLC conditions 1:1 

EtOAc: cyclohexane. The crude material was purified by column chromatography on 12 

g silica, 30-70 % EtOAc in cyclohexane over 12CV. The desired fractions were combined 

and concentrated under reduced pressure to yield a colourless oil of the title compound 

(94 mg, 32 %). Rf = 0.29 (50% EtOAc in cyclohexane).1H NMR (400 Hz, CDCl3)- δ 4.27 (q, 

j= 6.6 Hz, 1H, tetrahydrofuran-2-CH), 4.15 (m, 2H, CO2CH2), 3.89 (q, j= 7.4 Hz, 1H, 1x 

tetrahydrofuran-5-CH2), 3.81 (q, j= 6.8 Hz, 1H, 1x tetrahydrofuran-5-CH2), 2.10-1.84 (m, 

3H, tetrahydrofuran-4-CH2, 1x tetrahydrofuran-3-CH2), 1.71-1.57 (m, 1H, 1x  
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tetrahydrofuran-3-CH2).13C NMR (101 Hz, CDCl3)- δ 163.4 (C=O), 113.3 (nitrile-CN), 

76.4 (tetrahydrofuran-2-CH), 69.0 (CO2CH2), 68.7 (tetrahydrofuran—5-CH2), 28.3 

(tetrahydrofuran-3-CH2), 26.1 (tetrahydrofuran-4-CH2), 25.2 (cyanoacetate-2-CH2). 

2-Methoxyethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (33f). 2,3-Dichloroquinoxaline (26) (195 mg, 0.98 

mmol, 1.0 eq.) was reacted with 2-methoxyethyl 2-cyanoacetate 

32a (140 mg, 0.98 mmol, 1.0 eq.) and Cs2CO3 (1.591 g, 4.89 mmol, 

5.0 eq.) in DMF (5 mL) according to general procedure 1(a). The 

reaction was monitored by LCMS. The crude material was dissolved into EtOAc (100 

mL) and washed with 1M HCL (aq) 200 mL, The Aqueous phase was then back 

extracted with EtOAC (100 mL) until the aqueous phase was colourless (yellow organic 

phase). The organic phases were combined, dried over MgSO4, filtered and 

concentrated under reduced pressure. The crude material underwent recrystallization 

in EtOAc being placed in the freezer overnight for crystal formation before being filtered 

to yield the title compound as orange crystals (155 mg, 52 %). LC/MS m/z calculated for 

C14H13ClN3O3: [M+H] +: 306.1, found: 306.0, tR 2.76 min. 1H NMR (400 Hz, CDCl3)- δ 

14.44 (s, 1H, quinoxaline-1-NH), 7.81 (d, J= 8.17 Hz, 1H, quinoxaline-8-CH), 7.63 (t, J= 

7.28 Hz, 1H, quinoxaline-7-CH), 7.47 (t, J= 7.48 Hz, 1H, quinoxaline-6-CH), 7.39 (d, J= 

8.20 Hz, 1H, quinoxaline-5-CH), 4.48 (t, J= 4.17 Hz, 2H, CO2CH2), 3.75 (t, J= 4.03 Hz, 2H, 

CH2OCH3), 3.44 (s, 3H, CH3). 13C NMR (101 Hz, CDCl3)- δ 170.8 (C=O), 146.3 

(quinoxaline-2-C), 143.8 (quinoxaline-3-C), 134.4 (quinoxaline-8a-C), 132.4 

(quinoxaline-4a-C), 128.8 (quinoxaline-5-CH), 128.3 (quinoxaline-6-CH), 126.8 

(quinoxaline-7-CH), 116.6 (nitrile-CN), 116.5 (quinoxaline-5-CH), 70.3 (CH2OCH3), 69.3 

(cyanoacetate-2-C), 64.9 (CO2CH2), 59.4 (CH3). 

Furan-2-ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (33g). 2,3-Dichloroquinoxaline (26) (229 mg, 1.15 

mmol, 1.0 eq.) was reacted with furan-2-ylmethyl 2-cyanoacetate 

(32b) (191 mg, 1.15 mmol, 1.0 eq.), Cs2CO3 (1.881g, 5.75 mmol, 

5.0 eq.) in DMF (5 mL) according to general procedure 1(a). The 
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reaction was monitored by TLC conditions 2:3 EtOAc: cyclohexane. The crude material 

was extracted into EtOAc (150 mL) washing with 2 M HCl (150 mL), all orange colour 

present in the organic phase. The organic phase was separated, dried over MgSO4, 

filtered and concentrated under reduced pressure. The resulting crude material was 

purified by column chromatography on 25 g silica 3 CVs at 20 % EtOAc in cyclohexane 

increased from 20-40 % over 5 CVs, 40 % for 5 CVs, 60 % for 3 CVs, 80 % for 3 CVs and 

finally 100 % for 6 CVs. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compound as a red solid (190 mg, 50 %). Rf= 0.375 

(2:3 EtOAc: cyclohexane). LC/MS m/z calculated for C16H11ClN3O3: [M+H] +: 328.0, 

found: 328.1, tR 2.82 min. 1H NMR (400 Hz, DMSO-d6)- δ 14.04 (s, 1H, quinoxaline-1-

NH), 7.90 (d, J= 8.3 Hz, 1H, quinoxaline-8-CH), 7.83 (d, J= 8.1, 1H, quinoxaline-5-CH), 

7.79-7.68 (m, 2H, quinoxaline-7-CH, furan-5-CH), 7.56 (t, J= 7.7 Hz, 1H, quinoxaline-6-

CH), 6.63 (d, J= 3.3 Hz, 1H, furan-4-CH), 6.51 (m, 1H, furan-3-CH), 5.32 (s, 2H, CO2CH2). 
13C NMR (101 Hz, DMSO-d6)- δ 169.6 (C=O), 149.5 (quinoxaline-2-C, furan-2-C), 144.5 

(quinoxaline-3-C, furan-5-CH), 134.6 (quinoxaline-8a-C), 132.9 (quinoxaline-4a-C), 

128.3 (quinoxaline-5-CH, quinoxaline-6-CH), 127.4 (quinoxaline-7-CH), 118.5 

(quinoxaline-8-CH), 111.8 (nitrile-CN), 111.3 (furan-3CH, fuan-4-CH), 58.9 (CO2CH2). 

Benzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (33h). 2,3-Dichloroquinoxaline (26) (298 mg, 1.5 

mmol, 1.0 eq.) was reacted with benzyl 2-cyanoacetate (32c) 

(264 mg, 1.5 mmol, 1.0 eq.), CS2CO3 (2.44 g, 7.5 mmol, 5.0 eq.) 

in 10 mL DMF in accordance with general procedure 1(b), a 

colour change to red was observed. The reaction was monitored by TLC conditions 1:4 

EtOAc: cyclohexane. The crude material was extracted into EtOAc (100 mL) and 

washed with 2 M HCl (100 mL) and distilled water (100 mL), the red colouring remained 

in the organic phase. The phases were separated and the organic dried over MgSO4 

before filtering and concentrating under reduced pressure. The crude material 

underwent column chromatography on 40 g silica at 20 % EtOAc in cyclohexane over 10 

CVs. The resulting fractions were combined and concentrated under reduced pressure 
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to yield the title compound as sparkly yellow crystals (433 mg, 85 %). Rf= 0.38 (1:4 

EtOAc: cyclohexane). LC/MS m/z calculated for C18H13ClN3O: [M+H] +: 338.1, found: 

338.0, tR 3.05 min. 1H NMR (400 Hz, CDCl3)- δ 7.80 (d, J= 8.2 Hz, 1H, quinoxaline-8-CH), 

7.70 (t, J= 7.8 Hz, 1H, quinoxaline-7-CH), 7.63 (d, j= 8.4 Hz, 1H, quinoxaline-5-CH), 7.53 

(t, j= 8.1 Hz, 1H, quinoxaline-6-CH), 7.47 (d, j= 7.5 Hz, 2H, benzyl-2-CH, benzyl-6-CH) , 

7.38 (t, j= 7.6 Hz, 2H, benzyl-3-CH, benzyl-5-CH), 7.33 (m, 1H, benzyl-4-CH), 5.36 (s, 

2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 153.8 (C=O), 147.1 (quinoxaline-2-C), 142.7 

(quinoxaline-3-C), 135.4 (benzyl-1-C), 134.4 (quinoxaline-8a-C), 132.4 (quinoxaline-4a- 

C), 128.8 (quinoxaline-5-CH), 128.7 (benzyl-4-CH), 128.6 (benzyl-3-CH, benzyl-5-CH), 

128.4 (quinoxaline-6-CH), 127.7 (benzyl-2-CH, benzyl-3-CH), 126.8 (quinoxaline-7-CH), 

116.5 (nitrile-CN, quinoxaline-8-CH), 77.4 (cyanoacetate-2-C), 67.3 (CO2CH2). 

Methyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-cyanoacetate 

(33i). 2,3-Dichloroquinoxaline (26) (100 mg, 0.5 mmol, 1.0 eq.), was 

reacted with methyl cyanoacetate (32i) (66.8 µL, 75 mg, 0. 76 mmol, 

1.5 eq.), Cs2CO3 (821 mg, 2.5 mmol, 5.0 eq.) in DMF (5 mL) according to general 

procedure 1(b). The reaction was monitored by TLC conditions 1:5 EtOAc: cyclohexane. 

The crude material was extracted into EtOAc (100 mL) and washed with 2 M HCl (50 mL) 

and distilled water (150 mL). The aqueous phase was back extracted with an additional 

100 mL EtOAc before the phases were separated and the organic combined, dried over 

MgSO4, filtered and concentrated under reduced pressure. A 12 g silica column 

chromatography was conducted 20 %-30 % EtOAc in cyclohexane over 10 CVs, 

increased from 30-50 % over 9 CVs, then 50 -100 % over an additional 9 CVs. The 

desired fractions were combined and concentrated under reduced pressure to give the 

title compound as a yellow solid (119 mg, 91 %). Rf= 0.22 (1:5 EtOAc: cyclohexane). 

LC/MS m/z calculated for C18H13ClN3O2: [M+H] +: 262.0, found: 262.1, tR 2.73 min. 1H 

NMR (400 Hz, CDCl3)- δ 14.45 (s, 1H, quinoxaline-1-NH), 7.82 (d, J= 8.17 Hz, 1H, 

quinoxaline-8-CH), 7.63 (t, J= 7.74 Hz, 1H, quinoxaline-6-CH), 7.47 (t, J= 8.26, 1H, 

quinoxaline-7-CH), 7.40 (d, J= 8.93 Hz, 1H, quinoxaline-5-CH), 3.93 (s, 3H, CH3). 13C 

NMR (101 Hz, CDCl3)- δ 169.5 (C=O), 145.9 (quinoxaline-2-C), 142.7 (quinoxaline-3-C), 
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133.6 (quinoxaline-8a-C), 131.9 (quinoxaline-4a-C), 128.1 (quinoxaline-5-CH), 127.4 

(quinoxaline-7-CH), 126.4 (quinoxaline-6-CH), 117.42 (nitrile-CN), 116.6 (quinoxaline-

8-CH), 66.8 (cyanoacetate-2-C), 52.1 (CH3). 

(Tetrahydrofuran-2-yl)methyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (33n). 2,3-Dichloroquinoxaline (26) (103 

mg, 0.52 mmol, 1.0 eq.) was reacted with tetrahydrofuran-2-

yl)methyl 2-cyanoacetate (32n) (88 mg, 0.52 mmol, 1.0 eq.), 

CS2CO3 (876m g, 2.69 mmol, 5.2 eq.) in 6 mL DMF in accordance 

with general procedure 1(a). The reaction was monitored using TLC conditions 1:1 

EtOAc: cyclohexane. The DMF was removed under high vacuum before the crude 

material was extracted into EtOAc (200 mL) washing with distilled water (200 mL), 2 M 

HCl (50 mL) and brine (20 mL). The phases were separated, dried over MgSO4, filtered 

and concentrated under reduced pressure. The crude material was purified by column 

chromatography on 12g silica column 30-70 % EtOAc in cyclohexane over 12 CV. The 

desired fractions were combined and concentrated under reduced pressure to yield the 

title compound as a yellow solid (109 mg, 63 %). Rf= 0.26 (1:1 EtOAc: cyclohexane). 

LC/MS m/z calculated for C16H15ClN3O3: [M+H] +: 332.1, found: 332.1, tR 2.97 min. 1H 

NMR (400 Hz, CDCl3)- δ 14.43 (broad s, 1H, quinoxaline-1-NH), 7.81 (d, j= 8.1 Hz, 1H, 

quinoxaline-8-CH), 7.62 (t, j= 7.7 Hz, 1H, quinoxaline-7-CH), 7.47 (t, j= 7.7 Hz, 1H, 

quinoxaline-6-CH), 7.39 (d, j= 8.2 Hz, 1H, quinoxaline-5-CH), 4.40 (dd, j= 11.2, 4.0 Hz, 

1H, tetrahydrofuran-2-CH), 4.35-4.21 (m, 2H, CO2CH2), 3.96 (q, j= 6.3 Hz, 1H, 1x 

tetrahydrofuran-5-CH2), 3.81 (q, j= 7.1 Hz, 1H, 1x tetrahydrofuran-5-CH2) 2.13-1.81 (m, 

4H, tetrahydrofuran-4-CH2, tetrahydrofuran-3-CH2). 13C NMR (101 Hz, CDCl3)- δ 170.9 

(C=O), 146.3 (quinoxaline-2-C), 143.9 (quinoxaline-3-C), 134.6 (quinoxaline-8a-C), 

132.5 (quinoxaline-4a-C), 128.9 (quinoxaline-5-CH), 128.4 (quinoxaline-7-CH), 126.9 

(quinoxaline-6-CH), 116.7 (nitrile-CN), 116.5 (quinoxaline-8-CH), 76.4 (tetrahydrofuran-

2-CH), 69.5 (cyanoacetate-2-CH2), 69.0 (CO2CH2), 67.5 (tetrahydrofuran-5-CH2), 28.1 

(tetrahydrofuran-3-CH2), 26.0 (tetrahydrofuran-4-CH2).  
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2-Methoxyethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25f). 2,3-

Dihydrobenzo(1,4)dioxane-6-amine (29) (100 mg, 0.65 

mmol, 1.3 eq.) was reacted with 2-methoxyethyl 2-(3-

chloroquinoxalin-2-yl)-2-cyanoacetate (33a) (155 mg, 0.5 mmol, 1.0 eq.) in accordance 

with general procedure 2 in EtOH (7.5 mL) and THF (2.5 mL). The reaction was 

monitored by TLC conditions 1% MeOH in DCM. The resulting crude material was first 

placed on a 25 g silica column chromatography 0-5 % MeOH in DCM over 13 CVs 

followed by 5-10 % MeOH over 5 CVs. The resulting desired fractions were combined 

and concentrated under reduced pressure- NMR determined impurities still present. 

The crude material was further purified by reverse phase column chromatography using 

a C18 110A column at a flow rate 15 mL/min, using the following gradients: A (95 %)/ B 

(5 %) to A (5 %)/B (95 %) over 15 CVs (A = H2O containing HCOOH: 0.1 %; B = ACN). The 

desired fractions were combined and concentrated under reduced pressure to yield the 

title compound as a cream solid (25 mg, 12 %). Rf= 0.15 (1 % MeOH in DCM). LC/MS m/z 

calculated for C22H20N4O5: [M+H] +: 421.1, found: 421.1, tR 3.83 min (long run). HRMS 

(TOF ES+) calculated: 421.1506 , found: 421.1504 1H NMR (400 Hz, DMSO-d6)- δ 7.90 

(m, 3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.75 (d, J= 8.25 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.56 (t, J= 6.85 Hz, 1H, pyrroloquinoxaline-6-CH), 7.47 (t, J= 

7.45, 1H, pyrroloquinoxaline-7-CH), 7.12 (m, 2H, enzodioxane-5-CH, benzodioxane-7-

CH), 7.01 (dd, J= 8.53 Hz, 2.40 Hz, 1H, benzodioxane-8-CH), 4.42 (t, J= 4.72, 2H, 

CO2CH2), 4.35 (m, 4H, benzodioxane-2-CH2 benzodioxane-3-CH2), 3.70 (t, J= 3.97 Hz, 

2H, CH2OCH3), 3.40 (s, 3H, CH3). 13C NMR (101 Hz, DMSO-d6)- δ 164.4 (C=O), 160.1 

(pyrroloquinoxaline-8a-C), 144.4 (benzodioxane-4a-C), 143.9 (benzodioxane-8a-C), 

143.3 (pyrroloquinoxaline-9a-C), 141.6 (pyrroloquinoxaline-3a-C), 140.6 

(pyrroloquinoxaline-4a-C), 136.9 (benzodioxane-6-C), 127.6 (pyrroloquinoxaline-5-CH), 

127.4 (pyrroloquinoxaline-8-CH), 126.4 (pyrroloquinoxaline-6-CH), 125.5 

(pyrroloquinoxaline-7-CH), 124.8 (pyrroloquinoxaline-2-C), 121.9 (benzodioxane-8-

CH), 118.46 (benzodioxane-7-CH), 118.41 (benzodioxane-5-CH), 80.7 
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(pyrroloquinoxaline-3-C), 70.3 (CO2CH2), 64.2 (benzodioxane-3-CH2), 64.1 

(benzodioxane-2-CH2), 62.1 (CH2OCH3), 58.4 (CH3). 

Furan-2-ylmethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25g). 2,3-

Dihydrobenzo(1,4)dioxin-6-amine (29) (114 mg, 0.76 mmol, 1.3 

eq.) was reacted with furan-2-ylmethyl 2-(3-chloroquinoxalin-

2-yl)-2-cyanoacetate (33b) (190 mg, 0.58 mmol, 1 eq.) according to general procedure 2 

in EtOH (7.5 mL) and THF (2.5 mL). The reaction was monitored by TLC conditions 1:1 

EtOAc: cyclohexane. A white solid precipitated out in the reaction mixture which was 

filtered under vacuum washing with cold MeOH to give a brown solid- NMR identified 

impurities present. The crude material was purified by reverse phase chromatography 

conducted using a C18 110A column at a flow rate 15 mL/min, using the following 

gradients: A (95 %)/ B (5 %) to A (5 %)/B (95 %) over 15 column volumes (A = H2O 

containing HCOOH: 0.1 %; B = ACN). The desired fractions were combined and 

concentrated under reduced pressure to yield the title compound as a cream solid (82 

mg, 32 %). Rf= 0.25 (1:1 EtOAc: cyclohexane). LC/MS m/z calculated for C24H19N4O5: 

[M+H] +: 443.1, found: 443.1, tR 2.55 min. HRMS (TOF ES+) calculated: 443.1350, found: 

443.1346. 1H NMR (400 Hz, DMSO-d6)- δ 7.93 (m, 3H, amine-NH2, pyrroloquinoxaline-

5-CH), 7.74 (d, J= 8.14 Hz, 1H, pyrroloquinoxaline-8-CH), 7.69 (m, 1H, furan-5-CH), 7.55 

(t, J= 7.45 Hz, 1H, pyrroloquinoxaline-6-CH), 7.47 (t, J= 7.98 Hz, 1H, pyrroloquinoxaline-

7-CH), 7.10 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.00 (m, 1H, 

benzodioxane-8-CH), 6.60 (d, J= 3.31 Hz, 1H, furan-3-CH), 6.50 (m, 1H, furan-4-CH), 

5.36 (s, 2H, CO2CH2), 4.11 (m, 4H, benzodioxane-3-CH2, benzodioxane-2-CH2). 13C 

NMR (101 Hz, DMSO-d6)- δ 164.1 (C=O), 160.1 (pyrroloquinoxaline-8a-C), 150.4 (furan-

2-C), 144.2 (benzodioxane-8a-C), 143.7 (benzodioxane-4a-C), 143.1 (furan-5-CH), 

143.0 (pyrroloquinoxaline-9a-C), 141.2 (pyrroloquinoxaline-3a-C), 140.4 

(pyrroloquinoxaline-4a-C), 136.7 (benzodioxane-6-C), 127.4 (pyrroloquinoxaline-5-CH), 

127.2 (pyrroloquinoxaline-8-CH), 126.2 (pyrroloquinoxaline-6-CH), 125.4 
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(pyrroloquinoxaline-7-CH), 124.5 (pyrroloquinoxaline-2-C), 121.7 (benzodioxane-8-

CH), 117.8 (benzodioxane-7-CH), 117.7 (benzodioxane-5-CH), 110.5 (furan-3-CH), 

110.1 (furan-4-CH), 80.1 (pyrroloquinoxaline-3-C), 64.0 (benzodioxane-3-CH2), 63.9 

(benzodioxane-2-CH2), 56.0 (CO2CH2). 

Benzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylate (25h). 2,3-

Dihydrobenzo(1,4)dioxin-6-amine (29) (252 mg, 1.67 mmol, 

1.3 eq.) was reacted with benzyl 2-(3-chloroquinoxalin-2-yl)-2-

cyanoacetate (33c) (433 mg, 1.28 mmol, 1.0 eq.) in 

accordance with general procedure 2 in EtOH (15 mL) and THF (5 mL). The reaction was 

monitored by LCMS. White precipitate was formed in the reaction mixture which was 

filtered under vacuum and washed with cold MeOH, drying under vacuum overnight. A 

fluffy pale-yellow solid of the title compound (269 mg, 46 %) was obtained. LC/MS m/z 

calculated for C26H21N4O4: [M+H] +: 453.2, found: 453.1, tR 2.71 min. HRMS (TOF ES+) 

calculated: 453.1557, found: 453.1554. 1H NMR (400 Hz, DMSO-d6)- δ 7.95 (m, 3H, 

NH2, pyrroloquinoxaline-5-CH), 7.76 (d, J= 7.36 Hz, 1H, pyrroloquinoxaline-8-CH), 7.62 

(d, J= 7.13 Hz, 2H, benzyl-2-CH, benzyl-6-CH), 7.57 (t, J= 7.73 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.48 (t, J= 8.27 Hz, 1H, pyrroloquinoxaline-7-CH), 7.42 (t, J= 

7.61 Hz, 2H, benzyl-3-CH, benzyl-5-CH), 7.32 (t, J= 7.39 Hz, 1H, benzyl-4-CH), 7.12 (m, 

2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.02 (d, J= 8.6, 1H, benzodioxane-8-

CH), 5.43 (s, 2H, CO2CH2), 4.35 (m, 4H, benzodioxane-2-CH2 , benzodioxane-3-CH2). 
13C NMR (101 Hz, DMSO-d6)- δ 164.6 (C=O), 160.3 (pyrroloquinoxaline-8a-C), 144.5 

(benzodioxane-8a-C), 143.9 (benzodioxane-4a-C), 143.4 (pyrroloquinoxaline-9a-C), 

141.6 (pyrroloquinoxaline-3a-C), 140.7 (pyrroloquinoxaline-4a-C), 137.6 

(benzodioxane-6-C), 136.9 (benzyl-1-C), 128.3 (benzyl-2-CH, benzyl-6-CH), 127.7 

(pyrroloquinoxaline-5-CH) , 127.48 (benzyl-4-CH) , 127.45 (pyrroloquinoxaline-8-CH) , 

127.2 (benzyl-3-CH, benzyl-5-CH), 126.5 (pyrroloquinoxaline-6-CH) , 125.6 

(pyrroloquinoxaline-7-CH), 124.8 (pyrroloquinoxaline-2-C), 121.9 (benzodioxane-8-

CH), 118.0 (benzodioxane-7-CH), 117.9 (benzodioxane-5-CH), 80.7 
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(pyrroloquinoxaline-3-C), 64.2 (benzodioxane-3-CH2), 64.1 (benzodioxane-2-CH2), 63.9 

(CO2CH2). 

Methyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylate (25i). 2,3-

Dichlorobenzo(1,4)dioxin-6-amine (29) (90 mg, 0.59 mmol, 1.3 

eq.) was reacted with methyl 2-(3-chloroquinoxalin-2-yl)-2-

cyanoacetate (33d) (119 mg, 0.45 mmol, 1.0 eq.) in accordance 

with general procedure 2 in EtOH (13.5 mL) and THF (4.5 mL). The reaction was 

monitored by TLC conditions 0.5 % MeOH in DCM. To the crude material was added 5 

mL MeOH which was sonicated and formed a cream precipitate which was filtered 

under vacuum and washed with cold MeOH (5 mL). A cream solid of the title compound 

(102 mg, 60%) was yielded. Rf= 0.3 (0.5 % MeOH in DCM). LC/MS m/z calculated for 

C20H16N4O4: [M+H] +: 377.1, found: 377.1, tR 3.54 (long run). HRMS (TOF ES+) calculated: 

377.1244, found: 377.1241. 1H NMR (400 Hz, DMSO-d6)- δ 7.94 (m, 3H, amine-NH2, 

pyrroloquinoxaline-5-CH), 7.75 (d, J= 8.16 Hz, 1H, pyrroloquinoxaline-8-CH), 7.56 (t, J= 

7.52 Hz, 1H, pyrroloquinoxaline-6-CH), 7.47 (t, J= 7.89 Hz, 1H, pyrroloquinoxaline-7-

CH), 7.11 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.01 (dd, J= 8.54, 2.39 Hz, 

1H, benzodioxane-8-CH), 4.35 (m, 4H, benzodioxane-3-CH2 ,benzodioxane-2-CH2), 

3.84 (s, 3H, CH3). 13C NMR (101 Hz, DMSO-d6)- δ 165.3 (C=O), 160.2 

(pyrroloquinoxaline-8a-C), 144.4 (benzodioxane-8a-C), 143.9 (benzodioxane-4-C), 

143.3 (pyrroloquinoxaline-9a-C), 141.4 (pyrroloquinoxaline-3a-C), 140.6 

(pyrroloquinoxaline-4a-C), 136.9 (benzodioxane-6-C), 127.5 (pyrroloquinoxaline-5-CH), 

127.4 (pyrroloquinoxaline-8-CH), 126.4 (pyrroloquinoxaline-6-CH), 125.5 

(pyrroloquinoxaline-7-CH), 124.8 (pyrroloquinoxaline-2-C), 121.9 (benzodioxane-8-

CH), 118.0 (benzodioxane-7-CH), 117.9 (benzodioxane-5-CH), 80.7 

(pyrroloquinoxaline-3-C), 64.2 (benzodioxane-3-CH2), 64.1 (benzodioxane-2-CH2), 50.5 

(CH3). 
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Ethyl 2-amino-1-(3,5-dimethoxyphenyl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25j). 3,5-Dimethoxyaniline (72 mg, 

0.47 mmol, 1.3 eq.) was reacted with ethyl 2-(3-chloroquinoxalin-

2-yl)-2-cyanoacetate (28) (100 mg, 0.3 mmol, 1.0 eq.) in 

accordance with general procedure 2 in EtOH (7.5 mL) and THF 

(2.5 mL). The reaction was monitored by TLC conditions 3:7 EtOAc: 

cyclohexane. The crude material was first purified on a 12 g silica column 0-5 % MeOH 

in DCM increasing in 1% increments for 4 CV each. Fractions combined and 

concentrated under reduced pressure, amine starting material was still present by 

NMR. The crude material was split onto two thin layer chromatography plates (silica gel, 

20x20 cm, 2000 micron, Miles Scientific) and ran 3 times at 40 % EtOAc in cyclohexane, 

leaving the plate to dry between each run. The baseline band (5) silica was scraped and 

extracted using EtOAc before being filtered and concentrated under reduced pressure 

to give a pale-yellow solid of the title compound (47 mg, 33 %). Rf= 0.2 (3:7 

EtOAc:cyclohexane). LC/MS m/z calculated for C21H21N4O4: [M+H] +: 393.2, found: 

393.1, tR 4.18 min (long run). HRMS (TOF ES+) calculated: 393.1557, found: 393.1550. 1H 

NMR (400 Hz, DMSO-d6)- δ 7.95 (m, 3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.77 (d, 

J= 8.19, 1H, pyrroloquinoxaline-8-CH), 7.56 (t, J= 7.19 Hz, 1H, pyrroloquinoxaline-6-

CH), 7.48 (t, J= 8.10, 1H, pyrroloquinoxaline-7-CH), 6.75 (m, 3H, phenyl-2-CH, phenyl-

6-CH, phenyl-4-CH), 4.37 (q, J= 7.05, 2H, CO2CH2), 3.81 (s, 6H, 3-OCH3, 5-OCH3 ), 1.36 

(t, J= 7.02, 3H, CH3).  13C NMR (101 Hz, DMSO-d6)- δ 164.9 (C=O), 161.1 

(pyrroloquinoxaline-8a-C), 159.8 (phenyl-3-C, phenyl-5-C), 142.9 (pyrroloquinoxaline-

9a-C), 141.5 (pyrroloquinoxaline-3a-C), 140.6 (pyrroloquinoxaline-4a-C), 136.9 (phenyl-

1-C), 133.7 (pyrroloquinoxaline-2-C), 127.6 (pyrroloquinoxaline-5-CH), 127.5 

(pyrroloquinoxaline-8-CH), 126.5 (pyrroloquinoxaline-6-CH), 125.5 (pyrroloquinoxaline-

7-CH), 107.1 (phenyl-2CH, phenyl-6-CH), 101.5 (phenyl-4-CH), 81.0 

(pyrroloquinoxaline-3-C), 58.8 (CO2CH2), 55.6 (3-OCH3, 5-OCH3) , 14.8 (CH3).  
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Ethyl 2-amino-1-(2,5-dimethoxyphenyl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25k). 2,5-Dimethoxyaniline (72 mg, 

0.47 mmol, 1.3 eq.) was reacted with ethyl 2-(3-chloroquinoxalin-

2-yl)-2-cyanoacetate (28) (100 mg, 0.3 mmol, 1.0 eq.) according to 

general procedure 2 in EtOH (7.5 mL) and THF (2.5 mL). The 

reaction was monitored using TLC conditions 1:1 EtOAc: cyclohexane. The crude 

material was purified on thin layer chromatography plates (silica gel, 20x20 cm, 2000 

micron, Miles Scientific) and ran twice at 50 % EtOAc in cyclohexane, leaving the plate 

to dry between each run. The baseline band was scraped, and material extracted into 

EtOAc before filtering and concentrating under reduced pressure. This material then 

underwent MeOH recrystallization to produce a dark yellow solid of the title compound 

(50.5 mg, 35 %). RF= 0.19 (1:1 EtOAc: cyclohexane). LC/MS m/z calculated for 

C21H21N4O4: [M+H] +: 393.2, found: 393.1, tR 3.89 min (long run). HRMS (TOF ES+) 

calculated: 393.1557, found: 393.1555.1H NMR (400 Hz, DMSO-d6)- δ 7.93 (m, 3H, 

amine-NH2, pyrroloquinoxaline-5-CH), 7.74 (d, J= 7.97, 1H, pyrroloquinoxaline-8-CH), 

7.55 (t, J= 7.29 Hz, 1H, pyrroloquinoxaline-6-CH), 7.46 (t, J= 7.85, 1H, 

pyrroloquinoxaline-7-CH), 7.25 (d, J= 8.80 Hz, 1H, phenyl-3-CH), 7.18 (m, 2H, phenyl-4-

CH, phenyl-6-CH), 4.36 (q, J= 7.03 Hz, 2H, CO2CH2), 3.77 (s, 3H, 2-OCH3), 3.66 (s, 3H, 

5-OCH3), 1.36 (t, J= 7.02 Hz, 3H, CH3). 13C NMR (101 Hz,(DMSO-d6)- δ 164.9 (C=O), 

160.2 (pyrroloquinoxaline-8a-C), 153.4 (phenyl-5-C), 150.2 (phenyl-2-C), 143.1 

(pyrroloquinoxaline-9a-C), 141.6 (pyrroloquinoxaline-3a-C), 140.6 (pyrroloquinoxaline-

4a-C), 136.9 (phenyl-1-C), 127.6 (pyrroloquinoxaline-5-CH), 127.4 (pyrroloquinoxaline-

8-CH), 126.4 (pyrroloquinoxaline-6-CH), 125.5 (pyrroloquinoxaline-7-CH), 120.6 

(pyrroloquinoxaline-2-C), 116.7 (phenyl-6-CH),  116.5 (phenyl-4-CH),  114.0 (phenyl-3-

CH), 80.9 (pyrroloquinoxaline-3-C), 58.8 (CO2CH2), 56.2 (5-OCH3), 55.7 (2-OCH3), 14.9 

(CH3).  
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Ethyl 2-amino-1-(3,4,5-trimethoxyphenyl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25l).  3,4,4-Trimethoxyaniline (86 

mg, 0.47 mmol, 1.3 eq.) was reacted with ethyl 2-(3-

chloroquinoxalin-2-yl)-2-cyanoacetate (28) (100 mg, 0.3 mmol, 1.0 

eq.) in accordance with general procedure 2 in EtOH (7.5 mL) and 

THF (2.5 mL). The reaction was monitored by LCMS. A cream solid 

precipitated upon cooling of the reaction mixture, this was filtered under vacuum 

washing with cold 3:1 EtOH:THF mixture to yield a pale-yellow solid of the title 

compound (110 mg, 72 %). LC/MS m/z calculated for C22H23N4O5: [M+H] +: 423.2, found: 

423.2, tR 3.92 min (long run). HRMS (TOF ES+) calculated: 423.1663, found: 423.1661. 1H 

NMR (400 Hz, DMSO-d6)- δ 8.55 (s, 2H, amine-NH2), 8.16 (d, J= 8.31 Hz, 1H, 

pyrroloquinoxaline-5-CH), 7.88 (d, J= 8.17 Hz, 1H, pyrroloquinoxaline-8-CH), 7.67 (t, J= 

7.66 Hz, 1H, pyrroloquinoxaline-6-CH), 7.57 (t, J= 7.61 Hz, 1H, pyrroloquinoxaline-7-

CH), 6.94 (s, 2H, phenyl-2-CH, phenyl-6-CH), 4.44 (q, J= 7.03, 2H, CO2CH2), 3.8 (s, 9H, 

3-OCH3, 4-OCH3, -5-OCH3 ), 1.38 (t, J= 7.01 Hz, 3H, CH3). 13C NMR (101 Hz, DMSO-d6)- 

δ 163.2 (C=O), 160.7 (pyrroloquinoxaline-8a-C), 153.7 (phenyl-3-C, phenyl-5-C), 146.1 

(pyrroloquinoxaline-9a-C, pyrroloquinoxaline-3a-C), 138.5 (phenyl-4-C, 

pyrroloquinoxaline-4a-C), 135.0 (phenyl-1-C), 128.3 (pyrroloquinoxaline-6-CH), 127.0 

(pyrroloquinoxaline-8-CH), 126.5 (pyrroloquinoxaline-7-CH), 122.4 (pyrroloquinoxaline-

5-C, pyrroloquinoxaline-2-C), 106.8 (phenyl-2-CH, phenyl-6-CH), 82.5 

(pyrroloquinoxaline-3-C), 60.6 (4-OCH3), 59.8 (CO2CH2), 56.2 (3-OCH3, 5-OCH3), 14.8 

(CH3). 

Ethyl 2-amino-1-(3,4-dimethoxyphenyl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (25m). 3,4-Dimethoxyaniline (72 

mg, 0.47 mmol, 1.3 eq.) is reacted with ethyl 2-(3-

chloroquinoxalin-2-yl)-2-cyanoacetate (28) (100 mg, 0.3 mmol, 1.0 

eq.) in accordance with general procedure 2 in EtOH (7.5 mL) and 

THF (2.5 mL). The reaction was monitored by LCMS. Upon cooling 

the reaction mixture contained a white solid suspension crashed out which was filtered 
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under vacuum washing with a cold 3:1 EtOH:THF mixture to yield a white solid of the 

title compound (36 mg, 25 %). LC/MS m/z calculated for C21H21N4O4: [M+H] +: 393.2, 

found: 393.1, tR 3.63 min (long run). HRMS (TOF ES+) calculated: 393.1557, found: 

393.1551. 1H NMR (400 Hz, DMSO-d6)- δ 7.93 (m, 3H, amine-NH2, pyrroloquinoxaline-

5-CH), 7.74 (d, J= 8.20, 1H, pyrroloquinoxaline-8-CH), 7.56 (t, J= 7.02 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.47 (t, J= 7.72 Hz, 1H, pyrroloquinoxaline-7-CH), 7.19 (m, 

2H, phenyl-5-CH, phenyl-2-CH), 7.10 (d, J= 8.3 Hz, 1H, phenyl-6-CH), 4.37 (q, J= 7.04 

Hz, 2H, CO2CH2), 3.88 (s, 3H, 3-OCH3), 3.78 (s, 3H, 4-OCH3), 1.36 (t, J= 7.00 Hz, 3H, 

CH3). 13C NMR (101 Hz, DMSO-d6)- δ 164.9 (C=O), 160.2 (pyrroloquinoxaline-8a-C), 

149.6 (phenyl-3-C), 149.4 (phenyl-4-C), 143.3 (pyrroloquinoxaline-9a-C), 141.5 

(pyrroloquinoxaline-3a-C), 140.6 (pyrroloquinoxaline-4a-C), 136.9 (phenyl-1-C), 127.6 

(pyrroloquinoxaline-5-CH), 127.5 (pyrroloquinoxaline-8-CH), 126.4 (pyrroloquinoxaline-

6-CH), 125.5 (pyrroloquinoxaline-7-CH), 124.4 (pyrroloquinoxaline-2-C), 121.4 (phenyl-

6-CH), 112.5 (phenyl-5-CH), 112.2 (phenyl-2-CH), 80.3 (pyrroloquinoxaline-3-C), 58.8 

(CO2CH2), 55.7 (3-OCH3, 4-OCH3), 14.9 (CH3). 

Tetrahydrofuran-2-yl)methyl 2-amino-1-(benzo[d][1,3]dioxol-5-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (25n). 3,4-

(Methylenedioxy)aniline (61 mg, 0.44 mmol, 1.3 eq.) was reacted 

with (tetrahydrofuran-2-yl)methyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (33n) (109 mg, 0.33 mmol, 1.0 eq.) in 9 

mL EtOH and 3 mL THF in accordance with general procedure 2. 

The reaction was monitored by TLC conditions 3:7 EtOAc: 

cyclohexane. The solvent was removed under reduced pressure before the crude 

material was purified on a 12 g silica column 20-100 % EtOAc in cyclohexane over 10 

CV. Fractions were combined and concentrated under reduced pressure to produce 

impure material as a pale pink solid. This was further purified by reverse phase column 

chromatography on 12 g C18 column 5-95 % Acetonitrile in water over 12 CV. The 

desired fractions were combined and concentrated under reduced pressure to yield a 

white solid of the title compound (22 mg, 15 %). Rf= 0.37 (3:7 EtOAc: cyclohexane). 
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LC/MS m/z calculated for C23H21N4O5: [M+H] +: 433.1, found: 433.0, tR 4.48 min. HRMS 

(TOF ES+) calculated: 433.1506, found: 433.1501.1H NMR (400 Hz, CDCl3)- δ 7.90 (m, 

3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.76 (d, j= 7.9 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.56 (t, j= 7.1 Hz, 1H, pyrroloquinoxaline-6-CH), 7.48 (t, j= 7.7 Hz, 1H, 

pyrroloquinoxaline-7-CH), 7.19 (s, 1H, benzodioxane-4-CH), 7.15 (d, j= 8.1 Hz, 1H, 

benzodioxane-6-CH), 7.04 (d, j= 8.3 Hz, 1H, benzodioxane-7-CH), 6.19 (s, 2H, 

benzodioxane-2-CH2), 4.36-4.18 (m, 3H, CO2CH2, tetrahydrofuran-2-CH), 3.95 (q, j= 7.0 

Hz, 1H, 1x tetrahydrofuran-5-CH2), 3.70 (q, j= 7.0 Hz, 1H, 1x tetrahydrofuran-5-CH2), 

2.20-1.78 (m, 4H, tetrahydrofuran-4-CH2, tetrahydrofuran-3-CH2). 13C NMR (101 Hz, 

CDCl3)- δ 163.9 (C=O), 159.6 (pyrroloquinoxaline-8a-C), 147.6 (benzodioxane-7a-C), 

147.5 (benzodioxane-3a-C), 142.7 (pyrroloquinoxaline-9a-C), 141.0 

(pyrroloquinoxaline-3a-C), 140.1 (pyrroloquinoxaline-4a-C), 136.3 (benzodioxane-5-C), 

126.9 (pyrroloquinoxaline-5-CH), 126.8 (pyrroloquinoxaline-8-CH), 125.8 

(pyrroloquinoxaline-6-CH), 124.9 (pyrroloquinoxaline-7-CH), 124.8 (pyrroloquinoxaline-

2-C), 122.4 (benzodioxane-7-CH), 109.3 (benzodioxane-6-CH), 108.3 (benzodioxane-4-

CH), 101.4 (benzodioxane-2-CH2), 80.1 (pyrroloquinoxaline-3-C), 75.6 (tetrahydrofuran-

2-CH), 67.1 (tetrahydrofuran-5-CH2), 64.3 (CO2CH2), 26.9 (tetrahydrofuran-3-CH2), 24.9 

(tetrahydrofuran-4-CH2). 

N-Benzyl-2-cyanoacetamide (35). Conducted by student Fook 

Looeng Lai. Method a) To a solution of 2-cyanoacetic acid (31) (100 

mg, 1.18 mmol, 1.0 eq.) and benzyl amine (34) (151 mg, 1.41 mmol, 1.2 eq.) in DCM (2 

mL), was added a solution of DMAP (14 mg, 0.18 mmol, 0.1 eq.) and EDC (200 mg, 1.29 

mmol, 1.1 eq.) in DCM (2 mL). The reaction mixture was left to stir at rt for 48 h, colour 

change to pale yellow, before TLC confirmed reaction completion staining with KMnO4, 

Rf= 0.39 in MeOH/DCM 2:98. Additional DCM (28 mL) was added before washing with 2 

M aqueous HCl (30 mL) and distilled water (3 x 20 mL). The organic was separated, 

dried over MgSO4, filtered and concentrated under reduced pressure. The crude 

material was then purified by column chromatography on a 25 g flash silica gel 60 

column at a flow rate 15 mL/min, using the following gradients: A (30 %)/ B (70 %) to A 
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(50 %)/ B (50 %) over 5 CVs, followed by A (50 %)/B (50 %) for 8 CVs before increasing to 

A (80 %)/B (20 %) over 2 CVs. (A= EtOAc, B= Cyclohexane). The fractions containing 

product were combined and concentrated under reduced pressure to yield 35 as a 

cream solid (47 mg, 23 %). RF= 0.4 (1:1 EtOAc: cyclohexane). Method b) 

Methylcyanoacetate (32d) (200 mg, 2.06 mmol, 1.0 eq.) and benzyl amine (34) (242 mg, 

2.26 mmol, 1.0 eq.) were stirred for 3 h to form a cloudy yellow solid. The solid was 

filtered and dried under vacuum washing with cold diethyl ether to remove excess 

amine. The resulting solid was recrystallised using hot EtOAc and filtered to yield white 

solid of 35 (125 mg, 35 %). LC/MS m/z calculated for C10H11N2O: [M+H] +: 175.1, found: 

175.0, tR 2.15 min. 1H NMR (400 Hz, DMSO-d6 )- δ 8.71 (s, 1H, amide-NH), δ 7.38-7.22 

(m, 5H, benzyl-2-CH, benzyl-3-CH, benzyl-4-CH, benzyl-5-CH, benzyl-6-CH), δ 4.29 (d, 

J= 5.8 Hz, 2H, benzyl-CH2), δ 3.70 (s, 2H, cyanoacetamide-2-CH2). 13C NMR (101 Hz, 

DMSO-d6)- δ 161.9 (C=O), 138.4 (benzyl-1-C), 128.2 (benzyl-3-CH, benzyl-5-CH), 127.2 

(benzyl-2-CH, benzyl-6-CH), 126.8 (benzyl-4-CH), 115.9 (nitrile-CN), 42.4 (NCH2), 25.1 

(cyanoacetamide-2-CH2). 

1-Benzyl-2-hydroxy-1H-pyrrolo[2,3-b]quinoxaline-3-carbonitrile 

(37). Conducted by student Fook Looeng Lai. The title compound 

was obtained by reacting 2,3-dichloroquinoxaline (26) (18 mg, 0.09 

mmol, 1.0 eq.) with N-benzyl-2-cyanoacetamide (35) (20 mg, 0.11 

mmol, 1.5 eq.) according to general procedure 1. The reaction was 

monitored by LCMS. The resulting material was purified using prep TLC plate in 1 M 

MeOH-NH3/DCM 1:99 ran three times (Rf=0.52). The band of silica containing product 

was removed and extracted using MeOH/ DCM 5:95 before filtering yielded cream solid 

37 (12 mg, 42 %). LC/MS m/z calculated for C18H13N4O: [M+H] +: 301.1, found: 301.0, tR 

2.84 min. HRMS (TOF ES+) calculated: 301.1084, found: 301.1077.1H NMR (400 Hz, 

DMSO-d6)- δ 10.64 (s, 1H, alcohol-OH), 7.94 (d, J = 8.2 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.88 (d, J = 8.1 Hz, 1H, pyrroloquinoxaline-5-CH), 7.73-7.64 (t, J = 7.84 Hz, 1H, 

pyrroloquinoxaline-7-CH), 7.60 (t, J = 7.6 Hz, 1H, pyrroloquinoxaline-6-CH), 7.49-7.37 

(m, 4 H, benzyl-2-CH, benzyl-6-CH, benzyl-3-CH, benzyl-5-CH), 7.33 (dd, J = 8.3, 6.1 
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Hz, 1H, benzyl-4-CH), 4.78 (s, 2H, benzyl-CH2).13C NMR (101 Hz, DMSO-d6)- δ 166.8 

(pyrroloquinoxaline-2-C), 151.3 (pyrroloquinoxaline-8a-C), 145.1 (pyrroloquinoxaline-

9a-C), 141.8 (pyrroloquinoxaline-3a-C), 137.5 (pyrroloquinoxaline-4a-C), 136.8 (benzyl-

1-C), 129.2 (pyrroloquinoxaline-5-CH), 128.8 (pyrroloquinoxaline-8-CH), 128.5 

(pyrroloquinoxaline-6-CH), 128.2 (pyrroloquinoxaline-7-CH), 128.1 (benzyl-3-CH, 

benzyl-5-CH), 127.5 (benzyl-2-CH, benzyl-6-CH), 127.1 (benzyl-4-CH), 114.2 (nitrile-

CN), 64.3 (pyrroloquinoxaline-3-C), 46.5 (NCH2). 

N2,N3-Bis(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)quinoxaline-2,3-

diamine (39). Conducted by student Fook Looeng Lai. To a 

microwave vial was added 2,3-dichloroquinoxaline (26) (100mg, 

0.51 mmol, 1.0 eq.) and 2,3-dihydrobenzo(1,4)dioxin-6-amine (29) 

(114 mg, 0.758 mmol, 1.5 eq.) in EtOH (3.5 mL) and ran in the 

microwave for 2 h at 100 oC with high stirring. TLC confirmed 

starting material was still present so the reaction was put back on 

for an additional 1 h at 110 oC with high stirring. TLC confirmed reaction completion 

with formation of a yellow precipitate (Rf= 0.56, 2:8 EtOAc: cyclohexane). The resulting 

solid was isolated and dried by vacuum filtration washing with cold acetone (100 mL) to 

give a pale-yellow solid of 39 (50 mg, 23 %). LC/MS m/z calculated for C24H21N4O4: 

[M+H] +: 429.2, found: 429.0, tR 6.30 min (long run). HRMS (TOF ES+) calculated: 

429.1557, found: 429.1545. 1H NMR (400 Hz, DMSO-d6)- δ 9.12 (s, 2H, 2x amine-NH), 

7.58 (s, 2H, 2x benzodioxane-7-CH), 7.49 (dd, J = 6.1, 3.5 Hz, 2H, quinoxaline-5-CH, 

quinoxaline-8-CH), 7.33-7.22 (m, 4H, 2x benzodioxane-8-CH, 2x benzodioxane-5-CH), 

6.89 (d, J = 8.8 Hz, 2H, quinoxaline-7-CH, quinoxaline-6-CH), 4.26 (td, J = 5.3, 2.7 Hz, 

8H, 2x benzodioxane-2-CH2, 2x benzodioxane-3-CH2). 13C NMR (101 Hz, DMSO-d6)- δ 

164.0 (quinoxaline-2-C, quinoxaline-3-C), 143.2 (2x benzodioxane-4a-C), 141.5 (2x  

benzodioxane-8a-C), 140.4 (2x benzodioxane-6-C), 131.9 (quinoxaline-4a-C, 

quinoxaline-8a-C), 125.6 (quinoxaline-5-CH, quinoxaline-8-CH, quinoxaline-6-CH, 

quinoxaline-7-CH), 117.1 (2x benzodioxane-7-CH), 115.4 (2x benzodioxane-8-CH), 
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111.2 (2x benzodioxane-5-CH), 64.2 (2x benzodioxane-3-CH2), 64.1 (2x benzodioxane-

2-CH2).  

8.1.3 Series 2 experimental  

Pyridin-2-ylmethyl 2-cyanoacetate (41a). Conducted by student 

Sam Robinson. 2-Cyanoacetic acid (31) (200 mg, 2.35 mmol, 1.0 

eq.) was reacted with pyridin-2-ylmethanol (257 mg, 2.35 mmol, 

1.0 eq.), DCC (485 mg, 12.35 mmol, 1.0 eq.) and DMAP (29 mg, 0.24 mmol, 0.1 eq.) in 

DCM 4 mL according to general procedure 4. The reaction mixture was monitored using 

TLC conditions 3:1 EtOAc: cyclohexane. The crude material was purified by column 

chromatography on a 25 g silica column using solvent conditions 50-75 % EtOAc in 

cyclohexane over 10 CVs. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compounds as a white solid (178 mg, 43 %). Rf = 0.43 

(3:1 EtOAc: cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 8.61 (d, J= 4.83, 1H, pyridine-6-

CH), 7.74 (t, J= 7.68, 1H, pyridine-4-CH), 7.39 (d, J= 7.79, 1H, pyridine-3-CH), 7.28 (m, 

1H, pyridine-5-CH), 5.34 (s, 2H, CO2CH2), 3.58 (s, 2H, cyanoacetate-2-CH2). 13C NMR 

(101 Hz, CDCl3)- δ 162.8 (C=O), 154.2 (pyridine-2-C), 149.8 (pyridine-6-CH), 137.1 

(pyridine-4-CH), 123.5 (pyridine-3-CH), 122.2 (pyridine-5-CH), 112.9 (nitrile-CN), 68.8 

(CO2CH2), 24.9 (cyanoacetate-2-CH2). 

Pyridin-4-ylmethyl 2-cyanoacetate (41c). 2-Cyanoacetic acid 

(31) (150 mg, 1.76 mmol, 1.0 eq.) was reacted with pyridin-4-

ylmethanol (211 mg, 1.93 mmol, 1.1 eq.), DCC (364 mg, 1.76 

mmol, 1.0 eq.) and DMAP (22 mg, 0.18 mmol, 0.1 eq.) in DCM 5 mL according to general 

procedure 4. The reaction mixture was monitored by TLC using solvent conditions 3:97 

MeOH:DCM. A colour change from colourless to light brown was observed and a white 

precipitate formed. The crude material was purified by column chromatography using a 

12 g silica column and solvent system 1-5 % MeOH in DCM over 12 CVs. The desired 

fractions were combined and concentrated under reduced pressure to give the title 

compound as a white solid (113 mg, 36 %). Rf = 0.36 (3:97 MeOH: DCM). LC/MS m/z 

calculated for C9H9N2O2 [M+H] +:177.1, found: 176.9, tR 0.35 min. 1H NMR (400 Hz, 
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CDCl3)- δ 8.64 (m, 2H, pyridine-2-CH, pyridine-6-CH), 7.27 (m, 2H, 2x pyridine-3-CH, 

pyridine-5-CH), 5.24 (s, 2H, CO2CH2), 3.56 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 

Hz, CDCl3)- δ 163.0 (C=O), 150.8 (pyridine-2-CH, pyridine-6-CH), 143.5 (pyridine-4-C), 

122.4 (pyridine-3-CH, pyridine-5-CH), 112. 9 (nitrile-CN), 66.8 (CO2CH2), 25.1 

(cyanoacetate-2-CH2).  

2-Chlorobenzyl 2-cyanoacetate (41d). Conducted by student Ng 

Yu Yang. 2-Cyanoacetic acid (31) (200 mg, 2.35 mmol, 1.0 eq.) was 

reacted with 2-chlorobenzyl alcohol (335 mg, 2.35 mmol, 1.0 eq.), 

DCC (485 mg, 2.35 mmol, 1.0 eq.) and DMAP (29 mg, 0.24 mmol, 0.1 eq.) in DCM 4 mL 

according to general procedure 4. The reaction was monitored using TLC conditions 

99:1 chloroform: cyclohexane). The crude material was purified by column 

chromatography on a 40 g silica column using solvent conditions 99:1 chloroform: 

cyclohexane over 8 CV. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compound as a colourless oil (258 mg, 52 %). Rf = 

0.31 (99:1 chloroform: cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 7.43 (m, 2H, benzyl-3-

CH, benzyl-4-CH), 7.31 (m, 2H, benzyl-5-CH, benzyl-6-CH), 5.34 (s, 2H, CO2CH2), 3.53 

(s, 2H, cyanoacete-2-CH2). 13C NMR (101 Hz, CDCl3)- δ 162.8 (C=O), 134.2 (benzyl-1-C), 

132.2 (benzyl-2-C), 130.5 (benzyl-3-CH), 130.4 (benzyl-4-CH), 129.9 (benzyl-6-CH), 

127.2 (benzyl-5-CH), 112.9 (nitrile-CN), 66.0 (CO2CH2), 24.8 (cyanoacetate-2-CH2). 

3-Chlorobenzyl 2-cyanoacetate (41e). Conducted by student 

Ng Yu Yang. 2-Cyanoacetic acid (31) (200 mg, 2.35 mmol, 1.0 

eq.) was reacted with 3-chlorobenzyl alcohol (335 mg, 2.35 

mmol, 1.0 eq.), DCC (485 mg, 2.35 mmol, 1.0 eq.) and DMAP (29 mg, 0.24 mmol, 0.1 

eq.) in DCM 4 mL according to general procedure 4. The reaction was monitored by TLC 

conditions 99:1 chloroform: cyclohexane. The crude material was purified by column 

chromatography on a 40 g silica column using solvent conditions 99:1 chloroform: 

cyclohexane over 8 CV. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compound as a colourless oil (274 mg, 56 %). Rf = 

0.30 (99:1 chloroform: cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 7.37-7.24 (m, 4H, 
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benzyl-2-CH, benzyl-4-CH, benzyl-5-CH, benzyl-6-CH), 5.20 (s, 2H, CO2CH2), 3.51 (s, 

2H, cyanoacetate-2-CH2). 13C NMR (101 Hz, CDCl3)- δ 163.1 (C=O), 136.7 (benzyl-3-C), 

130.6 (benzyl-5-CH), 129.6 (benzyl-4-CH), 129.0 (benzyl-2-CH), 127.0 (benzyl-6-CH), 

113.1 (nitrile-CN), 68.0 (CO2CH2), 25.2 (cyanoacetate-2-CH2). 

4-Chlorobenzyl 2-cyanoacetate (41f). Conducted by student 

Bulbul Singh.  2-Cyanoacetic acid (31) (250 mg, 2.94 mmol, 1.0 

eq.) was reacted with 4-chlorobenzyl alcohol (455 mg, 2.94 

mmol, 1.0 eq.), DCC (598 mg, 2.94 mmol, 1.0 eq.) and DMAP (35 mg, 0.29 mmol, 0.1 

eq.) in DCM 5 mL according to general procedure 4. The reaction was monitored using 

TLC conditions 1:4 diethyl ether: cyclohexane. The crude material was purified by 

column chromatography on a 40 g silica column using solvent conditions 20 % diethyl 

ether in cyclohexane over 10 CV. The desired fractions were combined and 

concentrated under reduced pressure to give the title compound as a colourless oil 

(299 mg, 48 %). Rf = 0.35 (1:4 diethyl ether: cyclohexane). LC/MS m/z calculated for 

C10H9ClNO2 [M+H] +:209.0, found: 100.9 (fragment C4H4NO2), tR 3.09 min. 1H NMR (400 

Hz, CDCl3)- δ 7.36 (d, j= 8.2 Hz, 2H, benzyl-3-CH, Benzyl-5-CH), 7.31 (d, j= 8.4 Hz, 2H, 

benzyl-2-CH, benzyl-6-CH), 5.20 (s, 2H, CO2CH2), 3.49 (s, 2H, cyanoacetate-2-CH2). 13C 

NMR (101 Hz, CDCl3)- δ 167.5 (C=O), 132.3 (benzyl-1-C), 130.75 (benzyl-4-C), 129.0 

(benzyl-3-CH, benzyl-5-CH), 128.7 (benzyl-2-CH, benzyl-6-CH), 116.4 (nitrile-CN), 66.3 

(CO2CH2), 29.1 (cyanoacetate-2-CH2). 

Cyclohexylmethyl 2-cyanoacetate (41g). 2-Cyanoacetic acid (31) 

(165 mg, 1.94 mmol, 1.1 eq.) was reacted with cyclohexylmethanol 

(201 mg, 1.76 mmol, 1.0 eq.), DCC (364 mg, 1.76 mmol, 1.0 eq.) 

and DMAP (22 mg, 0.17 mmol, 0.1 eq.) in DCM 5 mL according to general procedure 4. 

The reaction was monitored using TLC conditions 1:4 EtOAc: cyclohexane staining with 

bromocresol green and phosphomolybdic acid (PMA). The resulting crude material was 

purified by column chromatography on a 12 g silica column using solvent conditions 0-

30 % EtOAc in cyclohexane over 13 CV. The desired fractions were combined and 

concentrated under reduced pressure to give a colourless oil of the title compound (100 
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mg, 31 %). Rf = 0.33 (1:4 EtOAc: cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 4.02 (d, j= 6.3 

Hz, 2H, CO2CH2), 3.45 (s, 2H, cyanoacetate-2-CH2), 1.81-1.62 (m, 6H, cyclohexane-3-

CH2, cyclohexane-5-CH2, cyclohexane-4-CH2), 1.34-1.10 (m, 3H, cyclohexane-1-CH, 1 x 

cyclohexane-2-CH2, 1x cyclohexane-9-CH2) 1.06-0.91 (m, 2H, 1 x cyclohexane-2-CH2, 

1x cyclohexane-9-CH2) 13C NMR (101 Hz, CDCl3)- δ 163.4 (C=O), 113.5 (nitrile-CN), 72.4 

(CO2CH2), 37.3 (cyclohexane-1-CH), 29.9 (cyclohexane-2-CH2, cyclohexane-6-CH2), 

26.7 (cyclohexane-4-CH2), 26.0 (cyclohexane-3-CH2,cyclohexane-5-CH2), 25.2 

(cyanoacetate-2-CH2). 

2-Methoxybenzyl 2-cyanoacetate (41h). Conducted by student 

Bulbul Singh. 2-Cyanoacetic acid (31) (500 mg, 5.8 mmol, 1.0 eq.) 

was reacted with 3-methoxybenzylalcohol (736 mg, 5.8 mmol, 1.0 

eq.), DCC (1.213 g, 5.8 mmol, 1.0 eq.) and DMAP (72 mg, 0.58 mmol, 0.1 eq.) in DCM 5 

mL according to general procedure 4. The reaction was monitored using TLC solvent 

conditions 100 % chloroform. The crude material was purified by column 

chromatography on a 80 g silica column using solvent conditions 100 % chloroform over 

10 CV. The desired fractions were combined and concentrated under reduced pressure 

to yield a colourless oil of the title compound (207 mg, 17 %). Rf = 0.20 (100 % 

chloroform). LC/MS m/z calculated for C11H12NO3: [M+H] +: 206.2, found: 206.4, tR 2.77 

min.1H NMR (400 Hz, CDCl3)- δ 7.39-7.30 (m, 2H, benzyl-5-CH, benzyl-6-H), 6.96 (t, j= 

7.5 Hz, 1H, benzyl-4-CH), 6.91 (d, j= 8.2 Hz, 1H, benyl-3-CH), 5.28 (s, 2H, CO2CH2), 3.85 

(s, 3H, OCH3), 3.48 (s, 2H, cyanoacetate-2-CH2).13C NMR (101 Hz, CDCl3)- δ 163.3 

(C=O), 158.2 (benzyl-2-C), 130.9 (benzyl-6-CH, benzyl-3-CH), 123.1 (benzyl-4-CH), 

121.0 (benzyl-1-C), 113.4 (nitrile-CN), 111.1 (benzyl-5-CH), 64.7 (CO2CH2), 55.9 (OCH3), 

25.3 (cyanoacetate-2-CH2). 

3-Methoxybenzyl 2-cyanoacetate (41i). Conducted by 

student Bulbul Singh. 2-Cyanoacetic acid (31) (500 mg, 5.8 

mmol, 1.0 eq.) was reacted with 3-methoxybenzylalcohol (736 

mg, 5.8 mmol, 1.0 eq.), DCC (1.213 g, 5.8 mmol, 1.0 eq.) and DMAP (72 mg, 0.58 mmol, 

0.1 eq.) in DCM 5 mL according to general procedure 4. The reaction was monitored 
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using TLC conditions 1:4 EtOAc: cyclohexane). The crude material was purified by 

column chromatography on a 80 g silica column using solvent system 20 % EtOAc in 

cyclohexane over 10 CV. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compound as a colourless oil (250 mg, 21 %). Rf = 

0.29 (1:4 EtOAc: cyclohexane). LC/MS m/z calculated for C11H12NO3: [M+H] +: 206.2, 

found: 206.5, tR 2.64 min. 1H NMR (400 Hz, CDCl3)- δ 7.64 (m, 2H, benzyl-5-CH, benzyl-

6-CH), 7.27 (m, 2H, benzyl-2-CH, benzyl-4-CH), 5.55 (s, 2H, CO2CH2), 4.17 (s, 3H, 

OCH3), 3.84 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 Hz, CDCl3)- δ 163.2 (C=O), 

160.3 (benzyl-3-C), 136.2 (benzyl-1-C), 130.3 (benzyl-5-CH), 121.13 (benzyl-6-CH), 

114.9 (benzyl-2-CH), 114.4 (benzyl-4-CH), 113.3 (nitrile-CN), 68.9 (CO2CH2), 55.8 

(OCH3), 25.3 (cyanoacetate-2-CH2).  

 

4-Methoxybenzyl 2-cyanoacetate (41j). Conducted by 

student Bulbul Singh. 2-Cyanoacetic acid (31) (500 mg, 5.8 

mmol, 1.0 eq.) was reacted with 4-methoxybenzylalcohol (836 

mg, 5.8 mmol, 1.1 eq.), DCC (1.213 g, 5.8 mmol, 1.0 eq.) and DMAP (72 mg, 0.58 mmol, 

0.1 eq.) in DCM 5 mL according to general procedure 4. The reaction was monitored by 

TLC conditions 1:4 EtOAc: cyclohexane. The crude material was purified by column 

chromatography on a 80 g silica column using solvent conditions 20% EtOAc in 

cyclohexane over 12 CV. The desired fractions were combined and concentrated under 

reduced pressure to yield a colourless oil of the title compound (482 mg, 40 %). Rf = 

0.26 (1:4 EtOAc: cyclohexane). LC/MS m/z calculated for C11H12NO3: [M+H] +: 206.2, 

found: 206.4, tR 3.12 min. 1H NMR (400 Hz, CDCl3)- δ 7.32 (d, j= 8.5 Hz, 2H, benzyl-2-

CH, benzyl-6-CH), 6.90 (d, j= 8.6 Hz, 2H, benzyl-3-CH, benzyl-5-CH), 5.17 (s, 2H, 

CO2CH2), 3.82 (s, 3H, OCH3), 3.46 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 Hz, 

CDCl3)- δ 163.3 (C=O), 160.6 (benzyl-4-C), 131.1 (benzyl-2-CH, benzyl-6-CH), 126.9 

(benzyl-1-C), 114.6 (benzyl-3-CH, benzyl-5-CH), 113.4 (nitrile-CN), 68.9 (CO2CH2), 55.8 

(OCH3), 25.3 (cyanoacetate-2-CH2). 
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Naphthalen-2-ylmethyl 2-cyanoacetate (41n). 2-

Cyanoacetic acid (31) (150 mg, 1.76 mmol, 1.0 eq.) was 

reacted with napthalen-2-yl methanol (280 mg, 1.76 mmol, 1.0 

eq.), DCC (364 g, 1.76 mmol, 1.0 eq.) and DMAP (22 mg, 0.76 mmol, 0.1 eq.) in DCM 5 

mL according to general procedure 4. The reaction was monitored by TLC conditions 1:4 

EtOAc: cyclohexane. The crude material was purified by column chromatography on a 

12 g silica column ran with solvent conditions 20% EtOAc in cyclohexane over 10 CV. 

The desired fractions were combined and concentrated under reduced pressure to yield 

a colourless oil of the title compound (226 mg, 57 %). Rf = 0.23 (1:4 EtOAc: 

cyclohexane). LC/MS m/z calculated for C14H12NO2: [M+H] +: 226.1, found: 225.1, tR 3.04 

min. 1H NMR (400 Hz, CDCl3)- δ 7.90-7.81 (m, 4H, naphthalene-8-CH, naphthalene-3-

CH, naphthalene-7-CH, naphthalene-4-CH), 7.56-7.43 (m, 3H, naphthalene-2-CH, 

naphthalene-5-CH, naphthalene-6-CHC), 5.40 (s, 2H, CO2CH2), 3.41 (s, 2H, 

cyanoacetate-2-CH2). 13C NMR (101 Hz, CDCl3)- δ 162.9 (C=O), 133.5 (naphthalene-1-

C), 133.2 (naphthalene-7a-C), 131.8 (naphthalene-3a-C), 128.8 (naphthalene-2-CH), 

128.3 (naphthalene-4-CH), 128.2 (naphthalene-7-CH), 127.9 (naphthalene-3-CH), 

126.8 (naphthalene-8-CH), 126.7 (naphthalene-6-CH), 126.0 (naphthalene-5-CH), 

113.0 (nitrile-CN), 68.9 (CO2CH2), 25.0 (cyanoacetate-2-CH2). 

Naphthalen-1-ylmethyl 2-cyanoacetate (41o). 2-Cyanoacetic 

acid (31) (150 mg, 1.76 mmol, 1.0 eq.) was reacted with 

napthalen-1-yl methanol (280 mg, 1.76 mmol, 1.0 eq.), DCC (364 

g, 1.76 mmol, 1.0 eq.) and DMAP (22 mg, 0.76 mmol, 0.1 eq.) in DCM 5 mL according to 

general procedure 4. The reaction was monitored by TLC conditions 100 % DCM. The 

crude material was purified by column chromatography on a 25 g silica column ran with 

solvent conditions 100% DCM over 6 CV. The desired fractions were combined and 

concentrated under reduced pressure to yield a colourless oil of the title compound 

(245 mg, 62 %). Rf = 0.24 (100% DCM). LC/MS m/z calculated for C14H12NO2: [M+H] +: 

226.1, found: 225.2, tR 3.50 min. 1H NMR (400 Hz, CDCl3)- δ 8.00 (d, j= 8.1 Hz, 1H, 

naphthalene-8-CH), 7.88 (m, 2H, naphthalene-5-CH, naphthalene-4-CH), 7.57 (m, 3H, 

naphthalene-2-CH, naphthalene-3-CH, naphthalene-6-CH), 7.47 (t, j= 9.5 Hz, 1H, 
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naphthalene-7-CH), 5.71 (s, 2H, CO2CH2), 3.48 (s, 2H, cyanoacetate-2-CH2). 13C NMR 

(101 Hz, CDCl3)- δ 163.3 (C=O), 134.2 (naphthalene-8a-C), 132.0 (naphthalene-4a-C), 

130.5 (naphthalene-2-CH), 130.3 (naphthalene-1-C), 129.3 (naphthalene-5-CH), 128.7 

(naphthalene-4-CH), 127.4 (naphthalene-7-CH), 126.7 (naphthalene-6-CH), 125.7 

(naphthalene-3-CH), 123.7 (naphthalene-8-CH), 113.2 (nitrile-CN), 67.3 (CO2CH2), 25.3 

(cyanoacetate-2-CH2). 

Phenethyl 2-cyanoacetate (41p).  2-Cyanoacetic acid (31) (160 

mg, 1.88 mmol, 1.1 eq.) was reacted with 2-phenylethan-1-ol 

(215 mg, 1.76 mmol, 1.0 eq.), DCC (364 g, 1.76 mmol, 1.0 eq.) and DMAP (22 mg, 0.76 

mmol, 0.1 eq.) in DCM 5 mL according to general procedure 4. The reaction was 

monitored by TLC conditions 3:7 EtOAc: cyclohexane. The crude material was purified 

using a silica plug washing with 200 mL 30% EtOAc in cyclohexane followed by 100 mL 

50% EtOAc in cyclohexane. The resulting filtrate was concentrated under reduced 

pressure to yield a colourless oil of the title compound (257 mg, 77 %). Rf = 0.4 (3:7 

EtOAc: cyclohexane).1H NMR (400 Hz, CDCl3)- δ 7.39-7.22 (m, 5H, phenyl-2-CH, 

phenyl-3-CH, phenyl-4-CH, phenyl-5-CH, phenyl-6-CH), 4.45 (t, j= 7.1 Hz, 2H, CO2CH2), 

3.45 (s, 2H, cyanoacetate-2-CH2), 3.02 (t, j= 7.0 Hz, 2H, CO2CH2CH2). 13C NMR (101 Hz, 

CDCl3)- δ 162.8 (C=O), 136.9 (phenyl-1-C), 128.9 (2x phenyl-2-CH, phenyl-6-CH), 128.7 

(phenyl-3-CH, phenyl-5-CH), 126.9 (phenyl-4-CH), 112.9 (nitrile-CN), 67.3 (CO2CH2), 

34.8 (CO2CH2CH2), 24.7 (cyanoacetate-2-CH2). 

2-Fluorobenzyl 2-cyanoacetate (41q). Conducted by student Ng 

Yu Yang.  2-Cyanoacetic acid (31) (200 mg, 2.35 mmol, 1.0 eq.) was 

reacted with 2-fluorobenzyl alcohol (297 mg, 2.04 mmol, 1.0 eq.), 

DCC (521 g, 2.35 mmol, 1.1 eq.) and DMAP (29 mg, 0.24 mmol, 0.1 eq.) in DCM 4 mL 

according to general procedure 4. The reaction was monitored by TLC conditions 99:1 

chloroform: cyclohexane. The crude material was purified by column chromatography 

on a 25 g silica column using solvent conditions 99:1 chloroform: cyclohexane over 

10CV. The desired fractions were combined and concentrated under reduced pressure 

to yield a colourless oil of the title compound (269 mg, 59 %). Rf = 0.28 (99:1 chloroform: 
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cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 7.45-7.32 (m, 2H, phenyl-3-CH, phenyl-4-

CH), 7.17 (t, j= 7.4 Hz, 1H, phenyl-6-CH), 7.10 (t, j= 9.3 Hz, 1H, phenyl-5-CH), 5.30 (s, 

2H, CO2CH2), 3.50 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 Hz, CDCl3)- δ 163.2 

(C=O), 160.3 (phenyl-2-C), 131.5 (phenyl-4-CH), 131.4 (phenyl-6-CH), 124.8 (phenyl-1-

C), 122.0 (phenyl-5-CH), 116.3 (phenyl-3-CH), 113.2 (nitrile-CN), 62.9 (CO2CH2), 25.2 

(cyanoacetate-2-CH2).19F NMR (377 Hz, CDCl3)- δ – 117.5 (dt, j= 9.24, 6.15 Hz, 1F, CF). 

3-Fluorobenzyl 2-cyanoacetate (41r). Conducted by student 

Ng Yu Yang. 2-Cyanoacetic acid (31) (204 mg, 2.4 mmol, 1.0 eq.) 

was reacted with 3-fluorobenzyl alcohol (297 mg, 2.4 mmol, 1.0 

eq.), DCC (478 g, 2.31 mmol, 1.0 eq.) and DMAP (32 mg, 0.26 mmol, 0.11 eq.) in DCM 4 

mL according to general procedure 4. The reaction was monitored by TLC conditions 

99:1 chloroform: cyclohexane. The crude material was purified by column 

chromatography on a 25 g silica column using solvent conditions 99:1 chloroform: 

cyclohexane over 10CV. The desired fractions were combined and concentrated under 

reduced pressure to yield a colourless oil of the title compound (149 mg, 33 %). Rf = 

0.25 (99:1 chloroform: cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 7.35 (q, j= 7.0 Hz, 1H, 

phenyl-5-CH), 7.15 (d, j= 7.6 Hz, 1H, phenyl-6-CH), 7.07 (m, 2H, phenyl-2-CH, phenyl-4-

CH), 5.22 (s, 2H, CO2CH2), 3.50 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 Hz, CDCl3)- 

δ 164.1 (C=O), 162.7 (phenyl-3-C), 136.7 (phenyl-1-C), 130.4 (phenyl-5-CH), 124.0 

(phenyl-6-CH), 115.8 (phenyl-4-CH), 115.3 (phenyl-2-CH), 112.7 (nitrile-CN), 67.6 

(CO2CH2), 24.8 (cyanoacetate-2-CH2). 19F NMR (377 Hz, CDCl3)- δ -112.2 (td, j= 9.0, 5.7 

Hz, 1F, CF). 

4-Fluorobenzyl 2-cyanoacetate (41s). Conducted by student 

Ng Yu Yang. 2-Cyanoacetic acid (31) (200 mg, 2.35 mmol, 1.2 

eq.) was reacted with 4-fluorobenzyl alcohol (257 mg, 2.04 

mmol, 1.0 eq.), DCC (485 g, 2.35 mmol, 1.2 eq.) and DMAP (29 mg, 0.24 mmol, 0.1 eq.) 

in DCM 4 mL according to general procedure 4. The reaction was monitored by TLC 

conditions 99:1 chloroform: cyclohexane. The crude material was purified by column 

chromatography on a 25 g silica column with solvent conditions 99:1 chloroform: 
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cyclohexane over 10CV. The desired fractions were combined and concentrated under 

reduced pressure to yield a colourless oil of the title compound (130 mg, 29 %). Rf = 

0.29 (99:1 chloroform: cyclohexane).1H NMR (400 Hz, CDCl3)- δ 7.41-7.32 (m, 2H, 

phenyl-2-CH, phenyl-6-CH), 7.07 (t, j= 8.6 Hz, 2H, phenyl-3-CH, phenyl-5-CH), 5.20 (s, 

2H, CO2CH2), 3.48 (s, 2H, cyanoacetate-2-CH2).13C NMR (101 Hz, CDCl3)- δ 164.3 

(C=O), 162.7 (phenyl-4-C), 130.7 (phenyl-2-CH, phenyl-6-CH), 130.2 (phenyl-1-C), 

115.9 (phenyl-3-CH, phenyl-5-CH), 112.7 (nitrile-CN), 67.8 (CO2CH2), 24.8 

(cyanoacetate-2-CH2).19F NMR (377 Hz, CDCl3)- δ -112.33 (ddd, j= 13.9, 8.8, 5.2 Hz, 1F, 

CF).  

Pyridin-2-ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42a). Conducted by student Sam Robinson. 

2,3-Dichloroquinoxaline (26) (201 mg, 1.0 mmol, 1.0 eq.) was 

reacted with 3-methoxybenzyl 2-cyanoacetate (41a) (178 mg, 

1.01 mmol, 1.0 eq.), CS2CO3 (1.041 g, 3.2 mmol, 5.0 eq.) in 10 mL 

DMF in accordance with general procedure 1(b). The reaction was monitored by TLC 

conditions 1:1 EtOAc:cyclohexane. The DMF was removed under high vacuum before 

the crude material was extracted into EtOAc (200 mL) and washed with 2 M HCl (50 mL) 

and distilled water (200 mL). The phases were separated and the organic dried over 

MgSO4 before filtering and concentrating under reduced pressure. The crude material 

was purified by column chromatography on a 12 g silica column using solvent 

conditions 30-70 % EtAOc in cyclohexane over 12 CVs. The resulting fractions were 

combined and concentrated under reduced pressure to yield the title compound as 

orange solid (90 mg, 26 %). Rf= 0.22 (1:1 EtOAc: cyclohexane). LC/MS m/z calculated for 

C17H12ClN4O2: [M+H] +: 339.1, found: 339.5, tR 2.52 min. 1H NMR (400 Hz, CDCl3)- δ 

14.41 (broad s, 1H, quinoxaline-1-NH), 8.60 (d, j= 4.86 Hz, 1H, pyridine-3-CH), 7.82 (d, j= 

8.18 Hz, 1H, quinoxaline-8-CH), 7.76 (t, j= 7.61 Hz, 1H, quinoxaline-7-CH), 7.64 (t, j= 

7.75 Hz, 1H, quinoxaline-6-CH), 7.56 (d, j= 7.9 Hz, 1H, quinoxaline-5-CH), 7.48 (t, j= 

7.73 Hz, 1H, pyridine-5-CH), 7.41 (d, j= 8.19 Hz, 1H, pyridine-6-CH), 7.25 (m, 1H, 

pyridine-4-CH), 5.48 (s, 2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 170.9 (C=O), 155.9 

(quinoxaline-2-C), 149.8 (pyridine-1-C), 146.7 (quinoxaline-3-C), 144.1 (pyridine-3-CH), 
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137.6 (quinoxaline-8a-C), 135.0 (quinoxaline-4a-C), 133.0 (pyridine-5-CH), 129.3 

(quinoxaline-5-CH), 128.7 (quinoxaline-6-CH), 127.4 (quinoxaline-7-CH), 123.4 

(pyridine-6-CH), 121.6 (pyridine-4-CH), 117.1 (quinoxaline-8-CH), 116.9 (nitrile-CN), 

69.6 (cyanoacetate-2-C), 68.1 (CO2CH2). 

Pyridin-4-ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42c). 2,3-Dichloroquinoxaline (26) (127 mg, 0.64 

mmol, 1.0 eq.) was reacted with pyridin-4-ylmethyl 2-

cyanoacetate (41c) (113 mg, 0.64 mmol, 1.0 eq.), CS2CO3 (1.041 

g, 3.2 mmol, 5.0 eq.) in 10 mL DMF in accordance with general 

procedure 1(b), a colour change to red from yellow was observed. The reaction was 

monitored by TLC conditions 3:97 MeOH: DCM. The DMF was removed under high 

vacuum before the crude material was extracted into EtOAc (200 mL) and washed with 

2 M HCl (50 mL) and distilled water (200 mL). The phases were separated and the 

organic dried over MgSO4 before filtering and concentrating under reduced pressure. 

LCMS determined the product remained in the aqueous phase, a small amount of water 

removed under pressure before an orange solid crashed out. The mixture was placed in 

the freezer for 1h before being filtered under vacuum. The crude material was purified 

by column chromatography on 12 g silica column using solvent conditions 1-10 % 

MeOH in DCM over 15 CVs. The resulting fractions were combined and concentrated 

under reduced pressure to yield the title compound as an orange solid (80 mg, 37 %). 

Rf= 0.65 (3 % MeOH in DCM). LC/MS m/z calculated for C17H12ClN4O2: [M+H] +: 339.1, 

found: 339.1, tR 2.65 min. 1H NMR (400 Hz, CDCl3)- δ 13.89 (broad s, 1H, quinoxaline-1-

NH), 8.62 (d, j= 5.0 Hz, 2H, pyridine-3-CH, pyridine-5-CH), 7.88 (d, j= 8.3 Hz, 1H, 

quinoxaline-8-CH), 7.84 (d, j= 8.2 Hz, 1H, quinoxaline-5-CH), 7.72 (t, j= 7.8 Hz, 1H, 

quinoxaline-7-CH), 7.55 (t, j= 7.7 Hz, 1H, quinoxaline-6-CH), 7.45 (d, j= 5.0 Hz, 2H, 

pyridine-2-CH, pyridine-6-CH), 5.39 (s, 2H, CO2CH2).13C NMR (101 Hz, CDCl3)- δ 169.2 

(C=O), 153.4 (quinoxaline-2-C), 149.9 (quinoxaline-3-C, pyridine-3-CH, pyridine-5-CH), 

146.7 (pyridine-1-C), 135.0 (quinoxaline-8a-C), 132.6 (quinoxaline-4a-C), 128.2 

(quinoxaline-5-CH), 127.4 (quinoxaline-6-CH), 126.3 (quinoxaline-7-CH), 122.01 
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(pyridine-2-CH, pyridine-6-CH), 119.4 (pyridine-8-CH), 114.1 (nitrile-CN), 64.7 

(cyanoacetate-2-C).  

2-chlorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42d). Conducted by student Ng Yu Yang. 2,3-

Dichloroquinoxaline (26) (245 mg, 1.23 mmol, 1.0 eq.) was 

reacted with 2-chlorobenzyl 2-cyanoacetate (41d) (258 mg, 1.23 

mmol, 1.0 eq.), CS2CO3 (2 g, 6.15 mmol, 5.0 eq.) in 10 mL DMF in accordance with 

general procedure 1(b). The reaction was monitored by TLC conditions 1:4 EtOAc: 

cyclohexane. The DMF was removed under high vacuum before the crude material was 

extracted into EtOAc where a yellow precipitate crashed out. The resulting mixture was 

filtered under vacuum to give the title compound as a yellow solid (250 mg, 45 %). Rf= 

0.25 (1:4 EtOAc: cyclohexane). LC/MS m/z calculated for C18H12Cl2N3O2: [M+H] +: 372.0, 

found: 372.1, tR 3.19 min. 1H NMR (400 Hz, CDCl3)- δ 14.42 (broad s, 1H, quinoxaline-1-

NH), 7.83 (d, j= 8.18 Hz, 1H, quinoxaline-8-CH), 7.69-7.57 (m, 2H, benzyl-3-CH, 

quinoxaline-7-CH), 7.49 (t, j= 7.43 Hz, 1H, quinoxaline-6-CH), 7.44-7.38 (m, 2H, 

quinoxaline-5-CH, benzyl-4-CH), 7.36-7.27 (m, 2H, benzyl-5-CH, benzyl-6-CH), 5.47 (s, 

2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 170.6 (C=O), 146.7 (quinoxaline-2-C), 142.9 

(quinoxaline-3-C), 135.0 (benzyl-1-C), 133.5 (quinoxaline-8a-C), 133.0 (quinoxaline-4a-

C), 132.9 (benzyl-2-C), 129.9 (benzyl-3-CH), 129.8 (benzyl-4-CH), 129.3 (benzyl-6-CH), 

129.1 (benzyl-5-CH), 128.7 (quinoxaline-5-CH), 127.7 (quinoxaline-7-CH), 127.4 

(quinoxaline-6-CH), 117.1 (quinoxaline-8-CH), 116.8 (nitrile-CN), 69.6 (cyanoacetate-2-

C), 64.9 (CO2CH2). 

3-chlorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42e). 2,3-Dichloroquinoxaline (26) (261 mg, 

1.31 mmol, 1.0 eq.) was reacted with 3-chlorobenzyl 2-

cyanoacetate (41e) (274 mg, 1.31 mmol, 1.0 eq.), CS2CO3 

(2.129 g, 6.54 mmol, 5.0 eq.) in 10 mL DMF in accordance 

with general procedure 1(b). The reaction was monitored by TLC conditions 3:7 EtOAc: 

cyclohexane. The DMF was removed under high vacuum before MeOH was added and 



244 
 

product crashed out as a orange precipitate. The resulting mixture was filtered under 

vacuum to give the title compound as a orange solid (135 mg, 28 %). Rf= 0.30 (3:7 

EtOAc: cyclohexane). LC/MS m/z calculated for C18H12Cl2N3O2: [M+H] +: 372.0, found: 

372.2, tR 3.17 min. 1H NMR (400 Hz, CDCl3)- δ 14.38 (broad s, 1H, quinoxaline-1-NH), 

7.82 (d, j= 8.15 Hz, 1H, quinoxaline-8-CH), 7.63 (t, j= 7.74 Hz, 1H, quinoxaline-7-CH), 

7.48 (t, j= 7.50 Hz, 1H, quinoxaline-6-CH), 7.45-7.38 (m, 2H, quinoxaline-5-CH, benzyl-

2-CH), 7.38-7.28 (m, 3H, benzyl-4-CH, benzyl-5-CH, benzyl-6-CH), 5.33 (s, 2H, 

CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 171.0 (C=O), 146.7 (quinoxaline-2-C), 144.1 

(quinoxaline-3-C), 137.8 (quinoxaline-8a-C), 135.0 (quinoxaline-4a-C), 132.9 (benzyl-1-

C), 130.5 (benzyl-3-C), 129.3 (benzyl-5-CH), 129.0 (benzyl-4-CH), 128.6 (benzyl-2-CH), 

128.3 (quinoxaline-5-CH, benzyl-6-CH), 127.4 (quinoxaline-7-CH), 126.3 (quinoxaline-

6-CH), 117.1 (quinoxaline-8-CH), 116.8 (nitrile-CN), 69.6 (cyanoacetate-2-C), 66.8 

(CO2CH2). 

4-Chlorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42f). Conducted by student Bulbul Singh. 

2,3-Dichloroquinoxaline (26) (171 mg, 0.85 mmol, 1.0 eq.) was 

reacted with 3-chlorobenzyl 2-cyanoacetate (41f) (179 mg, 

0.85 mmol, 1.0 eq.), CS2CO3 (1.391 g, 4.25 mmol, 5.0 eq.) in 

10 mL DMF in accordance with general procedure 1(b). The reaction was monitored by 

TLC conditions 100 % DCM. The DMF was removed under high vacuum before the crude 

material was extracted into EtOAc (60 mL) washing with water (70 mL) and saturated 

sodium bicarbonate (70 mL) and brine (50 mL). The phases were separated, organic 

dried over MgSO4 and concentrated under reduced pressure. The resulting crude 

material was recrystalised in EtOH and filtered under vacuum to give the title 

compound as a red solid (87 mg, 28 %). Rf= 0.7 (100 % DCM). LC/MS m/z calculated for 

C18H12Cl2N3O2: [M+H] +: 372.0, found: 372.2, tR 3.21 min.1H NMR (400 Hz, CDCl3)- δ 

14.38 (broad s, 1H, quinoxaline-1-NH), 7.81 (d, j= 8.2 Hz, 1H, quinoxaline-8-CH), 7.63 (t, 

j= 8.1 Hz, 1H, quinoxaline-7-CH), 7.48 (t, j= 8.1 Hz, 1H, quinoxaline-6-CH), 7.44-7.33 (m, 

5H, quinoxaline-5-CH, 2x benzyl-2-CH, benzyl-3-CH, benzyl-5-CH, benzyl-6-CH).13C 

NMR (101 Hz, CDCl3)- δ 167.9 (C=O), 146.4 (quinoxaline-2-C), 134.7 (quinoxaline-3-C), 
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134.5 (quinoxaline-8a-C), 134.0 (quinoxaline-4a-C), 132.6 (benzyl-1-C), 131.1 (benzyl-4-

C), 129.3 (benzyl-2-CH, benzyl-6-CH), 129.0 (quinoxaline-5-CH), 128.3 (benzyl-3-CH, 

benzyl-5-CH), 128.3 (quinoxaline-7-CH), 127.1 (quinoxaline-8-CH), 116.7 (quinoxaline-

8-CH, nitrile-CN), 66.7 (CO2CH2), 29.6 (cyanoacetate-2-C).  

Cyclohexylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42g). 2,3-Dichloroquinoxaline (26) (106 mg, 0.54 

mmol, 1.0 eq.) was reacted with cyclohexylmethyl 2-

cyanoacetate (41g) (97 mg, 0.54 mmol, 1.0 eq.), CS2CO3 (896 mg, 

2.68 mmol, 5.0 eq.) in 10 mL DMF in accordance with general 

procedure 1(b). The reaction was monitored by TLC conditions 1:4 EtOAc: cyclohexane. 

The DMF was removed under high vacuum before the crude material was extracted into 

EtOAc (200 mL) washing with water (200 mL) and 2M HCl (50 mL). The phases were 

separated, and the aqueous phase was back extracted with 50 mL EtOAC. The organic 

phases were combined and dried over MgSO4 and concentrated under reduced 

pressure. The crude material was purified by column chromatography on a 12g silica 

column using solvent conditions 0-50 % EtOAc in cyclohexane over 10 CV. The desired 

fractions were combined and concentrated under reduced pressure to yield the title 

compound as a yellow solid (102 mg, 55 %). Rf= 0.33 (20 % EtOAc in cyclohexane). 

LC/MS m/z calculated for C18H19ClN3O2: [M+H] +: 344.1, found: 344.1, tR 3.09 min.1H 

NMR (400 Hz, CDCl3)- δ 14.48 (broad s, 1H, quinoxaline-1-NH), 7.80 (d, j= 8.1 Hz, 1H, 

quinoxaline-8-CH), 7.61 (t, j= 7.7 Hz, 1H, quinoxaline-7-CH), 7.45 (t, j= 7.9 Hz, 1H, 

quinoxaline-6-CH), 7.38 (d, j= 8.1 Hz, 1H, quinoxaline-5-CH), 4.11 (d, j= 4.11 Hz, 2H, 

CO2CH2), 1.91-1.62 (m, 7H, cyclohexane-1-CH, 1x cyclohexane-2-CH2, 1x 

cyclohenxane-3-CH2, cyclohexane-4-CH2, 1x cyclohexane-5-CH2, 1x cyclohexane-6-

CH2), 1.38-1.12 (m, 4H, 1x cyclohexane-2-CH2, cyclohenxane-3-CH2, cyclohexane-5-

CH2, cyclohexane-6-CH2). 13C NMR (101 Hz, CDCl3)- δ 171.1 (C=O), 146.3 (quinoxaline-

2-C), 143.9 (quinoxaline-3-C), 134.5 (quinoxaline-8a-C), 132.5 (quinoxaline-4a-C), 

128.9 (quinoxaline-5-CH), 128.5 (quinoxaline-7-CH), 126.8 (quinoxaline-6-CH), 116.6 

(quinoxaline-8-CH), 116.5 (nitrile-CN), 71.2 (CO2CH2), 69.7 (cyanoacetate-2-C), 37.2 
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(cyclohexane-1-CH), 29.6 (cyclohexane-2-CH2, cyclohexane-6-CH2), 26.4 

(cyclohexane-4-CH2), 25.8 (cyclohexane-3-CH2, quinoxaline-5-CH2). 

2-Methoxybenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42h). Conducted by student Bulbul Singh. 2,3-

Dichloroquinoxaline (26) (98 mg, 0.5 mmol, 1.0 eq.) was reacted 

with of 2-methoxybenzyl 2-cyanoacetate (41h) (103 mg, 0.5 

mmol, 1.0 eq.), CS2CO3 (809 mg, 2.48 mmol, 5.0 eq.) in 2 mL DMF 

in accordance with general procedure 1(a). The reaction was monitored by TLC 

conditions 3:7 EtOAc: cyclohexane. The DMF was removed under high vacuum before 

the crude material was extracted into EtOAc (60 mL) washing with water (120 mL) and 

brine (65 mL). The phases were separated and dried over MgSO4 and concentrated 

under reduced pressure to yield a red solid of the title compound (148 mg, 80 %). Rf= 

0.29 (3:7 EtOAc: cyclohexane). LC/MS m/z calculated for C19H15ClN3O3: [M+H] +: 368.1, 

found: 368.0, tR 3.15 min. 1H NMR (400 Hz, CDCl3)- δ 14.48 (broad s, 1H, quinoxaline-1-

NH), 7.81 (d, j= 8.2 Hz, 1H, quinoxaline-8-CH), 7.62 (t, j= 7.5 Hz, 1H, quinoxaline-7-CH), 

7.46 (m, 2H, quinoxaline-6-CH, benzyl-6-CH), 7.38 (d, j= 8.2 Hz, 1H, quinoxaline-5-CH), 

7.31 (t, j= 7.9 Hz, 1H, quinoxaline-5-CH), 6.99 (t, j= 7.5 Hz, 1H, quinoxaline-4-CH), 6.91 

(d, j= 8.3 Hz, 1H, quinoxaline-3-CH), 5.42 (s, 2H, CO2CH2), 3.88 (s, 3H, OCH3). 13C NMR 

(101 Hz, CDCl3)- δ 171.2 (C=O), 157.5 (CH3OC), 146.7 (quinoxaline-2-C), 144.3 

(quinoxaline-3-C), 138.2 (quinoxaline-8a-C), 134.9 (quinoxaline-4a-C), 132.8 (benzyl-6-

CH), 129.9 (benzyl-3-CH), 129.2 (benzyl-4-CH), 129.0 (quinoxaline-5-CH), 128.4 

(benzyl-1-C), 127.2 (benzyl-5-CH), 124.2 (quinoxaline-7-CH), 121.1 (quinoxaline-6-CH), 

117.0 (nitrile-CN), 110.9 (quinoxaline-8-CH), 70.0 (cyanoacetate-2-C), 63.5 (CO2CH2), 

56.0 (OCH3). 

3-Methoxybenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-

2-cyanoacetate (42i). Conducted by student Bulbul Singh. 

2,3-Dichloroquinoxaline (26) (243 mg, 1.22 mmol, 1.0 eq.) was 

reacted with cyclohexylmethyl 2-cyanoacetate (41i) (250 mg, 

1.22 mmol, 1.0 eq.), CS2CO3 (1.985 g, 6.09 mmol, 5.0 eq.) in 2 
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mL DMF in accordance with general procedure 1(a). The reaction was monitored by TLC 

conditions 100 % DCM. The DMF was removed under high vacuum before the crude 

material was extracted into EtOAc (60 mL) washing with water (60 mL) and brine (60 

mL). The phases were separated and dried over MgSO4 and concentrated under reduced 

pressure. The crude material was purified by silica plug washing with EtOAc (200 mL) to 

yield the title compound as a red solid (208 mg, 47 %). Rf= 0.47 (100 % DCM). LC/MS 

m/z calculated for C19H15ClN3O3: [M+H] +: 368.1, found: 368.0, tR 3.00 min. 1H NMR (400 

Hz, CDCl3)- δ 14.4 (broad s, 1H, quinoxaline-1-NH), 7.81 (d, j= 8.2 Hz, 1H, quinoxaline-

8-CH), 7.61 (t, j= 8.0 Hz, 1H, quinoxaline-7-CH), 7.47 (t, j= 7.8 Hz, 1H, quinoxaline-6-

CH), 7.39 (d, j= 8.2 Hz, 1H, quinoxaline-5-CH), 7.30 (t, j= 7.9 Hz, 1H, benzyl-5-CH), 7.02 

(m, 2H, benzyl-2-CH, benzyl-4-CH), 6.87 (d, j= 8.1 Hz, 1H, benzyl-6-CH), 5.34 (s, 2H, 

CO2CH2), 3.83 (s, 3H, OCH3). 13C NMR (101 Hz, CDCl3)- δ 170.7 (C=O), 160.0 (benzyl-3-

C), 146.4 (quinoxaline-2-C), 142.8 (quinoxaline-3-C),137.1 (benzyl-1-C), 134.6 

(quinoxaline-8a-C), 132.5 (quinoxaline-4a-C), 129.9 (benzyl-5-CH), 128.9 (quinoxaline-

5-CH), 128.4 (quinoxaline-7-CH), 127.0 (quinoxaline-6-CH), 119.9 (benzyl-6-CH), 116.7 

(quinoxaline-8-CH), 116.6 (nitrile-CN), 114.2 (benzyl-2-CH), 113.0 (benzyl-3-CH), 69.5 

(cyanoacetate-2-C), 67.3 (CO2CH2), 55.5 (OCH3).  

4-Methoxybenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-

2-cyanoacetate (42j). Conducted by student Bulbul Singh. 

2,3-Dichloroquinoxaline (26) (243 mg, 1.22 mmol, 1.0 eq.) was 

reacted with of 4-methoxybenzyl 2-cyanoacetate (41j) (250 mg, 

1.22 mmol, 1.0 eq.), CS2CO3 (1.985 g, 6.09 mmol, 5.0 eq.) in 3 

mL DMF in accordance with general procedure 1(a). The reaction was monitored by TLC 

conditions 100 % DCM. The DMF was removed under high vacuum before the crude 

material was extracted into EtOAc (60 mL) washing with water (300 mL) and brine (60 

mL). The phases were separated and dried over MgSO4 and concentrated under reduced 

pressure to yield a red solid of the title compound (207 mg, 46 %). Rf= 0.44 (100 % 

DCM). LC/MS m/z calculated for C19H15ClN3O3: [M+H] +: 368.1, found: 368.3, tR 2.65 min. 
1H NMR (400 Hz, CDCl3)- δ 14.44 (broad s, 1H, quinoxaline-1-NH), 7.80 (d, j= 8.2 Hz, 1H, 

quinoxaline-8-CH), 7.62 (t, j= 7.7 Hz, 1H, quinoxaline-7-CH), 7.46 (t, j= 7.6 Hz, 1H, 
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quinoxaline-6-CH), 7.42- 7.37 (m, 3H, quinoxaline-5-CH, benzyl-2-CH, benzyl-6-CH), 

6.91 (d, j= 8.4 Hz, 2H, benzyl-3-CH, benzyl-5-CH), 5.30 (s, 2H, OCH2C), 3.81 (s, 3H, 

CH3OC). 13C NMR (101 Hz, CDCl3)- δ 170.9 (C=O), 159.9 (benzyl-2-C), 146.4 

(quinoxaline-2-C), 143.9 (quinoxaline-3-C), 134.5 (quinoxaline-8a-C), 132.5 

(quinoxaline-4a-C), 120.9 (benzyl-2-CH, benzyl-6-CH), 128.9 (benzyl-1-C), 128.4 

(quinoxaline-5-CH), 127.6 (quinoxaline-7-CH), 126.9 (quinoxaline-6-CH), 116.7 (benzyl-

2-CH, benzyl-6-CH), 116.65 (nitrile-CN), 114.2 (quinoxaline-8-CH), 69.6 (cyanoacetate-

2-C), 67.4 (CO2CH2), 55.5 (OCH3). 

Naphthalen-2-ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (42n). 2,3-Dichloroquinoxaline 

(26) (194 mg, 1.0 mmol, 1.0 eq.) was reacted with of 

naphthalen-2-ylmethyl 2-cyanoacetate (41n) (223 mg, 1.0 

mmol, 1.0 eq.), CS2CO3 (1.597 g, 4.91 mmol, 4.9 eq.) in 7 mL 

DMF in accordance with general procedure 1(a). The reaction was monitored by TLC 

conditions1:4 EtOAc: cyclohexane. The DMF was removed under high vacuum before 

the crude material was extracted into EtOAc (100 mL) washing with water (100 mL), 2M 

HCl (100 mL) and brine (100 mL). The phases were separated, aqueous layer back 

extracted with DCM (100 mL) before the organic was combined and a yellow precipitate 

crashed out. The precipitate filtered under vacuum and washed with cold EtOAc (50 mL) 

to give a yellow solid. The filtered solid was recrystalized in hot EtOAc to yield the title 

compound (324 mg, 85 %). Rf= 0.0 (1:4 EtOAc: cyclohexane). LC/MS m/z calculated for 

C22H15ClN3O2: [M+H] +: 388.8, found: 388.1, tR 3.36 min. 1H NMR (400 Hz, CDCl3)- δ 

14.05 (broad s, 1H, quinoxaline-1-NH), 8.02-7.86 (m, 5H, naphthalene-3-CH, 

naphthalene-2-CH, naphthalene-4-CH, naphthanele-8-CH, naphthalene-7-CH), 7.83 

(d, j= 8.1 Hz, 1H, quinoxaline-8-CH), 7.72 (t, j= 7.7 Hz, 1H, quinoxaline-7-CH), 7.61-7.49 

(m, 4H, quinoxaline-5-CH, quinoxaline-6-CH, naphthalene-5-CH, naphthalene-6-CH), 

5.52 (s, 2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 169.8 (C=O), 146.9 (quinoxaline-2-C), 

143.7 (quinoxaline-3-C), 134.6 (quinoxaline-8a-C), 134.0 (quinoxaline-4a-C), 133.2 

(naphthanele-1-C), 133.1 (naphthalene-7a-C), 132.8 (naphthalene-3a-C), 128.7 

(naphthanele-2-CH), 128.3 (naphthalene-7-CH, naphthalene-4-CH), 128.25 
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(naphthalene-8-CH), 128.1 (naphthalene-3-CH), 127.3 (quinoxaline-5-CH), 127.1 

(naphthalene-6-CH), 127.0 (naphthalene-5-CH), 126.8 (quinoxaline-7-CH), 126.1 

(quinoxaline-6-CH), 118.5 (nitrile-CN), 118.45 (quinoxaline-8-CH), 67.0 (cyanoacetate-

2-C, CO2CH2). 

Naphthalen-1-ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (42o). 2,3-Dichloroquinoxaline (26) 

(216 mg, 1.09 mmol, 1.0 eq.) was reacted with of naphthalen-1-

ylmethyl 2-cyanoacetate (41o) (245 mg, 1.09 mmol, 1.0 eq.), 

CS2CO3 (1.763 g, 5.45 mmol, 4.9 eq.) in 6 mL DMF in 

accordance with general procedure 1(a). The reaction was monitored by TLC conditions 

1:4 EtOAc: cyclohexane. The DMF was removed under high vacuum before the crude 

material was extracted into EtOAc (200 mL) washing with water (200 mL), 2M HCl (50 

mL) and brine (70 mL). The Aqueous was back extracted with EtOAc (50 mL) before the 

phases were separated, dried over MgSO4, filtered and concentrated under reduced 

pressure to give an orange solid. Recrystallisation of the crude material in EtOAc 

attempted but proved unsuccessful. The crude material was purified by reverse phase 

column chromatography on 12g C18 column using solvent conditions 10-90 % 

acetonitrile in water over 12 CV to yield the title compound as a yellow solid (90 mg, 21 

%). Rf= 0.21 (1:4 EtOAc: cyclohexane). LC/MS m/z calculated for C22H15ClN3O2: [M+H] +: 

388.8, found: 185.3 fragment, tR 3.34 min. 1H NMR (400 Hz, CDCl3)- δ 13.49 (broad s, 

1H, quinoxaline-1-NH), 8.10 (d, j= 8.4 Hz, 1H, naphthalene-4-CH), 7.98 (dd, j=14.1, 8.0 

Hz, 2H, naphthalene-8-CH, naphthalene-5-CH), 7.82-7.68 (m, 2H, naphthalene-3-CH, 

naphthalene-6-CH), 7.68-7.38 (m, 6H, quinoxaline-5-CH, quinoxaline-6-CH, 

quinoxaline-7-CH, quinoxaline-8-CH, naphthalene-2-CH, naphthalene-7-CH), 5.81 (s, 

2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 169.1 (C=O), 152.8 (quinoxaline-2-C), 142.7 

(quinoxaline-3-C), 133.3 (quinoxaline-8a-C), 133.0 (quinoxaline-4a-C), 131.5 

(naphthalene-8a-C, naphthalene-4a-C), 130.9 (naphthalene-1-C), 129.0 (naphthalene-

2-CH), 128.6 (naphthalene-5-CH), 128.1 (naphthalene-4-CH), 127.8 (quinoxaline-5-

CH), 126.8 (naphthalene-7-CH), 126.7 (naphthalene-6-CH), 126.2 (naphthalene-3-CH), 
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126.1 (naphthalene-8-CH), 125.4 (quinoxaline-7-CH), 117.6 (nitrile-CN), 117.1 

(quinoxaline-8-CH), 66.1 (cyanoacetate-2-C), 64.6 (CO2CHz).  

Phenethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42p). 2,3-Dichloroquinoxaline (26) (265 mg, 1.32 

mmol, 1.0 eq.) was reacted with of phenethyl 2-cyanoacetate (41p) 

(249 mg, 1.34 mmol, 1.0 eq.), CS2CO3 (2.150 g, 6.61 mmol, 5.0 eq.) 

in 10 mL DMF in accordance with general procedure 1(a). The 

reaction was monitored using TLC conditions 3:7 EtOAc: 

cyclohexane. The DMF was removed under high vacuum before the crude material was 

extracted into EtOAc (200 mL) washing with water (200 mL), 2M HCl (50 mL) and brine 

(50 mL). The aqueous was back extracted with EtOAc (50 mL) and the phases were 

separated, dried over MgSO4, filtered and concentrated under reduced pressure to give 

an orange solid. The crude material was purified by column chromatography on 25g 

silica column using solvent conditions 0-60 % EtOAc in cyclohexane over 19 CV. The 

desired fractions were combined and concentrated under reduced pressure to yield the 

title compound as a yellow solid (180 mg, 38 %). Rf= 0.3 (3:7 EtOAc: cyclohexane). 

LC/MS m/z calculated for C19H15ClN3O2: [M+H] +: 352.1, found: 352.0, tR 3.20 min. 1H 

NMR (400 Hz, CDCl3)- δ 14.43 (broad s, 1H, quinoxaline-1-NH), 7.80 (d, j= 8.1 Hz, 1H, 

quinoxaline-8-CH), 7.62 (t, J= 8.2 Hz, 1H, quinoxaline-7-CH), 7.46 (t, j= 8.0 Hz, 1H, 

quinoxaline-6-CH), 7.37 (d, j= 8.3 Hz, 1H, quinoxaline-5-CH), 7.35-7.3 (m, 5H, phenyl-2-

CH, phenyl-3-CH, phenyl-4-CH, phenyl-5-CH, phenyl-6-CH), 4.48 (t, j= 7.1 Hz, 2H, 

CO2CH2), 3.09 (t, j= 7.1 Hz, 2H, CO2CH2CH2). 13C NMR (101 Hz, CDCl3)- δ 170.6 (C=O), 

146.0 (quinoxaline-2-C), 143.6 (quinoxaline-3-C), 137.2 (quinoxaline-8a-C), 134.2 

(quinoxaline-4a-C), 132.2 (phenyl-1-C), 129.0 (phenyl-3-CH, phenyl-5-CH), 128.6 

(quinoxaline-5-CH), 128.4 (phenyl-2-CH, phenyl-6-CH), 128.1 (phenyl-4-CH), 126.59 

(quinoxaline-7-CH), 126.54 (quinoxaline-6-CH), 117.0 (nitrile-CN, quinoxaline-8-CH), 

69.2 (cyanoacetate-2-C), 66.5 (OCH2), 35.0 (OCH2CH2). 
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2-Fluorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42q). 2,3-Dichloroquinoxaline (26) (225 mg, 1.13 

mmol, 1.2 eq.) was reacted with 2-fluorobenzyl 2-cyanoacetate 

(41q) (269 mg, 1.39 mmol, 1.0 eq.), CS2CO3 (2.243 g, 6.88 mmol, 

5.0 eq.) in 10 mL DMF in accordance with general procedure 1(b). 

The reaction was monitored by TLC conditions 1:9 MeOH: DCM. The DMF was removed 

under high vacuum before the crude material was extracted into EtOAc (200 mL) 

washing with water (200 mL), 2M HCl (50 mL) and brine (50 mL). The phases were 

separated, dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude material was purified by column chromatography on a 25g silica column using 

solvent system 10 % cyclohexane in DCM over 13 CV. The desired fractions were 

combined and concentrated under reduced pressure to yield the title compound as a 

yellow solid (208 mg, 42 %). Rf= 0.37 (10 % MeOH in DCM). LC/MS m/z calculated for 

C18H12ClFN3O2: [M+H] +: 356.1, found: 356.2, tR 2.93 min. 1H NMR (400 Hz, CDCl3)- δ 

14.41 (broad s, 1H, quinoxaline-1-NH), 7.82 (d, j= 8.2 Hz, 1H, quinoxaline-8-CH), 7.63 (t, 

j= 7.4 Hz, 1H, quinoxaline-7-CH), 7.54 (t, j= 7.6 Hz, 1H, benzyl-4-CH), 7.48 (t, j= 7.4 Hz, 

1H, quinoxaline-6-CH), 7.40 (d, j= 8.3 Hz, 1H, quinoxaline-5-CH), 7.33 (q, j= 7.0 Hz, 1H, 

benzyl-6-CH), 7.19 (t, j= 7.6 Hz, 1H, benzyl-3-CH), 7.09 (t, j= 9.8 Hz, 1H, benzyl-5-CH), 

5.44 (s, 2H, CO2CHz). 13C NMR (101 Hz, CDCl3)- δ 171.0 (C=O), 159.7 (benzyl-2-C), 

146.7 (quinoxaline-2-C),144.2 (quinoxaline-3-C), 134.9 (quinoxaline-8a-C), 132.9 

(quinoxaline-4a-C), 130.7 (benzyl-4-CH), 130.6 (benzyl-6-CH), 130.3 (benzyl-1-C), 129.3 

(quinoxaline-5-CH), 128.7 (benzyl-5-CH), 127.3 (quinoxaline-7-CH), 125.0 (quinoxaline-

6-CH), 117.1 (benzyl-3-CH), 116.8 (nitrile-CN), 116.0 (quinoxaline-8-CH), 69.7 

(cyanoacetate-2-C), 61.6 (CO2CH2).19F NMR (377 Hz, CDCl3)- δ -118.05 (t, j= 11.4 Hz, 

1F, CF). 

3-Fluorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42r). Conducted by student Ng Yu Yang. 2,3-

Dichloroquinoxaline (26) (155 mg, 0.78 mmol, 1.0 eq.) was 

reacted with of 3-fluorobenzyl 2-cyanoacetate (41r) (149 mg, 

0.77 mmol, 1.0 eq.), CS2CO3 (1.253 g, 3.85 mmol, 5.0 eq.) in 10 
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mL DMF in accordance with general procedure 1(b). The reaction was monitored by TLC 

conditions 1:9 cyclohexane: chloroform. The DMF was removed under high vacuum 

before the crude material was extracted into EtOAc (200 mL) washing with water (200 

mL), 2M HCl (50 mL) and brine (50 mL). The phases were separated, dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude material was purified by 

column chromatography on a 25g silica column using solvent system 10 % cyclohexane 

in chloroform over 10 CV. The desired fractions were combined and concentrated under 

reduced pressure to yield the title compound as a yellow solid (97 mg, 35 %). Rf= 0.38 

(1:9 cyclohexane: chloroform). 1H NMR (400 Hz, CDCl3)- δ 14.39 (broad s, 1H, 

quinoxaline-1-NH), 7.82 (d, j= 8.2 Hz, 1H, quinoxaline-8-CH), 7.63 (t, j= 7.6 Hz, 1H, 

quinoxaline-7-CH), 7.48 (t, j= 7.8 Hz, 1H, quinoxaline-6-CH), 7.41 (d, j= 8.4 Hz, 1H, 

quinoxaline-5-CH), 7.39-7.32 (m, 1H, benzyl-5-CH), 7.24 (d, j= 8.2 Hz, 1H, benzyl-6-CH), 

7.16 (d, j= 9.2 Hz, 1H, benzyl-4-CH), 7.03 (t, j= 8.5 Hz, 1H, benzyl-2-CH), 5.35 (s, 2H, 

CO2CH2).13C NMR (101 Hz, CDCl3)- δ 164.6 (C=O), 162.1 (benzyl-3-C), 146.7 

(quinoxaline-2-C), 144.2 (quinoxaline-3-C), 138.3 (benzyl-1-C), 135.0 (quinoxaline-8a-

C), 132.9 (quinoxaline-4a-C), 130.8 (benzyl-5-CH), 129.3 (quinoxaline-5-CH), 128.6 

(quinoxaline-7-CH), 127.4 (quinoxaline-6-CH), 123.6 (benzyl-6-CH), 117.8 (benzyl-4-

CH), 116.8 (benzyl-2-CH), 115.8 (nitrile-CN), 115.2 (quinoxaline-8-CH), 69.6 

(cyanoacetate-2-C), 66.9 (CO2CH2). 19F NMR (377 Hz, CDCl3)- δ -113.37 (td, j= 8.8, 4.4 

Hz, 1F, CF). 

4-Fluorobenzyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-

cyanoacetate (42s). Conducted by student Ng Yu Yang. 2,3-

Dichloroquinoxaline (26) (136 mg, 0.70 mmol, 1.0 eq.) was 

reacted with of 4-fluorobenzyl 2-cyanoacetate (41s) (130 mg, 

0.67 mmol, 1.0 eq.), CS2CO3 (1.103 g, 3.39 mmol, 5.1 eq.) in 10 

mL DMF in accordance with general procedure 1(b). The reaction was monitored by TLC 

conditions 1:9 MeOH: DCM. The DMF was removed under high vacuum before the 

crude material was extracted into EtOAc (200 mL) washing with water (200 mL), 2M HCl 

(50 mL) and brine (50 mL). The phases were separated, dried over MgSO4, filtered and 

concentrated under reduced pressure. The crude material was purified by column 
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chromatography on a 25g silica column using solvent conditions 3-15 % MeOH in DCM 

over 16 CV. The desired fractions were combined and concentrated under reduced 

pressure to yield the title compound as a yellow solid (135 mg, 56 %). Rf= 0.84 (1:9 

MeOH: DCM). 1H NMR (400 Hz, CDCl3)- δ 14.40 (broad s, 1H, quinoxaline-1-NH), 7.82 

(d, j= 8.1 Hz, 1H, quinoxaline-8-CH), 7.62 (t, j= 7.7 Hz, 1H, quinoxaline-7-CH), 7.50- 7.37 

(m, 4H, quinoxaline-5-CH, quinoxaline-6-CH, benzyl-2-CH, benzyl-6-CH), 7.07 (t, j= 6.7 

Hz, 2H, benzyl-3-CH, benzyl-5-CH), 5.30 (s, 2H, CO2CH2). 13C NMR (101 Hz, CDCl3)- δ 

164.4 (C=O), 162.0 (FC), 146.7 (quinoxaline-2-C), 144.1 (quinoxaline-3-C), 134.9 

(quinoxaline-8a-C), 132.9 (quinoxaline-4a-C), 131.6 (benzyl-1-C), 123.4 (benzyl-2-CH, 

benzyl-6-CH), 129.3 (quinoxaline-5-CH), 128.6 (quinoxaline-7-CH), 127.3 (quinoxaline-

6-CH), 117.0 (benzyl-5-CH, benzyl-3-CH), 116.9 (nitrile-CN), 116.2 (quinoxaline-8-CH), 

69.7 (cyanoacetate-2-C), 67.1 (CO2CH2). 19F NMR (377 Hz, CDCl3)- δ -113.37 (td, j= 8.8, 

4.4 Hz, 1F, CF). 

Pyridin-2-ylmethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-

6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40a). 

Conducted by student Sam Robinson. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (58 mg, 0.38 mmol, 1.4 

eq.) was reacted with pyridin-2-ylmethyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42a) (90 mg, 0.27 mmol, 1.0 eq.) in 

9 mL EtOH and 3 mL THF in accordance with general procedure 2. 

The reaction was monitored by TLC conditions 1:99 MeOH: DCM. 

The solvent was removed under reduced pressure and the crude material purification 

was attempted using column chromatography on a 12g silica column with solvent 

conditions 0.5-3 % MeOH in DCM over 12 CV. The desired fractions were combined and 

concentrated under reduced pressure, NMR identified impurities present. A prep plate 

was ran first at 1% MeOH in DCM followed by 3% MeOH in DCM. The desired silica band 

was removed, sonicated in 10% MeOH in DCM then filtered and concentrated under 

reduced pressure to yield the title compound as a cream solid (43 mg, 36 %). Rf= 0.3 

(1:99 MeOH: DCM). LC/MS m/z calculated for C25H20N5O4: [M+H] +: 454.1, found: 454.2, 

tR 3.91 min (long run). HRMS (TOF ES+) calculated: 454.1510, found: 454.1505. 1H NMR 



254 
 

(400 Hz, CDCl3)- δ 8.59 (d, j= 4.8 Hz, 1H, pyridine-3-CH), 8.15 (d, j= 8.3 Hz, 1H, pyridine-

6-CH), 7.93 (d, j= 7.9 Hz, 1H, pyrroloquinoxaline-5-CH), 7.88 (d, j= 8.3 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.78 (t, j= 7.6 Hz, 1H, pyridine-5-CH), 7.58 (t, j= 5.6 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.50 (t, j= 7.6 Hz, 1H, pyrroloquinoxaline-7-CH), 7.23 (t, j= 6.3 

Hz, 1H, pyridine-4-CH), 7.05 (m, 2H, benzodioxane-5-CH, benzodioxane-7-CH), 6.97 (d, 

j= 8.7 Hz, 1H, benzodioxane-8-CH), 5.62 (s, 2H, CO2CH2), 4.32 (s, 4H, benzodioxane-2-

CH2, benzodioxane-3-CH2).13C NMR (101 Hz, CDCl3)- δ 159.3 (C=O), 157.1 (pyridine-1-

C), 149.2 (pyridine-3-CH), 145.1 (pyrroloquinoxaline-8a-C), 144.8 (benzodioxane-8a-C, 

benzodioxane-4a-C), 143.1 (pyrroloquinoxaline-9a-C, pyrroloquinoxaline-3a-C), 141.5 

(pyrroloquinoxaline-4a-C), 141.4 (benzodioxane-6-C), 137.8 (pyridine-5-CH), 137.0 

(pyridine-6-CH), 128.6 (pyrroloquinoxaline-8-CH), 128.1 (pyrroloquinoxaline-6-CH), 

127.0 (pyrroloquinoxaline-7-CH), 126.3 (pyrroloquinoxaline-3-C), 124.4 

(pyrroloquinoxaline-2-C), 122.6 (pyridine-4-CH), 121.7 (benzodioxane-8-CH), 121.2 

(pyrroloquinoxaline-5-CH), 119.0 (benzodioxane-7-CH), 117.4 (benzodioxane-5-CH). 

65.9 (CO2CH2), 64.5 (benzodioxane-2-CH2), 64.4 (benzodioxane-3-CH2).  

 

Pyridin-4-ylmethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-

6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40c). 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (63 mg, 0.42 mmol, 1.8 

eq.) was reacted with pyridin-4-ylmethyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42c) (78 mg, 0.23 mmol, 1.0 eq.) in 

9 mL EtOH and 3 mL THF in accordance with general procedure 2. 

The reaction was monitored by TLC conditions 3:97 MeOH: DCM. 

The solvent was removed under reduced pressure and the crude material was purified 

by column chromatography on a 12g silica column using solvent conditions 1-10 % 

MeOH in DCM over 12 CV. The desired fractions were combined and concentrated 

under reduced pressure to yield the title compound as a cream solid (47 mg, 45 %). Rf= 

0.29 (3:97 MeOH: DCM). LC/MS m/z calculated for C25H20N5O4: [M+H] +: 454.1, found: 

454.1, tR 4.51 min (long run). HRMS (TOF ES+) calculated: 454.1510, found: 454.1500. 1H 
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NMR (400 Hz, DMSO-d6)- δ 8.62 (d, j= 4.6 Hz, 2H, pyridine-3-CH, pyridine-5-CH), 8.02-

7.94 (m, 3H, pyrroloquinoxaline-5-CH, amine-NH2), 7.77 (d, j= 8.2 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.67 (d, j= 5.0 Hz, 2H, pyridine-2-CH, pyridine-6-CH), 7.59 (t, 

j= 7.1 Hz, 1H, pyrroloquinoxaline-6-CH), 7.50 (t, j= 7.6 Hz, 1H, pyrroloquinoxaline-7-CH), 

7.17-7.07 (m, 2H, benzodioxane-5-CH, benzodioxane-7-CH), 7.03 (d, 8.5 Hz, 1H, 

benzodioxane-8-CH), 5.46 (s, 2H, CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, 

benzodioxane-3-CH2). 13C NMR (101 Hz, DMSO-d6)- δ 164.8 (C=O), 160.8 

pyrroloquinoxaline-8a-C), 150.1 (pyridine-3-CH, pyridine-5-CH), 147.1 (pyridine-1-C), 

144.9 (benzodioxane-8a-C), 144.4 (benzodioxane-4a-C), 143.9 (pyrroloquinoxaline-9a-

C), 142.1 (pyrroloquinoxaline-3a-C), 141.2 (pyrroloquinoxaline-4a-C), 137.5 

(benzodioxane-6-C), 128.2 (pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 

127.0 (pyrroloquinoxaline-6-CH), 126.1 (pyrroloquinoxaline-7-CH), 125.2 

(pyrroloquinoxaline-2-C), 122.4 (benzodioxane-8-CH), 121.9 (pyridine-2-CH, pyridine-6-

CH), 118.5 (benzodioxane-7-CH), 118.4 (benzodioxane-5-CH), 81.0 (pyrroloquinoxaline-

3-C), 64.7 (benzodioxane-2-CH2), 64.6 (benzodioxane-3-CH2), 63.0 (CO2CH2).  

2-Chlorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40d). 

Conducted by student Ng Yu Yang. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (124 mg, 0.82 mmol, 1.5 

eq.) was reacted with 2-chlorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42d) (205 mg, 0.55 mmol, 1.0 

eq.) in 7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by LCMS. A white precipitate crashed out 

which was filtered under vacuum washing with cold MeOH (10 mL). The crude material 

was purified by reverse phase column chromatography on a 12g C18 column using 

solvent conditions 10-90 % acetonitrile in water over 12 CV. The desired fractions were 

combined and concentrated under reduced pressure to yield a white solid (116 mg, 80 

%). LC/MS m/z calculated for C26H20ClN4O4:[M+H] +: 487.1, found: 487.0, tR 2.95 min. 

HRMS (TOF ES+) calculated: 487.1168, found: 487.1183. 1H NMR (400 Hz, DMSO-d6)- δ 

8.10 (d, j= 7.7 Hz, 1H, benzyl-3-CH), 7.96 (m, 3H, amine-NH2, pyrroloquinoxaline-5-CH), 
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7.77 (d, j= 8.4 Hz, 1H, pyrroloquinoxaline-8-CH), 7.59 (t, j= 7.1 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.55-7.47 (m, 3H, pyrroloquinoxaline-7-CH, benzyl-4-CH, 

benzyl-6-CH), 7.39 (t, j= 7.7 Hz, 1H, benzyl-5-CH), 7.17-7.07 (m, 2H, benzodioxane-5-

CH, benzodioxane-7-CH), 7.03 (d, j= 8.6 Hz, 1H, benzodioxane-8-CH), 5.47 (s, 2H, 

CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2). 13C NMR (101 Hz, 

DMSO-d6)- δ 164.6 (C=O), 160.8 (pyrroloquinoxaline-8a-C), 145.0 (benzodioxane-8a-C), 

144.4 (benzodioxane-4a-C), 143.9 (pyrroloquinoxaline-9a-C), 142.1 (pyrroloquinoxaline-

3a-C), 141.1 (pyrroloquinoxaline-4a-C), 137.5 (benzodioxane-6-C), 135.4 (benzyl-1-C), 

131.7 (benzyl-2-C), 129.6 (benzyl-3-CH), 129.5 (benzyl-4-CH), 129.3 (benzyl-6-CH), 

128.2 (pyrroloquinoxaline-5-CH), 128.0 (pyrroloquinoxaline-8-CH), 127.8 (benzyl-5-CH), 

127.0 (pyrroloquinoxaline-6-CH), 126.2 (pyrroloquinoxaline-7-CH), 125.2 

(pyrroloquinoxaline-2-C), 122.4 (benzodioxane-8-CH), 118.5 (benzodioxane-7-CH), 

118.4 (benzodioxane-5-CH), 81.0 (pyrroloquinoxaline-3-C), 64.7 (benzodioxane-2-CH2), 

64.6 (benzodioxane-3-CH2), 61.6 (CO2CH2).  

3-Chlorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40e). 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (82 mg, 0.54 mmol, 1.5 

eq.) was reacted with 3-chlorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42e) (135 mg, 0.36 mmol, 1.0 eq.) 

in 7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by LCMS. A white 

precipitate crashed out upon cooling which was filtered under vacuum washing with 

cold MeOH (10 mL) to yield a white solid (50 mg, 28 %). LC/MS m/z calculated for 

C26H20ClN4O4:[M+H] +: 487.1, found: 487.2, tR 6.03 min (long run). HRMS (TOF ES+) 

calculated: 487.1168, found: 487.1173. 1H NMR (400 Hz, DMSO-d6)- δ 8.15- 8.04 (m, 

3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.92 (s, 1H, benyl-2-CH), 7.79 (d, j= 8.2 Hz, 

1H, pyrroloquinoxaline-8-CH), 7.65-7.36 (m, 5H, pyrroloquinoxaline-7-CH, 

pyrroloquinoxaline-6-CH, benzyl-4-CH, benzyl-5-CH, benzyl-6-CH), 7.17-7.07 (m, 2H, 

benzodioxane-5-CH, benzodioxane-7-CH), 7.03 (d, j= 8.8 Hz, 1H, benzodioxane-8-CH), 

5.44 (s, 2H, CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2).13C NMR 
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(101 Hz, DMSO-d6)- δ 164.5 (C=O), 160.9 (pyrroloquinoxaline-8a-C), 145.1 

(benzodioxane-8a-C, benzodioxane-4a-C), 144.4 (pyrroloquinoxaline-9a-C, 

pyrroloquinoxaline-3a-C), 140.5 (pyrroloquinoxaline-4a-C, benzyl-1-C), 137.3 

(benzodioxane-6-C), 133.6 (benzyl-3-C), 130.7 (benzyl-5-CH), 128.1 

(pyrroloquinoxaline-5-CH), 127.8 (pyrroloquinoxaline-8-CH, benzyl-4-CH), 127.5 

(pyrroloquinoxaline-6-CH), 127.4 (benzyl-2-CH), 126.4 (benzyl-6-CH), 126.1 

(pyrroloquinoxaline-7-CH), 125.0 (pyrroloquinoxaline-2-C), 122.4 (benzodioxane-8-CH), 

118.5 (benzodioxane-7-CH), 118.4 (benzodioxane-5-CH), 81.4 (pyrroloquinoxaline-3-C), 

64.7 (benzodioxane-2-CH2), 64.6 (benzodioxane-3-CH2), 63.8 (CO2CH2). 

4-Chlorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40f). 

Conducted by student Bulbul Singh. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (27 mg, 0.17 mmol, 1.3 

eq.) was reacted with 4-chlorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42f) (50 mg, 0.13 mmol, 1.0 eq.) in 

7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by TLC conditions 1:1 

EtOAc: cyclohexane. A white precipitate crashed out upon cooling which was filtered 

under vacuum washing with cold MeOH (10 mL) to yield a white solid. The crude 

material was purified by column chromatography on a 12g silica column using solvent 

conditions 30-70 % EtOAc in cyclohexane over 10 CV. The desired fractions were 

combined and concentrated under reduced pressure to yield a white solid of the title 

compound (28 mg, 44 %). Rf= 0.23 (1:1 EtOAc: cyclohexane). LC/MS m/z calculated for 

C26H20ClN4O4:[M+H] +: 487.1, found: 487.1, tR 6.19 min (long run). HRMS (TOF ES+) 

calculated: 487.1168, found: 487.1165. 1H NMR (400 Hz, DMSO-d6)- δ 8.00-7.92 (m, 

3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.76 (d, j= 8.3 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.68 (d, j= 7.8 Hz, 2H, benzyl-3-CH, benzyl-5-CH), 7.58 (t, j= 6.9 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.50-7.46 (m, 3H, benzyl-2-CH, benzyl-6-CH, 

pyrroloquinoxaline-7-CH), 7.12 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.02 
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(d, j=8.6 Hz, 1H, benzodioxane-8-CH), 5.42 (s, 2H, CO2CH), 4.35 (s, 4H, benzodioxane-

3-CH2, benzodioxane-2-CH2). 13C NMR (101 Hz, DMSO-d6)- δ 164.9 (C=O), 160.7 

(pyrroloquinoxaline-8a-C), 144.9 (benzodioxane-8a-C), 144.4 (benzodioxane-4a-C), 

143.8 (pyrroloquinoxaline-9a-C, pyrroloquinoxaline-3a-C), 142.0 (pyrroloquinoxaline-

4a-C), 137.5 (benzodioxane-6-C), 137.1 (benzyl-1-C), 132.5 (benzyl-4-C), 129.5 (benzyl-

2-CH, benzyl-6-CH), 128.8 (benzyl-3-CH, benzyl-5-CH), 128.2 (pyrroloquinoxaline-5-

CH), 127.0 (pyrroloquinoxaline-8-CH), 126.1 (pyrroloquinoxaline-6-CH), 125.2 

(pyrroloquinoxaline-7-CH), 123.9 (pyrroloquinoxaline-2-C), 122.4 (benzodioxane-8-

CH), 118.5 (benzodioxane-7-CH), 118.4 (pyrroloquinoxaline-5-CH), 91.8 

(pyrroloquinoxaline-3-C), 64.6 (benzodioxane-2-CH2), 63.7 (benzodioxane-3-CH2).  

Cyclohexylmethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-

6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40g). 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (57 mg, 0.38 mmol, 1.4 

eq.) was reacted with cyclohexylmethyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42g) (92 mg, 0.27 mmol, 1.0 eq.) in 

7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by TLC using solvent 

conditions 1:4 EtOAc: cyclohexane. A white precipitate crashed out upon cooling which 

was filtered under vacuum washing with cold MeOH (10 mL) to yield a white solid of the 

title compound (44 mg, 36 %). Rf= 0.00 (20 % EtOAc in cyclohexane). LC/MS m/z 

calculated for C26H27N4O: [M+H] +: 459.2, found: 459.3, tR 3.05 min. HRMS (TOF ES+) 

calculated: 459.2027, found: 459.2038. 1H NMR (400 Hz, CDCl3)- δ 8.11 (d, j= 8.5 Hz, 

1H, pyrroloquinoxaline-5-CH), 7.88 (d, j= 8.5 Hz, 1H, pyrroloquinoxaline-8-CH), 7.58 (t, 

j= 7.0 Hz, 1H, pyrroloquinoxaline-6-CH), 7.49 (t, j= 8.2 Hz, 1H, pyrroloquinoxaline-7-CH), 

7.13-7.01 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.00-6.94 (m, 1H, 

benzodioxane-8-CH), 4.34 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2), 4.27 (d, 

j= 6.4 Hz, 2H, CO2CH2), 2.06-1.67 (m, 6H, cyclohexane-1-CH, 1x cyclohexane-2-CH2, 1x 

cyclohexane-3-CH2, 1x cyclohexane-4-CH2, 1x cyclohexane-5-CH2, 1x cyclohexane-6-

CH2), 1.42-1.10 (m, 5H, 1x cyclohexane-2-CH2, 1x cyclohexane-3-CH2, 1x cyclohexane-
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4-CH2, 1x cyclohexane-5-CH2, 1x cyclohexane-6-CH2). 13C NMR (101 Hz, CDCl3)- δ 

166.1 (C=O), 158.9 (pyrroloquinoxaline-8a-C), 144.9 (benzodioxane-8a-C), 144.7 

(benzodioxane-4a-C), 142.8 (pyrroloquinoxaline-9a-C), 141.5 (pyrroloquinoxaline-3a-

C), 141.4 (pyrroloquinocaline-4a-C), 137.6 (benzodioxane-6-C), 128.7 

(pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 126.7 (pyrroloquinoxaline-

6-CH), 126.1 (pyrroloquinoxaline-7-CH), 124.4 (pyrroloquinoxaline-2-C), 121.0 

(benzodioxane-8-CH), 118.9 (benzodioxane-7-CH), 117.2 (benzodioxane-5-CH), 82.9 

(pyrroloquinoxaline-3-C), 69.0 (CO2CH2), 64.4 (benzodioxane-2-CH2), 64.3 

(benzodioxane-3-CH2), 37.6 (cyclohexane-1-CH), 29.9 (cyclohexane-2-CH2, 

cyclohexane-6-CH2), 26.6 (cyclohexane-4-CH2), 25.9 (cyclohexane-3-CH2, 

cyclohexane-5-CH2). 

2-Methoxybenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40h). 

Conducted by student Bulbul Singh. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (79 mg, 0.5 mmol, 1.3 

eq.) was reacted with 2-methoxybenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42h) (148 mg, 0.4 mmol, 1.0 eq.) in 

2.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by LCMS. The solvent was removed under 

reduced pressure and the crude material recrystalised in hot MeOH to yield the title 

compound as a light brown solid (67 mg, 35 %). LC/MS m/z calculated for C27H23N4O5: 

[M+H] +: 483.2, found: 483.2, tR 4.98 min. HRMS (TOF ES+) calculated: 483.1663, found: 

483.1660. 1H NMR (400 Hz, DMSO-d6)- δ 7.94 (m, 3H, amine-NH2, pyrroloquinoxaline-

5-CH), 7.84 (d, j= 7.4 Hz, 1H, benzyl-6-CH), 7.77 (d, j= 8.2 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.58 (t, j= 7.0 Hz, 1H, pyrroloquinoxaline-6-CH), 7.49 (t, j= 7.6 Hz, 1H, 

pyrroloquinoxaline-7-CH), 7.33 (t, j= 7.8 Hz, 1H, benzyl-5-CH),  7.16-6.99 (m, 5H, 

benzodioxane-5-CH, benzodioxane-7-CH, benzodioxane-8-CH, benzyl-3-CH, benzyl-4-

CH), 5.38 (s, 2H, CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2), 

3.87 (s, 3H, CH3O).13C NMR (101 Hz, DMSO-d6)- δ 164.1 (C=O), 160.0 (benzyl-2-C), 
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156.1 (pyrroloquinoxaline-8a-C), 144.3 (benzodioxane-4a-C), 143.7 (benzodioxane-8a-

C), 143.2 (pyrroloquinoxaline-9a-C, pyrroloquinoxaline-3a-C), 141.4 

(pyrroloquinoxaline-4a-C), 136.8 (benzodioxane-6-C), 128.5 (benzyl-6-CH), 127.7 

(benzyl-4-CH), 127.4 (pyrroloquinoxaline-5-CH), 127.3 (pyrroloquinoxaline-8-CH), 

126.3 (pyrroloquinoxaline-7-CH, pyrroloquinoxaline-6-CH), 125.4 (benzyl-3-CH), 125.0 

(benzyl-5-CH), 124.5 (pyrroloquinoxaline-2-C), 121.7 (benzyl-1-C), 120.1 

(benzodioxane-8-CH), 117.8 (benzodioxane-7-CH), 117.7 (benzodioxane-5-CH), 80.6 

(pyrroloquinoxaline-3-C), 64.0 (benzodioxande-3-CH2), 63.9 (benzodioxane-2-CH2), 

59.6 (CO2CH2), 55.3 (CH3O). 

3-Methoxybenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40i). 

Conducted by student Bulbul Singh. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (102 mg, 0.67 mmol, 1.6 

eq.) was reacted with 3-methoxybenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42i) (154 mg, 0.41 mmol, 1.0 eq.) 

in 2.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by LCMS. A white precipitate crashed out 

upon cooling which was filtered under vacuum washing with cold MeOH (10 mL) to yield 

a white solid of the title compound (61 mg, 47 %). LC/MS m/z calculated for C27H23N4O5: 

[M+H] +: 483.2, found: 483.2, tR 2.75 min. HRMS (TOF ES+) calculated: 483.1663, found: 

483.1664. 1H NMR (400 Hz, DMSO-d6)- δ 7.99-7.92 (m, 3H, NH2, pyrroloquinoxaline-5-

CH), 7.76 (d, j= 8.3 Hz, 1H, pyrroloquinoxaline-8-CH), 7.57 (t, j= 6.9 Hz, 1H, 

pyrroloquinoxaline-6-CH), 7.49 (t, j= 8.2 Hz, 1H, pyrroloquinoxaline-7-CH), 7.33 (t, j= 7.9 

Hz, 1H, benzyl-5-CH), 7.26 (s, 1H, benzyl-6-CH), 7.17 (d, j= 7.5 Hz, 1H, benzyl-2-CH), 

7.15-7.08 (m, 2H, benzodioxane-7-CH, benzodioxane-5-CH), 7.02 (d, j= 8.6 Hz, 1H, 

benzodioxane-8-CH), 6.89 (d, j= 8.3 Hz, 1H, benzyl-4-CH), 5.41 (s, 2H, CO2CH2), 4.35 (s, 

4H, benzodioxane-2-CH2, benzodioxane-3-CH2), 3.83 (s, 3H, OCH3). 13C NMR (101 Hz, 

DMSO-d6)- δ 164.5 (C=O), 160.3 (pyrroloquinoxaline-8a-C), 159.4 (benzyl-3-C), 144.5 

(benzodioxane-8a-C), 143.9 (benzodioxane-4a-C), 143.4 (pyrroloquinoxaline-9a-C), 
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141.6 (pyrroloquinoxaline-3a-C), 140.7 (pyrroloquinoxaline-4a-C), 139.1 (benzodioxane-

6-C), 137.0 (benzyl-1-C), 129.4 (benzyl-5-CH), 127.6 (pyrroloquinoxaline-5-CH), 127.5 

(pyrroloquinoxaline-8-CH), 126.5 (pyrroloquinoxaline-6-CH), 125.6 (pyrroloquinoxaline-

7-CH), 124.8 (pyrroloquinoxaline-2-C), 121.9 (benzodioxane-8-CH), 119.1 (benzyl-6-

CH), 118.0 (benzodioxane-7-CH), 117.9 (benzodioxane-5-CH), 112.8 (benzyl-2-CH), 

112.7 (benzyl-4-CH), 80.7 (pyrroloquinocaline-3-C), 64.2 (benzodioxane-2-CH2), 64.1 

(benzodioxane-3-CH2), 63.7 (CO2CH2), 55.1 (OCH3). 

4-Methoxybenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40j). 

Conducted by student Bulbul Singh. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (80 mg, 0.53 mmol, 1.3 

eq.) was reacted with 4-methoxybenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42j) (150 mg, 0.4 mmol, 1.0 eq.) in 

2.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by LCMS. The solvent 

was removed under reduced pressure and the crude material recrystalised into 

methanol to give an impure cream solid. The crude material was purified by column 

chromatography on a 12g silica column using solvent conditions 0-5 % MeOH in DCM 

over 22 CVs. The desired fractions were combined and concentrated under reduced 

pressure to yield the title compound as a cream solid (89 mg, 45 %). LC/MS m/z 

calculated for C27H23N4O5: [M+H] +: 483.2, found: 483.3, tR 11.44 min (long run). HRMS 

(TOF ES+) calculated: 483.1663, found: 483.1654. 1H NMR (400 Hz, DMSO-d6)- δ 7.97-

7.90 (m, 3H, pyrroloquinoxaline-5-CH, amine-NH2), 7.76 (d, j= 8.1 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.60-7.51 (m, 3H, pyrroloquinoxaline-6-CH, benzyl-2-CH, 

benzyl-6-CH), 7.48 (t, j= 8.2 Hz, 1H, pyrroloquinoxaline-7-CH), 7.15-7.07 (m, 2H, 

benzodioxane-7-CH, benzodioxane-5-CH), 7.05-6.93 (m, 3H, benzyl-3-CH, benzyl-5-

CH, benzodioxane-8-CH), 5.35 (s, 2H, CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, 

benzodioxane-3-CH2), 3.76 (s, 3H, OCH3). 13C NMR (101 Hz, DMSO-d6)- δ 164.6 (C=O), 

160.2 (benzyl-4-C), 158.8 (pyrroloquinoxaline-8a-C), 144.4 (benzodioxane-4a-C), 143.9 
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(benzodioxane-8a-C), 143.3 (pyrroloquinoxaline-9a-C), 141.5 (pyrroloquinoxaline-3a-

C), 136.9 (pyrroloquinoxaline-4a-C), 136.8 (benzodioxane-6-C), 129.4 (benzyl-1-C), 

129.2 (benzyl-2-CH, benzyl-6-CH), 127.6 (pyrroloquinoxaline-5-CH), 127.4 

(pyrroloquinoxaline-8-CH), 126.4 (pyrroloquinoxaline-6-CH), 125.6 (pyrroloquinoxaline-

7-CH), 124.8 (pyrroloquinoxaline-2-C), 121.9 (benzodioxane-8-CH), 118.0 

(benzodioxane-7-CH), 117.9 (benzodioxane-5-CH), 113.7 (benzyl-3-CH, benzyl-5-CH), 

80.8 (pyrroloquinoxaline-3-C), 64.2 (benzodioxane-2-CH2), 64.1 (benzodioxane-2-CH2), 

63.7 (CO2CH2), 55.1 (CH3O). 

Naphthalen-2-ylmethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-

3-carboxylate (40n). 2,3-Dihydrobenzo[b][1,4]dioxin-6-amine (29) 

(174 mg, 1.15 mmol, 1.4 eq.) was reacted with naphthalen-2-

ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-cyanoacetate 

(42n) (324 mg, 0.84 mmol, 1.0 eq.) in 7.5 mL EtOH and 2.5 mL THF 

in accordance with general procedure 2. The reaction was 

monitored by LCMS. A yellow solid precipitated out upon cooling 

of the reaction mixture and the solvent was removed under reduced pressure. The 

crude material was sonicated and heated in EtOAc (200 mL) before being filtered under 

vacuum to yield a yellow solid of the title compound (139 mg, 33 %). LC/MS m/z 

calculated for C30H23N4O4: [M+H] +: 503.2, found: 503.2, tR 8.04 min (long run). HRMS 

(TOF ES+) calculated: 503.1714, found: 503.1707. 1H NMR (400 Hz, DMSO-d6)- δ 8.38 

(broad s, 2H, amine-NH2), 8.17-8.08 (m, 2H, naphthalene-7-CH, naphthalene-4-CH), 

8.00-7.90 (m, 3H, naphthalene-2-CH, naphthalene-3- CH, naphthalene-8-CH), 7.83 (d, 

j= 8.2 Hz, 1H, pyrroloquinoxaline-5-CH), 7.74 (d, j= 8.5 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.65 (t, j= 7.6 Hz, 1H, pyrroloquinoxaline-6-CH), 7.59-7.48 (m, 3H, 

pyrroloquinoxaline-7-CH, naphthanele-6-CH, naphthalene-5-CH), 7.16-7.09 (m, 2H, 

benzodioxane-7-CH, benzodioxane-5-CH), 7.03 (d, j= 8.6 Hz, 1H, benzodioxane-8-CH), 

5.63 (s, 2H, CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2).13C NMR 

(101 Hz, DMSO-d6)- δ 164.3 (C=O), 161.1 (pyrroloquinoxaline-8a-C), 145.2 
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(benzodioxane-4a-C), 144.5 (benzodioxane-8a-C), 141.7 (pyrroloquinoxaline-9a-C), 

139.7 (pyrroloquinoxaline-3a-C), 137.0 (pyrroloquinoxaline-4a-C), 135.4 

(benzodioxane-6-C, naphthalene-1-C), 133.2 (naphthalene-7a-C), 133.0 (naphthalene-

3a-C), 128.5 (naphthalene-2-CH), 128.2 (naphthalene-7-CH, naphthalene-4-CH), 128.1 

(naphthalene-8-CH, naphthalene-3-CH), 126.9 (naphthalene-6-CH, 

pyrroloquinoxaline-5-CH), 126.7 (pyrroloquinoxaline-8-CH), 126.6 (pyrroloquinoxaline-

6-CH), 126.2 (pyrroloquinoxaline-7-CH, naphthalene-5-CH), 124.7 (pyrroloquinoxaline-

2-C), 122.5 (benzodioxane-8-CH), 118.6 (benzodioxane-7-CH), 118.4 (benzodioxane-5-

CH), 82.0 (pyrroloquinoxaline-3-C), 65.1 (CO2CH2), 64.7 (benzodioxane-2- CH2), 64.6 

(benzodioxane-3-CH2). 

Naphthalen-1-ylmethyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-b]quinoxaline-

3-carboxylate (40o). 2,3-Dihydrobenzo[b][1,4]dioxin-6-amine (29) 

(45 mg, 0.3 mmol, 1.3 eq.) was reacted with naphthalen-1-

ylmethyl (Z)-2-(3-chloroquinoxalin-2(1H)-ylidene)-2-cyanoacetate 

(42n) (82 mg, 0.2 mmol, 1.0 eq.) in 3 mL EtOH and 1 mL THF in 

accordance with general procedure 2. The reaction was monitored 

by TLC conditions 1:1 EtOAc: cyclohexane. A yellow solid precipitated out upon cooling 

of the reaction mixture which was filtered under vacuum washing with cold MeOH (10 

mL), LCMS confirmed the filtrate contained product. The filtrate was concentrated 

under reduced pressure before being extracted into EtOAc (100 mL), washed with 2 M 

HCl (50 mL), water (50 mL) and brine (20 mL). The phases were separated, and the 

organic was dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude material was purified by column chromatography on a 12 g silica column using 

solvent conditions 20-70 % EtOAc in cyclohexane over 12 CV. The desired fractions 

were combined and concentrated under reduced pressure to yield an impure orange 

solid. The material was triturated from methanol with sonication and the solid filtered 

under vacuum to give a white solid of the tile compound (5.3 mg, 5 %). Rf= 0.27 (1:1 

EtOAc: cyclohexane). LC/MS m/z calculated for C30H23N4O4: [M+H] +: 503.2, found: 
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503.2, tR 7.42 min (long run). HRMS (TOF ES+) calculated: 503.1714, found: 503.1708. 1H 

NMR (400 Hz, DMSO-d6)- δ 8.38 (d, j= 8.5 Hz, 1H, naphthalene-8-CH), 8.19 (d, 8.2 Hz, 

1H, naphthalene-5-CH), 8.01 (d, j= 7.1 Hz, 1H, naphthalene-4-CH), 7.89 (d, j= 8.2 Hz, 

2H, pyrroloquinoxaline-8-CH, pyrroloquinoxaline-5-CH), 7.85 (d, j= 8.3 Hz, 1H, 

naphthalene-2-CH), 7.64-7.57 (m, 2H, pyrroloquinoxaline-6-CH, pyrroloquinoxaline-7-

CH), 7.52 (q, j= 8.0 Hz, 3H, naphthalene-3-CH, naphthalene-7-CH, naphthalene-6-CH), 

7.07 (d, j= 8.6 Hz, 1H, benzodioxane-7-CH), 7.01 (s, 1H, benzodioxane-5-CH), 6.95 (d, j= 

8.5 Hz, 1H, benzodioxane-8-CH), 6.00 (s, 2H, CO2CH2), 4.33 (s, 4H, benzodioxane-2-

CH2, benzodioxane-3-CH2). 13C NMR (101 Hz, DMSO-d6)- δ 165.7 (C=O), 160.1 

(pyrroloquinoxaline-8a-C), 145.4 (benzodioxane-8a-C), 145.2 (benzodioxane-4a-C), 

143.3 (pyrroloquinoxaline-9a-C), 142.0 (pyrroloquinoxaline-3a-C), 138.2 

(pyrroloquinoxaline-4a-C), 136.4 (benzodioxane-6-C), 134.2 (naphthalene-8a-C, 

naphthalene-4a-C), 132.9 (naphthalene-1-C), 131.8 (naphthalene-2-CH), 129.2 

(naphthalene-5-CH), 129.1 (pyrroloquinoxaline-5-CH, naphthalene-4-CH), 128.4 

(pyrroloquinoxaline-8-CH), 127.3 (pyrroloquinoxaline-6-CH), 126.8 (pyrroloquinoxaline-

7-CH), 126.6 (naphthalene-7-CH), 126.3 (naphthalene-6-CH), 126.0 (naphthalene-3-

CH), 124.7 (pyrroloquinoxaline-2-C), 124.4 (naphthalene-8-CH), 121.5 (benzodioxane-

8-CH), 119.3 (benzodioxane-7-CH), 117.7 (benzodioxane-5-CH), 77.7 

(pyrroloquinoxaline-3-C), 64.8 (benzodioxane-2-CH2), 64.7 (benzodioxane-3-CH2), 64.3 

(CO2CH2).  

Phenethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-

pyrrolo[2,3-b]quinoxaline-3-carboxylate (40p). 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (47 mg, 0.31 mmol, 1.5 

eq.) was reacted with phenethyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (42p) (75 mg, 0.21 mmol, 1 eq.) in 9 mL 

EtOH and 3 mL THF in accordance with general procedure 2. The 

reaction was monitored by LCMS. The reaction mixture was 

cooled and a white precipitate crashed out which was filtered 

under vacuum and washed with cold MeOH (10 mL) to yield a white solid of the title 
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compound (49 mg, 49 %). LC/MS m/z calculated for C27H23N4O4: [M+H]+: 467.2, found: 

467.0, tR 5.42 min (long run). HRMS (TOF ES+) calculated: 467.1714, found: 467.1724. 1H 

NMR (400 Hz, DMSO-d6)- δ 7.97 (d, j= 8.2 Hz, 1H, pyrroloquinoxaline-5-CH), 7.87 (broad 

s, 2H, amine-NH2), 7.76 (d, j= 8.2 Hz, 1H, pyrroloquinoxaline-8-CH), 7.64-7.54 (m, 3H, 

pyrroloquinoxaline-6-CH, phenyl-3-CH, phenyl-5-CH), 7.49 (t, j= 7.2 Hz, 1H, 

pyrroloquinoxaline-7-CH), 7.31 (t, j= 7.5 Hz, 2H, phenyl-1-CH, phenyl-6-CH), 7.22 (t, j= 

7.7 Hz, 1H, phenyl-4-CH), 7.14-7.07 (m, 2H, benzodioxane-7-CH, benzodioxame-5-

CH), 7.00 (d, j= 8.6 Hz, 1H, benzodioxane-8-CH), 4.46 (t, j= 6.7 Hz, 2H, CO2CH2), 4.35 (s, 

4H, benzodioxane-2-CH2, benzodioxane-3-CH2), 3.08 (t, j= 6.7 Hz, 2H, CO2CH2CH2). 13C 

NMR (101 Hz, DMSO-d6)- δ 164.6 (C=O), 159.9 (pyrroloquinoxaline-8a-C), 144.2 

(benzodioxane-8a-C), 143.7 (benzodioxane-4a-C), 143.1 (pyrroloquinoxaline-9a-C), 

141.3 (pyrroloquinoxaline-3a-C), 140.5 (pyrroloquinoxaline-4a-C), 138.4 (phenyl-1-C), 

136.7 (benzodioxane-6-C), 129.2 (phenyl-3-CH, phenyl-5-CH), 128.0 (phenyl-2-CH, 

phenyl-6-CH), 127.3 (pyrroloquinoxaline-5-CH), 127.2 (pyrroloquinoxaline-8-CH), 126.5 

(pyrroloquinoxaline-6-CH), 126.1 (pyrroloquinoxaline-7-CH), 125.3 (phenyl-4-CH), 

124.6 (pyrroloquinoxaline-2-C), 121.7 (benzodioxane-8-CH), 117.8 (benzodioxane-7-

CH), 117.7 (benzodioxane-5-CH), 80.5 (pyrroloquinoxaline-3-C), 64.0 (benzodioxane-2-

CH2), 63.9 (benzodioxane-3-CH2), 63.6 (CO2CH2), 34.7 (CO2CH2CH2).  

2-Fluorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40q). 

Conducted by student Ng Yu Yang. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (140 mg, 0.93 mmol, 1.6 

eq.) was reacted with 4-fluorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42q) (208 mg, 0.58 mmol, 1.0 eq.) 

in 7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by TLC conditions 1:9 MeOH: DCM. The 

reaction mixture was cooled and a white precipitate crashed out which was filtered 

under vacuum and washed with cold MeOH (10 mL) to yield a beige solid of the title 

compound (114 mg, 41 %). Rf= 0.77 (10 % MeOH in DCM). LC/MS m/z calculated for 
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C26H20FN4O4: [M+H] +: 471.1, found: 471.2, tR 2.99 min. HRMS (TOF ES+) calculated: 

471.1463, found: 471.1472. 1H NMR (400 Hz, CDCl3)- δ 8.15 (d, j= 8.4 Hz, 1H, 

pyrroloquinoxaline-5-CH), 7.93 (t, j= 7.3 Hz, 1H, benzyl-4-CH), 7.88 (d, j= 6.5 Hz, 1H, 

pyrroloquinoxaline-8-CH), 5.59 (t, j= 7.1 Hz, 1H, pyrroloquinoxaline-6-CH), 7.50 (t, j= 7.9 

Hz, 1H, pyrroloquinoxaline-7-CH), 7.31 (q, j= 7.0 Hz, 1H, benzyl-3-CH), 7. 21 (t, j= 7.5 

Hz, 1H, benzyl-6-CH), 7.15-7.03 (m, 2H, benzyl-5-CH, benzodioxane-7-CH), 7.02 (s, 1H, 

benzodioxane-5-CH), 6.96 (d, j= 8.1 Hz, 1H, benzodioxane-8-CH), 5.61 (s, 2H, CO2CH2), 

4.32 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2). 13C NMR (101 Hz, CDCl3)- δ 

165.1 (C=O), 161.6 (benzyl-2-C), 159.0 (pyrroloquinoxaline-8a-C), 144.9 (benzodioxane-

8a-C), 144.7 (benzodioxane-4a-C), 142.8 (pyrroloquinoxaline-9a-C), 141.5 

(pyrroloquinoxaline-3a-C), 141.3 (pyrroloquinoxaline-4a-C), 137.7 (benzodioxane-6-C), 

129.9 (benzyl-1-C), 129.4 (benzyl-4-CH), 129.35 (benzyl-6-CH), 128.6 

(pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 126.9 (pyrroloquinoxaline-

6-HCH), 126.2 (pyrroloquinoxaline-7-CH), 124.3 (pyrroloquinoxaline-2-C), 124.2 

(benzyl-5-CH), 121.0 (benzodioxane-8-CH),  118.9 (benzodioxane-7-CH), 117.2 

(benzodioxane-5-CH), 115.3 (benzyl-3-CH), 82.5 (pyrroloquinoxaline-3-C), 64.4 

(benzodioxande-2-CH2), 64.3 (benzodioxane-3-CH2), 59.4 (CO2CH2). 19F NMR (377 Hz, 

CDCl3)- δ -118.8 (m, 1F, CF). 

3-Fluorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40r). 

Conducted by student Ng Yu Yang. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (92 mg, 0.61 mmol, 2.3 

eq.) was reacted with 3-fluorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42r) (97 mg, 0.26 mmol, 1.0 eq.) in 

3 mL EtOH and 1 mL THF in accordance with general procedure 2. 

The reaction was monitored by LCMS. The reaction mixture was cooled and a white 

precipitate crashed out which was filtered under vacuum and washed with cold MeOH 

(10 mL) to yield a white solid of the title compound (24 mg, 19 %). LC/MS m/z calculated 

for C26H20FN4O4: [M+H] +: 471.1, found 471.2, tR 5.03 min (long run). HRMS (TOF ES+) 
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calculated: 471.1463, found: 471.1466. 1H NMR (400 Hz, CDCl3)- δ 8.18 (d, j= 8.3 Hz, 

1H, pyrroloquinoxaline-5-CH), 7.90 (d, j= 8.1 Hz, 1H, pyrroloquinoxaline-8-CH), 7.65-

7.48 (m, 3H, pyrroloquinoxaline-7-CH, pyrroloquinoxaline-6-CH, benzyl-5-CH), 7.42-

7.31 (m, 2H, benzyl-2-CH, benzyl-6-CH), 7.11 (d, j= 8.7 Hz, benzyl-4-CH), 7.07-6.96 (m, 

3H, benzodioxane-7-CH, benzodoxane-8HCN, benzodioxane-5-CH), 5.53 (s, 2H, 

CO2CH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2). 13C NMR (101 Hz, 

CDCl3)- δ 164.4 (C=O), 161.9 (benzyl-3-C), 159.0 (pyrroloquinoxaline-8a-C), 145.0 

(benzodioxane-8a-C), 144.8 (benzodioxane-4a-C), 142.8 (pyrroloquinoxaline-9a-C), 

141.5 (pyrroloquinoxaline-3a-C), 139.8 (pyrroloquinoxaline-4a-C), 139.7 (benzyl-1-C), 

137.7 (benzodioxane-6-C), 129.9 (benzyl-5-CH), 128.7 (pyrroloquinoxaline-5-CH), 128.0 

(pyrroloquinoxaline-8-CH), 127.0 (pyrroloquinoxaline-6-CH), 126.3 (pyrroloquinoxaline-

7-CH), 124.2 (pyrroloquinoxaline-2-C), 122.6 (benzyl-6-CH), 121.0 (benzodioxane-8-

CH), 118.9 (benzodioxane-7-CH), 117.2 (benzodioxane-5-CH), 114.6 (benzyl-4-CH), 

114.3 (benzyl-2-CH), 82.5 (pyrroloquinoxaline-3-C), 64.5 (CO2CH2), 64.4 

(benzodioxane-2-CH2), 64.3 (benzodioxane-3-CH2). 19F NMR (377 Hz, CDCl3)- δ -

112.89- -112.99 (m, 1F, CF).  

4-Fluorobenzyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-6-

yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40s). 

Conducted by student Ng Yu Yang. 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (78 mg, 0.52 mmol, 1.4 

eq.) was reacted with 4-fluorobenzyl (Z)-2-(3-chloroquinoxalin-

2(1H)-ylidene)-2-cyanoacetate (42s) (135 mg, 0.38 mmol, 1.0 eq.) 

in 7.5 mL EtOH and 2.5 mL THF in accordance with general 

procedure 2. The reaction was monitored by TLC conditions 1:9 

MeOH: DCM. The reaction mixture was cooled and a white precipitate crashed out 

which was filtered under vacuum and washed with cold MeOH (10 mL) to yield a beige 

solid of the title compound (28 mg, 16 %). Rf= 0.77 (1:9 MeOH: DCM). LC/MS m/z 

calculated for C26H20FN4O4: [M+H] +: 471.1, found: 471.2, tR 4.94 min (long run). HRMS 

(TOF ES+) calculated: 471.1463, found: 471.1462. 1H NMR (400 Hz, CDCl3)- δ 8.14 (d, j= 
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8.4 Hz, 1H, pyrroloquinoxaline-5-CH), 7.88 (d, j= 8.1 Hz, 1H, pyrroloquinoxaline-8-CH), 

7.68-7.56 (m, 3H, benzyl-2-CH, benzyl-6-CH, pyrroloquinoxaline-6-CH), 7.51 (t, j= 7.3 

Hz, 1H, pyrroloquinoxaline-7-CH), 7.13-7.05 (m, 3H, benzodioxane-7-CH, benzyl-3-CH, 

benzyl-5-CH), 7.02 (s, 1H, benzodioxane-5-CH), 6.96 (d, j= 8.1 Hz, 1H, benzodioxane-8-

CH), 5.50 (s, 2H, CO2CH2), 4.33 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2). 13C 

NMR (101 Hz, CDCl3)- δ 163.8 (C=O), 161.3 (benzyl-4-C), 159.2 (pyrroloquinoxaline-8a-

C), 145.1 (benzodioxane-8a-C), 144.8 (benzodioxane-4a-C), 142.9 (pyrroloquinoxaline-

9a-C), 141.6 (pyrroloquinoxaline-3a-C), 141.3 (pyrroloquinoxaline-4a-C), 137.8 

(benzodioxane-6-C), 133.0 (benzyl-1-C), 129.7 (benzyl-2-CH, benzyl-6-CH), 128.7 

(pyrroloquinoxaline-5-CH), 128.1 (pyrroloquinoxaline-8-C), 127.0 (pyrroloquinoxaline-

6-CH), 126.4 (pyrroloquinoxaline-7-CH), 124.4 (pyrroloquinoxaline-2-C), 121.1 

(benzodioxane-8-CH), 119.0 (benzodioxane-7-CH), 117.3 (benzodioxane-5-CH), 115.6 

(benzyl-3-CH, benzyl-5-CH), 82.7 (pyrroloquinoxaline-3-C), 64.8 (CO2CH2), 64.5 

(benzodioxane-2-CH2), 64.4 (benzodioxane-3-CH2). 19F NMR (377 Hz, CDCl3)- δ -114.8 

(m,1F, CF). 

Pyridin-3-ylmethyl 2-amino-1-(2,3-dihydrobenzo[b][1,4]dioxin-

6-yl)-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate (40b). 2-

cyanoacetic acid (31) (311 mg, 3.5 mmol, 1.0 eq.) was reacted 

with pyridin-3-ylmethanol (0.35 ml, 3.5 mmol, 1.0 eq.), DCC (766 

mg, 3.7 mmol, 1.1 eq.) and DMAP (43 mg, 0.35 mmol, 0.1 eq.) in 

DCM 10 mL according to general procedure 4. TLC showed 

desired ester formation Rf= 0.29 (3:97 MeOH: DCM). The reaction 

mixture was filtered to remove the white solid urea by-product washing with cold DCM 

(100 mL). The resulting filtrated was washed with distilled water (50 mL) and sodium 

bicarbonate (50 mL), phases separated then dried over MgSO4, filtered, and 

concentrated under reduced pressure with no heating. To the crude material was 

added 2,3-dichloroquinoxaline (26) (1.396 g, 7.0 mmol, 2.0 eq.), CS2CO3 (5.73 g, 17.6 

mmol, 5.0 eq.) in 15 mL DMF in accordance with general procedure 1(a). TLC confirmed 

desired intermediate formation, Rf= 0.40 (3:97 MeOH: DCM). DMF was removed using 
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high vacuum at 30 oC. Acetonitrile was added to the crude material sonicated and 

filtered to remove the Cs2CO3, the filtrated was concentrated under reduced pressure 

without heating. To the crude intermediate was added 2,3-dihydrobenzo[b][1,4]dioxin-

6-amine (29) (140 mg, 0.93 mmol, 1.6 eq.) in 9 mL EtOH and 3 mL THF in accordance 

with general procedure 2. The reaction was monitored by TLC conditions 3:97 MeOH: 

DCM.  A white solid crashed out upon cooling of the reaction mixture which was filtered 

under vacuum washing with cold MeOH (20 mL). Recrystallization of the solid was 

conducted in a 3:1 mixture of EtOH and THF to yield a cream solid of the title compound 

(553 mg, 35 %). Rf= 0.1 (3% MeOH in DCM). LC/MS m/z calculated for C25H20N5O4: 

[M+H]+: 454.1, found: 454.1, tR 4.08 min (long run). HRMS (TOF ES+) calculated: 

454.1510, found: 545.1500. 1H NMR (400 Hz, CDCl3)- δ 8.86 (s, 1H, pyridine-2-CH), 

8.54 (d, 4.4 Hz, 1H, pyridine-4-CH), 8.06 (d, j= 7.6 Hz, 1H, pyridine-6-CH), 8.02-7.92 (m, 

3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.76 (d, j= 8.2 Hz, 1H, pyrroloquinoxaline-8-

CH), 7.58 (t, j= 6.8 Hz, 1H, pyrroloquinoxaline-6-CH), 7.53-7.44 (m, 2H, 

pyrroloquinoxaline-7-CH, pyridine-5-CH),  7.16-7.07 (m, 2H, benzodioxane-7-CH, 

benzodioxane-5-CH), 7.02 (d, j= 8.9 Hz, 1H, benzodioxane-8-CH), 5.47 (s, 2H, CO2CH2), 

4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2). 13C NMR (101 Hz, CDCl3)- δ 

164.8 (C=O), 160.7 (pyrroloquinoxaline-8a-C), 149.2 (pyridine-2-CH, pyridine-4-CH), 

144.9 (benzodioxane-8a-C), 144.4 (benzodioxane-4a-C), 143.8 (pyrroloquinoxaline-9a-

C), 142.0 (pyrroloquinoxaline-3a-C), 141.1 (pyrroloquinoxaline-4a-C), 137.4 

(benzodioxane-6-C), 135.6 (pyridine-1-C), 133.5 (pyridine-6-CH), 128.0 

(pyrroloquinoxaline-5-CH), 127.9 (pyrroloquinoxaline-8-CH), 126.9 (pyrroloquinoxaline-

6-CH), 126.0 (pyrroloquinoxaline-7-CH), 125.1 (pyridine-5-CH), 123.9 

(pyrroloquinoxaline-2-C), 122.3 (benzodioxane-8-CH), 118.4 (benzodioxane-7-CH), 

118.3 (benzodioxane-5-CH), 81.0 (pyrroloquinoxaline-3-C), 64.6 (benzodioxane-2-CH2), 

64.5 (benzodioxane-3-CH2), 62.3 (CO2CH2). 

(4-(Allyloxy)phenyl)methanol (44u). 4-Hydroxybenzyl alcohol 

(43) (500 mg, 4 mmol, 1.0 eq.), allyl bromide (487 mg, 4 mmol, 1.0 

eq.) and potassium carbonate (668 mg, 4.1 mmol, 1.0 eq.) was suspended in DMF 5 mL 
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before heating to 80 oC for 24 hours. Reaction determined complete by TLC conditions 

2:3 EtOAc: cyclohexane. The DMF was removed under high vacuum before the crude 

material was extracted into DCM (200 mL) and washed with distilled water (200 mL). 

The phases were separated, the organic dried over MgSO4, filtered and concentrated 

under reduced pressure. The crude material was then purified by column 

chromatography on a 25g silica column using solvent conditions 0-70 % EtOAc in 

cyclohexane over 13 CV. The desired product co-eluted with an impurity, the fractions 

were combined and concentrated under reduced pressure. A second column was ran 

on a 25 g silica column using solvent conditions 0- 50% EtOAc in cyclohexane 13 CV. 

Desired fractions were combined and concentrated under reduced pressure to yield 

the title compound as a colourless oil (255 mg, 39 %). Rf= 0.26 (2:3 EtOAc: 

cyclohexane). 1H NMR (400 Hz, CDCl3)- δ 7.21 (d, j= 7.7 Hz, 2H, phenyl-2-CH, phenyl-6-

CH), 6.89 (d, j= 7.7 Hz, 2H, phenyl-3-CH, phenyl-4-CH), 6.03 (dddd, j= 16.0, 9.2, 5.9, 4.6 

Hz, 1H, OCH2CHCH2), 5.38 (d, j= 17.0 Hz, 1H, 1x OCH2CHCH2), 5.24 (d, j= 10.1 Hz, 1H, 

1x OCH2CHCH2), 5.03 (t, j= 5.6 Hz, 1H, methanol-OH), 4.54 (d, j= 4.1 Hz, 2H, 

OCH2CHCH2), 4.41 (d, j= 5.6 Hz, 2H, methanol-CH2).13C NMR (101 Hz, CDCl3)- δ 157.5 

(phenyl-4-C), 135.2 (OCH2CHCH2), 134.3 (phenyl-1-C), 128.4 (phenyl-2-CH, phenyl-6-

CH), 117.7 (OCH2CHCH2), 114.7 (phenyl-3-CH, phenyl-5-CH), 68.6 (OCH2CHCH2), 63.0 

(methanol-CH2). 

4-(Allyloxy)benzyl 2-cyanoacetate (41u). 2-Cyanoacetic 

acid (31) (130 mg, 1.5 mmol, 1.0 eq.) was reacted with (4-

(allyloxy)phenyl)methanol (44u) (250 mg, 1.5 mmol, .01 

eq.), DCC (314 mg, 1.5 mmol, 1.0 eq.) and DMAP (18 mg, 0.15 mmol, 0.1 eq.) in DCM 5 

mL according to general procedure 4. The reaction was monitored by TLC conditions 2:3 

EtOAc: cyclohexane. The crude material was purified by column chromatography on a 

12g silica column using solvent conditions 0-40 % EtOAc in cyclohexane over 12 CV. The 

desired fractions were combined and concentrated under reduced pressure to yield a 

colourless oil of the title compound (240 mg, 68 %). Rf= 0.5 (2:3 EtOAc: cyclohexane). 

LC/MS m/z calculated for C13H14NO3: [M+H] +: 231.1, no mass found, tR 2.73 min. 1H 



271 
 

NMR (400 Hz, CDCl3)- δ 7.30 (d, j= 7.8 Hz, 2H, benzyl-2-CH, benzyl-6-CH), 6.92 (d, j= 7.6 

Hz, 2H, benzyl-3-CH, benzyl-5-CH), 6.1205.98 (m, 1H, OCH2CHCH2), 5.41 (d, j= 17.3 

Hz, 1H, 1x OCH2CHCH2), 5.30 (d, j= 10.6 Hz, 1H, 1x OCH2CHCH2), 7.16 (s, 2H, CO2CH2), 

4.55 (d, j= 4.9 Hz, 2H, OCH2CHCH2), 3.46 (s, 2H, cyanoacetate-2-CH2). 13C NMR (101 

Hz, CDCl3)- δ 162.8 (C=O), 159.2 (benzyl-4-C), 133.0 (OCH2CHCH2), 130.6 (benzyl-2-

CH, benzyl-6-CH), 126.6 (benzyl-1-C), 117.9 (OCH2CHCH2), 114.9 (benzyl-3-CH, benzyl-

5-CH), 112.9 (nitrile-CN), 68.9 (OCH2CHCH2), 68.4 (CO2CH2), 24.9 (cyanoacetate-2-

CH2). 

4-(Allyloxy)benzyl (Z)-2-(3-chloroquinoxalin-2(1H)-

ylidene)-2-cyanoacetate (42u). 2,3-

Dichloroquinoxaline (26) (202 mg, 1.0 mmol, 1.0 eq.) 

was reacted with of 4-(allyloxy)benzyl 2-cyanoacetate 

(41u) (230 mg, 1.0 mmol, 1.0 eq.), CS2CO3 (1.630 g, 5 

mmol, 5.0 eq.) in 5 mL DMF in accordance with general procedure 1(a). The reaction 

was monitored by TLC conditions 2:3 EtOAc: cyclohexane. The DMF was removed under 

high vacuum before the crude material was extracted into EtOAc (100 mL) washing with 

water (100 mL), and brine (100 mL). The phases were separated, organic combined, 

dried over MgSO4 before being filtered and concentrated under reduced pressure. The 

crude material was purified by column chromatography on a 12g silica column using 

solvent conditions 0-60 % EtOAc in cyclohexane over 19 CV. The desire fractions were 

combined and concentrated under reduced pressure to yield an orange solid of the title 

compound (210 mg, 54 %). Rf= 0.43 (2:3 EtOAc: cyclohexane). LC/MS m/z calculated for 

C21H17ClN3O3: [M+H] +: 394.1, found: 394.2, tR 3.11min. 1H NMR (400 Hz, CDCl3)- δ 14.4 

(broad s, 1H, quinoxaline-1-NH), 7.80 (d, j= 8.2 Hz, 1H, quinoxaline-8-CH), 7.62 (t, j= 7.6 

Hz, 1H, quinoxaline-7-CH), 7.46 (t, j= 7.6 Hz, 1H, quinoxaline-6-CH), 7.39 (d, j= 8.2 Hz, 

3H, quinoxaline-5-CH, benzyl-2-CH, benzyl-6-CH), 6.92 (d, j= 8.2 Hz, 2H, benzyl-3-CH, 

benzyl-5-CH), 6.12-5.89 (m, 1H, OCH2CHCH2), 6.41 (d, j= 17.2 Hz, 1H, 1x OCH2CHCH2), 

5.33-5.24 (m, 3H, CO2CH2, OCH2CHCH2), 4.54 (1d, j= 4.9 Hz, 2H, OCH2CHCH2). 13C 

NMR (101 Hz, CDCl3)- δ 170.9 (C=O), 158.9 (benzyl-4-C), 146.4 (quinoxaline-3-C), 

143.9 (quinoxaline-2-C), 134.5 (quinoxaline-8a-C), 133.3 (quinoxaline-4a-C), 132.5 
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(OCH2CHCH2), 129.9 (benzyl-2-CH, benzyl-6-CH), 128.9 (benzyl-1-C), 128.4 

(quinoxaline-5-CH), 127.8 (quinoxaline-6-CH), 126.9 (quinoxaline-6-CH), 117.9 

(OCH2CHCH2), 116.7 (quinoxaline-8-CH), 116.6 (nitrile-CN), 115.0 (benzyl-3-CH, 

benzyl-5-CH), 69.6 (OCH2CHCH2), 69.0 (cyanoacetate-2-C), 67.4 (CO2CH2). 

4-(Allyloxy)benzyl 2-amino-1-(2,3-

dihydrobenzo[b][1,4]dioxin-6-yl)-1H-pyrrolo[2,3-

b]quinoxaline-3-carboxylate (47). 2,3-

Dihydrobenzo[b][1,4]dioxin-6-amine (29) (118 mg, 0.78 

mmol, 1.5 eq.) was reacted with 4-(allyloxy)benzyl (Z)-2-(3-

chloroquinoxalin-2(1H)-ylidene)-2-cyanoacetate (42u) 

(205 mg, 0.52 mmol, 1.0 eq.) in 9 mL EtOH and 3 mL THF 

in accordance with general procedure 2. The reaction was monitored by LCMS. The 

reaction mixture was cooled and a white precipitate crashed out which was filtered 

under vacuum and washed with cold MeOH (10 mL). The crude material was purified by 

reverse phase chromatography on a 12g C18 column using solvent conditions 10-90 % 

Acetonitrile in water over 13 CV. The desired fractions were combined and concentrated 

under reduced pressure to yield a white solid of the title compound (93 mg, 35 %). 

LC/MS m/z calculated for C29H25N4O5: [M+H] +: 509.2, found: 509.1, tR 5.61 min (long 

run). HRMS (TOF ES+) calculated: 509.1819, found: 509.1818. 1H NMR (400 Hz, CDCl3)- 

δ 7.97-7.90 (m, 3H, amine-NH2, pyrroloquinoxaline-5-CH), 7.75 (d, j= 8.1 Hz, 1H, 

pyrroloquinoxaline-8-CH), 7.61-7.43 (m, 4H, pyrroloquinoxaline-7-CH, 

pyrroloquinoxaline-6-CH, benzyl-2-CH, benzyl-6-CH), 7.15-7.07 (m, 2H, benzodioxane-

7-CH, benzodioxane-6-CH), 7.07-6.95 (m, 3H, benzodioxane-5-CH, benzyl-3-CH, 

benzyl-5-CH), 6.11-5.97 (m, 1H, OCH2CHCH2), 5.54- 5.31 (m, 3H, CO2CH2, 1x 

OCH2CHCH2), 5.25 (d, j= 10.6 Hz, 1H, 1x OCH2CHCH2), 4.57 (d, j= 5.5 Hz, 1H, 

OCH2CHCH2), 4.35 (s, 4H, benzodioxane-2-CH2, benzodioxane-3-CH2).13C NMR (101 

Hz, CDCl3)- δ 164.8 (C=O), 160.5 (benzyl-4-C), 157.9 (pyrroloquinoxaline-8a-C), 144.6 

(benzodioxane-8a-C), 144.1 (benzodioxane-4a-C), 143.5 (pyrroloquinoxaline-9a-C), 

141.7 (pyrroloquinoxaline-3a-C), 140.8 (pyrroloquinoxaline-4a-C), 137.1 (benzodioxane-

6-C), 133.9 (OCH2CHCH2), 129.8 (benzyl-1-C), 129.3 (benzyl-2-CH, benzyl-6-CH), 127.8 
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(pyrroloquinoxaline-5-CH), 127.6 (pyrroloquinoxaline-8-CH), 126.6 (pyrroloquinoxaline-

6-CH), 125.8 (pyrroloquinoxaline-7-CH), 125.0 (pyrroloquinoxaline-2-C), 122.1 

(benzodioxane-8-CH), 118.2 (benzodioxane-7-CH), 118.1 (OCH2CHCH2), 117.6 

(benzodioxane-5-CH), 114.7 (benzyl-3-CH, benzyl-5-CH), 81.0 (pyrroloquinoxaline-3-

C), 68.4 (OCH2CHCH2), 64.4 (benzodioxane-2-CH2), 64.3 (benzodioxane-3-CH2), 63.9 

(CO2CH2). 

 

8.2 Pharmacology experimental  

8.2.1 Cell culture  

Cell lines- For binding studies HEK293T cell line (ATTC CRL3216) expressing 

p3.1neo(+)-EP2-tsNluc was generated and provided by Dr J Farmer (University of 

Nottingham, UK) [289]. This stably expressed the human prostaglandin EP2 receptor 

(Genbank: AY275471) tagged via the C terminus to the thermostable version of 

nanoluciferase (tsNluc), in the pcDNA3.1neo(+) plasmid for high level mammalian 

expression (Life Technologies, Paisley, UK) [285]. The thermostable nanoluciferase 

includes point mutations removing cysteine residues to improve nanoluciferase 

stability [285]. For arrestin NanoBiT assays, dual expressing HEK293T cells were used as 

generated and provided by Dr N Dijon (University of Notitngham, UK) [286]. These co-

expressed (i) either the human EP2 or human EP4 (Genbank NM 00058) receptors, C 

terminally tagged with the large nanoluciferase fragment LgBiT, in pcDNA3.1neo(+), and 

(ii) human β-arrestin2 (Genbank NM 004313) tagged at the N terminus via a 5x Ser/Gly 

linker with the small Nanoluciferase peptide SmBiT, in pcDNA3.1zeo(+) [221]. Due to the 

length and flexibility of the C-termini of the EP2 receptors, a peptide linker was not 

required between the receptors and the LgBiT/NLuc tag. 

Cell maintenance and passaging- HEK293T cell lines were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM D6429) supplemented with glucose (4.5 g/L) and L-

glutamine (2.5 mM), and with 10 % foetal bovine serum (FBS)(Life Technologies, Paisley, 

U. K.), in a humidified atmosphere of 5 % CO2 at 37 oC. Medium was supplemented with 
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the appropriate concentration of the relevant antibiotic to maintain selection pressure 

on the expressed plasmids. The p3.1neo(+)-EP2-tsNluc expressing cell line required 

addition of 0.2 mg/mL G418 (Sigma), whereas the p3.1neo EP-LgBiT, p3.1zeo β-

arrestin2-SmBiT tagged cell lines required addition of both 0.2 mg/mL G418 and 50 

µg/mL Zeocin. Cells were passaged at 70-90 % confluency, with a splitting ratio 

between 1:2 and 1:30 and maintained in sterile polystyrene flasks (25, 75 or 175 cm2 

growing surface, termed T25, T75 and T175 respectively). During splitting the media was 

aspirated and the cells washed with sterile phosphate buffered saline (PBS). PBS was 

aspirated and 1 mL of sterile trypsin solution was added to the flask before incubating 

for 5 minutes at 37 oC. Physical agitation, by tapping the flask, encouraged the 

detachment of cells which were collected with the addition of 10 mL DMEM/10% FBS 

media into a 25 mL sterile universal tube. The cells were centrifuged (1000 g, 5 minutes) 

to form a pellet and the supernatant decanted into the waste to remove the trypsin. The 

pellet of cells was resuspended into 10 mL of DMEM/10%FCS and split according to 

required ratio or seeded into plates following a sample count. 

Cell counting and plate seeding- Cells were seeded 24 hours prior to NanoBiT 

complementation assays. To ensure adherence of HEK293T cells, 96 well plates were 

first coated with 50 µL /well of filter sterilised 10 µg/mL poly-D-lysine (prepared in H2O 

from P6407 Sigma, Poole, UK) on the day of seeding and incubated for 30 minutes at 

room temperature. Poly-d-lysine was then aspirated, and the wells were washed with 

100 µL of sterile DMEM/10%FBS prior to seeding. Cells were removed from the flask and 

pelleted and resuspended according to procedures described above. A sample of the 

resuspended mixture was added to a haemocytometer and cells were counted within 

the grid (1 mm2, with a depth of 0.1 mm- volume 0.1 µL). The cell count was then 

multiplied by 10,000 to determine the number of cells per mL. For a 96 well plate each 

well required the addition of 40,000 cells in 100 µL volume of DMEM/10%FBS in the 

different asssays. The required volume of cell resuspension was calculated using the 

following equation: 
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (𝑚𝐿)

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (𝑚𝐿)𝑥 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 (𝑝𝑒𝑟 𝑚𝐿)
 

The volume of cell resuspension required was diluted up the seeding solution volume 

using DMEM/10%FBS and seeded into the poly-D-lysine coated plates using an 

Eppendorf Multipipette Combitip dispenser. 

Procedure for freezing and thawing cells-For freezing, cells were grown to 90 % 

confluency in multiple T75 flasks which were combined and centrifuged to form a pellet 

(methods cell culture 1). The cell pellet was resuspended in 2 mL FBS/10%DMSO, with 

1 mL added to two cryovials and placed in a room temperature freezing container 

(Nalgene Mr Frosty, containing isopropyl to ensure cooling at a rate of 1 oC/min at -80 
oC). The freezing container was placed into a -80 oC freezer for 24 hours before being 

transferred into liquid nitrogen storage. For thawing cells, the cryovial was removed 

from storage and warmed to room temperature until defrosted. The freezing media, with 

cells, was added to 10 mL DMEM/10%FCS and centrifuged (1000 g, 5 mins) to form a 

pellet. The supernatant was decanted, and the pellet resuspended in 1 mL 

DMEM/10%FBS before addition to a T25 flask. The cells were incubated for 24 hours in 

an atmosphere of 5 % CO2 at 37 oC before the media was replaced and antibiotics 

added for selection maintenance. 

8.2.2 NanoBRET competition binding assay 

Membrane preparation- Membranes were prepared from the HEK293 cell line 

expressing p3.1neo(+)-EP2-tsNluc described in Chapter 3.1.3. Cells were grown in four 

T175 flasks to 90 % confluency before being harvested by addition of 10 mL PBS and 

use of scraping to remove cells from the flask. The cell suspensions were collected in a 

sterile 25 mL universal flask before being spun in the centrifuge (2000 rpm, 10 minutes) 

to obtain a cell pellet. The supernatant was removed, and the cell pellets were frozen at 

-80 oC until required for membrane preparation. When required the cell pellets were 

thawed on ice to prevent receptor degradation before addition of 20 mL wash buffer (10 

mm HEPES, 10 mM EDTA, pH: 7.4). The pellet was homogenised using an electrical 
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homogeniser, Ultra-Turrax, position 4, 8 short bursts (Ika-Werk GmbH & Co. KG, Staufen, 

Germany), before being centrifuged at 48,000 g, 4 oC for 30 minutes. The supernatant 

was discarded before an additional 20 mL wash buffer was added and centrifugation 

was repeated. The supernatant was discarded, and the pellet resuspended in 1.5 mL 

cold 10 mM HEPES with 0.1 mM EDTA (pH 7.4). Membrane protein concentration was 

determined using a bicinchoninic acid (BCA) assay kit (Sigma-Aldrich, Pool, UK). The 

BCA assay quantifies protein content by measuring the change in light absorption 

occurring with the interaction of copper (II) ions with the protein alpha helical structure 

and comparing against known standard bovine serum albumin (BSA). To a 96 well, clear 

bottom plate (Greiner) was added a serial dilution of BSA in distilled ultra high pure H2O 

from 1000 mg/mL- 0 mg/mL (in 200 mg/mL increments), 25 µL/ well in triplicate. The 

membrane test sample was diluted by 2 with a final volume of 100 uL and added in 

triplicate (25 µL/ well) to the plate. A green solution was prepared containing 160 µL 1M 

copper (II) sulphate solution and 8 mL bicinchoninic acid, before 200 µL of the solution 

was added to each well using a multichannel pipette. The plate was incubated at 37 oC 

for 30 minutes before being read on a well by well basis on a PHERAstar FS plate reader 

(BMG, Labtech Germany), measuring absorbance at 560 nm. The control BSA data was 

plotted against protein concentration and a calibration curve constructed from simple 

linear regression. The sample data was then interpolated from the standard curve to 

calculate the membrane protein concentration in µg/mL. The membrane samples were 

aliquoted into Eppendorf tubes at suitable volumes for addition of 1 µg/well membrane 

for a full 384-well plate and stored at -80 oC. 

NanoBRET assay protocol- The NanoBRET saturation and competition binding assays 

used the previously described membrane preparations expressing p3.1neo(+)-EP2-

tsNluc, and were performed as previously described by Farmer et al [219, 289]. A low 

sodium assay binding buffer (25 mM HEPES, 1% DMSO, 0.1 mg/ml Saponin, 0.02 % w/v 

Pluronic acid F127, 1 mM MgCl2 and 0.2 % bovine serum albumin (BSA, pH 7.4)) was 

used throughout in 384-well Optiplates (product number: 6007290, PerkinElmer LAS 

Ltd, UK).   
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Binding of the fluorescent probe TMR-Gαs19cha18 (as described by Farmer et al, 

synthesized Genscript, Oxford, UK; stored as aqueous 10 mM aliquots at -20 oC) binding 

was first characterised by addition of varying concentrations (78 nM–10 μM) to 1 μg/well 

Hek- EP2-tsNluc cell membranes (added last), in which donor luciferase luminescence 

was stimulated with the addition of furimazine (Promega, Southampton, UK; 1/240 

dilution from manufacturer's stock) in the absence or presence of the orthosteric 

agonist 10 μM PGE2 (final assay volume, 40 μl). Saturations curves were also performed 

in the absence and presence of 40 μM 25b to define non-specific binding (NSB). 

Incubations in assay buffer were performed at 37 oC, with endpoint measurements at 

30- and 60- minute timepoints post incubation taken using a PHERAstar FS (BMG 

Labtech, Germany) to record the BRET ratio between donor nanoluciferase 

luminescence (450-80 nm emission filter) and acceptor TMR-Gαs19cha18 fluorescence 

(550 nm long pass emission filter). The BRET ratio was used to indicate TMR-

Gαs19cha18 concentration dependent binding to the EP2-tsNluc receptor.  

To determined unlabelled ligand affinities using competition binding, assays in standard 

assay buffer employed 500 nM TMR -Gαs19cha18, a range of competing ligand (NAM) 

concentrations (10-5 M to 10-11.5 M in half log serial dilutions) or vehicle, combined with 

40 μM PGE2 (Sigma-Aldrich, Pool, UK) per well and 1 μg/ well HEK-EP2-tsNluc cell 

membranes were then pre-incubated for 60 mins at 37 oC prior to addition of 1/960 

dilution of furimazine (final volume, 50 μL). Luminescence output was recorded as the 

BRET ratio using the PHERAstar FS plate reader (BMG Labtech, Germany, 550 nm/450 

nm ratio) measurements were taken every 2.8 minutes over a 30-minute interval after 

the 60 min incubation with NAMs. 

NanoBRET data analysis- The NanoBRET assays were performed in technical 

duplicate. For saturation binding data, mean BRET ratiometric data from individual 

experiments were fitted to a one site binding model to allow derivation of TMR-

Gαs19cha18 (tracer) dissociation constant (KD) through:  

Specific binding = Bmax

[Tracer]

[Tracer] + KD
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Where specific binding is determined through subtraction of NSB data in the presence 

of competitor 25b from total BRET measurements (total binding – NSB). Bmax indicates 

the maximum specific binding as determined by the BRET ratio. KD represents the 

concentration of probe required to occupy 50 % of the available receptor binding sites 

at equilibrium. 

In competition binding studies, the individual experimental data was normalised to total 

binding in the absence of competing ligands (vehicle, 100 %) and the top concentration 

40 µM of the reference antagonist 25b defining non-specific binding in the plate (0 %). In 

the presence of increasing concentrations of an unlabelled intracellular ligand we 

would expect to see a reduction in the BRET ratio and % specific binding due to its 

competition with the fluorescent tracer for the intracellular EP2 site [219]. The inhibitory 

concentration for half maximum inhibition of specific binding, IC50 value, can be 

calculated for each unlabelled ligand using the 4 parameter equation:   

Tracer Bound (%) = Total Specific binding (100%).
IC50

n

[Competing Ligand]n + IC50
n 

Where n is the Hill slope representing the steepness of the curve. 

If it is assumed that the unlabelled ligands compete with the fluorescent probe 

competitively and reversibly the Ki can then be estimated using the Cheng-Prusoff 

correction:[198] 

Ki =  
IC50

1 + 
[Tracer]
KTracer

 

Where [Tracer] and KTracer are the concentration and equilibrium dissociation constant 

for the TMR-Gαs19cha18 fluorescent tracer.  

All data analysis was conducted using Prism 10.0 (GraphPad Software, San Diego, USA). 

Ligand binding affinities were reported as their pKi value, the negative log of the Ki, and 

data from a minimum of five individual experiments were pooled as mean ± standard 

error of the mean (SEM).  
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8.2.3 Assessment of receptor-arrestin interactions using the NanoBiT 

complementation assay 

NanoBiT complementation assay protocol- HEK-EP2-LgBiT/SmBiT-β-arrestin2 or HEK- 

EP4-LgBiT/SmBiT-β-arrestin2 cells were seeded into poly-D lysine (10 μg/mL) coated 

white, clear-bottomed, 96 well plates (Greiner Bio-One, Stonehouse, UK), at 35,000-

40,000 cells per well, incubated at 37 oC/5 % CO2 for 24 h prior to the assay. All assays 

were conducted in HEPES balanced salt solution containing 0.1 % BSA (pH 7.4) made 

up of: 10 mM HEPES, 2 mM sodium pyruvate, 146 nM NaCl, 5 mM KCl, 1mM MgSO4, 1.7 

mM CaCl2, 1.5 mM NaHCO3, 5 mM D-glucose.  

For experiments determining agonist concentration response curves, cells were 

washed and replaced with 40 µL pre-warmed assay buffer and incubated for 10 

minutes. 10 μL NanoGlo furimazine substrate (1:750; final assay dilution from Promega 

stock) was added and incubated for 5 mins. The basal measure of luminescence was 

monitored for 5 mins before the addition of 10 μL vehicle (assay buffer) or agonist (PGE2, 

butaprost, or evatanepag at 6 X final concentration) at a final concentration range 10-5 M 

to 10-9 M in half log serial dilutions made up in pre-warmed assay buffer to the desired 

wells. Luminescence measurements were obtained from 1 min post agonist addition, 

for 30 mins, at 120 second intervals, maintained at 37 oC throughout the assay 

(Pherastar FS; BMG Labtech).  

In the second set of experiments, concentration inhibition curves were constructed for 

NAM test ligands. In this assay, cells were washed and replaced with 40 μL pre-warmed 

assay buffer containing NAMs (or vehicle) with a concentration range 10-4.5 M to 10-9 M in 

half log serial dilutions. Cells were incubated for 10 mins at 37 oC, before addition of 10 

μL NanoGlo furimazine substrate (1:750; final assay dilution from Promega stock) 

incubating for 5 mins. The basal measure of luminescence was monitored for 5 mins 

before the addition of 10 μL vehicle (assay buffer) or agonist PGE2 (at the final EC80 

concentration =164 nM) to the assay wells. Luminescence measurements (Pherastar 

FS) were obtained from 1 min post PGE2 addition, for 30 mins, at 120 second intervals, 

maintained at 37 oC throughout the assay.  
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Finally, for determining agonist concentration response curves in the presence of NAMs, 

cells were washed and replaced with 40 µL of either pre-warmed assay buffer only or 

containing 1 µM or 30 µM (FAC) of our unlabelled NAMs. Cells were incubated for 10 

mins at 37 oC, before addition of 10 μL NanoGlo furimazine substrate (1:750; final assay 

dilution from manufacturer’s stock) incubating for 5 mins. The basal measure of 

luminescence was monitored for 5 mins before the addition of 10 μL vehicle (assay 

buffer) or agonist at a concentration range 10-5 M to 10-9 M in half log serial dilutions 

made up in pre-warmed assay buffer to the desired wells. Luminescence 

measurements were obtained from 1 min post agonist addition, for 30 mins, at 120 

second intervals, maintained at 37 oC throughout the assay.  

Functional arrestin assay data analysis- Functional arrestin assays were performed in 

technical duplicate, and curves were fitted as follows to individual experiments: 

For agonist concentration response curves in the absence or presence of NAM a four-

parameter equation was used: 

Response =  
Rmax.  [agonist]n

([agonist]n + EC50
n) + Basal

 

Where Rmax is the maximal agonist response, EC50 is the concentration of agonist to 

provide half maximal response, basal is unstimulated measurement and n is Hill slope. 

An EC80 was calculated as EC80= 4 x EC50 (assuming unit Hill slope) where required. Rmax 

values for different agonists were normalised for comparison to the maximal 10 µM 

PGE2 concentration (as 100 %) 

For functional concentration inhibition curves, individual experiment data were first 

normalised to PGE2 only responses (100 %) and vehicle only (in the absence of PGE2, 0 

%): 

Response (%)

= [Response at Max Inhibition] + (PGE2 response (100 %)

− [Response at Max Inhibition]).
IC50

n

[Competing Ligand]n +  IC50
n 
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In this instance the NAM IC50 represents a functional inhibitory potency as the 

concentration of the ligand to inhibit the PGE2 response to 50 % of its maximal effect. 

The maximal inhibition of the ligand (Imax) was defined as (100-[PGE2 response at max 

inhibition]). The Hill slope n defined the steepness of the curve. 

Concentration dependent parameters (e.g. EC50, IC50, EC80) were also expressed as their 

negative logarithms (p) as needed (e.g. pEC50). All pooled data are presented as mean ± 

SEM from 3-5 individual replicates. Data were analysed and collated using GraphPad 

Prism 10.0 (GraphPad Software, Sand Diego, USA).  

Statistical analysis (e.g. chapter 5) between two pooled data groups was performed by 

Student’s t test. For multiple comparisons, one way analysis of variance (ANOVA) 

followed by Dunnett’s post test against a control group was performed. A p value of p < 

0.05 was considered significant. 

 

8.3 Computational modelling experimental  

The BLAST search was performed using the PDB website tool. The Protein Data Bank 

was used to retrieve the crystal structures of the desired receptors. The homology 

models were acquired from GPCRdb and uploaded to Maestro from the Schrödinger 

suite [421]. The computational model first underwent protein preparation with 

Maestro’s protein preparation wizard under default settings [422]. Maestro’s sitemap 

tool was then used on the prepared protein to identify the top-ranked potential receptor 

binding sites using default settings [423, 424]. The generated binding pockets 

(discounting the orthosteric PGE2 binding site) were then manually analysed comparing 

their respective size, using the measure tool, with the size of the ligands to identify sites 

where binding is reasonable. The structures of ligands were generated in Maestro using 

the 2D sketcher tool and prepared with LigPrep retaining their specific chirality and not 

including charged compounds [448]. IDF was conducted using Maestro selecting the 

prepared ligands, choosing the centroid of workspace ligand as an atom in the centre of 

the sitemap binding pocket, and docking ligands with a length <= 20 Å [425-427]. The 
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IDFs produced were then manually analysed, identifying consistent ligand binding 

poses and docking scores then comparing this information against our known SAR 

dataset of active and inactive compounds. IDF models of interest were then re-docked 

with our compound library using Maestro’s Ligand Docking tool on default settings 

without constraints. A second round of site mapping was conducted which was used 

generate a receptor grid for this docking, selecting an entry in the centre of the site-

mapped pocket and using the default settings. A second round of manual analysis for 

each IDF-based computational model was conducted comparing the produced docking 

scores/poses against our generated SAR dataset. The most representative 

computational model when compared to our SAR data was selected. For all known 

ligands displaying EP2 binding affinity the highest and most consistent docking poses 

have been reported. The EP2 receptor computational model bound to 25a was overlayed 

with CXCR2-00767013 bound CXCR2 receptor and ‘Compound 15’ bound β2AR crystal 

structures using PyMOL [158, 183, 449]. 
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