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Abstract 

 

The respiratory system controls gas exchange in the process of respiration, a function 

essential for human life.  Consequently, disorders in respiratory function 

significantly impact the quality of life and are often fatal.  These disorders usually 

occur in the lungs, the major respiratory organ.  

 

Current treatments for respiratory diseases often possess undesired side-effects due 

to off-target biological activity,1 whilst others are only suitable for specific patient 

populations.2  Consequently, respiratory diseases are responsible for millions of 

hospitalisations and deaths every year.  In the USA alone, the cost of asthma to the 

economy is estimated at $55 billion per year, and is increasing at a rate of over $3000 

per person, per year.3  Taken together with the substantial reduction in the quality of 

life associated with these disorders, it is clear that research towards improved 

treatments for respiratory diseases have the potential to significantly impact both 

patients and economies. 

 

This thesis presents scientific research towards the identification of small molecule 

therapies for two respiratory diseases, Idiopathic Pulmonary Fibrosis (IPF) and 

Asthma.  Chapter 1 presents the design and synthesis of the first series of orally 

bioavailable αvβ6 selective antagonists for the treatment of IPF, whilst Chapter 2 

concerns the design and synthesis of two orthogonal series of small molecule PI3K 

inhibitors for the treatment of asthma. 

 

The research aims were to identify safe and efficacious treatments that are also 

convenient for the patient to administer.  Investigations have, therefore, focussed on 

selectively modulating a specific biological target and designing a suitable 

pharmacokinetic profile for oral delivery, where possible.  The results presented in 

this document demonstrate significant advancements towards this goal, and offer 

encouragement that an improved standard of care for respiratory disorders is 

possible.  The human biological samples were sourced ethically and their research 

use was in accord with the terms of the informed consents. 
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CHAPTER 1 

 

The development of orally bioavailable alpha vitronectin beta 

six (αvβ6) antagonists for the treatment of Idiopathic 

Pulmonary Fibrosis (IPF) 
 

1 Introduction 

 

1.1 Fibrosis 

 

The general term for fibrosis is the natural proliferation of connective tissue to 

replace damaged or lost tissue, usually caused by injury or infection.4  Fibrotic 

diseases, however, are characterised by the deposition of connective tissue over 

healthy tissue, which results in impaired organ function.5  Most organs in the body 

can become fibrotic, although the lungs,6,7 heart,8,9,10 peritoneum,11 and kidney12 are 

most common.5  

 

The causes of many fibrotic diseases are not well understood, although they are 

usually the result of sustained and chronic injury to the organ. These idiopathic 

fibrotic diseases have all shown to be associated with increased levels of the pro-

inflammatory cytokine, transforming growth factor β1 (TGF-β1), which seems to play 

a central role in disease progression.10,12,13 

 

1.2 Idiopathic Pulmonary Fibrosis (IPF) 

 

Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease concerning the 

tissue and space around the alveoli (interstitium).  IPF has unknown aetiology, 

although most patients are current or past smokers and have a median age of 60 

years.14  A 2006 study showed that there were 50,000 new cases of IPF and 40,000 

deaths from IPF in the USA, per year.15 
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Current studies suggest that IPF is a result of an abnormal epithelial wound healing 

process, which can progress to a fibroproliterative state in genetically susceptible 

individuals.  This results in the overall loss of lung architecture, thus preventing gas 

exchange.16,17 This degradation of lung structure can be seen in lung cross sections 

taken from IPF autopsies and is known as ‘honeycombing’ (Figure 1). 

 

 
 

Figure 1: An idiopathic pulmonary fibrotic lung.18  

 

Sufferers of IPF usually experience shortness of breath (dyspnea) and a dry, 

unproductive cough, whilst 25-50% of patients also develop clubbing of the hands 

and feet.6,19  The classical clinical finding in IPF is considered to be the sound of 

Velcro-like crackles at the bottom of both sides of the lung when examined with a 

stethoscope.16  These symptoms, however, are not unique to IPF patients, therefore 

making it difficult to distinguish from other fibrotic or respiratory disorders.16 IPF 

can, however, be distinguished from other lung diseases using histological lesions, 

whereby IPF is classified as a ‘usual interstitial pneumonia’.20 

 

The median survival rate of IPF sufferers ranges from just 2 to 3 years after 

diagnosis, but can vary in clinical course.21  The main method of determining disease 

progression is through lung function, expressed as forced vital capacity (FVC): the 

maximum amount of air one can dispel from the lungs after a maximal inhalation.6  It 

was originally considered that lung function would slowly decline over time, leading 

to death after 3-5 years.22  Recently, however, it has been shown that there are 

multiple types of disease progression, including rapid, slow and stable (Figure 

Cross-section of an IPF lung 
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2).21,23 Some patients may also demonstrate unpredictable acute disease progression, 

shown here as a lightning bolt.  The reasons for this are not fully understood, but 

have previously coincided with the onset of other complications, such as 

emphysema.24  

 
Figure 2: The varying types of disease progression in IPF patients.  

 

The different IPF progression profiles demonstrate the importance of cohort selection 

for clinical research, as a mixture of patients may distort findings.  It has been shown 

that patients with a rapid clinical course have a different gene expression to those 

with stable profiles.  This is despite both profiles displaying similar lung function, 

chest imaging and histology at the time of diagnosis.25  In addition, lung molecular 

signatures at the time of diagnosis can also discriminate between the two disease 

progression profiles.26  Utilising these techniques during patient recruitment may 

help produce more reliable results, although predicting ‘lightning-bolt’ episodes 

remains challenging. 

 

1.3 Current treatments for IPF 

 

Perfinidone (1) is the only drug which has been approved for the treatment of IPF, 

which is now for sale in 35 countries, including China, Japan, India, Canada, 

Germany and the UK.27 
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Pirfenidone is a small molecule drug dosed three times a day, at a total daily intake 

of 2 g (Figure 3).28 The cost for treatment is similar in most countries and is 

equivalent to around £26,000 per patient, per year.28  The large dose, frequent dosing 

regimen, and high cost are all areas that can be reduced by developing improved 

medicines. 

 
 

Figure 3: The molecular structure of Pirfenidone. 

 

There are a number of side effects that have been identified during clinical trials with 

Pirfenidone, the most severe include photosensitivity, which prevents the patient 

from being exposed to sunlight, fatigue, dizziness, weight loss, gastroesophageal 

reflux disease, and hepatic dysfunction.29 

 

The mechanism of action of Pirfenidone is unknown, but it has shown reduced 

TGFβ-mediated collagen production in human30 and rat31 fibroblasts in vitro, and has 

also reduced fibrosis in a number of animal models in vivo.32  Pirfenidone is likely to 

work via multiple mechanisms, due to its antioxidant, anti-transforming growth 

factor, and antiplatelet properties.33 

 

A joint statement from the American Thoracic Society (ATS), the European 

Respiratory Society (ERS), the Japanese Respiratory Society (JRS), and Latin 

American Thoracic Society (ALAT) (referred to herein as the ‘joint committee’) was 

published in 2011, which advises physicians on the course of treatment for IPF 

patients.6  Interestingly, their recommendation was not to prescribe Pirfenidone.  

This was due to significant limitations in a randomised placebo-controlled trial 

(RCT) undertaken in Japan,34 as well as inconsistencies with other international 

RCTs in satisfying their primary endpoints.35  In addition, the significant side-effects 

were considered to out-weigh the marginal therapeutic benefit displayed in the 

1 
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clinical trials.6  It is expected that further clinical trials will help to clarify the 

efficacy of Pirfenidone in IPF patients. 

 

In 2013, the National Institute for Clinical Excellence in England and Wales (NICE) 

approved Pirfenidone for use by the National Health Service (NHS). This is provided 

certain criteria are met,28 which is predicted to only apply to 10-15% of IPF 

sufferers.36  Considering its marginal therapeutic benefit (if any), its expensive cost, 

and undesirable side-effects, the global approval of Pirfenidone highlights the urgent 

requirement for new treatments of IPF, and the importance of further research in this 

area. 

 

The main recommendation, proposed by the joint committee for treatment of IPF, 

was that appropriate patients should undergo lung transplantation.  This was due to 

findings which suggested improved long-term survival37 and reduced risk of death 

over 5 years by employing such an approach.38  Other recommendations focused on 

symptomatic treatments, rather than the fibrosis itself.  This included the use of 

corticosteroids for patients suffering from acute exacerbations, and long-term oxygen 

therapy for those with IPF and resting hypoxemia (low blood-oxygen partial 

pressure).6  The recommendation of corticosteroid use is based on “anecdotal reports 

of benefits...” and “...very low-quality evidence”, in combination with the high 

mortality of patients with acute exacerbations.6  

 

Around half of IPF patients also suffer from abnormal gastroesophageal reflux 

(GER), which may contribute to inflammation and fibrosis of the airways.39 It has 

been shown that surgical removal of GER can stabilise lung function,40 and has 

therefore been recommended for use by the committee. 

 

These findings show that there is significant, unmet need for a safe and efficacious 

pharmacological treatment of idiopathic pulmonary fibrosis (IPF).  Research in this 

area is likely to improve the understanding of this fatal disease, and has the ultimate 

aim of delivering new medicines for the treatment of IPF. 
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1.4 Other clinical trials for IPF indications 

 

There are a number of potential therapeutic agents for the treatment of IPF that are 

being evaluated with clinical studies, a selection of which are displayed in Table 1.  

The most advanced compound is the receptor tyrosine kinase inhibitor BIBF 1120 

(2), which is currently in phase III clinical trials41 and has an expected market launch 

date of 2015 (Figure 4).42  BIBF 1120 inhibits the ATP-binding site of a number of 

growth factor receptors, including vascular endothelial growth factor receptor 

(VEGFR), fibroblast growth factor receptor (FGFR) and platelet derived growth 

factor receptor (PDGFR).43 Numerous growth factors are involved in the injury-

repair process in the alveolar-capillary barrier,44 making BIBF 1120 a potential 

fibrotic treatment. BIBF 1120 has also shown to inhibit tumour angiogenesis (blood 

vessel formation),43 and is, therefore, involved in clinical trials for a range of 

cancers.45   

 

 
 

Figure 4: The molecular structure of BIBF 1120, currently undergoing phase III 

trials for IPF. 

 

The majority of clinical trials ongoing for IPF indications are with biologicals, 

specifically monoclonal antibodies (Table 1).  These engineered antibodies 

specifically bind to a single target cell or protein,46 removing the risk of side-effects 

from off-target activity.  Whilst they have the advantage of exhibiting high 

selectivity for the desired biological target, they are also expensive to produce47 and 

rely on intravenous (i.v.) or sub-cutaneous (s.c.) administration.48 

 

2 
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Name Company Clinical 
Trial Type Mechanism 

of Action 
Route of 

Administration
 

BIBF-
1120.41  

 

Varatef, 
B.I. 

Phase 
III 

Small 
molecule 

Tyrosine 
kinase 

inhibitor 
Oral (p.o.) 

 
BMS-

986202.49 
 

BMS Phase II Small 
molecule 

LPA1 
antagonist Oral (p.o.) 

 
PXS-64.50 

 
Pharmaxis Phase I Small 

molecule 
M6PR 

inhibitor 
Intravenous 

(i.v.) 

GSK 
212645851 GSK Phase I Small 

molecule 
PI3K 

inhibitor Oral (p.o.) 

 
GC-

1008.52 
 

Genzyme/ 
Sanofi Phase II 

 
Humanised 
monoclonal 

antibody 
(mAb) 

 

TGFβ 
antagonist 

Intravenous 
(i.v.)  

STX-
100.53 Stromedix Phase II 

Humanised 
monoclonal 

antibody 
(mAb) 

 

αvβ6 
antagonist 

Sub-cutaneous 
(s.c.) 

GS-
6624.54 Gilead Phase II 

 
Humanised 
monoclonal 

antibody 
(mAb) 

 

LOXL2 
inhibitor 

Intravenous 
(i.v.) / sub-

cutaneous (s.c.) 

FG-
3019.55 FibroGen Phase II 

 
Fully-

humanised 
monoclonal 

antibody 
(mAb) 

 

CTGF 
antagonist 

Intravenous 
(i.v.) 

 

 

Table 1: Potential therapeutic agents for the treatment of IPF, continues overleaf. 

 



CONFIDENTIAL – DO NOT COPY 

21 
Christopher J Tame 

Name Company Clinical 
Trial Type 

Mechanism 
of Action 

Route of 
Administra-

tion 

CAT-
354.56 

AZ/ 
MedImmune Phase II

 
Fully-

humanised 
monoclonal 

antibody 
(mAb) 

IL-13 
antagonist 

Intravenous 
(i.v.) 

SAR-
156597.57 Sanofi Phase II

 
Bi-specific 
antibody 

 

IL4/ IL 13 
antagonist 

Sub-
cutaneous 

(s.c.) 

PRM-
151.58 Promedior Phase I 

 
Recombinant 

human 
serum 

amyloid P 

Unknown Intravenous 
(i.v.) 

 

Table 1 continued: Potential therapeutic agents for the treatment of IPF. 

 

1.5 Biological rationale for (IPF) 

 

Originally, it was thought that IPF developed as a result of chronic inflammation in 

the lung.59,44 However, patients did not respond to anti-inflammatory drugs and 

clinical research found little correlation between inflammation and disease severity.17  

Current consensus now considers IPF to result from an impaired wound-healing 

response to injured lung epithelial tissue.13,44,60 
 

To distinguish between a normal and abnormal response to lung injury, it is first 

necessary to describe the structure of the alveoli-capillary barrier (Figure 5).61  This 

is the surface of the lungs and facilitates gas exchange; damage to this tissue would 

result in loss of organ function.   
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Figure 5: A diagram of the alveolar-epithelial barrier.61 

 

The alveolus is an air sac located at the bottom of the airways, and is surrounded by 

very thin epithelial cells, also known as type I pneumonocytes (~0.3 μm thick).62 

Type II pneumonocytes secrete surfactants to help gas exchange by decreasing the 

surface tension between the thin cells, and helps prevent cell collapse during 

exhalation.61 A basement membrane (BM) separates the edges of the cells with the 

extra-cellular matrix (ECM), shown in yellow in Figure 5.  The ECM provides 

structural support to the cells and regulates nutrient transfer, and is composed of 

fibrous proteins like collagen and fibronectin, as well as glycosaminoglycans.61 

Whilst epithelial cells line the alveoli, endothelial cells line the capillaries. 

Macrophages are present to engulf bacteria and particulates, and originate from 

monocytes, a type of white blood cell.61  

 

A 2009 review, published by Strieter and Mehrad, presents a useful overview of the 

factors that affect fibrosis.44  A schematic presented in this publication helps to 

demonstrate the differences between a normal response to lung injury and the 

formation of fibrosis, and is reproduced in Figure 6. 

 

 

Endothelial cell 

Squamous epithelial cell 
(type I pneumonocyte) 

Alveolar 
capillary 
barrier 

Basement membrane 
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Type II 
pneumonocyte 

Monocyte 

Alveolus 

Elastic 
fibre 

Reticular 
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Figure 6: The normal and abnormal healing process in response to epithelial cell 

injury in the lung.44  

 

An injury to the lung more specifically involves damage to the epithelial and 

endothelial cells, which causes leakage of plasma from the capillary into the lung 

tissue.  This provokes degranulation (bursting) of white blood cells located nearby, 

which exposes the tissue to lipid mediators and cytokines. These cell messengers 

activate the formation of fibroblast/myofibroblasts, epithelial and endothelial cells, 

and other white blood cells.  Fibroblasts and myofibroblasts help remodel the extra-

cellular matrix (ECM), which in turn provides stabilisation for repair of the 

endothelium and epithelium with new cells.  This process can only happen if the 

basement membrane (BM) is intact.44,63 

 

If the basement membrane is lost, the production of ECM is uncontrolled and can 

spill-out into the alveoli air space, which causes the loss of the alveolar-capillary 

barrier.  Epithelial cells will attempt to re-form at the leading edge of the ECM, 

which causes incorrect re-modelling of the alveoli.  This causes increased 

proliferation of fibroblasts and myofibroblasts, which in turn accelerate the 
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deposition of collagen-rich ECM.  This self-activating fibrotic feedback loop is 

uncontrolled and ultimately destroys the ability for gas exchange and, therefore, lung 

function.44  

 

Myofibroblasts are formed from fibroblasts during lung injury and stain for α-smooth 

muscle actin, used for wound-closing in the alveolar-capillary barrier.64,65  They are 

concentrated in fibrotic foci, formed in IPF patients.13  Interestingly, myofibroblasts 

are not found in healthy lung tissue and their numbers increase during IPF disease 

progression.13  Preventing the formation of myofibroblasts is, therefore, expected to 

prevent the formation of IPF. 

 

The origin of myofibroblasts is still debatable, but could form from a variety of 

sources.  These include circulating progenitor cells such as fibrocytes, mesenchymal 

cells via epithelial to mesenchymal transition (EMT), or local mesenchymal cells 

such as fibroblasts (Figure 7).13,44  Mesenchymal cells are a type of stem cell which 

usually develops into lymphatic, circulatory or connective tissue.66 EMT is the 

process whereby epithelial cells detach from the epithelium, lose their usual cell 

properties and become mesenchymal cells (Figure 8).67 

 
 

Figure 7: The possible sources of myofibroblasts.44  
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Figure 8: Epithelial to mesenchymal transition.67  

 

The pro-inflammatory cytokine, transforming growth factor β (TGFβ), is considered 

central to the development and sustainability of the fibrotic process in IPF. TGFβ has 

been shown to influence the major routes of myofibroblast formation, such as 

epithelial to mesenchymal transition (EMT)68,69 and fibrocyte differentiation.70 In 

addition, severe and prolonged fibrosis occurred when active TGFβ1 was over-

expressed in rat lungs.71  Another study developed transgenic mice that over-

expressed TGFβ in the airways.  After fibrosis had developed, the TGFβ transgene 

was deactivated.  This resulted in the receding of fibrosis and the restoration of 

normal lung architecture.72  These studies suggest that blocking the action of TGFβ 

may provide a therapeutic treatment for IPF patients. 

 

Conversely, TGFβ has been shown to regulate a range of natural processes, such as 

inflammation, immune tolerance and cancer biology.73 Studies conducted with 

TGFβ-deficient transgenic mice actually induced a range of cancers (termed 

carcinogenesis).74 This suggests that IPF treatments which modulate TGFβ levels 

would need to be localised to the lung and not cause complete TGFβ removal. 

 

In addition to TGFβ, there are a variety of other cell-signalling mediators, collagen 

cross-linking enzymes, development pathways and micro RNA sequences, which 

have been implicated in idiopathic pulmonary fibrosis (Table 2). 
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Cell-signalling 

mediators 

Collagen cross-

linking enzymes 

Development 

Pathways 

Micro RNA 

LPA175 LOXL276 SHH77 Let-7d78 

TLR479 TGM280 Wnt,81  

  FiZZ1/Notch182  

  BMP83  

 

 Table 2: A selection of biological targets associated with IPF. 

 

 

1.6 Integrins and αvβ6 

 

Integrins are signalling and adhesion proteins that transverse the cell membrane and 

connect the internal components of the cell with the surrounding environment.  More 

specifically, integrins bind the structural architecture of the cell (cytoskeleton) with 

components in the extracellular environment, such as receptors on other cell surfaces 

or on proteins in the extracellular matrix. This allows the cell to respond to changes 

in its environment, which it does by initiating signalling cascades that control cell 

proliferation, survival and behaviour. 

 

The extracellular component of an integrin is composed of a α and a β subunit, which 

form a heterodimer when bound to another ligand (Figure 9).  Integrins can exist as 

either two separated subunits or as a heterodimer, which is only formed when the 

subunits are in their activated conformations.   The heterodimer-ligand complex is 

the activated form of the integrin and triggers subsequent signalling. 

 

Integrins can be activated in two ways:   externally by ligand receptors, which result 

in intracellular signalling; or internally by cytoskeletal proteins such as Talins and 

Kindlins, which result in ECM changes.84 
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Figure 9: A schematic of the structure and function of integrins.84  

 

To date, 24 distinct heterodimeric integrin complexes have been identified, which are 

made up of 18 α and 8 β subunits.  The separate subunits and the complexes they 

form are displayed in Figure 10 and are grouped according to the nature of 

extracellular binding ligand.85 The α4 and α9 have limited expression and are 

coloured green accordingly.  These subunits are exclusive to the biological 

taxonomic group phylum chordate, which is composed of some 75,000 animal 

species and includes all vertebrates.85 

 

 
Figure 10: The different integrin subunits and heterodimeric complexes.85 
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Laminin is a glycoprotein located in the basement membrane of cell tissue86 and is 

involved in cell adhesion and migration.87  Many laminin-binding intergins do not 

have exclusive complementarity to any one laminin target and pharmacological 

responses often require multiple laminin integrin activation.88 An example is α6β4 

and α3β1, which both bind to laminin 10 and are involved in colon cancer.89 

  

A leukocyte is a general term for any marrow-derived cell which is involved in an 

immune response, and integrins that are exclusively expressed on their cell surface 

are grouped accordingly.   Leukocyte integrins are involved in cell behaviour which 

is critical during an immune response, such as cell adhesion and migration.90  An 

example of a leukocyte integrin is αLβ2, which is found on T-helper cells91 and is 

implicated in leukocyte adhesion deficiency syndrome (LAD-1).92,93 

 

Collagen is a fibrous structural protein which is formed by fibroblasts and is present 

in many tissues throughout the body, including the extracellular matrix (ECM).94 

Many different cells bind to collagen, and therefore collagen-binding integrins are 

widely expressed.  For example, the collagen integrin α1β1 is found in fibroblasts, 

liver cells (hepatocytes) and smooth muscle cells. Accordingly, α1β1 is a potential 

therapeutic target for arthritis.95 

 

The RGD-binding integrins are not grouped according to the cell-type of their 

complementary extacellular ligands.  Instead, they are grouped according to the 

amino-acids they bind to: the arginine (R) - glycine (G) - aspartic acid (D) sequence 

(Figure 11). An example of an RGD-binding integrin is αvβ3, which binds to 

vitronectin and is involved in blood vessel formation (angiogenesis) in tumours.96,97 

 

 
 

Figure 11: The arginine-glycine-aspartic acid (RGD) sequence. 
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A number of studies have been conducted to identify the biological roles of different 

intergrins.  A common method of experimentation is to genetically engineer rodents 

without the relevant integrin.  This is done by removing the complementary gene that 

codes for the specific integrin and is termed a ‘knock-out’.  These studies have been 

very successful in identifying the pharmacological roles of integrins, and some have 

subsequently been investigated as potential therapeutic targets for disease 

modification.  Table 3 shows how knock-out mice and monoclonal antibodies have 

been used to help elucidate the function and therapeutic indication of the integrins 

previously discussed. 
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1.7 The role of αvβ6 in IPF 

 

The RGD-binding integrin αvβ6 has been critically implicated in the fibrosis of a 

range of organs, including kidney,98 liver99 and lung.100  In particular, multiple 

studies have highlighted the importance of αvβ6 in idiopathic pulmonary fibrosis 

(IPF).101,102 Histological studies on healthy and diseased human lung tissue identified 

fibrosis-mediated up-regulation of αvβ6 (Figure 12).103  The almost exclusive 

presence of αvβ6 in fibrotic tissue highlights the potential for selective 

pharmacological manipulation of diseased tissue through this integrin. 

 

 

 

A: Healthy lung tissue 

 

 
E and F: Lung tissue from IPF patients 

 

Figure 12: Immunohistological staining of αvβ6 in the pulmonary epithelial tissue of 

different fibrotic diseases.103 The tissue was stained brown for αvβ6 and the nuclei 

stained blue. 
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The role of αvβ6 in fibrosis is believed to be mediated through its activation of 

transforming growth factor β1 (TGFβ1).101  The role of this cytokine in IPF is well 

documented and has been discussed previously.32-36 TGFβ is produced as part of a 

larger complex, where it is non-covalently bound to latency-associated peptide 

(LAP).  When complexed in this fashion, TGFβ is inactive, and requires changes to 

the structural conformation of LAP for activation.104   

 

All RGD-binding integrins can bind to LAP, and therefore influence the production 

of TGFβ by inducing conformational change.105 With the exception of αvβ6, all other 

RGD-binding integrins are ubiquitously expressed.  This indicates that a selective 

αvβ6 antagonist is required to avoid undesired side-effects related to TGFβ reduction 

in healthy tissues. Even though all of these integrins possess an RGD binding site, 

selectivity can be achieved, as demonstrated with a range of αvβ6 human monoclonal 

antibodies (mAbs).106  Replicating the selectivity of an antibody with a small 

molecule, however, may be challenging. 

 

It has been shown that αvβ6 binds to an RGD amino-acid sequence on the LAP-

TGFβ1 complex, which facilitates intracellular binding of β6 to the cytoskeleton.  

This is then thought to induce a structural change on LAP, which allows the 

presentation of TGFβ1 to its receptor and subsequent activation the TGFβ1–mediated 

signalling pathway (Figure 13).101  

 

 
Figure 13: An illustration of αvβ6-mediated activation of TGFβ1.101  
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The exact mechanisms that are involved in TGFβ activation are not fully understood, 

however, a range of mediators other than αvβ6 have also been identified.  These 

include the angiogenic mediator Thrombospondin 1 (TSP1),107 the blood-plasma 

degrading protein Plasmin,108,109 and reactive oxygen species (ROS).110 Transgenic 

removal of these mediators results in the same inflammatory phenotype as with 

TGFβ knockout mice, although with much less severity.109,111 For example, αvβ6 

knock-out mice have a normal life span and only develop mild lung inflammation 

and late-onset emphysema,112 whereas TGFβ knockout mice suffer from severe 

multi-organ inflammation and die after just 2-3 weeks.113 This suggests that multiple 

LAP binders are required to enact the full pharmacological effect of TGFβ, and 

provides an opportunity to achieve an ideal balance of TGFβ expression for 

sufficient disease modification whilst maintaining its essential homeostatic roles. 

 

A study which treated bleomycin-induced IPF in mice with an αvβ6 monoclonal 

antibody (3G9 mAb) at various doses demonstrated that a balance of significant 

antifibrotic activity without increased inflammation can be achieved.102  Transgenic 

mice were engineered to produce lung luciferase in a collagen Iα2-dependent 

manner, which therefore served as a quantitative determinant of collagen production. 

Bleomycin was then dosed intra-tracheally, followed by the weekly intravenous 

administration of 3G9 mAb.  The mice were culled after 14 days and lung luciferase 

levels were quantified.  The positive control for the experiment was the TGFβ 

antibody rs-TGFβRII-Fc, which was delivered in phosphate-buffered saline (PBS) 

and has shown efficacy in range of TGFβ-dependent disease models.  The results 

show clear dose-dependent inhibition, with an unexplained rebound effect at 10 

mg/Kg and 3 x 4 mg/Kg dose levels (Figure 14).102 
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Figure 14: A dose-response study with an αvβ6 monoclonal antibody in a bleomycin 

IPF rat model. The significance is described as p<0.05 or p<0.01.102 

 

This study was also used to identify the effect of αvβ6-inhibition on respiratory 

inflammation.102  Mice were culled on days two, five, eight, and 11 of the study and 

a bronchial alveolar lavage (BAL) was performed.  The washings were analysed for 

the presence of white blood cells which are up regulated during an inflammatory 

response.  The results showed that doses up to 3 mg/Kg did not result in significant 

respiratory inflammation (Figure 15).102 Although data are not presented for doses at 

10 mg/Kg and 3 x 4 mg/kg, potential inflammation at these doses could explain why 

a rebound effect in lung luciferase production is observed, as shown in Figure 14. 

 
Figure 15: Measurement of white blood cells from BAL after αvβ6 inhibition with 

3G9 mAb in a bleomycin IPF mouse model.102  
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The localisation of αvβ6 to diseased pulmonary tissue is a significant factor in 

preventing systemic inflammation or other undesired side effects which may occur 

with less specific treatments.  These results highlight the importance of αvβ6 in the 

development of IPF and the therapeutic potential of balanced αvβ6 inhibition.  The 

positive results achieved with the αvβ6 mAb have resulted in subsequent clinical 

trials to further investigate the effects seen in murine systems.53  While the αvβ6 

mAb provides an exciting prospect for the treatment of IPF, its intravenous or sub-

cutaneous mode of administration is a significant drawback.  The development of an 

inhaled or orally-administered selective αvβ6 inhibitor is, therefore, expected to 

provide enhanced patient benefit. 

 

1.8 Small molecule inhibitors of RGD integrins 

 

Of the RGD binding integrins, αvβ3 has received the most attention as a therapeutic 

target.  This is partly due to its role in new blood vessel formation (angiogenesis) in a 

wide range of cancers and tumours, such as ovarian,114 breast,115 and colon cancer116 

as well as glioblastoma brain tumours.117  It is also the first integrin to have its three-

dimensional structure determined by X-ray crystallography.118,119,120  This provides a 

greater understanding of the location of residues with which to interact for improved 

ligand efficiency and selectivity.  The structures of disclosed αvβ3 antagonists are 

similar in that they resemble the RGD sequence: possessing a hydrogen bond 

acceptor moiety at one end and a hydrogen bond donor-acceptor moiety at the other 

(Table 4).121,122  
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Compound no. αvβ3 cell adhesion pIC50 

3 9.3 

4 9.1 

5 9.2 

6 10.0 

 

Table 4: The structures and cell adhesion activities for a range of αvβ3 

antagonists.121,122  The pIC50 values were generated from different assays, therefore 

care must be taken in directly comparing potency data.  

 

A solved crystal structure of an RGD-containing cyclic peptide bound to αvβ3 can 

help rationalise the structural similarities in disclosed αvβ3 antagonists (Figure 

16).118 The crystal structure and associated interaction map identify a key bidentate 

interaction between the arginine residue of the ligand with an aspartic acid of the αv 

subunit. The structure also highlights an interaction between the aspartic acid residue 

of the ligand and a manganese cation in the β3 subunit, along with multiple hydrogen 

bonding interactions with nearby polar residues.   The residues in the αv and β3 

The RGD amino acid sequence 

3 4 

5 6 
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subunits which interact with the cyclic peptide are conserved across the RGD 

integrins, and interaction with both subunits are required for the formation of the 

heterodimeric complex.118,120  Based on this, antagonising RGD integrins will require 

similar structural motifs at both ends of the molecule. 

 

   
 

Figure 16: A solved crystal structure of an RGD-containing cyclic peptide in 

αvβ3.118 

 

In 2002, researchers at Merck KGaA published a range of small molecules which 

selectively antagonised αvβ6 or αvβ3.123  The structures and RGD integrin selectivity 

Mn2+ 
cation 
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profiles are displayed in Table 5.  Data for the related integrin αIIbβ3 is not included 

due to the lack of activity of these compounds to the receptor. The different 

selectivity profiles were achieved through substituent modifications on the phenyl 

ring and changes to the central peptide linker. These initial data provides confidence 

that selectivity for αvβ6 can be achieved against the other RGD integrins. 

 
 

Compound no. 
Cell adhesion (pIC50) 

αvβ6 αvβ3 αvβ5 

7 5.4 6.0 4.6 

8 5.8 4.7 4.7 

9 6.5 4.9 5.3 

10 6.5 4.8 5.7 

11 6.7 5.5 4.7 

Table 5: The structures and cell adhesion affinities for a range of RGD integrin 

antagonists.123 The absolute stereochemistry of each analogue was not disclosed. 

The RGD amino acid sequence 

8 9 

10 

7 

11 
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Compound 11 was selected for further profiling in our laboratories in order to more 

fully benchmark the series.124  The results are displayed in Table 6, which show a 

somewhat different selectivity profile to that disclosed in the literature. 

 

Compound 11 
Cell adhesion (pIC50) 

αvβ6 αvβ3 αvβ5 

Literature assay 6.7 5.5 4.7 

In-house assay 6.6 7.1 6.4 

Table 6: The RGD integrin potencies for compound 12 in the literature14 and in-

house assays.124 

 

Cell adhesion assays are developed by artificially expressing the integrin under study 

on the surface of a particular cell.  Variations exist between the nature of cells and 

the extent of integrin expression, which help account for the differences observed in 

Table 6.   These assays, therefore, do not provide results that are physiologically 

relevant, but serve to relate different compounds profiled in the same assay.  

 

As a result, work undertaken in our laboratories aimed to identify compounds which 

displayed at least 10-fold selectivity for αvβ6 in our hands.  Subsequent studies in 

disease-relevant animal models are expected to identify any unwanted side-effects 

relating to off-target integrin activity.  This will help elucidate the required potency 

and selectivity profile in the in vitro assays for future lead optimisation efforts. 

 

1.9  Previous unpublished research from our laboratories 

 

Unfortunately, the peptidic nature of the molecules disclosed in the literature renders 

them unsuitable for oral administration, due to their anticipated poor oral absorption 

and high clearance.125  This was confirmed with a pharmacokinetic (PK) study of 

compound 11 carried out in our laboratories, which was dosed intravenously (i.v.) 

and orally (p.o.) to rats (Table 7).126  The data shows poor bioavailability and 

moderate clearance, short half life and a low volume of distribution.  The resulting 
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PK profile taken from combining these parameters was considered inadequate for an 

oral medicine. 

 
 

 

Bioavailability (F) 

(%) 

Clearance (Cl) 

(ml/min/kg) 

Half Life 

(T ½) (h) 

Volume of distribution 

(Vdss) (L/kg) 

7 51.5 0.64 0.81 

Table 7: The pharmacokinetic profile of compound 11.126 

 

Initial investigations in our laboratories, therefore, focused on developing non-

peptidic, αvβ6-selective molecules with enhanced oral bioavailability, for the 

treatment of IPF.  This resulted in the identification of two novel series of αvβ6 

antagonists (Table 8).127 Compound 12 was identified from a high throughput screen 

against αvβ6.  Optimisation of the RGD integrin selectivity profile of this initial hit 

furnished compound 13, which possesses a novel core composed of a piperidine ring. 

 

Compound no. 
Cell adhesion pIC50  Mouse AUC ng/h/mL 

(1.0 mg/kg p.o. dose) αvβ6 αvβ3 αvβ5 αvβ8

12 6.9 8.0 8.2 7.1 3770.0 

13* 7.6 6.8 6.9 7.5 75.5 

 

Table 8: The RGD integrin affinity and rat oral bioavailability of two novel series of 

RGD integrin antagonists.124,127 * denotes single enantiomer of unknown absolute 

stereochemistry. 

12 13 

11 
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The molecules 12 and 13 are structurally similar to the other RGD antagonists 

discussed previously, but differ in the nature of the core.  Compound 12 possesses a 

2-amino-5-oxopyridine moiety in place of an amide linker which was used in 

preceding integrin antagonists.  Pharmacokinetic studies in mice with Pyridine 12 

displayed very high levels of oral absorption; high exposure was measured in the 

blood after a 1 mg/Kg oral dose in mice, and excellent bioavailability (98%) was 

observed after administrating a 1 mg/Kg dose to rats by oral and intravenous 

routes.126  Unfortunately, however, this series does not display any selectivity for 

αvβ6 in our assays.124   

 

Subsequent modification of the core involved replacing the aromatic ring with a 

saturated analogue.  Piperidine 13 was an example of this, which was linked through 

the nitrogen for synthetic expediency.  In contrast to pyridine 12, piperidine 13 

imparted reasonable selectivity but displayed low exposure in the blood after oral 

administration (Table 8).  Having stated this, piperidine 13 is the first example of a 

non-peptidic integrin antagonist to display some degree of selectivity for αvβ6 in our 

assays.   

 

Both of these molecules exploited the use of a cyclopropyl substituent at the 3-

position of the phenyl ring, which was identified as the most atom-efficient moiety to 

impart αvβ6 selectivity based on the SAR developed in this series (Table 9).  The 

data refer to racemic compounds with the exception of those denoted (*) which refer 

to a single unknown enantiomer. 
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N R1 R2 R3 MW 
Cell adhesion pIC50 

αvβ6 αvβ3 αvβ5 αvβ8 

A Cl H H 456 7.0 6.6 6.5 6.8 

B Pr H H 464 7.4 6.5 6.6 7.3 

C c-Pr H H 462 7.4 6.5 6.8 7.5 

D c-Pr* H H 462 7.6 6.8 6.9 7.5 

E c-Pr H c-Pr 502 7.4 5.9 5.8 7.4 

F c-Pr c-Pr H 502 7.2 6.5 6.2 7.7 

G c-Bu H H 475 7.3 6.4 7.0 7.4 

H H OMe H 452 7.2 7.2 6.8 6.4 

I c-Pr OMe H 492 7.9 6.7 6.4 7.7 

J N-Morpholine H H 507 7.4 6.2 6.5 7.4 

K N-Pyrazole H H 488 7.6 6.2 7.2 7.3 

Table 9: Modifications to the phenyl ring substituent of piperidine 13 can 

manipulate the RGD integrin selectivity profile.124,127 * denotes single enantiomer. 

 

Despite the poor bioavailability of compound 13, it is potentially suitable for topical 

administration, as it localises the concentration of the dose to the administered tissue.  

This helps reduce the risk of off target effects which cause systemic toxicity.  

Accordingly, antagonists similar to piperidine 13 are undergoing further 

investigation elsewhere in our laboratories for delivery via the inhaled route.   

 

1.10 Route of administration 

 

Although the inhaled route is attractive, there could be a number of complications 

with this delivery mode resulting from the reduced lung function and severe 

obstruction of the airways of IPF patients.  This could prevent the drug from 

accessing the source of fibrosis at the alveolar-capillary barrier, and therefore from 
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delivering efficacy.  Consequently, the development of an orally bioavailable, αvβ6-

selective antagonist represents the best chance of providing an efficacious treatment 

for IPF.  

 

Two approaches can be considered to identify an orally bioavailable, αvβ6-selective 

antagonist: 

1: To develop αvβ6-selectivity in a compound with existing good oral 

bioavailability (for example, pyridine 12). 

2: To develop oral bioavailability in a compound with existing good 

αvβ6-selectivity (for example, piperidine 13). 

 

It has been previously demonstrated that manipulation of phenyl ring substituents can 

influence the RGD integrin selectivity profile (Table 9).  Current efforts in our 

laboratories are attempting to transfer this SAR onto a series of antagonists with 

good oral bioavailability, such as pyridine 12. 

 

The aim of this research, however, is to develop oral bioavailability in compounds 

which possess αvβ6 selectivity, such as piperidine 13.  In order to identify methods 

of improving oral bioavailability, it is first necessary to understand the 

pharmacokinetic (PK) factors which determine it. 

 

1.11 Understanding the cause of poor bioavailability 

 

Typical PK studies dose the compound in question via oral (p.o.) and intravenous 

(i.v.) routes and compare the relative levels of drug found in the blood at different 

time points throughout the study (Figure 17).  The drug levels found after i.v. 

administration then represent the behaviour of 100% of the dose in the systemic 

circulation.  Relating the difference between these levels and the levels found after 

oral administration defines the percentage of dose which is orally absorbed, which is 

quoted as bioavailability (F%). 
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Figure 17: A diagram of drug levels in the blood after i.v. and p.o. dosing.128 

 

However, factors such as rapid first-pass hepatic metabolism could also affect oral 

bioavailability.129  Drug which is absorbed from the gut will first be transported to 

the liver via the hepatic portal vein (Figure 18).  The liver is the metabolic engine of 

the body, containing a high density of metabolic enzymes and cells which readily 

drain unwanted material into the bile for excretion.  Compounds which are rapidly 

removed (cleared) from the blood in the liver are unlikely to reach the systemic 

circulation beyond the liver, which is where blood samples are taken.  Therefore, low 

levels of orally-administered drug may be due to factors other than poor oral 

absorption. 

 
Figure 18: The passage of drug from digestive system to systemic circulation.129 

 

In order to better understand oral absorption, compounds can be studied in a mouse 

short oral absorption model. This study takes blood samples in the hepatic portal vein 

and the systemic circulation after oral administration, which helps determine liver-
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related clearance mechanisms and the amount of drug present in the hepatic portal 

vein before it is exposed to first-pass clearance mechanisms.126  

 

 

 

 
Figure 19: A diagram representing the short oral absorption pharmacokinetic 

model.126  

 

To understand the cause of low oral bioavailability, two αvβ6-selective antagonists 

with a piperidine core were tested in a mouse short oral absorption (SOA) model 

with a 3.0 mg/kg p.o. dose (Table 10).  The results also show low oral absorption 

determined by the total amount of drug detected in the hepatic portal vein (HPV) 

during the study, which is expressed as area under curve (AUC).  This is especially 

apparent when comparing the data to pyridine 12, which has a systemic AUC of 

3770 ng/h/mL after a 1 mg/kg oral dose in rats, which could scale to 11310 ng/h/mL 

in order to match the 3 mg/kg dose.126   

 

The results also show moderate hepatic clearance, which is calculated by dividing the 

systemic AUC by the hepatic AUC and multiplying this factor by mouse liver blood 

flow (90 mL/min/kg). These results suggest that the main contributing factor towards 

the observed low oral bioavailability of piperidine 13 and 14 is poor oral absorption.   

 

 

 

Hepatic portal vein (HPV) 
blood sample 

Systemic (SYS) 
 blood sample 
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Compound no. Hepatic Clearance (mL/min/Kg)

[% mouse liver blood flow] 

HPV AUC, (ng/h/mL) 

13 51 [57%] 382 

14 36 [40%] 234 

Table 10: Results from a mouse short oral absorption (SOA) model with piperidine-

containing compounds 13 and 14. Both compounds were administered with doses of 

3 mg/kg.126 

 

1.12 Physicochemical property guidelines for an orally-administered medicine 

 

In order to improve the oral absorption, it is first necessary to understand the factors 

that influence it and how these can be modified on a chemical level.  The 

requirement for an oral drug to be absorbed from the digestive system into the blood 

circulation distinguishes this mode of administration from other delivery methods.  

The degree of oral absorption is dependent on the aqueous solubility and 

permeability of the drug.130  The solubility determines how much of the formulated 

dose can be dissolved in the intestinal fluids (which is around 500 mL), whilst the 

permeability controls the rate and extent of absorption through the gut wall.131  Both 

of these factors control a third parameter, the dose, which cannot exceed an amount 

which saturates the intestinal fluids.131 It follows, therefore, that all three factors are 

inter-related.  For example, if the solubility and permeability are low then the dose 

would also need to be very low in order to achieve complete oral absorption.  This 

would require a drug molecule to be very potent to achieve efficacy.  

 

A study by Amidon and co-workers attempted to predict the in vivo bioavailability of 

orally administered drugs with in vitro solubility and permeability parameters.130  A 

biopharmaceutical classification system using this data was accordingly generated, 

which has been widely used for the optimisation of oral dose formulation. 
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A more recent study by other members of our laboratories revised these parameters 

and identified a more reliable developability classification system (DCS),131 which 

helps identify the dose and particle size required to achieve sufficient in vivo 

absorption in humans.  In this case, fewer liabilities are encountered for drugs with 

high permeability and solubility.  It follows that drug discovery programmes seeking 

to develop medicines with oral bioavailability should strive to identify drug 

candidates with good permeability and aqueous solubility. 

 

In order to utilise DCS for oral bioavailability predictions, data on human jejunal 

permeability, fasted state simulated intestinal fluid  (FaSSIF) solubility, and 

predicted dose are required.  These factors require expensive and low throughput 

experiments and are normally only available for advanced compounds with extensive 

potency and selectivity data.  Such requirements render this method unsuitable for 

early stage drug discovery.  Consequently, other methods of predicting oral 

absorption were required. 

 

High throughput in vitro assays for permeability and solubility are regularly used in 

our laboratories to help predict the human jejunal permeability and FaSSIF 

solubility, respectively.  The Madine Derby Canine Kidney (MDCK) permeability 

assay has a sigmoidal relationship with human jejunal permeability.132  Compounds 

with an MDCK value above 100 nm/sec are more likely to achieve 80% human 

jejunal permeability, although this only accounts for passive permeability by 

diffusion and may discount other active uptake and efflux mechanisms.132 

 

As previously discussed, the aqueous solubility required for good oral absorption is 

dependent both on permeability and particle size, although a minimum value 

operated by chemists at Pfizer is 50 μg/mL if permeability is high.133 The in vitro 

solubility assay run in our laboratories utilises a stock DMSO solution of the 

compound in question, which is subjected to chemi-luminescent nitrogen detection 

(CLND) to confirm the concentration.  This solution is then added a microlitre at a 

time to an aqueous solution buffered to pH 7 until precipitation is observed, which 

identifies the maximum aqueous solubility of the compound. 
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The limitations of the MDCK permeability and CLND solubility assays are that they 

are not accurate representations of the true biological environment present in the 

human intestine, and cannot, therefore, accurately predict human oral absorption for 

all compounds.   In addition, these methods still require molecules to be synthesised 

and are not suitable for medicinal chemistry drug design.  A relationship between 

oral absorption and the physical properties of a molecule, however, would allow 

medicinal chemists to design and optimise molecules which have an increased 

likelihood of oral absorption in humans. 

 

In 1997, Lipinski and co-workers at Pfizer Central Research identified the correlation 

of physicochemical properties with permeability and solubility.133  In this seminal 

work he identified that the molecular weight, lipophilicity and hydrogen bond 

donor/acceptor capability of a molecule determined its likelihood to achieve oral 

efficacy. His findings were summarised as the ‘rule of five’, which represented the 

first attempt of limiting drug design to within specific physicochemical parameters 

(Table 11).  It was shown that approximately 90% of orally efficacious molecules do 

not violate more than one of the four rules.   

 

Physicochemical property Value 

Molecular Weight (Da) <500 

Lipophilicity (cLogP) <5 

Number of H-bond donors <5 

Number of H-bond acceptors <10 

 

Table 11: Lipinski’s rule of five.133  

 

The key to the success of the ‘rule of 5’ was that the physicochemical properties of 

molecules required could be readily measured or calculated a priori using routine 

analytical methods.  Subsequent studies followed, and as evidence supporting the use 

of physicochemical properties as descriptors of oral absorption increased, so did the 

development of increasingly sophisticated electronic models to accurately calculate 
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these parameters.  A review of some of the key studies which contributed towards the 

use of physicochemical parameters in drug discovery today is presented below. 

 

In 2003 AstraZeneca published findings of a study comparing the physicochemical 

properties of marketed compounds with those throughout the various stages of 

development.134   The findings correlated well with Lipinski’s original results, 

showing the mean molecular weight and lipophilicity of compounds to gradually 

decrease as they progressed through the development pipeline towards market.  This  

indicated that compounds of generally lower molecular weight and lipophilicity had 

a greater probability of clinical success. 

 

In 2002 at GlaxoSmithKline, Veber, et. al. showed that the oral bioavailability of 

compounds in rats decreased proportionally to increased rotatable bond count, with 

the upper limit being set at 7-10.135 This was augmented by Gleeson, et. al. in 2008, 

who showed that ideal ADMET values reduced with increasing size and 

lipophilicity, based on ionisation state.136  

 

In a related fashion, Pfizer published an insight into toxicity relationships with 

physicochemical properties, which showed that their clinical candidates were 2.5 

times more likely to exhibit toxicity if they possessed a topological polar surface area 

(TPSA) under 75 and a cLogP over 3.137 More recently, Ritchie and Macdonald 

showed that low topological polar surface area (TPSA) and high aromatic ring count 

increased the chances of developing negative developability parameters such as poor 

solubility and permeability.138 

 

1.13:  Lipophilicity: Measurements and calculations 

 

The majority of early work that studied the relationship between physiochemical 

properties and oral absorption used LogP as a measure of lipophilicity.  LogP is the 

partition coefficient of a compound between octanol and water.139  The standard 

experimental procedure for calculating LogP is the so-called ‘shake flask’ 

experiment.  This involves shaking the compound in octanol and water, then 
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analysing the fractions using quantitative LCMS analysis.139 The more rapid, and 

therefore widely-used method of generating LogP values, utilises chromatographic 

methods. The injected compound is submitted to a reverse-phase eluent graduated 

between water and octanol.  The retention time of the compound is a measure of its 

lipophilicity, and is used to generate a LogP value, known more specifically as 

Chrom LogP.140 

 

A calculated LogP value is readily obtained by matching a test compound with a 

range of related fragments with measured LogP values.  The additive sum of the 

LogP values for these fragments give the overall cLogP value.141  There are now a 

range of commercially available programs which will rapidly compute cLogP values, 

such as Daylight and Advanced Chemistry Development (ACD/LogP DB).139 These 

programs are based on statistical analysis of thousands of molecular fragments and 

their associated Log P values.139 

 

A much earlier study, carried out by Scherrer and Howard in 1977, observed that 

LogP values are not an accurate physiological representation of the lipophilicity of 

compounds with ionisable groups.142 The degree of ionisation is dependent on the pH 

of the solution to which it is dissolved in.  They reasoned that a more accurate 

representation would, therefore, involve undertaking the partition experiment in a 

solvent buffered to physiological pH (pH 7.4).  They termed this the distribution 

coefficient, expressed as LogD. 

 

At the time of Lipinski’s initial publication, the standard method of determining 

lipophilicity was cLogP, due to the availability of a number of methods for the 

expedient calculation of LogP values.  In 2007, Bhal and co-workers utilised recent 

chromatographic methods of rapidly generating LogD values to revisit Lipinski’s 

original data set.143  They calculated LogD values for marketed drugs at pH 5.5, in an 

attempt to represent the pH of the small intestine, where the majority of drug 

absorption occurs.  This revealed a better correlation between marketed compounds 

and a LogD5.5 ≤ 5, than with a LogP ≤ 5. 144  
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The lipophilicity of a compound has been shown to influence a range of factors that 

determine ADMET parameters.  This includes: the volume of distribution,145 protein 

binding,146 and hERG activity – a cardiac ion channel associated with toxicity.147 All 

of these factors are dependent on the behaviour of the compound in the blood.  For 

this reason, LogD values are typically measured and calculated at the pH of the 

blood, known as physiological pH (7.4). 

 

The generation of lipophilicity values in our laboratories use a chromatographic 

hydrophobicity index (CHI).148  This reverse phase HPLC method utilises a water-

acetonitrile gradient, which was developed to overcome the poor solubility observed 

with many compounds in octanol.  The retention time is used in combination with the 

hydrogen bond donor count (HBC) to calculate the relative lipophilicity value in 

octanol (LogP) using Equation 1 in Figure 20, below.149  Undertaking the 

experiment at a specific pH will afford the relative LogD value using equation 2.150 

Routine experiments are run at three pH levels in our laboratories; 2.0, 7.4 and 10.5. 

 

LogP = 0.05CHI + 0.41HBC – 1.41  (Equation 1) 
 

LogDpH = CHIpH -1.46   (Equation 2) 
 

Figure 20: The equations used for calculating LogP and LogD values from CHI 

chromatographic retention times.149 

 

Based on data generated elsewhere in our laboratories, it was observed that CHI 

LogD lipophilicity does not correlate well to LogD measurements generated from 

shake-flask experiments.  A mathematical expression was subsequently derived to 

convert CHI LogD values into Chrom LogD values, which more closely correlate to 

shake-flask LogD results (Equation 1, Figure 19).151 

 

Chrom LogDpH = 0.08CHIpH – 2  (Equation 1) 

 

Figure 21: The equation used for calculating Chrom LogD values, which more 

accurately represent LogD values derived from shake-flask experiments.151 
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When collated together, these findings show that larger, poorly soluble, low polarity 

and highly lipophilic molecules are less likely to make orally-efficacious drugs.  The 

current trend in the literature is to formulate rules based on the findings; however, the 

precise boundaries proposed are often disputable, making this approach less useful.  

 

As a result of this research, the in vitro permeability, solubility and physicochemical 

properties were, next investigated for compound 13 and 14, to help identify possible 

causes of poor oral absorption (Table 12).  Compound 12 was also included in this 

analysis to provide a representative comparison for good oral bioavailability.  With 

the exception of calculated pKa values, the analysis shows no clear relationship 

between oral absorption and physicochemical properties, permeability or solubility.   

 

Unfortunately, the absence of measured pKa values for compounds 12 and 13 

resulted in the use of pKa measurements for closely related analogues. In the case of 

compound 12, the representative compound had replaced the cyclopropyl group with 

a chlorine atom.  Alternatively, the pKa value used to represent compound 13 was 

taken from an analogue which reduced the length of the propyl chain linking the 

piperidine and tetrahydronaphthyridine by one methylene unit, resulting in an ethyl 

chain. The use of representative pKa values for 12 and 13 meant that the data could 

only be used as a rough estimate to predict the actual pKa values.  However, the 

identical pKa measurements obtained for compounds 14 and 13, and their similarity 

to the calculated values, provided confidence that the representative pKa values used 

for compound 12 and 13 were good predictors in the absence of true pKa 

measurements. 
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Compound no. 12 13 14 

Mouse AUC (ng/h/mL) 3770 (SYS) 382 (HPV) 234 (HPV) 

p.o. dose (mg/kg) 1.0 3.0 3.0 

MW 459 461 489 

Chrom LogD pH 2.0, 7.4, 10.5 0.6, 2.7, 2.5 0.2, 3.7, 3.9 0.5, 4.4, 4.6 

Aromatic ring count 3 2 2 

Rotatable bond count 9 9 9 

Calculated pKa (Chemaxon) 7.2, 5.9, 4.0 9.9, 7.5, 4.0 9.7, 8.9, 3.9 

Measured pKa (Potentiometric) 7.6, 5.5, NT† 9.7, 8.1, 3.9† 9.7, 8.1, 3.9 

MDCK Permeability (nm/sec) 68 43 106 

CLND Solubility (μg/mL) 153 218 208 

Table 12:  The comparison of in vitro permeability, in vitro solubility, and 

physicochemical properties of compounds 12, 13 and 14.152 †pKa values were 

obtained on closely related analogues of 12 and 13.  

 

Focusing on absorption, the surface of cells is composed of a phospholipid bilayer, 

which creates a lipophilic barrier which molecules must pass through in order to 

passively enter the cell.153  The hydrophobic nature of the bilayer renders it 

intolerable to water or charged species.  It follows, therefore, that molecules must be 

desolvated and uncharged in order to passively permeate a cell membrane.  Charged 

species, however, can still be transported into the cell via specific proteins or ion 

channels (Figure 22).154 

13 14 12 
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Figure 22: The methods of cellular permeability for neutral and charged 

molecules.154 

 

The zwitterionic nature of these molecules indicates the predominance of a charged 

form across a range of pHs, suggesting that their absorption is likely to be driven by 

active transporters.  As stated above, these are transmembrane proteins that can 

facilitate the transport of molecules across a biological membrane.  Considering this, 

it is reasonable to suggest that the presence of an extra basic centre may reduce the 

recognition of the compound in the active transporter, thus reducing oral absorption. 

 

It is difficult to reliably identify the reasons behind the poor oral absorption of 

compounds with a piperidine core, which is largely due to the lack of precedence of 

zwitterionic drug molecules with an extra basic centre.  The data clearly suggested, 

however, that incorporation of a basic nitrogen in the core of the molecule reduced 

oral bioavailability and improved selectivity for αvβ6 (cf. 12 and 13).  

 

1.14 Research aims 

 

Considering that the basic amine of piperidine 13 may be responsible for both poor 

bioavailability and good selectivity, it is reasonable to suggest that reducing the pKa 

to a value between that of pyridine 12 and piperidine 13 could achieve a balance of 

suitable oral bioavailability and RGD-integrin selectivity. 
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To investigate this hypothesis, research in our laboratories has focused on reducing 

the pKa of the core nitrogen using three methods: addition of fluorine; addition of 

oxygen; and addition of a fused aromatic ring. 

 

Research is ongoing elsewhere in our laboratories concerning the addition of fluorine 

and oxygen, which are expected to reduce the pKa through inductive effects.155  It 

has been shown by measured pKa values that the conjugate acids of benzylic amines 

are more acidic than alkylamines.  For example, the pKa of benzylamine (10.2) is 

lower than n-butylamine (11.1) when measured in DMSO.156 This could be explained 

by a reduction in stability of the quaternary ammonium species resulting from 

depleted hyperconjugation from the benzylic methylene unit.  This decrease in 

hyperconjugation could be a result of the slightly electron-withdrawing nature of the 

aromatic ring. 

 

In addition to the reduction of pKa, the incorporation of a fused aromatic ring also 

reduces the number of rotatable bonds, which has been shown to improve oral 

bioavailability.135 

 

The aim of this research is to develop an orally bioavailable, αvβ6-selective 

antagonist for the treatment of idiopathic pulmonary fibrosis (IPF).  This will be 

attempted by reducing of pKa of the RGD integrin-selective αvβ6 antagonist 13 by 

fusing an aromatic ring to the central core of the molecule (Figure 23). 

 

 
 

Figure 23:  An aromatic ring fused onto the piperidine-containing αvβ6-selective 

antagonist 13. 

 

15 
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1.15 Compound analysis 

 

As stated above, this work focussed on the identification of an oral αvβ6 antagonist 

which is considered suitable for extensive safety assessment in preparation for testing 

in human studies.  In order to achieve this, a compound must be able to satisfy the 

following key criteria: 

• Demonstration of significant reduction of fibrotic biomarkers after dosing in 

a diseased animal model, 

• Calculated daily dose < 100 mg. 

• > 10 fold selectivity against αvβ3 in cell adhesion assay, 

• > 100 fold selectivity against other biological targets tested in a range of non-

RGD integrin assays available in our laboratories. 

• Inactive (<4.5) in hERG assays 

• Drug classification system class 1 (DCS class 1). 

 

In an attempt to reduce the number of animals used in the drug discovery process, in 

vitro assays, such as microsomal IVC, will be used to help select optimal compounds 

for testing in animal models. 

 

As discussed previously, cell adhesion affinity assays are generated by culturing cells 

with artificially expressed levels of integrins.124 As the levels of integrin expression 

are artificial, the results cannot be used as a method of determining physiologically 

relevant potency and selectivity.  Instead, the data can be used to help rank different 

compounds on their relative potency and selectivity profiles. 

 

An in vitro assay has been developed in our laboratory which provides a more 

pharmacologically-relevant measure of αvβ6 potency in a fibrotic environment by 

using normal human bronchial epithelial (NHBE) cells.157  This assay works by 

applying NHBE cells to wells coated with collagen.  In a physiological environment, 

the NHBE cells will bind to collagen through αvβ6, which will initiate the release of 

a range of cell signalling mediators.  The supernatant media is removed after 24 
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hours and replaced with a solution containing the antagonist of interest or a solvent 

control.  The wells are left for 48 hours, then the supernatant is analysed for levels of 

PAI-1, a cytokine which has shown to be expressed as a result of αvβ6 activation.158  

Comparing the levels of PAI-1 versus the solvent control provides a potency 

measurement.  This is undertaken at a range of concentrations to achieve a pIC50 

measurement.   

 

Unfortunately, the NHBE assay is very low throughput and is not routinely run.  

Therefore, testing in this assay is reserved for compounds selected for in vivo 

pharmacodynamic (PD) studies.  Activity in this assay is indicative of a functional 

inhibition of αvβ6 and will be required for progression to an in vivo PD study. 

 

Previously, molecules from other chemical series developed in our laboratories only 

gave measurable potency in the NHBE assay when the αvβ6 cell adhesion potency 

was greater than a pIC50 of 7.127  Accordingly, only compounds which exceed an 

αvβ6 cell adhesion pIC50 of 7 will be progressed for further study. 

 

The highly charged nature of integrin antagonists suggests that oral absorption may 

be controlled by transmembrane proteins, which makes prediction of human jejunal 

absorption difficult. A sigmoidal relationship has been shown between MDCK 

permeability and human jejunal permeability (the top of the small intestine) with 

compounds possessing MDCK values between one and 50 nm/sec, which represents 

high variability in the assay (Figure 24).159  Therefore, whilst compounds with 

MDCK values of over 50 nm/sec are desired, compounds with lower values will not 

be discounted based on permeability alone. 
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Figure 24: Relationship between MDCK permeability and human absorption (%).159 

 

The zwitterionic nature of αvβ6 antagonists also results in high aqueous solubility, 

with the majority of compounds synthesised in our laboratories possessing solubility 

higher than Pfizer’s minimum requirement of 50 μg/mL for highly permeable 

compounds.127,133,152  Therefore, it is expected that oral absorption will not be limited 

by solubility provided the dose is not high.152  

 

Before progressing suitable compounds to an animal diseased model, 

pharmacokinetic (PK) studies are conducted in a relevant animal species to 

determine the exposure of the drug in the body over time.  Compounds will be 

prioritised for study based on their in vitro clearance in mouse, rat and human liver 

microsomes, which will help predict their relative in vivo clearance. Selected 

compounds will be screened initially in a short oral absorption model to determine 

oral absorption.  Promising compounds will have an HPV AUC higher than 1000 

ng/h/mL and hepatic clearance less than 50% liver blood flow (LBF) after a 3 mg/Kg 

dose to give the best chance of delivering improved oral absorption when compared 

to piperidine 13.  

 

♦ Passive Absorption 
Δ Active Absorption 
○ Unknown 
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Suitable compounds will then be studied in a mouse PK study with intravenous (i.v.) 

and oral (p.o.) arms.  Compounds with a bioavailability > 30% and clearance < 60% 

liver blood flow (LBF) are considered to have sufficient exposure to deliver a 

therapeutic response in a diseased animal model.  This has been supported with 

previous compounds tested in our laboratories.126 

 

In summary, the compounds tested will follow a defined screening cascade, which is 

designed to optimise the use of in vitro assays to select compounds for further studies 

in an in vivo environment (Figure 25).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: A progression cascade for the identification of an RGD integrin-selective 

αvβ6 inhibitor with oral bioavailability and in vivo efficacy, for the treatment of IPF. 
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1.16 αvβ6 antagonists containing a pyrazolopiperidine core 

 

Previous work in our laboratories identified the RGD integrin antagonist 16, which 

contains a pyrazolopiperidine bicyclic system in the core of the molecule.160  The 

pKa values of the two basic centres have been reduced when compared to an 

analogue of piperidine 13 (Table 13), suggesting that it could have improved oral 

absorption.  However, the reduction in pKa was also hypothesised to be responsible 

for the loss of αvβ6-selectivity.  Previous work with another series of integrin 

antagonists developed in our laboratories demonstrated that replacing the chlorine 

with a cyclopropyl substituent gave a measurable increase in selectivity (Table 

9).124,160 Accordingly. this strategy was selected for the optimisation of 

pyrazolopiperidine 16. 
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Cell adhesion pIC50 Calculated pKa Potentiometric pKa 

αvβ6 αvβ3 αvβ5 αvβ8 

16 6.5 6.5 6.2 6.2 8.0, 6.6, 3.8 7.7, 6.2, 4.1 

12* 6.9 8.0 8.2 7.1 7.2, 5.9, 4.0 7.6, 5.5, NT† 

13* 7.6 6.8 6.9 7.5 9.9, 7.5, 4.3 9.7, 8.1, 3.9† 

 

Table 13:  The cell adhesion affinity and calculated pKa of compound 16, compared 

with 12 and 13.124,160 * denotes single enantiomer. †pKa values of analogues as 

described in Table 11. 

 

A mouse short oral absorption model was subsequently planned to investigate the 

effect of reduced pKa on oral absorption.  Compound 17 was selected for synthesis, 

as it had the potential of providing both oral bioavailability and αvβ6 selectivity 

(Figure 26).  

16 
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Figure 26: Target compound for investigation in the short oral absorption model. 

 

The existing synthetic route used to access compound 16 is displayed in Schemes 1 

and 2, which utilises commercially available starting materials.127  The yields are 

moderate to good, although a low yield was obtained during preparative HPLC 

separation of the two N-regioisomers.  This poor recovery was considered to be due 

to the low solubility of the product in the reverse-phase eluents used. 

 

17 



CONFIDENTIAL – DO NOT COPY 

62 
Christopher J Tame 

 
 

 

Scheme 1: The previous synthetic approach towards a pyrazolopiperidine- 

containing αvβ6 antagonist.127  

18 

19 

20 and 21 

29 

24 

28 

NaH (1.1 eq.), DMF 
0 °C – r.t., 18 h,  

85% - 94%. 

(1.0 eq) 

HCl in 1,4-dioxane  
(4M, 1.1 eq.)  
CH2Cl2, 0 °C – r.t.,  
36 h, 92%. 

(2.0 eq) 

Et3N (3.0 eq.) 
CH2Cl2  

r.t., 39 h,  
45%. 

KOH (3.8M, 2.0 eq.), 
[Rh(cod)Cl]2 (30 mol%), 
1,4-dioxane, 
95 °C, 4.5 h,  
 (3.0 eq) 

27 

22 and 23 25 and 26 

15%. 7%. 



CONFIDENTIAL – DO NOT COPY 

63 
Christopher J Tame 

 
 
 

Scheme 2: Base-mediated ester hydrolysis to afford the final racemic products as 

single regioisomers.127  

 

The key step in the synthetic route is the rhodium-catalysed 1,4-addition of 3-

chlorophenylboronic acid 27 to α,β-unsaturated ester 24.  The synthetic route has 

been designed to enable the efficient introduction of a range of substituted phenyl 

rings from a late-stage intermediate (25 and 26 as a mixture of regioisomers). 

Consequently, the structure activity relationships (SAR) identified in previous series 

can be expediently investigated on this new template, and is ideal for the synthesis of 

cyclopropyl analogue 17. Given that metal-catalysed conjugate addition is a key step 

in accessing target compounds within this series of interest, it is pertinent to briefly 

review the associated literature. 

 

1.17 Metal-catalysed conjugate additions of organometallic reagents to α,β-

unsaturated substrates 

 

The first metal-catalysed 1,4-conjugate addition of a carbon nucleophile to a carbon 

electrophile was demonstrated in 1941, when Kharasch and Tawney reacted 

methylmagnesium bromide and isophorone in the presence of copper (I) chloride 

(Scheme 3).161  

28 16 

29 30 

aq. NaOH  
(2M, 5.0 eq.) 

 
 MeOH 

r.t., 20 h. 
65%. 

aq. NaOH  
(2M, 5.0 eq.) 

 
 MeOH 
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Scheme 3: The copper-catalysed 1,4-addition of methylmagensium bromide to 

isophorone.161 

 

The use of copper salts in this manner has since been extensively investigated and 

developed, with asymmetric conditions being identified in recent years.162,163  The 

drawback with this approach, however, is the instability of many of the 

organometallic reagents to air and water. 

 

The identification of arylboronic acids as organometallic reagents with improved air 

and moisture stability has revolutionised carbon-carbon bond forming reactions.  The 

use of arylboronic acids to effect palladium-catalysed sp2-sp2 carbon-carbon bond 

forming reactions under mild conditions was pioneered by Suzuki and Miyaura, for 

which Suzuki received the Nobel prize in 2011 (Scheme 4).164 

 

 
 

 

Scheme 4: The first application of phenylboronic acid to metal-catalysed biaryl 

cross-couplings.164 

 

The first application of arylboronic acids in metal-catalysed 1,4-addition reactions 

was also developed by Miyaura and co-workers.165  These reactions utilised catalytic 

amounts of rhodium and actually required the use of water (Scheme 5).  Subsequent 

collaboration between the Miyaura and Hayashi laboratories in 1998 identified the 

MeMgBr (1.0 eq) 
CuCl (1 mol%) 

 
Et2O,  

10°C-Δ (1 h.) –  
r.t. (16 h) 

90%. 

Pd(PPh3)4 (3 mol%) 
Na2CO3 (aq., 2 eq.) 

 
Benzene, reflux,  

6 h, 89%. 
(1.1 eq) 
33 34 35 

31 32 



CONFIDENTIAL – DO NOT COPY 

65 
Christopher J Tame 

first asymmetric conditions for 1,4-addition reactions using arylboronic acids 

(Scheme 6).166   

 

 
 

 

Scheme 5: Rhodium-catalysed 1,4-addition of phenylboronic acid to methyl vinyl 

ketone (MVK).165 

 

 
 

 

 

 
 

 

Scheme 6: The asymmetric 1,4-addition of p-tolylboronic acid to cyclohexenone.166 

 

A variety of advancements in this area have since been demonstrated, including the 

use of palladium167 and a range of α,β-unsaturated substrates, such as aldehydes168 

and carboxylic acids169 which are displayed in Schemes 7 and 8, respectively.  A 

comprehensive review of rhodium-catalysed conjugate addition of arylboronates can 

be obtained from recent articles by Frost170 and Lin171 

 

 

 

Rh(acac)(CO)2/ dppb 
 (3 mol%) 

 
MeOH/H2O (6:1) 
50 °C, 16 h, 99%. 

Rh(acac)(C2H4)2 /  
(S)-BINAP  (3 mol%) 

 
1,4-Dioxane/H2O (6:1) 

100 °C, 6 h,  
99%, 97% e.e. 39 38 33 

37 36 33 

40 
(S)-BINAP 
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Scheme 7: Rhodium-catalysed 1,4-addition of phenylboronic acid 33 to α,β-

unsaturated aldehyde 41.168 

 

 
 

 

 

Scheme 8: Rhodium-catalysed 1,4-addition of phenylboronic acid 33 to α,β-

unsaturated carboxylic acid 44.169 

 

A recent publication from our own laboratories demonstrated the 1,4-addition of 

arylboronic acids to α,β-unsaturated esters containing a basic γ-amino group 

(Scheme 9).172  The addition of 20 mol% (R)-BINAP was also investigated, which 

gave products with good to excellent enantiomeric excesses.  The yields were 

considerably lower when 3-(cyclopropylphenyl)boronic acid was employed, 

although subsequent work in our laboratories have shown that this can be improved 

by increasing the catalyst loading to 30 mol% (60 mol% Rh). 

 

[RhCl(C2H4)2]2 (1.5 mol%)  
(R,R)-Bn-bod* (3.3 mol%) 

 
KOH (10 mol%) 

MeOH/THF/H2O (12:3:1) 
10 °C, 6 h. 

88%, 93% e.e. 
 

43 
(R,R)-Bn-bod* 

42 41 33 

[Rh(cod)OH]2  
(2.5 mol%) 

 
H2O, 75 °C,  
16 h, 96%. 

45 44 33 

(2.5 eq.) 
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N R Yield (%) 

27 Cl 79 

47 Cyclopropyl 31 

 

Scheme 9: Rhodium-catalysed addition of arylboronic acids to acyclic unsaturated 

esters containing a basic γ-amino group.172 

 

The generally accepted mechanism for this transformation is presented in Scheme 

10.173  Proposed by Hayashi in 2002, the mechanism requires the formation of a 

hydroxyl-rhodium species (49), which undergoes transmetallation with the 

arylboronic acid (33) to form intermediate 50.  The next step involves co-ordination 

of the rhodium with an α,β-unsaturated system (38), which is in competition with 

hydrolysis of the organometallic species to form 54 (Pathway II).  In order to 

minimise the effects of hydrolysis, excess arylboronic acid (33) is typically 

employed. Once co-ordinated to the alkene, the aryl group is inserted in a 1,4-

addition fashion and rhodium forms an oxa-π-allyl species (52).  The final step is 

hydrolysis of intermediate (52) to release the desired product (53) and regenerate the 

catalyst (49). 

 

(3.0 eq.) 

[Rh(cod)Cl]2  
(5 mol%) 
aq. KOH  

(3.8 M, 2 eq.) 
1,4-Dioxane. 
95 °C, 4 h. 

 

46 48 

27, 47 
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Scheme 10: Proposed mechanism for rhodium-catalysed 1,4-addition of arylboronic 

acid to cyclic or acyclic α,β-unsaturated systems.173 
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2 Results and Discussion 

 

2.1 Synthetic approach towards pyrazolopiperidine 17 

 

The previously-disclosed synthesis of 3-chlorophenyl 16 provided an expedient route 

for accessing related compounds.  The unselective pyrazole alkylation gave a 

mixture of N-regioisomers, which required separation using preparative HPLC at a 

later stage. Optimisation efforts would, therefore, benefit from developing a selective 

alkylation protocol.  As a rapid synthesis of pyrazolopiperidine 17 was required, 

however, optimisation was not initially considered.  Future optimisation would be 

attempted if a large scale synthesis was required to support subsequent biological 

studies.  

 

Accordingly, the existing synthetic route was used to access pyrazolopiperidine 17, 

which was achieved in comparable yields to those obtained for the synthesis of 

chlorophenyl 16 (Scheme 11). Characterisation of the N-regioisomers was achieved 

using NOESY 1H NMR, which were separated using preparative HPLC. Regular 

reaction monitoring allowed the reaction times to be reduced in many of the synthetic 

steps, and the use of environmentally-hazardous dichloromethane174 was successfully 

replaced with MeOH for the acid-mediated Boc-deprotection step. 
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Scheme 11: The synthesis of compounds 55 and 56 from commercially available 

starting materials. 

 

The racemic mixture of desired regioisomer 55 was resolved using chiral HPLC.175  

This was undertaken on the methyl ester due to perceived difficulties in the 

separation of the final zwitterionic compound, which had been observed in other 

related series.  This afforded the single enantiomers 57a and 57b in >99% 

enantiomeric excess (Scheme 12). 

18 

19 

20 and 21 

56 

24 

55 

NaH (1.5 eq.), DMF 
0 °C – r.t., 16 h. 

(1.0 eq) 

HCl in 1,4-dioxane  
(4 M, 5.0 eq.)  
MeOH, r.t.,  
16 h, 64%. 

(1.0 eq) 

Et3N (2.0 eq.) 
CH2Cl2  

0 °C - r.t., 1 h. 

KOH (3.8 M, 2.0 eq.), 
[Rh(cod)Cl]2 (30 mol%), 
1,4-dioxane, 
95 °C, 45 min.  
 

(3.0 eq) 
54 

22 and 23 25 and 26 

8%. 2%. 
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Scheme 12: Chiral HPLC to afford the isolated single enantiomers.175 

 

Base-mediated ester hydrolysis was then undertaken on the methyl esters 56, 57a and 

57b to afford target compounds 58, 17a and 17b in moderate yields (Scheme 13).  

The solvent was changed from MeOH to MeCN in an attempt to improve the 

solubility of the starting material.   Mass-directed purification (MDAP) was used to 

isolate the final products in sufficient quantities for further profiling, although this 

technique is likely to be the cause of the varying yields observed. 

 

55 

57a 

Enantiomer 1 

36%, >99% e.e 

57b 

Enantiomer 2 

41%, >99.5% e.e. 

Chiral  

HPLC 
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Scheme 13: Base-mediated ester hydrolysis afforded racemic 58 and single 

enantiomers 17a and 17b.  

 

2.2 Biological data and evaluation of pyrazolopiperidine 17 

 

Compounds 58, 17a and 17b were screened in the cell adhesion assays for relevant 

RGD integrins and the results were compared with exemplars from the pyridine core 

(12), the piperidine core (13), and pyrazolopiperidine core (16), (Table 14 and 

Figure 27).  As anticipated, replacement of the 3-chloro substituted phenyl ring with 

a 3-cyclopropyl analogue improved the αvβ6 potency and RGD integrin selectivity, 

and the regioisomeric compound 58 exhibited lower potency. 

 

17b 

Enantiomer 2 

57b 

17a 

Enantiomer 1 

57a 

aq. NaOH  
(2 M, 10 eq.) 

 
 MeCN, 50 °C,  

2 h, 80%. 

aq. NaOH  
(2 M, 10 eq.) 

 
 MeCN, 50 °C,  

2 h, 61%. 

aq. NaOH  
(2 M, 5.0 eq.) 

 
 MeCN, 50 °C,  

2 h, 60%. 

56 58 
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Compound 
Cell adhesion pIC50 

αvβ6 αvβ3 αvβ5 αvβ8 

12* 6.9 8.0 8.2 7.1 

13* 7.6 6.8 6.9 7.5 

16 6.5 6.5 6.2 6.2 

17a* 5.8 5.2 5.6 5.9 

17b* 7.3 6.5 6.4 6.4 

58 6.0 5.8 5.3 5.0 

 

Table 14: Cell adhesion pIC50 values for a range of αvβ6 antagonists.124 * denotes 

single enantiomer. 

 
 

Figure 27: Cell adhesion pIC50 values for a range of αvβ6 antagonists.124 

 

The pKa values of the various ionisable centres of compound 17b were subsequently 

measured and compared with the representative compounds from each series (Table 

15).  Interestingly, the pKa of the second basic centre has a difference of 0.7 log units 

between cyclopropylphenyl 17b and chlorophenyl 16.  It is unclear how structural 

changes to substituents of the phenyl ring could invoke the observed differences in 

pKa.  It is possible that this result could be due to experimental error, although 

additional tests were not undertaken to investigate this further.   

5

5.5

6

6.5

7

7.5

8

8.5

αvβ6

αvβ3

αvβ5

αvβ8

Cell 
adhesion 

pIC50 

Compound number 
12     13      16        17a          17b 58 
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Compound number Potentiometric pKa 

12 7.6, 5.5, NT† 

13 9.7, 8.1, 3.9† 

16 7.7, 6.2, 4.1 

17b 7.8, 5.5, 4.0 

Table 15: Measured pKa values for a range of integrin antagonists.152 †pKa values 

obtained on closely related analogues as described in Table 12. 

 

In addition to improving selectivity, a reduction in the most basic pKa was expected 

to improve oral absorption.  Compound 17b satisfied this requirement, and was 

therefore profiled in the mouse short oral absorption model (Table 16).  The results 

show a reduction in the hepatic clearance, although the oral absorption, measured as 

HPV AUC values, was not considerably improved. 

 

Compound no. Hepatic Clearance (mL/min/Kg)

[% mouse liver blood flow] 

HPV AUC (ng/h/mL) 

13 51 [57%] 382 

17b 23 [27%] 417 

Table 16: The results of a mouse short oral absorption model after a 3 mg/kg dose of 

compound 13 and 17b.126 

 

The hepatic clearance displayed by compound 17b is the lowest observed from any 

compound tested, which may be due to the reduced flexibility in the core of the 

molecule.135  Compound 17b possesses 7 rotatable bonds, 2 less than compounds 

previously profiled in this assay, such as piperidine 13.  Veber and co-workers have 

shown that oral bioavailability is improved when the number of rotatable bonds is 

limited to ≤7, supporting this hypothesis.135  

 

The reduced basicity of compound 17b unfortunately did not improve the oral 

absorption to the desired HPV AUC level of 1000 ng/h/mL as hypothesised.  The 

improved hepatic clearance, however, warrants further optimisation of the oral 
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absorption of αvβ6 antagonists with similar bicyclic cores.  Subsequently, the 

physicochemical properties of compound 17b were reviewed in an attempt to 

elucidate other possible causes of low oral absorption.  These were compared with 

exemplar compounds 12 and 13, and are displayed in Table 17. 

 

Compound no. 12 13 17b 

Species Rat Rat Mouse 

p.o. dose (mg/kg) 1.0 3.0 3.0 

HPV AUC (ng/h/mL) 3770 382 417 

MW 459 461 472 

Chrom LogD pH 2.0, 7.4, 10.5 0.6, 2.7, 2.5 0.2, 3.7, 3.9 -0.3, 3.1, 2.0 

Aromatic ring count 3 2 3 

Rotatable bond count 9 9 7 

pKa (potentiometric 7.6, 5.5, NT† 9.7, 8.1, 3.9† 7.8, 5.5, 4.0 

Permeability (MDCK nm/sec) 68 43 23 

Solubility (CLND μg/mL) 153 218 173 

Table 17: The physicochemical properties of compounds 12, 13 and 17b.152 †pKa 

values obtained on closely related analogues as described in Table 12. 

 

The measured Chrom LogD data shows that pyrazole 17b has a lower lipophilicity 

than piperidine 13.  Considering this, it is plausible that the reduction in pKa 

observed in pyrazole 17b was insufficient to improve permeability due to the 

concomitant reduction in lipophilicity.  It is possible, therefore, that increasing the 

lipophilicity of pyrazole 17b to a similar level as piperidine 13 would more 

accurately test the hypothesis that a reduction in pKa may improve oral absorption. 

 

2.3 Optimisation of lipophilicity for improved oral absorption 

 

Accordingly, methods to tune the lipophilicity of 17b were investigated further. 

Some of the structural modifications which could be made to compound 17b to 

improve the lipophilicity are shown in Figure 28.   
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Substitution at the phenyl ring had been investigated in the literature116 as well as in  

our laboratories127 and was likely to be tolerated in this series, whereas substitution 

on the tetrahydronaphthyridine, linker and core had less precedence.  The 

modification of the heterocycle in the core of the molecule presented an atom-

economic method of increasing the lipophilicity without making significant changes 

to the size and shape of the molecule, and was subsequently selected for further 

investigation. 

 

Due to the wide range of heterocycles available for consideration, a thorough 

analysis was undertaken to ensure the most appropriate heterocycles were selected 

for synthesis.  This did not include an analysis of 6-membered aromatic rings due to 

earlier molecular modelling work in our laboratories, which suggested poor activity 

at αvβ6.176 

 

The possible bicyclic systems composed of a 5-membered heterocycle fused to a 

piperidine ring were identified and a methyl group was included at the appropriate 

place to represent the substitution pattern when incorporated into an αvβ6 antagonist 

molecule.  The lipophilicity of these isolated cores was then calculated and compared 

to the core of compound 17b (67, Table 18).  A 0.5 log unit cut off was used to 

ensure that the compounds selected would significantly affect the lipophilicity. 

Accordingly, cores 70, 71 and 74 - 77 were discounted from further investigation. 

 

The calculated lipophilicity value used for this analysis was LogP, as this provides a 

value independent on ionisation state.  This was considered important because the 

behaviour of a zwitterion with an extra basic centre may be poorly predicted by pKa 

models used in Chrom LogD calculations. Indeed, research elsewhere in our 

laboratories have concluded that pKa values are poorly predicted for basic amines,152 

which may be compounded in this case by potential for intramolecular interactions 

on these flexible molecules. 
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Compound 

no. 
Structure cLogP 

Increase 

lipophilicity? 

59 
 

3.9 Yes 

60 
 

3.9 Yes 

61 
 

4.6 Yes 

62 
 

4.9 Yes 

63 
 

5.7 Yes 

64 
 

5.7 Yes 

65 
 

5.0 Yes 

66 
 

5.0 Yes 

67 
 

3.2 - 

68 
 

3.2 No 

69 
 

3.5 No 

70 
 

2.9 No 

71 
 

3.3 No 

72 
 

4.4 Yes 

73 
 

4.4 Yes 

Table 18: Calculated lipophilicities for a range of fused heterocycles (cores only). 

Continues overleaf. 
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Compound no. Structure cLogP 
Increase 

lipophilicity? 

74 
 

3.2 No 

75 3.2 No 

76 
 

2.5 No 

77 
 

2.4 No 

Table 18 (continued): Calculated lipophilicities for a range of fused heterocycles 

(cores only).  

 

In an attempt to reduce attrition, our laboratories have compiled a database 

containing known toxicities of drug compounds and molecules in development.177  

This enables correlation of a given sub-structure with an undesirable off target effect, 

allowing further prioritisation of the systems proposed for synthesis.  These results 

must be analysed carefully, however, as there could be other moieties on the 

molecule which are responsible for the toxicity.  It follows that if a particular 

substructure is present in a number of toxic compounds then it could be contributing 

to that toxicity.  Removing these toxic liabilities at the design stage of medicinal 

chemistry has the aim of reducing toxicity-based attrition later on in the development 

process. 

 

In the same vein, identifying a particular structural motif in a marketed drug will 

provide confidence that it has successfully passed all stages of safety assessment, and 

is thus less likely to be toxic.  Accordingly, substructures of the remaining cores 

were screened in the toxicity database and compared with the top 100 marketed 

drugs in 2011 (by US sales),178 the results of which are displayed in Table 19. 
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Structure 
Toxicity flag? 

(Exemplar structure) 

Marketed drug? 

(Exemplar structure) 

 

 
59/60 

Acute toxicity179 

 
 

Negative search result 

 

 

 

 
Acute toxicity180 

 

N
N
H

OH

HO

HO
OH

 
 

 
Negative search result 

 

 

 

 

 
Acute toxicity181,182 

 

OH
O N

N

 
 

 
Negative search result 

 

 

 
 

 

 
 

 
Cytotoxicity183 

 

S

N
NH

Cl N

 
 
 

Zyprexa (Olanazpine) 

N
H S

N

N

 
 

Also: Plavix and Spiriva 

(inhaled) 

 

Table 19: The presence of relevant substructures in the top 100 marketed drugs, or 

with known toxicity. Continues overleaf. 
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Structure 
Toxicity flag? 

(Exemplar structure) 

Marketed drug? 

(Exemplar structure) 

 

 

 
 

 

 

Acute toxicity,  
Cytotoxicity.184 

 

O

HN

N

O

H2N

H
N

O

 

 

Veramyst (inhaled) 

 

 

Table 19, continued: The presence of relevant substructures in the top 100 marketed 

drugs, or with known toxicity. 

 

Based on the analysis presented above, cores 59-62 were not investigated further.  

Some furan-containing compounds also demonstrated some associated toxicity, such 

as 82, although the presence of a marketed drug containing a furan restored 

confidence in the safety profile of this moiety.  Consequently, the remaining 

compounds were considered for synthesis and are presented along with their 

calculated physicochemical properties in Table 20.   

 

The most lipophilic compounds were calculated to be the thiophene-containing 

compounds 84 and 85.  These were subsequently prioritised for synthesis because 

they presented the best chance of balancing low pKa and a greater degree of 

lipophilicity, which was expected to result in improved oral absorption. 

 

65 

66 82 83 
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Compound 

no. 
MW cLogP 

No. of 

aromatic 

rings 

No. of 

rotatable 

bonds 

Calculated pKa 

Basic Acidic 

84 487.7 5.3 3 7 9.4, 6.4 4.6 

85 487.7 5.3 3 7 9.7, 6.4 4.6 

86 471.6 4.8 3 7 9.0, 6.2 4.4 

87 471.6 4.8 3 7 9.1, 6.2 4.3 

88 488.6 4.3 3 7 8.0, 6.0 4.2 

89 488.6 4.3 3 7 8.9, 6.0, 0.5 4.3 

 

Table 20: Calculated physicochemical properties of proposed compounds for 

synthesis. 

 

88 89 

87 

84 85 

86 
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2.3.1 Synthetic route design for thiophenes 84 and 85 

 

The retrosynthetic analysis of thiophene 84 is shown in Scheme 14, which utilises 

the commercial availability of the core fragments to facilitate a reproducible 

procedure which can be applied to both regioisomers. 

 
 

Scheme 14: The retrosynthesis of thiophene 84. 

 

The first and second disconnections follow the synthetic route used to access  

pyrazolopiperidine 17b via alkylation of the piperidine nitrogen with bromocrotonate 

24, followed by rhodium-catalysed 1,4-addition of an appropriately substituted 

phenylboronic acid (Scheme 11).   

 

The last disconnection breaks the carbon-carbon bond joining the core and the 

tetrahydronaphthyridine.  This was chosen due to the expedient access to the 

respective monomers, which are shown in Figure 29.  

 
 

Figure 29: Commercially available tetrahydronaphthyridine-containing compounds 

and thiophene-containing bicyclic systems. 

84 90 

47 

93 

C-N bond 
formation 

C-C bond 
formation 

94 18 95 96 

92 

C-C bond 
formation 

91 24 
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A survey of the literature highlighted the reliable application of C-H lithiation 

followed by reaction with benzyl bromide to form the required bond (Scheme 15).185  

These conditions require the use of a strong base in order to selectively lithiate the C-

H bond α- to the sulfur atom.   

 
 

Scheme 15: t-BuLi mediated C-H lithiation followed by reaction with benzyl 

bromide.185  

 

It is also possible to direct lithiation with the incorporation of a halogen atom at the 

desired lithiation site.186 The increased rate of halogen-lithium exchange when 

compared to C-H lithiation greatly facilitates this transformation.  Electrophilic 

aromatic substitution can efficiently introduce the halogen at the desired position.187 

 

The use of strong bases, however, is expected to be incompatible with 

thiophenylpiperidine 95, which contains other potential sites for lithiation on the 

piperidine ring.  The use of metal-catalysed cross-coupling conditions with benzylic 

organometallic species such as Grignards188 and organozincates189 provides a milder 

approach for this bond forming reaction, thus avoiding undesired reactivity  

 

The formation of these organometallic species, however, has no precedence on 

benzylic heterocycles such as tetrahydronaphthyridine 18, which is expected to be 

due to instability issues.  Consequently, this approach was not considered further. 

 

Recent advancements from Fairlamb190 and Buchwald191 have identified palladium 

catalysts which enable efficient cross coupling of heterarylboronic acids and 

benzylhalides (Schemes 16 and 17).  Such an approach could be relevant to the 

current target systems. 

97 99 

98 

t-BuLi (1.6 eq.), THF, 
-78 °C – r.t., o/n, 77%. 

 

(4.0 eq.) 
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Scheme 16: Palladium-catalysed cross-coupling of heteroarylboronic acid 100 with 

benzyl bromide 98.190  

 
 

 

Scheme 17: Palladium-catalysed cross-coupling of heteroarylboronic acid 103 with 

benzyl chloride 102.191 

 

An organometallic centre on thiophene 95 was considered to be more stable and, 

therefore, more straightforward to access than the other organometallic components 

required in the previously discussed techniques.  As a result, this approach was 

selected to access desired intermediate 91. 

 

Although the palladium catalyst prepared by Buchwald had not been applied to the 

cross-coupling of a thiophene with an arylbromide, a thiophene had been used in an 

analogous sp2-sp2 cross coupling.191  In addition, these conditions had been 

successfully reproduced in our laboratories,192 providing confidence that they could 

be applied to the reaction of thiophene 95 with bromomethyl 18.  Consequently, 

these conditions were chosen in preference to those disclosed by Fairlamb and co-

workers.  Consideration was then given to accessing the required boronic acid. 

100 101 

98 

trans-PdBr(N-Succ)(PPh3)2 
(1 mol%),  

aq. Na2CO3 (2 M) / THF 
(1:2), 60 °C, 4 h, 91%. 

(2.5 eq.) 

102 104 

103 

L1 (2 mol%),  
K3PO4 (0.5 M, 2 eq),  

THF, 40 °C, 
 30 min, 86%. 

(1.5 eq.) 

L1 = 

105 
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The formation of arylboronic acids usually requires a strong base and is potentially 

unsuitable for use in the presence of other exchangeable centres as is the case with 

thiophene 95.193 Boronic esters provide a more attractive synthetic handle because 

they can be formed under more mild conditions and are readily hydrolysed to the 

corresponding boronic acid under reaction conditions.  The formation of 2-

heteroarylboronic esters can be achieved via a number of methods, including: base-

mediated lithiation, followed by reaction with trialkoxyborane194 palladium-catalysed 

cross-coupling of 2-bromoheteroaromatics with bispinacolatodiboron195 and iridium-

catalysed C-H borylation with pinacolborane or bispinacolatodiboron (Scheme 

26).196  

 

The regioselective C-H borylation of thiophene 97 presents an attractive opportunity 

for direct functionalisation under mild conditions.  This is in contrast to other 

methods which require the pre-formation of the 2-bromothiophene analogue.  

Subsequent palladium-catalysed cross coupling of pinacolboronate 108 with 

tetrahydronaphthyridine 18 is then expected to form the desired product 109 

(Scheme 18). The relatively mild conditions used in this scheme are expected to help 

suppress undesired side-reactions, thus ensuring regioselectivity.   

 

The use of a carboxybenzyl (Cbz) protecting group was selected because it 

significantly increases the molecular weight of thiophene 106, which would reduce 

volatility and facilitate work-up procedures.  In addition, the Cbz group could be 

either selectively or simultaneously removed, relative to the Boc-protected 

tetrahydronaphthyridine on intermediate 109.  This could be achieved using either 

hydrogenation197 or acidic conditions,198 respectively.  The conditions required for 

the protection of secondary amines with Cbz groups typically involve the use of a 

carboxybenzyl chloride and a weak organic base.199  

 

The complete proposed synthetic route to access the desired thiophene-containing 

αvβ6 antagonist 84 is displayed in Scheme 18.  The route exploits three transition 

metal-catalysed cross coupling procedures to efficiently access the desired product in 

seven linear steps.   
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Scheme 18: Proposed synthetic route to access desired αvβ6 antagonist 84. 
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2.3.2  Synthesis of thiophenes 84a and 84b 

 

The synthesis of the αvβ6 antagonist target 84 commenced with the protection of 

thiophene 95 using carboxybenzyl chloride and proceeded well using literature 

conditions to afford the desired product (106) in quantitative yield (Scheme 19).   

 

 
 

Scheme 19:  Cbz protection of the piperidine nitrogen of thiophene 95. 

 

Iridium-catalysed C-H borylation of thiophene 106 with pinacolborane was 

subsequently attempted to access the appropriately functionalised thiophene 108 

(Scheme 20). LCMS and 1H NMR analysis of the reaction mixture after an aqueous 

work-up identified borylated thiophene 108. Unfortunately, however, this 

decomposed to starting material 106 when exposed to air. 

 
 

Scheme 20:  Iridium-catalysed C-H borylation of thiophene 126, followed by 

protodeborylation in air. 

 

In an attempt to avoid protodeborylation of borylated thiophene 108, it was reasoned 

that a one-pot protocol which included the palladium-catalysed sp2-sp3 cross 

coupling conditions could access the more stable intermediate 109 (Scheme 21).  

This procedure would avoid prolonged exposure of borylated thiophene 108 to air 

and moisture, which was believed to be the cause of rapid protodeborylation which 

was observed previously. 

CbzCl (1.1 eq), 
DIPEA (3.0 eq.), 

 
TBME, 0 °C - r.t. 

Quantatative. 95 106 

[Ir(cod)OMe]2  
(1.5 mol%),  

dtbpy (3 mol%),  
cy.,  r.t., 3 h. 

(1.1 eq) Air,  
 

48 h. 

106 108 106 

107 

Observed by LCMS 
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Scheme 21:  A proposed one pot C-H borylation/ sp2-sp3 cross coupling protocol to 

afford methylene-linked 128. 

 

Hartwig and Miyaura described a similar one-pot procedure, which involved iridium- 

catalysed C-H borylation followed by palladium-catalysed sp2-sp2 cross-coupling 

(Scheme 22).196  This supported the proposed approach by demonstrating the 

tolerance of the palladium-catalysed cross-coupling conditions to an iridium catalyst, 

the di(tert-butyl)bipyridine (dtbpy) ligand, and a non-polar solvent. 

 
Scheme 22:  A one pot protocol for iridium-catalysed C-H borylation followed by 

palladium-catalysed sp2-sp2 cross coupling.196 

 

Accordingly, the one pot procedure was undertaken on thiophene 106 to successfully 

access the desired methylene-linked 109 in 60% overall yield. The palladium loading 

was increased from 2 mol% to 10 mol% in an attempt to increase the rate of reaction 

and ensure optimal conversion of pinacolboronate 127 to methylene-linked 128.   

 

[Pd] 
106 

107 

108 

18 

109 [Ir]  

[Ir(cod)OMe]2 (1.5 mol%),  
dtbpy (3 mol%), cy.,  r.t., 3 h. 

113 

112 111 

107 

136 

(1.1 eq) 

(0.7 eq) 

PdCl2(dppf) (10 mol%), 
aq. K3PO4 (0.5 M, 3 eq),  
DMF, 60 °C, 1 h., 64%. 
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The sub-stoichiometric amount of alkyl bromide 18 limited the yield to a maximum 

of 70%.  Considering this, the yield can be recalculated as 92% with respect to the 

limiting reagent (Scheme 23).  LCMS analysis of the crude reaction mixture after 16 

hours indicated complete consumption of pinacolboronate 106 and a small amount of 

alkyl bromide 18, suggesting some protodeborylation.  Therefore, increasing the 

number of equivalents of alkyl bromide 18 was not expected to lead to an 

improvement of the yield.  The yield obtained in this reaction demonstrates the 

successful application of this methodology to more structurally complex molecules 

without compromising on yield, which highlights its robustness and applicability. 

 
 

Scheme 23:  Iridium-catalysed C-H borylation of thiophene 106, followed by 

palladium-catalysed sp2-sp3 cross coupling with alkyl bromide 18 to afford 

methylene-linked 109. 

 

The next step involved TMSI-mediated global deprotection of methylene-linked 109 

to access amine 91 in 86% yield (Scheme 24). Selective deprotection of the Cbz 

group was not attempted because the tetrahydronaphthyridine was expected to have 

insufficient nucleophilicity to alkylate under the reaction conditions in the 

subsequent step.  This, however, could be considered if problems were encountered. 

 

105 (10 mol%), 
aq. K3PO4 

(0.5 M, 1.3 eq), 
THF, r.t., 16 h. 

92%. (0.7 eq) 

(1.1 eq) 

106 

107 

108 

18 

109 

[Ir(cod)OMe]2 (1.5 mol%),  
dtbpy (3 mol%),  

cy.,  r.t., 2 h. 
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Scheme 24:  TMSI-mediated global deprotection of methylene-linked 109. 

 

The previously developed conditions for the alkylation of amine 91 with 

bromocrotonate 24, followed by rhodium-catalysed 1,4-addition of aryl boronic acid 

47, were subsequently undertaken to access methyl ester 110 in 59% overall yield 

over the two steps (Scheme 25).  Separation of the enantiomers by chiral HPLC 

afforded 110a and 110b as single enantiomers in moderate yields. 175. 

 
 

 

 

Scheme 25: The alkylation of amine 91 with bromocrotonate 24, followed by 

rhodium-catalysed 1,4-addition of arylboronic acid 47 and chiral chromatography.175 
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MeCN,  
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CH2Cl2  
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66%. 
KOH (3.8 M) (2.0 eq.), 

[Rh(cod)Cl]2 (30 mol%), 
1,4-dioxane, 

95 °C, 45 min 
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24 

110a (Enantiomer 1): 33%. 
110b (Enantiomer 2): 31%. 
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The hydrolysis of methyl esters 110a and 110b gave carboxylic acids 84a and 84b in 

82% and 83% yield, respectively (Scheme 26). 

 

 
 

 

Scheme 26: The sodium hydroxide mediated hydrolysis of methyl esters 133a and 

133b to afford the corresponding carboxylic acids.  

 

The chiral HPLC purification was responsible for the lowest yield in the synthetic 

route used to access 84a and 84b, which was also the case for the synthesis of 

pyrazolopiperidine-containing 17a and 17b. Consequently, investigations focused on 

a method to circumvent this issue.  Recent work in our laboratories has focused on 

the optimisation of the catalytic system used for the 1,4-conjugate addition reactions 

on similar templates.  Unfortunately, this work could only afford moderate levels of 

enantioselectivity, which would require further purification by chiral HPLC.200  In an 

attempt to identify alternative approaches, the retrosynthetic analysis of thiophene 84 

was revisited to provide further inspiration. 

 

It was recognised that the synthesis of thiophene 84 contains a two step route to 

access synthon 114 (Scheme 27).  Therefore, an alternative strategy could be the 

convergent synthesis of a synthetic equivalent of synthon 114.  If an asymmetric 

route could be developed, it would also avoid the low-yielding chiral HPLC 

purification.  The use of commercially available materials to access this compound 

would also be essential, in order to compete with the existing route. 

aq. NaOH  
(2 M, 5 eq.), 

MeOH, 
 

50 °C, 2 h. 
82%. 

110a and 110b 
 

84a (Enantiomer 1): 82%. 
84b (Enantiomer 2): 83%. 
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Scheme 27: The retrosynthetic analysis of thiophene 84. 

 

A survey of the literature revealed the successful use of rhodium-catalysed 1,4-

addition of arylboronic acids to γ-crotonolactone (Scheme 28).201  It has also been 

shown that treatment of these systems with HBr gas can facilitate ring-opening to 

form the electrophile 118 (Scheme 29),202 although other examples generate HBr in 

situ using the more convenient protocol with acetyl bromide in ethanol.203 This two 

step process presented a potentially efficient method of accessing desired alkylating 

agent 121, which is displayed in Scheme 30. 

 
 

 

Scheme 28: Rhodium-catalysed 1,4-addition of phenylboronic acid 33 to γ-

crotonolactone 115.201  

 

116 115 

33 (2.0 eq.) 

[RhCl(cod)]2 (5 mol%) 
Et3N (1.0 eq.)  

Dioxane : H2O (10:1) 
 r.t., 18 h, 90%. 

84 91 

24 

90 84 

47 

114 
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Scheme 29: HBr-mediated ring opening of lactone 117 to afford ethyl ester 118.202 

 

 
 

Scheme 30: Proposed route to access electrophile 121.201,203 

 

The rhodium-catalysed 1,4-addition of boronic acid 47 to γ-crotonolactone 119 was 

initially attempted using literature conditions, which afforded the desired product in 

low yield (Scheme 31).  

 
 

Scheme 31: The rhodium-catalysed 1,4-addition of boronic acid 47 to γ-

crotonolactone 119 using literature conditions. 

 

Examination of the catalytic cycle highlighted the competing hydrolysis of 

intermediate 50 (Pathway II), which provided an explanation for the low isolated 

yield (Scheme 10).  Consequently, an excess of boronic acid has been typically 

HBr (g), 
EtOH, 

 
r.t. 18 h,  

75%. 
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(3.0 eq.) 

 
EtOH, 

0 °C - r.t.  
 

[RhCl(cod)]2 (5 mol%) 
Et3N (1.0 eq.) 

Dioxane : H2O (10:1) 
r.t. 

(2.0 eq.) 
47 

119 120 118 

[RhCl(cod)]2 (5 mol%) 
Et3N (1.0 eq.) 

Dioxane : H2O (10:1) 
r.t., 18 h, 20%. 

(2.0 eq.) 

47 

119 120 
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employed in the literature to account for this competing pathway.  It is reasonable to 

suggest, therefore, that increasing the equivalents of boronic acid 33 would improve 

the reaction efficiency. 

 
Scheme 10: Proposed mechanism for rhodium-catalysed 1,4-addition of arylboronic 

acid to cyclic or acyclic α,β-unsaturated systems.173 

 

An excess of the α,β-unsaturated component 38, however, would also be expected to 

increase the rate of Step 2, providing an alternative strategy for suppressing 

Pathway II.  It is envisaged that this has not been considered in the literature 

because the α,β-unsaturated system is usually the most valuable component.  In 

contrast to the literature examples, however, the boronic acid required for the 

synthesis of desired product 120 is the most valuable component of the reaction.  

Consequently, in an attempt to improve the efficiency of the reaction with respect to 

the boronic acid, the reaction was repeated with an excess of γ-crotonolactone 119.   

 

A wide range of bases have been utilised in rhodium-catalysed 1,4-additions, and 

optimisation efforts on other templates in our laboratories have identified that 3 

equivalents of KOH (3.8 M) and 10 mol% catalyst loading considerably enhances the 
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II 

Step 1 
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Step 3 

Step 4 

38 
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rate of reaction.204  It was considered that these conditions would help reduce 

Pathway II, and were subsequently selected for use. 

 

Based on all of the above, two equivalents of γ-crotonolactone 119 were reacted with 

3-(cyclopropylphenyl)boronic acid 47 using 10 mol% rhodium catalyst and 3 

equivalents of KOH (Scheme 32).  LCMS analysis indicated complete consumption 

of boronic acid 47 after 30 minutes, which gave the desired product in 36% yield.  

This is in contrast to 10% yield from the literature conditions, relative to the boronic 

acid component.  

 
 

Scheme 32: The rhodium-catalysed 1,4-addition of boronic acid 47 to 2 equivalents 

of γ-crotonolactone 143.172 

 

In an attempt to improve the efficiency of the reaction further, five equivalents of γ-

crotonolactone 119 were employed (Scheme 33).  The reaction was found to reach 

completion in just ten minutes and the yield was increased from 36% to 57%. 

 
 

Scheme 33: The rhodium-catalysed 1,4-addition of boronic acid 47 to 5 equivalents 

of γ-crotonolactone 119. 

 

[RhCl(cod)]2 (10 mol%) 
KOH (3.8 M, 3.0 eq.) 
Dioxane : H2O (10:1) 

r.t., 10 min, 36%.  

(2.0 eq.) 
119 

47 120 

[RhCl(cod)]2 (10 mol%) 
KOH (3.8 M, 3.0 eq.) 
Dioxane : H2O (10:1) 

r.t., 10 min, 57%.  

(5.0 eq.) 119 

47 120 
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Following on from this result, asymmetric conditions were investigated.  A recent 

publication from our laboratories investigated the asymmetric conjugate addition of 

aryl boronic acids to γ-amino α,β-unsaturated esters.172 This work demonstrated that 

the addition of the chiral bisphosphine ligand (R)-BINAP imparted excellent levels 

of enantioselectivity. (R)-BINAP and hydroxide readily displace the cyclooctadiene 

and chloride ligands to form the active chiral catalytic species [Rh((R)-BINAP)OH] 

in situ.166  

 

These conditions were applied to the conjugate addition of boronic acid 47 and α,β-

unsaturated ester 119 (Scheme 34), although this failed to provide any asymmetry.  

This could be a result of background reactions with small amounts of 

cyclooctadiene-bound rhodium, which would catalyse the reaction under achiral 

conditions. The use of preparative HPLC methods of purification facilitated 

expedient access to the product for further analysis of enantioinduction.  The low 

yields associated with this process were not considered to be detrimental at this 

stage, as it was considered that silica gel column chromatography could be applied 

once optimal asymmetric conditions were identified. 

O

O

B O

O

OH

OH

 
 

Scheme 34: The attempted asymmetric synthesis of lactone 120 using [RhCl(cod)]2 

and (R)-BINAP. 

 

Examination of the literature revealed two alternative applications of commercially 

available catalysts and ligands for the enantioselective 1,4-addition of arylboronic 

acids to α,β-unsaturated systems.  The first was developed by Hayashi and co-

workers for the asymmetric addition of arylboronic acids to enones using 

Rh(acac)(C2H4)2 as catalyst and an excess of boronic acid.166  These conditions, 

[RhCl(cod)]2 (10 mol%), 
(R)-BINAP (20 mol%), 
KOH (3.8 M, 3.0 eq.),  
Dioxane : H2O (10:1) 

r.t., 10 min, 26%, 0% e.e. 

(5.0 eq.) 

119 

47 120 
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however, did not show any conversion when applied to the desired substrates 

(Scheme 35).  

 
 

Scheme 35: The attempted synthesis of lactone 120 using Rh(acac)(C2H4)2.166 

 

The reactivity of esters such as lactone 119 is expected to be lower than the enones 

used to validate these conditions.  In addition, the absence of base in this reaction 

could also affect the rate of formation of the active hydroxyrhodium species, which 

could result in protodeboronation of boronic acid 47. Taken together, both of these 

reasons were used to explain the lack of reactivity observed. 

 

Work by process chemists at Abbott pharmaceuticals investigated the same catalytic 

conditions as those used in the achiral formation of desired product 120.205  Arriving 

at the same hypothesis that background reactions from cyclooctadiene-bound 

rhodium negated any asymmetric induction, they demonstrated that in situ removal 

of cyclooctadiene by vacuum gave enantiomeric excesses of around 90%, although 

this was difficult to reproduce.  Consequently, they hypothesised that the 

introduction of a commercially available pre-catalyst which had no catalytic activity 

would avoid any achiral background reactions.  To this end, they selected 

([Rh(nbd)2]BF4), which uses the sterically constrained norbornadiene ligand.  This 

was successfully applied to the 1,4-addition of a range of arylboronic acids and 

enones, which gave enantiomeric excesses between 91.6-98.7%.205  

 

Accordingly, these conditions were subsequently applied to the reaction of 3-

(cyclopropylphenyl)boronic acid 47 with γ-crotonolactone 119 (Scheme 36).  This 

pleasingly afforded the desired chiral product 120a in 96% e.e., albeit in low yield. 

Rh(acac)(C2H4)2 (3 mol%), 
(R)-BINAP (3 mol%), 

Dioxane : H2O (10:1), 100 °C, 5 h. 
 

(1.4 eq.) 
47 

119 120 
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Scheme 36: The asymmetric rhodium-catalysed 1,4-addition of cyclopropylphenyl 

boronic acid 47 to γ-crotonolactone 120a with [Rh(nbd)2]BF4.205 

 

Although no further optimisation efforts were attempted, it is expected that the yield 

could be improved in the same areas as previously demonstrated, which include: 

increased equivalents of γ-crotonolactone 119; increased catalyst and ligand loading 

and replacement of Et3N with KOH. 

 

With the appropriately functionalised achiral lactone 120 in hand, subsequent HBr-

mediated ring-opening was next investigated.  The optimal conditions developed on 

this substrate were then expected to be transferred to the chirally-enriched analogue, 

which was less readily available.   

 

The in situ formation of HBr by treatment of EtOH with acetyl bromide circumvents 

the use of inconvenient HBr gas cylinders, which would also deliver an 

uncontrollable excess of HBr into the reaction mixture. The treatment of lactones 

with HBr generated in situ has been demonstrated in the literature to affect ring 

opening in moderate yield.203  Accordingly, these conditions were applied to lactone 

120, which after 2 hours at room temperature suggested incomplete conversion to 

alkyl bromide 121, as determined by LCMS analysis (Scheme 37). 

[Rh(nbd)2]BF4 (3 mol%), 
(S)-BINAP (3 mol%), 

Et3N (1.0 eq.), 
Dioxane : H2O (7:1) 

50 °C, 15 h 
17%, 96% e.e. 

(1.0 eq.) 
119 

47 120a 

Norbornadiene (nbd) 
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Scheme 37:  Attempted synthesis of alkyl bromide 121 via HBr mediated ring 

opening of lactone 120. 

 

In an attempt to drive the reaction to completion, it was repeated with nine 

equivalents of acetyl bromide (Scheme 38).  The reaction was monitored by LCMS 

analysis, which indicated around 50% conversion of the starting material after 1 

hour.  After this period, an impurity observed by LCMS analysis increased 

significantly, which was isolated and characterised as the dialkylbromide 122.   

 
 

Scheme 38:  HBr mediated ring opening of lactone 120 to afford alkyl bromide 121 

and bisalkylbromide 122. 

 

Consequently, the reaction was repeated using six equivalents of acetyl bromide and 

was stopped after 1 hour, which gave a comparable yield to that obtained after 2 

hours and nine equivalents of acetyl bromide (Scheme 39). 

 
 

Scheme 39:  HBr mediated ring opening of lactone 120 to afford alkyl bromide 121 
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With the appropriate alkyl bromide (121) in-hand, investigations focused on 

alkylation with amine 91.  An analysis of the literature revealed that the alkylation of 

weakly nucleophilic secondary amines with alkyl bromides required heating to 120 

°C (Scheme 40).206 

 
 

Scheme 40: The alkylation of amine 123 with alkyl bromide 124 at 120 °C.206 

 

Based on this, it was expected that alkylation of relatively hindered electrophiles 

such as alkyl bromide 121 would require even higher temperatures.  Consequently, 

an alkylation was attempted at 150 °C, which was undertaken using a Biotage 

microwave reactor for convenience (Scheme 41).  The poor solubility of the starting 

materials in acetonitrile at room temperature prompted replacement with 

isopropanol. 

Scheme 41: Conditions attempted for the alkylation of alkyl bromide 121 with amine 

91. 
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1 h., μwave 
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The formation of carboxylic acid 84 was achieved in poor yield, which was 

considered to be a result of using a number of low yielding purification techniques.  

Future efforts could focus on optimising this yield by purifying the ethyl ester 150 

prior to hydrolysis. Alternatively, reverse phase column chromatography or MDAP 

purification with acidic eluent modifier could be investigated for purification of the 

carboxylic acid 84.  

 

In conclusion, a novel route has been developed to access alkyl bromide 121, which 

requires just two steps and uses commercially available reagents.  The conjugate 

addition of aryl boronic acid 47 to crotonolactone 119 was optimised to limit the use 

of expensive boronic acid, as well as demonstrating high enantiomeric control. 

However, significant optimisation of the asymmetric conjugate addition step and 

purification methods is required before this route could be considered more efficient 

and applicable than the original conditions. Before further optimisation of this route 

was considered, however, work undertaken in parallel identified a superior 

asymmetric route (section 2.3.3).  This precluded any further investigation from 

being carried out on the route described above. 

 

2.3.3 Synthesis of thiophene 85b 

 

The synthesis of thiophene analogue 85 was required for comparison of structure 

activity relationships with thiophene 84, which represents the isomeric compound.  

The successful regioselective C-H borylation of thiophene intermediate 126 

prompted the retrosynthetic analysis to be revisited, in an attempt to optimise the 

synthetic route further.   

 

A shorter route was identified which removed the need of a protecting group on the 

thiophene core (Scheme 42).  This sequence required a challenging regioselective C-

H borylation and subsequent sp2-sp3 cross coupling of a highly polar and 

functionalised intermediate (127).  The route could be further optimised with the 

incorporation of alkyl bromide 121, although this was not fully validated on 

thiophene 84 at the time of synthesis, and for that reason was not considered.  
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Scheme 42: The retrosynthesis of thiophene 85. 

 

The synthetic route was subsequently initiated, which started with alkylation of 

thiophene 96 with bromocrotonate 24, followed by rhodium-catalysed 1,4-addition 

with arylboronic acid 47 (Scheme 43).  The one-pot borylation/cross coupling 

conditions were then applied to intermediate 127, which pleasingly afforded desired 

thiophene 128 in 22% yield.  The final steps involved removal of the protecting 

groups, which was undertaken using the standard conditions to afford desired target 

85 in 23% yield. 
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iii) deprotection 
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Scheme 43: The synthetic route to access thiophene 85. 

 

The yield obtained for the one pot borylation/cross coupling transformation (127 to 

129) was significantly lower than with Cbz-protected thiophene analogue (106), 

although it reduced the number of synthetic steps, providing a more concise route to 

access thiophene 85.  However, this low yield did not provide a sufficient amount of 
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thiophene 128 for chiral HPLC purification. Therefore, the synthetic route was 

repeated on a larger scale.  In an attempt to improve the yield, the rhodium-catalysed 

conjugate addition step was undertaken using (R)-BINAP. This was expected to form 

a chirally-enriched mixture of the more active enantiomer, with the aim of improving 

the yield after chiral HPLC purification.  

 

Whilst the exact stereochemical configuration of the more active enantiomer at αvβ6 

was unknown, previous investigations in our laboratories have shown that the 

predominant enantiomer formed from (R)-BINAP-controlled conjugate addition 

reactions is the most active when subjected to the appropriate bioassay.127  

Consequently, the rhodium-catalysed conjugate addition reaction was undertaken 

with (R)-BINAP, which could potentially afford the desired enantiomer in an 

increased overall yield. 

 

The use of CH2Cl2 for the alkylation of amine 96 with bromocrotonate 24 was 

targeted for replacement with a more environmentally sustainable alternative.  

Consequently, the reaction was attempted in TBME,207 although poor solubility 

resulted in the requirement of 20% CH2Cl2 to achieve solubility (Scheme 44).  This 

afforded alkylated thiophene 128 in 72% yield, which is 25% lower than previously 

obtained when exclusively using CH2Cl2. Therefore, the use of CH2Cl2 is 

recommended for future alkylation attempts. 

 
 

 

Scheme 44: The alkylation of thiophene 96 with bromocrotonate 24 in a 5:1 mixture 

of TBME and CH2Cl2. 

 

Et3N (3.0 eq.)  
TBME, CH2Cl2, 
 r.t., 1 h, 72%. 

(1.5 eq.) 
24 

96 128 
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The asymmetric conditions selected for the rhodium-catalysed 1,4-addition of 

arylboronic acid 47 to crotonate 128 were identified from two trial reactions 

(Schemes 45 and 46). The conditions in Scheme 45 were selected because of their 

precedence to afford good asymmetric control on α,β-unsaturated esters with γ-

amino groups.172  In contrast, the conditions in Scheme 46 were optimised 

previously to impart excellent asymmetric control in the conjugate addition of 

arylboronic acid 47 to crotonolactone 119 (Scheme 36).205 

 
 

 

Scheme 45: Rhodium-catalysed 1,4-addition of arylboronic acid 47 to crotonate 128. 

 
 

 

 

 

Scheme 46: Rhodium-catalysed 1,4-addition of arylboronic acid 47 to crotonate 128. 

 

The reactions were purified by MDAP chromatography to conveniently access a pure 

sample suitable for enantiomeric excess determination, which provides some 

explanation for the low isolated yields.  The reaction in Scheme 46 did not proceed 

at room temperature and required heating to 70 °C to show some conversion.  Chiral 

 [Rh(cod)Cl]2 (5 mol%), 
(R)-BINAP (10 mol%), 
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1,4-dioxane, 95 °C, 1 h. 

29%, 67% e.e. 

(2.0 eq.) 47 

128 127 

 [Rh(nbd)2]BF4 (1.6 mol%), 
(R)-BINAP (1.7 mol%), 

Et3N (1.0 eq.), 
1,4-dioxane, r.t., 15 h,  

then 50 °C, 2 h. 
then 70 °C, 2 h. 
6%, 37% e.e. 

 

(1.05 eq.) 
47 
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HPLC analysis identified a low enantiomeric excess of 37%, which was clearly 

inferior to the conditions described in Scheme 45, which gave a 67% enantiomeric 

excess.  

 

Consequently, the conditions in Scheme 45 were reproduced on 8.9 g of crotonate 

128, which pleasingly produced desired thiophene 127 in 72% enantiomeric excess 

and 75% yield after column chromatography (Scheme 47). Resolution of the 

chirally-enriched mixture was achieved using chiral HPLC, to afford the desired 

single enantiomers in excellent yields (Scheme 48).  The recovery of 88% is an 

improvement of 21% when compared to the earlier chiral resolution of thiophene 

110, which could be explained by purification problems with the 

tetrahydronaphthyridine moiety. 

 
 

 

Scheme 47: Rhodium-catalysed 1,4-addition of arylboronic acid 47 to crotonate 128. 

 

 
 

Scheme 61: Resolution of a chirally enriched mixture of thiophenes 127a and 127b 

using chiral HPLC. 

 

The major enantiomer (thiophene 127b) was subsequently carried through the 

remaining steps of the synthetic route to access final compound 85b (Schemes 49 

 [Rh(cod)Cl]2 (5 mol%), 
R-BINAP (10 mol%), 

KOH (3.8 M) (2.0 eq.), 
1,4-dioxane, 95 °C, 1 h. 

75%, 72% e.e. 
 

(2.0 eq.) 
47 

128 127 

127 127a (Enantiomer 1): 10%. 
127b (Enantiomer 2): 78%. 

Chiral HPLC 
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and 50).  The one-pot C-H borylation/sp2-sp3 cross coupling protocol was repeated 

using a stoichiometric amount of alkyl bromide 18, rather than the 0.7 equivalents 

used previously (Scheme 43).  This had the aim of improving the low yield 

previously obtained and pleasingly, doubled the yield to 40%.  However, because a 

comparative reaction was not undertaken at this scale under the original conditions, it 

is difficult to assign the improvement in the yield to the increased equivalents of 

alkyl bromide 18.  Nevertheless, this result highlights the robustness and 

applicability of this transformation. 

 

NS

N
N

O

O

Br
Boc

NSN
N

O

O

Boc

NS O

O
B

O

O

 
 

Scheme 62: Iridium-catalysed C-H borylation of thiophene 127b, followed by 

palladium-catalysed sp2-sp3 cross coupling with alkyl bromide 18 to afford 

methylene-linked 129b. 

 

Finally, global deprotection was undertaken to afford 750 mg of desired target 85b 

(Scheme 50).  Difficulties were encountered in the isolation of 85b, which resulted 

in the use of multiple purification techniques and a low isolated yield.  Whilst 

sufficient material was obtained to facilitate the required biological testing, future 

HBpin (1.1 eq),  
[Ir(cod)OMe]2  

(1.5 mol%),  
 

dtbpy (3 mol%),  
cy., r.t., 3 h. 

L1 (10 mol%), 
aq. K3PO4 

(0.5 M, 1.3 eq), 
THF, r.t., 

16 h., 40%. (1.0 eq.) 

129b 

18 

127b 
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optimisation of this step could investigate the use of reverse phase column 

chromatography. 

  

 

 
 

 

Scheme 50: The global deprotection of thiophene 129b to afford final compound 

85b. 

 

2.3.4  Biological data and evaluation 

 

The RGD integrin cell adhesion affinities for thiophenes 84a, 84b and 85b were 

compared against pyrazole 17b, piperidine 12 and pyridine 13 (Table 21).124  

Thiophenes 84b and 85b were shown to be the most active enantiomers of the 

thiophene cores, which displayed a similar potency and RGD-integrin selectivity 

profile to pyrazole 17b.  The increased potency of thiophene 84b verses 84a 

confirms that the use of (R)-BINAP in the rhodium-catalysed conjugate addition step 

preferentially forms the more active enantiomer.  

 

 

 

 

 

 

i) HCl in  
1,4-dioxane 
(4 M, 5 eq.), 

MeOH,  
50 °C, 2 h. 

 
ii) aq. NaOH 
(2 M, 5 eq.), 

MeOH,  
50 °C, 2 h. 

18%. 
129b 85b 
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Compound Core structure 
Cell adhesion pIC50 

αvβ6 αvβ3 αvβ5 αvβ8 

13 
 

6.9 8.0 8.2 7.1 

12 
 

7.6 6.8 6.9 7.5 

17b 
 

7.3 6.5 6.4 6.4 

84a 
 

5.3 6.1 6.0 5.8 

84b 
 

7.1 6.6 6.3 6.9 

85b 
 

7.4 6.2 6.4 6.9 

Table 21: The cell adhesion pIC50 data of thiophene-containing integrin antagonists, 

compared against representative examples from different chemical series.  The data 

are taken as an average of at least 4 tests (n ≥ 4).124 

 

Whilst thiophene compounds 84b and 85b display different selectivities for αvβ6 

against αvβ3, the relatively similar pIC50 values fall within assay variability, and 

would need to be tested multiple times before reliable conclusions could be drawn.  

Taking this into account, it is reasonable to conclude that both thiophene compounds 

display at least five-fold selectivity for αvβ6 against αvβ3, which will require further 

optimisation to achieve the desired 10-fold selectivity profile, which was set out in 

the research aims.  Even when considering this, the identification of an orally-

bioavailable compound which has some selectivity for αvβ6 would still be a 

significant achievement within this research programme. Consequently, these 

compounds were progressed for further evaluation in the appropriate 

pharmacokinetic assays. 
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Thiophenes 84b and 85b were then studied in a range of in vitro assays in order to 

predict their in vivo pharmacokinetic profile (Table 22).126  Both compounds 

exhibited higher levels of lipophilicity, 1.5 log units higher than pyrazolopiperidine 

17b when Chrom LogD was measured at pH 7.4.  This was the desired outcome of 

replacing the pyrazole ring with a thiophene, which had the aim of improving oral 

absorption through increased lipophilicity. 

 

The pKa data was obtained on the less active enantiomer (84a).152  It was considered 

that the pKa of both enantiomers would be identical, and using the inactive 

enantiomer in this way helped conserve supplies of the active enantiomer 84b for 

other studies.  The pKa data from thiophene 84a suggested an increase versus 

pyrazole 17b, although it was still considerably lower than piperidine 12 (cf. pKa: 

9.9, 7.5, 4.0) and, therefore, not considered problematic.  The measured pKa data for 

84a (8.2) was also much lower than the calculated value of 9.4 (Table 19), which 

confirmed the assumption that pKa values of these amines would be poorly 

predicted. 

 

The MDCK permeability and CLND solubility of both thiophene-containing 

compounds was measured to be significantly higher than pyrazolopyrrolidine 17b, 

which increases the likelihood of good oral absorption in vivo.126 To help prioritise 

the compounds for further investigation, the in vitro clearance was accordingly 

measured in mouse liver microsomes.   

 

The in vitro clearance value of 0.5 mL/min/Kg displayed by pyrazolopiperidine 17b 

is the lowest measurable value in the assay, and predicts very low clearance in mouse 

in vivo PK studies.  Unlike pyrazolopiperidine 17b, however, the in vitro clearance 

displayed by thiophenes 84b and 85b was measured at the higher values of 1.4 and 

2.8 mL/min/Kg, respectively (Table 22). Previous studies on other molecular series 

in our laboratories have shown that compounds with in vitro clearance values in this 

region (1.0 – 3.0 mL/min/Kg) are more likely to exhibit moderate clearance in mouse 

in vivo PK studies.126  Although moderate clearance is predicted, in vitro clearance 

values in this range are still acceptable for further investigation in an in vivo study.   
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Compound no. 
 

17b 
 

84b 
 

85b 

Molecular weight 472 488 488 

Chrom LogD pH 2.0, 7.4, 10.5 -0.3, 3.0, 2.0 0.1, 4.5, 3.3 0.3, 4.6, 3.1 

pKa (potentiometric) 7.8, 5.5, 4.0 8.2, 6.8, 4.1* NT 

Permeability (MDCK, nm/sec) 23 427 349 

Solubility (CLND, μg/mL) 173 162 128 

IVC (mouse microsomes, 

mL/min/g) 
0.5 1.4 2.8 

* pKa data obtained on enantiomer 84a. 

Table 22: The comparison of physicochemical properties and in vitro 

pharmacokinetic data between pyrazole 17b, thiophene 84b and thiophene 85b.152 

NT = not tested. 

 

To summarise, the lipophilicity, pKa and mouse microsomal clearance of thiophene 

84b satisfied the requirements which were anticipated to impart good oral absorption 

in the mouse.  Accordingly, thiophene 84b was progressed to the mouse short oral 

absorption study (Table 23).126  

 

After being dosed orally at 3 mg/kg, thiophene 84b demonstrated a moderate hepatic 

clearance of 47 mL/min/kg, which equates to 52% liver blood flow and was on the 

upper limit of acceptability.126  Pleasingly, the total drug level in the hepatic portal 

vein was considerably higher than pyrazole 17b, with an AUC value of 2502 

ng/h/mL.  This significant increase in oral absorption represented the first αvβ6-

selective antagonist to display high levels of absorption in the SOA model, which 

warranted further investigation.  

 

 

 



CONFIDENTIAL – DO NOT COPY 

113 
Christopher J Tame 

Compound 

number 
Structure 

Hepatic clearance (mL/min/Kg) 

[% mouse liver blood flow] 

HPV AUC 

(ng/h/mL) 

17b 

 

23 [27%] 417 

84b 

  

47 [52%] 2502 

Table 23: Thiophene 84b and pyrazole 17b in the short oral absorption in vivo 

mouse model.126 

 

To provide a more accurate representation of the pharmacokinetic profile of 

thiophene 84b, a conventional mouse PK study was run using intravenous (i.v.) and 

oral (p.o.) administration techniques (Table 24).126 

 

Pharmacokinetic studies in our laboratories usually administer a test compound 

intravenously using a bolus dose.  This is a single injection of the full dose, which is 

used to help minimise discomfort to the animal and to improve ease of 

administration. However, this technique is unlikely to provide an accurate 

representation of complete oral absorption, which is what the i.v. leg is intended for.  

In reality, the dose is more likely to be absorbed more slowly.  The i.v. infusion 

administration technique more accurately represents this by slowly dosing the 

compound over a longer time course.  To compare these two methods, both were 

investigated with thiophene 86b. 
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84b in C57BL6/J Jax female mice 

p.o. i.v. bolus i.v. infusion 

Dose (mg/kg) 3.2 1.1 1.2 

AUC(o-∞) (ng/h/mL) 1075 642 441 

Bioavailability (F%) - 58 93 

Clearance (Clb) (mL/min/Kg),  

(% liver blood flow) 

- 29 (32%) 45 (50%) 

Half life  (T ½) (h) 2.2 1.7 2.0 

Volume of distribution (Vd) (L/Kg) - 1.7 4.1 

Table 24: Mouse in vivo PK study using i.v. and p.o. administration of 84b.126 

 

Pleasingly, both administration methods showed good oral bioavailability and 

moderate clearance, which supported the findings in the SOA model.  The lower 

clearance observed after bolus administration could be a result of the highly 

concentrated dose saturating clearance mechanisms.  This would result in lower 

levels of recorded clearance and a higher overall drug level (AUC).  This higher 

AUC level also explains why the bioavailability is lower after bolus administration 

than via infusion, as when comparing to p.o. the i.v. dose is considered 100% 

absorption. 

 

The lower volume of distribution observed after the bolus dose could also be 

explained by the saturation of tissue after the highly concentrated dose.  This 

explains why the half lives of the two administration techniques are similar, even 

though the clearances are different.  A half life of 2 hours could potentially be too 

short to support a twice daily dosing regimen, which would be required to improve 

upon the three daily doses required for IPF treatments with Pirfenidone.  Based on 

this, further optimisation of the half life may be required. 

 

Thiophene 84b represents the first compound to display good oral bioavailability and 

selectivity for αvβ6 over the other RGD integrins in our assays. This breakthrough 

demonstrates that zwitterionic integrin inhibitors with a second basic centre can be 
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readily absorbed in mice, and display suitable clearance levels for oral 

administration.  These findings prompted further investigation into the in vivo 

activity of thiophene 84b. 

 

The relationship between in vivo activity and the fraction of free drug available to 

interact with the biological target is a contentious issue.  The accepted theory 

suggests that a drug molecule cannot interact with its biological target when it is 

bound to other proteins in the blood.208  It follows, therefore, that a drug is also 

shielded from clearance mechanisms whilst protein bound, which helps improve the 

pharmacokinetic profile.208  In vitro assays are routinely used to assess the extent of 

plasma protein binding, although the ability of these assays to predict the in vivo 

efficacy of a drug is disputed.209,210 

 

The plasma protein binding has been assessed for thiophenes 84b and 85b using a 

number of in vitro assays (Table 25).152  Human serum albumin (HSA) and α-

glycoprotein (AGP) are the two most abundant forms of plasma proteins and are used 

in high throughput assays which measure binding of lead compounds to both of these 

proteins.  These assays use columns with the protein as a stationary phase and record 

the time taken for the compound to elute.  The more sophisticated blood binding 

assay analyses the concentration of the compound between two chambers separated 

by a permeable membrane.  An initial measurement is taken when both chambers 

contain a saline solution.  Blood is then added to one of the chambers and the 

compound concentration is reanalysed.  The difference between the two 

measurements indicates the amount of compound bound to the blood.126  

 

 
HSA (%) AGP (%) 

Blood (%) 

 Mouse Rat Human 

Thiophene 84b 97.3 94.4 - - - 

Thiophene 85b 97.4 93.2 99.5 > 99.9 > 99.9 

 

Table 25: In vitro protein binding assays for Thiophenes 84b and 85b.126,152 
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When assessed in the various assay formats, both compounds demonstrated very 

high levels of protein binding and thiophene 85b displayed very high levels of blood 

binding. These high levels, however, do not necessarily indicate low in vivo efficacy. 

Some marketed drugs such as the orally administered asthma treatment 

Montelukast,211,212 have similar levels of protein and blood binding when profiled in 

our assays.126  The use of a mouse in vivo study would, therefore, help understand 

whether this high protein binding negatively affects efficacy. However, reliable in 

vivo disease models of fibrosis are rare and expensive to run when compared to the 

cost of molecular optimisation. Consequently, further modification of the core was 

attempted to reduce protein binding whilst maintaining good oral absorption.    

 

It was observed that the HSA and AGP binding of these compounds increased with 

lipophilicity (Table 26), which is in accord with literature findings.213 A compound 

which possessed an intermediate level of lipophilicity between pyrazole 17b and 

thiophene 84b could potentially reduce protein binding compared to thiophene 84b, 

but still impart sufficient oral absorption for in vivo efficacy.  

 

 
HSA (%) AGP (%) 

Chrom LogD  

pH 2.0, 7.4, 10.5  

Pyrazole 17b 93.5 81.9 -0.3, 3.1, 2.0 

Thiophene 84b 97.3 94.4 0.1, 4.5, 3.3 

 

Table 26: The protein binding and lipophilicity values for Pyrazole 17b and 

Thiophene 84b.152 

 

2.4 Optimisation of lipophilicity for improved free fraction 

 

The thiophene-containing αvβ6 antagonists show some promise, certainly in terms of 

oral absorption and bioavailability in the mouse.  However, the high plasma protein 

binding associated with these compounds may preclude any in vivo efficacy.  This 

was thought to be driven by lipophilicity, which prompted investigation into 

replacing the thiophene with less lipophilic analogues. 
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Accordingly, the analysis of fused bicyclic cores was revisited to identify compounds 

which possessed lipophilicity greater than pyrazole 17b but less than thiophene 84b.  

This identified furan (86/87) and thiazole (88/89) containing cores as potential 

replacements to test this hypothesis (Table 28).  

 

These cores were initially to be synthesised as one regioisomer of the core, which 

was selected based on synthetic tractability and availability of the appropriate 

starting materials.  In addition, these compounds would be submitted to biological 

screening as racemic mixtures, which would avoid the time-consuming and low 

yielding chiral HPLC step.  Compounds which displayed promising potency and 

physicochemical properties would then be synthesised as single enantiomers of both 

regioisomers for more complete pharmacological evaluation.   

 

It is possible that different enantiomers of a compound bind differently to plasma 

proteins, as a result of their chiral nature.  Consequently, it follows that the racemate 

may not provide an accurate representation of the plasma protein binding for either 

enantiomer.  To investigate this further, analysis of the plasma protein binding of 

thiophene and pyrazole-containing compounds was undertaken (Table 27).  This 

revealed very little variation in HSA and AGP binding and supported the use of 

racemic mixtures to investigate the effect of lipophilicity on protein binding. 

 

Compound HSA (%) AGP (%) 

Pyrazole 17a 92.2 78.7 

Pyrazole 17b 93.5 81.9 

Thiophene 84a 97.0 94.4 

Thiophene 84b 97.3 94.4 

Table 27: The comparison of plasma protein binding between enantiomers of 

pyrazole and thiophene containing αvβ6 antagonists. 
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n. MW cLogP 
Aromatic 

ring no. 

Rotatable 

bond no. 

Calculated pKa 

Basic Acidic 

84 487.7 5.3 3 7 9.4, 6.4 4.6 

85 487.7 5.3 3 7 9.7, 6.4 4.6 

86 471.6 4.8 3 7 9.0, 6.2 4.4 

87 471.6 4.8 3 7 9.1, 6.2 4.3 

88 488.6 4.3 3 7 8.0, 6.0 4.2 

89 488.6 4.3 3 7 8.9, 6.0, 0.5 4.3 

Table 28: The physicochemical properties of a range of potential integrin inhibitors 

with fused heterocyclic cores. 

 

2.4.1 Synthesis of furan 86 

 

The synthesis of furan and thiazole-containing αvβ6 antagonists was undertaken in 

parallel and the synthesis of furan 86 is presented first to provide continuity with the 

previous synthetic methodology used to access thiophenes 84 and 85.  

 

The commercial availability of furanylpiperidine 130 prompted the application of the 

same synthetic route used to access thiophene 85b, which successfully delivered the 

desired target 86 in just four steps and in similar yields (Scheme 51).  The rhodium-

88 89 

87 

84 85 

86 
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catalysed 1,4-addition was undertaken with 10 mol% catalyst loading, rather than the 

30 mol% used previously in the synthesis of thiophene 127.  This required a longer 

reaction time and resulted in a lower yield when compared to the formation of 

thiophene 127 cf. 90% (Scheme 43).  A complex reaction profile was observed by 

LCMS analysis of the crude reaction mixture, which could be a result of increased 

side-reactions at longer reaction times. Repeating the reaction using 30 mol% 

catalyst loading is, therefore, expected to reduce reaction time and improve the yield 

to comparable levels observed with thiophene 127. The overall success of this 

synthetic route also demonstrates the applicability of the one-pot C-H borylation / 

cross-coupling protocol to different heterocycles. 

 
 

Scheme 51: The synthetic route to access furan 86. 

132 
133 

18 

86 

47 

131 130 

24 

KOH (3.8 M) (2.0 eq.), 
[Rh(cod)Cl]2 (10 mol%), 

1,4-dioxane, 
95 °C, 1 h,. 53%.  

 

Et3N (3.0 eq.) CH2Cl2, 
r.t., 1 h, 83%. 

*C-H borylation/  
cross-coupling conditions 

 
i) HBpin (1.1 eq), [Ir(cod)OMe]2 (1.5 mol%), 

dtbpy (10 mol%), cy.,  r.t., 16 h. 
ii) L1 (10 mol%), aq. K3PO4 (0.5 M, 1.3 eq), 

THF, r.t., 2 h. 32% overall yield. 
 

(0.7 eq.) 

i) HCl in 1,4-
dioxane 

 (4 M, 5 eq.),  
MeOH, 50 °C, 2 h. 

(1.5 eq.) 

(3.0 eq.) 

ii) aq. NaOH  
(2 M, 5 eq.),  
MeOH, 50 °C, 
 2 h, 53%. 

C-H borylation/ 
cross coupling* 
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2.4.2 Synthesis of thiazole 89 

 

Initial synthetic efforts towards thiazole 89 attempted to reproduce the route used to 

access thiophene 85b and furan 86 (Scheme 54).  This was based on the commercial 

availability of thiazolopiperidine 134 and the synthetic efficiency of the already 

validated route, which only required four steps.  A search of the literature, however, 

did not reveal any precedence for the isolation or characterisation of 2-

thiazoleboronate species.  Having stated this, previous success with thiophene 85b 

and furan 86 provided confidence to attempt this approach. 

 

In contrast to the synthesis of thiophene 85b, purification of α,β-unsaturated 

intermediate 135 was attempted (Scheme 52), which aimed to improve the yield of 

the following conjugate addition step.  However, poor recovery from column 

chromatography resulted in a disappointing yield.  It is unclear why a low yield was 

obtained, although analysis of the impurities isolated after chromatography could 

have helped this.  Even though a low yield was obtained, a sufficient quantity of 

material was recovered to enable the next synthetic transformation.  Further 

investigation into the low recovery of intermediate 135 was, therefore, not 

undertaken. 

 
 

 

Scheme 65: The alkylation of thiazole 134 with bromocrotonate 24. 

 

The rhodium-catalysed 1,4-addition of arylboronic acid 47 with α,β-unsaturated 135 

proceeded well to afford thiazole 136 in good yield (Scheme 53). The higher catalyst 

loadings were used to ensure optimal conversion, and were not considered an issue 

on this relatively low scale (1.4 mmol). 

DIPEA (3.0 eq.) CH2Cl2, 
r.t., 1 h, 34%. 

(2.0 eq.) 
24 

134 135 
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Scheme 53: Rhodium-catalysed 1,4-addition of arylboronic acid 54 to crotonate 135. 

 

With the appropriately decorated intermediate (135) in-hand, the one-pot C-H 

borylation/cross coupling conditions were attempted (Scheme 54).  Thiazole 136 was 

submitted to iridium-catalysed borylation conditions, but after three hours at room 

temperature, LCMS analysis of the crude reaction mixture did not indicate any 

reaction to have occurred.  It was reasoned that borylated intermediate 137 was 

unstable under the analytical conditions and rapidly decomposed to give thiazole 

136.  Although the next step was subsequently undertaken, LCMS analysis of the 

crude reaction mixture could not identify any material consistent with the product. 

 

 
Scheme 67: Attempted synthesis of thiazole 138 using the developed one-pot C-H 

borylation/cross coupling protocol. 

 [Rh(cod)Cl]2 (30 mol%), 
KOH (3.8 M, 2.0 eq.), 

1,4-dioxane, 95 °C, 
 45 min., 88%. 

 

(3.0 eq.) 

47 

135 136 

L1 (10 mol%), 
aq. K3PO4 (0.5 M, 1.3 eq), 

THF, r.t., 16 h. 
(1.0 eq.) 

138 

137 

18 

136 

HBpin (1.1 eq),  
[Ir(cod)OMe]2  

(1.5 mol%),  
 

dtbpy (3 mol%),  
cy., r.t., 3 h. 
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A survey of the literature revealed a direct sp2-sp3 cross coupling reaction between 

benzothiazole 139 and benzyl carbonate 140 had been reported (Scheme 55).214  This 

reaction proceeded without the need of an organometallic intermediate such as 

pinacolborane 141, which avoided the problems with formation and reactivity of 

these species. 

 
 

 

 

Scheme 55: Palladium-catalysed direct benzylation of benzothiazole 165 with benzyl 

carbonate 139.214 

 

Accordingly, these conditions were applied to the reaction of thiazole 136 with 

benzyl carbonate 144 (Scheme 57), which was formed in two steps from 

commercially available aldehyde 96 (Scheme 56). 

 

 
 

Scheme 56: The formation of methyl carbonate 144 from commercially available 

aldehyde 96. 

Pd2dba3 (2.5 mol%), 
dppp (5.0 mol%), 

KF (4.0 eq.), DMSO,  
120 °C, 1 h. 46%. 

 

(2.0 eq.) 

141 139 

140 

94 142 

144 

NaBH4 (1.1 eq.) 
THF 

 
0 °C, 1 h, 89%. 

TBAHS (2.6 mol%), 
aq. NaOH (7.5 M, 3.2 eq), 

CH2Cl2, 
0 °C, 30 min, 52 %. 

 
 

143 
(1.7 eq.) 
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Benzyl carbonate 144 was subsequently submitted to the palladium-catalysed cross 

coupling protocol with thiazole 136 (Scheme 70).  Unfortunately, LCMS analysis of 

the crude reaction mixture indicated only unchanged starting materials. 

Consequently, further investigation in to this reaction was abandoned and other 

methods of accessing the desired thiazole 89 were subsequently investigated. 

 
 

Scheme 57: Attempted synthesis of thiazole 89. 

 

The reaction between thioamides and α-bromo ketones provides an alternative 

method to access fully-substituted thiazoles.215,216,217 This ring-forming reaction has 

been utilised in the synthesis of a closely related thiazolopiperidine ring system (147, 

Scheme 58),218 which provides confidence of its successful application in the 

synthesis of thiazole 89. 

 
 

Scheme 58: The condensation of thioamide 146 and α-bromopiperidine 145 to form 

thiazole 147. 

 

An alternative proposed route used to access thiazole 89 is therefore presented in 

Scheme 59, which incorporates this key ring forming step.  Thioamide 150 is 

expected to be formed in two steps from commercially available methyl ester 148 

using methanolic ammonia solution to form primary carboxamide 149,219 followed 

by treatment with Lawesson’s reagent.220 

Pd2(dba)3 (3 mol%), 
dppp (5 mol%), 

KF (2.1 eq), 
DMSO, 120 °C, 1 h. 

(2.8 eq.) 

136 138 

144 

146 
(1.5 eq.) 

CaCO3 (2,0 eq.), 
i-PrOH, reflux, 

20 h., 70%. 145 147 
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Scheme 72: Proposed route to access thiazole 89. 

 

It was considered that an unprotected tetrahydronaphthyridine could participate in 

unwanted alkylation reactions during the ring forming step of thiazole 152.  As a 

result, the conditions used to access thioamide 152 were modified to ensure Boc-

protection of the tetrahydronaphthyridine was maintained. Accordingly, the 

formation of primary carboxamide 149 was attempted using a more concentrated 

methanolic ammonia solution at room temperature, rather than the elevated 

temperatures utilised in the literature.  Pleasingly, this accessed primary carboxamide 

149 in quantitative yield. (Scheme 60). 

 

 
 

Scheme 60: The transformation of methyl ester 148 to primary carboxamide 149 

under mild conditions. 

47 

24 

155 

89 

149 

154 

153 152 

150 148 

151 

NH3 in 
MeOH 

 

Lawesson’s 
reagent  

HCl 

 [Rh] 
 

NaOH  

148 149 

NH3 in MeOH  
(7.0 M), 

 
Sealed tube,  

16 h., r.t., 100%.
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The formation of thioamide 150 was attempted using literature conditions, although 

LCMS analysis of the crude reaction mixture indicated mainly the Boc-deprotected 

analogue (156), along with a range of unidentifiable impurities (Scheme 61). 

 

 
 

Scheme 61: The formation of thioamide 156 with Boc deprotection of the 

tetrahydronaphthyridine. 

 

It was reasoned that Boc deprotection could be suppressed by reducing the reaction 

temperature.  It was also observed that primary carboxamide 149 was poorly soluble 

in THF, which may be preventing the reaction to proceed at a lower temperature.  A 

brief solvent screen with alternative ethereal solvents TBME, CPME and 1,4-dioxane 

revealed that 1,4-dioxane gave complete dissolution at room temperature.  The 

reaction was subsequently repeated in 1,4-dioxane at room temperature, which 

accessed the desired Boc-protected thioamide 150 in moderate yield (Scheme 62).  

Good conversion to the desired product was observed from analysis of the crude 

reaction mixture by LCMS, suggesting that the disappointing yield could be due to 

inefficient work-up and purification techniques. 

 

 
 

Scheme 62: The formation of thioamide 150 with Boc protection of the 

tetrahydronaphthyridine retained. 

 

With thioamide 150 in-hand, subsequent thiazole ring formation with commercially 

available α-bromopiperidone 151 was undertaken using the literature conditions, 

which gave thiazole 157 in good yield (Scheme 63).  The solvent was changed from 

149 
156 

 (Observed by LCMS analysis) 

149 150 

Lawesson’s 
reagent (0.5 eq.), 

 
1,4-dioxane, r.t., 

16 h. 37%. 

Lawesson’s 
reagent (0.6 eq.), 

 
THF, reflux, 2 h. 
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isopropanol to 1,4-dioxane as a result of its superior solvation properties.  Boc-

deprotection of the tetrahydronaphthyridine was observed after ring formation, 

although this was planned for removal in the next step, and was therefore not 

considered an issue. 

 
 

Scheme 63: Thiazole ring formation from thioamide 150 and α-bromopiperidone 

151. 

 

The transformation of thiazole 157 to final product 89 was achieved using the 

previously established conditions validated in the synthesis of pyrazole 17b and 

thiophene 84b (Scheme 64).  The alkylation of amine 153 with bromocrotonate 24 

used increased equivalents of alkylating agent and base to form the α,β-unsaturated 

ester 154 in excellent yield (96%).  The rhodium-catalysed 1,4-addition of 

arylboronic acid 47 to α,β-unsaturated ester 154 reached completion in just 5 

minutes, which was accomplished using a pre-heated oil bath.  SCX-silica 

chromatography of methyl ester 155 gave sufficient purity by LCMS to attempt the 

next step directly.  Subsequent sodium hydroxide-mediated hydrolysis of methyl 

ester 155 gave desired product 89 in 63% overall yield, which was isolated using 

MDAP purification. 

 

 

 

 

 

 

 

 

150 157 

151 

(1.5 eq.) 

CaCO3 (2,0 eq.), 
1,4-dioxane, 70 ° C,  

16 h., 74%. 
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Scheme 64: The transformation of thiazole 157 to final target 89. 

 

2.4.3 Biological data and evaluation 

 

With furan 86 and thiazole 89 successfully synthesised, the RGD integrin affinities, 

physicochemical properties, and protein binding data were subsequently obtained 

(Table 29).  The results show that both compounds impart good potency for αvβ6, 

however they exhibit marginal selectivity over the other RGD integrins.  Both 

compounds also have good solubility, which was expected to be driven mainly by the 

zwitterionic nature of the molecules.  The lipophilicity of furan 86 and thiazole 89 

HCl in 
1,4-dioxane 

(4.0 M, 5.0 eq.), 
 

MeOH, r.t., 16 h. 
83%. 157 

18 

153 

24 

154 155 

89 

Et3N (4.0 eq.), 
CH2Cl2,  
0 °C 1 h. 
96%. (2.0 eq.) 

[Rh(cod)Cl]2 
(30 mol%), 

KOH 
(3.8 M, 2.0 eq.), 

1,4-dioxane, 
95 °C, 5 min. 

 

(3.0 eq.) 

NaOH  
(2 M, 5 eq),  

MeCN, 50 °C 
1 h., 63%. 
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neatly occupy the middle ground between pyrazole 17b and thiophene 84b, which is 

likely to be the main contributing factor to the permeability values observed, which 

also reside between pyrazole 17b and thiophene 84b.  Unfortunately, whilst the 

lipophilicity was reduced in both cases, no significant reduction in protein binding 

was observed. 

 

Compound no. 

17b* 
 

89 
 

86 84b* 

αvβ6 (pIC50) 7.3 7.1 7.3 7.1 

αvβ3/αvβ5/αvβ8  (pIC50) 6.5/6.4/6.4 6.5/6.7/6.7 6.4/6.7/6.6 6.6/6.3/6.9 

Molecular weight 472 489 472 488 

Chrom LogD  

pH 2.0/7.4/10.5 
-0.3/3.1/2.0 -0.1/3.7/2.4 0.0/4.2/3.0 0.1/4.5/3.3 

pKa (potentiometric) 7.8, 5.5, 4.0 NT 8.4, 7.2, 4.5 8.2, 6.8, 4.1* 

Plasma protein binding 

(HSA%/ AGP%) 
93.5/ 81.9 97.0/ 87.4 96.6/ 89.0 97.3/ 93.4 

Perm. (MDCK nm/sec) 23 217 196 320 

Solubility (CLND 

μg/mL) 
173 182 147 162 

 

Table 29. The RGD binding affinities and physicochemical properties of 17b, 89, 86 

and 84b. * denotes single enantiomer.124,126,152 

 

2.4.4 Summary of optimisation efforts towards enhancing the lipophilicity of 

pyrazolopiperidine 17b 

 

In summary, increasing the lipophilicity of a pyrazolopiperidine integrin antagonist 

(17b) has identified a number of compounds which possess improved permeability. 

The most lipophilic example, thiophene 84b, displayed good oral absorption and 

excellent bioavailability in mouse in vivo PK studies.  A moderate clearance and half 
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life were also determined, which potentially would require further optimisation 

before candidate selection could be made.   

 

Despite the improvements, all compounds with increased lipophilicity possess high 

levels of plasma protein and blood binding, which could negatively impact in vivo 

efficacy.  Before an in vivo study can be initiated, further investigation towards the 

identification of selective αvβ6 antagonists with good oral bioavailability and 

reduced protein binding was warranted. 

 

The original hypothesis (a reduction in pKa improved oral absorption) could not be 

accurately investigated from comparisons between pyrazolopiperidine 17b and other, 

more basic, antagonists.  This was a result of the low lipophilicity of 17b, which 

resulted in relatively low oral absorption.  The greater lipophilicity of thiophene 84b, 

however, enabled comparisons between compounds possessing similar 

physicochemical properties.  The similar lipophilicities of thiophene 84b and 

piperidine 14 more reliably suggest that the improved oral absorption could also be a 

function of the reduced pKa of thiophene 84b, rather than increased lipophilicity 

(Table 30). 

 
 

Compound no. 
Chrom 

LogD 

pKa 

(potentiometric)

MDCK 

(nm/sec) 

HPV AUC 

(ng/h/mL) 

Thiophene 84b 4.5 8.2, 6.8, 4.1 320 2502 

Piperidine 14 4.6 9.7, 8.9, 3.9 106 234 

 

Table 30: The comparison of lipophilicity, pKa and oral absorption after a 3mg/Kg 

p.o. dose of thiophene 87b with piperidine 14.152 

 

 

84b 14 
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2.5 Efforts towards balancing oral absorption and free fraction 

 

From comparing piperidine 14 with thiophene 84b, an alternative approach to 

improving the oral absorption of pyrazole 17b could involve reducing the pKa 

further, rather than increasing the lipophilicity.  If this was achieved whilst 

maintaining a similar lipophilicity to 17b, then it is feasible that the plasma protein 

binding would also stay at a lower level. Based on this, the previous analysis of 

fused-heterocyclic cores was subsequently revisited in order to identify compounds 

to test this hypothesis.  

 

In contrast to the previous analysis, the LogP and pKa values were calculated for the 

entire molecule rather than the isolated cores.  This was to ensure that all pKa values 

could be analysed, particularly the tetrahydronaphthyridine, which could vary 

depending on the nature of the heterocyclic atom connecting it.  Reducing the pKa of 

this centre is expected to reduce key interactions with the aspartic acid residue in the 

αv subunit, which could result in loss of activity. A minimum reduction of pKa was 

set at 0.5 log units to allow for inaccuracies in the calculation.  The results are 

displayed in Table 31, and suitable compounds were progressed to in silico toxicity 

profiling as described previously. 

 

 

 

 

 

 

 

 

 

 



CONFIDENTIAL – DO NOT COPY 

131 
Christopher J Tame 

 
  

Compound 

no. 
Core structure cLogP 

ChemAxon 

pKa 

Decrease pKa and 

maintain/reduce 

cLogP vs 17? 

158 3.8 8.2, 6.6, 4.3 No 

159 3.8 8.0, 6.6, 4.3 No 

160 4.2 8.3, 7.0, 4.3 No 

161 3.4 7.7, 6.7, 4.3 Yes 

84 
 

5.3 9.4, 6.4, 4.6 No 

85 
 

5.3 9.7, 6.4, 4.6 No 

86 
 

 
4.8 

9.0, 6.2, 4.6 

 

No 

 

87 4.8 9.1, 6.2, 4.6 No 

17 
 

3.5 8.2, 6.6, 4.0 - 

162 
 

3.5 7.8, 6.5, 4.0 No 

 

Table 31: Calculated lipophilicities and pKas for a range of fused heterocycles.  

Continues overleaf 
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Compound 

no. 
Core structure cLogP 

ChemAxon 

pKa 

Decrease pKa and 

maintain/reduce 

cLogP vs 17? 

163 
 

3.6 7.5, 6.3, 4.0 No 

164 
 

2.8 7.8, 6.4, 4.0 No 

165 3.4 7.2, 6.2, 3.8 Yes 

88 
 

4.3 8.0, 6.0, 4.2 No 

89 
 

4.3 8.9, 6.0, 4.3 No 

166 
 3.4 8.6, 5.8, 4.2 No 

167 
 

3.4 7.8, 5.8, 4.2 No 

168 
 3.1 7.6, 6.2, 3.8 Yes 

169 
 2.9 7.0, 5.9, 3.8 Yes 

 

Table 31 continued: Calculated lipophilicities and pKas for a range of fused 

heterocycles. 

 

Other methods of reducing the pKa of pyrazole 17b was also considered (Figure 30).  

This identified manipulation of the saturated ring as a potentially subtle method of 

reducing the pKa, without relying on the addition of new functionalities which add 

molecular weight and may not be tolerated. Accordingly, pyrazole 170 was selected 

for further investigation (Table 32). 
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Compound no. cLogP ChemAxon pKa 
Decrease pKa and 

maintain/reduce cLogP vs 17? 

170 3.2 7.2, 6.3, 3.8 Yes 

 

Table 32: Calculated lipophilicities and pKas for pyrazolopyrrolidine 170.  

 

The relevant compounds of interest were then screened against an in-house toxicity 

database.  As previously discussed, this is compiled from published toxicity studies 

from drug discovery projects, and can help identify structural motifs that may be 

toxic liabilities.  The results generated from thus study suggest that no cores possess 

any significant toxic liabilities (Table 33).  
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Structure Toxicity flag? Marketed drug? 

 

 
 

 
 

No  

 
 

No 

 

 

 
 

 

 
No. 

 
Other data: 

SLV317 , NK-1 antagonist 
(1,2,3-triazole) 

Phase I, positive 
outcome.221 

 
 

 
 

No. 

 

 
 

 

 

 
Cytotoxic.222 

 
However, other toxic 
pharmacophores are 

present. 

 
1,2,4-triazoles present in:  

 
Januvia, Maxalt, Femara, 

 and Forasartan. 

 
 

 

 
No. 

 
No. 

 

Table 33: The potential toxic liabilities and presence in marketed drugs for a 

selection of fused heterocyclic motifs. 

 

The lipophilicity and pKa data for the cores identified for synthesis are compared 

with pyrazole 17b in Table 34 and Figure 31.  Imidazole 165 was removed from 

further evaluation or synthesis because of its similar calculated pKa but increased 

cLogP when compared to pyrazolopyrrolidine 170, which was expected to be 

efficiently synthesised using the already validated synthetic route for 

pyrazolopiperidine 17b.  This resulted in three new molecules being prioritised for 

synthesis (Figure 32). 

71  
(cf. 165) 

76 
(cf. 168) 

77 
(cf. 169) 

171 
(cf. 170) 
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Compound no. 
Structure of 

Core 
cLogP ChemAxon pKa 

17b 
 3.5 8.2, 6.6, 4.0 

165 
 3.4 7.2, 6.2, 3.8 

168 
 3.1 7.6, 6.2, 3.8 

169 
 2.9 7.0, 5.9, 3.8 

170 
 3.2 7.2, 6.3, 3.8 

 

Table 34: Lipophilicity and pKa values for pyrazolopiperidine 17b and a selection of 

compounds shortlisted for synthesis. 

 

 
 

 

Figure 31: Lipophilicity and pKa values for pyrazolopiperidine 17b and a selection 

of compounds shortlisted for synthesis.  
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Figure 32: The molecules selected for synthesis with the aim of balancing good oral 

absorption and low protein binding. 

 

2.5.1  Synthesis of 1,2,4-triazole 168 

 

The synthesis of 1,2,4-triazole 168 was initially attempted using the one pot C-H 

borylation/cross coupling methodology, which was previously successful in 

accessing thiophene and furan analogues such as 84b and 86, respectively.   

Commercially available triazolopyridine 172 was hydrogenated and then Cbz 

protected to afford intermediate 174 (Scheme 65).223   

 

 

 
 

 

Scheme 65: Hydrogenation followed by Cbz protection of 172.223 

 

The suitably-protected triazolopiperidine (174) was then submitted to iridium-

catalysed C-H borylation conditions.  It was reasoned that the triazole ring could co-

ordinate with iridium, which would detract from its catalytic activity.  To account for 

this, the catalyst and ligand loadings were increased from 1.5 mol% and 3 mol% to 5 

mol% and 10 mol%, respectively.  The poor solubility of triazolopiperidine 174 in 

cyclohexane resulted in it being applied to the reaction mixture in chloroform. 

 

168 170 169 

H2, 10% Pd/C  
(10 mol%) 

 
EtOH, r.t., 20 h,  

quant. 

CbzOSuc (1.1 eq) 
Et3N (2.0 eq) 

 
CH2Cl2, r.t., 2 h, 40%. 

172 173 174 
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After 1 h at room temperature, no reaction could be identified by LCMS analysis of 

the crude reaction mixture.  In the case of thiophene 84b C-H borylation went to 

completion between 1-2 hours.  It was considered that rapid protodeborylation of the 

desired pinacolboronate intermediate during LCMS analysis could complicate 

reaction monitoring efforts.  Consequently, the reaction was progressed to the cross-

coupling step, although no desired reaction occurred (Scheme 66). 

 
 

Scheme 66:  Attempted iridium-catalysed C-H borylation of triazolopiperidine 174, 

followed by palladium-catalysed sp2-sp3 cross coupling with alkyl bromide 18. 

 

The reaction was repeated to investigate the potential for C-H borylation at elevated 

temperatures (Scheme 67).  After heating at 50 °C for 1 h., LCMS analysis of the 

crude reaction mixture did not identify any of the desired pinacolboronate 175.  

However, heating to 70 °C for just 15 min did show a new peak with a mass ion 

corresponding to pinacolboronate 175.  Partial borylation and diborylation of the 

dtbpy ligand was also observed, although isolation and full characterisation was not 

attempted.   

Further LCMS analysis after 1 hour indicated complete conversion to the new peak 

which ionised to the desired intermediate 175.  The reaction mixture was then 

submitted to the cross-coupling conditions at 70 °C, which resulted in rapid 

L1 (10 mol%), 
aq. K3PO4 (0.5 M, 1.3 eq), 

THF, r.t., 70 °C, 1 h. 
(0.7 eq) 

(2.5 eq) 

174 

107 

175 

18 

176 

[Ir(cod)OMe]2 (5 mol%),  
dtbpy (10 mol%),  

cy., CHCl3,   r.t., 1 h. 
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degradation of the intermediate back to starting material.  It was rationalised that a 

lower temperature for the cross-coupling may slow down protodeborylation and, 

therefore, promote the desired reaction.  Accordingly, the reaction was repeated 

twice and the mixture was cooled to 0 °C or 50 °C before the cross coupling reagents 

were added.  Whilst LCMS analysis confirmed that lower temperatures inhibited the 

degradation of the proposed boronate intermediate, no cross-coupling was observed. 

 
 

Scheme 67:  Attempted iridium-catalysed C-H borylation of triazolopiperidine 174, 

followed by palladium-catalysed sp2-sp3 cross coupling with alkyl bromide 18. 

 

The unsuccessful attempt to access the triazole-containing target 176 using C-H 

activation prompted investigation in to other approaches.  The commercially-

available bromotriazole 177 (Figure 31) was accordingly used to design a number of 

C-X activation approaches to access the desired target 169. 

 
 

Figure 33: Commercially available bromotriazolopiperidine 177. 

L1 (10 mol%), 
aq. K3PO4 

(0.5 M, 1.3 eq), 
THF, 

0 °C and 50 °C 
16 h 

 

(0.7 eq) 

(2.5 eq) 

174 

107 

175 

18 

176 

[Ir(cod)OMe]2 (5 mol%),  
dtbpy (10 mol%),  

cy., CHCl3,  70 °C., 1 h. 

203 
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It was previously speculated that C-X activation approaches to access thiophene-

containing targets were unlikely to be successful.  This was due to the predicted 

instability of sp3-centred organometallic species for metal-catalysed cross-coupling 

reactions, as well as the presence of a number of reactive methylene units under 

base-mediated deprotonation reactions (Scheme 81).   Therefore, these reactions 

were discounted from further investigation and alternatives were explored. 

 
 

Scheme 68: Potential drawbacks of a C-X activation approach to accessing triazole 

180. ‘R’ is a suitable protecting group 

 

Decarboxylative coupling provides a method of undertaking a cross-coupling 

reaction with two stable intermediates (Scheme 69).  These reactions are typically 

promoted by palladium,224 copper225 or silver,226 either singularly or in combinations. 

 
 

Scheme 69: Palladium-catalysed and copper mediated decarboxylative biaryl 

coupling.227 

178 180 

179 

179 
18 

98 

or 

Rapid decomposition likely 
under reaction conditions 

Multiple reactive 
centres 

[Pd] cross-coupling 

Strong base 

180 

181 

Pd(acac)2 (2 mol%),  
P(i-Pr)Ph2 (6 mol%),  

 
CuCO3 (1.5 eq), KF (1.5 eq), 

NMP, 3 Å Mol. sieves, 
120 °C, 24 h. 

182 183 184 
(1.5 eq.) 
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A recent study by Liu and co-workers demonstrated the cross-coupling of 2-pyridyl 

acetates with bromo-aryl and heteroaryl systems (Scheme 70).228  The structural 

similarity of these systems with the tetrahydronaphthyridine moiety encouraged 

application for the synthesis of triazole 180 (Scheme 71).  

 

 
 

Scheme 70: Palladium-catalysed decarboxylative coupling of a 2-pyridyl acetate 

with 3-bromopyridine.228 

 
 

Scheme 71: Proposed route to access triazole 180 via a palladium-catalysed 

decarboxylative cross-coupling protocol. ‘R’ is a suitable protecting group. 

 

Mechanistic studies have suggested that decarboxylation is the rate-limiting step in 

these reactions.  Therefore, it is reasonable to suggest that rapid oxidative addition of 

arylbromides could hamper the reaction profile.  In an attempt to circumvent this, 

bromotriazole 177 was trityl protected, which was not considered to increase the 

electron-withdrawing effect of the nitrogen, which is the case with carbamate 

protecting groups (Scheme 72). 

 

 

 
Scheme 72: Trityl protection of bromotriazole 177.229 

 

185 (1.1 eq) 
 

 

186 187 

Pd2(dba)3 (1 mol%) 
Xantphos (3 mol%) 

 
Mesitylene, 150 ° C,  

16 h., 84%. 

 (1.1 eq) 

188 180 
Pd2(dba)3 (1 mol%) 
Xantphos (3 mol%) 
Mesitylene, 150 °C.  

 

TrCl (1.1 eq)  
DIPEA (3.0 eq)  

 
CH2Cl2, r.t.,  
1 h., 78%. 

 
177 189 

179 
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Subsequently, commercially available methyl ester 148 was hydrolysed to form 

acetic acid 190, which was then submitted to decarboxylative cross-coupling 

conditions with bromotriazole 189 (Scheme 73).  A structure for the isolated product 

(191) has been tentatively assigned using 1H NMR, which is likely to have occurred 

via Boc-deprotection of the tetrahydronaphthyridine 188, followed by palladium-

catalysed amination with bromotriazole 189.  LCMS analysis indicated deprotection 

of the trityl-protected analogue of this product during work-up.   

 

 
Scheme 73: Palladium-catalysed decarboxylative coupling of bromotriazole 189 

with tetrahydronaphthyridine 188. 

 

LCMS analysis could not identify any carboxylate-related products in the reaction 

mixture, suggesting that decarboxylation occurred but was not favoured for cross-

coupling.  It is unclear whether the rate of Boc-deprotection was faster than 

decarboxylation, although this could be readily identified from regular reaction 

monitoring using LCMS. 

 

 

189 191 

188 (1.1 eq.) 
Pd2(dba)3 (1 mol%), 
Xantphos (3 mol%), 

 
Mesitylene, 150 ° C,  

16 h, 17%. 

148 

188 

190 
aq. KOH 

(1M, 1 eq.) 
MeCN  
r.t. 5 min. 

aq. NaOH 
(2M, 2 eq.) 

 
MeCN, r.t.,  

30 min, 78%. 
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2.5.1.1  Future work 

 

Unfortunately, time constraints prevented further investigation into the synthesis of 

triazolopiperidine target 195.  Future work could attempt to repeat the 

decarboxylative coupling conditions using naphthyridine 194, which could be readily 

accessed from methylnaphthyridine 192228 and potentially circumvents any 

palladium-catalysed amination side-reactions (Scheme 74).  Replacing the trityl 

protecting group of triazolopiperidine 189 with a benzyl moiety is likely to increase 

the stability of the reagents.  In addition, hydrogenation of the naphthyridine ring is 

also expected to facilitate benzyl deprotection to afford the desired intermediate 197 

in one step. 

 

 
Scheme 74: Proposed modifications to the palladium-catalysed decarboxylative 

cross-coupling approach to access triazolopiperidine 197. 

 

An alternative method could involve the application of Fagnou’s protocol for the C-

H cross coupling of 2-methylheteroaryl N-oxides with aryl bromides (Scheme 

75).230,231  As with decarboxylative couplings, these conditions do not require the use 

of unstable organometallic species, and are therefore suitable for application in the 

synthesis of triazolopiperidine 197.  

 

 

 

220 (1.1 eq.) 
Pd2(dba)3 (1 mol%), 
Xantphos (3 mol%), 

 
Mesitylene,  

150 ° C 

H2,  
Pd/C, 

 
EtOH 

t-BuOK 
(1 eq.) 

H2O 
(1 eq.) 
EtOH 

 

192 194 193 

195 196 

i) n-BuLi (1 eq), 
TMEDA (1 eq) 
THF, -78 °C. 

 
ii) (OMe)2CO 

THF, -78 °C- r.t. 

197 
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Scheme 75: Proposed synthesis of triazolopiperidine 197 via palladium-catalysed C-

H activation of pyridine N-oxide 199.230, 231 

 

Some potential drawbacks of this approach are that lower yields are observed with 

electron-poor aryl bromides, and that a relatively strong base is required.  The former 

drawback is postulated to be a result of multiple reactive centres which are 

susceptible to C-H activation and co-ordination to the metal, which is expected to 

inhibit reaction progression.231  Consequently, it is expected that this reaction would 

not be successful. 

 

2.5.2 Synthesis of pyrazolopyrrolidine 170 

 

2.5.2.1 Application of the synthetic route used to access pyrazolopiperidine 17b 

 

The existing synthetic route used to access pyrazolopiperidine 17b was applied to 

pyrazolopyrrolidine 196, which delivered the desired targets in very low yields, 

although this was comparable to previous attempts (Schemes 76, 77 and 78).  1H 

NMR analysis of the mixture of N-alkylated regioisomers (205 and 206) revealed a 

2:1 ratio, an improvement from 1.3:1 shown with pyrazolopiperidine 17.  The 

197 201 

199 

200 
(0.5 eq) 

198 

 
MeReO3  

(5 mol%), 
 

 H2O2, CH2Cl2. 

Zn, NH4Cl,  
 

THF 

Pd2(dba)3 (2.5 mol%) 
Ru-Phos (5 mol%) 

NaOt-Bu, Tol. 
μwave, 110 °C. 
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mixture was resolved at a later stage using preparative HPLC (Scheme 76) and 1H 

NMR NOESY experiments determined the desired regioisomer (209) to be the major 

component. Once resolved, the desired regioisomer 209 was then submitted to chiral 

HPLC purification, followed by base-mediated hydrolysis, to afford the desired 

products 170a and 170b as single enantiomers (Schemes 77 and 78). 

 

The preparative HPLC techniques were, once again, the lowest yielding steps in the 

synthetic route.  It has been shown previously that the use of (R)-BINAP can impart 

enantioselectivity for the desired enantiomer in the rhodium-catalysed conjugate 

addition step which, accordingly, also improved the yield (cf. Scheme 47).  

Therefore, application of these conditions to this template was expected to improve 

the yield of this step. 

 

Resolution of the regioisomers 209 and 210 by preparative HPLC required 43 x 100 

μL injections to achieve resolution, which makes this step both the lowest yielding 

and the most time-consuming.175  The reliance on reverse phase preparative HPLC 

was a result of the inability to resolve the mixture of N-alkylated regioisomers by 

column chromatography (Scheme 76). 

 

To compound matters, this synthetic route afforded insufficient amounts of final 

compound to support the necessary biological testing.  Re-synthesis was required, 

which prompted investigation into optimisation of the synthetic route.  This focused 

on avoiding the necessity for a low-yielding and time-consuming achiral HPLC 

purification. 
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Scheme 76: Sequential alkylation and Boc-deprotection steps of commercially 

available 202 afforded a mixture of 209 and 210. 

 

 
 

 

Scheme 77: Chiral HPLC to afford the isolated single enantiomers in greater than 

96% and 99% enantiomeric excess, respectively.175  

NaH (1.5 eq.), DMF 
0 °C – r.t., 16 h. 

(1.0 eq) 

18 
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HCl in  
1,4-dioxane  
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2:1 ratio of regioisomers 
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209a (Enantiomer 1): 20%, >96% e.e 
209b (Enantiomer 2): 21%, >99% e.e 
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MeOH,  
r.t., 16 h,  
43%. 

205 and 206 207 and 208 

209, 8% 210, 11% 

47  

24  

Et3N (2.0 eq.) 
CH2Cl2  

0 °C - r.t., 1 h.  

i) KOH (3.8 M, 2.0 eq.) 
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Scheme 78: Base-mediated ester hydrolysis to afford the final products 170a and 

170b as single enantiomers. 

 

2.5.2.2  Synthetic route optimisation 

 

The requirement for preparative HPLC in the previous synthesis of 

pyrazolopyrrolidine 170b was considered unsuitable for large scale resynthesis, as 

this purification approach would limit capacity.  It was hypothesised that subtle 

changes in polarity associated with protecting group modification could be sufficient 

to enable separation using column chromatography.  This modification would require 

commercially available protecting groups and well established synthetic chemistry 

techniques for protection and deprotection of the relevant amines.   

 

The synthesis of thiophene 84 used a carboxybenxyl (Cbz) protecting group, which 

was readily synthesised and removed in good yields in previous syntheses (Schemes 

19 and 24).  The Cbz protecting group can also be removed under either Lewis acid 

or hydrogenation conditions, which provided an orthogonal deprotection strategy.  

Accordingly, a synthetic route was designed to incorporate Cbz protection for the 

resolution of N-regioisomers by column chromatography (Scheme 79).  

 

The reagent used for Cbz protection of pyrazolopyrrolidine 211 was Cbz-OSuc,232 

which possesses fewer hazards than the more commonly used CbzCl and is therefore 

more suitable for use on larger scale.233 The N-hydroxysuccinimide leaving group is 

water soluble and can be readily removed upon aqueous work-up. 

 

The rhodium-catalysed arylation of α,β-unsaturated ester 215 was designed with the 

addition of (R)-BINAP, which was expected to produce a chirally-enriched mixture 

aq. NaOH (2M),  
(10.0 eq.) 

 
 MeCN,  

50 °C, 2 h,  
170a (Enantiomer 1), 66%. 
170b (Enantiomer 2), 65%. 

209a and 209b 
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of the desired enantiomer.  This was previously shown from the synthesis of 

thiophene 85, providing confidence in this approach.  A trial reaction with (R)-

BINAP and Boc-deprotected α,β-unsaturated ester 207, however, gave a relatively 

low 62% e.e. (c.f. thiophene 85 72% e.e.).234 It was considered that an unprotected 

tetrahydronaphthyridine could compete with (R)-BINAP to act as a ligand to 

rhodium, which could reduce the enantioselectivity or catalytic efficiency of the 

reaction.  The orthogonal deprotection strategy was, therefore, implemented to 

maintain Boc deprotection for the alkylation and arylation stages.  The potential for 

partial Boc deprotection during chiral HPLC purification resulted in its planned 

deprotection directly after the rhodium-catalysed conjugate addition of boronic acid 

47 to enone 240.  

 

Scheme 79: Proposed route to access pyrazolopyrrolidine 170b without preparative 

achiral HPLC. 

CbzOSuc  
(1.0 eq) 

 
 

214 

213 

18 

24 

47 

215 

209 170b 

211 212 
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10% Pd/C 
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HPLC

ii) NaOH 
 

i) [Rh], L* 
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In commencing the synthesis, alkylation of the pyrazolopyrrolidine core 211 was 

attempted with Cbz-OSuc, which gave an undesired a mixture of mono- and di-

substituted products that were recovered in 35% and 15% yields, respectively 

(Scheme 80).   

 
 

Scheme 80: Unselective alkylation of 211 with one equivalent of Cbz-OSuc. 

 

It was reasoned that carbamates formed on pyrazoles would be labile to weak 

nucleophiles and could be selectively removed using a secondary amine.  A literature 

search revealed that a Cbz-protected imidazole nitrogen had been successfully 

deprotected using diisopropylamine, which provided some support to the theory.235  

This would allow an over-alkylated pyrazolopyrrolidine core to be transformed to the 

mono protected core using mild and benign conditions. 

 

Treatment of dialkylated 216 and 217 with isopropylamine pleasingly facilitated 

rapid and selective Cbz deprotection of the pyrazole-linked Cbz group, which 

afforded the desired mono protected 212 (Scheme 81), as observed by crude LCMS 

analysis.  The reaction was subsequently repeated with an excess of Cbz-OSuc, in 

order to ensure complete protection of the pyrrolidine nitrogen.  The mixture was 

then treated directly with isopropylamine, which afforded the desired product in 66% 

yield after column chromatography (Scheme 82).  This provided a convenient and 

efficient one-pot synthesis of mono-Cbz protected pyrazolopyrrolidine 212. 

 
Scheme 81: Treatment of a mixture of 216 and 217 with isopropylamine gave the 

desired mono protected product 212. 

Observed  
by LCMS 
analysis 217 216 212 

i-Pr2NH (3.0 eq.) 
 

 MeOH, r.t., 2 h. 

211 

212 

216 217 

Cbz-OSuc (1.0 eq.) 
Et3N (4.0 eq.) 
 1,4-dioxane,  

0 °C – r.t., 1 h. 
 

212, 35%. 
216 and 217, 15%. 
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Scheme 82: Formation of the desired Cbz-protected product 212 by alkylation with 

an excess of Cbz-OSuc, followed by treatment with isopropylamine. 

 

The alkylation of Cbz-protected pyrazolopyrrolidine 212 with bromo compound 18 

gave a mixture of N-regioisomers by crude LCMS analysis.  Pleasingly, column 

chromatography successfully resolved the isomeric mixture and 212 was isolated as a 

single regioisomer, although in moderate yield (Scheme 83).  The analogous reaction 

with Boc-protected pyrazolopyrrolidine core 202 and bromo compound 18 (Scheme 

76) afforded an inseparable mixture of regioisomers in 59% yield, which translates to 

a relative yield of 43% for regioisomer 203.  When purified later in the synthetic 

route, the individual regioisomers were only isolated in around 10% yield.  

Considering this, the isolated yield of 29% for Cbz-protected 213 is a significant 

improvement in the efficiency of this step, both in terms of mass recovery and time. 

 
 

Scheme 83: Alkylation of Cbz-protected pyrazolopyrrolidine 212 with bromo 18. 

 

Selective deprotection of the Cbz group was initially attempted using classical 

hydrogenation conditions which employed a palladium on carbon catalyst and 

ethanol as solvent (Scheme 84).236 LCMS analysis of the crude reaction mixture 

suggested the presence of only small quantities of the desired product, along with a 

range of unidentifiable impurities.  This was considered to be a result of excess 

reactivity, and was subsequently repeated with different solvents in an attempt to 

slow the reaction.  Ethyl acetate and chloroform were chosen due to their different 

solvation properties with Pd/C, as determined by a shake-flask screening method and 

211 212 
i) DIPEA (4.0 eq.), 2-Me THF, r.t., 1 h. 
ii) i-Pr2NH (2.0 eq) r.t., 20 min., 66%. 

212 

 213 

NaH (3.0 eq.), DMF 
0 °C, 20 min., 29%. 

(1.0 eq) 

18 

CbzOSuc (2.0 eq) 
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qualitative analysis by eye.  LCMS analysis of these crude reaction mixtures gave 

similar profiles, with ethyl acetate providing a slight improvement for the formation 

of the desired product 214. 

 
 

Scheme 84: Selective removal of a Cbz protecting group under hydrogenation 

conditions using different solvents. 

 

It was thought that the unprotected pyrrolidine nitrogen was in some way unstable to 

the reaction conditions and facilitating decomposition. Subsequent consultation with 

other members of our laboratory suggested the incorporation of acetic acid in the 

reaction mixture to help stabilise the secondary amine through protonation.237  The 

reaction was consequently repeated with these modified conditions which pleasingly 

gave clean conversion to the desired product via crude LCMS analysis (Scheme 85).  

Unfortunately the product persisted in aqueous phase during work-up procedures.  

Extraction with 2-butanol was partially successful, although subsequent preparative 

HPLC failed to isolate the desired product. 

 
 

Scheme 85: Attempted removal of a Cbz protecting group under hydrogenation 

conditions. 

213 214 

H2, 10% Pd/C  
(50% wt.),  

  
EtOH, EtOAc, 

 or CHCl3. 
r.t. 2 h. Observed by LCMS 

213 

H2, 10% Pd/C (50% wt.),  
  

EtOAc,AcOH (3.0 eq.) 
r.t. 2 h. 

214, observed by LCMS 
Aqueous work-up 

with 2-BuOH 

205, observed by LCMS 
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The reaction was repeated and isolation was achieved using an amino-propyl pre-

packed silica cartridge and sequential elution with ethyl acetate and ethanol to afford 

the desired product as a free base in 73% yield (Scheme 86). 

 

 
 

Scheme 86: Selective removal of Cbz protecting group under hydrogenation 

conditions. 

 

Alkylation of secondary amine 214 with bromo crotonate 24 gave the desired 

product 215 in 49% yield (Scheme 87).  LCMS analysis of the crude reaction 

mixture suggested a clean reaction profile and good conversion to the desired 

product. It is proposed that the product 215 is slightly unstable to silica column 

chromatography used for purification, potentially accounting for the lower yield 

observed. 

 
 

 

Scheme 87: Alkylation of pyrazolopyrrolidine 214 with bromo crotonate 24. 

 

The enoate 215 was then submitted to asymmetric rhodium-catalysed 1,4-addition 

conditions with arylboronic acid 47.  Acid-mediated Boc-deprotection was directly 

undertaken on the crude mixture to furnish chirally-enriched 209 in 36% yield and 

75% enantiomeric excess (Scheme 88).  These improved conditions were then 

applied to a large scale re-synthesis of 170b, which was carried out elsewhere in our 

laboratories.238  This was successfully reproduced on a 45 g scale based on the 

pyrazolopyrrolidine starting material 211.  Purification of the final product was 

213 214 

H2, 10% Pd/C  
(50% wt.),  

AcOH (3.0 eq) 
 

EtOAc, r.t. 3 h., 73%. 

214 215 

24 
(1.0 eq) 

DIPEA (2.0 eq.) 
CH2Cl2  

r.t., 1 h. 49%. 
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achieved using reverse phase column chromatography, followed by strong cation 

exchange chromatography with a propylsulfonic acid-modified silica column. 

  

 
 

 

 

Scheme 88: Rhodium-catalysed 1,4-addition of arylboronic acid 47 to α,β-

unsaturated ester 218, followed by acid-mediated BOC deprotection.  

 

In summary, a t-butoxycarbonyl (Boc) protecting group on the pyrazolopyrrolidine 

core was replaced with a carboxybenzyl (Cbz) moiety.  This facilitated N-

regioisomer separation using silica-gel column chromatography, which removed a 

low-yielding and time-consuming achiral preparative HPLC step.  In addition, 

hydrogenation conditions were developed to enable selective deprotection of the Cbz 

group in presence of the Boc group.  This allowed the Boc group to be maintained 

47 

(3.0 eq) 

KOH (3.8 M, 2.0 eq.),  
[Rh(cod)Cl]2 (10 mol%), 
(R)-BINAP (20 mol%),  
1,4-dioxane, 95 °C, 1 h. 

 

215 

209 

HCl in  
1,4-dioxane,  
(4 M, 5.0 eq),  
50 °C, 2 h. 
36%, 75% e.e. 

218 
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for the asymmetric rhodium-catalysed 1,4-addition of boronic acid 47 to α,β-

unsaturated ester 215, which improved the enantiomeric excess from 62% to 75%.   

 

 

2.5.2.3  Future synthetic work 

 

Whilst incorporation of the Cbz group has enabled a large scale re-synthesis of 

desired enantiomer 170b, the unselective alkylation of pyrazolopyrrolidine 212 with 

bromo compound 18 and the associated purification difficulties have not been fully-

avoided and remain largely responsible for the low overall yield provided by this 

route.  Further optimisation efforts should therefore focus on regioselective synthesis 

of the N2-alkylated pyrazolopyrrolidine ring system 213, which would circumvent 

these issues. 

 

In 2011 Takahashi and co-workers investigated the selective formation of N2-

functionalised pyrazoles.239  Initial attempts involved pyrazole alkylation or 

condensation of a 1,3-dicarbonyl with alkylated hydrazines, both of which resulted in 

a mixture of N1 and N2 regioisomers (Scheme 90).   

 

 
 

Scheme 90: The general conditions used by Takahashi and co-workers to access a 

mixture of N-alkylated pyrazoles.239  
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It was considered that the unselective addition of alkylated hydrazines to the 1,3-

dicarbonyl was a result of similar electrophilicity at the ketone and aldehyde carbon 

centres.  The 1,3-dicarbonyl 220 was subsequently converted to the enol acetate 224, 

which regioselectively reacted with Boc protected alkylhydrazines to form desired 

intermediates 225, which cyclised upon TFA-mediated Boc deprotection to afford 

the N2-functionalised pyrazoles 221 (Scheme 91).239  

 

 
 

Scheme 91: General conditions for the regioselective formation of N2 functionalised 

pyrazoles.239  

 
1H NMR analysis could detect up to 10% of the undesired regioisomer 222 in final 

product 221, which is not expected to be problematic in the synthesis of 

pyrazolopyrrolidine 170b due to the use of chiral preparative HPLC later in the 

synthetic sequence.  

 

Based on the above, a proposed synthetic sequence for the selective formation of the 

N2-regioisomer is displayed in Scheme 92.  The selection of the carboxybenzyl 

(Cbz) protecting group on pyrrolidinone 227 was due to its predicted stability under 

TFA-mediated cyclisation conditions.  The formation of hydrazine intermediate 226 

was expected to be formed by reductive amination of aldehyde 94.240,241  

 

220 

RNHNHBoc, 
 

EtOH,  
reflux,  

1 h. 

TFA,  
 

CH2Cl2,  
r.t., 2 h.  

 

Ac2O, 
MeOH 

 
 r.t. 1 h. 

224 225 221 
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Scheme 92: Proposed route for regioselective formation of pyrazolopyrrolidine 

229.239,240,241  

 

Deprotection of the tetrahydronaphthyridine is likely to occur under cyclisation 

conditions, but was not expected to prove problematic in the subsequent steps.  

Selective formation of intermediate 228 is supported by literature evidence with the 

reaction of Boc-protected analogue 230 with DMF-DMA (Scheme 93),242 which is 

expected to have similar reactivity to Cbz-protected pyrrolidinone 227. 

 
 

Scheme 93: Literature precedence for the regioselective formation of bis-electrophile 

231.242 
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2.5.3  Synthesis of 1,2,3-triazole 168 

 

To expedite the investigation of reduced pKa for improved permeability, the 

synthesis of 1,2,3-triazole 168 was undertaken elsewhere within our laboratory.243  

The optimised synthetic route used to access pyrazolopyrrolidine 170b was 

successfully replicated, with mostly comparable yields (Scheme 94) to furnish the 

compound as a racemic mixture. 

 

The yield observed for the alkylation of triazole 233 with bromo compound 18 was 

around twice as much to that observed with the pyrazole analogues.  Under these 

reaction conditions, the desired 2-position of the triazole was the favoured alkylation 

site, with crude LCMS analysis suggesting a 1:10:1 alkylation ratio.  This vastly 

differs from the 2:1 alkylation ratio observed with pyrazolopyrrolidine 202 (Scheme 

76), which explains the different isolated yields.   

 

The rhodium-catalysed arylation of enoate 236 also differed from previous examples, 

with twice as many equivalents of boronic acid required to reach reaction 

completion.  The rapid protodeborylation observed could be a result of poor co-

ordination of the enoate to rhodium, as a result of the increased electron-withdrawing 

nature of the triazolopiperidine core.  This poor co-ordination would slow the rate of 

reaction versus the rate of hydrolysis of the rhodium-aryl intermediate, thus 

increasing the incidence of protodeborylation. 
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Scheme 94: The synthetic route used to access 1,2,3-triazole 168.243 
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2.5.4 Biological data and evaluation 

 

The RGD integrin binding affinities and physicochemical properties of triazole 168 

and pyrazoles 170a and 170b are compared with pyrazolopiperidine 17b in Table 

34.   

 
Compound no. 17b* 168 170a* 170b* 

Core Structure 
    

αvβ6 (pIC50) 7.3 5.6 5.8 7.9 

αvβ3/αvβ5/αvβ8  

(pIC50) 6.5/6.4/6.4 6.1/5.9/5.7 5.2/5.4/5.8 6.5/6.7/7.5 

Molecular weight 472 473 457 457 

Chrom LogD 

pH 2.0, 7.4, 10.5 
-0.3, 3.0, 2.0 0.0, 3.4, 2.2 -0.4, 3.0, 2.0 -0.5, 3.0, 1.9 

pKa (potentiometric) 7.8, 5.5, 4.0 6.6, 5.7, 4.0 NT 7.4, 5.7, 4.1 

Plasma protein binding 

(HSA % /AGP %) 
93.5/ 81.9 96.7/ 84.5 93.0/ 75.2 91.9/ 83.1 

Permeability 

(AMP/ MDCK nm/sec) 
23/ 23 81/ NT 22/ 22 22/ 32 

Solubility (CLND 

μg/mL) 
173 136 264 216 

Table 35. The RGD binding affinities and physicochemical properties of 17b, 168, 

170a and 170b.124,126,152 * denotes single enantiomer. NT =not tested. 

 

Triazole 168 displayed the lowest activity of any racemic compound made in this 

series to date.  The most basic centre on 168 has a measured pKa of 6.6, which is one 

log unit lower than 17b and could potentially explain the poor potency against αvβ6.  

Having stated this, compounds such as pyridine 12 have shown good affinity for 
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αvβ6 (cf. 6.9 pIC50), whilst possessing no basic centre in the core of the molecule.  In 

addition, the second pKa measurement for 168 is 5.7, which is similar to 5.5 obtained 

for pyrazole 17b.  

 

The lipophilicity of triazole 168 has increased by 0.4 log units when compared to 

pyrazole 17b, which is also related to an increase in permeability and plasma protein 

binding.  The relationship between lipophilicity and plasma protein binding 

correlates with previous examples such as thiophene 84b and furan 86, supporting 

the requirement for low Chrom LogD for suitable free fraction. 

 

The only structural difference between 17b and 168 is the replacement of a carbon 

atom for a nitrogen atom in the core of the molecule.  Unlike the observations here, 

the addition of nitrogen is usually related to an increase in hydrogen-bonding 

interactions, and therefore a reduction in lipophilicity.  In this case, however, the 

reduction in basic pKa (caused by the addition of nitrogen) is likely to have caused 

the increased lipophilicity by reducing the percentage of hydrogen bonding 

interactions with water.  These findings suggest that reducing the pKa of 17b by the 

addition of nitrogen in the core of the molecule actually increases lipophilicity and, 

therefore, plasma protein binding. 

 

Unlike triazole 168, pyrazolopyrrolidine 170 was designed to reduce the pKa of 17b 

by removing a carbon from the saturated ring in the core of the molecule.  This 

pleasingly resulted in an improvement in the αvβ6 potency and RGD integrin 

selectivity profile (Table 34).  In fact, when compared with the other molecules 

made in this series, pyrazole 170b was shown to be the most potent and RGD 

integrin-selective compound made to date (Figures 34 and 35). 
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Figure 34: αvβ6 pIC50 values for a selection of molecules with a fused aromatic ring 

in the core of the molecule.124 

 

 

 

 
 

Figure 35:  The selectivity ratios for αvβ6 verses the RGD binding integrins αvβ3, 5 

and 8, which shows 170b to be the most selective.124 
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Analysis of the physicochemical properties of 170b revealed a slight reduction in 

pKa when compared to 17b, whilst maintaining a similar protein binding value 

(Table 35).  This balance between pKa and protein binding fulfils the desired 

physicochemical parameters set out at the start of this work, which were expected to 

balance oral absorption and free fraction for suitable in vivo efficacy.  

 

Whilst accepting the caveat that the reduction in pKa could be within error of the 

assay, it was rationalised that if real, the drop of 0.4 log units could improve oral 

absorption.  Consequently, 170b was selected for further investigation in a mouse PK 

study.126 

 

To help predict the metabolic clearance of 170b, it was first studied in mouse, rat and 

human microsomes in vitro (Table 36).126  The results displayed good stability in all 

species tested, which supported the use of an in vivo study to fully assess the 

pharmacokinetic profile of 170b. 

 

Species 
 

170b Microsomal IVC 

(mL/min/g) 

Mouse < 0.5 

Rat < 0.5 

Human < 0.5 

 

Table 36: The microsomal in vitro clearance (IVC) for pyrazolopyrrolidine 170b.126  

 

The results of the mouse pharmacokinetic study of 170b are displayed in Table 37, 

which pleasingly show low-moderate clearance and moderate bioavailability.  The 

total amount of drug observed after oral administration, however, is similar to that 

observed with thiophene 84b (cf. 1075 ng/h/mL).  The lower bioavailability relative 

to 84b (cf. 91%) is a reflection of the greater stability of 170b in blood, which 
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increased the drug levels recorded when dosed intravenously. This is supported with 

the lower clearance observed with 170b when compared with 84b.   

 

  
170b 

 
84b 

 p.o. i.v. infusion p.o. i.v. infusion 

Dose (mg/kg) 3.1 1.1 3.2 1.2 

AUC(o-∞) (ng/h/mL) 1010 1015 1075 441 

Bioavailability (F%) 34 - 91 - 

Clearance 

(Clb) (mL/min/Kg) 
- 18 - 45 

Half life  (T ½) (h) - 1.9 - 2.0 
Volume of distribution 

(Vd) (L/Kg) 
- 1.4 - 4.0 

 

Table 37: The female C57BL6/J mouse PK profile of pyrazolopyrrolidine 170b and 

thiophene 84b.126 

 

The volume of distribution is relatively low when compared to thiophene 84b (cf. 3.5 

L/Kg), which is potentially a reflection of the reduced lipophilicity of 170b.  The half 

life is moderate, which may need to be improved if a once-daily oral dose were to be 

administered. 

 

When considering the low HPV AUC displayed by pyrazole 17b, which possessed 

similar structure and pKa to 170b, the moderate bioavailability was somewhat 

unexpected.  However, a full in vivo PK study of 17b was never conducted, which 

may have displayed a similar profile in such a study.  Although these data would 

improve the understanding of the relationship between the short oral absorption 

model and an i.v./p.o PK study, it was not considered ethically appropriate to use 

animal lives to this end.  
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To further understand the oral absorption of 170b and the potential for the 

administration of large doses, an oral PK study was undertaken in the mouse with a 

30 mg/Kg dose.126 This afforded an average bioavailability of 20%, a slight drop 

when compared to 35% obtained after 3 mg/Kg dose.  This could indicate that the 

oral absorption of 170b is partially driven by active transport, which is saturated at 

higher doses and results in a non-linear dose-PK relationship.  These results are not 

considered to negatively impact the potential progression of 170b, but rather help 

future dose predictions for in vivo studies.  

 

In an attempt to understand the pharmacokinetic profile of 170b across a number of 

species, and therefore provide a more reliable prediction of the human PK profile, an 

i.v./p.o. PK study was undertaken in the rat (Table 37).126 

 

 
170b in female Wistar Han rats 

 

p.o. 

 

i.v. infusion 

Dose (mg/kg) 1.0 1.0 

AUC(o-∞) (ng/h/mL) 693 1017 

Bioavailability (F%) - 67 

Clearance (Clb) (mL/min/Kg) - 17 

Half life  (T ½) (h) - 1.6 

Volume of distribution (Vd) (L/Kg) - 0.9 

 

Table 38: The rat PK profile for pyrazolopyrrolidine 170b.126 

 

The bioavailability of 170b in the rat was measured at 68%, a vast improvement 

from the value of 35% obtained in the mouse. This could either reflect an increase in 

passive intestinal absorption or a higher occurrence of the relevant proteins required 

for active transport.  The rat liver blood flow is similar to that of the mouse (85 and 

90 mL/min/Kg, respectively),244 which suggests that the clearance observed in the rat 

can still be considered low to moderate.  The half life is also similar across both 

species, which may need further optimisation. 
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To summarise, pyrazolopyrrolidine 170b displayed moderate to excellent oral 

bioavailability and low to moderate clearance in rodent PK studies, whilst 

maintaining relatively low plasma protein binding.  In an attempt to more accurately 

represent the free fraction of pyrazolopyrrolidine 170b, and therefore the potential 

for in vivo efficacy, the whole blood binding data was obtained (Table 39). Whilst 

the mouse blood binding of pyrazolopyrrolidine 170b is 5% lower than thiophene 

84a, the human blood binding is still considered very high at >99%.  If it is 

considered that free fraction determines efficacy, then a blood binding value of less 

than 90% would help minimise the administered dose. This, along with solubility and 

permeability, has been shown to correlate to the in vivo performance of oral drugs in 

the developability classification system (DCS).245 

 

Species  
170b whole blood binding (%) 

 
85b whole blood binding (%) 

Mouse 95.2 99.5 

Rat 97.6 >99.9 

Human 99.4 >99.9 

Table 39: Whole blood binding for pyrazolopyrrolidine 170b and thiophene 85b.126 

 

The next stage of investigation would involve testing pyrazolopyrrolidine 170b in an 

in vivo pharmacodynamic model, which would help elucidate the potential effect of 

free fraction on efficacy.  This was expected to determine the potential for 

compounds with high blood binding, such 170b, to be progressed as a therapy for 

IPF.    

 

In order to facilitate an in vivo PD study, further investigation into the αvβ6 potency 

and the off-target activity of 170b was required.  Accordingly, pyrazolopyrrolidine 

170b was studied in the normal human bronchial epithelial (NHBE) cell assay, which 

provided a more accurate representation of αvβ6 potency.  This resulted in a pIC50 

of 6.3, which pleasingly confirms the ability for 170b to reduce the release of PAI 1, 

a cytokine related to αvβ6 activity and the onset of fibrosis.103 
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In addition to the NHBE assay, pyrazolopyrrolidine 170b was tested against a wide 

range of other biological targets.  These were selected for their potential to cause 

toxicity or other undesired off-target effects. Activity against these would be 

considered detrimental to the progression of 170b as a drug candidate.  Fortunately, 

pyrazolopyrrolidine 170b did not significantly inhibit any of these targets (Appendix 

1). 

 

The availability of reliable in vivo pharmacodynamic models for fibrotic diseases 

was very low at the time this research was conducted.  The very high blood binding 

of pyrazolopyrrolidine 170b was also considered to be potentially detrimental to the 

chances of exhibiting efficacy in an in vivo PD model. As a result, further 

investigation of pyrazolopyrrolidine 170b was postponed, in favour of further 

optimisation efforts to identify a selective αvβ6 antagonist with oral bioavailability 

and blood binding < 90%.  Despite this, pyrazolopyrrolidine 170b still represents a 

promising lead with excellent potency and acceptable αvβ6 selectivity.  Compound 

170b could then represent an attractive back-up compound to other lead series. 

 

3 Analysis of calculated and measured lipophilicity and basicity values 

 

The research detailed in this thesis has relied on calculated lipophilicity and basicity 

values to help design new molecules with improved pharmacokinetic profiles.  

Indeed, this process has been used to triage a selection of compounds down to a 

small number of examples which are expected to represent specific areas of 

physicochemical property space predicted to be of interest.  The search for unique 

molecules which balance the desired pharmacokinetic-pharmacodynamic 

relationship for a given biological target inevitably leads medicinal chemists into 

undefined physicochemical space within a given lead series.  Accordingly, the use of 

calculated properties becomes less reliable, as they typically rely on measured values 

from fragments of existing and well studied compounds.  The incorporation of novel 

or rare ring systems and behaviours such as intramolecular interactions are, therefore, 

less well predicted by these models.  This may result in misleading calculated values.  

Therefore, it is pertinent to review the relationship between the calculated and 
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measured values to assist the development of more accurate models for future 

research.  Accordingly, the calculated and measured lipophilicity and pKa values for 

a selection of RGD-integrin antagonists were compared.  The results for lipophilicity 

are presented in Table 40 and Figures 36 and 37, whilst the results for pKa are 

displayed in Table 41 and Figures 38 and 39. 

 

The lipophilicities were compared for both cLogP and cLogD values to investigate 

the ability of these models to predict the lipophilicity at physiological pH (7.4).  

Pleasingly, both models demonstrated moderate and similar levels of positive 

correlation, with calculated LogD values providing a marginally more accurate 

prediction (Figures 36 and 37).  

 

The calculated logP values seem to more accurately predict the trend in lipophilicity 

in a particular structural series, which is demonstrated by the poor prediction of 

pyridine 12 and piperidine 13 (Figure 36).  In addition, the cLogP model predicts 

greater differences in lipophilicity than the observed values.  This supports the rule 

applied to the design of the compounds presented in this work which aimed to 

increase the lipophilicity.  A minimum increase of 0.5 log units when compared to 

pyrazolopiperidine 17b was required for the selection of replacement cores, which 

would have removed this error in the calculated values. 

 

The relationship between the calculated and measured pKa values of the basic centre 

in the core of a range of integrin antagonists is displayed in Figure 38, which show a 

modest positive correlation. However, the accuracy of the model to predict the pKa 

values of the weakly basic triazole 168 was poor when compared to pyrazoles 170b 

and 17b.  This inadequacy is also apparent between calculated and measured pKa of 

the tetrahydronaphthyridine (THN) in Figure 39, which fails to show any 

correlation.  These findings highlight the limitation of the model when attempting to 

identify changes in the pKa of weakly basic integrin antagonists, which could be an 

area for further investigation. 
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4 Future Work 

 

The attractive potency, selectivity, and PK profile of pyrazolopyrrolidine 170b 

makes it suitable for further optimisation strategies.  This would have the aim of 

reducing the blood protein binding below 90%, whilst maintaining oral 

bioavailability in the mouse of around 30%. 

 

The moderate bioavailability observed in the mouse and good bioavailability 

observed in the rat suggests that a reduction in the lipophilicity of 

pyrazolopyrrolidine 170b could still maintain bioavailability at ~30%. If this 

reduction in lipophilicity did not affect the pKa, then it could result in a reduction of 

blood binding affinity. 

 

Analysis of the potential structural modifications which could alter the lipophilicity 

of pyrazolopyrrolidine 170b was subsequently undertaken (Figure 40).  This 

revealed that manipulations to the phenyl ring would have the best chance of 

adjusting the lipophilicity without affecting the pKa.  Such changes to a phenyl unit 

within an analogous series have been extensively investigated (Table 9), suggesting 

that these changes would be tolerated by αvβ6 and selectivity could be maintained. 
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The synthetic chemistry used to access these compounds could follow the pre-

validated route to access late stage intermediate 240 and exploit the commercial 

availability of numerous arylboronic acids (265), which highlights the feasibility of 

this approach (Scheme 95). 

 
 

 

Scheme 95: The proposed synthetic route to access analogues of pyrazolopyrrolidine 

170b with modified phenyl ring substituents. 

 

Initial efforts could utilise the commercial availability of the arylboronic acids to 

investigate a wide range of physicochemical properties.  The results from this array 

approach could then be used to identify the desired physicochemical properties to 

balance oral absorption and blood binding, which may require bespoke synthesis of 

an appropriate arylboronic acid. 

 

 

 

 

 

 

 

 

 

 

 

 

239 
(3.0 eq) 

KOH (3.8 M, 2.0 eq.),  
[Rh(cod)Cl]2 (10 mol%), 
1,4-dioxane, 95 °C, 1 h. 

 215 240 
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5 Summary 

 

The only small molecule therapy approved for IPF is Pirfenidone, which acts through 

multiple biological mechanisms and consequently possesses numerous severe side 

effects. In addition, Perfinidone has questionable efficacy from multiple clinical 

trials.  Considering this, its world-wide approval for sale demonstrates the significant 

unmet need for safe and efficacious treatments of IPF. 

 

In relation to this pressing objective, the selective modification of the integrin αvβ6 

presents an opportunity for modification of IPF disease progression without 

undesirable side-effects.  The lack of RGD-integrin selectivity or suitable oral PK 

profile of the αvβ6 antagonists published in the literature highlighted the benefit that 

further research towards the identification of a selective and orally-bioavailable small 

molecule αvβ6 antagonist would have for IPF patients 

 

The biological data for all key compounds synthesised in this work have been 

collated and are presented in Table 42.  This illustrates the improvements made to 

the oral PK profile of a selective αvβ6 antagonist through the optimisation of 

pyrazolopiperidine 17b lipophilicity and pKa, and is summarised below. 

 

The optimisation of the oral pharmacokinetic profile of lead 13 was attempted by 

reducing the basic pKa of a tertiary amine in the core of the molecule.  Initial work 

focused on the resynthesis of a promising lead (16), which included structural 

modifications to improve RGD-integrin selectivity.  This identified 

pyrazolopiperidine 17b, which displayed low oral absorption and, more promisingly, 

low hepatic clearance in a mouse short oral absorption model.  

 

Optimisation of the lipophilicity of pyrazolopiperidine 17b identified thiophene 84b 

as a potent and selective replacement, which displayed excellent oral bioavailability 

in mouse PK studies.  Thiophene 84b represented the first compound to display 

αvβ6-selectivity and good oral bioavailability when profiled in our assays.  However, 

thiophene 86b was also very highly bound to mouse, rat and human blood, limiting 
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further investigation of this molecule in disease-relevant in vivo studies.  Attempts to 

reduce the lipophilicity of thiophene 84b with furan 86 and thiazole 89 were not 

successful in significantly reducing plasma protein binding.  

 

Research then focused on improving the oral absorption of pyrazolopiperidine 17b 

without increasing the lipophilicity.  Subsequent modification of the basic pKa of the 

core template identified pyrazolopyrrolidine 170b, which displayed good PK profiles 

in mice and rats after oral and i.v. administration.  In addition, pyrazolopyrrolidine 

170b represented the most potent and RGD integrin selective αvβ6 antagonist to 

possess a suitable PK profile for oral administration, as well as promising activity in 

relevant pharmacological assays.  The human blood binding of pyrazolopyrrolidine 

170b was reduced to 99.4%, although this was still considered very high and may 

limit efficacy in an in vivo pharmacodynamic study. However, pyrazolopyrrolidine 

170b also showed no toxicity issues after wider selectivity screening, which 

highlighted the promising safety profile of this template. Taken together, the data 

generated identified pyrazolopyrrolidine 170b as a promising lead which can be used 

to probe the in vivo pharmacology of αvβ6 dependent idiopathic pulmonary fibrosis 

when a suitable assay becomes available. 

 

Pharmacodynamic profiling of pyrazolopyrrolidine 170b in an in vivo setting will 

help determine the relationship between free fraction and efficacy, and whether this 

needs to be optimised further.  In addition, testing pyrazolopyrrolidine 170b 

alongside the αvβ6-selective antibody 3G9 and the pan-RGD integrin inhibitor 12 

will help understand the pharmacological relevance of the in vitro selectivity assays, 

and whether further optimisation is required here also. 

 

In conclusion, the research undertaken in this chapter has identified the first series of 

αvβ6-selective small molecules which possess a pharmacokinetic profile suitable for 

an orally administered treatment of IPF.  This presents the potential for offering IPF 

patients a treatment with reduced side-effects and a more convenient mode of 

delivery when compared to existing therapies presented in the literature. This series 

has been optimised to improve the pharmacokinetic profile and reduce the level of 
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blood binding, which identified pyrazolopyrrolidine 170b as the optimal compound.  

Pharmacodynamic profiling in an in vivo setting is expected to provide further 

guidance on the potency, selectivity profile and free-fraction required for in vivo 

efficacy. 
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CHAPTER 2 

 

The Inhibition of Phosphoinositide-3-Kinase δ and γ for the 

Treatment of Asthma 

 
1. Introduction 

 

1.1 Asthma 

 

Asthma is a physiological condition typified by symptoms such as wheezing, 

shortness of breath and tightening of the chest.  These are a result of the contraction 

of smooth muscle around the airways which is caused by an excessive reaction to an 

environmental trigger (Figure 41).  Typical triggers include: house-dust mites, 

pollen, smoke, and animals.246 A 2007 publication by the World Health Organisation 

claimed asthma to be responsible for 255,000 worldwide deaths in 2004, and 

estimated 300,000,000 people to be suffering from asthma in the same year.247 

 

 
 

Figure 41: The comparison between a normal airway (B) and an airway during an 

asthmatic exacerbation (C) in a human lung (A).248 
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Current treatments for asthmatic exacerbations generally involve the inhalation of 

bronchodilators (Figure 42).  These medicines relax smooth muscle in the airways 

by stimulating the action of the beta-2-adrenergic receptor.  Long-acting beta-

agonists (LABAs), taken without corticosteroids, have been shown to increase the 

likelihood of death from asthma, as well as promoting bronchial inflammation.249  

Inhaled corticosteroids (IHCs) have also shown to have a number of undesired side-

effects, including cataracts, glaucoma and stunted growth.250  As a result of this, a 

long-acting asthma treatment with an improved safety profile is desired. 

    
Salmeterol     Fluticosone Propionate 

 

 

 

 

 

Traditional Inhaler      Discus Inhaler 

 

Figure 42: The long-acting beta-agonist Salmeterol (241) in a traditional inhaler 

(left), and in combination with the steroid Flucticosone Propionate (242) in the 

Discus inhaler (right). 

 

Kinases are a class of biological targets that play a role in cell signalling and have 

been shown to regulate a range of diseases including asthma.251  Kinase activity has 

been modified using small molecules252 and knowledge of their three dimensional 

structure facilitates X-ray crystal structure-driven drug discovery, an attractive 

technique which provides a window on target-ligand interactions for the medicinal 

chemist.  Therefore, global research efforts are attempting to create new asthmatic 

treatments through the modulation of a range of kinases.253 

241 242 
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1.2 Kinases 

 

Kinases are intracellular signalling proteins that transfer messages between each 

other in the form of phosphate groups.254  These messages regulate a range of 

processes such as gene expression and controlling the release of intercellular 

messengers such as cytokines.  Cytokines are proteins, peptides or glycoproteins that 

bind to cell-surface receptors which initiate intra cellular messaging cascades, 

culminating in an immunomodulatory response. Examples of cytokines include the 

interleukins and interferons.255 

 

Figure 43 illustrates a kinase-mediated intracellular message transfer.256  A signal 

molecule (such as a cytokine) is recognised by a receptor at the cell surface.  This 

process activates protein kinase 1, which in turn activates protein kinase 2 by 

transferring a phosphate group to it from adenosine triphosphate (ATP).  Adensodine 

diphosphate (ADP) is produced and is regenerated to ATP elsewhere in the cell.  

Active protein kinase 2 then activates protein kinase 3 in a similar manner, which 

will activate other kinases in a domino effect (known as the phosphorylation 

cascade) until a final protein is activated, which invokes a different cellular response. 
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Figure 43: A kinase mediated phosphorylation cascade.256 

 

There are over 500 structurally-related protein kinases which make up the human 

kinome (Figure 44).  Each kinase controls different cellular signalling pathways and 

they are grouped into seven families based on the amino-acid residues they 

phosphorylate:257 

1. Tyrosine kinases (TK),  

2. Tyrosine kinase-like kinases (TKL),  

3. Homologs of yeast sterile 7, sterile 11 and sterile 20 kinases (STE),  

4. Casein kinase 1 (CK1),  

5. Protein kinase A, protein kinase G and protein kinase C (AGC), 

6. Calcium/calmodulin-dependent protein kinase (CAMK), and 

7. CDK, MAPK, GSK3, CLK families (CMGC). 
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8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: The human protein kinome.258 
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The general three-dimensional structure of protein kinases are described as having 

two lobes, an N-terminus and a C-terminus. These are connected by a small strand of 

protein referred to as the hinge region or, more generally, the active site (or 

activation segment, Figure 45).259  Changes to this region can alter the conformation 

of the entire kinase, therefore controlling its behaviour.  It is at the active site where a 

phosphate group is obtained by abstraction from an adenosine triphosphate (ATP) 

molecule which activates the kinase towards other phosphorylation cascades.  This 

area is typically targeted for small-molecule therapies by blocking the binding of 

ATP to the kinase. 

 

 
Figure 45: A solved x-ray crystal structure of a kinase.259 

 

As a direct consequence of evolution, all kinases bind ATP, which means all active 

sites are structurally similar.  An example of the typical interactions ATP makes with 

a kinase active site is illustrated for the case of PI3Kγ in Figure 46.  A key hydrogen 
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bonding interaction is made between the pyrimidine nitrogen of ATP and the hinge 

residue Val 882 in PI3Kγ.  The phosphate residues are positioned in a polar region of 

the kinase and interact with a number of water molecules and other polar residues, 

such as the primary amine of Lys 833 and the alcoholic Ser 806.   

 
Figure 46: An interaction map of the solved crystal structure of ATP bound into the 

active site of PI3Kγ.260 

 

There are three classes of kinase inhibitors, of which the majority are ATP-

competitive and are termed type I. Typical type I small molecule kinase inhibitors 

require a strong hinge binding interaction that mimics the interaction between ATP 

and, for example, Val 882 in PI3Kγ (Val 826 in PI3Kδ).  Carefully designing other 

polar and non-polar residues into complementary areas of the protein can help 

improve the potency and selectivity profile. 

 

Kinases can exist in either active or inactive forms, which are dictated by the position 

of a specific protein chain called the activation loop.  At one end the loop contains 

the residues aspartic acid (D), phenylalanine (F) and glycine (G), which are essential 

for phosphorylation and can exist in an ‘in’ or ‘out’ conformation.261  

Phosphorylation can only occur when the DFG motif exists in its ‘in’, or ‘active’ 

Hinge 
region 
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conformation.  Type I kinase inhibitors compete with ATP to bind to the active form 

of the kinase. Type II inhibitors stabilise the inactive form of the kinase by binding to 

protein residues inside and outside of the ATP binding site.  This inactive form 

prevents ATP from binding, and is therefore not directly competitive with ATP.  

 

Kinase inhibition can also be achieved with small molecules that interact with amino 

acid residues that are distinct from that of the ATP binding site.  These are type III 

inhibitors and their mode of action is termed allosteric modulation. This can have a 

number of effects but typically causes a change in the active site shape or prevents 

other interactions at the kinase surface.  Changes in the active site shape can result in 

an incompatibility with ATP, which presents an orthogonal approach to ATP-

competitive inhibition. 

 

1.3 Kinases and disease 

 

Changes in kinase expression have been observed in a range of diseases including 

asthma,251 liver fibrosis,262 and multiple cancers.263 This suggests that restoring 

kinase function to normal levels could treat the related disease and, accordingly, a 

common approach to disease modification is to reduce the activity of a specific 

kinase.  This can be achieved by using a small molecule to inhibit the binding of 

ATP in the active site of the kinase.  Such an approach has been successful, with 

kinase inhibitors such as the Anti-Estrogen Receptor b1, b2 (ERB1/2) inhibitor 

Lapatinib (3)264 for breast cancer and the BCR-ABL265 inhibitor Imatinib (4)266 for 

chronic myelogenous leukaemia, approved for sale by the food and drug 

administration (FDA) in 2007 and 2001, respectively (Figure 47).  A solved crystal 

structure of Imatinib in c-Abl, the kinase for which it was designed to inhibit, is 

shown in Figure 48,267 highlighting the utility of a structure based drug design 

approach in identifying kinase inhibitors. 
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  Figure 47: Kinase active site inhibitors Lapatinib (3) and Imatinib (4). 

 
Figure 48: A solved X-ray crystal structure of Imatinib (4) in c-Abl.267  

 

Despite being targeted at a small number of kinases, these drugs rely on a degree of 

promiscuity across the human kinome for their wide range of therapeutic indications.  

Imatinib, for example, has been granted approval by the FDA for treatments of 10 

different cancers, some of which are controlled by different kinases.  This lack of 

selectivity is also the likely cause of a range of undesired side-effects, ranging from 

nausea and vomiting to joint swelling and yellowing of the skin.268   

 

243 244 
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Cancer treatments like Imatinib can afford to exhibit such a profile due to the overall 

improvement in the quality of life to the patient.  Side effects like these, however, 

outweigh the clinical benefits offered by asthma treatments, and are therefore 

unacceptable liabilities.  For this reason asthma treatments that are selective across 

the human kinome are urgently required. 

 

All kinases bind ATP in their active site, and are therefore structurally very similar in 

this region.  There are however subtle differences which could be exploited to 

achieve selectivity. As a result, the main aim of drug discovery programmes that 

target protein kinases for asthma is to exploit these differences to achieve selectivity.  

To date, there have been no small molecule inhibitors of kinases that have been 

approved to treat asthma, which illustrates the difficulty of the task. 

 

1.4 Phosphoinositide-3-kinases (PI3Ks) 

 

The phosphoinositide-3-kinases (PI3Ks) are a family of lipid kinases that are 

implicated in the development of a range of diseases, including respiratory 

inflammation.269,270  They comprise three classes based on structure, mode of 

regulation and phospholipid substrate.  The class I targets have been extensively 

investigated due to their role in various cancers and inflammatory diseases, and will 

be the subject of this research.269,271  By contrast, comparatively little is known about 

the structure or function of class II and III targets. 

 

Class I PI3Ks phosphorylate phosphatidylinositol (4,5)-diphosphate (PtdIns(4,5)P2), 

to produce phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P3).272  By 

distinction, the class II and III PI3Ks phosphorylate phosphatidylinositol (PtdIns), to 

produce phosphatidylinositol (3)-monophosphate (PtdIns(3)P).273,274  The 

physiological role of each kinase can vary, depending on their expression levels in 

specific tissues. 

 

Two of the three PI3K class II targets (PI3K-C2α, PI3K-C2β) are expressed in the 

clathrin-coated or endocytic compartment, and influence vascular biology.275  A 
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recent study has identified an independent role of PI3K-C2α in angiogenesis and 

vascular barrier integrity.276  This can be explained by subtle differences in the 

expression of these targets in endothelial cells. The third PI3K class II target (PI3K-

C2γ) is primarily expressed in the liver, and is involved in the Bcr-Abl mediated 

pathway in leukaemia.277 

 

The sole PI3K class III target, vacuolar protein-sorting mutagen 34 (Vps34), is also 

expressed in the endocytic compartment.278  Its physiological role has been more 

extensively studied than the PI3K class II targets, and is involved in endocytosis and 

vesicular trafficking.279 A recent study has also identified the involvement of Vps34 

in mTOR-mediated nutrient sensing and macroautophagy, which are related 

processes.280,281  Macroautophagy is the process of cytosolic degradation, and is 

implicated in innate immunity.282 

 

The four PI3K class I targets (PI3Kα, PI3Kβ, PI3Kγ and PI3Kδ) are heterodimers, 

consisting of a regulatory and a catalytic subunit (Table 43).283  The regulatory 

subunit localises the heterodimer to the cell membrane, where the 

phosphatidylinositol lipids are located.284,285 The catalytic subunit binds adenosine 

triphosphate (ATP), where it transfers a phosphate group to PtdIns(4,5)P2, producing 

PtdIns(3,4,5)P3.286 Each PI3K class I isoform has a unique catalytic subunit, from 

which their name derives.287  

 

 Catalytic subunits Regulatory subunits 

Class Ia   

PI3Kα p110α 

p85α (p55α, p50α), p85β, p55γ PI3Kβ p110β 

PI3K δ p110δ 

Class Ib   

PI3Kγ p110γ p101, p84/p87 

 

Table 43: The PI3K class I catalytic and regulatory subunits.269 

 



CONFIDENTIAL – DO NOT COPY 

188 
Christopher J Tame 

The process of up-regulation to the cell membrane is controlled by binding of the 

regulatory subunit to an activated receptor. The receptor may be produced from 

either receptor tyrosine kinases (RTKs)284 or G-protein coupled receptors 

(GPCRs).285  Consequently, two distinct sub-classes of PI3K class I targets are 

identified.  These PI3K classes are Ia and Ib, which are activated by RTKs and 

GPCRs, respectively. 

 

The formation of PtdIns(3,4,5)P3 from PtdIns(4,5)P2 is negatively regulated by 

phosphatase and tensin homologue (PTEN) (Figure 49).288,289  Another phosphatase, 

SH-2 domain-containing inositol phosphatase (SHIP) converts PtdIns(3,4,5)P to 

PtdIns(3,4)P.290 The role PTEN and SHIP have in regulating PtdIns(3,4,5)P3 levels 

make them interesting therapeutic targets for diseases which class I PI3K targets 

have been shown to influence. 

 

 
Figure 49: The catalytic cycle of phosphate transfer between PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3.291 

 
A range of biological targets involved in cell signalling are activated by binding 

PtdIns(3,4,5)P3 to their pleckstrin homology (PH) or phoxy lipid (PX) domains.292,293  

The protein kinase Akt plays a key role in cell survival, and is translocated to the cell 

membrane upon interaction with PtdIns(3,4,5)P3.294  The role of PtdIns(3,4,5)P3 in 

respiratory inflammation is complex, but a number of studies have highlighted the 

correlation between PI3K-mediated PIP3 production and mast cell recruitment,295 
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neutrophil chemotaxis,296 and the production of reactive oxygen species.297  These 

cell behaviours have been implicated in the development of respiratory inflammation 

and a range of cancers.298  

 

PI3Kα and β are ubiquitously expressed and control cell growth and proliferation.299  

These isoforms are up-regulated or mutated in some carcinomas, making PI3Kα and 

β inhibitors potential anti-cancer treatments.299 PI3Kδ and γ predominantly modify 

the behaviour of T-lymphocytes, the cells of the immune system.300,301  During an 

inflammatory response, T-lymphocytes are up-regulated to the site of infection by a 

gradient-controlled process known as chemotaxis.  The associated increased 

expression of PI3Kδ and γ make them attractive targets for anti-inflammatory 

treatments.   

 

The inhibition of PI3Kδ and γ has shown to reduce a number of processes related to 

respiratory inflammation.  These include: T-lymphocyte trafficking into the airways, 

T-cell survival, mast cell function and eosinophil function, such as the release of 

cytotoxic molecules (degranulation) and inflammatory mediators 

(cytokines).295,302,303  Studies on genetically engineered mice have identified potential 

differences in the expression of PI3Kδ and γ in the cells involved in an inflammatory 

response.304,305 These differences show that the inhibition of PI3Kδ and γ would 

result in a complementary profile and, therefore, highlight the advantage of 

developing selective PI3Kδ and γ inhibitors.306 

 

In summary, PI3Kδ and γ are implicated in the inflammation of the airways, which 

can cause a range of respiratory diseases such as asthma.  It has also been shown that 

PI3Kδ and γ have different roles in lymphocytes, which may be exploited by 

selective inhibition to deliver differentiated asthma treatments.  The aim of this 

research is to contribute towards the development of two orthogonal PI3K-modulated 

asthma treatments.  This will be attempted by optimising two series of small 

molecule inhibitors for the selective inhibition of PI3Kδ and PI3Kγ, respectively. 
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1.5 Contrasting oral and inhaled delivery methods for small-molecule 

asthma therapies. 

 

Traditional asthma therapies have been developed for inhaled delivery, whilst current 

research focuses on both oral and inhaled routes.  It is therefore useful to evaluate 

both of these methods of administration to help rationalise the aims of the research 

programmes presented in this document. 

  

Inhaled medicines are designed to possess an orthogonal pharmacokinetic (PK) 

profile to orally administered treatments.  An inhaled PK profile would include low 

oral bioavailability and high systemic clearance, which results in the action of the 

drug being limited to the administered tissue (in this case, the lung). Concentrating 

the action of the drug to the lung helps deliver efficacy whilst minimising off-target 

activity from systemic exposure.  Toxicity arising from off-target activity is a major 

cause of drug candidate attrition for orally-administered molecules, reducing this risk 

is therefore particularly pertinent.307 

 

There are, however, a number of challenges associated with the inhaled approach.  

These include achieving sufficient duration of action, without causing irritation in the 

lung, and patient compliance.308  The requirements of duration differ for each 

biological target, whilst there are little published findings on predicting irritation and 

other adverse reactions in the lung. 

 

Historically, medicinal chemistry approaches within our laboratories aimed to 

achieve duration of action by designing compounds with low solubility or 

permeability.308  This was expected to increase the residence time, and therefore the 

efficacy, of the drug in the lung whilst minimising oral bioavailability and systemic 

exposure.   

 

Low permeability was typically achieved by designing a hydrophobic compound 

with a hydrophilic side chain and a cationic charge. The hydrophilic, cationic moiety 

imparts sufficient solubility for nebulised dosing, whilst reducing passive cellular 
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penetration, due to its ionised nature.  Therefore, these cationic, ambiphilic drugs 

(CADs) reduce the rate of diffusion from the airways to the blood stream, via the 

tissue.  CAD-like compounds, however, increase the risk of adverse events in the 

lung, such as phospholipidosis.309 This is the name given to the accumulation of 

phospholipid-drug complexes in cells, which can lead to degradation of cell function 

and toxicity. 

 

Similarly, compounds with low solubility have been used to increase duration, 

through slow dissolution of the compound in the lung.  Recent studies in our 

laboratories have shown such compounds to cause foamy macrophages, a condition 

where the macrophage ingests a drug particle which it cannot digest, and 

subsequently becomes inactive.308  The accumulation of these foamy macrophages 

has been linked with increased respiratory inflammation, and is therefore 

undesired.310 

 

A study in 2003 showed that patient compliance is a major cause of untreated disease 

in the United States.311  Another study showed that patients are less likely to adhere 

to the prescribed dosing regimen with metered-dose inhalers (MDIs) due to the 

complexity of administration.312  Without the cost of design and manufacture of 

inhalers, orally-administered drugs are also cheaper to make available to patients, 

and could result in greater patient compliance.  However, based on all of the above, 

both topically and orally administered delivery mechanisms are of value.   

 

Work in our laboratories is currently focused on delivering a first-in-class, selective 

PI3Kγ inhibitor for inhaled administration, and optimising an existing PI3Kδ inhaled 

series for oral administration.  Both of these programmes have been designed 

initially for asthmatic indications. 
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2 PI3K δ inhibitors 

 

2.1 Background 

 

2.1.1 Literature PI3Kδ inhibitors 

 

The PI3Kδ-selective inhibitor Zydelig (245, Figure 50) was recently granted 

approval by the USA’s Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) for treatment of non-Hodgkin lymphomas and chronic 

lymphocytic leukaemia (Figure 50).313,314 The enhanced expression of PI3Kδ in 

leukocytes complements these cancers of the immune system. However, Zydelig 

carries a ‘Boxed Warning’, alerting patients and medical professionals to fatal and 

serious toxicities which can occur as a consequence of treatment with Zydelig.  

These side-effects render the drug unsuitable for the treatment of asthmatic patients 

when compared to the existing standard of care.  

  . 

     

Figure 50: The selective PI3Kδ inhibitor Zydelig (Idelalisib). 

 

Whilst there are no publications regarding the structure-activity relationships (SAR) 

of Zydelig, ideas can be generated from its extensively-studied predecessor IC-87114 

(246, Figure 51).  A co-crystal structure of IC-87114 (246) in PI3Kδ has been solved 

recently using X-ray crystallography and provides some insight into the origins of 

the potency and selectivity of these compounds (Figure 52).315  Two hinge 

interactions are shown to be made between the adenenine moiety and the residues 

Valine 828 and Glutamic acid 826.  The more interesting interaction involves the 

perpendicular arrangement of the pyrimidinone moiety with respect to the hinge.  

245 
Zydelig (Idelalisib) 
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This moiety is positioned in between a tryptophan (Trp 760, shown on the left) and a 

methionine (Met 752, shown on the right).  Figure 52 also includes the electrostatic 

surface of these residues, which help illustrate how the ligand tightly fits between the 

cleft formed.  

  
Figure 51: The interactions made between IC-87114 and PI3Kδ.315 

 

  
 

Figure 52: X-ray crystal structure of IC-87114 (246) in PI3Kδ.  The interactions 

with the hinge residues Val 828 and Glu 826 are highlighted in green. 

 

The origin of selectivity is predicted to involve the ability of the Met 752 residue in 

PI3Kδ to move and accommodate the ligand, whereas the other PI3K class I isoforms 

246 
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cannot.  This could be explained by the subtle differences in the residues present on 

the strand of protein that contains Met 752, known as the P-loop.315 

 

A pharmacokinetic study of Zydelig was carried out in our laboratories with a 1 

mg/kg oral (p.o.) dose in mice.316  The results showed poor oral absorption, with a 

low area under curve (AUC) value of 127.0 ng/h/mL and a half life of just 0.25 

hours. Accordingly, improvements in the oral pharmacokinetic profile of a PI3Kδ-

selective inhibitor is likely to reduce the required dose, which has the potential to 

eliminate undesired side-effects and improve the safety profile. 

 

The most advanced clinical trial for asthma with a PI3K inhibitor is a Phase II study 

with the PI3Kγ/δ dual compound IPI-145 by Infinity Pharmaceuticals (formally 

known as INK1197 by Intellikine).317 This compound is also being studied for a 

range of indications including haematological cancer, arthritis, multiple sclerosis, 

COPD and allergies.  To date, no structure has been disclosed for this compound.  

IPI-145 demonstrates good oral absorption into the systemic circulation (denoted as 

bioavailability) in three of the four species studied (Table 44).318  This promising 

pharmacokinetic profile was reinforced with a successful pharmacodynamic study.  

Prophylactic and therapeutic dosing of IPI-145 in an ovalbumin-challenged rat 

pharmacodynamic model demonstrated significant knockdown of eosinophil count 

from the bronchial alveolar lavage (BAL) (Figure 53).318 

 

Species Dose (mg/Kg) Bioavailability, F(%) 

Mouse 10 7 

Rat 10 57 

Dog 5 97 

Monkey 5 40 

Table 44: The oral bioavailability of IPI-145 in a range of species.318 
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Figure 53: A pharmacodynamic study of IPI-145 in ovalbumin-challenged rats.318 

 

To date, there have been no PI3Kδ-selective compounds disclosed in the literature 

which demonstrate good oral absorption in pharmacokinetic studies conducted in our 

laboratories.  This highlights the potential benefits to the scientific community from 

further research into the development of an improved orally-administered PI3Kδ 

selective inhibitor.  Access to such a tool compound could prove to be a valuable 

asset in further delineating the role of these kinases in inflammatory disease, and 

could provide a path forward towards new treatments for asthma. 

 

2.1.2 PI3Kδ inhibitors previously identified in our laboratories 

 

The aim of this research programme was to access a novel series of PI3Kδ inhibitors 

for oral administration, which would complement the existing portfolio of inhaled 

respiratory medicines.  One method of achieving this was to optimise the PK profile 

of an existing inhaled series which had been previously identified within our 

laboratories.319  An example from this series (247) is displayed in Figure 54, which 

uses an interaction map from a solved crystal structure to highlight the key 

interactions it makes with the PI3Kδ protein.320  Isolated enzyme assay results 

indicate a high level of potency at PI3Kδ, whilst demonstrating at least 100 fold 

selectivity over the other PI3K class I isoforms.  
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Isolated enzyme assay pIC50 

PI3Kδ 9.1 

PI3Kα, β, and γ 6.3, 6.2, 6.3 

 

Figure 54: An existing inhaled series of PI3Kδ inhibitors, exemplified by compound 

247.   



CONFIDENTIAL – DO NOT COPY 

197 
Christopher J Tame 

The indazole ring of 247 participates in a donor-acceptor hydrogen bonding 

interaction with hinge residues Glu 826 and Val 828, which is also shown with 

Idelalisib (245, Figure 51) and with ATP when bound to the analogous residues in 

PI3Kγ (Figure 46).  As discussed previously, the drug-protein interactions at the 

hinge typically impart the highest binding affinity in protein kinases.  Lipid kinases, 

however, have shown that the hydrophilic region in the back-pocket, defined in this 

case by residues Lys 779, Asp 911 and Ser 754, are responsible for the majority of 

potency.  The oxazole ring does not make any noticeable interactions and is likely to 

act as a flat spacer between the indazole and the morpholine moieties.   

 

Structure-activity relationship (SAR) studies carried out elsewhere in our laboratories 

have shown that the morpholine induces the selectivity observed (Table 45),319 

however this cannot be reliably explained by molecular modelling using the available 

crystal structures or homology models of the P13K isoforms.  For example, the 

morpholine moiety does not reach far enough to induce the conformational change 

between Trp 760 and Met 752 seen with IC-87114 (Figures 43 and 44). However, 

one hypothesis is that the selectivity is due to subtle differences in interaction 

between the methyl groups of the morpholine moiety and the Trp 760 residue in each 

PI3K isoform. 
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n R PI3Kδ pIC50 PI3Kα, β, γ pIC50 (ratio vs PI3Kδ) 

248 Me 8.2 6.5 (50.1), 6.4 (63.1), 6.8 (25.1) 

249 
 

8.4 6.4 (100), 6.3 (125.9), 6.8 (39.8) 

250 
 

9.2 6.6 (501), 6.2 (1000), 6.7 (316) 

 

Table 45: The PI3K class I selectivity profile of compounds with different 

substitutents on an oxadiazole ring.  The template possesses a 2-chloropyridine and 

an oxadiazole ring, which is in contrast to the 2-methoxypyridine and oxazole ring in 

compound 247, respectively.319,359 

 

The rat pharmacokinetic (PK) data indicates high clearance and low bioavailability 

(Table 46).316  The area-under-curve (AUC) value for oral administration (p.o.) is 

very low, suggesting poor oral absorption or rapid first pass hepatic clearance. This 

PK profile is suitable for inhaled delivery, as it allows the compound to deliver 

efficacy when dosed to the lung, with limited systemic exposure.  For oral 

administration the PK profile must be reversed, demonstrating good bioavailability 

and absorption, as well as low clearance and an improved half-life in order to 

maintain an acceptable dosing regimen.  
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Pharmacokinetic Profile i.v. (1.0 mg/Kg) p.o. (3.0 mg/Kg) 
AUC (ng/h/mL) 333 24.0 

Half Life, T½ (i.v.) (h) 2.6 - 
Clp, (i.v.) (mL/min/Kg) 50.0 - 
Bioavailability, F (%) - < 2.0 

 

Table 46: Pharmacokinetic (PK) profile of an inhaled PI3Kδ inhibitor, 247. 

 

As discussed in Chapter 1, the in vitro permeability, solubility and physicochemical 

properties of marketed drugs have been shown to influence oral 

absorption.131,133,135,138 Table 47 summarises the ideal physicochemical property 

space required for sufficient oral exposure, and is presented alongside the 

physicochemical properties of compound 247.  This analysis shows that the 

reduction of molecular weight, number of aromatic rings, and topological polar 

surface area (TPSA) could potentially improve the chances of identifying an orally-

active PI3Kδ inhibitor relative to lead molecule 247.   

Physicochemical property 
Guideline values for an 

oral candidate 
247 

MW <500 513 

cLogP <4 2.8 

Chrom LogD pH 7.4 <3 3.3 

TPSA >75, <140 135 

No. of Ar rings ≤3 4 

No. of Rotatable bonds ≤7 6 

Table 47: The physicochemical properties required for an orally-active drug are 

compared against the properties displayed by compound 247. 

247 
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2.1.3 Identification of the dihydroisobenzofuran series 

 

Previous work carried out elsewhere in our laboratories focused on the reduction of 

TPSA and aromatic rings by replacing the indazole motif in the molecule.321  This 

work was undertaken on a truncated version of the original series, due to synthetic 

tractability enabling rapid access to exemplar compounds. 

 

Based on this earlier work, the pyridylsulfonamide functionality was responsible for 

a significant increase in potency and was therefore maintained.  This provided 

sufficient potency to facilitate the identification of structure-activity relationships 

(SAR) among the different indazole replacements (Scheme 96).   

 

The functionality at the 6-position of the indazole ring was mainly responsible for 

selectivity and was therefore temporarily removed to facilitate efficient synthesis.  

Functionality at this vector was planned to be re-introduced once a suitable 

replacement core had been identified, with the aim of regaining the selectivity profile 

observed in the inhaled series. 

 
Scheme 96: A reduced-complexity approach was adopted with the aim of replacing 

the indazole core of an existing series of PI3Kδ inhibitors. 

247 251 

252 253 
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The results from this work identified a dihydroisobenzofuran motif as a suitable 

replacement for the indazole core (Table 48).321  The screening results from an 

isolated enzyme assay showed potency to be maintained, whilst in silico calculations 

predicted the TPSA to be reduced and the physicochemical assays indicated that 

solubility was improved.  This correlated well with findings from Ritchie and 

Macdonald, who proposed the dependency of solubility on the molecular weight and 

the number of aromatic rings of a compound.138  

 
  

Table 48: Results of isostere screening identified the dihydroisobenzofuran core.321  

The new motif showed improved TPSA and number of aromatic rings, whilst the 

reduction in molecular weight and Chrom LogD remained unoptimised. 

 

 

 

 

 

 

 

 

 

 251 254 

PI3Kδ Enzyme pIC50 6.0 6.1 

MW 318 320 

cLog P 2.3 2.3 

Chrom LogD pH 7.4 2.6 3.5 

TPSA 97 78 

No. of Ar rings 3 2 

Solubility (μg/mL) 31 92 

251 254 
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2.2 PI3Kδ research aims 

 

The aim of this research was to optimise the PI3K class I selectivity profile and oral 

bioavailability of a series of dihydroisobenzofuran-containing PI3Kδ inhibitors.  This 

was attempted by applying the structure-activity relationships identified from an 

indazole-containing series of PI3Kδ inhibitors   The compounds were designed 

within the physicochemical property guidelines set for good oral absorption, with the 

aim of achieving suitable bioavailability for oral administration. 

 

2.3 Methodology 

 

2.3.1 Medicinal chemistry 

 

Having identified the replacement core, the next step was to design and synthesise a 

selection of fully functionalised molecules.  The compounds were designed to enable 

a more complete comparison with analogues from the indazole series, which would 

help understand how well the structure-activity-relationships (SAR) are related 

between the two.  These compounds were designed and prioritised in order to adhere 

to the physicochemical guidelines described earlier for orally-active compounds. 

 

In order to select appropriate functional groups for incorporation at the 6-position of 

the dihydroisobenzofuran, the database of PI3Kδ compounds synthesised within our 

laboratories was analysed and molecules that contained the key pyridylsulfonamide 

moiety were selected.  These molecules were then filtered based on ideal 

physicochemical values anticipated to be compatible with oral delivery when 

incorporated into the dihydroisobenzofuran core.  This afforded a small subset of 

compounds, from which six distinct motifs were identified.  These motifs had 

different PI3K class I selectivity profiles and spanned four distinct pharmacophores. 

Table 49 displays these motifs on the dihydroisobenzofuran core, and therefore the 

targets required for synthesis. 
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Phys. Chem. Property 255 256 257 258 259 260 

MW 402 397 377 461 463 455 

cLog P 1.1 2.9 1.5 2.8 2.9 1.6 

TPSA 116 90 107 120 120 120 

No. Ar rings 3 3 2 3 2 3 

Rotatable bonds 4 4 4 5 6 5 

 

Table 49: The six targets designed as PI3Kδ inhibitors for oral administration. 

 

 

 

255 

257 

256 

258 

259 260 
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2.3.2 Synthetic approaches to target compounds 

 

Retrosynthetic analysis of the target compounds revealed common intermediate 263 

(Scheme 97), which contained an iodine as a handle for functional group 

modifications.  The synthetic transformations to access biaryl 255 and 256 required 

palladium-catalysed cross-coupling techniques.  To achieve this, the oxadiazole and 

pyridyl coupling partners would require activating metal groups such as boron, zinc 

or tin at the relevant position (Figure 55).   

 

O

NO

H
N

S

Ar

O

NO

H
N

S

HN

R

O

O

NO

H
N

S

NH2

O

NO

H
N

S

I

O OO O

O O O O

 
 

 

Scheme 97: Retrosynthetic analysis of the target compounds. 

 

 
 

 

Figure 55: The synthesis of pyridyl and oxadiazole-functionalised inhibitors of 

PI3Kδ are to be accessed from the appropriately metallated starting materials shown. 

 

Amide  
coupling 

Palladium-  
catalysed  

cross-coupling 

Copper-catalysed 
amination 

261 262 

264 263 
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Turning our attention to the necessary metallated coupling partners, 2-methyl 5-H 

oxadiazole is the only commercially available source of this moiety.  One-pot zinc 

chloride functionalisation, followed by palladium-catalysed cross-coupling with an 

aromatic iodide, is expected to afford the desired target (Scheme 98).322 

 

 
 

Scheme 98: The proposed one-pot zinc-chloride functionalisation and palladium-

catalysed cross coupling to access the oxadiazole-containing target (255). 

 

Pyridin-2-ylboronic acid is commercially available; however, these 2-heterocyclic 

boronic acids readily undergo proto-deboronation during metal-catalysed cross-

coupling reactions.323  Based on this, a recent study has shown that the addition of 

copper(I) chloride can facilitate cross-coupling reactions involving 2-heterocyclic 

boronic acids.323  The proposed mechanism involves initial transmetallation of the 

boronic acid to copper.  This softer nucleophile is proposed to be more stable under 

the reaction conditions and will transmetallate to palladium at a slower rate than the 

borylated analogue (Figure 48).  Based on this precedent, these conditions will be 

attempted in the case of pyridin-2-ylboronic acid to form the desired target. 

 

1.2 eq 

LiHMDS, 
ZnCl2  

 

Pd(PPh3)4  
 

267 268 

263 
255 
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Figure 56: Palladium-catalysed cross coupling of halogenated arenes with 2-

borylated heterocycles using a copper(I) chloride additive. X typically refers to 

iodide or bromide. 

 

Returning to retrosynthetic analysis, the iodine-functionalised core can be converted 

to the required aniline (262) by copper(I) iodide catalysed amination.  Recent studies 

have demonstrated direct amination of aryl iodides using aqueous ammonia solution 

at room temperature (Scheme 99).324 These conditions improve upon traditional 

methods involving stoichiometric copper, harsh reaction conditions and protected 

amines; which would only furnish the desired aniline after a further deprotection 

step.325  Once formed, the aniline can facilitate the formation of compounds 257-260 

via HATU-mediated amide coupling conditions.326 

 

LnPd0 
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Scheme 99: Copper-catalysed room temperature amination of aryl iodides with 

aqueous ammonia followed by HATU-mediated amide coupling. 

 

The requisite 4,6-substituted dihydroisobenzofurans were not commercially available 

and lacked relevant literature precedence for their synthesis.  Based on this, a novel 

synthetic strategy was therefore required.  A synthetic route that utilised well-

established synthetic transformations would require an appropriately substituted 

phenyl ring as a starting point, in this case, a 1,2,3,5-substituted benzene.  This 

substitution pattern is unusual and therefore precedence for the required synthetic 

transformations is scarce.  An example of a potential route towards the target core is 

presented in Scheme 100.327   

 

The seven step synthesis towards the target products is linear up to the last step, 

which is likely to result in a low overall yield and would require significant 

optimisation due to the lack of literature precedence..  Furthermore, the 

pyridylsulfonamide functional group is fixed early on in the route, which would 

require redesigning if it were to be modified during a subsequent medicinal 

chemistry iteration.  This perhaps outlines the difficulty in utilising the 

dihydroisobenzofuran motif in small molecule drug discovery. 

 

CuI, L-Proline, 
 NH3 (aq)  

 

HATU  
 

263 262 

261 
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Scheme 100: A potential synthetic route to access a 4,6-substituted 

dihydroisobenzofuran from a 1,2,3,5-substituted benzene. 

 

Another strategy could involve functionalisation of a less-substituted ring system, for 

example, electrophilic aromatic substitution or metal-catalysed C-H insertion of a 

1,2,3-substituted phenyl ring.  Scheme 101 applies this concept to the synthesis of 

150 $/g, 
Ark Pharma 

NBS (2.2 eq),  
AIBN (cat),  

 
CHCl3, reflux. 
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ii) KI (4 eq), H2O, 0 °C. 
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CONFIDENTIAL – DO NOT COPY 

209 
Christopher J Tame 

272, a key intermediate in Scheme 100 above. Whilst this route requires much 

cheaper starting materials and one less synthetic step, the route still relies on little or 

no literature precedence.328  This lack of precedence encouraged the search for other 

methods of forming 4,6-substituted dihydroisobenzofurans. 

 
 

 

Scheme 101: The modification of Scheme 100 with iridium catalysed C-H insertion 

of pinacol borane. 

 

Subsequent discussions identified alkyne cyclotrimerisation reactions as a potential 

approach to access the desired dihydroisobenzofurans.329  Examination of the 

literature revealed that the cyclotrimerisation reactions of bispropargyl ether with a 

functionalised alkyne are prevalent amongst the published methods for the formation 

of 4,6-disubstituted dihydroisobenzofurans (Scheme 102).330  These reactions require 

low loadings of a transition metal catalyst together with degassed, anhydrous 

conditions, and can access the desired product at room temperature and in short 

reaction times.  The high meta-regioselectivity (rationalised later) makes this method 

applicable for the synthesis of PI3Kδ inhibitors. It is therefore pertinent to review the 

literature pertaining to this synthetic approach. 

 
 

    

 

 

Scheme 102:  Formation of 4,6-disubstituted dihydroisobenzofurans using [2+2+2] 

cyclotrimerisation of functionalised alkynes with ether-tethered diynes.330 

[Ir(cod)(OMe)]2 
(1.5 mol %), 

dtbpy (3 mol %), 
Hexane.  

(1.1 eq)

0.32 $/g, 
Sigma Aldrich 

4 equiv 

meta: ortho 95:5 

RuCp*(cod)Cl  
(1 mol %) 
r.t, 30 min,  
DCE, 75%. 

276 277 272 

38 

278 

279 

280 281 



CONFIDENTIAL – DO NOT COPY 

210 
Christopher J Tame 

Metal-mediated cyclotrimerisation reactions were first developed by Reppe in 1948, 

and involved the reaction of nickel and a range of alkynes to form benzene and its 

substituted derivatives (Scheme 103).331  The addition of triphenylphosphine was 

required to occupy one of the nickel coordination sites to prevent the formation of 

cyclooctatetraene. 

 

 
 

Scheme 103: The first metal mediated cyclotrimerisation reactions. 

 

The synthesis of functionalised phenyl rings was further developed using 

cyclotrimerisation conditions by Muller in 1971, which required stoichiometric 

amounts of expensive rhodium (Scheme 104).332  Catalytic conditions were 

subsequently developed by Vollhardt and Bergmann, which displayed efficient 

formation of substituted phenyl rings with only 2 mol% loading of cobalt. (Scheme 

105).333 

 
 

Scheme 104: The formation of poly-substituted phenyl rings using rhodium-

mediated cyclotrimerisation conditions by Muller in 1971.  
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Scheme 105: The first catalytic cyclotrimerisation conditions were disclosed by 

Vollhardt and Bergmann in 1974. 

 

Throughout the following 20 years, Vollhardt contributed a number of advancements 

in this area, including mechanistic studies of the cyclotrimerisation catalytic cycle334 

and the cobalt catalysed synthesis of pyridines from nitriles and tethered diynes 

(Scheme 106).335 

 
 

 

Scheme 106: Pyridine ring formation via catalytic cyclotrimerisation conditions. 

 

This research was supplemented by the studies of Grigg and Mori, who investigated 

different catalysts and tethered diynes (Schemes 107 and 108).336,337 These results 

demonstrate the high tolerability of the catalytic cyclotrimerisation reaction towards 

a range of functional groups, some of which may require protection in other metal-

catalysed cross-coupling protocols. The reactions outlined below do, however, rely 

on suitable functionality on the diyne tether to facilitate the reaction, as well as a 

large excess of the mono alkyne.  

  

 
 

 

Scheme 107:   The cyclotrimerisation of unprotected propyn-1-ol with a sulfone-

tethered diyne reported by Grigg.  
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Scheme 108: The cyclotrimerisation of tosyl-protected amines with acetylene by 

Mori. 

 

To date, 15 different metals have been utilised in the cyclotrimerisation of a range of 

substrates to form complex aromatic, heteroaromatic, and semi-saturated 

systems.338,339  The examples in Schemes 109 and 110 help demonstrate the utility of 

cyclotrimerisations in complex ring synthesis.  Scheme 109 presents a key ring-

forming step in Reisman’s total synthesis of Salvileucalin B, which shows no 

epimerisation upon ring formation.340  This example not only demonstrates the 

complex synthesis of a substituted dihydroisobenzofuran, but also illustrates the 

presence of this ring system in a biologically-active natural product.  This fact further 

supports the application of the cyclotrimerisation process in our drug discovery 

efforts. 

 
 

Scheme 109:  The key step in the total synthesis of Salvileucalin B utilises an 

intramolecular alkyne cyclotrimerisation reaction.340 

 

Pyridone rings are often used by medicinal chemists and are difficult to access when 

multi-substituted. Scheme 110 presents the formation of a fully-substituted pyridone 

Ni(0)-PPh3 (20 mol%),  
C2H2(g) (excess) 

  
THF, r.t., 12 h, 91%. 

Ni(0)-PPh3 (30 mol%), 
C2H2(g) (excess) 

  
THF, r.t., 18 h, 76%. 

Ru(Cp*)(cod)Cl 
(8 mol %), 

 
 DCM, 45 °C,  

9 h, 85%. 

297 298 

299 300 

301 302 



CONFIDENTIAL – DO NOT COPY 

213 
Christopher J Tame 

ring, although the use of a symmetrical diyne prevents any insight into potential 

regioisomeric control from being gained.341   

 

 
 

 

Scheme 110: The formation of a pyridone ring system by cyclotrimerisation of an 

isocyanate with a diyne. 341
 

 

A number of investigations have been conducted to help identify the mechanism of 

cyclotrimerisation reactions.  The majority of these studies utilised density functional 

theory (DFT) calculations to identify the most energetically favourable 

pathway,330,334,342 whilst others have synthesised and isolated intermediates in the 

catalytic cycle.343  The results have shown that the exact mechanism can vary based 

on the transition metal, ligand and solvent used. 

 

An extensive study into the mechanism of cobalt-catalysed acetylene 

cyclotrimerisation reactions was undertaken by Vollhardt and co-workers using DFT 

calculations.  They showed that two catalytic cycles are possible, depending on the 

nature of ligand or solvent used (Figure 57).334 Whilst variances exist, this remains 

the accepted mechanism for the broad range of cyclotrimerisation reactions.338 

 

 

 

 

 

 

 

 

(1:1 stoichiometric ratio) 

Ni(cod)2 (3 mol %),  
PEPPSI-SIPr (3 mol%) 

 Toluene, r.t., 

30 min, 99%. 
303 304 305 
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Figure 57:  The widely accepted mechanism for cobalt and ruthenium-catalysed 

cyclotrimerisation of acetylene. L = alkene, CO or PR3. 

 

The mechanism shows the coordination of two alkynes to the metal centre (A), 

which then forms a 5-membered metallocycle (B). There are then two possible routes 

that may be taken, depending on the nature of solvent and ligand.  If strong σ-donor 

ligands or solvents are present, then co-ordination of these will precede the addition 

of the final alkyne (C).  It is therefore plausible to suggest that the presence of a 

ligand bound-metal may invoke steric or electronic effects with the alkyne 

substituents, potentially influencing regioselectivity.   

 

The co-ordination of the final alkyne is followed by insertion to form an aromatic 

ring.  In the right-hand catalytic cycle, intermediate (D) shows the metal bridging the 

ring, which is then eliminated to afford benzene. The left-hand catalytic cycle shows 

the metal initially co-ordinating in an η4 fashion (F), which then moves to an η6 

complex (G).  Elimination of the metal affords benzene and regenerates the catalyst. 

 

The mechanism of ruthenium-catalysed cyclotrimerisations has been investigated 

with two DFT studies on acetylene,330,344 both of which indicate an alkyne insertion 

Isolated 
Isolated 

Detected 

2 2 

A 

B 

C 

D 

E 

F 

G 
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mechanism comparable with the right hand catalytic cycle in Figure 57. One study is 

used to rationalise the regioselective synthesis of 4,6-disubstituted 

dihydroisobenzofurans (280, Scheme 102), and is, therefore, of particular relevance.  

This DFT study was conducted with [CpRuCl] fragments and acetylene (Figure 58).   

 

The key difference between ruthenium and cobalt catalysed cyclotrimerisations is the 

inclusion of the third alkyne component into the catalytic cycle.  The [CpRuCl] 

fragment is considered to undergo a formal [2+2] cycloaddition between the 

ruthenacycle (IV) and acetylene to eventually afford a 7-membered ruthenacycle 

(VI), which reductively eliminates benzene.  In contrast, the [CpCo] fragment 

undergoes a formal [4+2] cycloaddition to directly form a 6-membered ring (Figure 

22).  The reason for the formation of 7-membered ruthenacycle (VI) is due to the low 

energy barrier of just 0.1 kcal/mol to access transition state (TSIV-V).  This is in 

comparison to an energy barrier of 14.5 kcal/mol, which is required to form a 

transition state suitable for a Diels-Alder type [4+2] cycloaddition.  

 

Intermediate (VI) includes a cyclopentadienyl ligand bound in η1-fashion to 

ruthenium.  This ring slippage could possibly erode regioselectivity, due to the 

removal of steric constraint around the ruthenium centre. However, this is unlikely to 

occur with the more electron-releasing pentamethylcyclopentadienyl (Cp*) ligand, 

which is the optimal π-ligand for regioselective 4,6-disubstituted 

dihydroisobenzofuran formation.330 
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Figure 58: A proposed mechanism for the [CpRuCl] catalysed cyclotrimerisation of 

acetylene, identified from DFT calculations. 

 

One potential drawback of cyclotrimerisation reactions is regioselective control.  

Tethering the alkynes helps to overcome this issue, as there are fewer potential 

products that can form (Scheme 111).  As the degree of tethering increases, so does 

I 

II 

TSII-III 

III 

IV 

TSIV-V 

V 

VI 

TSV-VI 

VII 

VIII 
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the regioselectivity, unfortunately at the expense of synthetic flexibility.  For the 

synthesis of dihydroisobenzofurans, two alkynes required to be tethered with an 

ether-containing linker (Scheme 112).  The nature of the metal,330 solvent,345 and 

alkyne substituent346 have all been shown to control the formation of these 

regioisomers, which will help identify the ideal reaction conditions for 4,6-

regioisomer formation.  

 

Alkyne component     Possible products 

          (excluding homocoupling) 

 

 
 

Scheme 111: The possible cyclotrimerisation products when using varying alkyne 

tethers. 

 

Focusing on the preparation of the templates needed in the current study, 

Yamamoto’s synthesis of 4,6-disubstituted dihydroisobenzofurans required low 

catalyst loadings and mild conditions to afford the desired regioisomers in high yield, 

thus providing the optimum protocol (Scheme 102).330  In addition, Yamamoto also 

conducted a study into the control of regioselectivity depending on alkyne substituent 

(Table 50).330  This was undertaken using a diethyl malonate-tethered diyne, which 

had been previously shown to display similar results to bispropargyl ether, required 

for dihydroisobenzofuran synthesis.  This study identified the trimethylsilyl group to 
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impart optimal regioselectivity for the 4,6-regioisomer.  All substituents examined 

gave the desired regioselectivity, which may help facilitate the synthesis of a range 

of functional groups for PI3Kδ inhibitors.  

 
 

R1 R2 Catalyst loading Time Isolated yield 
308:309 

ratio 

Me nBu 1 mol % 1 h 85% 93:7 

Me CH2OMe 1 mol % 3 h 86% 94:6 

Me Ph 3 mol % 24 h 82% 88:12 

CH2OMe nBu 3 mol % 12 h 78% 92:8 

Ph nBu 10 mol % 24 h 80% 95:5 

SiMe3 nBu 5 mol % 7 h 94% 98:2 

 

Table 50: Study conducted to investigate effects of R-groups on cyclotrimerisation 

regioselectivity.330  X = C(CO2Et)2. 

 

The regioselectivity observed was rationalised based on steric interactions between 

the diyne substituent and the bulky π-ligand (Scheme 112). Ortho-coordination of 

the mono alkyne is shown in Route 2.  Here the diyne substituent (R) is forced 

upwards to avoid clashing with the R’ group (75).  This however causes steric 

repulsion with the methyl groups of the (pentamethyl)cyclopentadienyl ligand, 

resulting in an unfavourable pathway.    Meta-arrangement of the R groups minimise 

steric interactions between the diyne substituent R and the Cp* ligand, and is 

therefore more favourable.  

2 equiv 

RuCp*(cod)Cl,  
DCE, r.t, 15 min, 

 
306 308 309 

307 
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Scheme 112: Rationalisation of meta regioselectivity.330 

 

Some of Yamamoto’s own findings, however, contradict this trend, with bulky 

boronic ester and carboxylate-functionalised bispropargyl ethers exhibiting no 

significant regioselectivity (Scheme 113).346  The reasons behind the loss of 

regioselectivity are unclear but may be rationalised as the result of the formation of 

an electronically-modified ruthenacycle intermediate, which may change the 

coordination geometry required from the monoalkyne. This could result in the 

monoalkyne substituent being positioned in a different plane to the diyne, removing 

the potential for steric interactions.334  

 
 
 

R1 R2 Isolated yield 
308:309 

ratio 

 

nBu 46% 49:51 

CH2OMe 74% 45:55 

nBu 70% 45:55 

CH2OMe 58% 30:70 

 

Scheme 113: Boronic and carboxylic esters show no regioselectivity in 

cyclotrimerisation reactions with n-hexyne and methoxypropyne.  

4 equiv 

RuCp*(cod)Cl 
(10 mol%), DCE,  

r.t, 1 h 

Route 1 

Route 2 

310 

311 

311 

312 308 

313 314 309 

307 

308 309 315 
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From consideration of the data presented in Table 50, the synthesis of a 

dihydroisobenzofuran functionalised with a trimethylsilyl group at the 6-position will 

provide the best opportunity for regioselectivity.  Additionally, it was suggested by 

another member of our laboratory348 that ipso-substitution of the trimethylsilyl group 

with iodine monochloride would be expected to form the desired common 

intermediate 263 (Scheme 114),347 ready for downstream manipulation. 

 
 

Scheme 114: ICl mediated ipso-substitution of trimethylsilyl 83 to afford aryl iodide 

263. 

 

The full retrosynthetic plan in Scheme 116 illustrates the potential for an efficient 

and convergent method of accessing densely functionalised dihydroisobenzofurans.  

This requires the incorporation of pyridyl sulfonamide, which was prepared 

elsewhere in our laboratories and is displayed in Scheme 115. 348 

 

 

 

 

 

ICl, DCM, 0 °C. 
 
 

316 263 
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Scheme 115: The synthetic route used to access pyridyl sulfonamide (322).348  

 

Despite the apparent synthetic efficiency, a drawback of this route is the lack of 

literature precedence in the cyclotrimerisation of functionalised, highly polar 

alkynes, which was expected to require initial optimisation to achieve appropriate 

conversion and regioselectivity levels.  

 

The convergent nature of cyclotrimerisation chemistry, however, will enable future 

investigations to access a range of substituents at any position of the 

dihydroisobenzofuran without the need to design a new synthetic route.  Therefore, 

the initial investment in route optimisation was expected to facilitate rapid medicinal 

chemistry iterations in the future.  

KOH  
(4 eq),  

 
iPrOH,  
reflux, 
 2.5 h.  
77%. 

Pd(PPh3)2Cl  
(18 mol%),  

CuI (8 mol%), 
Et3N (5 eq),  

2-Me THF, 80 °C,  
24 h. 96%. 

(1.5 equiv) 

317 318 319 

273 321 322 

NaOMe (1.2 eq.) 
MeOH, 0 °C – r.t., 

16 h, 92%. 

 

320 

SnCl2 (5.0 eq.) 
EtOH, 90 °C, 

16 h, 54%. 

 
MsCl (2.3 eq),  

NaOH (5 eq), Pyridine,  
r.t., 16 h, 88%. 
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Scheme 116: Retrosynthetic analysis of the target compounds. 

 

2.4 Results and discussion 

 

2.4.1 Synthetic chemistry 

 

The synthesis of trimethylsilyl bispropargyl ether (323) followed literature 

precedence, using lithium hexamethyldisilylazide (LHMDS, 1 eq) in tetrahydrofuran 

(THF), Scheme 117.349  Optimisation efforts found that leaving the reaction to warm 

Amide coupling 

Palladium-
catalysed cross-

coupling 

Copper-catalysed 
amination 

Ipso-silyl 
iodination 

RuCp*(cod)Cl catalysed 
[2+2+2] cyclotrimerisation 

Base-mediated  
silylation 

Key 
Intermediate 

261 262 

263 
264 

322 

324 

323 316 
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slightly from -78 °C to -30 °C overnight afforded optimal conversion to the desired 

product. 

 

 

 
 

Scheme 117: Base-mediated formation of trimethylsilyl bispropargyl ether (323). 

 

Initial purification attempts utilised silica column chromatography and afforded low 

yields.  This was rationalised as instability of the trimethylsilyl group on the weakly 

acidic silica.  In addition, the similar polarity of mono- and disubstituted products 

hampered purification by this method.  Vacuum-assisted fractional distillation 

facilitated the isolation of the desired product with the highest purity and acceptable 

yields. 

 

With the appropriately functionalised diyne (323) in hand, the standard literature 

conditions for cyclotrimerisation were tested using a model system.  Phenylacetylene 

325 resembled the most analogues alkyne to pyridylsulfonamide 322 investigated in 

the literature and was, therefore, chosen as the mono alkyne component (Scheme 

118).     

 

The catalyst loading of 5 mol% was selected for the trimethylsilyl-functionalised 

diyne, which again was in accord with literature conditions.  The reactions were 

monitored at 30 min and 120 min time intervals by liquid chromatography-mass 

spectrometry (LCMS) analysis. 

 

An excess of mono-alkyne is used in the literature to prevent homo-coupling of the 

diyne.  Yamamoto suggests the use of two equivalents to be sufficient to prevent this, 

although up to four equivalents has been employed to give optimal yields.330  In the 

interests of reaction efficiency, the initial cyclotrimerisation reactions used only two 

equivalents of mono-alkyne. 

324 323 

LHMDS (1 eq),  
TMSCl (1 eq), THF,  

 
-78 °C / -30 °C, 
overnight, 58%. 
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Scheme 118: Yamamoto’s findings were successfully reproduced with diyne 323 

and phenylacetylene (325). 

 

The reaction mixture was submitted to aqueous work-up conditions and formic acid 

modified mass-directed auto preparative chromatography to afford the desired 

product in 13% yield. 1H NMR analysis confirmed the presence of the desired meta-

product due to the absence of doublets on the dihydroisobenzofuran aromatic ring, 

which would have resulted from ortho- substitution.  Optimisation of this protocol 

was not attempted due to the expected change in reaction profile and retention time 

when transitioning to the more polar 5-pyridyl sulfonamide monoyne component. 

 

These conditions were applied to the desired reaction of pyridyl sulfonamide alkyne 

322 and TMS-diyne 323 (Scheme 119).  Dichloroethane has been shown to increase 

the risk of carcinogenic side effects upon exposure,350 and as a result requires 

approval before use in our laboratories.  For these reasons it was replaced with 

dichloromethane, which provides similar anhydrous properties with a slightly 

reduced risk of carcinogenicity. 

 
 

Scheme 119: The regioselective cyclotrimerisation of TMS-diyne (323) with pyridyl 

sulfonamide (322). 

RuCp*(cod)Cl, (10 mol%) 
DCM, r.t., 16 h, 66%. 

(2 eq.) 
322 

323 316 

RuCp*(cod)Cl (5 mol%) 
r.t, 6 h, 13%. 

(2 eq.) 

323 326 

325 
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A further 5 mol% RuCp*(cod)Cl was used due to an expected reduction in catalytic 

turnover efficiency resulting from potential coordination of the sulfonamide group to 

the ruthenium metal centre,  which was confirmed by subsequent investigations 

undertaken by another team member.351 

 

The reaction mixture was submitted to aqueous work-up conditions and normal 

phase silica-gel column chromatography in an attempt to optimise the recovery 

observed with the model reaction.  This afforded the desired pyridyl sulfonamide-

containing dihydroisobenzofuran 316 in 66% yield.  Column chromatography also 

facilitated the recovery of unreacted monoyne in 31% yield, with respect to the two 

equivalents of monoyne used.  The ability to successfully recover the synthetically 

valuable monoyne provides a significant improvement in reaction efficiency, 

effectively requiring just 1.4 equivalents of the monoyne component. Whilst 1H 

NMR analysis of the crude reaction mixture was not undertaken, the ortho-

substituted dihydroisobenzofuran product was never observed, which is in contrast to 

the previously published results by Yamamoto. 

 

The reactions undertaken in medicinal chemistry laboratories typically involve 

reagents that possess increased polarity and functional group diversity than those 

disclosed in academic publications.  Furthermore, experimental techniques in 

academic laboratories often provide more controlled environments (for example, 

through the use of glove boxes and solvent stills) which are not routinely available to 

medicinal chemists within an industrial setting.  As a result, literature conditions are 

often more difficult to reproduce by medicinal chemists operating outside of an 

academic environment.   

 

Based on this, a study into the optimisation of solvent and reaction conditions (Table 

51) was undertaken on the model system with phenylacetylene.  Solvents were 

selected based on increased polarity (relative to DCE) and their environmental 

sustainability,352 whilst anhydrous and degassed conditions were avoided.  The 

reaction in DCE was repeated to allow for accurate comparisons to be made.  The 
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reactions were monitored by LCMS at set time intervals to determine reaction 

progression. 

 
 

Solvent 
326 (% )* 

t = 30 min t = 120 min 

DCE 10 14 

CPME 36 59 

2-MeTHF 5 5 

2-BuOH 40 52 

EtOH 34 37 

Water 35 43 

EtOH:H2O (1:1) 14 17 

*[% absorption by LCMS diode array detection (DAD)] 

 

Table 51: A range of solvents were screened under ‘bench-top’ conditions to 

identify an optimal reaction protocol for a medicinal chemistry laboratory setting. 

 

The percentage conversion is calculated relative to the amount of phenylacetylene 

(325) present in the reaction mixture, which is in an excess of 2 equivalents and has a 

different chromophore to the product.  Accordingly, these results are not suitable for 

the identification of reaction end points and absolute conversion rates.  The results 

can however be used as an indication to the relative conversions between the 

different solvents.  The results suggest that water, CPME and 2-butanol display 

encouraging reaction profiles under these conditions. 

 

RuCp*(cod)Cl,  
(5 mol%) 
r.t, 2 h. 

(2 eq.) 

323 326 

325 

327 
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Based on the above data, the reactions in DCE, CPME and water were submitted to 

work-up and purification procedures, in an attempt to identify an isolated yield.  

Unfortunately column chromatography failed to isolate the desired 4,6-regioisomer 

(326)  from the co-eluting homo-coupled diyne impurity 327. The ratio of 326:327 

was identified using 1H NMR analysis, which was used to calculate the yield of  

desired product 326 (Table 52).  The presence of the homo-coupled impurity (327) 

was not observed in the cyclotrimerisation of TMS-diyne (323) and pyridyl 

sulfonamide (322) (Scheme 120), therefore, further chromatographic investigations 

were not attempted. 

 

LCMS analysis of the crude reaction mixture and 1H NMR analysis of the 

chromatographed material could not identify the presence of the ortho-regioisomeric 

product, which had been observed in an analogous reaction with diyne 323 and 1-

hexyne as reported in the literature (Table 50).330   Whilst it is plausible that the 

purification steps may have removed this product, another explanation is that the 

increased steric bulk of the phenyl ring (compared to 1-hexyne) has prevented any of 

the ortho-regioisomer from forming. 

 
 

Solvent 
Crude Yield  

(326 + 327) 

Ratio by 1H NMR  

(326:327) 

Corrected Yield 

(326) 

DCE 23 6.0 : 1 19 

Water 67 2.3 : 1 47 

CPME 97 4.1 : 1 78 

Table 52: The use of water and CPME as solvent showed improved reaction 

efficiency when compared to DCE. 

 

RuCp*(cod)Cl,  
(5 mol%) 
r.t, 2 h. 

(2 eq.) 

323 326 

325 

327 
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Interestingly, all three solvents gave different yields and desired product (326) to 

homo-coupled product (327) ratios.  This could be rationalised as a solvent effect on 

the rate of reaction, which may be due to differences in solubility of the catalyst or 

particular alkyne components.  An alternative explanation could involve differences 

in interaction between the solvent and the rhodium catalyst.   

 

The influence of solvent on cobalt-catalysed cyclotrimerisations has been 

demonstrated previously, both through theoretical and practical studies. Vollhardt 

and co-workers used density functional theory (DFT) calculations to identify 

possible reaction pathways, which depended on the σ-bonding capability of the 

ligand or solvent (Figure 57).334  In addition to this, Hilt and co-workers identified 

the dependency of solvent on the regioselectivity observed in cobalt-catalysed 

cyclotrimerisations with phenylacetylene.345 However, further investigation is 

required with the catalytic system presented in Table 52 before more reliable 

conclusions can be drawn about the effect of solvent on ruthenium-catalysed 

cyclotrimerisations.  These studies could include a wider set of solvents and 1H NMR 

analysis of crude reaction mixtures. 

 

The superior reaction efficiency and green credentials of CPME352 prompted its 

replacement for DCM in the key reaction between pyridyl sulfonamide 322 and 

TMS-diyne 323 (Scheme 120).  This was undertaken under non-anhydrous 

conditions, and encouragingly gave a comparable yield to anhydrous DCM.  As a 

result, CPME was selected as the desired solvent for further optimisation efforts. 

 
 

Scheme 120: The regioselective cyclotrimerisation of TMS-diyne (323) with pyridyl 

sulfonamide (322). 

RuCp*(cod)Cl, (10 mol%) 
CPME, r.t., 2 h, 64%. 

(2 eq.) 
322 

323 316 
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The heavily substituted monoyne (322) is perhaps the most valuable component of 

this cyclotrimerisation reaction, requiring a 5 step synthesis from 317 in an overall 

yield of 32% (Scheme 115).  This monoyne has so far been used in excess to prevent 

homo-coupling of the diyne component.  These conditions are utilised in the 

literature due to the comparably-increased value of the diyne. However, in this case 

the diyne is readily made in one step from bispropargyl ether, and as a result is less 

valuable than the monoyne. It is, therefore, important to consider optimising the 

stoichiometric equivalents of these two components to reflect their value. 

 

The reaction between pyridyl sulfonamide (322) and TMS-diyne (323) was then 

repeated with a slight excess of the diyne component (Scheme 121). The results 

show that efficient formation of the desired product is maintained when the reaction 

is optimised to reflect the value of each alkyne component. 

 
 

323:322 (ratio) Isolated Yield 316 (%)* 

1 : 2 64 

1.2 : 1 64 

* Yield based on lowest component in reaction. 

 

Scheme 121: The cyclotrimerisation of TMS-diyne (323) with pyridyl sulfonamide 

(322). 

 

These efforts have shown that the cyclotrimerisation reaction conditions originally 

developed by Yamamoto et al. can tolerate a bench-top environment, and are 

therefore amenable for use in a medicinal chemistry laboratory setting.  In addition to 

this, it has also been shown that an excess of the monoyne component is not required 

RuCp*(cod)Cl  
(10 mol%), 
CPME, r.t. 

322 

323 316 
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for the reaction between TMS-diyne (323) and pyridyl sulfonamide (322), thus 

greatly enhancing the efficiency of these reactions. 

 

Following on from the successful cyclotrimerisation, ipso-substitution of the 

trimethylsilyl group with iodine monochloride proceeded smoothly to afford the 

desired iodo intermediate (263) in 80% yield (Scheme 122).  This was then 

converted to aniline (262) using aqueous ammonia and catalytic CuI (Scheme 123). 

The transformation required the use of stoichiometric amounts of L-proline, which 

may act as a solubilising ligand for the copper as well as creating an active Cu(III) 

complex.  Initial screening on small scale showed this reaction to follow literature 

precedent and furnish the product at room temperature.  Solubility played an 

important role in this reaction and transformations at the desired scale (1 g) required 

heating to 110 °C and increased reagent levels in order to afford the desired product 

in 77% isolated yield. 

 
Scheme 122: Ipso-substitution of trimethylsilyl intermediate 316. 

 

 
 

 

Scheme 123: Copper-catalysed amination of aryl iodide (263) with aqueous 

ammonia solution. 

 

The aniline (262) was then submitted to amide coupling conditions with HATU, 

DIPEA and commercially available carboxylic acids to afford the desired amides 

(257-260) (Table 53).  Whilst efficient conversion was observed for all of these 

CuI (20 mol %),  
L-Proline (2 eq),   

Cs2CO3 (5 eq), 

DMSO:NH3(aq) 
(1:1),       110 °C, 
µwave, 6 h, 77%.

263 262 

ICl (2 eq), DCM, 
 

-10 °C – 0 °C, 
5 min, 80%. 

316 263 
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reactions by in situ LCMS analysis, the isolated yields were low.  This may be 

attributed to the purification method; all compounds were submitted to mass directed 

auto-preparative (MDAP) chromatography in order to isolate material with purity in 

excess of 95% for biological screening.  Clearly this purification method is at the 

detriment of isolated yield and is not an accurate reflection on the efficiency of these 

acylation reactions.  Having stated this, sufficient material was isolated from each 

reaction to enable subsequent biological profiling. 

 
 

Product R Yield 

257  21 % 

258  21 % 

259 
 

22 % 

260 
 

28 % 

Table 53: HATU-mediated amide formation was utilised to access desired targets 

257-260.  

 

The 1,3,4-oxadiazole-containing target (255) and the pyridyl-containing target (256) 

were successfully accessed from the iodo-intermediate (263) using the synthetic 

strategy described earlier (Schemes 124 and 125).  The formation of the zinc-

functionalised oxadiazole was undertaken in a microwave vial, which facilitated the 

initial formation of the zincate at low temperature and the palladium-catalysed biaryl 

coupling at high temperature in an anhydrous and degassed environment.  

 

HATU (1.1 eq),  
DIPEA (2 eq),  

DMF or DCM/DMF, 
 r.t., 16 h. 

262 257-260 

 (1.0 – 1.5) 
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Scheme 124: One-pot zinc-chloride functionalisation and palladium-catalysed cross 

coupling to access the oxadiazole-containing target (15). 

 

 
 

 

 

Scheme 125: Palladium-catalysed cross coupling of an unstable 2-pyridyl 

pinacolboronate (275). 

 

The formation of the 2-pyridyl target (260) proceeded in very low yield (10%). This 

is still considered a relatively successful outcome due to the inherent instability of 

pinacolboronate (275).  Other methods have shown that forming the pyridyl-N-oxide 

can facilitate C-H metallation at the 2-position, which would circumvent any 

decomposition issues (Scheme 126).353  However the lack of literature precedence 

Cs2CO3 (2 eq),  
Pd(OAc)2 (1 mol %),  

dppf (20 mol %),  
CuCl (1 eq),  

DMF, µwave,  
100 °C, 90 mins, 

10% 

(2.5 eq.) 

263 260 

275 

1.2 eq 

LHMDS (1.8 eq) 
ZnCl2 (4 eq), 

THF,  
-10 °C, 1 h. 
 

Pd(PPh3)4 (10 mol%), 
Cs2CO3 (1 eq),  
μwave, 150 °C,  

1 h, 24% 
 

267 268 

263 255 
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and the extra synthetic steps required to add and remove the N-oxide make this 

approach less attractive. 

 

 
 

 

Scheme 126: Proposed palladium-catalysed C-H activation route towards target 

329.353 

 

Despite the low reported yields for these two reactions, sufficient material for 

biological screening was afforded and therefore re-synthesis and reaction 

optimisation was not attempted at this stage.  The reaction could potentially be 

optimised by removing the sulfonamide group, as it could co-ordinate to the 

palladium metal, which would reduce the catalytic turnover and, therefore, the 

catalytic activity.  Scheme 127 demonstrates a potential route to achieve this, which 

incorporates a bis-benzyl protecting group on the aniline, which is removed after 

functionalisation at the 6 position of the dihydroisobenzofuran.354  Mesylation with 

methanesulfonyl chloride would then afford the desired target.355 This route, 

however, requires two extra synthetic steps, and may not sufficiently improve the 

overall yield to make this worthwhile. 

 

Pd(OAc)2 (5 mol%), 
PtBu3-HBF4 (5 mol%), 

K2CO3(1.5 eq.), 
PhMe, 110 °C. 

 

(2.0 eq).  
 

328 
 

263 
 

329 
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Scheme 127 – Masking the sulfonamide moiety may improve the yields for 

palladium-catalysed cross-coupling steps. 

 

An alternative strategy could involve the direct functionalisation of bispropargyl 

ether with the requisite aromatic rings already in place.  This would avoid any 

functional group interconversions in the presence of the pyridylsulfonamide moiety.  

Such functionalised diyne intermediates could be accessed using palladium-catalysed 

cross-coupling of bispropargyl ether with the appropriate halogenated heterocycle 

(Scheme 128).356   The formation of 2-bromo-5-methyl-1,3,4-oxadiazole can be 

envisaged by treatment of 1,3,4-oxadiazole with bromine,357 whilst 2-bromopyridine 

is commercially available. 

 

One potential drawback of this approach could be the removal of regioselectivity 

observed with the trimethylsilyl group. Yamamoto’s original research showed that a 

RuCp*(cod)Cl (10 mol%) 
CPME, r.t., 

(2 eq.) 

Pd/C, NH4HCO2,  
HOAc, r.t. 

MsCl (1 eq.), Py, 
DCM, 0 °C - r.t. 

323 331 

330 

332 333 

264 
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methyl group can exhibit the same regioselectivity profile as a trimethylsilyl group.  

Based on this finding, the regioselectivity is unlikely to be affected by the difference 

in size between the trimethylsilyl and aromatic moieties. 

 
 

Scheme 128 – The direct formation of functionalised diynes removes the necessity 

for low-yielding palladium-catalysed cross-couplings of potentially unstable 

heterocycles. 

 

Br2, 

AcOH 
3 equiv 

  (1.2 equiv) 

PdCl2(PPh3)2 (5 mol %), 
CuI (10 mol %),  

Et3N. 

RuCp*(cod)Cl 
(10 mol%) 
CPME,  r.t.  

RuCp*(cod)Cl (10 mol%) 
CPME,  r.t., 16 h,  

(2 equiv) 

(2 equiv) 

256 

322 

337 336 

255 

322 

335 334 267 

324 

324 

PdCl2(PPh3)2   
(5 mol %), 

CuI (10 mol %),  
Et3N. 
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2.4.2 Medicinal chemistry 
 
The aim of this research was to access a series of PI3Kδ inhibitors that possess a 

suitable pharmacokinetic (PK) profile for oral administration.  This has been 

attempted by reducing the topological polar surface area (TPSA) and the number of 

aromatic rings of an existing inhaled series.  Initial work focused on replacing the 

indazole core with a dihydroisobenzofuran, which demonstrated retention of potency 

on related fragments.  The current study involved elaborating the structures at the 6-

position of the dihydroisobenzofuran in order to improve potency and selectivity.  As 

described in the previous section, six analogues were made and represent the 

different pharmacophoric elements explored in the original inhaled series (Table 11). 
R

O

N

H
N

O

S
O O

 
Compound Number R Mwt cLog P TPSA Ar. Ring count 

255 402 1.1 116 3 

256 397 2.9 90 3 

257  377 1.5 107 2 

258 461 2.8 120 3 

259 463 1.6 119 2 

260 455 2.9 120 3 

 

Table 54:  The calculated physicochemical properties are displayed for the six 

compounds designed as orally-active PI3Kδ inhibitors. 
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The selectivity requirements for this series concern the closely related PI3K class I 

isoforms and the wider lipid and protein kinases.  Isolated enzyme assays provide 

useful information of a compound’s affinity for a particular target and for this reason 

are run routinely for all compounds made.  

 

Whilst enzyme data displays the affinity of a ligand to a target, cellular assays 

provide a more accurate representation of an in vivo system.  The potency values 

from whole blood cellular assays are influenced by factors such as cell permeability, 

metabolic stability and plasma protein binding (ppb).  Promising compounds from 

the isolated enzyme assays will be run in a whole blood assay to assess whether good 

levels of potency can be achieved in this more biologically relevant system.  The 

results from this assay, along with data from pharmacokinetic (PK) studies, will 

support the progression of successful compounds to pharmacodynamic (PD) studies. 

This will then be used to establish levels of efficacy in a disease relevant model. 

 

PK studies provide understanding of the absorption, distribution and metabolism of 

the molecule and therefore its suitability for oral administration.  Compounds which 

show appropriate stability will be progressed to in vivo PD studies, which are 

initially conducted in rodents and are the first examples of the compound’s activity in 

a living organism.  Detailed studies in a range of organisms are required by law 

before an appropriate molecule is selected for human trials.  The screening cascade 

utilised in this research programme is illustrated in Figure 24, which has been 

constructed based on the consideration above. 
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Figure 59:  The screening cascade for the identification of an efficacious, orally 

administered PI3Kδ inhibitor. 

 Isolated enzyme assays. 
• PI3Kδ pIC50 > 7.0. 
• 100 fold selectivity over PI3K 

class I isoforms (α, β, γ), and 
wider lipid and protein kinases. 

  Whole blood cellular assay. 
 

• PI3K δ pIC50 > 6.0. 
 

 in vitro and in vivo PK studies. 

 in vivo PD studies. 
 

• OVA-stimulated  
Brown Norway rat model. 

 Pre-candidate selection 

•  In vitro clearance (IVC): 
(microsomes and hepatocytes) 
p450 enzymes, MDCK 
permeability. 

• Bioavailability (F%), half life (T1/2), 
volume of distribution (Vdss), 
clearance (Clp). 

 

• Safety studies  

(Ames test, hERG, eXp). 

• Toxicity studies 

• Large scale synthesis 
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The in vitro potencies of these compounds were measured against the isolated PI3K 

class I isoforms using biotinylated PIP3 and a homogenous time-resolved 

fluorescence (HTRF) assay, supplied by Millipore.358  The results from these assays 

(Table 55) show good potency against the PI3Kδ isoform, with pIC50 values ranging 

from 6.4 to 8.3.359  The more structurally elaborated compounds thiazole 258 and 

pyridine 260 display the best potency and selectivity profiles, supporting the 

hypothesis that functionalisation at the 6-position of the dihydroisobenzofuran core 

would provide an enhancement of activity and selectivity. 
R

O

N

H
N

O

S
O O

 

Compound 
Number R 

PI3K Class I isoforms 
pIC50 Selectivity vs PI3K δ (Ratio) 
δ α β γ 

247 
 

Inhaled PI3Kδ 
lead 

9.1 631 794 631 

255 7.7 5 13 5 

256 7.2 10 20 6 

257  6.4 4 13 13 

258 8.1 50 63 25 

259 6.8 25 63 50 

260 8.3 50 126 25 

Table 55: The isolated enzyme assay results for the PI3K class I isoforms.  
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Whilst the potency data is encouraging, optimisation of selectivity is still required.  

Further elaboration at the 6-position would be aimed at reaching the pocket created 

by the Trp 760 and Met 752 residues in PI3Kδ, which has been used to tune 

selectivity.  This has been previously rationalised to account for the selectivity 

profile observed in both literature and compounds from our earlier efforts on this 

target such as Idelalisib (245, Figure 48) and inhaled compound 247 (Figure 54), 

respectively. If this is exploited in the same manner as in previous internal PI3K δ 

series it will likely afford the desired selectivity profile of 100 fold over the Class I 

isoforms. 

 
The isolated enzyme assay results for the PI3K class I isoforms are also represented 

as a bar chart to help compare the selectivity profiles of the compounds (Figure 60).  

Four of the six compounds display sufficient potency at PI3Kδ (pIC50 > 7.0), with 

thiazole 258 and pyridine 260 offering the best selectivity profile with this targeted 

set of compounds. 

 
 
 

Figure 60: The isolated enzyme assay results for the PI3K class I isoforms. 

 
The wider selectivity was also investigated and included screening against both lipid 

and protein kinases.359  Screening against a panel of 17 protein kinases available in 

our laboratories revealed no measurable potency, which represents an average 

selectivity of 1000 fold when compared to PI3Kδ.  Again, whilst these results are 
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encouraging, screening against a wider set of protein kinases would help generate a 

more accurate view of the compounds’ activity across the kinome.  

 

Results from screening against lipid kinases available in our laboratories are shown 

in Table 56 and are represented graphically in Figure 61.  The compounds display 

excellent selectivity relative to FRAP 1, the catalytic subunit for the mTOR kinase, 

which has been shown to be associated with the PI3K/pAkt pathway.360  Excellent 

selectivity was also observed against another related kinase, PIK3C2B (not shown in 

Table 56).  The Class III PI3K Vps34 is shown to be strongly inhibited, as is DNA-

PK.  DNA-PK influences the cell cycle and, therefore, activity at this target is 

undesirable.361  Vps34 is involved in mTOR-mediated nutrient sensing and 

macroautophagy, which are related processes.280,281  Macroautophagy is the process 

of cytosolic degradation, and is implicated in innate immunity.282  Vps34 inhibition, 

therefore, could cause undesired immunosuppressive side-effects.  
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Compound 

Number Structure of ‘R’ Lipid Kinase (pIC50) 
PI3K δ DNA PK Vps34 FRAP 1 

255 7.7 8.5 9.3 6.6 

256 7.2 6.8 - 5.5 

257 6.4 6.1 - 5.0 

258 8.1 7.3 8.6 5.0 

259 6.8 5.6 8.2 4.5 

260 8.3 7.7 - 5.3 

Table 56:  The isolated enzyme assay results for PI3Kδ compared with selected lipid 

kinase targets. 
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Figure 61:  The wider lipid kinase selectivity for the PI3K δ inhibitors. 

 

Selectivity relative to Vps34 and DNA-PK has been demonstrated previously by our 

research group (Table 14).319   Comparing the structures with our current assets, 

these selective molecules have larger substituents at the 4-position of the indazole, 

which may extend towards Trp 760.  Interactions with this residue are considered to 

be responsible for the high selectivity seen in this series (cf. inhaled compound 247, 

Figure 46). Applying this SAR to the same position in the dihydroisobenzofuran 

series is expected to afford the desired selectivity profile and, therefore, could 

provide a means of enhancing selectivity within this new series. 
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Isolated enzyme assay  251 268 338 

PI3Kδ (pIC50) 6.0 8.1 9.2 

PI3Kα, β, γ (pIC50) 5.1, 5.1, 5.5 6.4, 6.3, 6.7 6.4, 5.6, 6.5 

DNA-PK (pIC50) 6.1 7.3 7.7 

Vps34 (pIC50) - 8.6 7.0 

Table 57: The comparison of DNA-PK and Vps34 activity. 

 

In order to more completely benchmark the series, three compounds were selected 

for further study based on their variation in potency, lipophilicity, and substitution at 

the 6-position of the dihydroisobenzofuran core.  Oxadiazole 255 has a biaryl motif, 

morpholine 259 possesses an amide and methylene linker to a saturated ring whilst 

pyridine 260 has an amide-linked aromatic ring.  The results from the whole blood 

assays362 and PK studies316 are shown in Table 58. 

 

 

 

 

 

 

 

 

251 268 338 
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Inhaled 

PI3Kδ lead

R 

  
 Compound number 247 255 259 260 

PI3Kδ isolated enzyme 
(pIC50) 

9.1 7.7 6.8 8.3 

PI3Kδ whole blood 
(pIC50) 

8.4 6.7 6.6 6.7 

IVC (rat, mouse, human 
microsomes) 
(mL/min/g) 

1.9, 5.9, 
3.2 

<0.5, 1.0, 
<0.5 

<0.5, <0.5, 
<0.5  

1.2, 1.4, 
<0.5  

AUC (p.o) (after 1 
mg/kg dose) (ng/hr/mL) < 24 1130 576 42 

Half Life, T ½ (i.v.) (hr) 2.6 0.9 1.3 3.4 
Cl (i.v.) (mL/min/Kg) 50.0 6.9 14 6.0 
Bioavailability, F (%) < 2.0 56 54 1.5 

Vdss (L/Kg) 3.5 0.5 1.1 1.6 
HSA binding (%) 90 90 64 93 

Solubility (µg/mL)  182 195  185  50 
MDCK perm. (nm/min) 213 803 122 758 

 
Table 58: The results of in vitro and rat in vivo pharmacokinetic (PK) testing for 

compounds oxadiazole 255, morpholine 259 and pyridine 260, compared with that of 

the inhaled lead 247. 

 

The drop-off in potency between isolated enzyme and whole blood assays is 

represented graphically in Figure 62.  The low drop-off exhibited by morpholine 259 

compared to the other two analogues may be due to the low human serum albumin 

(HSA) binding, given that all other properties are similar.  Accordingly, this would 

allow a higher free-fraction of compound available to interact with the kinase in an in 

vivo setting. 
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Figure 62: The drop-off in potency from the PI3Kδ isolated enzyme assay and the 

whole blood assay.  

 

The HSA binding assay measures the affinity of a compound towards proteins 

present in the blood.  When bound to HSA, the compound is shielded from 

interactions with the systemic environment, which includes the target of choice and 

metabolic enzymes.  High HSA binding is therefore expected to result in longer 

compound duration but possibly at a lower potency level.  Figure 63 displays a 

reasonable correlation between HSA and enzyme-to-cell drop-off, suggesting that 

morpholine 259 is more exposed to the PI3Kδ target in the whole blood system as a 

result of lower HSA binding. 

 
 

 

Figure 63: The positive correlation between HSA binding and potency drop off 

between enzyme and whole blood cellular assays. 

6

6.5

7

7.5

8

8.5

Isolated Enzyme Assay Whole Blood Assay

1

5

6

50

60

70

80

90

100

0 0.5 1 1.5 2

pIC50 

Relative potency drop-off 
(isolated enzyme – whole blood) 

HSA 
binding 

(%) 

255 

259 

260 

259 

255 260 



CONFIDENTIAL – DO NOT COPY 

247 
Christopher J Tame 

All three compounds display much improved clearance levels when compared to the 

inhaled compound 247 in in vitro and in vivo studies.  In vitro clearance (IVC) levels 

in mouse (m), rat (r) and human (h) microsomes are low to moderate, whilst rat in 

vivo clearance of less than 14 mL/min/Kg equates to less than 20% liver blood flow 

(Table 58).316  The slightly elevated clearance of morpholine 259 with respect to 

oxadiazole 255 and pyridine 260 could be attributed to the lower level of protein 

binding (HSA), which increases exposure towards metabolic enzymes, as discussed 

previously. 

 

Bioavailability (F%) is defined as the ratio of the area under the curve for 

intravenous (IV) and oral administration in in vivo studies.  This value represents the 

level of compound present in the systemic compartment and therefore the percentage 

of the dose available to interact with the target of choice.  Low bioavailability is 

observed for pyridine 260, which may be attributed to poor absorption into the 

systemic circulation, indicated by the low level of compound detected throughout the 

study (area under curve (AUC) value).  This is likely to be due to the low solubility 

of pyridine 260 (50 µg/mL) when compared to the other two analogues examined. 

Interestingly, the low oral absorption does not correlate to MDCK permeability, 

which is high for all three compounds. This demonstrates the limitation of using in 

vitro assays as representative models for in vivo pharmacokinetic profiles. This 

information will be useful for the design of the next iteration of compounds.   

 

Oxadiazole 255 and morpholine 259 show significantly improved bioavailability 

when compared to inhaled compound 247 and, to our knowledge, represents the first 

time good oral bioavailability has been achieved in any PI3Kδ selective inhibitor.  

Furthermore, morpholine 259 is the first bioavailable PI3Kδ inhibitor that possesses 

greater than 20 fold PI3K class I selectivity in our isolated enzyme assays. This then 

represents a significant advance in the design of selective PI3Kδ compounds which 

are suitable for oral administration. 

 

The volume of distribution (Vdss) is a mathematical term derived from measured in 

vivo PK data, and is used to describe the amount of compound present in the blood 



CONFIDENTIAL – DO NOT COPY 

248 
Christopher J Tame 

and tissue at any one time.  A low Vdss defines the compound to be present mainly in 

the blood, whilst a high number would refer to the compound being present mainly in 

the tissues.  This number can help explain the half life of a compound, as it is 

considered that a compound cannot be metabolised (or interact with the target) in the 

tissue.  Accordingly, ‘protection’ from metabolism can prolong the half life.  The 

half lives and volume of distribution correlate well in compounds 247, 255, 259, 260, 

supporting this hypothesis.   

 

The half lives of oxadiazole 255, morpholine 259 and pyridine 260 will likely have 

to be improved in order to satisfy a reasonable once-daily dosing regimen. This could 

be achieved by increasing the lipophilicity of the compounds, which should increase 

their volume of distribution.  Increasing the lipophilicity, however, may negatively 

impact other parameters such as solubility, which is a key descriptor for oral 

absorption.133,138  These factors will need to be closely monitored if this approach 

was adopted, and it is likely that a balance will need to be made between all of these 

factors.  

 

Despite the caveats mentioned above, the promising bioavailability and PI3K class I 

selectivity results led to morpholine 259 being progressed to an in vivo 

pharmacodynamic (PD) study363 to determine its efficacy in a disease relevant animal 

model (Figure 64).   
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Figure 64: Results from a pharmacodynamic study of orally administered 19 in 

Brown Norway rats. (* = p < 0.05). 

 
The study was undertaken on ovalbumin (OVA)–stimulated Brown Norway rats and 

the compound was dosed orally at two levels, 3 mg/kg and 9 mg/kg at 30 min and 24 

hour intervals after the OVA challenge.  Ovalbumin invokes an inflammatory 

response, causing the up-regulation of a range of inflammatory cell types.  This 

replicates the disease state of an asthmatic patient and therefore provides a more 

realistic model with which to investigate the effect of morpholine 259.   

 

The dose was formulated in a 0.5% HPMC/0.2% Tween-80 solution in water and the 

study was run with a control and a standard (Dexamethasone).  After 48 hours the 

259 

259 259
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lungs were washed out with brine, known as a Bronchial Alveolar Lavage (BAL). 

The eosinophil cells were isolated from the collected brine washings and their 

number was determined.  Eosinophils have been shown to be upregulated at the site 

of inflammation, and therefore provide a reasonable marker for measuring the 

possible anti-inflammatory effect of the compound.303   

 

The 3 mg/kg dose shows significant knock-down of eosinophil cells when compared 

to the control, however the 9 mg/kg dose shows no statistically significant inhibition.  

This phenomena has been found in other PI3Kδ compounds investigated by our 

group and the cause is not well understood, but seems to correlate with increased 

dose levels.319 This is considered to be a limitation of the assay rather than of the 

efficacy of the compounds tested, but would need to be investigated further before 

the compound could be progressed towards clinical studies, for example.   

 

The next investigation could involve a dose-response study of morpholine 259 in 

another PD model, perhaps in a different species such as mouse, or with a different 

stimulator, such as bleomycin.  These results would be compared with that of the 

OVA-stimulated Brown Norway rat model presented in Figure 64, which would 

help determine a more realistic representation of the in vivo efficacy of the 

compound. 

 

From consideration of all the above data, morpholine 259 represents the first PI3Kδ-

selective inhibitor with good oral bioavailability and in vivo efficacy tested in our 

laboratories. This is compared to the benchmark set by the orally bioavailable dual 

PI3Kγ/δ dual inhibitor IPI-145, which demonstrates similar levels of in vivo efficacy 

in a similar PD study and is currently undergoing a Phase 2a trial for asthma.318  

 

This study has shown that the pharmacokinetic profile of the existing PI3Kδ series 

has been significantly improved, based on the initial inhaled lead, and represents a 

major breakthrough in the research of an orally active PI3Kδ-selective inhibitor. 

Table 59 compares the oral profiles of the lead inhaled compound 247 with that of 

morpholine 259, highlighting the significant progress made.  The reduction of key 
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physicochemical parameters has correlated well with the improved oral PK profile of 

259, which further supports the literature evidence for this relationship. 

 

The next steps with this series will be to optimise the selectivity profile amongst the 

PI3K class I and wider lipid kinases, as well as the duration of the compound in the 

body, represented as the half life (T1/2). 

 

  

N
H

N

NO

H
N

S
O O

NO

N

O

    
 

Compound number 247 259 
Molecular weight (Da) 513 463 
Chrom LogD pH 7.4 3.3 2.6 

TPSA 135 120 
Aromatic ring count 4 3 
Rotatable bond count 6 5 

PI3Kδ Isolated enzyme (pIC50) 9.1 6.8 
PI3K α, β, γ Isolated enzyme 

(ratio) 
631, 794, 631 25, 63, 50 

PI3Kδ Whole Blood (pIC50) 8.5 6.6 
IVC (rat, mouse, human 
microsomes) (mL/min/g) 1.9, 5.9, 3.2 <0.5, <0.5, <0.5 

Half Life, T ½ (i.v.) (hr) 2.6 1.3 
Clb, (i.v.) (mL/min/Kg) 50.0 14 
Bioavailability, F (%) < 2.0 54 

Vdss (L/Kg) 3.5 1.1 
HSA binding (%) 90 64 

Solubility (µg/mL)  182 185  
MDCK perm. (nm/min) 213 122 

 

Table 59: Comparison of physicochemical properties and oral PK profile of inhaled 

compound 247 and morpholine 259. Data in green highlights the improvements 

made. 

247 259 
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2.5 Summary and next steps 

 

A specific set of dihydroisobenzofuran-containing small molecules has been 

designed and synthesised with the aim of achieving sufficient potency and selectivity 

and delivering a suitable PK profile for oral administration.  These compounds were 

accessed efficiently from the relevant precursor alkynes using ruthenium-catalysed 

[2+2+2] cyclotrimerisation reactions.  These reactions were optimised from literature 

conditions by eradicating the excess of the valuable monoyne component required, 

demonstrating the tolerability of a novel heteroaromatic alkyne substituent, removing 

the requirement of anhydrous and degassed conditions, and incorporating a range of 

environmentally sustainable solvents. 

 

The dihydroisobenzofuran series has shown good levels of potency and encouraging 

degrees of selectivity, which may be enhanced through further optimisation based on 

existing knowledge of a progenitor series of compounds.  The current off-target 

activity at lipid kinases DNA-PK and Vps34 will need to be addressed and may 

again be solved by application of in-house knowledge from previous PI3Kδ 

programmes prosecuted within our laboratories.  

 

Oxadiazole 255, morpholine 259 and pyridine 260 were selected for further study 

and show good activity in a whole blood cellular assay.  The minimal drop off in 

potency between enzyme and cellular assays of morpholine 259 appears to be a result 

of low human serum albumin binding (HSA), which could be attributed to the 

reduced number of aromatic rings when compared to oxazole 255 and pyridine 260.   

 

All three compounds display low clearance in mouse, rat and human IVC studies, 

which was reflected in vivo.  The low bioavailability of pyridine 260 may be a result 

of relatively low solubility, an aspect that should be considered in future design 

processes.  Oxadiazole 255 and morpholine 259 displayed encouraging half-lives, 

however, these may require optimisation to achieve consistency with once daily 

dosing.  It is expected that increasing the lipophilicity may result in a longer half life 

through a higher volume of distribution.  
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Morpholine 259 demonstrates significant knockdown of eosinophil cell recruitment 

in an OVA-challenged PD model at 3 mg/kg dose, underlining the viability of this 

series as orally-active PI3Kδ inhibitors.  This is the first example of an orally 

efficacious PI3Kδ inhibitor with good levels of selectivity over the other PI3K class I 

isoforms when tested in our laboratories. The parabolic dose-response curve is not 

well understood but reflects what has been previously shown to be dose-dependent 

with other classes of PI3Kδ inhibitors.319  Further investigation is necessary to fully 

validate the in vivo efficacy of these compounds in complementary 

pharmacodynamic models.  However, morpholine 259 represents a valuable asset to 

probe the oral activity of PI3Kδ inhibitors against a raft of inflammatory diseases. 

 

Future work should focus on the optimisation of lipid kinase selectivity and PI3Kδ 

potency.  Literature compounds have identified a ‘selectivity pocket’ between Trp 

760 and Met 752, which is considered to be responsible for generating significant 

PI3Kδ specificity.  This could be reached with further elaboration at the 6-position of 

the dihydroisobenzofuran, as demonstrated in the indazole series previously 

identified in our group (Figure 65).321  

 
 

Figure 65: The lipid kinase selectivity of the dihydroisobenzofuran series could be 

improved by accessing the Trp 760 and Met 752 residues, as done with the indazole 

series. 

 

The physicochemical properties of the indazole series have been previously 

optimised by replacing the pyridylsulfonamide moiety with an indole, which 

marginally increases the lipophilicity and reduces the molecular weight by almost 

247 339 
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100 daltons.319  These changes are made whilst maintaining an excellent PI3K class I 

selectivity profile (Figure 66).  Combining the indole moiety with the 

dihydroisobenzofuran may therefore facilitate further improvement in 

physicochemical profile, which could potentially contribute to an improved half-life 

and bioavailability in the series.  
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Figure 66: Rationale for improved lipophilicity and molecular weight by replacing 

the pyridylsulfonamide with an indole moiety. 

 

Examining the physicochemical properties of this series suggests that the predicted 

polar surface area of the new indole-functionalised dihydroisobenzofuran (342) is 

Compound number 104 341 

PI3Kδ (pIC50) 7.3 6.5 

PI3K α, β, γ (ratio) 631, 794, 631 6309, 398, 794 

Mwt 460 375 

cLog P 2.1 3.2 

TPSA 139 86 

Compound number 259 342 

PI3Kδ (pIC50) 6.8 - 

PI3K α, β, γ (ratio) 25, 63, 50 - 

Mwt 463 377 

cLog P 1.6 2.7 

TPSA 120 67 

340 
341 

259 342 
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below the low-level guideline for orally efficacious, non toxic compounds.137  This 

could be increased by incorporating polar groups to re-establish the hydrogen-

bonding interactions made by the sulfonamide analogue. This may have the effect of 

also improving the potency and selectivity profile.  A potentially simpler approach to 

increase the polar surface area could be achieved through the introduction of an aza-

dihydroisobenzofuran (Figure 67).   In principle, this could be accessed using 

cyclotrimerisation methodology with a monoyne and a nitrile-tethered alkyne 

(Figure 68).    

 
 

 

 

 

 

Figure 67: The introduction of an aza-dihydroisobenzofuran for improved TPSA. 

 

 
 

 

Figure 68: Retrosynthetic analysis of 343 utilising a cyclotrimerisation strategy. 

Modifying the sp2 centre at the 6-position with an sp3 centre has also been identified 

as another manipulation of groups at this vector.  An sp3 centre situated here will 

Mwt 378 

cLog P 2.2 

TPSA 79 

343 

343 344 346 

345 
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reduce the planarity of the molecule, which has shown to influence solubility,364,365 a 

property that had a demonstrable effect upon the bioavailability of the series.138  

 

All of these modifications can be efficiently investigated through exploitation of 

alkyne cyclotrimerisation chemistry.  This approach allows the relevant vectors to be 

accessed from simple alkynes in fewer steps than compared to the functionalisation 

of activated phenyl rings. 

 

3 PI3Kγ Inhibitors 

 

3.1 Background 

 

3.1.1 Literature PI3Kγ Inhibitors 

 

The development of a small molecule inhibitor of PI3Kγ has attracted interest from a 

large number of pharmaceutical companies, illustrated by the significant number of 

publications and patents in this area.366  The most advanced compound is the PI3Kγ/ 

δ dual inhibitor IPI-145, which is currently undergoing a Phase II study for 

asthma.367  There are, however, very few publications disclosing the discovery of 

selective PI3Kγ inhibitors.   

 

The most advanced compound in terms of potency and selectivity that has been 

profiled in our laboratories is compound 347 from Shionogi,368 which demonstrates 

at least 100 fold selectivity against all the kinases tested so far.  This includes all 

PI3K Class I and III isoforms and over 20 protein kinases.  This compound has also 

shown good rat oral PK after 1 mg/kg i.v. and 2 mg/kg p.o. dosing (Table 60). 
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Table 60: A selective inhibitor of PI3Kγ discovered by Shionogi. 

 

A solved crystal structure of compound 347 in PI3Kγ is displayed in Figure 69.369  

The results confirm a key hinge binding interaction between the donor-acceptor 

motif of the aminothiazole moiety and Val 882.  Potency is likely to also be derived 

from hydrogen-bonding interactions between the pyrimidine moiety and Lys 833.  

This residue is commonly targeted by PI3Kγ inhibitors, such as the natural product 

wortmannin, which binds irreversibly to Lys 833 (Figure 70).370 The origin of 

selectivity is unclear but could be due to the urea-linked isopropylbenzamide group, 

which the crystal structure suggests is involved in lipophilic interactions distant from 

the hinge.320 

 

PI3Kγ (pIC50) 8.6 Artificial Membrane 
Permeability (nm/sec) 

800 

PI3K α, β, δ (ratio) 7943, 501, 501 MDCK Permeability 
(nm/sec) 

565 

Mwt 498 CLND Solubility (μg/mL) 13 

Chrom LogD pH 7.4 5.5 HSA (%) 95 

cLog P 4.3 Bioavailability (F%) 51 

TPSA 131 Half-life (T1/2) 5.0 

Aromatic ring count 3 Clb (mL/min/kg) 7.5 

Rotatable bond count 7 Vdss (L/kg) 2.3 

347 
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Figure 69: A solved crystal structure of PI3Kγ and 347 to 2.9Å.369 

 

 
 

Figure 70: Crystal structure of wortmannin irreversibly bound to PI3Kγ.370  

 

The main potential issues associated with this compound include the high molecular 

weight, high lipophilicity and low solubility, which attrition studies have predicted to 

increase the risk of undesirable developability issues as an orally administered 
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compound.136,138  This compound also contains aminothiazole and aniline moieties, 

which are known toxicophores, features which are not attractive in a development 

compound.371  

 

The low solubility may also be undesirable for inhaled delivery, as this can 

exacerbate the build up of foamy macrophages – inactive immune cells formed from 

the excessive consumption of particulates as described in the introduction.  These 

foamy macrophages can initiate inflammation of the lung, causing other 

inflammatory mediators and cell types to be up-regulated to the site of infection.  

This would cause the opposite pharmacological effect to that which is desired. 

 

The origin of the difficulties in achieving both selectivity and developability is that 

only three residues are exclusive to the PI3Kγ active site amongst the class I 

isoforms.372 In order to achieve selectivity, an inhibitor must interact more 

favourably with residues in the desired active site than in others.  Therefore, 

interaction with the three unique residues in PI3Kγ is likely to be important for 

optimal selectivity. These residues are Thr 886, Lys 802 and Lys 890 which are 

located on the periphery of the active site, distanced from the hinge region where 

interactions are typically required for an ATP competitive inhibitor (Figure 71).320   

 

 
Figure 71:  The varying residues present amongst the PI3K Class I isoforms.320   

 

Reaching this region from the hinge therefore requires large molecules, and 

consequently many of the reported compound classes possess undesirable properties 

for either oral or inhaled administration routes.366  The current difficulty in accessing 

Lys 802 
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a selective and developable PI3Kγ inhibitor allows competitive research in this area 

to remain viable.   

 

3.1.2 PI3Kγ inhibitors identified in our laboratories 

 

Previous investigations in our laboratories identified a class of compounds which 

exploit a key interaction between a pyridone carbonyl and the Valine 882 residue at 

the hinge.373 An example of this series and its associated PI3K class I selectivity 

profile is displayed in Table 61. A crystal structure of an exemplar compound is also 

shown in Figure 72.374  

 
 

348 

PI3K γ (pIC50) 7.0 

PI3K α, β, δ (pIC50) 5.4, <4.6, 6.1 

10 protein kinases (pIC50) < 5.0 

MW 389 

cLogP 4.3 

Chrom LogD pH 7.4 5.1 

TPSA 69 

Ar Ring Count 4 

CLND Solubility (µg/mL) 11 

Artificial Membrane Permeability (nm/sec) 160 

 

Table 61: The PI3K class I isoform enzyme affinity and physicochemical properties 

for a previously optimised internal series of PI3Kγ inhibitors.375 

 

348 
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Figure 72:  A crystal structure of PI3Kγ and inhibitor 348, solved to 2.3Å.374  

 

Benzimidazole 348 exhibits reasonable potency against PI3Kγ whilst showing no 

measurable affinity towards PI3Kβ or a range of unrelated protein kinases.  

However, optimisation is required at PI3Kα and δ to achieve the required selectivity 

window of 100 fold necessary for further development of this chemical series.   

 

Earlier optimisation efforts by our research team identified a carboxylic acid-

containing molecule that exhibited improved selectivity against PI3Kδ and improved 

solubility (Table 62), but with significantly reduced permeability.373  
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Table 62:  The potency and selectivity profile is improved when replacing the 

dimethylbenzimidazole moiety with a 4-aminobenzoic acid moiety.  

 

The data generated to date indicate that the structure activity relationships (SAR) 

correlate well between the benzimidazole and aniline templates, which is exemplified 

by benzimidazole 348 and carboxylate 349, respectively.   The aniline is accessed 

from robust synthetic chemistry methodology, which can facilitate rapid synthesis 

and testing cycles during the optimisation campaign.  Subsequent medicinal 

chemistry efforts will therefore utilise the aniline, which can be replaced with the 

benzimidazole once the molecule is optimised, so as to avoid any potential toxic 

metabolism of anilines in the body.376 

 

Attempts to obtain X-ray crystallography data of carboxylate 349 were unsuccessful. 

However, molecular modelling predicted the acidic residue to interact with the lysine 

and threonine residues unique to PI3Kγ (Figure 71).320 The improved selectivity 

over PI3Kδ can be rationalised when the residues in this region of the kinase are 

compared.  PI3Kδ possesses an aspartate (Asp) residue, which would not interact 

349 

PI3Kγ (pIC50) 7.4 

PI3Kα, β, δ (pIC50) 5.0, <4.5, 5.7 

CLND Solubility (µg/mL) 132 

Artificial Membrane 

Permeability (nm/sec) 
3.0 

349 
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favourably with the carboxylate moiety 349, whereas threonine (Thr) 886 in PI3Kγ 

could potentially form a favourable hydrogen-bonding interaction.  

 

 
Figure 71:  A solved crystal structure for PI3Kγ was used to develop models of the 

other PI3K class I isoforms.320  

 
This carboxylic acid-containing pyridone represented the most advanced molecule in 

this programme within our laboratories, due to the improved selectivity profile it 

exhibited; however the potency at PI3Kγ still required extensive optimisation. 

 
The objective of this research was to develop a safe and efficacious small molecule 

inhibitor of PI3Kγ for the treatment of asthma.  Topical administration presented the 

best opportunity to expediently investigate this aim, as the action of the drug is 

targeted at the diseased tissue and systemic toxicity is limited (explained previously 

in Chapter 1).  The PK and PD profiles of existing compound series within our 

laboratory were therefore optimised to complement the inhaled route of 

administration. 

 

The target profile for an inhaled inhibitor of PI3Kγ is shown in Table 63.  The high 

potency requirements at PI3Kγ would allow the desired therapeutic effect to be 

achieved with a minimal dose, which is expected to minimise irritation in the lung. 
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Target values for an inhaled PI3Kγ inhibitor 

PI3Kγ (pIC50) >9 

PI3Kα, β, δ 100 fold selective 

General kinase selectivity 100 fold selective 

Solubility (µg/mL) >100 

Permeability (nm/sec) >100 

 

Table 63:  The key requirements for an inhaled PI3Kγ candidate molecule. 

 

The potency and selectivity levels required for a PI3Kγ clinical candidate molecule 

are much higher than those exhibited by the pyridone series.  The aim of accessing 

these levels is expected to be achieved through irreversibly binding to a residue in 

the PI3Kγ active site.  Based on consideration of molecular modelling studies, the 

carboxylic acid moiety of compound 349 was predicted to interact with Lys 890, so 

conversion of this acid to a cell-hydrolysable ester would be anticipated to afford a 

selective covalent inhibitor.   

 

Covalent inhibition of lysine residues with electrophilic esters had been recently 

demonstrated in other biological targets, and provided an opportunity to overcome 

the potency and selectivity requirements of the series (Scheme 129).377  Initial work 

would focus on optimising the location of the carboxylic acid moiety before 

conversion to a suitable acylating agent. 

 
 

Scheme 129:  The design of an irreversibly bound inhibitor through covalent 

interaction with a lysine residue in PI3Kγ has the aim of achieving the high potency 

levels required. 

 

350 

351 

352 
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Irreversible inhibition has seen a resurgence of interest within medicinal chemistry 

research as a method of identifying leads for challenging biological targets.378  The 

main advantage of irreversible inhibition is the complete deactivation of a biological 

target. A potential disadvantage to this approach is off-target activity, for which 

covalent modification could enhance any unwanted side-effects. 

 

In designing a covalent inhibitor, it is important to balance the level of 

electrophilicity of the ligand so that it can only undergo irreversible inhibition once 

selectively bound in the active site of the target of choice.  If this is achieved the 

resulting selectivity profile will also be excellent.   

 

Scheme 130 presents the kinetic profile of an irreversible inhibitor.  The reversible 

inhibition of ligand (L) and protein (P) to form the bound complex (LP) is governed 

by the rate constants k1 and k-1, whilst irreversible inhibition to form inactivated 

protein (LP*) is governed by k2.  If k2 is fast, the irreversible inhibition will readily 

occur and is likely to cause off-target activity.  If k2 is slow then the ligand can 

exhibit selectivity towards the desired active site before undergoing covalent 

inhibition, which would dramatically improve the activity profile against other 

biological targets. 

 

 

 

 
 

 

 

 

Scheme 130: The kinetic profile of an irreversible inhibitor. 

 

 

 

L+P LP LP* 
k1 

k-1 

k2 

Reversible Inhibition 

Irreversible Inhibition 
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3.2 PI3Kγ research aims 

 

The aim of this research was to optimise the potency and PI3K class I selectivity 

profile of a series of carboxylic acid-containing reversible PI3Kγ inhibitors. 

Specifically, this was to optimise the location of the carboxylic acid moiety with 

respect to nearby lysine residues unique to PI3Kγ.  Key compounds which exploited 

this interaction were then planned to be used as leads to be further optimised as 

irreversible inhibitors of PI3Kγ.  These compounds were expected to covalently bind 

to the appropriate lysine residue of PI3Kγ by replacing the carboxylic acid moiety 

with an electrophilic ester.  

 

The use of irreversible inhibition had the aim of achieving sufficient potency for in 

vivo efficacy, whilst targeting a nucleophilic residue specific to PI3Kγ was designed 

to achieve PI3Kγ selectivity.  To help reduce the potential toxicity associated with 

off-target effects of irreversible inhibitors and to increase the chances of achieving 

suitable efficacy in vivo, the PK profile was designed for inhaled administration. 

 

3.3 Methodology 

 

3.3.1 Medicinal chemistry 

 

Optimisation of the carboxylic acid was attempted by varying the location it occupies 

in the active site and its electronic nature.  A range of carbon linkers at the para- and 

meta-positions of the phenyl ring were examined to investigate the optimum location 

of the acid (Figure 73).  This probed the protein for improved interactions with the 

desired threonine and lysine residues unique to PI3Kγ.  Both saturated and 

unsaturated chains were included to assess the effect of rigidity and entropic strain in 

this region of the protein. 
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Figure 73: The optimisation of the carboxylate motif through variation in chain 

length and aniline substitution pattern. 

 

Substituents were also introduced ortho to the benzoic acid moiety in order to adjust 

the electronic nature of the acid and, therefore, the potential interaction with the 

protein.  Substituents of differing electronic and steric nature were selected to 

investigate how variation of pKa and dihedral angle may influence ligand-protein 

interactions.  An example of this is shown in Figure 74. 

 

 

 

 

 

 

 

 

Flat, no electronic effect  Flat, EWG            Perpendicular, EWG 

 

Figure 74: The orientation and electronics of the carboxylic acid moiety can be 

modified by varying the ortho-substituents. 

 

The dihedral angle for a range of ortho substituents, as well as the pKa of the acid 

were calculated (Table 64).  The dihedral angles were calculated from energy 

minimisations using the molecular modelling program, MOE379 and the 

corresponding pKas were calculated using the ACD predictor.380 

2-Chlorobenzoic acid Benzoic acid 2-Fluorobenzoic acid 

353 354 
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Compound Number X Dihedral angle (°) ACD v11 pKa 

349 H 0.1 4.3 

355 F 15.7 3.4 

356 Cl 48.3 3.0 

357 Me 33.3 3.9 

358 OMe 45.9 4.2 

359 Br 52.2 2.7 

360 NH2 0.0 4.4 

361 NHMe 0.0 1.9 

 

Table 64: The calculated dihedral angles and pKa values for the carboxylate moiety 

of a variety of ortho-substituted compounds. 

 

These substituents provide a range of dihedral angles and acidities, which was 

anticipated to provide useful SAR for carboxylate modification.  The ortho-

methylamine containing derivative (361) interestingly provides a low pKa value 

which could be a result of its zwitterionic nature (Figure 75). 

 
 

Figure 75: The zwitterionic nature of 361 is expected to cause the low calculated 

pKa value 

361 
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3.3.2 Synthetic chemistry 

 

The synthetic route towards the amide-linked benzoic acids required two to three 

steps and exploited the extensive commercial availability of aminobenzoic acid 

analogues.  This facilitated rapid construction of a range of analogues for structure-

activity relationship (SAR) exploration (Scheme 126).  The chemistry to access 364 

was enabled previously within our laboratories and is well-validated.373 A range of 

conditions were utilised to access the appropriate amides and some required 

subsequent hydrolysis, depending on the nature of the starting materials. 

 
 

 

Scheme 131: The synthetic route used to access the ortho-substituted carboxylic acid 

targets. 

 

 

Pd catalysed 
cross-coupling 

Amide coupling 
with either        

R = H or Alkyl 

Hydrolysis if  
R = Alkyl 

363 

362 364 

365 

366 

367 
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3.4 Results and discussion 

 

3.4.1 Synthetic chemistry 

 

The common intermediate 364 was accessed in one step from the commercially 

available pyridone 362 in 85% yield via palladium-catalysed cross-coupling with 

boronic acid 363 (Scheme 132).381 

 
 

Scheme 132: Palladium-catalysed cross coupling of bromopyridone 362 with aryl 

boronic acid 363. 

 

The synthesis of compounds 349 and 370-373 was undertaken by another member of 

our laboratory, who utilised parallel reaction and purification techniques to facilitate 

their expedient synthesis.382  This afforded the desired products with yields ranging 

15-40% (Scheme 133).  The requisite meta-benzoic acid (369) was accessed from 

oxalyl chloride-mediated acyl chloride formation, followed by reaction with 3-

aminobenzoic acid (368, Scheme 134).  

 

 

 

Na2CO3 (2 eq),  
Pd(PPh3)4 (3 mol%), 

20% H2O in EtOH (0.1 M) 
90 °C, 4 h, 85%. 362 

363 

364 
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Scheme 133: HATU-mediated amide coupling of carboxylic acid 364 with a range 

of commercially available anilines.382  R = H or alkyl. 

 
 

 

Scheme 134: Meta-functionalised benzoic acid 369 was accessed from the acid 

chloride intermediate by treatment of 364 with oxalyl chloride and DMF. 

 

The yields and isolated enzyme affinities are shown for the PI3K class I isoforms in 

Table 65.  The results show that all compounds are tolerated in the active site, which 

is encouraging when considering the incorporation of bulky esters in this region for 

covalent inhibition.  All examples show a degree of erosion of selectivity against 

PI3Kα and β when compared to the original lead 349, however many of these values 

remain above the acceptable 200-fold level.  There is no evidence of significant 

change in the selectivity profile against PI3Kδ, which suggests that the selectivity of 

349 may not be attributable to specific hydrogen-bonding interactions with the 

protein.  This provides optimism that the selectivity profile can be improved by 

enhancing the interactions between the ligand and the protein in this region. 

i) HATU (1 eq), DIPEA (2 eq), 
DMF , r.t., 18 h. 
ii) for 128-131: 

2 M NaOH (aq), DMF,  
r.t., 2 h, 15-40%. 

(1 equiv) 

i) (COCl)2 (1.2 eq), 
DMF (cat.), THF, r.t. 

ii) Amine (1.1 eq), 
DIPEA (2 eq), 0 °C, 74%. 

364 349 and 370-373 

129 

364 

368 

369 
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Compound 

number 

Isolated 

yield 

PI3K isoform isolated enzyme 

γ (pIC50) α (ratio) β (ratio) δ (ratio) 

349 22% 7.4 251 >794 50 

369 74% 6.8 50 200 63 

370 16% 7.0 200 >316 50 

371 40% 7.1 63 >398 40 

372 15% 7.2 79 >501 40 

373 29% 7.0 126 - 10 

 

Table 65: The yields and PI3K class I isolated enzyme data for a series of carboxylic 

acid-containing PI3Kγ inhibitors. 

 

349 369 

370 
371 

372 373 
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A number of different approaches were utilised to access the different ortho-

substituted benzoic acids depending on the commercial availability of the aniline 

monomers.  The fluoro- and chloro-containing anilines were available as benzoic 

acids and their reasonable solubility in THF facilitated formation of the products via 

in-situ acid chloride generation of the pyridone core with oxalyl chloride and 

catalytic DMF (Scheme 135).383  Subsequent purification via mass directed 

chromatography (MDAP) afforded the desired products in low yields.   

 

 
 

 

Compound number X Yield 

355 F 5% 

356 Cl 18% 

 

Scheme 135: Oxalyl chloride-mediated formation of anilines 355 and 356 in low  

yields. 

 

Through analysis of the reaction mixture by LCMS, it was observed that the acid 

chloride decomposed to the starting material during addition of the aniline 

monomers, which is likely to be responsible for the low yields.  This could 

potentially be attributed to anhydride formation between the acid chloride (375) and 

the benzoic acid starting material (374) (Scheme 136).  Upon LCMS analysis or 

work-up procedures, the anhydride would hydrolyse to afford two molecules of 

starting material.    

 

i) (COCl)2 (1 eq.),  
DMF (0.01 mmol), THF, r.t. 

ii) Amine (1 eq.), 
DIPEA (3 eq.) 

374 

364 355-356 

(1 equiv) 
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Protecting the carboxylic acid as the methyl ester would circumvent any anhydride 

formation, thereby potentially optimising the reaction conversion. This is the most 

straightforward method of optimising the reaction as it relies on robust esterification 

and ester hydrolysis transformations.  The disclosed route was used due to the 

reduced number of synthetic steps, which offers greatest synthetic expediency.  

These reactions were also undertaken on a sufficient scale to afford appropriate 

amounts of the target compounds for biological screening.  

 

 
 

Scheme 136:  Anhydride formation could be responsible for the low reported yields 

when executing amide couplings with aminobenzoic acids. 

 

In addition to potential side reactions, the low aqueous solubility of the products may 

also be responsible for the low recovery observed. Precipitation during reverse-phase 

chromatography is likely with poorly-soluble compounds, which would hamper 

efficient recovery of material.  This could be overcome by utilising normal-phase 

purification techniques, which are more likely to maintain compound dissolution. 

Aqueous 
work-up 

374 

375 376 

364 374 
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Future work in this area should involve investigation in to protection of the acid and 

the development of chromatography for improved reaction yields. 

 

The methyl and methoxy ortho-substituted targets (357 and 358) were accessed by 

another member of our laboratory, who applied HATU-activated amide coupling 

conditions followed by aqueous sodium hydroxide-mediated hydrolysis to access the 

desired targets (Scheme 137).382 

 
 

 

Compound number X Overall Yield 

357 Me 3% 

358 OMe 8% 

 

Scheme 137: HATU-mediated amide formation of 357 and 358.382 

 

The isolation procedure of targets 357 and 358 involve hydrochloric acid-mediated 

neutralisation followed by evaporation of the volatiles.  The resulting crude gum is 

then taken up in a minimal amount of DMSO and purified by reverse phase mass-

directed chromatography.  This procedure does not remove the large excesses of salt 

produced during neutralisation, which may hamper solubility during automated 

injection onto the column.  This could contribute towards the exceptionally low 

yields observed.  As with previous examples 355 and 356, the low overall yields seen 

with 357 and 358 could also be due to the low solubility of the intermediates and 

products, for which optimisation of reaction solvent and chromatography eluents 

may help improve. 

 

i) HATU (1 eq), 
DIPEA (2 eq), DMF, 

r.t., 18 h. 
ii) 2 M NaOH (aq),  

DMF, r.t., 2 h. 
 

(1 equiv) 

364 

374 

357-358 
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Correspondingly, the formation of bromo-functionalised product 359 utilised 

aqueous work-ups after both amide coupling and ester hydrolysis steps (Scheme 

138).  The overall yield of 17% is at least double that of targets 357 and 358, 

supporting the removal of salts before undertaking chromatographic techniques.  

Other contributing factors to the improvement of yield could include the marginal 

excess of aniline 377 and HATU starting materials used, as well as the elevated 

temperature of hydrolysis.  The yield is expected to improve further if the reaction 

solvent and chromatographic eluents are optimised. 

 
 

Scheme 138: The formation of bromo-functionalised target 359. 

 

The formation of the primary amine-containing product 360 proved particularly 

challenging.  The commercially available methyl ester failed to react with the acid 

chloride of the pyridone core or undergo HATU-mediated amide coupling.  The 

product was eventually accessed from the isotoic anhydride (379) (Scheme 139).  

Although very insoluble, the isotoic anhydride intermediate (380) could be prepared 

via HATU-assisted amide coupling in DMF.  In situ hydrolysis of the intermediate 

HATU (1.1 eq), 
 DIPEA (4 eq),  

DMF, r.t., 16 h, 34%. 

(1.1 equiv) 

364 

377 

378 
2 M NaOH (aq),  

DMF, 50 °C,  
16 h, 50%. 

 

359 
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anhydride furnished the product in 1% overall yield.  Whilst this is an extremely low 

yield it provided enough material to be submitted for biological screening.  The poor 

solubility of the product may not only rationalise the low yield but also be indicative 

of properties not compatible in the context of a biological system. 

 
 

Scheme 139:  Masking the α-amino benzoic acid as an isotoic anhydride was 

required to access 360. 

 

The methylamine-functionalised aniline was not commercially available, either as 

the benzoic acid or its methyl ester.  It has been shown that SNAr of activated 

aromatic fluorine derivatives with a range of aliphatic amines can be achieved at 

elevated temperatures.384  The poor yield obtained from accessing fluoro 355 (5%) 

prompted an alternative route to be devised.  The methyl ester analogue 382 was 

accessed via HATU-mediated amide coupling in a similar manner to that previously 

described, although disappointingly at an even lower yield than with the benzoic acid 

HATU (1.2 eq.), 
DIPEA (3 eq.), DMF 

(0.1 M), r.t., 16 h. 

10 M NaOH (aq), 
r.t.,  

15 min, 
1% overall yield. 

(1.1 eq.) 

364 380 

379 

360 
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analogue (3%) (Scheme 140).  Screening a range of alternative amide coupling 

reagents is expected to identify an optimal protocol to improve the yield of this 

reaction.  This, however, was not required, as sufficient intermediate was isolated to 

access the desired target 361.  Subsequent optimisation could be attempted if 

warranted based on the biological data of the compound. 

 

Nucleophilic displacement of fluoro 382 with methylamine afforded  383 in 49% 

yield. Subsequent hydrolysis to access the desired benzoic acid 361 gave a yield of 

81% in the last step.  1,4-Dioxane replaced DMF as solvent for the hydrolysis due to 

the improved solubility of reactants observed in the previous step.  

 

 
 

 

Scheme 140: SNAr of fluoro 382 successfully accessed methylamine 383, which 

afforded the desired target 361 after base-mediated ester hydrolysis. 

HATU (1.2 eq), 
DIPEA (4 eq), 

DMF (0.1 M), r.t., 
16 h, 3%. 

33% NHMe  
(aq, 1 eq) Dioxane, 
 120 °C, 5 h, 49%. 

2M  NaOH (aq), 
Dioxane, 

 
50 °C, 5 h, 81%. 

364 

381 

382 

383 361 

(1.1 eq.) 
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3.4.2 Medicinal chemistry 

 

The isolated enzyme data for the PI3K class I isoforms are presented in Table 66. 

The data generated indicated that improvements were observed for both potency and 

selectivity profiles of PI3Kγ.  Pleasingly, all compounds exhibit in excess of 100-

fold selectivity for PI3Kγ over PI3Kδ, apart from 119 and 125.  This represents the 

first time 100-fold selectivity has been achieved over PI3Kδ with this series of 

compounds, a significant finding given the level of homology between the active 

sites of the kinase. 

 

Compound 

number 

Ortho 

Substituent 

PI3K isoform isolated enzyme 

γ (pIC50) α (ratio) β (ratio) δ (ratio)

349 H 7.4 251 >794 50 

355 F 7.5 63 >794 25 

356 Cl 7.9 251 >1258 200 

357 Me 7.5 501 >1000 200 

358 OMe 7.8 794 >1995 631 

359 Br 7.4 398 >1584 794 

360 NH2 7.6 200 >1258 200 

361 NHMe 6.8 159 >200 20 

 

Table 66: Ortho-substituted benzoic acids represent the first time 100-fold 

selectivity over the other PI3K class I isoforms has been achieved. 

 

The excellent selectivity over PI3Kδ is illustrated in Figure 76 and indicates chloro 

356, methoxy 358 and bromo 359 to exhibit the best selectivity profiles for the PI3K 

class I isoforms. 
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Figure 76: Isolated enzyme affinity at PI3Kγ and PI3Kδ are compared for a range of 

ortho-substituted benzoic acids. 

 

The methoxy-substituted compound 358 represents the most selective PI3Kγ 

inhibitor identified in our laboratories at the time of synthesis and in Table 67 is 

compared with the a literature compound 347 from Shionogi.368 Methoxy 358 is 

more selective over PI3Kβ and PI3Kδ than the competitor compound 347 and 

therefore exhibits the largest selectivity window of any PI3Kγ inhibitor over PI3Kδ 

in our hands.  This is a significant development when considering that 347 is the only 

compound in the literature to demonstrate a 100 fold selectivity window when 

profiled in our assays.   
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Table 67: The comparison of 358 with competitor compound 347. 

 

Methoxy 358 also possesses improved solubility, which is likely to be due to the 

polarity and hydrogen-bonding capability of the carboxylic acid functionality.  

However, this motif is also likely to be responsible for the poor permeability 

observed.  The development of methoxy 358 into an irreversible inhibitor will 

involve the conversion of the carboxylic acid to an electrophilic ester, which will 

affect the solubility and permeability values.  It will therefore be more valuable to 

address the optimisation of these properties as carboxylic esters. 

 

The potencies of the compounds were compared with their pKa values and dihedral 

angles in an attempt to rationalise the structure-activity relationships observed.  In 

order to facilitate this analysis the pKa values for each compound were measured,385 

which display excellent correlation with the calculated values (Figure 77).  This 

provides confidence in the use of pKa calculations for iterative design of acids in this 

series. 

Compound number 347 358 

PI3Kγ (pIC50) 8.6 7.8 

PI3K α, β, δ (ratio) 7943, 501, 501 1794, 1995, 630 

TPSA 131 116 

No. of aromatic rings 3 3 

Solubility (μg/mL) 13 216 

Artificial membrane 
Permeability (nm/sec) 

800  10  

358 347 
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Figure 77:  A strong correlation is observed between calculated and measured pKa 

values for the acid series. 

 

Potency data for PI3Kγ and δ has been compared with the measured pKa values and 

dihedral angles of the compounds and are presented in Figures 78 and 79, 

respectively.  Neither of these parameters shows any correlation with potency at 

either isoform, suggesting another explanation is needed for the exhibited potencies 

and selectivities observed within this sub-series. 

 
 

Figure 78: No correlation is observed between PI3Kγ or δ isolated enzyme potency 

and measured pKa values. 
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Figure 79: No correlation is observed between PI3Kγ or δ isolated enzyme potency 

and the calculated dihedral angle of the carboxylate moiety. 

 

An X-ray crystal structure of methoxy 358 in PI3Kγ has been solved to 3.2 Å 

resolution and is displayed in Figure 80.  Whilst electron density is observed for the 

acid, there are no obvious interactions with the protein, which is consistent with the 

observed SAR.  Figure 80 measures the length between the carboxylate and 

Threonine 886 to 3.2 Å; a suitable distance for hydrogen bonding to occur. However, 

efforts to optimise the distance of the acid from the core showed no significant 

change in potency or selectivity profile, suggesting that this interaction is not 

important for this template. 
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Figure 80: A solved X-ray crystal structure of methoxy 358  in PI3Kγ does not show 

any specific interactions between the carboxylic acid moiety and the protein. 

 

3.5 Summary and next steps 

 

The potential differences in role of PI3Kδ and γ in a range of lymphocytes provides 

an opportunity for differentiated modification of airway inflammation through 

selective inhibition of each biological target.  Previous studies in our laboratories 

have struggled to develop suitable potent and selective PI3Kγ inhibitors, which 

prompted investigation into selective covalent modification of PI3Kγ. 

 

Lead compound carboxylate 349 was predicted to form key acidic interactions with a 

polar region unique to PI3Kγ372 and was investigated for optimisation of potency and 

selectivity.  A selection of optimised molecules were then planned to be developed 

into electrophilic esters with the aim of covalently interacting with Lysine 890, a 

residue unique to PI3Kγ. 

 

An effort to gain new interactions with protein residues distant from the hinge region 

was attempted by increasing the length of the linker between the aniline and 

carboxylate moieties.  This gave no improvement in overall potency or selectivity 

358 
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profiles, indicating that no specific interactions are being made between the 

carboxylic acid and this region of the protein.   

 

Altering the substituent ortho to the carboxylate gave minor improvements in 

potency and for the first time displayed 100-fold selectivity against PI3Kδ within our 

laboratories.  In addition, methoxy 358 represents the most selective PI3Kγ inhibitor 

to date, and is therefore a valuable asset which will be of potential utility in exploring 

the biology of PI3Kγ-selective ligands. 

 

Attempts to correlate the SAR with the electronic nature or orientation of the acid 

were unsuccessful.  A subsequently solved X-ray crystal structure of methoxy 358 

also showed no significant interactions with the protein and the carboxylate moiety at 

this level of resolution.  These observations suggest that there may be another reason 

for the observed potency and selectivity profiles of these compounds, which as yet 

remains unclear. 

 

The tolerance of larger substituents and apparent flexibility in this region of the 

protein supports the feasibility of incorporating bulky esters for covalent inhibition.  

The results from the optimisation of the acid moiety show no sustained interactions 

with Lys 890.  This is not a concern for covalent inhibition because the irreversible 

nature of interaction with the protein will drive the equilibrium of interaction towards 

the covalently-bound complex over time.  A range of precursors with varying activity 

and selectivity profiles (and therefore varying interactions with the protein) was 

considered to offer the most effective staring point to explore the covalent approach. 

 

Accordingly, the four examples of carboxylic acid-containing motifs displayed in 

Figure 81 could be targeted for investigation as covalent inhibitors. Compounds 349, 

358, and 369 provide a variety of vectors which the carboxylate projects, whilst 

compound 384 provides an example with an alternative benzimidazole core.   
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Figure 81: The four cores selected for further investigation as irreversible inhibitors 

of PI3Kγ. 

 

The electrophilic component of the molecules could be composed of the three 

electrophilic esters (385-387) highlighted in a recent publication detailing their 

successful covalent modification of lysine residues (Figure 82).377  The more 

structurally simple ethyl ester 388 will also be investigated to provide a simple 

alternative to the other examples. 

 
 

Figure 82: The four esters to be incorporated onto the cores displayed in Figure 81. 

 

To summarise, this research has identified the first orally efficacious PI3Kδ-selective  

inhibitor in our laboratories and a sufficiently-selective PI3Kγ inhibitor to facilitate 

subsequent studies in the identification of a covalent PI3Kγ inhibitor.  These 

advancements can be used to improve the understanding of the role of PI3Kδ and γ 

in a range of inflammatory diseases by both oral and inhaled routes of 

administration.  These developments provide encouragement that therapies of 

respiratory inflammation with improved safety and efficacy is possible through 

selective modification of PI3Kδ and γ. 

 

 

 

388 

349 369 358 384 

387 386 385 



CONFIDENTIAL – DO NOT COPY 

288 
Christopher J Tame 

Experimental 

 

1 General experimental procedures 

 
Unless otherwise stated, all solvents and reagents were purchased from Sigma-

Aldrich and used as received.  Reactions were monitored by LCMS using an Agilent 

A1100 series utilising UPLC BEH C18 1.7 μm column (50 mm x 2.1 mm) at 40 °C 

and analysed with electron spray ionisation (ESI). 1H NMR spectra were recorded on 

a Bruker Spectrospin spectrometer at 400 or 600 MHz and 13C NMR spectra were 

recorded on a Bruker Spectrospin spectrometer at 101 MHz.  The NMR data are 

reported relative to internal DMSO (1H, δ = 2.50 ppm and 13C, δ = 39.5 ppm) or 

chloroform (1H, δ = 7.26 ppm and 13C, δ = 77.0 ppm)  Data for 1H NMR spectra are 

reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), 

integration). Multiplicity and qualifier abbreviations are as follows: s = singlet, d = 

doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent.  Infra-red 

spectroscopy was obtained from solid or pure liquid samples using a Perkin-Elmer 

Spectrum One Fourier-Transform infra-red spectrometer with an attenuated total 

reflectance (ATR) accessory.  IR values are reported in frequency of absorption (cm–

1).  Only the major absorbances are listed.  High resolution mass spectra (HRMS) 

were recorded on a Micromass Autospec 500 OAT spectrometer. HRMS were 

recorded by Bill Leavens, Analytical Chemistry Mass Spectrometry Department, 

GSK, Stevenage. Only the major peaks are listed.  Melting point (m.p.) analysis were 

recorded on a Bibby Scientific STUART SMP40 automatic melting point apparatus.  

Microwave reactions were carried out using a Biotage Initiator microwave with a 

Biotage 60 autosampler. All animal studies were ethically reviewed and carried out 

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

the Care, Welfare and Treatment of Animals 

 

Liquid Chromatography Mass Spectrometry (LCMS) Methods 
 
Method A: 
 
The UPLC analysis was conducted on an Acquity UPLC BEH C18 column (50 mm 
x 2.1 mm i.d. 1.7 μm packing diameter) at 40 °C.  The solvents employed were: 
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A = 0.1% v/v solution of Formic Acid in Water. 
B = 0.1% v/v solution of Formic Acid in Acetonitrile. 
 
The gradient employed was: 
 

Time (min) Flow Rate 
(ml/min)

% A % B 
 

0 1 97 3 
1.5 1 0 100 
1.9 1 0 100 
2.0 1 97 3 

 
The UV detection was a summed signal from wavelength of 210nm to 350nm. 
 
MS Conditions 
MS : Waters ZQ 
Ionisation mode : Alternate-scan Positive and Negative Electrospray 
Scan Range : 100 to 1000 AMU 
Scan Time : 0.27 seconds 
Inter scan Delay : 0.10 seconds 
 
 
Method B: 
 
The UPLC analysis was conducted on an Acquity UPLC BEH C18 column (50 mm 
x 2.1 mm i.d. 1.7 μm packing diameter) at 40 °C.  The solvents employed were: 
A = 0.1% v/v solution of Ammonium Bicarbonate in Water. 
B = 0.1% v/v solution of Ammonium Bicarbonate in Acetonitrile. 
 
The gradient employed was: 
 

Time (min) Flow Rate 
(ml/min)

% A % B 
 

0 1 97 3 
1.5 1 0 100 
1.9 1 0 100 
2.0 1 97 3 

 
The UV detection was a summed signal from wavelength of 210 nm to 350 nm. 
 
MS Conditions 
MS : Waters ZQ 
Ionisation mode : Alternate-scan Positive and Negative Electrospray 
Scan Range : 100 to 1000 AMU 
Scan Time : 0.27 seconds 
Inter scan Delay : 0.10 seconds 
 



CONFIDENTIAL – DO NOT COPY 

290 
Christopher J Tame 

2 Experimental procedures for RGD integrin antagonists 

 

7-((4,5,6,7-Tetrahydro-2H-pyrazolo[4,3-c]pyridin-2-yl)methyl)-1,2,3,4-

tetrahydro-1,8-naphthyridine (22) and 7-((4,5,6,7-tetrahydro-1H-pyrazolo[4,3-

c]pyridin-1-yl)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine (23)  

 

 
 

To a stirred solution of tert-butyl 6,7-dihydro-1H-pyrazolo[4,3-c]pyridine-5(4H)-

carboxylate (1.71 g, 7.64 mmol) in DMF (70 mL) was added sodium hydride (60% 

w/w dispersed in mineral oil, 0.458 g, 11.5 mmol) portionwise at 0 ºC over nitrogen.  

The mixture was then stirred for 20 min at 0 ºC. To the mixture was added a solution 

of tert-butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate 

(2.50 g, 7.64 mmol) in DMF (7 mL) dropwise at 0 ºC under nitrogen.  The flask was 

then removed from the cooling bath and stirred at room temperature for 16 h.  To the 

mixture was added aqueous lithium chloride solution (1% w/v, 200 mL) and EtOAc 

(200 mL) was added the separated aqueous phase was extracted twice with EtOAc (2 

x 200 mL).  The combined organics were washed with aqueous lithium chloride 

solution (1% w/v, 200 mL) then passed through a hydrophobic frit and the filtrate 

was concentrated under reduced pressure to afford a crude solid.  To a stirred 

solution of the crude solid in MeOH (75 mL) was added a solution of HCl in 1,4-

dioxane (4 M, 10.7 mL, 42.6 mmol) dropwise at room temperature under nitrogen.  

The mixture was stirred at room temperature for 16 h.  The mixture was then 

neutralised with saturated aqueous sodium bicarbonate solution.  To the mixture was 

added EtOAc (200 mL) and water (200 mL) and the separated organic fraction was 

extracted twice with water (2 x 200 mL).  The combined aqueous phase was 

concentrated under reduced pressure to afford a white solid.  The solid was dissolved 

in minimal MeOH and loaded onto an SCX pre-packed column (70 g) and eluted 

with water (100 mL), MeOH (100 mL) and a solution of NH3 in MeOH (2 M, 100 

mL), respectively.  The relevant fractions were combined and  concentrated under 
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reduced pressure to afford a mixture of 7-((4,5,6,7-tetrahydro-2H-pyrazolo[4,3-

c]pyridin-2-yl)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine and 7-((4,5,6,7-

tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)-1,2,3,4-tetrahydro-1,8-

naphthyridine.  (1.31 g, 4.86 mmol, 64% yield).  LCMS (Method B): 0.68 min, 

[M+H]+ 270 m/z.  1H NMR (400 MHz, DMSO-d6) δ 7.34 (s, 0.57H), 7.16 (s, 0.43H), 

7.06 (d, J = 7.3 Hz, 0.57H), 7.04 (d, J = 7.3 Hz, 0.43H), 6.39 (br. s., 0.57H), 6.38 (br. 

s., 0.43H), 6.08 (d, J = 7.3 Hz, 0.57H), 5.87 (d, J = 7.3 Hz, 0.43H), 4.96 (s, 2H), 3.66 

(d, J = 5.8 Hz, 1.14H), 3.63 (d, J = 5.5 Hz, 0.86H), 3.20 - 3.26 (m, 2H), 2.83 - 2.91 

(m, 2H), 2.57 - 2.64 (m, 2H), 2.45 - 2.52 (m, 2H), 2.09 - 2.19 (m, 1H), 1.74 (m, 2H) 

ppm. 

 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (55) and 

methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (56) 

 

 
 
To a stirred solution of a mixture of 7-((4,5,6,7-tetrahydro-2H-pyrazolo[4,3-

c]pyridin-2-yl)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine and 7-((4,5,6,7-

tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)-1,2,3,4-tetrahydro-1,8-

naphthyridine (1.31 g, 4.86 mmol), and triethylamine (1.36 mL, 9.73 mmol) in 

CH2Cl2 (60 mL) at 0 ºC was added (E)-methyl 4-bromobut-2-enoate (0.580 mL, 4.86 

mmol) dropwise.  The flask was removed from the cooling-bath and the mixture was 

stirred at room temperature for 1 h.  EtOAc (50 mL) and aqueous lithium chloride 

solution (10%, 50 mL) was added and the separated organic phase was washed twice 

with aqueous lithium chloride solution (10% w/v, 2 x 50 mL).  The combined 

aqueous phase was extracted twice with EtOAc (2 x 50 mL) and the combined 
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organic phase was passed through a hydrophobic frit and concentrated under reduced 

pressure to afford a crude orange gum.  To a solution of the orange gum (1.0 g) and 

(3-cyclopropylphenyl)boronic acid (1.32 g, 8.16 mmol) in 1,4-dioxane (26 mL) was 

added degassed aqueous potassium hydroxide solution (3.8 M, 1.4 mL, 5.4 mmol) 

and chloro(1,5-cyclooctadiene)rhodium(II) dimer (0.40 g, 0.82 mmol) sequentially. 

The solution was further degassed with three alternative applications of vacuum and 

nitrogen and was then heated to 95 ºC for 45 min.  The mixture was concentrated 

under reduced pressure then dissolved in EtOAc (200 mL) and water (200 mL).  The 

separated organic phase was washed twice with water (2 x 200 mL) and the 

combined organic phase was passed through a hydrophobic frit.  The filtrate was 

concentrated under reduced pressure, then loaded in minimal CH2Cl2 onto a silica 

pre-packed column (100 g) and eluted with 0-15% MeOH (+ 1% triethylamine) in 

CH2Cl2 over 60 min.  The relevant fractions were combined and concentrated under 

reduced pressure to afford a crude gum (1.5 g). The gum was dissolved in DMSO 

(16.5 mL) and purified by HPLC (33 x 0.5 mL injections, XSelect CSH C18 column, 

150 mm x 30 mm, 40 mL/min, 50-100% aqueous ammonium bicarbonate solution in 

MeCN).  The relevant fractions were combined and concentrated under a stream of 

nitrogen to afford methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-

yl)butanoate (55)  (190 mg, 390 µmol, 8% yield) as a yellow gum and methyl 3-(3-

cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (56) (43 mg, 90 μmol, 2% 

yield) as a yellow gum. 

 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (55): LCMS 

(Method B): 1.26 min, [M+H]+ 486 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.39 

(s, 1H), 7.14 (t, J = 7.6 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 7.01 (d, J = 7.8 Hz, 1H), 

6.98 (s, 1H), 6.86 (d, J = 7.6 Hz, 1H), 6.40 (s, 1H), 6.07 (d, J = 7.3 Hz, 1H), 4.96 (s, 

2H), 3.48 (d, J = 13.6 Hz, 1H), 3.40 (s, 3H), 3.36 (d, J = 13.6 Hz, 1H), 3.26 - 3.19 

(m, 2H), 2.85 - 2.70 (m, 2H), 2.68 - 2.58 (m, 5H), 2.57 - 2.52 (m, 4H), 1.92 - 1.82 
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(m, 1H), 1.78 - 1.67 (m, 2H), 0.97 - 0.86 (m, 2H), 0.64 (ddd, J = 2.0, 4.0, 5.0 Hz, 2H) 

ppm. 

 

Methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (56): LCMS 

(Method B): 1.27 min, [M+H]+ 486 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.19 

(s, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.06 - 6.99 (m, 2H), 6.98 (s, 1H), 6.87 (d, J = 7.8 

Hz, 1H), 6.39 (br. s, 1H), 5.87 (d, J = 7.1 Hz, 1H), 4.96 (s, 2H), 3.45 (d, J = 13.4 Hz, 

1H), 3.37 (s, 3H), 3.35 - 3.31 (m, 1H), 3.27 - 3.20 (m, 2H), 2.83 - 2.72 (m, 2H), 2.70 

- 2.56 (m, 5H), 2.55 - 2.43 (m, 4H), 1.93 - 1.82 (m, 1H), 1.79 - 1.69 (m, 2H), 0.97 - 

0.89 (m, 2H), 0.65 (ddd, J = 1.8, 4.3, 5.1 Hz, 2H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (55)  1H 

NMR NOESY analysis. Irradiation at 4.96 ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (56) 1H 

NMR NOESY analysis. Irradiation at 4.96 ppm. 
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3-(3-Cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoic acid,  

formic acid salt (58) 

 
 

To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydro-1H-pyrazolo[4,3-c]pyridin-5(4H)-

yl)butanoate (40 mg, 82 μmol) in MeCN (0.4 mL) was added aqueous NaOH 

solution (2 M, 0.21 mL, 0.41 mmol) dropwise at room temperature under nitrogen 

and the mixture was stirred at 50 ºC for 2 h.  The mixture was purified directly via 

mass-directed auto-preparative (MDAP) chromatography using a Sunfire C18 

column and ammonium bicarbonate -modified MeCN/water gradient.  The relevant 

fractions were combined and concentrated under a stream of nitrogen to afford a 

crude solid.  The solid was loaded in DMSO (1 mL) and purified via mass-directed 

auto-preparative (MDAP) chromatography using a Sunfire C18 column and a formic 

acid-modified MeCN/water gradient.  The relevant fractions were combined and 

concentrated under a stream of nitrogen to afford the desired product (25 mg, 50 

μmol, 60% yield) as a yellow gum. LCMS (Method B): 0.78 min, [M+H]+ 472 m/z.  
1H NMR (400 MHz, CDCl3) δ = 8.38 (br. s, 1H), 7.34 (s, 1H), 7.21 (t, J = 7.7 Hz, 

1H), 7.17 (d, J = 7.3 Hz, 1H), 6.96 - 6.88 (m, 3H), 6.09 (d, J = 7.3 Hz, 1H), 5.16 (s, 

2H), 3.87 (d, J = 13.8 Hz, 1H), 3.81 (d, J = 13.8 Hz, 1H), 3.46 - 3.40 (m, 2H), 3.40 - 

3.25 (m, 2H), 3.00 - 2.84 (m, 6H), 2.70 (t, J = 6.3 Hz, 2H), 1.95 - 1.82 (m, 3H), 1.01 

- 0.93 (m, 2H), 0.72 - 0.64 (m, 2H) ppm. 

 

Note: 2H missing from 1H NMR (exchangeable). 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (57a and 

57b) 

 
 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (190 mg, 390 

µmol) was dissolved in EtOH (4 mL) and purified by chiral HPLC chromatography 

(2 x 2 mL injections, 100% EtOH, Chiralpak IA column (30 mm x 25 cm), flow rate: 

15 mL/min).  The relevant fractions were combined and concentrated under reduced 

pressure to afford methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-

yl)butanoate (57a, enantiomer 1 (23-29 min): 70 mg, 0.14 mmol, 36% yield, >99% 

e.e.) and methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-

2-yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoate (57b, 

enantiomer 2 (36-80 min):  76 mg, 0.16 mmol, 40% yield, >99.5% e.e.) as yellow 

gums.  Enantiomeric excess was determined using chiral HPLC analysis (100% 

EtOH, Chiralpak IA column (4.6 mm x 25 cm), flow rate: 1 mL/min). 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoic acid (17a 

enantiomer 1) 

 

 
 

To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-

yl)butanoate (enantiomer 1, 70 mg, 0.14 mmol) in MeCN (0.5 mL) was added 

aqueous NaOH solution (2 M, 0.72 mL, 1.44 mmol) dropwise at room temperature 

under nitrogen and the mixture was stirred at 50 ºC for 2 h.  The mixture was purified 

directly via mass-directed auto-preparative (MDAP) chromatography using a Sunfire 

C18 column and ammonium bicarbonate -modified MeCN/water gradient.  The 

relevant fractions were combined and concentrated under a stream of nitrogen to 

afford the desired product (41 mg, 90 μmol, 61% yield) as a yellow gum.  LCMS 

(Method B): 0.80 min, [M+H]+ 472 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.40 

(s, 1H), 7.14 (t, J = 7.8 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 7.01 (d, J = 7.8 Hz, 1H), 

6.98 (s, 1H), 6.86 (d, J = 7.8 Hz, 1H), 6.41 (br. s, 1H), 6.11 (d, J = 7.3 Hz, 1H), 4.96 

(s, 2H), 3.51 (d, J = 13.6 Hz, 1H), 3.42 (d, J = 13.6 Hz, 1H), 3.36 - 3.26 (m, 1H), 

3.26 - 3.18 (m, 2H), 2.84 - 2.74 (m, 2H), 2.73 - 2.63 (m, 2H), 2.64 - 2.54 (m, 5H), 

2.42 (dd, J = 7.9, 15.7 Hz, 1H), 1.92 - 1.80 (m, 1H), 1.80 - 1.64 (m, 2H), 0.95 - 0.88 

(m, 2H), 0.68 - 0.60 (m, 2H) ppm. 

 

Note: 1H missing from 1H NMR (exchangeable). 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-yl)butanoic acid (17b 

enantiomer 2) 

 
 

To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydro-2H-pyrazolo[4,3-c]pyridin-5(4H)-

yl)butanoate (enantiomer 2, 76 mg, 0.16 mmol) in MeCN (0.5 mL) was added 

aqueous NaOH solution (2 M, 780 µL, 1.56 mmol) dropwise at room temperature 

under nitrogen and the mixture was stirred at 50 ºC for 2 h.  The mixture was purified 

directly via mass-directed auto-preparative (MDAP) chromatography using a Sunfire 

C18 column and ammonium bicarbonate-modified MeCN/water gradient.  The 

relevant fractions were combined and concentrated under a stream of nitrogen to 

afford the desired product (59 mg, 0.13 mmol, 80% yield) as a yellow gum.  LCMS 

(Method B): 0.80 min, [M+H]+ 472 m/z. IR (solid) 3287 (N-H stretch), 2930 (sp3 C-

H stretch), 2810 (N-H+ stretch) 1600, 1460 (O-C-O- stretch) cm-1.  1H NMR (400 

MHz, DMSO-d6) δ = 7.39 (s, 1H), 7.14 (t, J = 7.6 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 

7.01 (d, J = 7.8 Hz, 1H), 6.98 (s, 1H), 6.85 (d, J = 7.8 Hz, 1H), 6.41 (br. s., 1H), 6.11 

(d, J = 7.1 Hz, 1H), 4.96 (s, 2H), 3.51 (d, J = 13.6 Hz, 1H), 3.46 - 3.38 (m, 1H), 3.34 

- 3.25 (m, 1H), 3.26 - 3.19 (m, 2H), 2.83 - 2.72 (m, 2H), 2.72 - 2.63 (m, 2H), 2.63 - 

2.52 (m, 5H), 2.41 (dd, J = 7.9, 15.7 Hz, 1H), 1.92 - 1.81 (m, 1H), 1.79 - 1.68 (m, 

2H), 0.95 - 0.88 (m, 2H), 0.67 - 0.60 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ = 

174.7, 155.4, 150.8, 145.0, 144.8, 142.5, 137.1, 128.8, 126.3, 124.3, 123.7, 122.1, 

118.4, 116.3, 111.6, 110.7, 64.1, 56.8, 51.0, 44.4, 41.5, 38.9, 26.3, 21.7, 20.9, 15.5, 

9.2 ppm. HRMS (ESI) calc’d for C28H34N5O2 [M+H]+ 472.2707, found 472.2684. 

 

Note: 1H missing from 1H NMR (exchangeable). Optical rotation could not be 

obtained due to the coloured nature of the isolated product. 
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Benzyl 6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (106) 
 

 
 
 

To an ice-cooled stirred solution of 4,5,6,7-tetrahydrothieno[3,2-c]pyridine,  

hydrochloride (3.20 g, 18.2 mmol) (Activate Scientific) and DIPEA (9.54 mL, 54.6 

mmol) in tert-butylmethyl ether (170 mL) was added benzyl chloroformate (2.86 

mL, 20.0 mmol) dropwise at 0 ºC under nitrogen.  The mixture was allowed to reach 

room temperature then stirred for 30 min at room temperature under nitrogen.  Water 

(100 mL) was added and the separated organic phase was washed twice with water 

(2 x 100 mL).  The combined organic phase was passed through a hydrophobic frit 

and the filtrate was concentrated under reduced pressure to afford the desired product 

as a colourless oil, which crystallised upon standing (5.30 g, 18.4 mmol, 100% 

yield). LCMS (Method A): 1.20 min, [M+H]+ 274 m/z. 1H NMR (400 MHz, DMSO-

d6) δ = 7.41 - 7.34 (m, 5H), 7.33 (d, J = 5.3 Hz, 1H), 6.89 (d, J = 5.3 Hz, 1H), 5.12 

(s, 2H), 4.50 (br. s., 2H), 3.71 (t, J = 5.4 Hz, 2H), 2.81 (t, J = 5.7 Hz, 2H) ppm. 

 
 
Attempted synthesis of Benzyl 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (108) 

 

 
 

(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer (34.6 mg, 52.0 µmol) and 4,4'-di-

tert-butyl-2,2'-bipyridine (28 mg, 0.10 mmol) were charged to a 50 mL round 

bottomed flask and degassed with three alternative applications of vacuum and 

nitrogen.  A solution of benzyl 6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate 

(950 mg, 3.48 mmol) in cyclohexane (20 mL) was added, followed by 4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (560 µL, 3.82 mmol) dropwise.  The mixture was 

stirred at 25 ºC for 3 h.  LCMS (Method A): 1.38 min, [M+H]+ 400 m/z, which 
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indicated borylation of the starting material.  To the mixture was added water (50 

mL) and EtOAc (50 mL) and the separated aqueous phase was extracted twice with 

EtOAc (2 x 100 mL). The combined organic phase was washed twice with brine (2 x 

100 mL) then filtered through a hydrophobic frit.  The filtrate was concentrated 

under reduced pressure to afford the desired product (1.15 g, 2.88 mmol, 83% yield) 

as red oil.  LCMS (Method A): 1.38 min, [M+H]+ 400 m/z. 1H NMR (400 MHz, 

DMSO-d6) δ = 7.89 (s, 1H), 7.42 - 7.28 (m, 5H), 5.12 (s, 2H), 4.58 - 4.47 (m, 2H), 

3.74 - 3.65 (m, 2H), 2.90 - 2.81 (m, 2H), 1.27 (s, 12H) ppm, which indicated 

borylation of the thiophene ring.   The oil was left to stand at room temperature for 

48 h. LCMS (method A): 1.20 min, [M+H]+ 274 m/z, indicated deborylation of the 

intermediate back to starting material. 

 
 
Benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (109)  

 

 
 

(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer (35 mg, 50 μmol) and 4,4'-di-tert-

butyl-2,2'-bipyridine (28 mg, 0.10 mmol) were charged to a 150 mL round bottomed 

flask and degassed with three alternative applications of vacuum and nitrogen. 

Degassed cyclohexane (18 mL), degassed 4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(0.550 mL, 3.82 mmol) and a degassed mixture of benzyl 6,7-dihydrothieno[3,2-

c]pyridine-5(4H)-carboxylate (1.00 g, 3.48 mmol) in cyclohexane (2 mL) were added 

dropwise, sequentially at room temperature under nitrogen.  The mixture was stirred 

at room temperature for 2 h.  A degassed mixture of chloro(2-

dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-amino-1,1′-

biphenyl)]palladium(II) (270 mg, 350 µmol) and tert-butyl 7-(bromomethyl)-3,4-

dihydro-1,8-naphthyridine-1(2H)-carboxylate (750 mg, 2.29 mmol) in THF (5 mL) 
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was added dropwise at room temperature, followed by the addition of degassed 

aqueous potassium phosphate solution (500 mM, 9.24 mL, 4.62 mmol) dropwise at 

room temperature.  The resulting solution was stirred at room temperature under 

nitrogen for 16 h.  Brine (50 mL) and EtOAc (50 mL) were added and the separated 

organic phase was washed twice with brine (2 x 100 mL). The combined aqueous 

phase was extracted with EtOAc (100 mL) and the combined organic phase was 

filtered through a hydrophobic frit.  The filtrate was concentrated under reduced 

pressure to afford a red oil.  The gum was loaded in minimal CH2Cl2 onto two silica 

pre-packed columns (2 x 100 g) and eluted with 0-25% EtOAc in cyclohexane over 

60 min. The relevant fractions were combined and concentrated under reduced 

pressure to afford the desired product (1.15 g, 2.10 mmol, 92% yield) as a brown 

gum. LCMS (Method A): 1.10 min, [M+H]+ 520 m/z. IR (solid) 2931 (sp3 C-H 

stretch), 1691 (C=O stretch), 1461, 1416 (C-N stretch) 1227, 1150, 1147, 1096 (C-O 

stretch). 1H NMR (400 MHz, DMSO-d6) δ = 7.44 (d, J = 7.8 Hz, 1H), 7.40 - 7.34 (m, 

5H), 6.93 (d, J = 7.6 Hz, 1H), 6.66 (br. s., 1H), 5.11 (s, 2H), 4.40 (br. s., 2H), 4.05 (s, 

2H), 3.71 - 3.64 (m, 2H), 3.61 (t, J = 6.0 Hz, 2H), 2.75-2.65 (m, 4H), 1.81 (quin, J = 

6.5 Hz, 2H), 1.38 (s, 9H) ppm. 13C NMR (150 MHz, DMSO-d6) δ = 155.3, 154.6, 

153.5, 150.6, 139.7, 137.5, 136.8, 131.3, 128.3, 127.8, 127.5, 123.5, 122.1, 117.9, 

79.7, 66.3, 44.2, 43.7, 41.3, 37.7, 27.8, 25.4, 24.3, 22.7 ppm. HRMS (ESI) calc’d for 

C29H34N3O4S [M+H]+ 520.2270, found 520.2272. 

1 C missing from 13C NMR spectrum. 

 

Key correlations observed from NMR experiments: 

COSY (1H to 1H): δ = 7.44 to 6.93 ppm; 3.71-3.64 to 2.75-2.65 ppm; 3.61 to 2.75-

2.65 to 1.81 ppm. HSQC (1H to 13C): δ =  7.44 to 137.5 ppm; 7.40 - 7.34 to 128.5, 

127.8 and 127.5 ppm; 6.93 to 117.9 ppm; 6.66 to 123.5 ppm; 5.11 to 66.3 ppm; 4.40 

to 43.7 ppm; 4.05 to 37.7 ppm; 3.71 - 3.64 to 41.3 ppm; 3.61 to 44.2 ppm; 2.75-2.65 

to 25.4 and 24.3 ppm; 1.81 to 22.7 ppm; 1.38 to 27.8 ppm. HMBC (1H to 13C): δ =  

7.44 to 155.3 ppm; 7.44 to 25.4 ppm; 7.44 to 37.7 ppm; 7.40 – 7.34 to 66.3 ppm; 

6.93 to 37.7 ppm; 6.66 to 139.7 ppm; 6.66 to 37.7 ppm; 4.05 to 139.7 ppm; 4.05 to 
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155.3 ppm. NOE Irradiated at 4.05 ppm. (1H to 1H): δ = 4.05 to 6.93 and 6.66 ppm. 

No correlation observed to 4.40 ppm. 

 

Benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (109)  1H NMR 

Correlation Spectroscopy (COSY). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (128)  Benzyl 2-

((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-
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dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (109)  Heteronuclear Single 

Quantum Coherence (HSQC) 1H and 13C NMR spectroscopy. 
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Benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (109)  

Heteronuclear Multiple Bond Correlation (HMBC) 1H and 13C NMR 

spectroscopy. 
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Benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (109) Nuclear 

Overhauser Effect (NOE) 1H NMR spectroscopy. 
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2-((5,6,7,8-Tetrahydro-1,8-naphthyridin-2-yl)methyl)-4,5,6,7-

tetrahydrothieno[3,2-c]pyridine (91).  

 

 
 
To a stirred solution of benzyl 2-((8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridine-5(4H)-carboxylate (1.00 

g, 1.93 mmol in acetonitrile (15 mL) at 0 ºC under nitrogen was added 

iodotrimethylsilane (1.37 mL, 9.62 mmol) dropwise.  The flask was removed from 

the ice bath and the mixture was stirred at room temperature for 1 h.  The mixture 

was concentrated under reduced pressure to afford a brown gum.  The gum was taken 

up in EtOAc (100 mL) and aqueous hydrochloric acid solution (2 M, 100 mL) and 

the mixture separated.  The organic phase was extracted twice with aqueous 

hydrochloric acid solution (2 M, 100 mL) and the combined aqueous phase was 

neutralised with aqueous sodium hydroxide solution (10 M).  The aqueous mixture 

was extracted twice with EtOAc (2 x 100 mL) and the combined aqueous phase was 

purified directly by ion-exchange silica column chromatography (Isolute SCX 

column, 50 g).  The column was sequentially eluted with water (100 mL), MeOH 

(100 mL) and ammonia in MeOH solution (2M, 100 mL).  The relevant fractions 

were combined and concentrated under reduced pressure to afford the desired 

product (474 mg, 1.66 mmol, 86 % yield as an orange gum.  LCMS (Method A): 

0.96 min, [M+H]+ 286 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 7.03 (d, J = 7.3 Hz, 

1H), 6.46 (s, 1H), 6.31 (s, 1H), 6.27 (d, J = 7.3 Hz, 1H), 4.07 (br. s., 1H), 3.83 (s, 

2H), 3.64 - 3.58 (m, 2H), 3.25 - 3.19 (m, 2H), 2.92 - 2.86 (m, 2H), 2.59 (t, J = 6.3 

Hz, 2H), 2.57 - 2.52 (m, 2H), 1.77 - 1.69 (m, 2H) ppm. 
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(E)-Methyl 4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothieno[3,2-c]pyridin-5(4H)-yl)but-2-enoate (90)  

 

 
 

To a stirred solution of 2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-4,5,6,7-

tetrahydrothieno[3,2-c]pyridine (474 mg, 1.58 mmol) and triethylamine (495 μL, 

3.55 mmol) in CH2Cl2 (16 mL) at room temperature under nitrogen was added (E)-

methyl 4-bromobut-2-enoate (207 μL, 1.74 mmol) dropwise.  The mixture was 

stirred at room temperature for 1 h.  Water (50 mL) and CH2Cl2 (50 mL) was added 

and the mixture separated.  The organic phase was washed twice with water (2 x 50 

mL) and the combined organic phase was passed through a hydrophobic frit.  The 

filtrate was concentrated under reduced pressure to afford the desired product (400 

mg, 1.04 mmol, 66% yield) as an orange solid.  LCMS (Method B): 1.13 min, 

[M+H]+ 384 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 7.04 (d, J = 7.3 Hz, 1H), 6.88 

(dt, J = 5.8, 15.6 Hz, 1H), 6.50 (s, 1H), 6.32 (br. s., 1H), 6.28 (d, J = 7.3 Hz, 1 H), 

6.06 (d, J = 15.9 Hz, 1H), 3.83 (s, 2H), 3.65 (s, 2H), 3.39 (s, 2H), 3.30 (s, 3H), 3.22 

(s, 2H), 2.68 (s, 4H), 2.64 - 2.53 (m, 2H), 1.79 - 1.65 (m, 2H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate (110)  

 

 
 

(3-Cyclopropylphenyl)boronic acid (436 mg, 2.69 mmol) and (E)-methyl 4-(2-

((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-

5(4H)-yl)but-2-enoate (400 mg, 900 µmol) were charged to a 150 mL round bottom 

flask.  The flask was sealed and degassed with 3 alternative applications of vacuum 

and nitrogen.  Anhydrous and degassed 1,4-dioxane (8 mL) was added and the 

resulting solution was degassed under a stream of nitrogen for 20 min. To this 

solution was added aqueous potassium hydroxide solution (3.8 M, 0.47 mL, 1.8 

mmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (133 mg, 270 µmol) 

sequentially and the solution was further degassed with 3 alternative applications of 

vacuum and nitrogen.  The solution was then heated and stirred under reflux at 95 ºC 

for 45 min. The reaction mixture was concentrated under reduced pressure to afford a 

brown gum.  The gum was dissolved in CH2Cl2 (100 mL) and was washed three 

times with water (3 x 100 mL).  The combined organic fractions were passed through 

a hydrophobic frit under atmospheric pressure.  The filtrate was concentrated under 

reduced pressure to afford a brown gum.  The gum was loaded in minimal CH2Cl2 

onto a silica pre-packed column (100 g) and eluted with 0-15% MeOH in CH2Cl2 

over 60 min. The appropriate fractions were combined and concentrated under 

reduced pressure to afford the desired product (400 mg, 800 µmol, 89% yield) as a 

brown gum.  LCMS (Method B): 1.48 min, [M+H]+ 502 m/z. 1H NMR (400 MHz, 

DMSO-d6) δ = 7.14 (t, J = 7.6 Hz, 1H), 7.04 (d, J = 7.3 Hz, 1H), 7.00 (d, J = 7.8 Hz, 

1H), 6.97 (s, 1H), 6.85 (d, J = 7.6 Hz, 1H), 6.49 (s, 1H), 6.32 (br. s., 1H), 6.27 (d, J = 

7.3 Hz, 1H), 3.83 (s, 2H), 3.48 - 3.42 (m, 1H), 3.41 (s, 3H), 3.37 - 3.30 (m, 2H), 3.26 

- 3.19 (m, 2H), 2.83 - 2.72 (m, 2H), 2.66 - 2.56 (m, 6H), 2.55 - 2.51 (m, 1H), 2.45 - 
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2.39 (m, 1H), 1.90 - 1.81 (m, 1H), 1.77 - 1.68 (m, 2H), 0.95 - 0.88 (m, 2H), 0.67 - 

0.60 (m, 2H) ppm. 

 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate, (110a, 

enantiomer 1) and methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate, 

(110b, enantiomer 2)  

 

 
 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate (400 mg, 800 µmol) 

was dissolved in an EtOH-heptane mixture (1:1, 2 mL) and filtered through a silica 

frit.  The filtrate was purified by chiral HPLC chromatography (5 x 0.4 mL 

injections, 10% EtOH in heptane, Chiralcel OD-H column (30 mm x 25 cm), flow 

rate: 30 mL/min).  The relevant fractions were combined and concentrated under 

reduced pressure to afford methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate 

(110a, enantiomer 1 (20.5 - 24.5 min): 131 mg, 260 µmol, 33% yield, >99% e.e.) 

and methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate (110b, enantiomer 2 

(27.5 - 36.5 min): 125 mg, 250 µmol, 31% yield, >99% e.e.) as yellow gums.  

Enantiomeric excess was determined using chiral HPLC analysis (15% EtOH in 

heptane, Chiralcel OD-H column (4.6 mm x 25 cm), flow rate: 1 mL/min). 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoic acid (84a, 

enantiomer 1)  

 

To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate 

(110a, enantiomer 1, 131 mg, 260 µmol) in MeOH (5 mL) at room temperature was 

added aqueous sodium hydroxide solution (200 mM, 653 μL, 1.31 mmol) dropwise.  

The mixture was stirred at 50 ºC for 2 h.  The mixture was concentrated under 

reduced pressure to afford a brown gum.  The gum was dissolved in DMSO (0.5 mL) 

and MeOH (0.5 mL) and purified by ammonium bicarbonate modified mass-directed 

auto-preparative (MDAP) chromatography.  The relevant fractions were combined 

and concentrated under reduced pressure to afford the desired product (84a, 

enantiomer 1: 105 mg, 220 µmol, 82% yield) as a brown gum. LCMS (Method B): 

0.95 min, [M+H]+ 488 m/z. IR (solid) 3300 (N-H stretch), 2820 (N-H+ stretch), 2923 

(sp3 C-H stretch), 1601, 1460 (O-C-O- stretch) cm-1. 1H NMR (400 MHz, CDCl3) δ = 

7.17 (t, J = 7.6 Hz, 1H), 7.07 (d, J = 7.3 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.93 (s, 

1H), 6.88 (d, J = 7.6 Hz, 1H), 6.49 (s, 1H), 6.29 (d, J = 7.3 Hz, 1H), 3.94 (s, 2H), 

3.71 (d, J = 14.9 Hz, 1H), 3.60 (d, J = 14.9 Hz, 1H), 3.44 - 3.29 (m, 3H), 3.07 - 2.95 

(m, 1H), 2.89 (d, J = 9.1 Hz, 1H), 2.87 - 2.83 (m, J = 9.3 Hz, 1H), 2.81 (br. s., 4H), 

2.73 (br. s., 1H), 2.66 (t, J = 6.1 Hz, 2H), 1.91 - 1.79 (m, 3H), 0.96 - 0.88 (m, 2H), 

0.70 - 0.62 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) δ 175.8, 155.1, 144.5, 143.0, 

139.7, 137.7, 131.7, 131.2, 128.7, 124.8, 124.0, 123.9, 115.3, 110.5, 64.2, 52.6, 50.6, 

43.6, 41.2, 39.1, 36.4, 26.2, 24.0, 20.7, 15.3, 9.2 ppm. HRMS (ESI) calc’d for 

C29H34N3O2S [M+H]+ 488.2366, found 488.2348. 

2H missing from 1H NMR spectrum (exchangeable). 2C not observed in 13C NMR 

spectrum. Optical rotation could not be obtained due to the coloured nature of the 

isolated product. 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoic acid (84b, 

enantiomer 2)  

 

To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoate 

(110b, enantiomer 2: 125 mg, 250 µmol) in MeOH (5 mL) at room temperature was 

added aqueous sodium hydroxide solution (2.0 M, 0.62 mL, 1.3 mmol) dropwise.   

The mixture was stirred at 50 ºC for 2 h.  The mixture was concentrated under 

reduced pressure to afford a brown gum.  The gum was dissolved in DMSO (0.5 mL) 

and MeOH (0.5 mL) and purified by ammonium bicarbonate modified mass-directed 

auto-preparative (MDAP) chromatography.  The relevant fractions were combined 

and concentrated under reduced pressure to afford the desired product (84b, 

enantiomer 2: 101 mg, 210 µmol, 83% yield) as a brown solid.  m.p. 206.4 °C. [α]D 

= -20.0 (c = 1.00 in MeOH).  LCMS (Method B): 0.95 min, [M+H]+ 488 m/z. IR 

(solid) 3300 (N-H stretch); 2930 (sp3 C-H stretch); 2820 ([N-H]+ stretch); 1650, 1320 

(O-C-O- stretch) cm-1. 1H NMR (400 MHz, CDCl3) δ = 7.17 (t, J = 7.6 Hz, 1H), 7.09 

(d, J = 7.3 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H), 6.91 (s, 1H), 6.89 (d, J = 7.8 Hz, 1H), 

6.56 (br. s., 1H), 6.50 (s, 1H), 6.31 (d, J = 7.3 Hz, 1H), 3.95 (s, 2H), 3.74 (d, J = 14.7 

Hz, 1H), 3.65 (d, J = 14.4 Hz, 1H), 3.40 - 3.34 (m, 3H), 3.11 - 3.02 (m, 1H), 2.92 - 

2.88 (m, 1H), 2.92 - 2.79 (m, 5H), 2.75 (dd, J = 3.5, 15.9 Hz, 1H), 2.68 (t, J = 6.1 

Hz, 2H), 1.91 - 1.81 (m, 3H), 0.94 (dd, J = 1.9, 8.5 Hz, 2H), 0.66 (dd, J = 1.6, 4.9 

Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ = 172.2, 151.2, 145.4, 144.1, 141.0, 

140.8, 137.7, 131.1, 128.5, 127.6, 125.0, 124.9, 124.7, 124.2, 119.6, 110.3, 66.4, 

59.2, 40.6, 36.9, 31.8, 24.8, 21.3, 18.8, 15.1, 9.6, 9.5 ppm.  HRMS (ESI) calc’d for 

C29H34N3O2S [M+H]+ 488.2366, found 488.2367 

 

1H missing from 1H NMR spectrum (exchangeable). 1C missing from 13C NMR. 
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4-(3-Cyclopropylphenyl)dihydrofuran-2(3H)-one (120)  
 

 
 
 
Method 1 

To a mixture of (3-cyclopropylphenyl)boronic acid (66 mg, 0.40 mmol) and 

chloro(1,5-cyclooctadiene)rhodium(II) dimer (5 mg, 0.01 µmol) under nitrogen was 

added a solution of furan-2(5H)-one (14 μL, 0.20 mmol) in 1,4-dioxane and water 

(5.5 mL, 10:1) followed by triethylamine (28 μL, 0.20 mmol).  The mixture was 

stirred at room temperature for 18 h then filtered over a celite pad covered with 

MgSO4.  The celite pad was rinsed with Et2O and the filtrate was concentrated under 

reduced pressure to afford a crude orange gum.  The gum was loaded in minimal 

CH2Cl2 onto a silica pre-packed column (5 g) and eluted with 0-50% EtOAc in 

cyclohexane.  The relevant fractions were combined and concentrated to afford the 

desired product (8.3 mg, 40 μmol, 20% yield) as a colourless oil.  

 

Method 2 

To a nitrogen-degassed mixture of (3-cyclopropylphenyl)boronic acid (5.0 g, 31 

mmol) and furan-2(5H)-one (4.3 mL, 61 mmol) in 1,4-dioxane (67 mL) and water 

(6.7 mL) was added chloro(1,5-cyclooctadiene)rhodium(II) dimer (1.5 g, 3.1 mmol) 

and aqueous potassium hydroxide solution (3.8 M, 24 mL, 93 mmol) sequentially at 

room temperature and the reaction mixture was stirred at room temperature for 10 

min.  To the mixture was added water (250 mL) and EtOAc (250 mL) and the 

separated aqueous phase was extracted twice with EtOAc (2 x 250 mL).  The 

combined organic phase was passed through a hydrophobic frit and the filtrate was 

concentrated under reduced pressure to afford a yellow gum.  The gum was loaded in 

minimal CH2Cl2 onto a silica pre-packed column (340 g) and eluted with 0-50% 

EtOAc in cyclohexane over 60 min.  The relevant fractions were combined and 
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concentrated under reduced pressure to afford the desired product (2.25 g, 11.1 

mmol, 36% yield) as a clear oil.  

 

Method 3 

To a nitrogen-degassed mixture of (3-cyclopropylphenyl)boronic acid (100 mg, 620 

µmol) and furan-2(5H)-one (0.22 mL, 3.1 mmol) in 1,4-dioxane (2 mL) and water 

(0.2 mL) was added chloro(1,5-cyclooctadiene)rhodium(II) dimer (30 mg, 60 µmol) 

and aqueous potassium hydroxide solution (3.8 M, 0.49 mL, 1.9 mmol) sequentially 

at room temperature and the reaction mixture was stirred at room temperature for 10 

min.  Water (10 mL) and EtOAc (10 mL) were added and the separated aqueous 

phase was extracted twice with EtOAc (2 x 10 mL). The combined organic phase 

was passed through a hydrophobic frit and the filtrate was concentrated under 

reduced pressure to afford a yellow gum.  The gum was loaded in minimal CH2Cl2 

onto a silica pre-packed column (20 g) and eluted with 0-50% EtOAc in cyclohexane 

over 40 min.  The relevant fractions were combined and concentrated under reduced 

pressure to afford the desired product (71 mg, 0.35 mmol, 57% yield) as a clear oil. 

LCMS (Method A): 1.00 min, [M+H]+ 203 m/z. IR (oil) 3003 (sp3 C-H stretch), 

1771, (C=O stretch), 1164, 1015 (C-O stretch) cm-1.  1H NMR (400 MHz, 

acetonitrile-d3) δ = 7.14 (t, J = 8.1 Hz, 1H), 7.06 - 6.99 (m, 2 H), 6.90 (d, J = 7.8 Hz, 

1H), 4.55 (t, J = 8.3 Hz, 1H), 4.12 (t, J = 8.4 Hz, 1H), 3.74 (quin, J = 8.6 Hz, 1H), 

2.77 (dd, J = 17.1, 8.6 Hz, 1H), 2.62 (dd, J = 17.1, 9.6 Hz, 1H), 1.86 - 1.78 (m, 1H), 

0.86 (ddd, J = 8.3, 4.5, 2.0 Hz, 2H), 0.64 - 0.56 (m, 2H) ppm. 13C NMR (101MHz, 

DMSO-d6) δ = 177.1, 144.7, 140.2, 129.0, 124.8, 124.5, 124.4, 73.9, 41.0, 35.6, 15.5, 

9.9 ppm. HRMS (ESI) calc’d for C13H15O2 [M+H]+ 203.1072, found 203.1065. 
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4-(3-Cyclopropylphenyl)dihydrofuran-2(3H)-one (120a)  

 

 
 
 
Method 1 

(3-Cyclopropylphenyl)boronic acid (270 mg, 1.67 mmol), bisethylenerhodium 

acetylacetonate (9 mg, 36 μmol) and 2,2'-bis(diphenylphosphino)-1,1'-binaphthalene 

(22 mg, 36 μmol) were charged to a microwave vial equipped with a microwave 

stirrer bar.  The vial was sealed and degassed with three alternative applications of 

vacuum and nitrogen.  1,4-dioxane (0.6 mL) was added and the mixture degassed 

with nitrogen for 10 min. Water (60 μL) and furan-2(5H)-one (100 mg, 1.19 mmol) 

were added sequentially and the vial was then heated and stirred at 100 ºC for 5 h.  

LCMS analysis (Method A) indicated only partial conversion to the desired product. 

 
Method 2 

To a nitrogen-degassed mixture of (3-cyclopropylphenyl)boronic acid (100 mg, 620 

µmol) and furan-2(5H)-one (0.22 mL, 3.1 mmol) in 1,4-dioxane (2 mL) and water 

(0.2 mL) was added a degassed solution of chloro(1,5-cyclooctadiene)rhodium(II) 

dimer (30 mg, 60 μmol) and 2,2'-bis(diphenylphosphino)-1,1'-binaphthalene ((R)-

BINAP) (77 mg, 0.12 mmol) in 1,4-dioxane (0.5 mL). To the mixture was added 

aqueous potassium hydroxide solution (3.8 M, 0.5 mL, 1.9 mmol) and the mixture 

was stirred at room temperature for 10 min.  Water (10 mL) and EtOAc (10 mL) 

were added and the separated aqueous phase was extracted twice with EtOAc (2 x 10 

mL).  The combined organic phase was passed through a hydrophobic frit and the 

filtrate was concentrated under reduced pressure to afford a yellow gum.  The gum 

was dissolved in DMSO (2 mL) and a 1 mL aliquot was purified by formic acid 

modified mass-directed auto preparative (MDAP) chromatography.  The relevant 

fractions were combined and concentrated under reduced pressure to afford the 

desired product (32 mg, 0.16 mmol, 26% yield) as a colourless oil. Chiral HPLC 
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analysis (5% EtOH in heptane, Chiralpak AD-H column (4.6 mm x 25 cm), flow 

rate: 1 mL/min): 0% e.e. 

 

Method 3 

To a nitrogen-degassed solution of (3-cyclopropylphenyl)boronic acid (101 mg, 620 

µmol) and 1,4-dioxane (0.7 mL) was added bis(norbornadiene)rhodium(I) 

tetrafluoroborate (11 mg, 0.03 mmol) and 2,2'-bis(diphenylphosphino)-1,1'-

binaphthalene ((R)-BINAP) (21 mg, 36 μmol) under a nitrogen atmosphere and the 

mixture was stirred for 2 h at room temperature.  To the mixture was added water 

(109 µL), furan-2(5H)-one (42 µL, 0.60 mmol) and triethylamine (83 µL, 0.60 

mmol) sequentially and the mixture was stirred at 50 ºC for 15 h.  The mixture was 

diluted with EtOAc (20 mL) and water (20 mL) and the separated aqueous phase was 

extracted twice with EtOAc (2 x 20mL).  The combined organic phase was passed 

through a hydrophobic frit and the filtrate was concentrated under reduced pressure 

to afford a gum.  The gum was loaded in DMSO (2 x 1 mL) and purified by formic 

acid modified mass-directed auto-preparative (MDAP) chromatography.  The 

relevant fractions were combined and concentrated under reduced pressure to afford 

the desired product (20 mg, 0.10 mmol, 17% yield) as a clear oil.  LCMS (Method 

A): 1.00 min, [M+H]+ 203 m/z.  Chiral HPLC analysis (5% EtOH in heptane, 

Chiralpak AD-H column (4.6 mm x 25 cm), flow rate: 1 mL/min): 96% e.e.  1H 

NMR (400 MHz, CDCl3) δ = 7.27 (t, J = 3.5 Hz, 1H), 7.04 - 6.90 (m, 3H), 4.65 (t, J 

= 7.8 Hz, 1H), 4.26 (d, J = 8.8 Hz, 1H), 3.74 (quin, J = 8.5 Hz, 1H), 2.91 (dd, J = 

17.4, 8.8 Hz, 1H), 2.67 (dd, J = 17.7, 9.1 Hz, 1H), 1.89 (tt, J = 8.5, 5.1 Hz, 1H), 0.98 

(ddd, J = 8.3, 4.8, 3.5 Hz, 2H), 0.73 - 0.65 (m, 2H) ppm. 
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Ethyl 4-bromo-3-(3-cyclopropylphenyl)butanoate (121) and ethyl 4-bromo-3-(3-
(1-bromopropyl)phenyl)butanoate (122) 

 

 
 

Method 1 

To EtOH (0.1 mL) was added acetyl bromide (84 μL, 1.1 mmol) and a solution of  4-

(3-cyclopropylphenyl)dihydrofuran-2(3H)-one (77 mg, 0.38 mmol) in EtOH (0.1 

mL) dropwise, sequentially at 0 °C.  The mixture was allowed to reach room 

temperature then stirred at room temperature for 2 h.  LCMS analysis indicated 

incomplete conversion to a new peak that ionised at [M+H]+ 311 and 313 m/z.  No 

further investigation was undertaken. 

 

Method 2 

To EtOH (0.3 mL) at 0 ºC was added acetyl bromide, (480 µL, 6.52 mmol) dropwise 

at 0 ºC and the mixture was stirred at 0 ºC for 10 min. To the mixture was added a 

solution of 4-(3-cyclopropylphenyl)dihydrofuran-2(3H)-one (150 mg, 740 µmol) in 

EtOH (0.3 mL) dropwise at 0 ºC.  The mixture was allowed to reach room 

temperature, then stirred for 2 h at room temperature, then concentrated under 

reduced pressure to afford a crude gum.  The gum was loaded in DMSO (2 mL) and 

purified by formic acid modified mass directed auto-preparative (MDAP) 

chromatography (2 x 1 mL injections).  The relevant fractions were combined and 

concentrated to afford  ethyl 4-bromo-3-(3-cyclopropylphenyl)butanoate (121) (117 

mg, 380 µmol, 51% yield) as a colourless oil and ethyl 4-bromo-3-(3-(1-

bromopropyl)phenyl)butanoate (122) (100 mg, 260 µmol, 34% yield) as a yellow 

gum. 

 

Ethyl 4-bromo-3-(3-cyclopropylphenyl)butanoate (121): LCMS (Method A): 1.31 

min, [79Br M+H]+ 310, [81Br M+H]+ 312 m/z. IR (oil) 2981 (sp3 C-H stretch), 1730 
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(C=O stretch), 1179, 1032 (C-O stretch) cm-1.    1H NMR (400 MHz, DMSO-d6) δ = 

7.18 (t, J = 7.6, Hz, 1H), 7.04 (d, J = 7.8 Hz, 1H), 7.00 (s, 1H), 6.92 (d, J = 7.8 Hz, 

1H), 3.96 (q, J = 7.3 Hz, 2H), 3.76 (dd, J = 10.1, 7.1 Hz, 1H), 3.70 (dd, J = 10.1, 6.8 

Hz, 1H), 3.42 - 3.31 (m, 1H), 2.88 (dd, J = 15.9, 5.8 Hz, 1H), 2.68 (dd, J = 15.9, 9.1 

Hz, 1H), 1.92 - 1.82 (m, 1H), 1.06 (t, J = 7.1 Hz, 3H), 0.96 - 0.90 (m, 2H), 0.69 - 

0.62 (m, 2H) ppm.  13C NMR (101 MHz, DMSO-d6) δ = 171.5, 144.2, 141.3, 128.6, 

125.3, 124.9, 124.4, 60.3, 44.3, 39.2, 39.0, 15.4, 14.4, 9.9 ppm. HRMS (ESI) calc’d 

for C15H20O2Br [M+H]+ 311.0647, found 311.0639. 
 

Ethyl 4-bromo-3-(3-(1-bromopropyl)phenyl)butanoate (122): LCMS (Method A): 

1.35 min, [79Br M+H]+, [79Br M+H]+  390; [79Br M+H]+, [81Br M+H]+ 392 m/z; [81Br 

M+H]+, [81Br M+H]+ 394.  1H NMR (600 MHz, DMSO-d6) δ = 7.37 (s, 1H), 7.33 (t, 

J = 6.6 Hz, 1H), 7.30 (d, J = 7.3 Hz, 1H), 7.24 (d, J = 7.3 Hz, 1H), 5.15 (t, J = 7.2 

Hz, 1H), 3.99 - 3.90 (m, 2H), 3.81 - 3.76 (m, 1H), 3.76 - 3.70 (m, 1H), 3.46 - 3.38 

(m, 1H), 2.91 (dd, J = 15.8, 5.9 Hz, 1H), 2.74 - 2.67 (m, 1H), 2.29 - 2.18 (m, 1H), 

2.15 - 2.07 (m, 1H), 1.08 - 1.01 (m, 3H), 0.91 (t, J = 7.2 Hz, 3H).  13C NMR (101 

MHz, DMSO-d6) δ = 171.3, 142.2, 141.8, 129.0, 128.0, 127.2, 126.7, 60.1, 58.4, 

43.9, 38.8, 38.6, 32.8, 14.3, 13.0 ppm. 

 

Method 3 

To EtOH (4.5 mL) was added acetyl bromide (4.93 mL, 66.7 mmol) and a solution of  

4-(3-cyclopropylphenyl)dihydrofuran-2(3H)-one (2.25 g, 11.1 mmol) in EtOH (4.5 

mL) dropwise, sequentially at 0 °C.  The mixture was allowed to reach room 

temperature then stirred at room temperature for 1 h.  The reaction mixture was then 

concentrated under reduced pressure to afford a gum.  The gum was dissolved in 

EtOAc (100 mL) and water (100 mL) and the separated aqueous phase was extracted 

twice with EtOAc (2 x 100 mL).  The combined organic phase was passed through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

crude gum.   The gum was loaded in minimal CH2Cl2 onto a silica pre-packed 

column (100 g) and eluted with 0-50% EtOAc in cyclohexane over 60 min.  The 
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relevant fractions were combined and concentrated under reduced pressure to afford 

the desired product 121 (1.66 g, 4.537 mmol, 41% yield) as a clear oil. 

 
3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[3,2-c]pyridin-5(4H)-yl)butanoic acid (84)  

 

 
 

To a stirred suspension of 2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-

4,5,6,7-tetrahydrothieno[3,2-c]pyridine (50 mg, 0.18 mmol) and ethyl 4-bromo-3-(3-

cyclopropylphenyl)butanoate (71 mg, 0.23 mmol) in isopropanol (1 mL) was added  

DIPEA (90 μL, 0.53 mmol) dropwise at room temperature.  The mixture was sealed 

in a microwave vial and heated at 150 ºC for 1 h in a Biotage initiator microwave.  

The mixture was concentrated under reduced pressure to afford a brown gum.  To the 

brown gum was added EtOAc (50 mL) and water (50 mL) and the mixture separated.  

The aqueous phase was extracted twice with EtOAc (2 x 50mL) and the combined 

organic phase was passed through a hydrophobic frit and concentrated under reduced 

pressure to afford a crude orange solid.  To a solution of the crude solid in MeCN (1 

mL) was added an aqueous solution of NaOH (2 M, 2.2 mL, 0.90 mmol) at room 

temperature and the resulting mixture was stirred vigorously at 50 °C for 2 h.  The 

mixture was cooled to room temperature and neutralised with an aqueous solution of 

HCl (2 M).  The mixture was concentrated under reduced pressure to afford a crude 

orange gum.  The crude solid was loaded in DMSO (1 mL) and purified by 

ammonium-bicarbonate modified mass directed auto preparative (MDAP) 

chromatography.  The relevant fractions were combined and concentrated under 

reduced pressure to afford a crude gum.  The gum was dissolved in DMSO (1 mL) 

and purified by formic acid modified mass directed auto preparative (MDAP) 

chromatography.  The relevant fractions were combined and concentrated under a 

stream of nitrogen to afford a colourless gum.  The gum was triturated from minimal 
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diethyl ether and the mixture concentrated under a stream of nitrogen to afford the 

desired product (12 mg, 30 μmol, 14% yield) as a white solid. LCMS (Method C): 

0.69 min, [M+H]+ 488 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 7.14 (t, J = 7.6 Hz, 

1H), 7.05 (d, J = 7.3 Hz, 1H), 7.02 - 6.96 (m, 2H), 6.85 (d, J = 7.6 Hz, 1H), 6.50 (s, 

1H), 6.32 (br. s., 1H), 6.28 (d, J = 7.3 Hz, 1H), 3.83 (s, 2H), 3.48 (d, J = 14.6 Hz, 

1H), 3.38 (d, J = 14.9 Hz, 1H), 3.25 - 3.20 (m, 3H), 2.81 - 2.72 (m, 2H), 2.70 - 2.62 

(m, 4H), 2.59 (t, J = 6.3 Hz, 2H), 2.57 - 2.52 (m, 1H), 2.41 (d, J = 8.1 Hz, 1H), 1.91 - 

1.82 (m, 1H), 1.78 - 1.69 (m, 2H), 0.95 - 0.89 (m, 2H), 0.67 - 0.61 (m, 2H) ppm. 

 

1H missing from 1H NMR spectrum (exchangeable). 

 

 

(E)-Methyl 4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)but-2-enoate (128)  

 

 
 

To a stirred solution of 4,5,6,7-tetrahydrothieno[2,3-c]pyridine,  hydrochloride (1.0 

g, 5.4 mmol) and triethylamine (2.26 mL, 16.2 mmol) in CH2Cl2 (50 mL) was added 

(E)-methyl 4-bromobut-2-enoate (970 µL, 8.11 mmol) dropwise at room temperature 

under nitrogen and the mixture was stirred at room temperature for 1 h.  To the 

mixture was added water (50 mL) and CH2Cl2 (50 mL) and the separated organic 

phase was washed twice with water (2 x 50 mL).  The combined organic phase was 

then passed through a hydrophobic frit and the filtrate was concentrated under 

reduced pressure to afford the title compound (1.39 g, 5.27 mmol, 97 % yield) as a 

crude orange gum.  LCMS (Method B): 0.99 min, [M+H]+ 238 m/z.  1H NMR (400 

MHz, DMSO-d6) δ = 7.28 (d, J = 5.0 Hz, 1H), 6.89 (dt, J = 15.6, 6.0 Hz, 1H), 6.82 

(d, J = 5.0 Hz, 1H), 6.07 (dt, J = 15.6, 1.5 Hz, 1H), 3.67 (s, 3H), 3.63 (s, 2H), 3.33 

(dd, J = 6.0, 1.8 Hz, 2H), 2.74 - 2.67 (m, 2H), 2.65 (m, 2H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-

yl)butanoate (127) 

 
 

To a nitrogen- degassed solution of (3-cyclopropylphenyl)boronic acid (2.56 g, 15.8 

mmol) and (E)-methyl 4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)but-2-enoate 

(1.39 g, 5.27 mmol) in 1,4-dioxane (8 mL) was added an aqueous solution of 

potassium hydroxide (3.8 M, 2.8 mL, 11 mmol) and chloro(1,5-

cyclooctadiene)rhodium(II) dimer (780 mg, 1.58 mmol) sequentially.  The solution 

was then further degassed with 3 alternative applications vacuum and nitrogen and 

then heated and stirred under reflux at 95 ºC for 45 min. The reaction mixture was 

cooled to room temperature then concentrated under reduced pressure to afford a 

brown gum.  The gum was then dissolved in CH2Cl2 (100 mL) and washed three 

times with water (3 x 100 mL).  The combined organic phase was passed through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

brown gum.  The gum was loaded in minimal CH2Cl2 onto a silica pre-packed 

column (100 g) and eluted with 0-25% TBME in cyclohexane over 60 min. The 

appropriate fractions were combined and concentrated under reduced pressure to 

afford the desired product (1.68 g, 4.73 mmol, 90 % yield) as a brown gum. LCMS 

(Method B): 1.41 min, [M+H]+ 356 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.27 

(d, J = 5.0 Hz, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.03 (d, 7.8 Hz, 1H), 7.00 (s, 1H), 6.88 

(d, J = 7.6 Hz, 1H), 6.80 (d, J = 5.0 Hz, 1H), 3.68 (d, J = 14.9 Hz, 1H), 3.58 (d, J = 

15.1 Hz, 1H), 3.41 (s, 3H), 3.37 - 3.31 (m, 1H), 2.86 - 2.75 (m, 2H), 2.73 - 2.63 (m, 

2H), 2.63 - 2.56 (m, 2H), 2.52 - 2.47 (m, 2H), 1.92 - 1.84 (m, 1H), 0.96 - 0.90 (m, 

2H), 0.68 - 0.62 (m, 2H) ppm. 
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tert-Butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (129) 

 

 
 

(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer  (13 mg, 20 μmol) and 4,4'-di-tert-

butyl-2,2'-bipyridine (11 mg, 40 μmol) were charged to a 150 mL round bottomed 

flask and degassed with three alternative applications of vacuum and nitrogen. 

Degassed cyclohexane (4 mL), degassed 4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(210 µL, 1.44 mmol) and a degassed mixture of methyl 3-(3-cyclopropylphenyl)-4-

(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)butanoate (500 mg, 1.31 mmol) in 

cyclohexane (3 mL) were added dropwise, sequentially, at room temperature under 

nitrogen.  The mixture was then stirred at 20 ºC for 3 h. To the mixture was added a 

degassed mixture of chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-

biphenyl)[2-(2′-amino-1,1′-biphenyl)]palladium(II) (103 mg, 130 µmol) and tert-

butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (300 mg, 

920 µmol) in THF (3 mL) dropwise at room temperature, followed by the addition of 

a degassed aqueous solution of potassium phosphate (500 mM, 3.48 mL, 1.74 mmol) 

dropwise at room temperature.  The resulting solution was stirred at room 

temperature under nitrogen for 16 h.  To the mixture was added brine (50 mL) and 

EtOAc (50 mL) and the separated organic phase was washed twice with brine (2 x 

100 mL). The combined aqueous phase was extracted with EtOAc (100 mL) and the 

combined organic phase was then filtered through a hydrophobic frit and the filtrate 

was concentrated under reduced pressure to afford a red oil.  The oil was loaded in 

minimal CH2Cl2 onto a silica pre-packed column (100 g) and eluted with 0-25% 

EtOAc in cyclohexane over 60 min. The appropriate fractions were combined and 

concentrated under reduced pressure to afford the desired product (183 mg, 283 

µmol, 22 % yield) as an orange gum. LCMS (Method A): 0.86 min, [M+H]+ 302 

m/z.  1H NMR (600 MHz, CDCl3) δ = 7.32 (d, J = 7.7 Hz, 1H), 7.20 (t, J = 7.7 Hz, 
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1H), 7.01 (d, J = 7.7 Hz, 1H), 6.96 (s, 1H), 6.92 (d, J = 7.7 Hz, 1H), 6.86 (d, J = 7.7 

Hz, 1H), 6.56 (s, 1H), 4.18 (s, 2H), 3.78 (t, J = 6.2 Hz, 2H), 3.71 (d, J = 15.0 Hz, 

1H), 3.59 (d, J = 15.0 Hz, 1H), 3.51 (s, 3H), 3.46 - 3.40 (m, 1H), 2.90 (dd, J = 7.0, 

15.4 Hz, 2H), 2.75 (t, J = 6.8 Hz, 2H), 2.72 - 2.66 (m, 2H), 2.64 (s, 2H), 2.58 (dd, J = 

7.7, 15.8 Hz, 1H), 1.98 - 1.92 (m, 2H), 1.89 (s, 1H), 1.52 (s, 9H), 0.99 - 0.95 (m, 

2H), 0.72 - 0.68 (m, 2H) ppm. 13C NMR (101 MHz , CDCl3) δ = 173.2, 156.3, 154.1, 

151.0, 144.1, 142.7, 138.9, 137.4, 133.3, 131.9, 128.4, 125.7, 125.1, 124.3, 123.8, 

122.2, 118.0, 80.8, 63.3, 52.1, 51.2, 50.7, 44.7, 40.3, 39.3, 38.5, 28.3, 26.3, 25.4, 

23.2, 15.4, 9.2 ppm. 

 

2D NMR key correlations: 

 

HSQC (1H NMR to 13C NMR): δ = 6.56 to 125.7 ppm; 4.18 ppm to 38.5 ppm. 

HMBC (1H NMR to 13C NMR): δ = 6.56 ppm to 25.4, 38.5, 131.9, 133.3, 138.9 

ppm; 4.18 to 118.0, 125.7, 138.9, 156.3 ppm. 
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tert-Butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (129) 1H NMR Correlation Spectroscopy (COSY) 
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tert-Butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (129) Heteronuclear Single Quantum Coherence (HSQC) 1H 

and 13C NMR spectroscopy. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CONFIDENTIAL – DO NOT COPY 

326 
Christopher J Tame 

tert-Butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (129) Heteronuclear Multiple Bond Correlation (HMBC) 1H 

and 13C NMR spectroscopy. 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)butanoic acid, formic acid 

salt (85) 

 

 
 

To a stirred solution of tert-butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-

oxobutyl)-4,5,6,7-tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (100 mg, 0.17 mmol) in MeOH (1.5 mL) was 

added a solution of HCl in 1,4-dioxane (4.0 M, 0.415 mL, 1.66 mmol) dropwise at 

room temperature and the mixture was stirred at 50 ºC for 2 h.  The mixture was then 

loaded onto an aminopropyl-functionalised silica cartridge (20 g) and eluted with 

MeOH.  The filtrate was then concentrated under reduced pressure to afford a crude 

gum.  To a solution of the crude gum in MeCN (1.5 mL) was added an aqueous 

solution of  NaOH (2.0 M, 0.83 mL, 1.66 mmol) dropwise and the resulting mixture 

was stirred at 50 ºC for 2 h.   The mixture was then cooled to room temperature and 

concentrated to 1 mL under a stream of nitrogen, then purified by ammonium-

bicarbonate modified, mass-directed auto-preparative (MDAP) chromatography.  

The relevant fractions were combined and concentrated under reduced pressure to 

afford a crude gum.  The gum was dissolved in DMSO (1 mL) and purified by 

formic acid modified, mass-directed auto-preparative (MDAP) chromatography.  The 

relevant fractions were combined and concentrated under reduced pressure the title 

compound as a formic acid salt (20 mg, 37 μmol, 23% yield).  LCMS (Method B): 

0.91 min, [M+H]+ 488 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 8.17 (s, 1H), 7.20 - 

7.10 (m, 1H), 7.07 - 6.99 (m, J=15.2, 7.4 Hz, 2H), 6.99 (s, 1H), 6.86 (d, J = 7.8 Hz, 

1H), 6.52 (s, 1H), 6.34 (br. s., 1H), 6.30 (d, J = 7.3 Hz, 1H), 3.84 (s, 2H), 3.60 (d, J = 

14.9 Hz, 1H), 3.52 (d, J = 14.9 Hz, 1H), 3.34 - 3.26 (m, 1H), 3.24 (d, J = 4.3 Hz, 

2H), 2.82 - 2.71 (m, 2H), 2.70 - 2.55 (m, 5H), 2.52 (br. s., 2H), 2.42 (dd, J = 15.7, 

8.2 Hz, 1H), 1.92 - 1.81 (m, 1H), 1.80 - 1.66 (m, 2H), 0.97 - 0.81 (m, 2H), 0.68 - 

0.56 (m, 2H) ppm. 
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2H missing from 1H NMR spectrum (exchangeable).  Full characterisation 

undertaken on page 334. 

 

(E)-Methyl 4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)but-2-enoate (128)  

 

 
 

 

To a stirred solution of 4,5,6,7-tetrahydrothieno[2,3-c]pyridine,  hydrochloride (10.0 

g, 54 mmol) and triethylamine (22.6 mL, 162 mmol) in tert-butylmethyl ether (200 

ml) and CH2Cl2 (50 mL) at room temperature under nitrogen was added (E)-methyl 

4-bromobut-2-enoate (9.69 mL, 81.0 mmol) dropwise.  The mixture was stirred at 

room temperature for 1 h.  Water (50 mL) and CH2Cl2 (50 mL) was added and the 

seperated organic phase was washed twice with water (2 x 50 mL). The combined 

organic phase was passed through a hydrophobic frit and the filtrate was 

concentrated under reduced pressure to afford a brown oil. The oil was loaded in 

minimal CH2Cl2 onto a silica pre-packed column (750 g) and eluted with 0-100% 

EtOAc in cyclohexane over 60 min.  The relevant fractions were combined and 

concentrated under reduced pressure to afford the title compound (9.28 g, 39.1 

mmol, 72% yield) as a colourless oil. LCMS (Method B): 0.99 min, [M+H]+ 238 

m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.28 (d, J = 5.0 Hz, 1H), 6.89 (dt, J = 15.6, 

6.0 Hz, 1H), 6.82 (d, J = 5.0 Hz, 1H), 6.07 (dt, J = 15.6, 1.5 Hz, 1H), 3.67 (s, 3H), 

3.63 (s, 2H), 3.33 (dd, J = 6.0, 1.8 Hz, 2H), 2.74 - 2.67 (m, 2H), 2.65-2.64 (m, 2H) 

ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-

yl)butanoate (127) 

 
Method 1 

To a nitrogen-degassed solution of (3-cyclopropylphenyl)boronic acid (139 mg, 858 

µmol) in 1,4-dioxane (2 mL) was added an aqueous solution of potassium hydroxide 

(3.8 M, 0.24 mL, 0.89 mmol), (R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene 

(28 mg, 50 μmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (11 mg, 20 

μmol) sequentially and the solution was further degassed under a stream of nitrogen 

for 30 min. To the solution was added a solution of (E)-methyl 4-(4,5-

dihydrothieno[2,3-c]pyridin-6(7H)-yl)but-2-enoate (106 mg, 450 µmol) in 1,4-

dioxane (2 mL) dropwise at room temperature.  The solution was then heated and 

stirred under reflux at 95 ºC for 1 h.  The reaction mixture was cooled to room 

temperature then concentrated under reduced pressure to afford a brown gum.  The 

gum was dissolved in CH2Cl2 (100 mL) and then washed three times with water (3 x 

100 mL).  The combined organic phase was passed through a hydrophobic frit and 

the filtrate was concentrated under reduced pressure to afford a brown gum.  The 

gum was loaded in DMSO (1 mL) and purified by formic acid modified mass 

directed auto-preparative (MDAP) chromatography. The appropriate fractions were 

combined and concentrated to afford the title compound (46.4 mg, 0.130 mmol, 29% 

yield) as a brown gum.  LCMS (Method B): 1.41 min, [M+H]+ 356 m/z. Chiral 

HPLC analysis (10% EtOH in heptane, Chiralcel OD-H column (4.6 mm x 25 cm), 

flow rate: 1 mL/min): 67% e.e 

 

Method 2 

To a nitrogen-degassed solution of (3-cyclopropylphenyl)boronic acid (72 mg, 0.44 

mmol) in 1,4-dioxane (0.5 mL) was added bis(norbornadiene)rhodium(I) 

tetrafluoroborate  (2.5 mg, 6.7 µmol) and 2,2'-bis(diphenylphosphino)-1,1'-

binaphthalene ((R)-BINAP) (4.5 mg, 7.2 µmol) under a nitrogen atmosphere and the 

mixture was stirred for 2 h at room temperature.  To the mixture was added  water 
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(50 µL), a solution of (E)-methyl 4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)but-2-

enoate (100 mg, 421 µmol) in 1,4-dioxane (100 µL) and triethylamine (60 μL, 0.42 

mmol), sequentially, and the mixture was stirred at 23 ºC for 15 h.  LCMS analysis 

of the crude reaction mixture indicated no desired reaction to have occurred.  To the 

reaction mixture was added bis(norbornadiene)rhodium(I) tetrafluoroborate (2.5 mg, 

6.7 µmol) and (R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (4.5 mg, 7.2 

µmol) and the mixture was stirred at 50 ºC for 2 h.  LCMS analysis of the crude 

reaction mixture indicated partial conversion to the desired product. The mixture was 

then stirred at 70 ºC for 2 h.  The mixture cooled to room temperature then 

concentrated under reduced pressure to afford a brown gum.  The gum was dissolved 

in CH2Cl2 (50 mL) and was washed three times with water (3 x 50 mL).  The 

combined organic fractions were passed through a hydrophobic frit and the filtrate 

was concentrated under reduced pressure to afford a brown gum.  The gum was 

loaded in DMSO (1 mL) and purified by formic acid modified mass directed auto-

preparative (MDAP) chromatography. The appropriate fractions were combined and 

concentrated to afford the title compound (8.4 mg, 20 μmol, 6% yield) as a brown 

gum.  LCMS (Method B): 1.41 min, [M+H]+ 356 m/z. Chiral HPLC analysis (10% 

EtOH in heptane, Chiralcel OD-H column (4.6 mm x 25 cm), flow rate: 1 mL/min): 

37% e.e  

 

Method 3 

To a degassed solution of (3-cyclopropylphenyl)boronic acid (12.1 g, 74.8 mmol) in 

1,4-dioxane (300 mL) was added aqueous potassium hydroxide solution (3.8 M, 20 

mL, 75 mmol), (R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (2.33 g, 3.74 

mmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (921 mg, 1.87 mmol) 

sequentially and the solution was further degassed under a stream of nitrogen for 30 

min. To the mixture was added a solution of (E)-methyl 4-(4,5-dihydrothieno[2,3-

c]pyridin-6(7H)-yl)but-2-enoate (8.87 g, 37.4 mmol) in 1,4-dioxane (50 mL) 

dropwise at room temperature.  The solution was then heated and stirred under reflux 

at 95 ºC for 1 h.  The reaction mixture was concentrated under reduced pressure to 

afford a brown gum.  The gum was dissolved in EtOAc (300 mL) and was washed 

three times with water (3 x 300 mL).  The combined organic fractions were passed 
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through a hydrophobic frit and the filtrate was concentrated under reduced pressure 

to afford a brown gum.  The oil was loaded in minimal CH2Cl2 onto a silica pre-

packed column (330 g) and eluted with 0-25% tert-butylmethyl ether in cyclohexane 

over 60 min.  The appropriate fractions were combined and concentrated to afford a 

crude oil.  The oil was diluted in EtOAc (50 mL) and loaded onto a silica SCX pre-

packed column and eluted with EtOAc (200 mL), then EtOAc/ 2 M NH3 in MeOH 

(1:1, 200 mL).  The relevant fractions were combined and concentrated under 

reduced pressure to afford the title compound (9.90 g, 27.8 mmol, 75% yield) as a 

pale yellow oil.  LCMS (Method B): 1.41 min, [M+H]+ 356 m/z.  Chiral HPLC 

analysis (10% EtOH in heptane, Chiralcel OD-H column (4.6 mm x 25 cm), flow 

rate: 1 mL/min): 72% e.e.  1H NMR (400 MHz, DMSO-d6) δ = 7.27 (d, J = 5.0 Hz, 

1H), 7.15 (t, J = 7.6 Hz, 1H), 7.03 (d, J = 7.8 Hz, 1H), 7.00 (s, 1H), 6.88 (d, J = 7.8 

Hz, 1H), 6.80 (d, J = 5.0 Hz, 1H), 3.68 (d, J = 14.9 Hz, 1H), 3.58 (d, J = 14.9 Hz, 

1H), 3.41-3.39 (m, 3H), 3.34 (s, 1H), 2.85 - 2.75 (m, 2H), 2.72 - 2.52 (m, 6H), 1.93 - 

1.81 (m, 1H), 0.96 - 0.89 (m, 2H), 0.68 - 0.62 (m, 2H) ppm. 

 

 

Methyl 3-(3-cyclopropylphenyl)-4-(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-

yl)butanoate (127a, enantiomer 1) and methyl 3-(3-cyclopropylphenyl)-4-(4,5-

dihydrothieno[2,3-c]pyridin-6(7H)-yl)butanoate (127b, enantiomer 2) 

 

 
 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothieno[2,3-c]pyridin-5(4H)-yl)butanoate (151) (9.90 g, 27.8 

mmol) was dissolved in EtOH (50 mL) and heptane (50 mL) and purified by chiral 

HPLC chromatography (100 x 1 mL injections, 10% EtOH in heptane, Chiralcel OD-

H column (30 mm x 25 cm), flow rate: 25 mL/min).  The relevant fractions were 

combined and concentrated under reduced pressure to afford methyl 3-(3-
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cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothieno[2,3-c]pyridin-5(4H)-yl)butanoate (127a, enantiomer 1 (8.0 – 9.0 

min): 1.00 g,  2.81 mmol, 10% yield, >99% e.e.) and methyl 3-(3-

cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothieno[2,3-c]pyridin-5(4H)-yl)butanoate (127b, enantiomer 2 (9.0 – 12.0 

min): 7.75 g,  21.8 mmol, 78% yield, >99% e.e.) as yellow oils.  Enantiomeric excess 

was determined using chiral HPLC analysis (10% EtOH in heptane, Chiralcel OD-H 

column (4.6 mm x 25 cm), flow rate: 1 mL/min).  No further analysis was 

undertaken. 

 

tert-Butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (129b) 

 

 
 

(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer (220 mg, 330 µmol) and 4,4'-di-tert-

butyl-2,2'-bipyridine (180 mg, 650 µmol) were charged to a 1.0 L round bottomed 

flask and degassed with three alternative applications of vacuum and nitrogen. 

Degassed cyclohexane (50 mL), degassed 4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(4.74 mL, 32.7 mmol) and a degassed solution of methyl 3-(3-cyclopropylphenyl)-4-

(4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)butanoate (7.75 g, 21.8 mmol) in 

cyclohexane (20 mL) was added dropwise sequentially at room temperature under 

nitrogen.  The mixture was stirred at 20 ºC for 3 h.  To the mixture was added a 

degassed mixture of chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-

biphenyl)[2-(2′-amino-1,1′-biphenyl)]palladium(II) (1.72 g, 2.18 mmol) and tert-

butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (7.13 g, 

21.8 mmol) in THF (45 mL), and degassed aqueous potassium phosphate solution 

(500 mM, 58.0 mL, 29.0 mmol) sequentially in a dropwise fashion at room 

temperature.  The resulting solution was stirred at room temperature under nitrogen 
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for 16 h.  Brine (200 mL) and EtOAc (200 mL) was added and the separated organic 

phase was washed twice with brine (2 x 200 mL). The combined aqueous phase was 

extracted with EtOAc (200 mL) and the combined organic phase was dried over 

MgSO4, filtered and concentrated under reduced pressure to afford a red oil.  The oil 

was loaded in minimal CH2Cl2 onto a silica pre-packed column (330 g) and eluted 

with 0-25% EtOAc in cyclohexane over 40 min.  The relevant fractions were 

combined and concentrated under reduced pressure to afford the desired product 

(5.21 g, 6.93 mmol, 40% yield) as an orange gum.  LCMS (Method A): 0.86 min, 

[M+H]+ 302 m/z. 1H NMR (400 MHz, CDCl3) δ = 7.31 (d, J = 7.8 Hz, 1H), 7.20 (t, J 

= 7.6 Hz, 1H), 7.01 (d, J = 7.3 Hz, 1H), 6.96 (s, 1H), 6.92 (d, J = 7.6 Hz, 1H), 6.86 

(d, J = 7.6 Hz, 1H), 6.56 (s, 1H), 4.18 (s, 2H), 3.78 (t, J = 5.9 Hz, 2H), 3.73 (d, J = 

15.1 Hz, 1H), 3.58 (d, J = 14.6 Hz, 1H), 3.51 (s, 3H), 3.44 (t, J = 7.3 Hz, 1H), 2.90 

(dd, J = 15.9, 6.8 Hz, 2H), 2.74 (t, J = 6.8 Hz, 2H), 2.68 (d, J = 7.8 Hz, 2H), 2.63 (br. 

s., 3H), 2.57 (dd, J = 15.2, 7.4 Hz, 1H), 1.98 - 1.91 (m, 2H), 1.91 - 1.85 (m, 1H), 

1.52 (s, 9H), 1.00 - 0.93 (m, 2H), 0.74 - 0.66 (m, 2H) ppm. 13C NMR (101 MHz, 

CDCl3) δ = 173.2, 156.3, 154.1, 151.0, 144.1, 142.7, 138.9, 137.4, 133.3, 131.9, 

128.4, 125.7, 125.1, 124.3, 123.8, 122.2, 118.0, 80.8, 63.3, 52.1, 51.2, 50.7, 44.7, 

40.3, 39.3, 38.5, 26.3, 25.4, 23.2, 15.4, 9.2 ppm. 

 

1C missing from 13C NMR. 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-4,5-dihydrothieno[2,3-c]pyridin-6(7H)-yl)butanoic acid (85b) 

 

 
 

To a stirred solution of tert-butyl 7-((6-(2-(3-cyclopropylphenyl)-4-methoxy-4-

oxobutyl)-4,5,6,7-tetrahydrothieno[2,3-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (5.21 g, 8.66 mmol) in MeOH (25 mL) at room 

temperature was added a solution of HCl in 1,4-dioxane (4.0 M, 11 mL, 43 mmol) 

dropwise and the mixture was stirred at 50 ºC for 2 h.  The mixture was then loaded 

directly onto an 70 g aminopropyl silica pre-packed cartridge and eluted with MeOH 

(100 mL).  The filtrate was concentrated under reduced pressure to afford a crude 

gum.  To a solution of the gum in MeCN (15 mL) was added aqueous NaOH solution 

(2.0 M, 22 mL, 43 mmol) dropwise at room temperature and the mixture was stirred 

at 50 ºC for 2 h.   The mixture was cooled to room temperature, then neutralised with 

aqueous HCl solution (2 M).  The solution was then loaded directly onto a 70 g SCX 

silica pre-packed cartridge and eluted with aqueous MeCN solution (50% v/v, 200 

mL) and a solution of ammonium hydroxide solution (28-30% NH3 basis) in MeCN 

(10% v/v, 200 mL).  The relevant fractions were combined and concentrated under 

reduced pressure to afford a crude gum.  The gum was dissolved in water (200 mL) 

and CH2Cl2 (200 mL) and the separated aqueous phase was extracted twice with 

EtOAc (2 x 200 mL).  The combined organic phase was filtered through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

crude gum.  The gum was loaded in minimal CH2Cl2 onto a 100 g silica pre-packed 

column and eluted with EtOAc (200 mL), CH2Cl2 (200 mL) and an aqueous MeCN 

solution (10% v/v, 200 mL).  The relevant fractions were combined and concentrated 

under reduced pressure to afford the desired product (750 mg, 1.54 mmol, 18% 

yield) as an orange solid. m.p. = 200.1 °C. IR (solid) 3250 (N-H stretch); 2900 (C-H 

sp3 stretch); 2800 ([N-H]+ stretch); 1600, 1450 (O-C-O- stretch) cm-1.  LCMS 
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(Method B): 0.91 min, [M+H]+ 488 m/z.  1H NMR (400 MHz, CDCl3) δ = 7.19 (t, J 

= 7.6 Hz, 1H), 7.11 (d, J = 7.3 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.95 (s, 1H), 6.91 

(d, J = 7.6 Hz, 1H), 6.57 (s, 1H), 6.33 (d, J = 7.3 Hz, 1H), 3.98 (s, 2H), 3.84 (d, J = 

14.9 Hz, 1H), 3.77 (d, J = 14.9 Hz, 1H), 3.43 - 3.35 (m, 3H), 3.07 - 3.00 (m, 1H), 

2.95 - 2.89 (m, 1H), 2.86 (d, J = 7.3 Hz, 2H), 2.81 (dd, J = 12.5, 6.2 Hz, 1H), 2.77 (d, 

J = 4.5 Hz, 1H), 2.73 (d, J=4.3 Hz, 1H), 2.71 - 2.64 (m, 3H), 1.93 - 1.82 (m, 3H), 

0.95 (ddd, J = 6.8, 4.5, 2.0 Hz, 2H), 0.69 (ddd, J = 6.3, 4.5, 2.0 Hz, 2H) ppm.  13C 

NMR (101 MHz, CDCl3) δ = 176.4, 155.1, 153.3, 144.4, 143.2, 139.3, 137.7, 132.9, 

130.1, 128.6, 125.6, 125.0, 124.1, 123.8, 115.3, 110.5, 63.6, 51.8, 50.3, 43.2, 41.2, 

39.6, 36.3, 26.3, 24.4, 20.8, 15.4, 9.2 ppm. HRMS (ESI) calc’d for C29H34N3O2S 

[M+H]+ 488.2372, found 488.2374. 

 

2H missing from 1H NMR spectrum (exchangeable). Optical rotation could not be 

obtained due to the coloured nature of the isolated product. 

 
(E)-Methyl 4-(6,7-dihydrofuro[3,2-c]pyridin-5(4H)-yl)but-2-enoate (131) 

 

 
 

To a stirred solution of 4,5,6,7-tetrahydrofuro[3,2-c]pyridine,  hydrochloride (250 

mg, 1.49 mmol) and triethylamine (620 µL, 4.46 mmol) in CH2Cl2 (15 mL) was 

added (E)-methyl 4-bromobut-2-enoate (210 µL, 1.79 mmol) dropwise at room 

temperature under nitrogen.  The mixture was stirred at room temperature for 1 h, 

then water (50 mL) and CH2Cl2 (50 mL) was added and the separated organic phase 

was washed twice with water (2 x 50 mL).  The combined organic phase was filtered 

through a hydrophobic frit and the filtrate was concentrated under reduced pressure 

to afford the desired product (323 mg, 1.24 mmol, 83% yield) as an orange oil.  

LCMS (Method B): 0.87 min, [M+H]+ 222 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 

7.44 (s, 1H), 6.88 (dt, J = 15.9, 5.8 Hz, 1H), 6.28 (s, 1H), 6.06 (dt, J = 15.9, 1.5 Hz, 

1H), 3.67 (s, 3H), 3.38 - 3.27 (m, 4H), 2.74 (t, J = 5.8 Hz, 2H), 2.63 (t, J = 5.5 Hz, 

2H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(6,7-dihydrofuro[3,2-c]pyridin-5(4H)-

yl)butanoate (132) 

 

 
 

To a stirred solution of (3-cyclopropylphenyl)boronic acid (597 mg, 3.69 mmol) and 

(E)-methyl 4-(6,7-dihydrofuro[3,2-c]pyridin-5(4H)-yl)but-2-enoate (320 mg, 1.23 

mmol) in 1,4-dioxane (12 mL) was added aqueous potassium hydroxide solution (3.8 

M, 0.65 mL, 2.5 mmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (182 mg, 

0.370 mmol) sequentially and the solution was degassed with 3 alternative 

applications vacuum and nitrogen.  The solution was then heated and stirred under 

reflux at 95 ºC for 1 h.  The reaction mixture was cooled to room temperature, loaded 

directly onto an SCX pre-packed silica cartridge (20 g) and eluted with MeOH (40 

mL) and a solution of NH3 in MeOH (40 mL).  The relevant fractions were 

concentrated under reduced pressure to afford an orange gum.  The gum was loaded 

in minimal CH2Cl2 onto a silica pre-packed column (20 g) and eluted with 0-100% 

EtOAc in cyclohexane over 60 min.  The relevant fractions were combined and 

concentrated under reduced pressure to afford the desired product (219 mg, 650 

µmol, 53% yield) as a pale yellow oil.  LCMS (Method B): 1.36 min, [M+H]+ 340 

m/z.  1H NMR (600 MHz, DMSO-d6) δ = 7.42 (d, J = 1.5 Hz, 1H), 7.15 (t, J = 7.7 

Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.98 (s, 1H), 6.87 (d, J = 7.7 Hz, 1H), 6.28 (d, J = 

1.5 Hz, 1H), 3.41 (s, 3H), 3.38 (d, J = 13.9 Hz, 1H), 3.35 - 3.29 (m, 1H), 2.86 - 2.75 

(m, 2H), 2.71 - 2.62 (m, 2H), 2.60 - 2.55 (m, 3H), 2.55 - 2.47 (m, 2H), 1.87 (s, 1H), 

0.92 (ddd, J = 8.4, 4.4, 2.4 Hz, 2H), 0.68 - 0.61 (m, 2H) ppm.   
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tert-Butyl 7-((5-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrofuro[3,2-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (133) 

 
To a nitrogen-degassed mixture of (1,5-cyclooctadiene)(methoxy)iridium(I) dimer (3 

mg, 0.005 mmol) and 4,4'-di-tert-butyl-2,2'-bipyridine (8 mg, 0.03 mmol) in 

cyclohexane (0.5 mL) was added a nitrogen-degassed solution of  4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (50 μL, 0.35 mmol) and methyl 3-(3-

cyclopropylphenyl)-4-(6,7-dihydrofuro[3,2-c]pyridin-5(4H)-yl)butanoate (100 mg, 

270 µmol) in cyclohexane (1 mL) dropwise at room temperature under nitrogen.  The 

mixture was stirred at 20 ºC for 16 h.  To the mixture was added a nitrogen-degassed 

mixture of chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-

amino-1,1′-biphenyl)]palladium(II) (22 mg, 30 μmol) and tert-butyl 7-

(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (63 mg, 0.19 

mmol) in THF (1.5 mL) dropwise, followed by aqueous potassium phosphate 

solution (500 mM, 730 µL, 360 µmol) dropwise, sequentially at room temperature 

under nitrogen.  The resulting solution was stirred at room temperature under 

nitrogen for 2 h.  The mixture was loaded directly onto an SCX pre-packed silica 

cartridge (20 g) and eluted with MeOH (40 mL) and a solution of NH3 in MeOH (2.0 

M, 40 mL) sequentially.  The relevant fractions were combined and concentrated 

under reduced pressure to afford a crude gum.  The gum was loaded in minimal 

CH2Cl2 onto a silica pre-packed column (20 g) and eluted with 0-25% EtOAc in 

cyclohexane over 60 min.  The relevant fractions were combined and concentrated 

under reduced pressure to afford the desired product (51.3 mg, 90.0 μmol, 32% 

yield) as a pale yellow gum. LCMS (Method B): 1.53 min, [M+H]+ 586 m/z.  1H 

NMR (600 MHz, DMSO-d6) δ = 7.43 (d, J = 7.7 Hz, 1H), 7.13 (t, J = 7.7 Hz, 1H), 

7.00 (d, J = 7.7 Hz, 1H), 6.96 (s, 1H), 6.90 - 6.84 (m, 2H), 5.97 (s, 1H), 3.93 - 3.90 



CONFIDENTIAL – DO NOT COPY 

338 
Christopher J Tame 

(m, 2H), 3.63 - 3.59 (m, 2H), 3.42 (s, 3H), 3.35 - 3.31 (m, 1H), 3.28 - 3.26 (m, 1H), 

3.25 - 3.21 (m, 1H), 2.82 - 2.75 (m, 2H), 2.70 - 2.67 (m, 2H), 2.66 - 2.60 (m, 2H), 

2.56 - 2.51 (m, 2H), 2.50 - 2.46 (m, 2H), 1.89 - 1.84 (m, 1H), 1.84 - 1.78 (m, 2H), 

1.39 (s, 9H), 0.93 - 0.89 (m, 2H), 0.67 - 0.61 (m, 2H) ppm.  
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tert-Butyl 7-((5-(2-(3-cyclopropylphenyl)-4-methoxy-4-oxobutyl)-4,5,6,7-

tetrahydrofuro[3,2-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (133) Rotating Frame Nuclear Overhauser Effect (ROESY) 
1H NMR spectroscopy. Irradiated at 5.98 ppm. 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrofuro[3,2-c]pyridin-5(4H)-yl)butanoic acid (86) 

 

 
 

To a stirred solution of tert-butyl 7-((5-(2-(3-cyclopropylphenyl)-4-methoxy-4-

oxobutyl)-4,5,6,7-tetrahydrofuro[3,2-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (50 mg, 90 μmol) in MeOH (0.5 mL) was added a 

solution of HCl, 1,4-dioxane (4.0 M, 0.11 mL, 0.43 mmol) dropwise at room 

temperature and the mixture was stirred at 50 ºC for 2 h.  The mixture was then 

loaded directly onto an aminopropyl pre-packed silica cartridge (20 g) and eluted 

with MeOH (40 mL).  The filtrate was concentrated under reduced pressure to afford 

a crude orange solid.  To a solution of the crude solid in MeCN (0.5 mL) was added 

aqueous NaOH solution (2.0 M, 0.21 mL, 0.43 mmol) dropwise at room temperature 

and  the mixture was stirred at 50 ºC for 2 h.  The mixture was purified directly via 

mass-directed auto-preparative (MDAP) chromatography using a Sunfire C18 

column and an ammonium bicarbonate-modified MeCN/water gradient.  The 

relevant fractions were combined and concentrated under a stream of nitrogen to 

afford a crude gum.  The gum was loaded in DMSO (1 mL) and purified via mass-

directed auto-preparative (MDAP) chromatography using a Sunfire C18 column and 

a formic acid-modified MeCN/water gradient.  The relevant fractions were combined 

and concentrated under a stream of nitrogen to afford the desired product (28.3 mg, 

50.0 μmol, 53% yield) as a white solid.  m.p. 139-140 °C.  LCMS (Method B): 0.93 

min, [M+H]+ 472 m/z. IR (solid) 3300 (N-H stretch), 2923 (sp3 C-H stretch), 2852 

(N-H+ stretch), 1601, 1460 (O-C-O- stretch) cm-1. 1H NMR (600 MHz, CDCl3) δ = 

7.25 (d, J = 7.3 Hz, 1H), 7.22 - 7.12 (m, 2H), 6.94 (d, J = 7.7 Hz, 1H), 6.93 - 6.89 

(m, 2H), 6.35 (d, J = 7.3 Hz, 1H), 6.00 (s, 1H), 3.88 (s, 2H), 3.73 - 3.68 (m, 1H), 

3.62 (d, J = 13.9 Hz, 1H), 3.41 (t, J = 5.5 Hz, 2H), 2.94 - 2.87 (m, 4H), 2.83 (dd, J = 

16.1, 2.9 Hz, 2H), 2.70 (t, J = 6.1 Hz, 2H), 1.94 - 1.84 (m, 3H), 1.73 - 1.70 (m, 1H), 
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1.70 - 1.65 (m, 2H), 0.99 - 0.93 (m, 2H), 0.71 - 0.65 (m, 2H) ppm. 13C NMR (151 

MHz, CDCl3) δ 175.1, 144.7, 142.7, 137.9, 137.9, 129.0, 128.8, 128.2, 125.3, 124.7, 

124.1, 123.8, 114.4, 110.9, 106.1, 69.1, 64.0, 63.8, 44.1, 41.3, 39.2, 26.2, 25.3, 22.3, 

21.4, 20.7, 15.4, 9.2 ppm. HRMS (ESI) calc’d for C29H34N3O3 [M+H]+ 472.2595, 

found 472.2578. 
 

Note: 1H missing from 1H NMR (exchangeable). 

 

(E)-methyl 4-(6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)but-2-enoate (135) 

 

 
 

To a stirred solution of 4,5,6,7-tetrahydrothiazolo[5,4-c]pyridine,  hydrochloride 

(880 mg, 4.73 mmol) and DIPEA (2.5 mL, 14 mmol) in CH2Cl2 (45 mL) at room 

temperature under nitrogen was added (E)-methyl 4-bromobut-2-enoate (850 µL, 

7.10 mmol) dropwise and the mixture was stirred at room temperature for 1 h.  Water 

(50 mL) and CH2Cl2 (50 mL) was added and the separated organic phase was 

washed twice with water (2 x 50 mL).  The combined organic phase was passed 

through a hydrophobic frit and the filtrate was concentrated under reduced pressure 

to afford a crude gum.  The gum was loaded in minimal CH2Cl2 onto a silica pre-

packed column (100 g) and eluted with 0-100% EtOAc in cyclohexane over 60 min.  

The appropriate fractions were combined and concentrated to afford the desired (380 

mg, 1.60 mmol, 34% yield) as an orange gum. LCMS (Method B): 0.71 min, 

[M+H]+ 239 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 8.90 (s, 1H), 6.89 (dt, J = 

15.9, 5.8 Hz, 1H), 6.08 (dt, J = 15.9, 1.5 Hz, 1H), 3.72 (s, 2H), 3.67 (s, 2H), 3.37 (dd, 

J = 5.9, 1.6 Hz, 2H), 3.17 (d, J = 5.0 Hz, 2H), 2.81 (s, 3H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-

yl)butanoate (136) 

 
 

To a degassed solution of (3-cyclopropylphenyl)boronic acid (700 mg, 4.31 mmol) 

and (E)-methyl 4-(6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)but-2-enoate (380 mg, 

1.44 mmol) in 1,4-dioxane (14 mL) was added aqueous potassium hydroxide 

solution (3.8 M, 0.76 mL, 2.9 mmol) and chloro(1,5-cyclooctadiene)rhodium(II) 

dimer (210 mg, 430 µmol) sequentially and the solution was further degassed with 3 

alternative applications vacuum and nitrogen.  The solution was then heated and 

stirred under reflux at 95 ºC for 45 min. The reaction mixture was concentrated under 

reduced pressure to afford a brown gum.  The gum was dissolved in CH2Cl2 (100 

mL) and was washed three times with water (3 x 100 mL).  The combined organic 

fractions were passed through a hydrophobic frit and the filtrate was concentrated 

under reduced pressure to afford a brown gum.  The gum was loaded in minimal 

CH2Cl2 onto a silica pre-packed column (100 g) and eluted with 0-15% MeOH in 

CH2Cl2 over 60 min.  The appropriate fractions were combined and concentrated to 

afford the desired product (450 mg, 1.26 mmol, 88 % yield) as a brown gum. LCMS 

(Method B): 1.21 min, [M+H]+ 357 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 8.88 

(s, 1H), 7.18 - 7.11 (t, J = 7.6 Hz, 1H), 7.02 (d, J = 7.8 Hz, 1H), 6.99 (s, 1H), 6.87 (d, 

J = 7.8 Hz, 1H), 3.75 (d, J = 15.1 Hz, 1H), 3.68 (d, J = 15.1 Hz, 1H), 3.39 (s, 3H), 

3.37 - 3.30 (m, 1H), 2.92 - 2.84 (m, 1H), 2.84 - 2.80 (m, 1H), 2.80 - 2.72 (m, 3H), 

2.74 - 2.65 (m, 1H), 2.63 - 2.59 (m, 1H), 2.55 - 2.52 (m, 1H), 1.93 - 1.80 (m, 1H), 

0.99 - 0.86 (m, 2H), 0.65 (m, 2H) ppm. 
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Attempted synthesis of tert-butyl 7-((5-(2-(3-cyclopropylphenyl)-4-methoxy-4-

oxobutyl)-4,5,6,7-tetrahydrothiazolo[5,4-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (154)  

 

 
 

(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer (1.3 mg, 2.0 µmol) and 4,4'-di-tert-

butyl-2,2'-bipyridine (1.1 mg, 4.0 µmol) were charged to a 25 mL round bottomed 

flask and degassed with three alternative applications of vacuum and nitrogen. 

Degassed cyclohexane (1 mL), degassed 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (20 

μL, 0.15 mmol) and a degassed mixture of methyl 3-(3-cyclopropylphenyl)-4-(6,7-

dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)butanoate (50 mg, 0.13 mmol) and CH2Cl2 

(0.1 mL) was added dropwise, sequentially at room temperature under nitrogen.  The 

mixture was stirred at 20 ºC for 3 h.  LCMS analysis could not identify the desired 

boronate intermediate.  A degassed mixture of chloro(2-dicyclohexylphosphino-

2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-amino-1,1′-biphenyl)]palladium(II)  (10.5 

mg, 13 μmol) and tert-butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (31 mg, 90 mmol) in THF (0.5 mL) was added dropwise at room 

temperature, followed by the addition of degassed aqueous potassium phosphate 

solution (500 mM 350 µL, 180 µmol) dropwise at room temperature.  The resulting 

solution was stirred at room temperature under nitrogen for 16 h.  LCMS analysis 

could not identify the desired product. 
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tert-Butyl 7-(hydroxymethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate 

(142) 

 
 

To a stirred mixture of 1,1-dimethylethyl 7-formyl-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (21.5 g, 82.0 mmol) in THF (100 mL) was added sodium 

borohydride (3.41 g, 90.0 mmol) portionwise at 0 ºC under nitrogen and the mixture 

was stirred at 0 ºC for 1 h.  To the mixture was added water (100 mL), brine (30 mL) 

and EtOAc (100 mL) and the separated aqueous phase was extracted twice with 

EtOAc (2 x 100 mL).  The combined organic phase was passed through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

crude solid. The solid was loaded in minimal CH2Cl2 onto a silica pre-packed 

column (750 g) and eluted with 0-100% EtOAc in cyclohexane over 60 min.  The 

relevant fractions were combined and concentrated under reduced pressure to afford 

the desired product (21.4 g, 73.0 mmol, 89% yield) as a white powder.  LCMS 

(Method B): 0.85 min, [M+H]+ 265 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.49 

(d, J = 7.6 Hz, 1H), 7.09 (d, J = 7.6 Hz, 1H), 5.25 (t, J = 5.8 Hz, 1H), 4.45 (d, J = 5.8 

Hz, 2H), 3.62 (t, J = 6.0 Hz, 2H), 2.70 (t, J = 6.5 Hz, 2H), 1.82 (quin, J = 6.5 Hz, 

2H), 1.43 (s, 9H) ppm. 

 

tert-Butyl 7-(((methoxycarbonyl)oxy)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (144) 

 

 
 

Tetrabutylammonium bisulfate (5 mg, 0.02 mmol) was charged to a 20 mL round 

bottomed flask and degassed using alternative applications of vacuum and nitrogen.  
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A solution of tert-butyl 7-(hydroxymethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (200 mg, 760 µmol) and methyl chloroformate (97 µL, 1.3 mmol) in 

CH2Cl2 (600 µL) was added dropwise at room temperature.  The flask was cooled to 

0 ºC and aqueous NaOH solution (7.5 M, 0.33 mL, 2.4 mmol) was added dropwise.  

The mixture was stirred at 0 ºC for 30 min, then poured into water (50 mL) and 

extracted three times with CH2Cl2 (3 x 50 mL).  The combined organic phase was 

filtered through a hydrophobic frit and the filtrate was concentrated under reduced 

pressure to afford a crude gum.  The gum was loaded in minimal CH2Cl2 onto a 20 g 

silica pre-packed column, eluting with 0-100% EtOAc in cyclohexane over 60 min.  

The relevant fractions were combined and concentrated under a stream of nitrogen to 

afford the desired product (126 mg, 390 µmol, 52% yield) as a white solid. LCMS 

(Method B): 1.07 min, [M+H]+ 323 m/z.  1H NMR (400 MHz, CDCl3) δ = 7.41 (d, J 

= 7.6 Hz, 1H), 7.05 (d, J = 7.6 Hz, 1H), 5.22 (s, 2H), 3.84 (s, 3H), 3.82 - 3.74 (t, J = 

5.9 Hz, 2H), 2.77 (t, J = 6.6 Hz, 2H), 1.94 (quin, J = 6.4 Hz, 2H), 1.54 (s, 9H) ppm. 

 

Attempted synthesis of tert-butyl 7-((5-(2-(3-cyclopropylphenyl)-4-methoxy-4-

oxobutyl)-4,5,6,7-tetrahydrothiazolo[5,4-c]pyridin-2-yl)methyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (138) 

 

 
 

Methyl 3-(3-cyclopropylphenyl)-4-(6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-

yl)butanoate (50 mg, 0.14 mmol), tert-butyl 7-(((methoxycarbonyl)oxy)methyl)-3,4-

dihydro-1,8-naphthyridine-1(2H)-carboxylate (125 mg, 390 µmol), 1,3-

Bis(diphenylphosphino)propane (dppp) (3 mg, 0.07 mmol), 

tris(dibenylideneacetone)dipalladium(0) (4 mg, 4 µmol) and potassium fluoride (17 

mg, 0.29 mmol) in anhydrous DMSO (1.5 mL) were degassed with a stream of 
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nitrogen for 30 min.  The mixture was then heated at 120 ºC for 3 h. LCMS analysis 

could not identify the desired product. 

 
tert-Butyl 7-(2-amino-2-oxoethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (149)  

 
 

A sealed solution of tert-butyl 7-(2-methoxy-2-oxoethyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (20.0 g, 65.3 mmol) in a solution of ammonia in 

MeOH (7.0 M, 0.30 L, 2.1 mol) was stirred at room temperature for 16 h, then 

concentrated under reduced pressure to afford the desired product (19.0 g, 65.2 

mmol, 100% yield) as a yellow oil, which crystallised over time to give a pale yellow 

solid. LCMS (Method B): 0.85 min, [M+H]+ 292 m/z.  1H NMR (400 MHz, DMSO-

d6) δ = 7.69 (br. s, 1H), 7.45 (d, J = 7.6 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H), 6.93 (br. s, 

1H), 4.16 (br. s, 2H), 3.65 (d, J = 6.0 Hz, 2H), 2.70 (t, J = 6.3 Hz, 2H), 1.83 (quin, J 

= 6.5 Hz, 2H), 1.45 (s, 9H) ppm. 

 

tert-Butyl 7-(2-amino-2-thioxoethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (150)  

 

 
Method 1 

To a stirred solution of tert-butyl 7-(2-amino-2-oxoethyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (180 mg, 620 µmol) in THF (1 mL) at room 

temperature under nitrogen was added Lawesson's reagent (150 mg, 370 µmol) and 

the mixture was stirred at reflux for 2 h.  LCMS (Method B) of the crude reaction 

mixture identified the Boc-deprotected analogue of the product 0.71 min, [M+H]+ 
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208 m/z, along with a range of unidentifiable impurities.  No further investigation 

was undertaken. 

 

Method 2 

To a stirred solution of tert-butyl 7-(2-amino-2-oxoethyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (515 mg, 1.77 mmol) in 1,4-dioxane (3.5 mL) was 

added Lawesson's reagent (357 mg, 880 µmol) and the mixture was stirred at room 

temperature under nitrogen for 16 h. The mixture was concentrated under reduced 

pressure to afford a crude orange solid.  The solid was dissolved in EtOAc (50 mL) 

and brine (50 mL) and the separated aqueous phase was extracted twice with EtOAc 

(2 x 50 mL).  The combined organic phase was passed through a hydrophobic frit 

and the filtrate was concentrated under reduced pressure to afford an orange solid.  

The solid was loaded in minimal CH2Cl2 onto a silica pre-packed column (100 g) and 

eluted with 0-100% EtOAc in cyclohexane over 60 min.  The relevant fractions were 

combined and concentrated under reduced pressure to afford the desired product (200 

mg, 650 µmol, 37% yield) as a yellow solid.  LCMS (Method B): 1.06 min, [M+H]+ 

308 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 9.75 - 9.54 (m, 2H), 7.48 (d, J = 7.6 

Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 3.94 (s, 2H), 3.73 - 3.62 (m, 2H), 2.76 - 2.63 (m, 

2H), 1.89 - 1.74 (m, 2H), 1.46 (s, 9H) ppm. 
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tert-Butyl 2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothiazolo[5,4-c]pyridine-5(4H)-carboxylate (157)  

 

 
 

To a stirred mixture of tert-butyl 7-(2-amino-2-thioxoethyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (200 mg, 650 µmol) in 1,4-dioxane (2 mL) was 

added tert-butyl 3-bromo-4-oxopiperidine-1-carboxylate (271 mg, 980 µmol) and 

calcium carbonate (130 mg, 1.30 mmol) under nitrogen at room temperature and the 

mixture was stirred at 70 ºC for 16 h.  The reaction mixture was cooled to room 

temperature, then EtOAc (50 mL) and water (50 mL) were added and the separated 

aqueous phase was extracted twice with EtOAc (2 x 50 mL).  The combined organic 

phase was filtered through a hydrophobic frit and the filtrate was concentrated under 

reduced pressure to afford a crude red oil.  The oil was loaded in minimal CH2Cl2 

onto a silica pre-packed column (50 g) and eluted with 0-100% EtOAc in 

cyclohexane over 60 min.  The relevant fractions were combined and concentrated 

under reduced pressure to afford the desired product (186 mg, 480 µmol, 74% yield) 

as an orange solid. LCMS (Method B): 1.15 min, [M+H]+ 387 m/z.  1H NMR (400 

MHz, CDCl3) δ = 7.08 (d, J = 7.3 Hz, 1H), 6.46 (d, J = 7.3 Hz, 1H), 4.85 (br. s., 1H), 

4.55 (br. s., 2H), 4.19 (s, 2H), 3.77 - 3.67 (m, 2H), 3.45 - 3.36 (m, 2H), 2.89 - 2.79 

(m, 2H), 2.70 (t, J = 6.3 Hz, 2H), 1.96 - 1.82 (m, 2H), 1.47 (s, 9H) ppm. 
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2-((5,6,7,8-Tetrahydro-1,8-naphthyridin-2-yl)methyl)-4,5,6,7-

tetrahydrothiazolo[5,4-c]pyridine (153)  

 

 
 

To a stirred solution of tert-Butyl 2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothiazolo[5,4-c]pyridine-5(4H)-carboxylate (186 mg, 480 

µmol) in MeOH (1.0 mL) was added a solution of HCl in 1,4-dioxane (4 M, 0.6 mL, 

2.4 mmol) dropwise at room temperature and the mixture was stirred at room 

temperature overnight.  The mixture was then loaded directly onto an aminopropyl 

silica pre-packed cartridge (20 g) and eluted with MeOH (40 mL).  The filtrate was 

concentrated under reduced pressure to afford the desired product (114 mg, 400 

µmol, 83% yield) as an orange solid.  LCMS (Method B): 0.77 min, [M+H]+ 287 

m/z.  1H NMR (400 MHz, CDCl3) δ = 7.08 (d, J = 6.8 Hz, 1H), 6.46 (d, J = 7.3 Hz, 

1H), 4.82 (br. s, 1H), 4.19 (s, 2H), 3.97 (s, 2H), 3.45 - 3.35 (m, 2H), 3.15 (t, J = 5.8 

Hz, 2H), 2.85 - 2.75 (m, 2H), 2.69 (t, J = 6.3 Hz, 2H), 1.96 - 1.84 (m, 2H), 1.58 (br. 

s, 1H) ppm. 

 

 

(E)-Methyl 4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)but-2-enoate (154)  

 

 
 

To a stirred solution of 2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-4,5,6,7-

tetrahydrothiazolo[4,5-c]pyridine (114 mg, 380 µmol) and triethylamine (110 µL, 

760 µmol) in CH2Cl2 (3.5 mL) was added a solution of (E)-methyl 4-bromobut-2-
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enoate (50 μL, 0.38 mmol) in CH2Cl2 (0.5 mL) dropwise at 0 ºC under nitrogen.  The 

mixture was stirred at room temperature for 1 h.  To the reaction mixture was then 

added triethylamine (0.053 mL, 0.378 mmol) and a solution of (E)-methyl 4-

bromobut-2-enoate (0.023 mL, 0.189 mmol) in DCM (0.5 mL) dropwise, 

sequentially at 0 ºC and the mixture was stirred at room temperature for 1 h. To the 

reaction mixture was then added triethylamine (0.053 mL, 0.378 mmol) and a 

solution of (E)-methyl 4-bromobut-2-enoate (0.023 mL, 0.189 mmol) in DCM (0.5 

mL) dropwise, sequentially at 0 ºC and the mixture was stirred at room temperature 

for 1 h.  Water (50 mL) and CH2Cl2 (50 mL) was added and the separated organic 

phase was washed twice with water (2 x 50 mL).  The combined organic phase was 

filtered through a hydrophobic frit and the filtrate was concentrated under reduced 

pressure to afford the desired product (147 mg, 380 µmol, 96% yield) as a yellow 

solid. LCMS (Method B): 0.97 min, [M+H]+ 385 m/z.  1H NMR (400 MHz, CDCl3) 

� = 7.09 (d, J = 7.3 Hz, 1H), 7.00 (dt, J = 15.6, 6.0 Hz, 1H), 6.45 (d, J = 7.3 Hz, 

1H), 6.04 (dt, J = 15.6, 1.5 Hz, 1H), 4.88 (br. s., 1 H), 4.20 (s, 2H), 3.75 (s, 3H), 3.67 

(s, 2H), 3.44 - 3.38 (m, 2H), 3.35 (dd, J = 6.0, 1.8 Hz, 2H), 2.91 - 2.84 (m, 4H), 2.70 

(t, J = 6.3 Hz, 2H), 1.96 - 1.87 (m, 2H) ppm. 

 

3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)butanoic acid, formic 

acid salt (89) 

 
 

To a solution of (3-cyclopropylphenyl)boronic acid (178 mg, 1.10 mmol) and (E)-

methyl 4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)methyl)-6,7-

dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)but-2-enoate (141 mg, 370 µmol) in 

degassed 1,4-dioxane (2.50 mL) was added degassed aqueous KOH solution (3.8 M, 

190 µL, 730 µmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (54 mg, 0.11 

mmol) sequentially at room temperature under nitrogen.  The reaction mixture was 
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then heated to 95 ºC for 5 min. The reaction mixture was concentrated under reduced 

pressure to afford a brown gum.  The gum was dissolved in CH2Cl2 (5 mL), MeOH 

(5 mL) and water (5 mL) and loaded onto an SCX pre-packed silica cartridge (5 g).  

The column was eluted with MeOH (50 mL), CH2Cl2 (50 mL), water (50 mL) and a 

solution of NH3 in MeOH (2 M, 50 mL), respectively.  The relevant fractions were 

concentrated under reduced pressure to afford a crude brown gum.  To a solution of 

the brown gum in MeOH (1 mL) at room temperature was added aqueous NaOH 

solution (2.0 M, 0.92 mL, 1.8 mmol) and the solution was stirred at 50 ºC for 1 h.  

The solution was concentrated under reduced pressure to afford a brown gum.  The 

gum was dissolved in MeCN (1.00 mL) and water (1.00 mL) and purified via mass-

directed auto-preparative (MDAP) chromatography using a Sunfire C18 column (2 x 

1.00 mL injections) and an ammonium bicarbonate-modified MeCN/water gradient.  

The relevant fractions were combined and concentrated under a stream of nitrogen to 

afford the desired product (113 mg, 210 µmol, 63% yield) as a brown solid. m.p. 

127.1 – 127.4 °C.  LCMS (Method B): 0.96 min, [M+H]+ 489 m/z. IR (solid) 3300 

(N-H stretch), 2926 (sp3 C-H stretch), 1600, 1275 (O-C-O- stretch) cm-1.  1H NMR 

(400 MHz, CDCl3) δ = 8.39 (s, 1H), 7.24 (d, J = 7.3 Hz, 1H), 7.20 (t, J = 7.6 Hz, 

1H), 6.96 - 6.85 (m, 4H), 6.42 (d, J = 7.3 Hz, 1H), 4.31 (s, 2H), 3.96 (d, J = 14.9 Hz, 

1H), 3.88 (d, J = 14.9 Hz, 1H), 3.46 (t, J = 5.6 Hz, 2H), 3.38 - 3.29 (m, 1H), 3.29 - 

3.18 (m, 1H), 2.97 (s, 2H), 2.91 (d, J = 7.3 Hz, 2H), 2.89 - 2.79 (m, 2H), 2.84 - 2.78 

(m, 1H), 2.72 (t, J = 6.2 Hz, 2H), 1.96 - 1.80 (m, 3H), 1.00 - 0.92 (m, 2H), 0.72 - 

0.64 (m, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) δ = 173.2, 173.2, 165.4, 155.9, 

153.3, 147.2, 143.5, 143.1, 136.1, 127.9, 126.0, 124.8, 122.8 , 113.4, 110.2, 61.9, 

49.6, 49.5, 40.8, 40.1, 39.1, 38.6, 26.1, 25.6, 20.5, 14.4, 9.1 ppm. HRMS (ESI) calc’d 

for C28H33N4O2S [M+H]+ 489.2324, found 489.2325.  

 

Key 2D correlations: 

 

HMBC (1H NMR to 13C NMR): δ = 4.01 to 110.2, 153.3, 165.4 ppm; 3.96 and 3.88 

to 49.6, 126.0, 147.2 ppm; 2.88 to 49.5, 147.2 ppm; 2.82 to 26.1, 61.9, 147.2 ppm. 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)butanoic acid, formic 

acid salt (89) 1H NMR Correlation Spectroscopy (COSY). 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)butanoic acid, formic 

acid salt (89) Heteronuclear Single Quantum Coherence (HSQC) 1H and 13C 

NMR spectroscopy 
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3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)-6,7-dihydrothiazolo[5,4-c]pyridin-5(4H)-yl)butanoic acid, formic 

acid salt (89) Heteronuclear Multiple Bond Correlation (HMBC) 1H and 13C 

NMR spectroscopy. 
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5,6,7,8-Tetrahydro-[1,2,4]triazolo[1,5-a]pyrazine (173)  

 

 
 

A mixture of [1,2,4]triazolo[1,5-a]pyrazine (1.00 g, 8.33 mmol) and palladium on 

carbon (10%, dry basis, 90 mg, 0.83 mmol) in EtOH (30 mL) was stirred under a 

hydrogen atmosphere at room temperature for 20 h.  The mixture was filtered 

through a celite plug under reduced pressure and the filtrate was concentrated under 

reduced pressure to afford the desired product (1.03 g, 8.33 mmol, 100% yield) as a 

white solid. 1H NMR (400 MHz, CDCl3) δ = 7.87 (s, 1H),  4.13 - 4.19 (m, 6H), 3.33 

(br. s, 1H) ppm. 

 

Benzyl 5,6-dihydro-[1,2,4]triazolo[1,5-a]pyrazine-7(8H)-carboxylate (174) 

 

 
 

To a stirred mixture of 5,6,7,8-tetrahydro-[1,2,4]triazolo[1,5-a]pyrazine (1.00 g, 6.23 

mmol) and triethylamine (1.74 mL, 12.5 mmol) in CH2Cl2 (60 mL) was added 

benzyl (2,5-dioxopyrrolidin-1-yl) carbonate (1.71 g, 6.85 mmol) portionwise at room 

temperature and the mixture was stirred at room temperature for 2 h.  To the mixture 

was added water (100 mL) and the separated aqueous layer was extracted twice with 

CH2Cl2 (2 x 100 mL).  The combined organic phase was washed with water (100 

mL) and filtered through a hydrophobic frit. The filtrate was concentrated under 

vacuum to afford a crude orange gum.    The gum was loaded in minimal CH2Cl2 

onto a 50 g silica pre-packed column and eluted with 0-100% EtOAc in cyclohexane, 

then 0-20% MeOH (1% Et3N) over 60 min.  The relevant fractions were combined 

and concentrated under reduced pressure to afford the desired product (640 mg, 2.48 

mmol, 40%).  LCMS (Method B): 0.76 min, [M+H]+ 259 m/z.  1H NMR (400 MHz, 
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DMSO-d6) δ = 7.96 (s, 1H), 7.44 - 7.30 (m, 5H), 5.15 (s, 2H), 4.73 (br. s, 2H), 4.18 

(t, J = 5.4 Hz, 2H), 3.94 (m, 2H) ppm. 

 

Attempted synthesis of tert-Butyl 7-((7-((benzyloxy)carbonyl)-5,6,7,8-tetrahydro-

[1,2,4]triazolo[1,5-a]pyrazin-2-yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (176) 

N NN

N

O

ONN

O O

 
Method 1 

To a degassed mixture of (1,5-cyclooctadiene)(methoxy)iridium(I) dimer (13 mg, 20 

µmol) and 4,4'-di-tert-butyl-2,2'-bipyridine (10 mg, 40 µmol) was added degassed 

cyclohexane (1.5 mL), degassed pinacolborane (80 µL, 580 µmol) and a degassed 

solution of benzyl 5,6-dihydro-[1,2,4]triazolo[1,5-a]pyrazine-7(8H)-carboxylate (100 

mg, 390 µmol) in CHCl3 (0.5 mL) dropwise at room temperature under nitrogen.  

Addition of pinacolboroane was accompanied with a colour change from orange to 

deep red.  The mixture was stirred at 70 ºC under reflux for 1 h.  LCMS analysis 

(MeCN, Method B) indicated incomplete consumption of the starting material and  

new peaks at 1.02 min, [M+H]+ 385 m/z, and 0.53 min, [M+H]+ 303 m/z, which 

suggested the presence of pinacol boronate and boronic acid intermediates, 

respectively.  To the reaction mixture was added a degassed solution of chloro(2-

dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)[2-(2′-amino-1,1′-

biphenyl)]palladium(II) (31 mg, 40 μmol) and tert-butyl 7-(bromomethyl)-3,4-

dihydro-1,8-naphthyridine-1(2H)-carboxylate (89 mg, 0.27 mmol) in THF (1.5 mL) 

and aqueous K3PO4 solution (0.5 M, 1.0 mL, 0.52 mmol) dropwise, sequentially, at 

70 ºC under nitrogen.  Gas evolution was observed during both additions.  LCMS 

analysis (MeCN, Method B) indicated complete conversion back to the starting 

material 0.76 min, [M+H]+ 259 m/z. 
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Method 2 

To a degassed mixture of (1,5-cyclooctadiene)(methoxy)iridium(I) dimer (13 mg, 20 

μmol) and 4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy) (10 mg, 40 μmol) was added 

degassed cyclohexane (1.5 mL), degassed pinacolborane (0.14 mL, 0.97 mmol) and a 

degassed solution of benzyl 5,6-dihydro-[1,2,4]triazolo[1,5-a]pyrazine-7(8H)-

carboxylate (100 mg, 390 µmol) in chloroform (0.5 mL) dropwise at room 

temperature under nitrogen.  The addition of pinacolborane was accompanied with a 

colour change from orange to deep red.  The mixture was stirred at 70 ºC under 

reflux for 1 hour then cooled to 0 ºC or 50 °C.  LCMS analysis indicated a major 

peak which corresponded to the boronic acid intermediate and mono-substituted 

dtbpy: (method B) 0.53 min, [M+H]+ 303 m/z; 1.02 min, [M+H]+ 385 m/z.  Note: 

LCMS samples were dissolved in MeCN and were run on ammonium-bicarbonate 

modified LCMS, 2 minute system.  Samples taken in MeOH only show starting 

material, suggesting rapid protodeboronation.  To the reaction mixture was added a 

degassed solution of chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-

biphenyl)[2-(2′-amino-1,1′-biphenyl)]palladium(II) (31 mg, 39 μmol) and tert-butyl 

7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (89 mg, 0.27 

mmol) in THF (1.5 mL) and an aqueous solution of potassium phosphate (500 mM 

1.00 mL, 520 μmol) dropwise respectively at 0 ºC or 50 °C.  Gas evolution was 

observed during both additions.  The reaction mixture was then stirred either at room 

temperature or 50 °C overnight, under nitrogen.  LCMS analysis (method B) could 

only identify degradation of the pinacolboronate intermediate to starting material. 

 

2-Bromo-7-trityl-5,6,7,8-tetrahydro-[1,2,4]triazolo[1,5-a]pyrazine (189) 

 

 
 

To a stirred mixture of trityl chloride (755 mg, 2.71 mmol) and 2-bromo-5,6,7,8-

tetrahydro-[1,2,4]triazolo[1,5-a]pyrazine (500 mg, 2.46 mmol) in CH2Cl2 (2.5 mL) 

was added DIPEA (1.29 mL, 7.39 mmol) dropwise at room temperature, which was 
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accompanied by the evolution of a white gas.  The resulting solution was stirred at 

room temperature for 1 h. CH2Cl2 (5 mL) was added to re-dissolve a yellow 

precipitate which formed during the reaction.  Water (10 mL) and CH2Cl2 (10 mL) 

was added and the isolated aqueous phase was extracted twice with CH2Cl2 (2 x 10 

mL) and the combined organic phase was concentrated to ~5 mL under reduced 

pressure, then loaded onto a silica-gel pre-packed column (100 g) and eluted with 0-

50% EtOAc in cyclohexane over 40 min.  The relevant fractions were combined and 

concentrated to afford the desired product (852 mg, 1.91 mmol, 78% yield) as a 

white solid. LCMS (Method B): 1.39 min, 445 [79Br M+H]+, 447 [81Br M+H]+ m/z.   
1H NMR (400 MHz, DMSO-d6) δ = 7.46 (d, J = 7.6 Hz, 6H), 7.35 (t, J = 7.8 Hz, 

6H), 7.27 - 7.19 (m, 3H), 4.29 (t, J = 5.3 Hz, 2H), 3.43 (br. s, 2H), 2.72 - 2.62 (m, 

2H) ppm. 

 

2-(8-(tert-Butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)acetic acid 

(190) 

 
 

To a stirred solution of tert-butyl 7-(2-methoxy-2-oxoethyl)-3,4-dihydro-1,8-

naphthyridine-1(2H)-carboxylate (6.00 g, 19.6 mmol) in MeCN (25 mL) was added 

aqueous NaOH solution (2.0 M, 20 mL, 39 mmol) dropwise over 20 min and the 

mixture was stirred at room temperature for 10 min.  The mixture was neutralised 

with aqueous HCl solution (2 M), concentrated under reduced pressure to half the 

original volume then acidified to pH 5 with aqueous hydrochloric acid solution (2 

M).  Water (50 mL) and EtOAc (50 mL) was added and the separated aqueous phase 

was extracted twice with EtOAc (2 x 100 mL).  The combined organic fractions were 

filtered through a hydrophobic frit and the filtrate was concentrated under reduced 

pressure to afford the desired product (4.72 g, 15.3 mmol, 78% yield) as a yellow oil.  

LCMS (Method B): 0.60 min, [M+H]+ 293 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 
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12.54 (br. s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 3.67 - 3.61 (m, 

4H), 2.71 (t, J = 6.5 Hz, 2H), 1.83 (quin, J = 6.5 Hz, 2H), 1.44 (s, 9H) ppm. 

 
7-Methyl-1-(5,6,7,8-tetrahydro-[1,2,4]triazolo[1,5-a]pyrazin-2-yl)-1,2,3,4-

tetrahydro-1,8-naphthyridine (191) 

 

 
 
To a stirred solution of 2-(8-(tert-butoxycarbonyl)-5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)acetic acid (350 mg, 1.08 mmol) in MeCN (6 mL) was added an 

aqueous solution of potassium hydroxide (1.0 M, 1.1 mL, 1.1 mmol) dropwise at 

room temperature .  The mixture was stirred at room temperature for 5 min, then 

concentrated under reduced pressure to afford an orange solid (356 mg, 1.08 mmol).  

The orange solid (326 mg, 990 µmol), 2-bromo-7-trityl-5,6,7,8-tetrahydro-

[1,2,4]triazolo[1,5-a]pyrazine (400 mg, 900 µmol), 

tris(dibenzylideneacetone)dipalladium (82 mg, 90 μmol) and 4,5-

bis(diphenylphosphino)-9,9-dimethyl xanthene (156 mg, 270 µmol) were charged to 

an oven-dried round bottomed flask then sealed and degassed with three alternative 

applications of nitrogen and vacuum. To the solids was added degassed 1,3,5-

trimethylbenzene (1.8 mL) and the resulting mixture was transferred to a pre-heated 

oil bath set at 150 ºC and stirred under nitrogen for 16 h. The reaction mixture was 

concentrated under reduced pressure then loaded in minimal CH2Cl2 and purified by 

silica gel chromatography, eluting with 0-100% EtOAc in cyclohexane, followed by 

0-20% MeOH in CH2Cl2.  The relevant fractions were combined and concentrated 

under reduced pressure to afford an orange solid.  The solid was dissolved in 

minimal CH2Cl2 and purified by SCX ion exchange column chromatography, eluting 

with MeOH, followed by a solution of ammonia in MeOH (2 M).  LCMS analysis of 

the ammonia-containing fractions suggested a mixture of the trityl-deprotected 

analogue of the product, and 2-methyl tetranaphthyridine in a 1:2 ratio.  LCMS 
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(method B) 0.59 min, [M+H]+ 271 m/z; 0.79 min, [M+H]+ 149 m/z.  The mixture 

was concentrated under reduced pressure to afford a gum.  The gum was loaded in 

MeOH (1 mL) and purified by formic acid-modified mass-directed auto preparative 

(MDAP) chromatography.  The relevant fractions were combined and passed through 

an ammonium bicarbonate-functionalised silica column under atmospheric pressure, 

eluting with MeOH.  The filtrate was combined and concentrated under reduced 

pressure to afford a crude white solid.  LCMS (Method B): 0.59 min, [M+H]+ 271 

m/z.  1H NMR (400 MHz, CDCl3) δ = 7.23 (d, J = 7.3 Hz, 1H), 6.61 (d, J = 7.6 Hz, 

1H), 4.10 - 4.16 (m, 4H), 3.90 - 3.95 (m, 2H), 3.35 (t, J = 5.4 Hz, 2H), 2.79 (t, J = 

6.4 Hz, 2H), 2.42 (s, 3H), 2.04 (quin, J = 6.0 Hz, 2H) ppm. 

 
 
7-((5,6-Dihydropyrrolo[3,4-c]pyrazol-2(4H)-yl)methyl)-1,2,3,4-tetrahydro-1,8-

naphthyridine (203) and 7-((5,6-dihydropyrrolo[3,4-c]pyrazol-1(4H)-yl)methyl)-

1,2,3,4-tetrahydro-1,8-naphthyridine (204) 

 

 
 

To a stirred solution of tert-butyl 4,6-dihydropyrrolo[3,4-c]pyrazole-5(1H)-

carboxylate (1.02 g, 4.89 mmol) in DMF (44.5 mL) was added sodium hydride (60% 

dispersion in mineral oil, 290 mg, 7.33 mmol) portionwise at 0 ºC under nitrogen, 

and the mixture was then stirred for 20 min at 0 ºC. To the mixture was added a 

solution of tert-butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (1.60 g, 4.89 mmol) in DMF (4.5 mL) dropwise at 0 ºC.  The mixture 

was then allowed to reach room temperature and stirred at room temperature for 16 

h.  Aqueous lithium chloride solution (1% (w/v), 200 mL) and EtOAc (200 mL) were 

added and the separated aqueous phase was extracted twice with EtOAc (2 x 200 

mL), and the combined organics were washed with aqueous lithium chloride solution 

(1% (w/v), 200 mL). The combined organic phase was filtered through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

crude solid (1.7 g).  To a stirred solution of the crude solid in MeOH (30 mL) was 
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added a solution of HCl, in 1,4-dioxane (4.0 M, 4.4 mL, 18 mmol) dropwise at room 

temperature under nitrogen and the mixture was stirred at room temperature for 16 h.  

The reaction mixture was neutralised with saturated aqueous sodium bicarbonate 

solution. To the mixture was added EtOAc (200 mL) and water (200 mL) and the 

separated organic phase was washed twice with water (2 x 200 mL).  The combined 

aqueous phase was concentrated under reduced pressure to afford a white solid.  The 

solid was loaded in minimal water onto an SCX pre-packed column (50 g) and eluted 

with water (100 mL), MeOH (100 mL) and a solution of NH3 in MeOH (2 M, 100 

mL), respectively.  The relevant fractions were combined and concentrated under 

reduced pressure to afford a mixture of 7-((5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-

yl)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine (203) and 7-((5,6-

dihydropyrrolo[3,4-c]pyrazol-1(4H)-yl)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine 

(204) (530 mg, 2.08 mmol, 43% yield) as a yellow gum.  LCMS (Method B): 0.59 

min, [M+H]+ 256 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 7.38 (s, 1H), 7.11 - 7.04 

(m, 1H), 6.43 (br. s, 0.33H), 6.40 (br. s, 0.67H), 6.13 (d, J = 7.3 Hz, 0.33H), 6.07 (d, 

J = 7.3 Hz, 0.67H), 5.02 (s, 1.34H), 4.94 (s, 0.66H), 3.82 - 3.77 (m, 2H), 3.77 - 3.70 

(m, 2H), 3.18 (s, 1H), 3.28 - 3.20 (m, 2H), 2.67 - 2.55 (m, 2H), 1.74 (quin, J = 5.9 

Hz, 2H) ppm.  Integration of peaks at 6.13 and 6.07 ppm indicate a 2:1 ratio of 

components in the mixture. 

 

Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate, formic acid salt 

(209) and methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)pyrrolo[3,4-c]pyrazol-5(1H,4H,6H)-yl)butanoate, 

formic acid salt (210) 

 

 
 

To a stirred solution of 7-((5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-yl)methyl)-

1,2,3,4-tetrahydro-1,8-naphthyridine (585 mg, 2.29 mmol) and triethylamine (640 
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µL, 4.58 mmol) in CH2Cl2 (22 mL) was added (E)-methyl 4-bromobut-2-enoate (342 

µL, 2.86 mmol) dropwise at 0 ºC under nitrogen.  The mixture was allowed to reach 

room temperature and stirred at room temperature for 1 h.  EtOAc (50 mL) and 

aqueous lithium chloride solution (10% (w/v), 50 mL) was added and the separated 

organic phase was washed twice with aqueous lithium chloride solution (10 % (w/v), 

2 x 50 mL).  The combined aqueous phase was extracted twice with EtOAc (2 x 50 

mL) and the combined organic phase was passed through a hydrophobic frit and the 

filtrate was concentrated under reduced pressure to afford a crude orange gum (450 

mg).  To a stirred nitrogen-degassed mixture of the crude orange gum and (3-

cyclopropylphenyl)boronic acid (619 mg, 3.82 mmol) in 1,4-dioxane (12 mL) was 

added degassed aqueous potassium hydroxide solution (3.8 M, 0.67 mL, 2.6 mmol) 

and chloro(1,5-cyclooctadiene)rhodium(II) dimer (188 mg, 380 µmol) sequentially. 

The solution was further degassed with alternative applications of vacuum and 

nitrogen and then heated to 95 ºC for 15 min.  The mixture was concentrated under 

reduced pressure then dissolved in EtOAc (100 mL) and water (100 mL).  The 

separated organic phase was washed twice with water (2 x 200 mL) and the 

combined organic phase was passed through a hydrophobic frit and the filtrate was 

concentrated under reduced pressure to afford a crude solid.  The solid was loaded in 

minimal CH2Cl2 onto a silica pre-packed column (100 g) and eluted with 0-15% 

MeOH (+ 1% Et3N) in CH2Cl2 over 60 min.  The relevant fractions were combined 

and concentrated under reduced pressure to afford a crude gum.  The gum was 

dissolved in DMSO (4.3 mL) and purified by HPLC (43 x 100 μL injections, Waters 

Atlantis C18 column, 100 mm x 19.0 mm, 20 mL/min, 20-100% MeOH (0.1% (v/v) 

formic acid) in water (0.1% (v/v) formic acid) over 18 min).  The relevant fractions 

were combined and concentrated under a stream of nitrogen to afford methyl 3-(3-

cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate, formic acid salt (209) 

(90 mg, 0.17 mmol, 8% yield) and methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-

tetrahydro-1,8-naphthyridin-2-yl)methyl)pyrrolo[3,4-c]pyrazol-5(1H,4H,6H)-

yl)butanoate, formic acid salt (210) (125 mg, 240 µmol, 11% yield). 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate, formic acid salt (209): 

LCMS (Method B): 1.23 min, [M+H]+ 472 m/z.  1H NMR (600 MHz, DMSO-d6) δ = 

8.37 (br. s, 1H), 7.39 (s, 1H), 7.15 (t, J = 7.7 Hz, 1H), 7.05 (d, J = 7.3 Hz, 1H), 7.03 

(d, J = 7.7 Hz, 1H), 7.00 (s, 1H), 6.87 (d, J = 7.7 Hz, 1H), 6.40 (br. s, 1H), 6.03 (d, J 

= 7.3 Hz, 1H), 5.01 (s, 2H), 3.68 - 3.57 (m, 4H), 3.44 (s, 3H), 3.25 - 3.19 (m, 3H), 

2.93 - 2.78 (m, 3H), 2.60 (t, J = 6.1 Hz, 2H), 2.55 - 2.51 (m, 1H), 1.92 - 1.84 (m, 

1H), 1.79 - 1.67 (m, 2H), 0.97 - 0.88 (m, 2H), 0.72 - 0.59 (m, 2H) ppm. 

 

 

Methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(1H,4H,6H)-yl)butanoate, formic acid salt (210): 

LCMS (Method B): 1.23 min, [M+H]+ 472 m/z.  1H NMR (600 MHz, DMSO-d6) δ = 

8.40 (br. s, 1H), 7.14 (t, J = 7.7 Hz, 1H), 7.10 (s, 1H), 7.08 (d, J = 7.3 Hz, 1H), 7.00 

(d, J = 7.7 Hz, 1H), 6.97 (s, 1H), 6.86 (d, J = 7.7 Hz, 1H), 6.43 (br. s, 1H), 6.12 (d, J 

= 7.3 Hz, 1H), 4.95 (s, 2H), 3.72 - 3.61 (m, 4H), 3.43 (s, 3H), 3.25 (t, J = 4.8 Hz, 

2H), 3.16 - 3.11 (m, 1H), 2.88 - 2.82 (m, 2H), 2.79 (dd, J = 15.4, 6.2 Hz, 1H), 2.62 (t, 

J = 6.2 Hz, 2H), 2.55 - 2.51 (m, 1H), 1.90 - 1.83 (m, 1H), 1.75 (quin, J = 6.2 Hz, 

2H), 0.94 - 0.89 (m, 2H), 0.66 - 0.62 (m, 2H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate, formic acid salt 

(209) 1H NMR NOESY analysis. Irradiation at 5.01 ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(1-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(1H,4H,6H)-yl)butanoate, formic acid salt 

(210)  1H NMR NOESY analysis. Irradiation at 4.95 ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate (209a and 209b). 

 

 
Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate (235) (90 mg, 0.17 

mmol) was dissolved in EtOH (3 mL) and the supernatant was decanted, diluted with 

heptane (3 mL) and purified by chiral HPLC chromatography (6 x 1 mL injections, 

20% EtOH in heptane, Chiralcel OD-H column (30 mm x 25 cm), flow rate: 30 

mL/min).  The relevant fractions were combined and concentrated under reduced 

pressure to afford methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-

naphthyridin-2-yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate (209a, 

enantiomer 1 (18.5-21 min): 18 mg,  40 μmol, 20% yield, >96% e.e.) and methyl 3-

(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate (209b, enantiomer 2 

(23-27 min):  19 mg, 40 μmol, 21% yield, >99% e.e.) as yellow gums.  Enantiomeric 

excess was determined using chiral HPLC analysis (30% EtOH in heptane, Chiralcel 

OD-H column (4.6 mm x 25 cm), flow rate: 1 mL/min). 

 

3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoic acid (170a, 

enantiomer 1) 

 

 
To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate 

(enantiomer 1, 18 mg, 40 μmol) in MeCN (0.2 mL) was added aqueous NaOH 

solution (2.0 M, 0.19 mL, 0.38 mmol) dropwise at room temperature under nitrogen 
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and the mixture was stirred at 50 ºC for 2 h.  The mixture was purified directly via 

mass-directed auto-preparative (MDAP) chromatography using a Sunfire C18 

column and ammonium bicarbonate-modified MeCN/water gradient.  The relevant 

fractions were combined and concentrated under a stream of nitrogen to afford the 

desired product (11.5 mg, 30.0 μmol, 66% yield) as a yellow gum.  LCMS (Method 

B): 0.77 min, [M+H]+ 458 m/z. IR (solid) 3300 (N-H stretch); 2930 (sp3 C-H 

stretch); 2800 (N-H+ stretch) 1600, 1393 (O-C-O- stretch) cm-1. [α]D = +0.14 (c = 

0.45 in MeOH). 1H NMR (600 MHz, DMSO-d6) δ = 7.39 (s, 1H), 7.15 (t, J = 7.7 Hz, 

1H), 7.06 (d, J = 7.3 Hz, 1H), 7.03 (d, J = 7.7 Hz, 1H), 7.01 (s, 1H), 6.85 (d, J = 7.7 

Hz, 1H), 6.38 (br. s, 1H), 6.08 (d, J = 7.0 Hz, 1H), 5.01 (s, 2H), 3.71 - 3.60 (m, 4H), 

3.26 - 3.16 (m, 3H), 2.92 (dd, J = 8.8, 3.3 Hz, 1H), 2.87 (dd, J = 7.0, 5.1 Hz, 1H), 

2.77 (dd, J = 15.4, 5.9 Hz, 1H), 2.60 (t, J = 6.2 Hz, 2H), 2.42 (dd, J = 15.6, 8.3 Hz, 

1H), 1.90 - 1.84 (m, 1H), 1.77 - 1.70 (m, 2H), 0.94 - 0.88 (m, 2H), 0.67 - 0.61 (m, 

2H) ppm. 13C NMR (101 MHz, MeOD-d4) δ = 177.7, 156.1, 153.4, 151.6, 144.7, 

142.3, 136.8, 128.5, 124.6, 124.4, 123.9, 123.7, 118.4, 116.0, 109.7, 61.9, 56.7, 52.4, 

51.9, 43.2, 40.9, 39.8, 26.1, 20.8, 14.8, 8.3, 8.2 ppm. HRMS (ESI) calc’d for 

C27H32N5O2 [M+H]+ 458.2551, found 458.2529. 

 

Note: 1H missing from 1H NMR (exchangeable). 

 

3-(3-Cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoic acid (170b, 

enantiomer 2) 

 

 
To a stirred solution of methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-

1,8-naphthyridin-2-yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate 

(enantiomer 2, 19 mg, 40 μmol) in MeCN (0.2 mL) was added aqueous NaOH 

solution (2.0 M, 0.20 mL, 0.40 mmol) dropwise at room temperature under nitrogen 
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and the mixture was stirred at 50 ºC for 2 h.  The mixture was purified directly via 

mass-directed auto-preparative (MDAP) chromatography using a Sunfire C18 

column and ammonium bicarbonate-modified MeCN/water gradient.  The relevant 

fractions were combined and concentrated under a stream of nitrogen to afford the 

desired product  (12 mg, 30 μmol, 65% yield) as a yellow gum.  LCMS (Method B): 

0.77 min, [M+H]+ 458 m/z.  IR (solid) 3300 (N-H stretch); 2930 (sp3 C-H stretch); 

2800 (N-H+ stretch); 1600, 1393 (O-C-O- stretch) cm-1. [α]D =         -0.16 (c = 0.50 in 

MeOH). 1H NMR (600 MHz, DMSO-d6) δ = 7.39 (s, 1H), 7.15 (t, J = 7.7 Hz, 1H), 

7.06 (d, J = 7.3 Hz, 1H), 7.03 (d, J = 7.7 Hz, 1H), 7.01 (s, 1H), 6.85 (d, J = 7.7 Hz, 

1H), 6.38 (br. s, 1H), 6.08 (d, J = 7.0 Hz, 1H), 5.01 (s, 2H), 3.71 - 3.60 (m, 4H), 3.26 

- 3.16 (m, 3H), 2.92 (dd, J = 8.8, 3.3 Hz, 1H), 2.87 (dd, J = 7.0, 5.1 Hz, 1H), 2.77 

(dd, J = 15.4, 5.9 Hz, 1H), 2.60 (t, J = 6.2 Hz, 2H), 2.42 (dd, J = 15.6, 8.3 Hz, 1H), 

1.90 - 1.84 (m, 1H), 1.77 - 1.70 (m, 2H), 0.94 - 0.88 (m, 2H), 0.67 - 0.61 (m, 2H) 

ppm. 13C NMR (101 MHz, DMSO-d6) δ = 173.5, 155.3, 154.7, 152.0, 143.0, 142.2, 

135.0, 126.9, 124.0, 123.4, 122.1, 121.5, 119.5, 113.0, 107.8, 60.7, 55.6, 50.3, 50.2, 

40.2, 39.5, 39.4, 25.0, 19.7, 14.0, 8.3, 8.2 ppm. HRMS (ESI) calc’d for C27H32N5O2 

[M+H]+ 458.2556, found 458.2557. 

 

Note: 1H missing from 1H NMR (exchangeable 
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Benzyl 4,6-dihydropyrrolo[3,4-c]pyrazole-5(2H)-carboxylate (212), dibenzyl 

pyrrolo[3,4-c]pyrazole-2,5(4H,6H)-dicarboxylate (216) and dibenzyl pyrrolo[3,4-

c]pyrazole-1,5(4H,6H)-dicarboxylate (217)  

 
 

To a stirred mixture of 2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole,  4-

methylbenzenesulphonic acid salt (3.30 g, 11.7 mmol) in 1,4-dioxane (40 mL) was 

added triethylamine (6.5 mL, 47 mmol) dropwise at room temperature.  The flask 

was cooled to 0 ºC under nitrogen and benzyl (2,5-dioxopyrrolidin-1-yl) carbonate 

(2.92 g, 11.7 mmol) was added portionwise.  The flask was removed from the 

cooling bath and the solution was stirred at room temperature for 1 h. Aqueous 

sodium bicarbonate solution (5 mL) was added and the reaction mixture was 

concentrated under reduced pressure to afford a crude gum.  The gum was dissolved 

in EtOAc (100 mL) and washed three times with water (3 x 100 mL).  The combined 

aqueous fractions were combined and extracted twice with EtOAc (2 x 100 mL).  

The combined organic fractions were passed through a hydrophobic frit and the 

filtrate was concentrated under reduced pressure to afford a brown gum.  The gum 

was loaded in minimal CH2Cl2 onto two silica pre-packed columns (2 x 100 g) and 

eluted with 0-100% EtOAc in cyclohexane over 60 min.  The relevant fractions were 

combined and concentrated under reduced pressure to afford benzyl 4,6-

dihydropyrrolo[3,4-c]pyrazole-5(2H)-carboxylate (212) (1.00 g, 4.11 mmol, 35% 

yield) and a mixture of dibenzyl pyrrolo[3,4-c]pyrazole-2,5(4H,6H)-dicarboxylate 

(216) and dibenzyl pyrrolo[3,4-c]pyrazole-1,5(4H,6H)-dicarboxylate (217)  (680 mg, 

1.80 mmol, 15% yield) as white solids. 

 



CONFIDENTIAL – DO NOT COPY 

370 
Christopher J Tame 

Benzyl 4,6-dihydropyrrolo[3,4-c]pyrazole-5(2H)-carboxylate (212): LCMS (Method 

B): 0.82 min, [M+H]+ 244 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 12.69 (br. s., 

1H), 7.53 (d, J = 10.8 Hz, 1H), 7.48 - 7.26 (m, 5H), 5.15 (s, 2H), 4.46 (s, 2H), 4.39 

(s, 2H) ppm. 

 

Dibenzyl pyrrolo[3,4-c]pyrazole-2,5(4H,6H)-dicarboxylate (216) and dibenzyl 

pyrrolo[3,4-c]pyrazole-1,5(4H,6H)-dicarboxylate (217): LCMS (Method B): 1.19 

min, [M+H]+ 378 m/z. 1H NMR (400 MHz, DMSO-d6) δ = 8.13 (d, J = 14.4 Hz, 

0.5H), 7.72 (d, J = 12.7 Hz, 0.5H), 7.52 - 7.31 (m, 10H), 5.44 (s, 2H), 5.15 (s, 2H), 

4.52 (s, 1H), 4.48 (s, 1H), 4.45 (s, 1H), 4.41 (s, 1H) ppm.  Integration of peaks at 

8.13 and 7.72 ppm indicate a 1:1 ratio of components in the mixture. 

 

Benzyl 4,6-dihydropyrrolo[3,4-c]pyrazole-5(2H)-carboxylate (212) 

 

 

 

Method 1 

To a stirred solution of dibenzyl pyrrolo[3,4-c]pyrazole-2,5(4H,6H)-dicarboxylate 

(100 mg, 265 µmol) in MeOH (2 mL) was added isopropylamine (68 μL, 0.80 mmol) 

dropwise at room temperature and the mixture was stirred for 2 h at room 

temperature.  LCMS indicated complete conversion to the mono protected product. 

No further isolation or characterisation was undertaken. 

 

Method 2 

To a stirred mixture of 2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole,  4-

methylbenzenesulphonic acid salt (4.93 g, 17.6 mmol) and DIPEA (12.3 mL, 70.2 

mmol) in 2-MeTHF (80 mL) was added benzyl (2,5-dioxopyrrolidin-1-yl) carbonate 

(8.75 g, 35.1 mmol) portionwise at room temperature and the mixture was stirred at 

room temperature for 1 h. To the reaction mixture was added isopropylamine (3.0 

mL, 35.1 mmol) dropwise and the solution was stirred at room temperature for 20 
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min. Aqueous sodium bicarbonate solution (5 mL) was added dropwise and the 

reaction mixture was concentrated under reduced pressure to afford a crude gum.  

The gum was dissolved in EtOAc (100 mL) and washed three times with water (3 x 

100 mL).  The combined aqueous fractions were extracted twice with EtOAc (2 x 

100 mL).  The combined organic fractions were passed through a hydrophobic frit 

and the filtrate was concentrated under reduced pressure to afford a brown gum.  The 

gum was loaded in minimal CH2Cl2 onto two silica pre-packed columns (2 x 100 g) 

and eluted with 0-100% EtOAc in cyclohexane over 60 min.  The relevant fractions 

were combined and concentrated under reduced pressure to afford the desired 

product (2.80 g, 11.5 mmol, 66% yield) as a white solid.  LCMS (Method B): 0.82 

min, [M+H]+ 244 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 12.69 (br. s., 1H), 7.53 

(d, J = 10.8 Hz, 1H), 7.48 - 7.26 (m, 5H), 5.15 (s, 2H), 4.46 (s, 2H), 4.39 (s, 2H) 

ppm. 

 

tert-Butyl 7-((5-((benzyloxy)carbonyl)-5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-

yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (213)  

 

 
 

To a stirred solution of benzyl 4,6-dihydropyrrolo[3,4-c]pyrazole-5(1H)-carboxylate 

(29.3 g, 78.0 mmol) in DMF (350 mL) at 0 ºC was added sodium hydride (9.40 g, 

235 mmol) portionwise under nitrogen and the mixture was stirred for 30 min at 0 

ºC. A solution of tert-butyl 7-(bromomethyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-

carboxylate (25.6 g, 78.0 mmol) in DMF (35 mL) was added dropwise over 1 h at 0 

ºC and the mixture was then stirred for a further 20 min at 0 ºC.  Aqueous lithium 

chloride solution (1% (w/v), 500 mL) and EtOAc (500 mL) was added and the 

separated aqueous phase was extracted twice with EtOAc (2 x 500 mL).  The 

combined organic phase was then washed with aqueous lithium chloride solution 
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(1% w/v, 500 mL).  The combined organic phase was then passed through a 

hydrophobic frit and the filtrate was concentrated under reduced pressure to afford a 

crude solid.  The gum was loaded in minimal CH2Cl2 onto a silica pre-packed 

column (1.50 Kg) and eluted with 0-100% EtOAc in cyclohexane over 60 min.  The 

relevant fractions were combined and concentrated under reduced pressure to afford 

the desired product (11.0 g, 22.5 mmol, 29% yield) as a clear oil.  LCMS (Method 

A): 1.02 min, [M+H]+ 490 m/z.  1H NMR (600 MHz, DMSO-d6) δ = 7.68 - 7.63 (m, 

1H), 7.47 (d, J = 7.5 Hz, 1H), 7.42 - 7.35 (m, 4H), 7.34 - 7.29 (m, 1H), 6.74 (dd, J = 

2.4, 7.7 Hz, 1H), 5.28 (s, 2H), 5.15 (s, 2H), 4.49 - 4.32 (m, 4H), 3.65 - 3.59 (m, 2H), 

2.69 (t, J = 6.6 Hz, 2H), 1.81 (quin, J = 6.3 Hz, 2H), 1.40 (s, 9H) ppm.  

 

Attempted synthesis of: tert-butyl 7-((5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-

yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (214) 

 

 
 
Method 1 

 

A representative procedure is described below for the hydrogenation of 238 with 

three different solvents, EtOH, EtOAc and CHCl3: 

 

A solution of tert-butyl 7-((5-((benzyloxy)carbonyl)-5,6-dihydropyrrolo[3,4-

c]pyrazol-2(4H)-yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (50 

mg, 0.10 mmol) in [EtOH, EtOAc or CHCl3] (2 mL) was added to a nitrogen-

degassed Biotage-carousel boiling tube charged with palladium (10%) on carbon (20 

mg, 19 μmol) dropwise at room temperature.  The atmosphere was replaced with 

hydrogen via alternative applications of vacuum and hydrogen and the solution was 

stirred at room temperature for 30 min.  The mixture was degassed with nitrogen and 

submitted to LCMS analysis.  LCMS analysis for each reaction suggested incomplete 

conversion to the desired product, along with a range of impurities LCMS (Method 
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B): 0.53 min, [M+H]+ 356 m/z.  The most favourable reaction profile was observed 

with EtOAc and the least favourable reaction profile was observed with EtOH. 

 

 
 
Method 2 

To a nitrogen-degassed hydrogenation flask charged with 10% palladium on carbon 

(1.5 g, 3.1 mmol) was added a solution of tert-butyl 7-((5-((benzyloxy)carbonyl)-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (1.50 g, 3.06 mmol) and acetic acid (526 µL, 9.19 mmol) in 

EtOAc (30 mL) dropwise at room temperature.  The atmosphere was replaced with 

hydrogen via alternative applications of vacuum and hydrogen and the solution was 

stirred at room temperature for 2 h.  LCMS analysis indicated the presence of the 

desired product (LCMS (Method B): 0.53 min, [M+H]+ 356 m/z).  The reaction 

mixture was filtered through celite and the filtrate was washed three times with water 

(3 x 30 mL).  The aqueous phase was then extracted with 2-BuOH (3 x 100 mL).  

LCMS analysis showed the presence of product in both organic and aqueous phases.  

The organic phase was concentrated under reduced pressure to afford an orange gum.  

The gum was loaded in DMSO (1 mL) and submitted to formic acid modified mass 

directed auto-preparative (MDAP) chromatography, which failed to isolate the 

desired product. 

 

Method 3 

To a nitrogen-degassed hydrogenation flask charged with 10% palladium on carbon 

(2.5 g, 2.4 mmol) was added a solution of tert-butyl 7-((5-((benzyloxy)carbonyl)-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-yl)methyl)-3,4-dihydro-1,8-naphthyridine-

1(2H)-carboxylate (4.50 g, 9.19 mmol) and acetic acid (1.6 mL, 27.6 mmol) in 

EtOAc (90 mL) dropwise at room temperature.  The atmosphere was replaced with 

hydrogen via alternative applications of vacuum and hydrogen and the solution was 

stirred at room temperature for 3 h.  The reaction mixture was filtered through celite 

and the filtrate was concentrated under reduced pressure (water bath < 40 ºC) to 1/3 

of its original volume.  The filtrate was loaded on to an aminopropyl silica cartridge 
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(50 g) and eluted with EtOAc (100 mL), followed by EtOH (100 mL).  The EtOH-

containing fractions were combined and concentrated under reduced pressure to 

afford the desired product (2.54 g, 6.72 mmol, 73% yield) as a yellow oil. LCMS 

(Method B): 0.53 min, [M+H]+ 356 m/z.  1H NMR (400 MHz, CDCl3) δ = 7.26 (d, J 

= 7.3 Hz, 1H), 7.16 (s, 1H), 6.63 (d, J = 7.8 Hz, 1H), 4.00 - 3.90 (m, 4H), 3.77 - 3.62 

(m, 2H), 3.34 (s, 2H), 2.67 (d, J = 6.5 Hz, 2H), 1.93 - 1.75 (m, 2H), 1.45 (s, 9H) 

ppm. 

 

(E)-tert-butyl 7-((5-(4-methoxy-4-oxobut-2-en-1-yl)-5,6-dihydropyrrolo[3,4-

c]pyrazol-2(4H)-yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate 

(215)  

 

 
To a stirred solution of tert-butyl 7-((5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-

yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (240 mg, 675 µmol) 

and DIPEA (236 µL, 1.35 mmol) in CH2Cl2 (6 mL) at room temperature under 

nitrogen was added (E)-methyl 4-bromobut-2-enoate (80 μL, 0.68 mmol) dropwise.  

The mixture was stirred at room temperature for 1 h.  CH2Cl2 (50 mL) was added and 

the mixture was washed three times with water (3 x 50 mL).  The combined organic 

phase was passed through a hydrophobic frit and concentrated under reduced 

pressure to afford an orange gum.  The gum was loaded in minimal CH2Cl2 onto a 

silica pre-packed column (50 g) and eluted with 0-10% MeOH in CH2Cl2 over 60 

min.  The relevant fractions were combined and concentrated under reduced pressure 

to afford the desired product (150 mg, 330 µmol, 49% yield) as a yellow solid.  

LCMS (Method A): 0.66 min, [M+H]+ 454 m/z.  1H NMR (400 MHz, DMSO-d6) δ = 

7.50 (s, 1H), 7.46 (d, J = 7.6 Hz, 1H), 6.90 (dt, J = 5.8, 15.6 Hz, 1H), 6.68 (d, J = 7.6 

Hz, 1H), 6.07 (dt, J = 1.8, 15.6 Hz, 1H), 3.70 (s, 2H), 3.67 (s, 3H), 3.63 (t, J = 6.0 

Hz, 2H), 3.55 (dd, J = 1.6, 5.7 Hz, 2H), 3.17 (d, J = 5.3 Hz, 4H), 2.70 (s, 2H), 1.89 - 

1.74 (m, 2H), 1.41 (s, 9H) ppm. 
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Methyl 3-(3-cyclopropylphenyl)-4-(2-((5,6,7,8-tetrahydro-1,8-naphthyridin-2-

yl)methyl)pyrrolo[3,4-c]pyrazol-5(2H,4H,6H)-yl)butanoate (209) 

 

 
To a degassed solution of 3-cyclopropylphenyl boronic acid (273 mg, 1.69 mmol), 

(E)-tert-butyl 7-((5-(4-methoxy-4-oxobut-2-en-1-yl)-5,6-dihydropyrrolo[3,4-

c]pyrazol-2(4H)-yl)methyl)-3,4-dihydro-1,8-naphthyridine-1(2H)-carboxylate (255 

mg, 560 µmol) and (R)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (70 mg, 0.11 

mmol)  in 1,4-dioxane (5.5 mL)  was added aqueous potassium hydroxide solution 

(3.8 M, 300 µL, 1.13 mmol) and chloro(1,5-cyclooctadiene)rhodium(II) dimer (28 

mg, 60 μmol) at room temperature.  The mixture was degassed with alternative 

applications of vacuum and nitrogen and then heated to 95 ºC for 1 h.  The reaction 

mixture was cooled to room temperature, loaded directly onto an SCX pre-packed 

column (10 g) and eluted with MeOH (20 mL) and a solution of NH3 in MeOH (2 M, 

20 mL), respectively.  The relevant fractions were combined and concentrated under 

reduced pressure to afford a crude gum.   To a solution of the gum in MeOH (5 mL) 

was added a solution of hydrochloric acid in 1,4-dioxane (4.0 M, 0.71 mL, 2.8 mol) 

and the solution was stirred at 50 °C for 2 h.  The reaction mixture was loaded 

directly onto an aminopropyl pre-packed column (20 g) and eluted with MeOH (50 

mL).  The filtrate was concentrated under reduced pressure to afford a crude solid.  

The solid was dissolved in minimal DMSO and loaded onto a C18 pre packed silica 

cartridge (30 g) and eluted with 50-95% MeCN (0.1% NH3) in water (0.1% 

ammonium bicarbonate) over 30 min.  The relevant fractions were combined and 

concentrated to afford the desired product (95 mg, 0.201 mmol, 36%) as a yellow 

gum. LCMS (Method B): 1.22 min, [M+H]+ 472 m/z.  Chiral HPLC analysis (30% 

EtOH in heptane, Chiralcel OD-H column (4.6 mm x 25 cm), flow rate: 1 mL/min): 

75% e.e.    1H NMR (400 MHz, CDCl3) δ = 7.19 (t, J = 7.6 Hz, 1H), 7.13 (s, 1H), 

7.07 (d, J = 7.3 Hz, 1H), 7.02 (d, J = 7.8 Hz, 1H), 6.97 (s, 1H), 6.91 (d, J = 7.8 Hz, 

1H), 6.24 (d, J = 7.3 Hz, 1H), 5.11 (s, 2H), 4.83 (br. s., 1H), 3.88 - 3.79 (m, 2H), 

3.79 - 3.73 (m, J = 12.3 Hz, 1H), 3.70 (d, J = 11.3 Hz, 1H), 3.53 (s, 3H), 3.43 - 3.38 
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(m, 2H), 3.38 - 3.30 (m, 1H), 2.95 (d, J = 7.6 Hz, 2H), 2.89 (dd, J = 15.1, 7.1 Hz, 

1H), 2.69 (t, J = 6.3 Hz, 2 H), 2.56 (dd, J = 15.2, 7.7 Hz, 1H), 1.96 - 1.81 (m, 3H), 

0.99 - 0.90 (m, 2H), 0.72 - 0.64 (m, 2H) ppm. 

 
 
4 Experimental procedures for PI3Kδ inhibitors 

 

Trimethyl[3-(2-propyn-1-yloxy)-1-propyn-1-yl]silane (323) 349  

 

 
 
Lithium bis(trimethylsilyl)amide in THF (1 M, 103 mL, 103 mmol) was added 

dropwise to a stirred solution of 3-(prop-2-yn-1-yloxy)prop-1-yne (10.6 mL, 103 

mmol) in THF (400 mL) at -78 ºC under nitrogen.  Following stirring at -78 °C for 1 

h, chlorotrimethylsilane (13.1 mL, 103 mmol) was added dropwise at -78 ºC under 

nitrogen.  The reaction mixture was allowed to warm to -30 ºC over 16 h, then 

saturated ammonium chloride solution (200 mL) was added dropwise. The flask was 

then removed from the bath and allowed to warm to room temperature.  The mixture 

was then extracted three times with diethyl ether (3 x 500 mL) and the combined 

organic phases were passed through a hydrophobic frit and evaporated under reduced 

pressure (>100 mbar, <35 °C) to afford an orange oil.  Trimethyl[3-(2-propyn-1-

yloxy)-1-propyn-1-yl]silane was isolated by fractional distillation as a colourless oil, 

b.p. 120-130°C at 135 mbar (9.98 g, 60.0 mmol, 58%). 1H NMR (DMSO-d6, 400 

MHz): δ = 4.20 (s, 2H), 4.17 (d, J = 2.3 Hz, 2H), 3.47 (t, J = 2.4 Hz, 1H), 0.16 (s, 

9H) ppm. 
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Trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) 

 

 
To chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (13 mg, 30 

μmol) and ethynylbenzene (130 µL, 1.18 mmol) was added anhydrous 

dichloroethane (DCE) (2.5 mL) and the mixture was degassed with three alternative 

applications of nitrogen and vacuum.  To the mixture was added a solution of 

trimethyl[3-(2-propyn-1-yloxy)-1-propyn-1-yl]silane (98 mg, 0.59 mmol) in 

dichloroethane (2.5 mL) dropwise at room temperature and the mixture was stirred 

under nitrogen for 6 h.  The mixture was diluted with dichloroethane (150 mL) and 

then filtered under atmospheric pressure.  The filter cake was dissolved in MeOH (1 

mL) and purified by formic acid modified mass directed auto preparative 

chromatography.  The relevant fractions were combined and concentrated under 

reduced pressure to afford trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane  

(21 mg, 80 μmol, 13%).  LCMS (Method A): 1.47 min, [M+H]+ 269 m/z. 1H NMR 

(600 MHz, DMSO-d6) δ = 7.48 (s, 1H), 7.47 (s, 1H), 7.42 (s, 2H), 7.31 (t, J = 7.3 Hz, 

2H), 7.21 (t, J = 7.3 Hz, 1H), 4.93 (s, 2H), 4.89 (s, 2H), 0.14 (s, 9H) ppm. 
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N-{2-(Methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-
pyridinyl}methanesulfonamide (316) 
 

 
 

To chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (45.8 mg, 

120 μmol) and N-[5-ethynyl-2-(methyloxy)-3-pyridinyl]methanesulfonamide (544 

mg, 2.41 mmol) was added anhydrous CH2Cl2 (10 mL) and the mixture was 

degassed with alternative applications of nitrogen and vacuum.  To the mixture was 

added a solution of trimethyl[3-(2-propyn-1-yloxy)-1-propyn-1-yl]silane (200 mg, 

1.20 mmol) in CH2Cl2 (10 mL) dropwise at room temperature under nitrogen.  The 

reaction mixture was stirred at room temperature overnight. Water (100 mL) and 

CH2Cl2 (100 mL) was added to the flask and the mixture separated.  The aqueous 

phase was extracted three times with CH2Cl2 (3 x 100 mL) and the combined organic 

fractions were washed twice more with brine (2 x 100 mL).  The organic fractions 

were combined, passed through a hydrophobic frit and concentrated under reduced 

pressure to afford a crude gum.  The crude gum was dissolved in a minimum volume 

of CH2Cl2 and purified by silica gel column chromatography (100g Si, 0-100% 

EtOAc in Cyclohexane, 40 min.).  The relevant fractions were combined and 

concentrated under reduced pressure to afford a yellow gum. The crude gum was 

dissolved in a minimum volume of CH2Cl2 and purified by silica gel column 

chromatography (100g Si, 0-10% EtOAc in CH2Cl2, 40 min.). The relevant fractions 

were combined and concentrated under reduced pressure to N-{2-(methyloxy)-5-[7-

(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-pyridinyl}methanesulfonamide 

(310 mg, 0.79 mmol, 66% yield) as a white solid and N-[5-ethynyl-2-(methyloxy)-3-

pyridinyl]methanesulfonamide (167 mg, 0.74 mmol, 31%) as a white solid. 

 

N-{2-(methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-

pyridinyl}methanesulfonamide (316): m.p. 166 - 167 °C. LCMS (Method A): 1.19 

min, [M+H]+ 393 m/z. IR (solid) 3171 (N-H stretch); 1327, 1137 (O=S=O) cm-1. 1H 
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NMR (DMSO-d6, 400 MHz) δ = 9.33 (s, 1H), 8.28 (d, J = 2.3 Hz, 1H), 7.85 (d, J = 

2.3 Hz, 1H), 7.57 (s, 1H), 7.54 (s, 1H), 5.09 (s, 2H), 5.05 (s, 2H), 3.97 (s, 3H), 3.08 

(s, 3H), 0.30 (s, 9H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 157.2, 144.5, 141.5, 

140.3, 136.4, 134.2, 132.2, 132.1, 131.2, 122.4, 121.3, 73.9, 73.3, 54.8, 41.8, 0.0 

ppm. HRMS (ESI) calc’d for C18H25N2O4SSi [M+H]+  393.1299, found 393.1298. 

 

N-[5-ethynyl-2-(methyloxy)-3-pyridinyl]methanesulfonamide (322): LCMS (Method 

A): 0.73 min, [M+H]+ 226 m/z. 1H NMR (DMSO-d6, 400 MHz) δ = 9.38 (s, 1H), 

8.13 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 2.3 Hz, 1H), 4.28 (s, 1H), 3.94 (s, 3H), 3.08 (s, 

3H) ppm. 

 

Trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) and 

Trimethyl(3-((7-(trimethylsilyl)-1,3-dihydroisobenzofuran-5-yl)methoxy)prop-1-

yn-1-yl)silane (327) 

 

 
 

Procedure used for investigating the effect of solvent on cyclotrimerisation. 

 

The solvents under investigation were submitted to the same reaction conditions, 

detailed below: The 7 solvents investigated were: 1,2-dichloroethane (DCE), 2-

methyl THF, cyclopentylmethyl ether (CPME), 2-butanol, ethanol, water and water: 

ethanol (50:50) 

 

Chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (4.66 mg, 12.0 

μmol) was charged to 7 Radley’s carousel tubes, each equipped with a stirrer bar.  To 

each of the 7 tubes was added a solution of ethynylbenzene (53.8 µL, 489 μmol) in 
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[Solvent, (1.30 mL)], followed by a solution of trimethyl[3-(2-propyn-1-yloxy)-1-

propyn-1-yl]silane (40.7 mg, 245 μmol) in [Solvent, (1.30 mL)] at room temperature.  

The 7 vials were stirred simultaneously in a Radley’s carousel for 2 h and analysed 

by LCMS after 30 min and 2 h. 

 

The reactions using the solvents DCE, water and CPME were selected for work-up 

and purification, details for this are shown below. 

 

Dichloroethane (DCE): 

To the reaction mixture was added water (10 mL) and the mixture separated.  The 

aqueous phase was extracted four times with 2-MeTHF (4 x 10 mL) and the 

combined organic phase was concentrated under reduced pressure to afford a crude 

solid.   The crude solid was dissolved in minimal DCM and purified by silica gel 

column chromatography (10g Si, 0-25% EtOAc in cyclohexane, 60 min).  The 

relevant fractions were combined and concentrated under reduced pressure to afford 

a mixture of trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) and 

trimethyl(3-((7-(trimethylsilyl)-1,3-dihydroisobenzofuran-5-yl)methoxy)prop-1-yn-

1-yl)silane (327), respectively (15 mg).  1H NMR (400 MHz, DMSO-d6) δ = 7.48 

(m), 7.42 (s), 7.31 (t, J = 7.3Hz), 7.24-7.20 (m), 7.15 (s), 7.12-7.10 (m), 4.93 (s), 

4.89 (br. s.), 4.82 (s), 4.36 (s), 4.02 (s), 0.14 (s), 0.09 (s), 0.00 (s) ppm.  The ratio of 

the products was determined by the integration of peaks at δ = 4.93 and 4.82 ppm.  

This gave a ratio for 326:327 of 6.0:1.  Accordingly, the adjusted yield for 

trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) is 19%. 

 

 

Water: 

To the reaction mixture was added 2-MeTHF (10 mL) and the mixture separated.  

The aqueous phase was extracted four times with 2-MeTHF (4 x 10 mL) and the 

combined organic phase was concentrated under reduced pressure to afford a crude 

solid.   The crude solid was dissolved in minimal DCM and purified by silica gel 

column chromatography (10g Si, 0-25% EtOAc in cyclohexane, 60 min).  The 

relevant fractions were combined and concentrated under reduced pressure to afford 
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a mixture of trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) and 

trimethyl(3-((7-(trimethylsilyl)-1,3-dihydroisobenzofuran-5-yl)methoxy)prop-1-yn-

1-yl)silane (327), respectively (44 mg). 1H NMR (400 MHz, DMSO-d6) δ = 7.47 

(m), 7.42 (s), 7.31 (t, J = 7.3 Hz), 7.24-7.18 (m), 7.15 (s), 7.10 (s), 4.93 (s), 4.88 (br. 

s.), 4.82 (s), 4.35 (s), 4.02 (s), 0.14 (s), 0.09 (s), 0.00 (s) ppm. The ratio of the 

products was determined by the integration of peaks at δ = 4.93 and 4.82 ppm.  This 

gave a ratio for 326:327 of 2.3:1.  Accordingly, the adjusted yield for trimethyl(6-

phenyl-1,3-dihydroisobenzofuran-4-yl)silane (326) is 47%. 

 

 

 

CPME: 

To the reaction mixture was added water (10 mL) and the mixture was extracted four 

times with 2-MeTHF (4 x 10 mL).  The combined organic phase was concentrated 

under reduced pressure to afford a crude solid.   The crude solid was dissolved in 

minimal DCM and purified by silica gel column chromatography (10g Si, 0-25% 

EtOAc in cyclohexane, 60 min).  The relevant fractions were combined and 

concentrated under reduced pressure to afford a mixture of trimethyl(6-phenyl-1,3-

dihydroisobenzofuran-4-yl)silane (326) and trimethyl(3-((7-(trimethylsilyl)-1,3-

dihydroisobenzofuran-5-yl)methoxy)prop-1-yn-1-yl)silane (92) respectively (64 mg).  
1H NMR (400 MHz, DMSO-d6) δ = 7.48 (m), 7.42 (s), 7.31 (t, J = 7.6 Hz), 7.24-7.18 

(m), 7.15 (s), 7.11 (s), 4.94-4.92 (m), 4.88 (br. s.) 4.82 (s), 4.35 (s), 4.02 (s), 0.14 (s), 

0.10-0.08 (m), 0.00 (m) ppm. The ratio of the products was determined by the 

integration of peaks at δ = 4.93 and 4.82 ppm.  This gave a ratio for 326:327 of 4.1:1.  

Accordingly, the adjusted yield for trimethyl(6-phenyl-1,3-dihydroisobenzofuran-4-

yl)silane (327) is 78%. 
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N-{2-(Methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-
pyridinyl}methanesulfonamide (316) 
 

 
 

To chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (344 mg, 902 

µmol) was added a solution of N-[5-ethynyl-2-(methyloxy)-3-

pyridinyl]methanesulfonamide (4.1 g, 18 mmol) in CPME (65 mL) and the mixture 

was degassed with three alternative applications of vacuum and nitrogen.  To the 

mixture was added a solution of trimethyl[3-(2-propyn-1-yloxy)-1-propyn-1-

yl]silane (1.5 g, 9.0 mmol) in CPME (40 mL) sequentially, dropwise at room 

temperature.  The reaction mixture was then stirred at room temperature for 2 h.  The 

reaction mixture was diluted with ethyl acetate (100 mL) and washed with brine (3x 

50 mL). The aqueous extracts were back extracted with ethyl acetate (50 mL). The 

combined organic extracts were dried under reduced pressure to afford a crude gum.   

The gum was loaded in minimal CH2Cl2 onto a silica pre-packed column (340 g) and 

eluted with 0-10% EtOAc in CH2Cl2 over 12 column volumes.  The combined 

relevant fractions were concentrated under reduced pressure to give N-{2-

(methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-

pyridinyl}methanesulfonamide (2.26 g, 5.76 mmol, 64 % yield) as a yellow solid.  

LCMS (Method A): 1.19 min, 1H NMR (DMSO-d6, 400 MHz): δ = 9.25 - 9.40 (m, 

1H), 8.21 - 8.33 (m, 1H), 7.75 - 7.95 (m, 1H), 7.56 (s, 1H), 7.54 (s, 1H), 5.08 (s, 2H), 

5.05 (s, 2H), 3.97 (s, 3H), 3.07 (s, 3H), 0.29 (s, 9H) ppm. 
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N-{2-(Methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-
pyridinyl}methanesulfonamide (316) 
 

 
To a nitrogen degassed solution of 

chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (38 mg, 0.10 

mmol) and  N-[5-ethynyl-2-(methyloxy)-3-pyridinyl]methanesulfonamide (226 mg, 

0.1 mmol) in CPME (7.5 mL) was added a solution of trimethyl[3-(2-propyn-1-

yloxy)-1-propyn-1-yl]silane (200 mg, 1.20 mmol) in CPME (7.5 mL) sequentially, 

dropwise at room temperature.  The mixture was then stirred at room temperature for 

24 h.  The mixture was concentrated under reduced pressure to afford a crude  gum.  

The gum was loaded in minimal CH2Cl2 onto a silica pre-packed column (10 g) and 

eluted with 0-100% EtOAc in cyclohexane over 60 min.  The combined relevant 

fractions were concentrated under reduced pressure to give N-{2-(methyloxy)-5-[7-

(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-3-pyridinyl}methanesulfonamide 

(250 mg, 640 µmol, 64%) as a white solid.  LCMS (Method A): 1.19 min. 1H NMR 

(DMSO-d6, 400 MHz): δ = 9.25 - 9.40 (m, 1H), 8.21 - 8.33 (m, 1H), 7.75 - 7.95 (m, 

1H), 7.56 (s, 1H), 7.54 (s, 1H), 5.08 (s, 2H), 5.05 (s, 2H), 3.97 (s, 3H), 3.07 (s, 3H), 

0.29 (s, 9H) ppm. 
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N-[5-(7-Iodo-1,3-dihydro-2-benzofuran-5-yl)-2-(methyloxy)-3-

pyridinyl]methanesulfonamide (263) 

 

 
 

Iodine monochloride in CH2Cl2 (1 M, 4.33 mL, 4.33 mmol) was added dropwise to a 

solution of N-{2-(methyloxy)-5-[7-(trimethylsilyl)-1,3-dihydro-2-benzofuran-5-yl]-

3-pyridinyl}methanesulfonamide (850 mg, 2.17 mmol) in CH2Cl2 (20 mL) under 

nitrogen at -10 ºC. The reaction mixture was allowed to warm to 0 ºC and stirred for 

5 minutes, during which a white solid precipitated from solution.  Saturated sodium 

thiosulfate solution (50 mL) was added and the resulting mixture stirred at room 

temperature for 20 min.  The reaction mixture was filtered under reduced pressure 

and washed with CH2Cl2 (5 mL).  The filtrate was poured onto CH2Cl2 (50 mL) and 

water (30 mL) and the separated aqueous phase was extracted with CH2Cl2 (2 x 50 

mL).  The combined organic fractions were passed through a hydrophobic frit then 

concentrated under vacuum to afford a yellow solid.  The yellow solid and white 

solid were combined and triturated in methanol (5 mL).  The mixture was filtered 

under reduced pressure and the solid was dried in a vacuum oven for 2 h to afford N-

[5-(7-iodo-1,3-dihydro-2-benzofuran-5-yl)-2-(methyloxy)-3-

pyridinyl]methanesulfonamide (774 mg, 1.73 mmol, 80%) as a white solid. LCMS 

(Method A): 1.06 min, [M+H]+ 447 m/z.  1H NMR (DMSO-d6, 400 MHz): δ = 9.26 - 

9.39 (m, 1H), 8.28 (d, J = 2.3 Hz, 1H), 7.89 (s, 1H), 7.85 (d, J = 2.3 Hz, 1H), 7.59 (s, 

1H), 5.21 (s, 2H), 4.92 (s, 2H), 3.96 (s, 3H), 3.09 (s, 3H) ppm. 13C NMR (101 MHz, 

DMSO-d6): δ = 156.8, 143.2, 141.5, 141.1, 138.8, 134.3, 131.0, 128.8, 121.9, 119.8, 

89.0, 76.9, 74.7, 54.3, 41.2 ppm. 
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N-(5-(7-Amino-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-

yl)methanesulfonamide (262) 

 
 

L-proline (413 mg, 3.59 mmol), copper(I) iodide (68 mg, 0.36 mmol), cesium 

carbonate (1.75 g, 5.38 mmol) and N-(5-(7-iodo-1,3-dihydroisobenzofuran-5-yl)-2-

methoxypyridin-3-yl)methanesulfonamide (800 mg, 1.79 mmol) were evenly 

changerd over 2 microwave vials (2 x 20 mL).  The vials was sealed and degassed 

before aqueous ammonia solution 0.88 (35%, 8.0 mL, 0.13 mol) and DMSO (8 mL) 

were added via syringe and the vials were heated and stirred in a Biotage microwave 

reactor at 50 ºC for 2 h.  After this time aqueous ammonia solution 0.88 (35%, 2 x 4 

mL, 0.2 mol) and cesium carbonate (2 x 500 mg, 1.53 mmol) was added via syringe 

to both vials and the vials were heated and stirred at 110 ºC for 6 h.  The reaction 

mixtures were combined and filtered under reduced pressure, then washed with 

methanol.  The blue filtrate was loaded directly onto a SCX cartridge (70 g) and 

flushed with methanol (200 mL) under reduced pressure.  The column was then 

eluted with ammonia in methanol solution (7 M, 300 mL) under reduced pressure.  

The filtrate was concentrated under reduced pressure to afford a crude gum.  The 

gum was dissolved in CH2Cl2 (30 mL) and washed three times with water.  The 

combined organic fractions were filtered through a hydrophobic frit and concentrated 

under reduced pressure to afford N-(5-(7-amino-1,3-dihydroisobenzofuran-5-yl)-2-

methoxypyridin-3-yl)methanesulfonamide (460 mg, 1.37 mmol, 77%) as a white 

solid. m.p. 295 - 301 °C. LCMS (Method A): 0.65 min, [M+H]+ 336 m/z. IR (solid) 

3467, 3377 (H-N-H stretch); 3049 (N-H stretch); 1303, 1138 (O=S=O) cm-1. 1H 

NMR (DMSO-d6, 400 MHz): δ = 9.28 (br. s., 1H), 8.17 (d, J = 2.3 Hz, 1H), 7.77 (d, 

J = 2.3 Hz, 1H), 6.64 - 6.78 (m, 2H), 5.25 (s, 2H), 4.97 (s, 2H), 4.88 (s, 2H), 3.96 (s, 

3H), 3.07 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 155.8, 142.9, 140.8, 

140.0, 137.1, 130.6, 130.5, 122.3, 121.1, 110.7, 106.6, 73.2, 71.5, 53.7, 40.6 ppm.  

HRMS (ESI) calc’d for C15H18N3O4S [M+H]+ 336.1013, found 336.1017. 
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N-(6-(6-Methoxy-5-(methylsulfonamido)pyridin-3-yl)-1,3-

dihydroisobenzofuran-4-yl)acetamide (257) 

 
 

Acetic acid (10 µL, 0.15 mmol) was added dropwise to a stirred suspension of 

HATU (62 mg, 0.16 mmol) and DIPEA (50 μL, 0.30 mmol) in CH2Cl2 (1 mL) at 

room temperature.  The mixture was stirred for 10 min at room temperature, during 

which time the milky suspension turned into a yellow solution.  A suspension of N-

(5-(7-amino-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-

yl)methanesulfonamide (50 mg, 0.15 mmol) in CH2Cl2 (1 mL) was then added 

dropwise to the mixture at room temperature.  DMF (10 µL) was added and the 

solution was stirred for 16 h at room temperature.  The solution was poured onto 

EtOAc (2 mL) and brine (3 mL) and the separated organic phase was washed with 

brine (2 x 3 mL).  The combined organic phase was concentrated under a stream of 

nitrogen to give an orange gum.  The gum was dissolved in DMSO/MeOH (1 mL, 

1:1 v/v) and purified via mass directed auto-preparative (MDAP) chromatography 

using a Sunfire C18 column and an ammonium bicarbonate-modified MeCN/water 

gradient.  The relevant combined fractions were concentrated under reduced pressure 

to give a white solid.  Water (10 mL) and diethyl ether (10 mL) was added and the 

mixture filtered and the filter cake was dried under reduced pressure to give N-(6-(6-

methoxy-5-(methylsulfonamido)pyridin-3-yl)-1,3-dihydroisobenzofuran-4-

yl)acetamide (12 mg, 30 μmol, 21%) as a white solid. m.p. 225 - 228 °C. LCMS 

(Method A): 0.67 min, [M+H]+ 378 m/z. IR (solid) 3240 (N-H stretch); 3080 (N-H 

stretch); 1629 (C=O); 1321, 1144 (O=S=O) cm-1.1H NMR (DMSO-d6, 400 MHz): δ 

= 9.77 (s, 1H), 9.37 (s, 1H), 8.23 (s, 1H), 7.81 (s, 1H), 7.65 (s, 1H), 7.34 (s, 1H), 5.05 

(s, 2H), 4.96 (s, 2H), 3.96 (s, 3H), 3.07 (s, 3H), 2.07 (s, 3H) ppm. 13C NMR (101 

MHz, DMSO-d6) δ = 168.3, 156.1, 141.6, 140.3, 136.6, 132.9, 130.7, 130.4, 129.6, 
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121.3, 118.9, 115.0, 72.8, 72.1, 53.8, 40.7, 23.4 ppm.  HRMS (ESI) calc’d for 

C17H20N3O5S [M+H]+ 378.1118, found 378.1120. 

 

N-(6-(6-Methoxy-5-(methylsulfonamido)pyridin-3-yl)-1,3-

dihydroisobenzofuran-4-yl)-2-methylthiazole-4-carboxamide (258) 

 

 
DIPEA (50 μL, 0.30 mmol) and HATU (62 mg, 0.16 mmol) were added sequentially 

to a stirred solution of 2-methyl-1,3-thiazole-4-carboxylic acid (34 mg, 24 μmol) in 

DMF (0.5 mL) at room temperature and the solution stirred for 10 min.   A solution 

of N-(5-(7-amino-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-

yl)methanesulfonamide (50 mg, 0.15 mmol) in DMF (0.5 mL) was then added 

dropwise at room temperature and the solution stirred at room temperature for 16 h, 

during which time a white solid precipitated. The mixture was filtered under reduced 

pressure and washed with water (10 mL) then diethyl ether (10 mL).  The white solid 

was dried in a vacuum oven for 16 h to afford N-(6-(6-methoxy-5-

(methylsulfonamido)pyridin-3-yl)-1,3-dihydroisobenzofuran-4-yl)-2-methylthiazole-

4-carboxamide (23.5 mg, 50.0 μmol, 21%) as a white solid. m.p. 274 - 277 °C. 

LCMS (Method A): 0.89 min, [M+H]+ 461 m/z. IR (solid) 3379 (N-H stretch); 3141 

(N-H stretch); 1671 (C=O); 1324, 1136 (O=S=O) cm-1.  1H NMR (DMSO-d6, 400 

MHz): δ = 10.30 (s, 1H), 9.39 (s, 1H), 8.25 - 8.44 (m, 2H), 7.93 (d, J = 2.3 Hz, 1H), 

7.71 (s, 1H), 7.49 (s, 1H), 5.15 (s, 2H), 5.07 (s, 2H), 4.03 (s, 3H), 3.14 (s, 3H), 2.83 

(s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 166.2, 158.8, 156.0, 148.7, 142.1, 

140.1, 136.9, 132.6, 132.1, 130.6, 129.3, 125.4, 121.5, 120.8, 115.8, 72.7, 72.2, 53.7, 

40.7, 18.8 ppm. HRMS (ESI) calc’d for C20H21N4O5S2 [M+H]+ 461.0948, found 

461.0951. 
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N-(6-(6-Methoxy-5-(methylsulfonamido)pyridin-3-yl)-1,3-

dihydroisobenzofuran-4-yl)-2-morpholinoacetamide (259) 

 
DIPEA (80 μL, 0.48 mmol) and HATU (100 mg, 260 µmol) were added sequentially 

to a stirred solution of morpholin-4-yl-acetic acid (35 mg, 0.24 mmol) in DMF (0.5 

mL) at room temperature.  The reaction was stirred for 10 min at room temperature. 

A solution of N-(5-(7-amino-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-

yl)methanesulfonamide (80 mg, 0.24 mmol) in DMF (0.5 mL) was then added 

dropwise to the reaction mixture at room temperature and the mixture was stirred at 

room temperature for 16 h. The mixture was poured onto EtOAc (2 mL) and brine (3 

mL) and the separated organic phase was washed with brine (2 x 3 mL).  The 

combined organic phase was concentrated under a stream of nitrogen to give an 

orange gum.  The gum was dissolved in DMSO/MeOH (1 mL, 1:1 v/v) and purified 

via mass directed auto-preparative (MDAP) chromatography using a Sunfire C18 

column and an ammonium bicarbonate-modified MeCN/water gradient.  The 

relevant fractions were combined and the volume reduced by 70% under a stream of 

nitrogen.  A white solid precipitated from solution.  The mixture was filtered under 

reduced pressure and washed with water (10 mL) then diethyl ether (10 mL) and then 

dried in a vacuum oven for 1 hour to afford N-(6-(6-methoxy-5-

(methylsulfonamido)pyridin-3-yl)-1,3-dihydroisobenzofuran-4-yl)-2-

morpholinoacetamide (25 mg, 50 μmol, 22%) as a white solid. m.p. 218 - 220 °C. 

LCMS (Method A): 0.54 min, [M+H]+ 463 m/z.  IR (solid) 3224 (N-H stretch); 2925 

(N-H stretch); 2852 (C-H stretch); 1658 (C=O); 1318, 1142 (O=S=O) cm-1.  1H NMR 

(DMSO-d6, 400 MHz): δ = 9.63 (s, 1H), 9.24 - 9.46 (m, 1H), 8.24 (d, J = 2.3 Hz, 

1H), 7.83 (d, J = 2.3 Hz, 1H), 7.67 (s, 1H), 7.37 (s, 1H), 5.07 (s, 2H), 4.98 (s, 2H), 

3.96 (s, 3H), 3.65 (t, J = 4.5 Hz, 4H), 3.15 (s, 2H), 3.07 (s, 3H), 2.53 (t, J = 4.5 Hz, 

4H) ppm. 13C NMR (DMSO-d6, 101 MHz): δ = 168.0, 156.1, 141.6, 140.3, 136.6, 
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133.1, 130.7, 130.4, 129.6, 121.3, 118.8, 115.0, 72.8, 72.1, 53.8, 40.7, 40.2, 38.9, 

23.4 ppm.  HRMS (ESI) calc’d for C21H27N4O6S [M+H]+ 463.1651, found 463.1656. 

 

N-(6-(6-Methoxy-5-(methylsulfonamido)pyridin-3-yl)-1,3-

dihydroisobenzofuran-4-yl)-6-methylpicolinamide (260) 

 

 
DIPEA (50 μL, 0.30 mmol) and HATU (62 mg, 0.16 mmol) were added sequentially 

to a stirred solution of 6-methylpicolinic acid (33 mg, 0.24 mmol) in DMF (0.5 mL) 

at room temperature and the solution stirred for 10 min.  A solution of N-(5-(7-

amino-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-yl)methanesulfonamide 

(50 mg, 0.15 mmol) in DMF (0.5 mL) was then added dropwise at room temperature 

and the mixture stirred at room temperature overnight. The reaction mixture was 

poured onto EtOAc (2 mL) and brine (3 mL) and the separated organic phase was 

washed with brine (2 x 3 mL).  The combined organic phase was concentrated under 

a stream of nitrogen to give an orange gum.  The gum was loaded in a solution of 

DMSO/MeOH (1 mL, 1:1 v/v) and purified via mass directed auto-preparative 

(MDAP) chromatography using a Sunfire C18 column and an ammonium 

bicarbonate-modified MeCN/water gradient.  The relevant fractions were combined 

and concentrated under a stream of nitrogen to give N-(6-(6-methoxy-5-

(methylsulfonamido)pyridin-3-yl)-1,3-dihydroisobenzofuran-4-yl)-6-

methylpicolinamide (30 mg, 60 μmol, 28%) as a white solid. LCMS (Method A): 

0.99 min, [M+H]+ 455 m/z. 1H NMR (DMSO-d6, 400 MHz): δ = 10.49 (s, 1H), 9.26 

- 9.57 (br. s, 1H), 8.31 (d, J = 2.3 Hz, 1H), 7.94 - 7.99 (m, 2H), 7.89 (d, J =2.3 Hz, 

1H), 7.81 (s, 1H), 7.56 (dd, J = 6.2, 2.4 Hz, 1H), 7.46 (s, 1H), 5.11 (s, 2H), 5.07 (s, 

2H), 3.98 (s, 3H), 3.09 (s, 3H), 2.64 (s, 3H) ppm. 
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N-(2-Methoxy-5-(7-(5-methyl-1,3,4-oxadiazol-2-yl)-1,3-dihydroisobenzofuran-5-

yl)pyridin-3-yl)methanesulfonamide (255) 

 

 
A microwave vial was charged with 2-methyl-1,3,4-oxadiazole (45 mg, 0.54 mmol) 

and THF (1.5 mL).  Zinc chloride (244 mg, 1.79 mmol) was added and the mixture 

was degassed and cooled to -10 ºC under nitrogen.  A solution of 

lithiumhexamethyldisilazide in THF (1 M, 810 μL, 810 μmol) was then added 

dropwise over 15 min at -10 °C.  The resulting mixture was stirred at    -10 °C (+/-5 

°C) for 1 h.  N-(5-(7-Iodo-1,3-dihydroisobenzofuran-5-yl)-2-methoxypyridin-3-

yl)methanesulfonamide (200 mg, 450 µmol), 

tetrakis(triphenylphosphine)palladium(0) (52 mg, 45 μmol) and cesium carbonate 

(146 mg, 448 µmol) were then added at -10 °C.   The mixture was then degassed  

with three alternative applications of vacuum and nitrogen, then heated in a Biotage 

microwave at 150 ºC for 1 h.    The mixture was poured onto CH2Cl2 (20 mL) and 

the mixture was filtered under reduced pressure.  The filtrate was extracted with 

CH2Cl2 (3 x 50 mL) and the combined organic phase was treated with water (50 

mL).  The resulting mixture was filtered under reduced pressure and washed with 

CH2Cl2 (3 x 50 mL).  The filtrate was passed through a hydrophobic frit and then 

concentrated under reduced pressure to afford a yellow solid.  The solid was loaded 

in DMSO (1 mL) and purified via mass directed auto-preparative (MDAP) 

chromatography using a Sunfire C18 column and an ammonium bicarbonate-

modified MeCN/water gradient.  The relevant combined fractions were concentrated 

under reduced pressure to give N-(2-methoxy-5-(7-(5-methyl-1,3,4-oxadiazol-2-yl)-

1,3-dihydroisobenzofuran-5-yl)pyridin-3-yl)methanesulfonamide (45 mg, 0.11 

mmol, 24%) as a white solid. LCMS (Method A): 0.78 min, [M+H]+ 403. IR (solid) 

2929 (N-H stretch); 1331, 1149 (O=S=O) cm-1. 1H NMR (DMSO-d6, 400 MHz): δ = 

9.37 (s, 1H), 8.37 (d, J = 2.3 Hz, 1 H), 8.02 (d, J = 1.3 Hz, 1H), 7.94 (d, J = 2.3 Hz, 
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1H), 7.84 (s, 1H), 5.34 (s, 2H), 5.17 (s, 2H), 3.99 (s, 3H), 3.10 (s, 3H), 2.62 (s, 3H) 

ppm. 13C NMR (101 MHz, DMSO-d6) δ = 164.4, 163.3, 156.9, 142.7, 140.6, 137.8, 

137.7, 130.6, 129.1, 123.7, 122.8, 122.6, 118.5, 73.9, 73.0, 54.3, 41.2, 11.1 ppm.  

HRMS (ESI) calc’d for C18H19N4O5S [M+H]+ 403.1071, found 403.1070. 

 
N-(2-Methoxy-5-(7-(pyridin-2-yl)-1,3-dihydroisobenzofuran-5-yl)pyridin-3-
yl)methanesulfonamide (256) 
 

 
 
A microwave vial was charged with N-(5-(7-iodo-1,3-dihydroisobenzofuran-5-yl)-2-

methoxypyridin-3-yl)methanesulfonamide (70 mg, 0.16 mmol), 2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (80 mg, 0.39 mmol), cesium carbonate 

(102 mg, 0.310 mmol), copper(I) chloride (16 mg, 0.16 mmol), palladium(II) acetate 

(0.5 mg, 2 µmol), 1,1'-bis(diphenylphosphino)ferrocene (dppf) (18 mg, 30 μmol) and 

DMF (1.5 mL).  The vial was sealed and degassed then heated and stirred in a 

Biotage microwave reactor at 100 ºC for 90 min.  The mixture was poured onto water 

(20 mL) and EtOAc (20 mL) and the mixture was then filtered under reduced 

pressure.  The separated aqueous phase was extracted with EtOAc (3 x 20 mL) and 

the combined organic phase was filtered. The filtrate was concentrated under reduced 

pressure to afford a brown solid.  The solid was loaded in DMSO/MeOH solution 

(1:1 (v/v) 1 mL) and purified via mass directed auto-preparative (MDAP) 

chromatography using a Sunfire C18 column and an ammonium bicarbonate-

modified MeCN/water gradient.  The relevant combined fractions were concentrated 

under reduced pressure to give N-(2-methoxy-5-(7-(pyridin-2-yl)-1,3-

dihydroisobenzofuran-5-yl)pyridin-3-yl)methanesulfonamide (6 mg, 0.02 mmol, 

10%) as a white solid. LCMS (Method A): 0.89 min, [M+H]+ 398 m/z. 1H NMR 

(DMSO-d6, 400 MHz,) δ = 9.07-9.43 (m, 1H), 8.70 (d, J = 4.03 Hz, 1H), 8.41 (d, J = 

2.01 Hz, 1H), 8.06 (s, 2H), 7.90-8.00 (m, 2H), 7.65 (s, 1H), 7.39 (dd, J = 5.16, 6.92 

Hz, 1H), 5.38 (s, 2H), 5.11 (s, 2H), 3.99 (s, 3H), 3.09 (s, 3H) ppm. 
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4 Experimental procedures for PI3Kγ inhibitors 

 

5-[3,4-Bis(Methyloxy)phenyl]-1-methyl-2-oxo-1,2-dihydro-3-pyridinecarboxylic 

acid (364) 

 
5-Bromo-1-methyl-2-oxo-1,2-dihydro-3-pyridinecarboxylic acid (Charnwood 

Molecular Limited, 31.9 g, 137 mmol), (3,4-dimethoxyphenyl)boronic acid (25.0 g, 

137 mmol), sodium bicarbonate (29.1 g, 275 mmol) and 

tetrakis(triphenylphosphine)palladium(0)  (4.76 g, 4.12 mmol) were suspended in 

ethanol (1.0 L) and water (0.25 L) and heated and stirred at 90 ºC for 4 h. The 

ethanol was removed under reduced pressure and the remaining solution was 

acidified with aqueous hydrochloric acid solution (2M) and a white solid precipitated 

from solution. The mixture was filtered under vacuum and washed with water. The 

solid was then dried under vacuum to afford 5-[3,4-bis(methyloxy)phenyl]-1-methyl-

2-oxo-1,2-dihydro-3-pyridinecarboxylic acid (33.8 g, 117 mmol, 85%) as a white 

solid. LCMS (Method A): 0.75 min, m/z 290 [M+H]+. 1H NMR (DMSO-d6, 400 

MHz): δ = 13.6 (br. s, 1H), 8.15 - 8.37 (m, 2H), 7.15 (d, J = 2.0 Hz, 1H), 7.07 - 7.13 

(m, 1H), 6.99 - 7.05 (m, 1H), 3.84 (s, 3H), 3.78 (s, 3H), 3.61 (s, 3H) ppm. 
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3-(5-(3,4-Dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)benzoic acid (369) 

 
Oxalyl chloride (109 µL, 1.24 mmol) was added dropwise to a stirred mixture of 5-

(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxylic acid (300 

mg, 1.04 mmol) and DMF (one drop) in THF (10 mL) at room temperature, which 

was accompanied by the evolution of gas.  Once the evolution of gas ceased, the 

reaction mixture was evaporated under reduced pressure, redissolved in THF (10 

mL) and added dropwise to an ice-cooled stirred solution of 3-aminobenzoic acid 

(156 mg, 1.14 mmol) and DIPEA (361 µL, 2.08 mmol) in THF (10 mL) at 0 ºC.  The 

reaction mixture was stirred and allowed to reach room temperature over 10 minutes.  

Water (50 mL) and CH2Cl2 (50 mL) was added and a white solid precipitated from 

solution.  The mixture was filtered under vacuum, washed with water (50 mL) and 

dried under reduced pressure to afford 3-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-

1,2-dihydropyridine-3-carboxamido)benzoic acid (312 mg, 760 µmol, 74%) as a 

white solid. LCMS (Method A): 0.86 min, m/z 409 [M+H]+. 1H NMR (DMSO-d6, 

400 MHz): δ = 12.37 (s, 1H), 8.71 (d, J = 2.8 Hz, 1H), 8.50 (d, J = 2.8 Hz, 1H), 8.39 

(s, 1H), 7.77 - 7.93 (m, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.21 

(d, J = 1.8 Hz, 1H), 7.13 - 7.18 (m, 1H), 7.05 (d, J = 8.3 Hz, 1H), 3.86 (s, 3H), 3.80 

(s, 3H), 3.73 (s, 3H) ppm. 

 

Note: 1H missing from 1H NMR (exchangeable). 
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4-(5-(3,4-Dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)-2-fluorobenzoic acid (355) 

 

 
 

A solution of oxalyl chloride (16 μL, 0.18 mmol) in THF (1 mL) was added 

dropwise to a stirred mixture of 5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-

dihydropyridine-3-carboxylic acid (52 mg, 0.18 mmol) and DMF (10 µL) at room 

temperature, which was accompanied by the evolution of gas. Once the evolution of 

gas ceased, the reaction mixture was concentrated under reduced pressure to give a 

pale yellow solid.  The solid was azeotroped with toluene (2 x 10 mL) and then 

dissolved in CH2Cl2 (5 mL) and added dropwise over 1 min to an ice-cooled, stirred 

suspension of 4-amino-2-fluorobenzoic acid (28 mg, 0.18 mmol) and DIPEA (94 μL, 

0.54 mmol) in THF at 0 ºC under nitrogen. Following stirring at 0 ºC for 10 min, the 

flask was removed from the ice bath and the reaction was stirred at room temperature 

for 20 min. LCMS indicated reaction completion. The solution was poured onto 

water (10 mL) and CH2Cl2 (10 mL) and the separated aqueous phase was extracted 

with CH2Cl2 (2 x 10 mL). The combined aqueous phase was acidified with aqueous 

hydrochloric acid solution (2 M) and a yellow solid precipitated from solution. The 

mixture was filtered under vacuum to afford a yellow solid. The solid was loaded in 

DMSO (1 mL) and purified via mass-directed auto-preparative (MDAP) 

chromatography using a Sunfire C18 column and a formic acid-modified 

MeCN/water gradient.  The relevant fractions were combined and concentrated under 

a stream of nitrogen to give 4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-

dihydropyridine-3-carboxamido)-2-fluorobenzoic acid (4 mg, 8 µmol, 5%) as a 

yellow solid. LCMS (Method A): 0.90 min, m/z 427 [M+H]+. 1H NMR (DMSO-d6, 

400 MHz): δ = 12.46 (s, 1H), 8.65 - 8.77 (d, J = 2.8 Hz  1H), 8.46 - 8.62 (d, J = 2.8 
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Hz, 1H), 7.73 - 7.82 (m, 2H), 7.30 - 7.39 (m, 1H), 7.21 - 7.25 (d, J = 2.3 Hz, 1H), 

7.14 - 7.20 (dd, J = 8.0, 2.3 Hz 1H), 7.02 - 7.10 (d, J = 8.5 Hz, 1H), 3.86 (s, 3H), 

3.80 (s, 3H), 3.73 (s, 3H) ppm. 

 

Note: 1H missing from 1H NMR (exchangeable). 

 

2-Chloro-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)benzoic acid (356) 

 
A solution of oxalyl chloride (45 µL, 0.52 mmol) in THF (5 mL) was added 

dropwise to a stirred mixture of 5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-

dihydropyridine-3-carboxylic acid (125 mg, 430 µmol) and DMF (10 µL) at room 

temperature, which was accompanied by the evolution of gas. Once the evolution of 

gas ceased, the reaction mixture was concentrated under vacuum to afford a yellow 

gum.  The gum was loaded in THF (2 mL) and added dropwise to an ice-cooled 

stirred solution of 4-amino-2-chloro benzoic acid (74 mg, 0.43 mmol) and DIPEA 

(225 µL, 1.29 mmol) in THF (3 mL) at 0 ºC and the mixture stirred at room 

temperature for 1 h.  The mixture was poured onto water (10 mL) and CH2Cl2 (10 

mL) and the separated aqueous phase was acidified with aqueous hydrochloric acid 

(2M) and a precipitate formed. The mixture was filtered under reduced pressure and 

the solid was loaded in DMSO (1 mL) and purified via mass-directed auto-

preparative (MDAP) chromatography using a Sunfire C18 column and a formic acid-

modified MeCN/water gradient.  The relevant fractions were combined and 

concentrated under a stream of nitrogen to give 2-chloro-4-(5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)benzoic acid 

(35 mg, 80 μmol, 18%) as a yellow solid. m.p. 272 - 273 °C. LCMS (Method A): 

0.91 min, m/z 443 [M+H]+. IR (solid) 2945 (N-H stretch); 1694 (C=O); 1575 (C=O); 
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1515 (C=O); 1285 (C-O) cm-1.  1H NMR (DMSO-d6, 400 MHz): δ = 13.00 - 13.31 

(m, 1H), 12.50 (s, 1H), 8.70 (d, J = 2.8 Hz, 1H), 8.56 (d, J = 2.8 Hz, 1H), 8.10 (d, J = 

2.0 Hz, 1H), 7.79 - 7.89 (m, 1H), 7.49 - 7.64 (m, 1H), 7.22 (d, J = 2.0 Hz, 1H), 7.15 - 

7.19 (m, 1H), 7.07 (s, 1H), 3.86 (s, 3H), 3.80 (s, 3H), 3.73 (s, 3H) ppm. 13C NMR 

(DMSO-d6, 101 MHz): δ = 165.9, 161.9, 161.0, 149.2, 148.5, 141.8, 141.4, 133.0, 

132.2, 127.6, 120.7, 119.3, 118.3, 117.9, 117.7, 112.2, 109.5, 55.7, 55.6, 38.1 ppm. 

HRMS (ESI) calc’d for C22H20ClN2O6 [M+H]+ 443.1010, found 443.0994. 

 

Note: 2C missing from 13C NMR (overlapping peaks). 

 

Methyl 2-Bromo-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-

dihydropyridine-3-carboxamido)benzoate (378) 

 

 
 

DIPEA (1.21 mL, 6.91 mmol) was added to a stirred solution of 5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxylic acid (500 mg, 

1.73 mmol) and HATU (723 mg, 1.90 mmol) in DMF (3.5 mL) at room temperature 

and the solution stirred for 10 min.  A solution of methyl 4-amino-2-bromobenzoate 

(437 mg, 1.90 mmol) in DMF (3.5 mL) was then added dropwise at room 

temperature and the solution stirred for 16 h.  The solution was poured onto ethyl 

acetate (2 mL) and brine (5 mL) and the separated organic phase was washed with 

brine (2 x 3 mL) then concentrated under reduced pressure to give a brown solid.  

The solid was triturated with CH2Cl2 and the mixture filtered under reduced pressure. 

The solid was dried under reduced pressure to give methyl 2-bromo-4-(5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)benzoate 

(290 mg, 580 µmol, 34%) as a yellow solid. LCMS (Method A): 1.17 min, m/z 501 
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[79Br M+H]+, 503 [81Br M+H]+.  1H NMR (DMSO-d6, 400 MHz): δ = 12.55 (s, 1H), 

8.69 (d, J = 2.7 Hz, 1H), 8.58 (d, J = 2.7 Hz, 1H), 8.35 (d, J = 2.0 Hz, 1H), 7.87 (d, J 

= 8.6 Hz, 1H), 7.69 (dd, J = 8.6, 1.8 Hz, 1H), 7.22 (d, J = 1.8 Hz, 1H), 7.17 (dd, J = 

8.3, 1.8 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 3.86 (s, 3H), 3.84, (s, 3H), 3.80 (s, 3 H), 

3.73 (s, 3H) ppm. 

 

2-Bromo-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)benzoic acid (359) 

 

 
 
Aqueous sodium hydroxide solution (2 M, 0.2 mL, 0.4 mmol) was added dropwise to 

a stirred solution of methyl 2-bromo-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-

1,2-dihydropyridine-3-carboxamido)benzoate (20 mg, 40 μmol) in DMF (10 mL) at 

room temperature and the solution was heated at 50 ºC for 16 h.  The mixture was 

extracted three times with CH2Cl2 (3 x 10 mL) and the separated aqueous phase was 

adjusted to pH 4 with aqueous hydrochloric acid solution (2 M) and a yellow solid 

precipitated from solution. The solid was filtered and dried under reduced pressure. 

The solid was loaded in DMSO (1 mL) and purified via mass-directed auto-

preparative (MDAP) chromatography using a Sunfire C18 column and a formic acid-

modified MeCN/water gradient.  The relevant fractions were combined and 

concentrated under a stream of nitrogen to give 2-bromo-4-(5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)benzoic acid 

(9.7 mg, 20 μmol, 50%) as a yellow solid. LCMS (Method A): 0.96 min, m/z 487 

[79Br M+H]+, 489 [81Br M+H]+.  1H NMR (DMSO-d6, 400 MHz): δ = 12.26 (s, 1H), 

8.69 (d, J = 2.8 Hz, 1H), 8.53 (d, J = 2.8 Hz, 1H), 8.40 (s, 1H), 8.08 (d, J = 2.0 Hz, 

1H), 7.44 - 7.49 (d, J = 8.3 Hz, 1H), 7.40-7.47 (dd, J = 8.0, 2.3 Hz, 1H), 7.22 (d, J = 
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2.0 Hz, 1H), 7.17 (dd, J = 8.3, 2.3 Hz, 1H), 7.06 (d, J = 8.5 Hz, 1H), 3.82 - 3.89 (m, 

3H), 3.76 - 3.82 (m, 3H), 3.73 (s, 3H) ppm. 

 
 
2-Amino-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)benzoic acid (360) 

 

 
DIPEA (960 μL, 5.50 mmol) was added dropwise to a stirred solution of 5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxylic acid (530 mg, 

1.83 mmol) and HATU (766 mg, 2.02 mmol) in DMF (3.5 mL) at room temperature 

and the reaction stirred for 10 min.   A solution of 7-amino-1H-

benzo[d][1,3]oxazine-2,4-dione (359 mg, 2.02 mmol) in DMF (3.5 mL) was then 

added dropwise to the reaction mixture at room temperature and the mixture was 

stirred for 16 h.  The solution was poured onto water (50 mL) and a brown solid 

precipitated from solution. The mixture was filtered under vacuum and washed with 

water (50 mL) to afford the isotoic anhydride intermediate as a brown solid. The 

solid was suspended in aqueous sodium hydroxide solution (10 M, 2 mL) and stirred 

for 15 min.  Water (50 mL) was added and the pH adjusted to pH 4 using aqueous 

hydrochloric acid solution (2 M). A solid precipitated out of solution and the mixture 

was filtered under reduced pressure to give a brown solid.  The solid was dissolved 

in DMSO (1 mL) and purified via mass-directed auto-preparative (MDAP) 

chromatography using a Sunfire C18 column and a formic acid-modified 

MeCN/water gradient.  The relevant fractions were combined and concentrated under 

a stream of nitrogen to give 2-amino-4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-

1,2-dihydropyridine-3-carboxamido)benzoic acid (10 mg, 20 μmol, 1%) as a yellow 

solid. LCMS (Method A): 0.87 min, m/z 424 [M+H]+.  1H NMR (DMSO-d6, 600 

MHz,) δ  = 12.24 (s, 1H), 8.68 (d, J = 2.9 Hz, 1H), 8.54 (d, J = 2.9 Hz, 1H), 7.68 (d, 
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J = 8.8 Hz, 1H), 7.28 (s, 1H), 7.21 (d, J = 2.2 Hz, 1H), 7.16 (dd, J = 2.2, 8.1 Hz, 1H), 

7.06 (d, J = 8.4 Hz, 1H), 6.75 (dd, J = 1.8, 7.0 Hz, 1H), 3.86 (s, 3H), 3.80 (s, 3H), 

3.72 (s, 3H) ppm.  

Note: 3H missing from 1H NMR (exchangeable). 

 

Methyl 4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)-2-fluorobenzoate (382) 

 

 
 

DIPEA (910 μL, 5.19 mmol) was added dropwise to a stirred solution of 5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxylic acid (500 mg, 

1.73 mmol) and HATU (723 mg, 1.90 mmol) in DMF (3.5 mL) at room temperature 

and the solution stirred for 10 min.  A solution of methyl 4-amino-2-fluorobenzoate 

(322 mg, 1.90 mmol) in DMF (3.5 mL) was then added dropwise to the reaction 

mixture at room temperature and the solution stirred at room temperature for 16 h.  

The solution was then partitioned between EtOAc (2 mL) and brine (3 mL) and the 

separated organic phase was washed with brine (2 x 3 mL) and concentrated under 

reduced pressure to give a brown solid. The solid was triturated with CH2Cl2 and 

filtered under reduced pressure. The solid was dried under reduced pressure to afford 

methyl 4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)-2-fluorobenzoate (20 mg, 50 μmol, 3%) as a yellow solid. LCMS 

(Method A): 1.11 min, m/z 441 [M+H]+. 1H NMR (DMSO-d6, 400 MHz): δ = 12.62 

(s, 1H), 8.69 (d, J = 3.0 Hz, 1H), 8.57 (d, J = 3.0 Hz, 1H), 7.85 - 7.98 (m, 2H), 7.48 

(dd, J = 8.7, 1.9 Hz, 1H), 7.22 (d, J = 2.0 Hz, 1H), 7.14 - 7.19 (m, 1H), 7.06 (d, J = 

8.3 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.80 (s, 3H), 3.73 (s, 3H) ppm. 
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Methyl 4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)-2-(methylamino)benzoate (383) 

 
A solution of 33% methylamine in ethanol (1.0 mL, 50 μmol) was added to a 

microwave vial containing a stirred solution of methyl 4-(5-(3,4-dimethoxyphenyl)-

1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)-2-fluorobenzoate 142 (20 mg, 

50 μmol) in 1,4-dioxane (0.2 mL). The vial was sealed and heated in a Biotage 

microwave reactor at 120 ºC for 5 h. The solution was poured onto water (50 mL) 

and CH2Cl2 (50 mL) and the separated aqueous phase was extracted with CH2Cl2 (50 

mL). The combined organic phase was concentrated under reduced pressure to give 

an orange gum. The gum was loaded in DMSO (1 mL) and purified via mass-

directed auto-preparative (MDAP) chromatography using a sunfire C18 column and 

an ammonium bicarbonate-modified MeCN/water gradient.  The relevant fractions 

were combined and concentrated under a stream of nitrogen to give methyl 4-(5-(3,4-

dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)-2-

(methylamino)benzoate (10 mg, 20 μmol, 49%) as a yellow solid. LCMS (Method 

A): 1.16 min, m/z 452 [M+H]+. 1H NMR (DMSO-d6, 400 MHz) δ =  12.39 (s, 1H), 

8.72 (d, J = 3.0 Hz, 1H), 8.56 (d, J = 3.0 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.65 (q, J 

= 4.6 Hz, 1H), 7.31 (d, J = 2.0 Hz, 1H), 7.23 (d, J = 2.3 Hz, 1H), 7.17 (dd, J = 8.3, 

2.3 Hz, 1H), 7.07 (d, J = 8.3 Hz, 1H), 6.81 (dd, J = 2.0, 8.6 Hz, 1H), 3.87 (s, 3H), 

3.81 (s, 3H), 3.78 (s, 3H), 3.74 (s, 3H), 2.88 (d, J = 5.1 Hz, 3H) ppm. 
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4-(5-(3,4-Dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-

carboxamido)-2-(methylamino)benzoic acid (361) 

 

N

O

O
O

O

N
H

HO

O

HN

 
 
Aqueous sodium hydroxide solution (2 M, 220 μL, 440 µmol) was added to a stirred 

solution of methyl 4-(5-(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-

3-carboxamido)-2-(methylamino)benzoate (20 mg, 40 μmol) in 1,4-dioxane (1 mL) 

in a microwave vial.  The vial was sealed and heated in a Biotage microwave reactor 

at 50 ºC for 5 h.  The mixture was acidified with aqueous hydrochloric acid solution 

(2.0 M, 0.44 mL, 0.89 mmol) and a green solid precipitated from solution. The 

mixture was filtered and washed with aqueous hydrochloric acid solution (2.0 M, 1.0 

mL) and MeOH (1 mL).  The solid was dried under a stream of nitrogen to give 4-(5-

(3,4-dimethoxyphenyl)-1-methyl-2-oxo-1,2-dihydropyridine-3-carboxamido)-2-

(methylamino)benzoic acid (16 mg, 40 μmol, 81%) as a yellow solid. LCMS 

(Method A): 0.94 min, m/z 438 [M+H]+. 1H NMR (DMSO-d6, 400 MHz) δ = 12.35 

(s, 1H), 8.72 (d, J = 2.8 Hz, 1H), 8.55 (d, J = 3.0 Hz, 1H), 7.78 (d, J = 8.6 Hz, 1H), 

7.28 (d, J = 1.8 Hz, 1H), 7.23 (d, J = 2.0 Hz, 1H), 7.18 (dd, J = 8.3, 2.0 Hz, 1H), 7.08 

(d, J = 8.3 Hz, 1H), 6.78 (dd, J = 8.6, 2.3 Hz, 1H), 3.87 (s, 3H), 3.81 (s, 3H), 3.74 (s, 

3H), 2.87 (s, 3H) ppm. 13C NMR (DMSO-d6, 101 MHz) δ = 169.2, 167.3, 152.7, 

149.3, 146.4, 143.7, 143.4, 141.8, 141.6, 136.5, 132.8, 119.2, 118.9, 117.9, 112.3, 

109.6, 105.8, 55.7, 55.6, 38.1, 30.4 ppm.  HRMS (ESI) calc’d for C23H24N3O6 

[M+H]+ 438.1660, found 438.1665. 

Note: 2H missing from 1H NMR (exchangeable). 2C missing from 13C NMR 

(overlapping peaks). 
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