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If you hit a wrong note, it’s the next note you play that determines if it’s good or 
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Abstract 

 

Hereditary angioedema (HAE), a rare genetic disorder, is associated with 

uncontrolled plasma kallikrein (PKa) enzyme activity leading to often severe 

bradykinin-induced swelling in subcutaneous and submucosal membranes in 

various locations of the body.  

This thesis describes a series of α-amidobenzylboronates (n=7) as highly potent 

covalent inhibitors of PKa (Figure a). These compounds exhibited time-dependent 

inhibition of PKa, with the most potent compound, 91, showing IC50 = 66 nM at 1 

min, 70 pM at 24 hours. Further compound dissociation studies demonstrated no 

apparent reversibility comparable to D-Phe-Pro-Arg-chloromethyl ketone 

(PPACK), a known non-selective covalent PKa inhibitor. Comparison with 

noncovalent matched pair analogues (n=8) supported the notion of covalent 

inhibition. Biological evaluation of α-amidobenzylboronates against closely 

related proteases; FXIIa, FXIa, plasmin, thrombin, and trypsin showed at least 

1000-fold specificity towards PKa in the case of each evaluated compound, 

demonstrating the first selective covalent inhibitors of PKa. 

 

 

Figure a. Generalised  α-amidoboronate structure. 
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β-ketobenzylboronates were also synthesised (n=2) and showed moderate 

activity in PKa however no evidence of covalent inhibition was demonstrated from 

analysis of enzyme binding kinetics and subjection to jump dilution. Lack of 

covalent binding notwithstanding, compound 125b showed moderate 

noncovalent activity in PKa (IC50 = 39 nM).  Furthermore, β-ketonitrile compounds 

(n=2) were explored, with one example, compound 129b, showing apparent 

covalent inhibition of PKa (IC50 = 223 nM at 1 min, 33 nM at 60 min) (Figure b).    . 

 

 

Figure b. Generalised structures of a) β-ketoboronates and b) β-ketonitriles   
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ESI – electrospray ionisation 

Et - ethyl 

EtOAc – ethyl acetate 

eq. - equivalents 

HATU - hexafluorophosphate azabenzotriazole tetramethyl uronium 

HOBt - hydroxybenzotriazole 

HPLC – high performance liquid chromatography 

HRMS – high resolution mass spectrometry 

IC50 – half maximal inhibitory concentration 

J – NMR coupling constant 

KKS – kallikrein-kinin system 

LCMS – liquid chromatography mass spectrometry 

LiHMDS  -lithuium hexamethyldisilazane 

M – molecular ion 

m - multiplet 

Me - methyl 

MeCN – acetonitrile 
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mg - milligrams 

MMFF – Merck molecular force field  

mmol – millimoles 

MOM - methoxymethyl 

MTBE – methyl tert-butyl ether 

m/z – mass-to-charge ratio 

nM - nanomolar 

NMR – nuclear magnetic resonance 

PBS – phosphate-buffered saline 

Pin - pinacol 

pKa – acid dissociation constant 

PKa – plasma kallikrein 

ppm – parts per million 

Pr - propyl 

p-TsOH – para-toluenesulfonic acid 

q  -quartet 

RP – reverse phase 

rt – room temperature 

s - singlet 

SAR – structure-activity relationship 

t – triplet 

TFA – trifluoroacetic acid 

THF – tetrahydrofuran 

TLC – thin layer chromatography 

TMS - trimethylsilyl 

TOF – time of flight 

UV - ultraviolet  
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Chapter 1: Introduction 

1.1 Hereditary Angioedema (HAE)  

Hereditary angioedema (HAE) is a rare autosomal dominant genetic disease which 

affects roughly 1 in 50 000 people, afflicting all ethnicities with no sex 

predominance. Angioedema refers to intense, usually disfiguring localised 

swelling of a body area, often associated with allergy and diet. HAE symptoms 

however, are manifested as unpredictable and sometimes life-threatening onsets 

of severe swelling and inflammation of subcutaneous and submucosal tissues, 

affecting the arms, legs, face, gastrointestinal tract and the trachea, risking 

asphyxiation and obstruction of major organs.1,2  

First described as ‘angioneurotic edema’ in 1876, the biochemical irregularity 

responsible for HAE wasn’t discovered until 1963 by Donaldson and Evans.3 C1 

esterase inhibitor (C1-INH) is a protease inhibitor belonging to the serpin 

superfamily, acting as a major regulator of the complement, contact, coagulation 

and kinin systems. Plasma kallikrein (PKa), factor XIa (FXIa) and factor XIIa (FXIIa) 

are amongst the enzymes most reliant on C1-INH regulation.4   

Occurring in three subtypes, HAE types I and II, respectively relate to the 

deficiency and dysfunction of the SERPING1 gene, responsible for encoding C1-

INH. Type I results from various mutations with deletions or insertions of single or 

multiple nucleotides within SERPING1. Type II is caused by point mutations in 

areas coding for the hinge region of C1-INH, rendering the protease defunct.5 Type 

III HAE was identified long after types I and II and is therefore less understood. 
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Patients with type III HAE exhibit normal C1-INH levels and function, both during 

angioedema and under asymptomatic conditions. This variant is believed to result 

from congenital deficiency of enzymes such as angiotensin converting enzyme 

(ACE), carboxypeptidase N and α-macroglobulin.6 C1-INH HAE is the focus of this 

project. 

 

1.2 The kallikrein-kinin system (KKS) 

Ubiquitous in nature, serine proteases represent the most structurally diverse 

group of proteolytic enzymes.7 Of these enzymes, the chymotrypsin-like subfamily 

is the most represented, with over 240 proteases recognised in the MEROPS 

database.8 Chymotrypsin-like serine proteases have evolved to perform vital 

physiological functions including; digestion, haemostasis, apoptosis, signal 

transduction, reproduction and the immune response.9 As a result of their broad 

physiological contributions, chymotrypsin-like serine proteases present 

themselves as attractive targets for multiple diseases in medicinal chemistry. 

Specifically, the kallikrein-kinin system (KKS) is the biological system of interest 

within the scope of this project (Figure 1.1).  

Possessing crucial roles in cardiovascular and cerebrovascular functions, the KKS 

is an endogenous cascade involving chymotrypsin-like proteases, the  initiation of 

which results in the activation of the intrinsic coagulation pathway and proteolytic 

cleavage of kininogens, resulting in the release of bradykinin (BK).10,11 Bradykinin 
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production is known to be a principal role of the KKS via digestion of high 

molecular weight kininogen (HK) by PKa12.  

Inflammation exists as a cellular defence mechanism against biological stressors 

such as pathogens, damaged cells or irritants to initiate tissue repair and eliminate 

damaged or necrotic cells, arising from injury.13 Various diseases may result from 

atypical activation of these pathways due to the fine balance that exists to 

promote haemostasis and a regulated inflammatory response.  

BK is a nonapeptide capable of binding B1 and B2 receptors, which broadly belong 

to the G-protein coupled receptor (GPCR) superfamily. B1 receptors are seldom 

detected in most tissues, however become strongly upregulated during events of 

inflammation, whereas B2 receptors are ubiquitously expressed in most tissues. 

The type 2 bradykinin receptor (B2R) is an essential GPCR involved in regulating 

homeostasis of the cardiovascular system as a vasodepressor.14  B2R antagonism 

mainly initiates the Gq signalling pathway during which Gq proteins couple to B2R 

upon receptor activation and then disassociate into the Gαq subunit and Gβγ 

heterodimers.15 Gαq activates phospholipase C (PLC) resulting in release of Ca2+ 

from endoplasmic reticula and subsequent activation of nitric oxide synthase, 

upregulation of NO in blood vessels. Ca2+ also has the effect of increasing 

phosphorylation of phospholipase A2 (PLA2), triggering the production of 

prostaglandins. Both NO and prostaglandins are potent vasodilators which cause 

lowering of blood pressure, increased endothelial permeability, leading to 

capillary leakage of protein rich fluids into interstitial areas, causing 

inflammation.16  
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The contact activation system (CAS) and KKS are overlapping systems, both 

initiated by activation of zymogen factor XII (FXII) to FXIIa (Figure 1.1). FXII exists 

in plasma in the zymogen form, however they become strongly upregulated via 

exposure to negatively charged surfaces, inducing a conformational change to 

generate the activated protease (FXIIa)17.   

FXIIa is capable of converting PPK to PKa and FXI to FXIa, initiating the KKS and CAS 

respectively. Liberation of PKa enables conversion of HK to BK, initiating an 

inflammation response. Endogenously, C1 inhibitor protein (C1-INH) inhibits PKa, 

downregulating the KKS.18–20  

 

Figure 1.1. Schematic showing key interactions taking place in [left] – contact 

activation system (CAS) and [right] – kallikrein/kinin system (KKS). (PPK - Plasma 

prekallikrein, PKa – plasma kallikrein, HK-High molecular weight kininogen, C1-

INH – C1 inhibitor protein, BK- bradykinin) 
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Both the KKS and CAS have an autocatalytic feedback mechanism. In the case of 

the KKS, PKa is able to upregulate FXII activation, amplifying the KKS. Similarly, 

within the CAS, thrombin is produced by activation of FXI to FXIa, FXIa activates 

FIX to FIXa which converts prothrombin to thrombin, initiating a coagulation 

response. Thrombin is also able to upregulate conversion of FXI to FXIa, activating 

this pathway.21 PKa also converts prorenin to renin, establishing an overlap 

between the KKS and renin-angiotensin system (RAS).22 

 

1.3 Current and Developing Treatments for HAE 

Multiple therapies have been developed for the treatment of C1-INH deficient 

HAE. Broadly, these treatments may be categorized as on-demand treatments for 

acute angioedema and  treatments for short or long-term prophylaxis. 

 

1.3.1 On-demand therapies 

Acute or on-demand therapies for angioedema refer to treatments taken at the 

point of onset of an angioedema attack, with the therapy goal being to reduce or 

sequester the symptoms of an angioedema event. Currently, there are four 

therapies approved for on-demand usage, discussed herein. 

 

1.3.1.1 Human C1-INH concentrate (C1-INHci, Cinryze®) 
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Intravenous (IV) plasma derived, nano filtered and purified human C1-INH 

concentrate (C1-INHci) increases C1-INH levels in patients that are C1-INH 

deficient. An independent study determined that administration of a 1000 IU dose 

can be administered every 3-4 days for prophylaxis to prevent angioedema attacks 

in HAE patients, or up to two 1000 IU doses may be given at first sign of 

angioedema for on-demand therapy.23 Additionally, C1-INHci is used for pre-

procedural prophylaxis, administered 24 hours before surgical or invasive 

diagnostic procedures to lower risk of angioedema.24     

Whilst showing clinical relief in 95% of cases and unequivocal relief of the defining 

symptom in 87% of patients 4 hours after administration, C1-INHci also shows 

reduction in frequency and severity of attacks in HAE patients. C1-INHci is only 

available as an IV treatment, therefore must be administered by a clinician, 

limiting access to the treatment. 

 

1.3.1.2 Recombinant Human C1 Inhibitor (rHC1-INH)  

Similarly to C1-INHci, recombinant human C1-INH (rHC1-INH) is approved for use 

for treatment of angioedema. rHC1-INH showed reduction of mean number of 

attacks in 32 patients per week from 7.2 to 4.4 when administered on-demand 

once weekly, and to 2.7 attacks with twice-weekly administration.25 As with C1-

INHci, drawbacks include limited shelf-life and inability for patients to self-

administer. 
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1.3.1.3 Icatibant acetate 

Subcutaneous (SC) Icatibant acetate 1 is an available acute therapy for treatment 

of HAE. Icatibant 1 is a peptidomimetic drug consisting of ten amino acids, acting 

as a highly specific, competitive antagonist of bradykinin B2 receptors (Figure 1.2). 

Suppression of excess bradykinin production enables blockage of edema 

formation. Icatibant has a similar structure to bradykinin but contains five non-

proteinogenic amino acids and is resistant to cleavage by bradykinin-targeting 

enzymes.26 

 

 

Figure 1.2. Structure of icatibant. 

 

In a randomised, double-blind study, the effect of SC icatibant was investigated 

on patients presenting symptoms of subcutaneous or abdominal angioedema 

attacks. Icatibant was administered at a dose of 30 mg with the therapeutic goal 
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of achieving sequestration of primary symptoms of angioedema. The median time 

to relieve symptoms of patients taking icatibant was 2.5 hours, compared with 4.6 

hours for the placebo group.27  

Provided as 30 mg pre-filled syringes, a key benefit of icatibant as an HAE therapy 

is the option for patients to self-administer the drug upon onset of angioedema. 

Adverse effects may arise from use of Icatibant due to its cardio protective 

properties, enabling the possibility of impaired cardiac function and reduced 

coronary blood flow. This property has been observed in animal models that 

developed myocardial infarction after icatibant treatment. This precludes patients 

with existing cardiac conditions from using icatibant.28 

Adverse reactions around the site of icatibant injection have also been reported 

amongst patients. This may be due to the tendency of icatibant to display B2 

agonistic properties when present in higher concentrations. Most commonly, mild 

to moderate erythema and/or swelling is reported at the injection site due to the 

high local concentration of icatibant. These symptoms were generally resolved up 

to 4 hours after injection.29  

A key disadvantage of icatibant is the fact that it targets the B2 receptor, therefore 

it only has the therapeutic ability to block bradykinin downstream signalling, as 

opposed to acting as a prophylactic treatment against angioedema onset.30   
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1.3.1.4 Ecallantide 

Ecallantide is a 60 amino acid peptide approved for the treatment of HAE. Acting 

as a C1-INH mimetic, ecallantide reversibly inhibits plasma kallikrein (PKa), 

preventing the conversion of kininogen to bradykinin, reducing symptoms of 

angioedema.31,32 

In a double-blind, placebo controlled clinical trial, a patient-reported treatment 

outcome score was used to assess efficacy of ecallantide against a placebo, this 

measure describes the severity of patient symptoms before and after 

administration of the treatment, ranging from -100 to +100. Four hours after 

administration, the ecallantide group reported a median score of 50.0, suggesting 

a positive response to the treatment, whereas the placebo group recorded a score 

of 0.0 suggesting no improvement.33 

Key advantages of ecallantide include lack of risk of viral contamination in 

comparison to plasma derived therapies, high selectivity, fast onset of action and 

ability for subcutaneous administration. Safety concerns however exist regarding 

hypersensitivity reactions. Adverse effects are reported to include headache and 

fever.34 

 

1.3.1.5 Haegarda® 

Haegarda® was introduced in 2017 as the first C1-INH concentrate preparation 

available for subcutaneous (SC) administration, reducing treatment burden 

compared with IV route of administration.35  
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1.3.2 Short-term prophylaxis (STP) 

 Short term prophylaxis, or pre-procedure prophylaxis, describes treatment 

administered before medical or surgical procedures, as well as vital life events 

such as exams or weddings to prevent angioedema onset.36  

The primary treatment of choice for STP is Intravenous (IV) plasma derived, 

nanofiltered and purified human C1-INH concentrate (C1-INHci, Cinryze®), 

rhC1INH has also been proven efficacious as an STP treatment37,38 (mentioned in 

Section 1.3.1).  

 

1.3.2.1 Danazol 

In cases where plasma based treatments are unavailable or inconvenient to 

administer, danazol 2 may be for up to 5 days before and 2-3 days after a given 

procedure (Figure 1.3).30  

 

 

Figure 1.3. Structure of danazol. 
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Danazol is a mild androgen and anabolic steroid, primarily used in the treatment 

of endometriosis, fibrocystic breast disease and hereditary angioedema.39 The 

mechanism of action for danazol is complex as it modulates numerous biological 

receptors including sex hormone receptors, enzymes involved in steroidogenesis 

and steroid hormone carrier proteins.40 The use of oral danazol in HAE treatment 

emerged due to observed enhancement of hepatic C1-INH production and plasma 

aminopeptidase P (APP) activity. APP is a major metallopeptidase involved in kinin 

inactivation which exhibits low activity in angioedema patients. In a clinical study 

of 147 HAE patients, treatment with danazol resulted in a significant increase in 

APP activity, without affecting other metalloprotease activities. In all patients 

increased APP activity was shown to reduce severity of HAE symptoms.41 

The use of attenuated androgens e.g. danazol in HAE treatment is inherently 

limited by the numerous adverse effects associated with these drugs. Particularly 

undesirable in female patients, masculinising side effects such as acne, excessive 

hair growth and voice deepening are observed in many danazol users.42 

 

1.3.3 Long-term prophylaxis 

Long-term or routine prophylaxis (LTP) describes treatment aimed at decreasing 

the frequency, severity and duration of angioedema attacks for patients whose 

condition may not be adequately supressed by on-demand treatments alone.43  

Previously mentioned plasma based C1-INH injectables are approved for the 

treatment of LTP, however suffer from difficulty of administration. Danazol has 
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also been approved for LTP treatment, however suffers from numerous common 

adverse effects.44 

 

1.3.3.1 Tranexamic acid 

Trenexamic acid 3 is a synthetic analogue of lysine which competitively inhibits 

activation of plasminogen, used as a therapy for HAE, amongst many other clinical 

applications (Figure 1.4). 

 

 

Figure 1.4. Structure of tranexamic acid 

 

Functioning as an anti-fibrinolytic agent, 3 blocks lysine binding sites on 

plasminogen molecules, inhibiting interaction between plasminogen and plasmin 

or fibrin, resulting in stabilisation of fibrin networks formed by secondary 

haemostasis, reducing the need for C1-INH recruitment.45  

Whist clinical efficacy is shown in studies of tranexamic for reducing frequency 

and/or severity of angioedema attacks46, the real world benefit to patients taking 

tranexamic acid for LTP remains low. Clinical data have not demonstrated a dose 
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that is effective in large numbers of patients, signifying that responses to 

tranexamic acid treatment may differ on an individual basis.47 

As a non-specific agent used in the treatment of numerous conditions,48 

tranexamic acid is considered inferior to many other options including ecallantide 

or plasma based treatments, however advantageous compared with no 

treatment. Tranexamic acid is used substantially in paediatric settings due to its 

low risk and minimal adverse effects.49  

 

1.3.3.2 Landelumab 

Landelumab is a human monoclonal antibody administered by subcutaneous 

injection, which targets plasma kallikrein (PKa), limiting bradykinin production via 

sustained inhibition of PKa. Landelumab showed potent inhibitory activity in in 

vitro studies (PKa IC50 = 1.3 nM, Ki = 0.12 nM) and showed equivalent affinity for 

both free PKa and HMWK-bound PKa, whilst exhibiting markedly diminished 

affinity for zymogen prekallikrein.50 Furthermore, Landelumab showed roughly a 

200 fold faster association rate towards PKa in comparison to endogenous C1-INH, 

enabling therapeutic efficacy at low concentrations.51 

In clinical studies, it was shown that administration of two doses of subcutaneous 

Landelumab, of 300-400 mg, 14 days apart was safe and effective in preventing 

angioedema attacks, showing 88-100% fewer attacks with respect to the placebo 

group. The dose-response relationship of Landelumab was shown to be linear with 

a prolonged half-life of around 14 days, allowing for infrequent injection.52 
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Adverse effects from Landelumab include injection site reactions, worsening 

headache, and night sweats, occurring in roughly one in four patients from a 

clinical study. No patients were discontinued from the trial due to adverse effects, 

suggesting Landelumab is generally well-tolerated.52 

Overall, Landelumab is a first-in-class monoclonal antibody inhibitor of PKa, 

showing powerful inhibition properties and effectiveness in supressing 

angioedema events with minimal adverse reactions for a treatment in this class. 

Self-administration is possible in infrequent intervals, however more data is 

required regarding long-term safety in HAE patients.50 

 

1.3.3.3 Berotralstat 

Berotralstat 4 is the most recent HAE therapy to emerge, gaining FDA approval in 

2020, as a first-in-class, orally available small-molecule inhibitor of PKa (Figure 

1.5).  

 

 

Figure 1.5. Structure of berotralstat 



 
31 

Berotralstat  acts as a competitive, reversible inhibitor of PKa, targeting the S1, S1’ 

and S2 binding sites, developed from a previous generation inhibitor (Avoralstat), 

improving oral bioavailability through replacement of a benzamidine P1 group 

with benzylamine.53 

Berotralstat was designed as a once-daily oral prophylactic treatment for HAE, 

circumventing the need for SC or IV injection. Early in vitro studies indicated that 

4 exhibits high potency against Pka (IC50 = 1.0 nM, Ki = 0.4 nM). Furthermore, 

berotralstat showed high levels of selectivity towards Pka in comparison with 

other plasma serine proteases such as trypsin, plasmin, thrombin and FXIIa.54 

Clinical trials determined that Berotralstat is efficacious for long term prophylaxis, 

showing reductions in attack rate and severity at both 110 and 150 mg doses, with 

adverse events being generally mild and self-limited cases of maculopapular rash 

and gastrointestinal symptoms. A key benefit of Berotralstat over other therapies 

is the ability to administer orally, reducing the treatment burden when compared 

with alternative injectable therapies.55,56 
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1.3.4 HAE Treatments in Development 

 

1.3.4.1 Sebetralstat  

Sebetralstat 5 is a potent and selective orally available small-molecule inhibitor of 

Pka, targeting the S1 and S4 binding sites, for on-demand prophylactic treatment 

of HAE (Figure 1.6) 

 

Figure 1.6. Structure of sebetralstat 

 

Conventionally, the development of orally bioavailable inhibitors of PKa proves 

challenging due to the frequent use of basic, positively charged P1 groups such as 

benzylamine or aminopyridine to elicit a strong interaction with Asp189 in the S1 

pocket. In the development of sebetralstat, a series of ‘neutral’, non-basic P1 

groups was explored as a means of improving oral bioavailability. In a fragment 

screen, 3-fluoro-4-methoxypyridine was shown to have high S1 binding. The high 

affinity of this P1 group is thought to be due to displacement of a water molecule 

from a local hydrophobic environment around Tyr228 by the methoxy substituent. 
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The pyridone portion of 5 extends into the S4 pocket of PKa and is known to 

undergo π-stacking with Tyr174.57  

In vitro, Sebetralstat showed high affinity for PKa (IC50 = 6.0 nM) with high 

selectivity towards PKa in a screen against related proteases such as tissue 

kallikrein (KLK1), FXIa and FXIIa.   

In a clinical trial, it was shown that sebetralstat rapidly achieves near complete 

PKa inhibition and in the vast majority of cases was safe and well tolerated, with 

all adverse events being mild in a group of 98 participants.58 A separate study 

determined that a 600 mg dose of sebetralstat maintained greater than 95% PKa 

inhibition for 8 hours and prevented HMWK cleavage for 12 hours, blocking 

contact system activation for up to 6 hours.59 Time taken to treat a conventional 

attack within 12 hours of participants receiving a 600 mg dose of sebetralstat was 

significantly reduced compared to the placebo group (15.1% vs. 30.2% 

respectively). Additionally, sebetralstat reduced time taken to reduce symptoms 

compared to the placebo (1.6 hours vs. 9 hours, respectively).59 

1.3.4.2 Garadacimab 

 Garadacimab (CSL) is a humanised IgG4 monoclonal antibody that targets FXII, 

inhibiting KKS activation and bradykinin release.60 A phase III clinical trial was 

completed in 2017 for both SC and IV delivery methods of garadacimab, 

concluding that monthly SC injections of garadacimab significantly reduced rate 

of angioedema attack in participants, when compared with the placebo group. 

Patients receiving garadacimab experienced median 0.27 attacks per month 

compared with 2.01 for those on placebo over a 6 month period.61 
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1.3.4.3 ATN-249 

ATN-249 6 (Attune Pharmaceuticals) is a plasma kallikrein inhibitor for oral 

administration to treat C1-INH deficient angioedema, with 2000-fold selectivity in 

favour of PKa in comparison to related plasma proteases such as thrombin, FXa 

and FVIIa (Figure 1.7). 

 

 

Figure 1.7. Structure of ATN-249. 

In a controlled study, it was observed that ATN-249 exhibited greater than 10-fold 

higher PKa inhibition and contact activation in comparison to Cinryze®62. ATN-249 

completed a phase I randomised, double-blind clinical trial in 2017 to 48 healthy 

male participants. Dose dependent inhibition of Pka and reduction in cleavage of 

HMWK was observed 2 hours after administration, with no severe adverse effects 

being noted.59 At present, ATN-249 remains an investigational therapy, having 

completed a phase I study. 
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1.3.5 Other Relevant PKa Inhibitors 

Structures of a series of novel, highly potent PKa inhibitors, bearing highly novel 

P4 groups were released by Merck Sharp & Dohme Corp in 2022 (Figure 1.8).63  

 

 

Figure 1.8. Structures of Merck novel PKa inhibitors. 

Compounds 7-9 showed potent biological activity against PKa with respective IC50 

values of 0.3, 0.2, and 0.4 nM.63  
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Figure 1.9. Structure of novel PKa inhibitor 10. 

 

10 was found to be a specific, potent, competitive reversible inhibitor of PKa (IC50 

= 1 nM), showing around 10,000-fold binding preference for PKa over trypsin, 

FXIIa, FXIa, FXa, thrombin and plasmin (Figure 1.9).64,65  

 

1.3.6 Summary 

Hereditary angioedema treatment encompasses the prevention and severity 

reduction of angioedema in both on-demand (acute) and prophylactic measures 

for patient harm-reduction and improved quality of life. Many earlier therapies 

have focused on the delivery of the deficient C1-INH protein as a means of on-

demand HAE treatment.66 Whilst effective, C1-INH-based injectables 

contraindicate patient preference for oral administration.67 B2R antagonists such 

as icatibant block downstream signalling of bradykinin, however these are on-

demand therapies, used to manage but not prevent angioedema attacks. The 

emergence of small-molecule PKa inhibitors such as berotralstat and sebetralstat 

affords the patient an oral, daily prophylactic measure to reduce probability and 
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severity of an angioedema attack, representing significant advancement in the 

landscape for HAE treatment.68   

 

1.4 Plasma Kallikrein Mechanism and Inhibition 

Plasma kallikrein (PKa) is an attractive drug target for the treatment of HAE as 

effective inhibition of PKa has been shown to supress the KKS, thus reducing 

symptoms characteristic of an angioedema onset.69  

The term ‘kallikrein’ was initially used to describe the proteolytic activity from the 

pancreas responsible for the cleavage of kininogen. Kallikreins can be broadly 

divided into two categories; plasma kallikrein (PKa) which cleaves kininogen to BK, 

and tissue kallikreins (KLK) which cleave kininogen to Lys-BK (kallidin), later 

converted to BK by aminopeptidases.70 Structurally, PKa bears close similarity to 

FXIa possessing 66% sequence identity, whereas sequence identity between PKa 

and the KLK family ranges from 30 to 36%.71 This structural homology between 

PKa and coagulation factors such as FXIa, FXa, FIXa, FVIIa and thrombin causes 

many inhibitors designed for PKa to also show off-target effects in these related 

enzymes, largely stemming from a shared preference for arginine binding in the 

S1 binding site.72 
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1.4.1 Mechanism of Plasma Kallikrein 

Mechanistically, chymotrypsin-like serine proteases, such as PKa, utilise a 

conserved nucleophilic serine residue to hydrolyse scissile amide bonds, cleaving 

substrates between the S1 and S1’ subsites. Activation of the catalytic serine is 

achieved through a canonical system of amino acid residues within the active site, 

known as the Asp102-His57-Ser195 catalytic triad.73 Such residues comprise a region 

of the protease domain known as the oxyanion hole, serving to stabilise transition 

states within the enzyme-substrate complex and to aid in nucleophilic attack by 

Ser195 (Figure 1.10).      

 

 

Figure 1.10. Representative mechanism of amide bond cleavage by Asp102-His57-Ser195 
catalytic triad. 

 

 

 



 
39 

The Asp102 component of the catalytic triad exists to productively orient the 

imidazole ring of His57 with respect to Ser195, as well as promoting increased 

basicity of the imidazole sp2 nitrogen via hydrogen bonding of the Asp102 

carboxylate to His57, enabling deprotonation of Ser195 and subsequent 

nucleophilic attack of an amide carbonyl (Figure 1.10, a). Consequently, a 

tetrahedral intermediate is generated, the degradation of which is driven by 

removal of a proton from the imidazolium cation, releasing a free amine and in 

turn generating an O-acyl serine species (Figure 1.10, b). The basic nitrogen from 

the imidazole group of His57 then generates a hydroxide ion through 

deprotonation of a water molecule which attacks the carbonyl of the O-acyl Ser195 

species (Figure 1.10, c). The resulting tetrahedral complex is cleaved from Ser195, 

again driven by deprotonation of the charged imidazolium residue from His57, 

enabling the release of a carboxylic acid and regeneration of the catalytic triad 

(Figure 1.10, d).74–76  

 

1.4.2 Plasma Kallikrein Inhibitor Design 

Figure 1.11 shows  surface representations of the PKa proteolytic domain, 

including key residues and selectivity pockets. The naming of the selectivity 

pockets has been done according to the nomenclature of Schechter and Berger, 

where the region between S1 and S1’ denotes the site of proteolytic cleavage,  S1, 

S2 etc. denote subsites and P1, P2 etc. denotes the chemical group of a substrate 

or inhibitor which targets the corresponding subsite.57,72,77  
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Figure 1.11. Surface models of PKa protease domain with labelling of key residues and 

selectivity sites (PDB6O1S)64 
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PKa inhibitors such as berotralstat 4 and sebetralstat 5,54,57 target the S1 and S4 

pockets of PKa, linking the P1 and P4 fragments with a central bridging scaffold 

(Figure 1.12). 

 

 

Figure 1.12. Representation of S1 and S4-targeting inhibitor design strategy 

 

The appeal of this design strategy stems from the nature of the S1 and S4 pockets. 

Both of these pockets are comparatively deep in comparison to the S2 and S1’ 

regions and contain residues that may be targeted using conventional medicinal 

chemistry strategy such as Asp189, Tyr174 and Trp217. Moreover, P4 binding groups 

are known to induce the S4 pocket via a conformational change in in the active 

site known as the ‘Trp-flip’, which possibly contributes towards rigidification of 

the PKa binding domain, reducing plasticity within the active site, potentially 

resulting in more favourable enzyme-inhibitor interaction.78  
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1.4.3 Basic S1-Binding Groups in PKa 

The first structural elucidation of the PKa protease domain was achieved through 

crystallographic analysis of the PKa-benzamidine complex. Asp189 plays a critical 

role in recognising arginine residues from endogenous substrates within the S1 

binding site and binds benzamidine 1 in an analogous mode (Figure 1.13).70 

 

 

Figure 1.13. Representation of binding of a) benzamidine 11 and b) arginine residues to 

Asp189 in S1 binding site 

 

As a result of this S1 binding character, many plasma kallikrein inhibitors have 

used basic P1 groups such as aminopyridine, benzylamine, benzamidine and 

guanidine to target the S1 site. An example of the use of basic S1 groups in PKa 

inhibitors can be seen in the development of avoralstat 12 and berotralstat 4. 
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Figure 1.14. Structures of avoralstat and berotralstat, (P1 groups shown in blue). 

 

 

In the cases of 12 and 4 the basic benzamidine or benzylamine groups, highlighted 

in blue, act as S1-binding groups in PKa (Figure 1.14), whilst the remaining portion 

of the molecule extends into the S1’ region. Both compounds show comparable 

potency in PKa, 12 was discarded due to its poor oral bioavailability, a key 

challenge seen with the use of highly polar groups, due to their poor passive 

permeability and oral absorption. 4 showed enhanced oral bioavailability with 

respect to 12 due to the decreased basicity of benzylamine in comparison with 

benzamidine, resulting in improved solubility in 4 at pH 7.0, improving 

bioavailability.54 
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Figure 1.15. Structures of benzylamine and benzamidine P1 compounds from 

development of sebetralstat, (P1 groups shown in blue). 

 

Examples of basic P1 SAR can be seen in the development of sebetralstat 5. During 

lead identification, it was seen that benzamidine exhibits roughly 1000-fold 

enhanced activity in PKa when comparing compounds 13 and 14. All pKa 

calculations were carried out using ACD/Laboratories Percepta software (Figure 

1.15).57,79 

Further SAR studies compared the activity of a benzylamine P1 group 15 with 

weakly-basic aminoisoquinoline 16, a bioisostere of benzamidine (Figure 1.16). 

 



 
45 

  

Figure 1.16. Structures of benzylamine and aminoisoquinoline P1 compounds from 

development of sebetralstat, (P1 groups shown in blue). 

 

Both 15 and 16 contain basic P1 groups, shown in blue, and pyridone P4 groups 

joined by a pyrazole central scaffold. 16 shows approximately a 10-fold increase 

in PKa affinity with respect to 15, due to the enhanced ability of aminoisoquinoline 

to bind Asp189 in an analogous mode to benzamidine as well as rigidification of the 

P1 group in comparison to benzylamine. Aminoisoquinoline shows decreased 

basicity with respect to benzamidine due to the incorporation of the amine into 

the aryl system. 16 showed poor membrane permeability, whilst subsequent 

aminoisoquinoline analogues of showed high internal clearance in human liver 

microsomes. Despite this, it was demonstrated that potent PKa inhibitors could 

be developed using mildly basic P1 groups.57     
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1.4.4 Non-basic S1-Binding Groups in PKa 

In order to circumvent the issue of poor oral absorption associated with basic or 

highly polar groups in PKa inhibitors, there has been significant exploration into 

the identification of non-basic or ‘neutral’ P1 groups, shown in green.  

3-Chlorophenyl is a known, albeit weak S1-binding fragment in PKa which appears 

in compounds 17 and 18 (Figure 1.17).80  

 

  

Figure 1.17. Structures of PKa inhibitors with 3-chlorophenyl P1 group (shown in green). 

 

An aryl aminoethanol linkage connects the 3-chlorophenyl group of 17 and 18 to 

an aminooyrazole central scaffold leading to a pyridone P4 group. 17 and 18 

demonstrated similar biological activities in PKa with a 10 000-fold preference for 

PKa against KLK1 and FXIa.  

19 features a p-tolyl P1 group, which whilst highly lipophilic, demonstrates 

appreciable PKa activity (IC50 = 88 nM). The presence of the methyl group in this 
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case is thought to displace a water molecule bound to Asp189 in the S1 pocket, 

making the binding of the p-tolyl fragment entropically favoured (Figure 1.18).81 

 

Figure 1.18. Structures of PKa inhibitors with non-basic monocyclic P1 groups, (shown in 

green). 

 

20 includes a novel heterocyclic P1 group which elicits high levels of activity in PKa 

(IC50 = 4.1 nM). Sebetralstat 5, also incorporates a novel monocyclic heterocycle 

as a P1 group which was selected for clinical trial advancement due to its low 

clearance and high oral bioavailability in rat studies . Additionally, 5 demonstrated 

high selectivity towards PKa when screened against related proteases, showing at 

least a 1600-fold preference for PKa.57   
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1.4.5 S4-binding Groups in PKa 

P4 groups have the ability to induce the S4 pocket in PKa via a phenomenon 

known as the ‘Trp215 flip’, arising from the induced-fit movement of Trp215 upon 

binding of an active fragment. This forms an induced hydrophobic pocket enabling 

a ligand to make π-stacking interactions with Tyr174 and Trp215, in addition to 

hydrogen bonding with Gly99.70 Binding to the S4 region in addition to the S1 

pocket therefore provides a valuable foothold, enabling the development of 

highly potent inhibitors. 

With π-stacking being the most common mode of binding for inhibitors targeting 

the S4 pocket, aryl groups often feature in P4 fragments, shown in red.  

 

  

Figure 1.19. PKa inhibitors including O-Phenyl and pyrazole P4 groups, (shown in red). 

 

Replacement of the P4 aryl ether in 21 for a benzylpyrazole group in 22 results in 

significantly increased PKa activity due to its smaller size and increased π-density 

with respect to O-phenyl (Figure 1.19).82  
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Figure 1.20. P4 groups used in the development of Sebetralstat, (shown in red). 

 

Multiple P4 groups were explored in the development of Sebetralstat 5 (Figure 

1.20). 23 used a phenylthiazole group to target the S4 pocket, this analogue 

showed moderate activity in PKa (IC50 = 850 nM). Changing the phenylthiazole 

fragment for methylpyrazole  in 24 showed a drastic improvement in IC50 potency 

of around 80-fold. Pyridone was found to be the most biologically active P4 group 

in 25, further advancing IC50 potency to 4.4 nM. Crystal structure analysis of the 

binding of 5 in PKa shows π-stacking of the pyridone P4 group with Tyr174 (Figure 

1.21). 
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Figure 1.21. Depiction of π-stacking between P4 pyrazole of 10 with Tyr174 in PKa active 

site showing measured distance of 3.6 Å (PDB6O1S)  

Tyr
174
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1.5 Targeted Covalent Inhibitors (TCIs) 
 

Traditional small molecule drug design generally focusses on the production of 

noncovalent, reversibly binding ligands as equilibrium modulators of biological 

receptors. Such reversible binding states are fast, limiting the maximum duration 

of a therapeutic response.83 Maximising the duration of binding between a ligand 

and its target receptor can therefore promote a prolonged physiological response. 

Targeted covalent inhibitors (TCIs) bind covalently to specific target residues 

within a biological receptor in two steps; first an equilibrium step, forming a 

noncovalent enzyme inhibitor complex (EIC), and secondly covalent bond 

formation with the target residue, with the final state often being irreversible 

(Figure 1.22). The therapeutic benefit of TCIs over conventional inhibitors is the 

prolonged duration of action and high potency, owing to covalent modification of 

the target receptor.84 
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Figure 1.22. Equations representing a) noncovalent inhibition, b) irreversible covalent 

inhibition and c) reversible covalent inhibition. 

 

The kinetic rate constant k1 is often used to describe association of an inhibitor to 

an enzyme to form an enzyme-inhibitor complex (E·I), whilst K-1 describes the 

corresponding inhibitor dissociation. In the case of irreversible covalent inhibitors, 

a second, nonequilibrium step exists to describe the formation of a covalent 

enzyme-inhibitor complex (E-I), often described by the rate constant k2 or kinact, 

denoting inactivation of the enzyme. Reversible covalent inhibition is another 

possible mode of binding where the second step is an equilibrium step and 

unbinding of the bound covalent species is denoted by the rate constant k-2.  

Covalent inhibitors first emerged in medicine in the 1890s with the discovery of 

aspirin, later realised to be responsible for the selective acylation of Ser530 in 
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prostaglandin endoperoxide (PGH) synthase-1.85 At present, covalent inhibitors 

comprise roughly 30% of all marketed drugs.83 Key advantages in the development 

of covalent inhibitors as pharmaceuticals include; improved efficiency and lower 

dosing due to prolonged physiological action, increased compliance due to less 

frequent dosing, reduced possibility of patients developing drug resistance and 

possibility of targeting shallow binding sites that are difficult to occupy with 

conventional inhibitors.86   

Alongside these clear advantages, there exist numerous disadvantages in the 

development of TCIs, for example, toxicity and hypersensitivity are frequent 

concerns due to potential off-target covalent interactions. Additionally, TCIs may 

not be suitable for targeting biological receptors that are rapidly turned over or 

degraded.83,87 Another challenge in the design of TCIs is warhead selection to elicit 

the appropriate level of reactivity in the desired target, whilst minimising off-

target effects.   
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1.5.1 Examples of Covalent Inhibition in Serine Proteases 

A warhead is a reactive group strategically installed onto a reversible ligand, 

targeting a biological receptor, with the intention of facilitating specific covalent 

modification of a target residue.88 Generally, covalent warheads feature 

electrophilic groups, aiming to bind nucleophilic residues within the desired 

target, however the use of highly reactive electrophiles is discouraged due to 

toxicity concerns. Consequently, a selective covalent inhibitor must exhibit 

appreciable noncovalent affinity (k1) to ensure appropriate residence time is 

achieved within the desired target, whilst the reaction rate of the bound inhibitor 

(kinact) must be substantial enough to ensure likelihood of covalent bond formation 

within the lifetime of the noncovalent complex. Since highly reactive electrophiles 

must be avoided, this reaction rate must be achieved by optimal positioning of the 

electrophilic warhead, relative to the target nucleophilic residue.89  

 

1.5.1.1 Acylating Agents 

The transfer of an acyl group from an inhibitor to the serine oxyanion within a 

serine protease is a common method of covalent modification (Scheme 1.1). This 

method relies on tuning the acyl group to be cleaved within the target protein 

without reacting with other species in the endogenous environment.   
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Scheme 1.1. Representative example of serine acyl transfer mechanism 

 

A key benefit of this approach is the potential for hydrolysis of the Ser-acyl 

complex under biological conditions, regenerating the apo-enzyme. This may limit 

the toxicity profile of such compounds due to slow reversibility, whilst eliciting 

potency and duration of action concomitant with that of a covalent inhibitor.90  

Literature examples of serine-acylating compounds include inhibitors of fatty acid 

amide hydrolase (FAAH) 26 and coagulation Factor XIIa 27 (Figure 1.23).91,92  

 

 

Figure 1.23. Structures of acylating agents of FAAH and FXIIa. 

 

26 selectively inhibits FAAH (Ki = 0.1 nM after 3 hours preincubation), with 

intended application in modulating endocannabinoid signalling for analgesic 

purposes. It was also demonstrated that tuning the nature of the acyl group 
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altered reactivity (amide > carbamate > urea) and including an electron 

withdrawing pyrazole C4 substituent (CN > H > Me) increased the reactivity of 26 

towards FAAH. Curiously, the N-acyl pyrazole urea scaffold showed higher 

inhibition that the intrinsically more reactive amide analogues, suggesting a 

unique enzyme reaction taking place.92 

 27 was discovered to be a potent acylating agent of FXIIa through exploration of 

numerous N-triazole acyl substituents, concluding that 1-naphthyl  showed the 

highest potency (29 nM after 1 hour preincubation). It was shown by mass 

spectrometry analysis that the resulting naphthoyl- serine complex could be 

hydrolysed by desalination of the assay buffer, regenerating FXIIa.93 
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1.5.1.2 1,2-Addition 

The incorporation of electrophilic ketones and nitriles into active pharmacophores 

is a strategy for covalent modification of serine proteases. Examples include α-

ketoamide and reactive nitrile moieties (Scheme 1.2). 

 

 

Scheme 1.2. Representative example of α-ketoamide moiety as a serine covalent trap 

 

The strong electrophilic nature of the α-ketoamide carbonyl is induced by the 

presence of the adjacent amide, withdrawing electron density from the sp2 carbon 

of the reactive carbonyl. The serine-bound complex features a hemiacetal group, 

which may interconvert with the  α-ketoamide, making this a reversible process.94 

Telaprevir 28 is an example of a covalent serine protease inhibitor which utilises 

the  α-ketoamide warhead. Intended for the treatment of hepatitis C, 28 inhibits 

the HCV NS3-4A protease (Ki = 0.007 μM), involved in viral genome replication 

(Figure 1.24).95,96  



 
58 

 

Figure 1.24. Structures of telaprevir and saxagliptin. 

 

The nitrile group is also known as a warhead for serine proteases (Scheme 1.2). 

The electrophilic nature of the nitrile sp carbon may permit the addition of a 

nucleophile to reversibly generate an imine, which may be stabilised by other local 

residues. 

Saxagliptin 29 is a medication approved for the treatment of type 2 diabetes 

targeting the dipeptidyl peptidase IV (DPP-IV) (Ki = 0.6 nM after 30 minutes 

incubation). Inhibition of DPP-IV reduces the release of glucagon-like peptide I 

(GLP-I), reducing blood glucose levels (Figure 1.24).97       
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1.5.1.3 Sulfur (VI)-fluoride Exchange 

Sulfonyl fluorides have emerged as highly reactive warheads for the sulfonylation 

of various nucleophilic residues such as serine, lysine, threonine and histidine in 

target proteins (Scheme 1.3).88   

 

 

Scheme 1.3. Representation of sulfonyl fluorides as serine protease warheads 

 

With respect to serine proteases, sulfonyl fluorides have been reported as 

irreversible inhibitors of chymotrypsin. 30 was discovered through screening of 

various amino-acid derived scaffolds incorporating the sulfonyl fluoride warhead 

(Figure 1.25) 

 

Figure 1.25. Structure of sulfonyl fluoride covalent inhibitor of chymotrypsin. 
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It was determined that the phenylalanyl derived scaffold showed the highest 

activity in chymotrypsin (Ki = 22 μM, Kinact = 0.33 min-1). The described β-

aminoethanesulfonyl fluorides of this type all exhibited irreversible covalent 

inhibition. It was postulated that varying the N-substituent for a peptide group 

may improve the Ki value.98 

 

1.5.1.4 Alkylating Agents 

Peptidyl halomethyl ketones emerged amongst the first covalent modulators of 

serine proteases and the first site-directed irreversible inhibitors of any protein.99 

Interestingly, halomethyl ketones were originally thought to be histidine specific 

binders, however crystallographic evidence later showed halomethyl ketones to 

be transition-state irreversible inhibitors100 (Scheme 1.4). 

Rather than displacing the halomethyl ketone halogen atom, Ser195 forms a 

tetrahedral adduct by binding to the carbonyl on account of its ‘harder’ 

electrophilicity. The hemiacetal adduct then forms an epoxide via intramolecular 

displacement of the halogen. The nearby His57 residue opens the epoxide, forming 

an irreversible covalent adduct between enzyme and inhibitor. 
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Scheme 1.4. Proposed mechanism of covalent inhibition of serine proteases by 

halomethyl ketones101 

 

 

Figure 1.26. Structure of PPACK 

 

D-Phe-Pro-Arg-CH2Cl (PPACK) 31 was initially developed as a covalent inhibitor of 

thrombin and its mode of binding was confirmed by crystallographic analysis.102 It 

was later determined that PPACK acted as a potent broad spectrum inhibitor of 
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multiple trypsin-like serine proteases such as plasmin, plasma kallikrein, 

urokinase, FXa and trypsin (Figure 1.26), (Table 1.1).101,103   

 

Table 1.1. Second-order rate constants of reaction of 31 with various serine proteases 

reported by Powers et al.104 

Inhibitor k2/Ki (M-1s-1) 

 

 

31 

plasmin PKa thrombin urokinase FXa trypsin 

 

1000 

 

800 

 

9600000 

 

1000 

 

2300 

 

3500000 

 

 

The majority of second-order rate constants for the reaction of 31 with proteases 

in Table 1.1 lie in the 103 M-1s-1 range, however increased activity is observed for 

thrombin and trypsin in the 106 M-1s-1 range.   
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1.5.1.5 Boronic Acids and Boronates 

Boron is a highly useful element in organic chemistry, owing to its vacant p-orbital 

enabling acceptance of an electron pair from a Lewis base, forming a Lewis adduct. 

This Lewis acidic character may also be exploited in a biological setting.105 Many 

bioactive molecules incorporate boronic acid or organoboronate moieties in order 

to target key nucleophilic residues within biological receptors. A distinctive 

property of boron-containing covalent warheads in comparison with other 

electrophiles used in medicinal chemistry, is the ability to display multiple 

coordination modes with biological targets. For example, boron may bind to a 

target residue to form either a neutral trigonal planar, or anionic tetrahedral 

complex (Scheme 1.5). With a multitude of accessible interaction modes, boron 

shows utility as a flexible anchoring element that can adapt to structural changes 

upon binding.   
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Scheme 1.5. Representation of different binding modes of boronic acids during 

biological target engagement. a – trigonal covalent, b – tetragonal covalent (O, O, O), c – 

tetragonal covalent (O, O, N), d – trigonal noncovalent105,106 

 

Initially, boron was incorporated into peptide substrates via replacement of the 

scissile amide bond with a boronic acid moiety, generating a peptidyl boronic acid. 

These compounds have been used as peptidomimetic substrates, aiming to 

covalently target catalytic residues within proteases. For example, Bortezomib 32 

is a peptidyl boronic acid inhibitor of the 26S proteasome, a multicatalytic enzyme 

that degrades abnormal or misfolded proteins targeted for destruction, for use in 

the treatment of multiple myeloma in combination with other chemotherapy 

agents.107  
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Figure 1.27. Structure of bortezomib. 

 

The boronic acid motif of bortezomib targets a catalytic threonine residue of the 

26S proteosome, while a backbone amide residue stabilises the oxyanion hole by 

hydrogen-bridging to one of the acidic boronate hydroxyl groups. The tetrahedral 

boronate adduct is further stabilized by a second acidic boronate hydroxyl moiety, 

which hydrogen-bridges the N-terminal threonine amine atom, functioning as a 

catalytic proton acceptor (Figure 1.27).108 

 One of the specific actions of bortezomib is to inhibit key cell survival pathways 

to destroy malignant myeloma cells. Even in low nanomolar concentrations, it has 

been found that bortezomib is effective in the sequestration of transcription of 

genes involved in such cell survival pathways. Proteasome inhibition by 

bortezomib has also been shown to upregulate pro-apoptotic genes and 

downregulate anti-apoptotic genes.109,110 

Taniborbactam 33 was discovered as a pharmaceutical means of circumventing an 

antibiotic resistance mechanism in Gram-negative bacteria, to be administered in 

combination with β-lactam antibiotics.  
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Figure 1.28. Structure of taniborbactam. 

 

The continued use of β-lactam antibiotics has caused the emergence of β-lactam 

resistance in certain pathogens, taking the form of β-lactamase enzymes, 

responsible for the cleavage and subsequent inactivation of the β-lactam motif in 

antibiotic agents such as penicillins, cephalosporins and monobactams.111 

Through inhibition of these β-lactamases, this evolved resistance mechanism may 

be circumvented, enabling effective action of the antibiotic agent.  

Taniborbactam, 33  (Figure 1.28), is an example of a β-lactamase inhibitor which 

utilises a boronate motif in order to covalently bind serine β-lactamases, forming 

a tetrahedral adduct. Taniborbactam also acts as a noncovalent inhibitor of zinc 

metallo-β-lactamases via coordination of zinc ions to the electronegative oxygen 

atoms of the boronate motif. These combined mechanisms of action enable for 

pan-spectrum anti- β-lactamase activity.112 

The N-(2-aminoethyl)-cyclohexylamine side chain of 33 plays an important role in 

in broad spectrum inhibition of β-lactamases in addition to facilitating outer 

membrane permeability and periplasmic accumulation in Gram-negative bacteria. 

Crystallographic studies have revealed that the bicyclic boronate motif  functions 

via mimicking the tetrahedral transition states of both the serine-based and zinc-
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based hydrolytic processes. 33 showed high potency across a large range of 

bacterial cells and demonstrated selectivity towards bacterial enzymes and non-

toxicity towards mammalian cells. As a result, taniborbactam, is the first pan-

spectrum β-lactamase inhibitor to enter clinical development.111,113 

Other uses of boronates in clinical applications include the development of topical 

anti-fungal agent tavaborole 34 developed for the treatment of onychomycosis, a 

common fungal infection of the nails, especially prevalent in diabetic and elderly 

patients (Figure 1.29).114,115   

 

 

Figure 1.29. Structure of tavaborole. 

 

Mechanistically, 34 acts via targeting dermatophytes, fungi that dwell on hair skin 

and nails. Specifically, 34 exerts anti-fungal activity through inhibition of the 

enzyme yeast cytoplasmic leucyl-aminoacyl transfer RNA (tRNA) synthetase, a key 

enzyme participating in fungal protein synthesis, inhibiting fungal reproduction.114  

Structure-activity analysis reveals that a stable adduct is formed between the 

boron of tavaborole and the terminal adenosine of the target enzyme, forming a 

tetrahedral complex. Moreover, it was demonstrated that replacement the boron 

of 34 with a carbon atom removed all biological activity.116,117  
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Compound 35 was discovered as a potent, non-selective inhibitor of PKa (IC50 = 45 

nM), FXIIa (IC50 = 190 nM), trypsin (IC50 = 52 nM), plasmin (IC50 = 394 nM) and FXIa 

(IC50 = 13 nM). crystallographic data of the complex of 35 with FXIIa revealed that 

the boronic acid group forms a tetrahedral adduct with Ser195 (Figure 1.30).118 

 

 

Figure 1.30. Structure of novel boronic acid inhibitor of PKa. 

 

Incorporating an aryl boronic acid onto an aminoisoquinoline S1 scaffold, 35 

achieves covalent inhibition of PKa. 35 appears to be the only boron-containing 

literature covalent inhibitor of PKa. 

 

1.5.2 Reactivities of Serine-binding Covalent Warheads 

Generally, covalent inhibitors of trypsin-like serine proteases aim to target the 

catalytic Ser195 residue. Attempting to characterise the reactivity of different 

fragments against a free serine molecule offers a useful tool in warhead through 

gaining understanding of the order of electrophilicity of different functional 

groups. Utilising NMR reaction monitoring, a kinetic assay was used in order to 
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evaluate the difference in reactivity of various known warheads with respect to a 

protected serine molecule 36 in phosphate buffered saline (PBS) solution (Figure 

1.31).119   

This study found 6-aminopenicillic acid 37 to be the weakest electrophile of the 

group that was screened with no observable covalent binding to serine, whilst this 

reaction is known to take place in vivo, specific conditions are required for serine-

β-lactam binding with respect to pH and other molecular components, not 

mimicked by the assay.120  

Other weaker electrophiles included Michael acceptors acrylamide 38 and vinyl-

phenyl-ketone 41, displaying steady covalent bond formation with the serine 

nucleophile, whilst showing drastically higher reactivity towards the softer 

equivalent cysteine nucleophile. Vinyl sulfonamide 40 also showed appreciable 

reactivity towards 36, however its reaction with the equivalent cysteine 

nucleophile was at least two orders of magnitude greater than for serine. Lactam 

39 shows steady covalent binding towards 36 due to its conformational restriction 

allowing the carbonyl to allow as an electrophile, however this reaction is fully 

reversible, reducing the overall rate of covalent binding. The nitrile warhead of 42 

is highly electrophilic due to adjacent electron-withdrawing pyrimidyl 

heteroatoms, however, elicits a reversible reaction with 36, slowing the rate of 

binding. Alkynylphenylketone 43 acts a Michael acceptor, showing better kinetic 

binding to the protected serine with respect to 41 as the alkyne group is a harder 

electrophile than the equivalent alkene.  β-Lactam 44 shows greatly improved 

kinetic binding than its structural isomer 39 as 44 is a tertiary amide it is more 
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likely to trap the covalent adduct, resulting in lower reversibility. Sulfonyl fluoride 

45 is a potent electrophile, owing to the electronegative properties of fluorine 

rendering it a strong leaving group, enabling sulfonylation of target residues, 

hence showed high reactivity with respect to 36. Unlike other Michael acceptors 

in this study, 46 showed markedly enhanced reactivity towards the nucleophilic 

serine this may be due to protonation of the dimethylamino- nitrogen at 

physiological pH, increasing electrophilicity of the double bond or enabling more 

facile deprotonation of the serine hydroxyl. This effect from the dimethylamino- 

nitrogen showed similar binding kinetics between serine and cysteine with respect 

to 36. Benzoxaborole 47 showed the highest reactivity of any covalent fragment 

in this screen, as a strong Lewis acid, boron has oxophilic properties enabling 

binding of the serine oxyanion to generate a stable boronate anion complex.  
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Figure 1.31. Assessment of reactivities of various covalent, serine-binding fragments 

with electrophilic moieties shown in red.119 
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1.6 Summary 

HAE is a disease with unmet clinical need with respect to available treatments. 

Whilst small molecule prophylactic treatments are emerging onto the market, 

higher potency prophylactics may have the benefit of lower effective dose and/or 

less frequent need for administration. In this work, covalent inhibitors of PKa are 

examined as possible progenitors to more effective prophylactic treatments for 

HAE. 

Numerous reactive chemical entities or ‘warheads’ are at the disposal of the 

medicinal chemist for the targeting of nucleophilic residues within biological 

targets. The selection of a warhead in the design of a covalent biological receptor 

modulator relies on factors including ease of incorporation of the warhead into a 

given scaffold, spatial arrangement of the warhead with respect to the target 

residue, and ultimately, observed biological potency.  

Of the serine protease-specific warheads discussed in this chapter, those 

containing boronic acid or boronate motifs are of particular interest due to the 

proven efficacy of such warheads in serine proteases and their high reactivity 

towards serine. Accordingly, the design and synthesis of boronate-containing 

inhibitors of PKa is a key theme of this work.   

   



 
73 

1.7 Project Hypothesis and Aims 

1.7.1 Hypothesis 

Covalent warheads have been incorporated into myriad scaffolds in order to 

maximise both potency and physiological duration of action in the development 

of pharmaceuticals.87 To date, there are no literature examples of selective 

covalent inhibitors of PKa, possibly due to the strong homology of PKa with related 

proteases such as thrombin, FXa and FXIa. Introduction of covalent warheads to 

scaffolds which target PKa may have the potential to produce highly potent PKa 

inhibitors with a view to establish more effective and lower dosage treatments for 

HAE. 

Key aims of the project included development of potent boronate-derived 

covalent inhibitors of PKa, building selectivity into these structures via targeting 

the S4 pocket of PKa, and assessment of the activity and viability of these 

compounds, using a suite of in vitro and in vivo assays. Specifically, these 

objectives are outlined below: 

• Identification, optimisation and comparison of boronate covalent 

inhibitors of PKa through determination of in vitro IC50 values. 

• Evaluation of covalent biding of active compounds via time-dependent IC50 

kinetics, jump dilution assays, and noncovalent matched pair activity 

comparison. 

• Obtaining X-ray crystal structure of key compounds to assess binding 

modality. 
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• Screening of active compounds in PKa-related proteases such as FXIIa, 

FXIa, thrombin, plasmin and trypsin to gain insights into PKa specificity of 

active compounds. 

• Placement of selected compounds into an in vivo model to assess potential 

pharmacological viability of identified covalent inhibitors in living systems. 

• Exploring variation of warheads to compare and contrast against efficacy 

of boronate warhead in PKa. 
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Initial explorations focussed on examination of the crystal structure of 10 bound 

with PKa (PDB 6O1S)64 (Figure 1.32). Upon inspection of the binding position of 10 

it is apparent that the benzylic carbon extending from the P1 fragment 

(highlighted in red) sits directly adjacent to Ser195. Accordingly, it was postulated 

that the installation of a boronate warhead at this position could result in covalent 

engagement of the catalytic serine residue.     

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.32. Binding pose of 10 in PKa active site (PDB 6O1S).64 
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A working model was established from truncation of 10 and replacement of the 

basic aminopyridine P1 group with 3-chlorophenyl, whilst keeping the central 

pyrazole linking moiety, (compound 48) for initial synthetic ease and due to the 

possible incompatibility of nucleophilic functional groups with boron-containing 

molecules (Figure 1.33). 

 

  

  

 

 

 

 

 

 

 

 

 

 

Figure 1.33.  a) Truncation of 10 to non-basic P1 compound 48 b) Docking of 48 into PDB 

6O1S crystal structure using OpenEye ‘hybrid’ docking.121 

 

 

Molecular docking of 48 into a PKa model from PDB 6O1S showed that the close 

positioning of the α-benzylic carbon relative to the position of Ser195 was retained. 
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Consequently, 48 was used as an initial scaffold to explore synthetic and 

pharmacological viability of installing a boron warhead at the highlighted α-

benzylic carbon.   
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1.7.2 Discovery of α-Amidobenzylboronates as Highly Potent and 

Selective Covalent Inhibitors of Plasma Kallikrein 

Utilising the chemistry of boron (vide infra), it is possible to perform homologation 

reactions on arylboronic esters to access highly functionalised α-substituted 

benzyl species. Homologation of monocyclic aryl P1 fragments containing a 

boronic ester functionality enabled the synthesis of an α-amino- substituted 

benzylboronate. Amide coupling of this fragment to a central scaffold bearing a 

carboxylic acid and a P4 fragment produced a series of α-amidobenzylboronates, 

the biological activities of which were assessed against PKa amongst other related 

proteases (Scheme 1.6).  

 

 

Scheme 1.6. Planned route to access α-amidobenzylboronates.  

 

Compound potency against PKa and related proteases was evaluated through the 

use of a fluorescence assay. Validation of covalent binding of compounds 

synthesised in this work was evaluated through the use of jump-dilution assays, 

as well as through comparison of potency and binding kinetics with noncovalent 

matched pairs.  
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The development of synthetic methods for the synthesis and SAR of α-

amidobenzylboronates and their matched pairs, as well as pharmacological 

evaluation of these compounds will be described in Chapter 2. 

 

1.7.3 Synthesis and Biological Evaluation of β-Ketoboronates as 

Inhibitors of Plasma Kallikrein  

A key challenge in the synthesis and handling of α-amidobenzylboronates is the 

tendency of these compounds to decompose via protodeborylation under acidic 

conditions and heat. A strategy to attempt to circumvent this problem was 

employed through catalytic borylation of an α,β-unsaturated carbonyl precursor 

to produce the nitrogen ‘deletion’ analogues of the compounds described in 

Section 1.7.2 (Scheme 1.7).  

 

 

Scheme 1.7. Planned route to access β-ketoboronates. 
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These compounds were subjected to the same pharmacological evaluation as 

those described in Section 1.7.2. The synthesis and pharmacology of these 

compounds will be described in Chapter 3.   

 

1.7.4 Conclusions and Future Directions 

Chapter 4 will summarise the progress made in this work towards the 

development of covalent inhibitors of PKa. Additionally, an outline of the key 

advances will be used to inform future work that may be undertaken which was 

not successfully carried out due to time constraints. 
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Chapter 2 
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Chapter 2: Discovery of α-Amidobenzylboronates as Highly 

Potent and Selective Covalent Inhibitors of Plasma Kallikrein 

 

2.1 Introduction 

 

Boronic esters are broadly useful functional groups for the formation of  carbon-

carbon and carbon-heteroatom bonds.122 The insertion of a -CHCl group from 

LiCHCl2 into the C-B bond of boronic ester has been extensively studied towards 

the synthesis of highly functionalised boronates as well as secondary alcohols and 

sequences of adjacent stereocentres, with the potential for stereoselectivity.123,124   

This reaction was first described by Donald Matteson in 1980 and was later used 

in the directed synthesis of chiral amino acids from boronic esters. This reaction is 

termed the Matteson homologation (Scheme 2.1).125,126   

 

 

Scheme 2.1. Matteson synthesis of α-chloroboronates from boronic acid pinacol esters.  

Proceeding through the generation of lithiated dichloromethane, the Matteson 

homologation features a rearrangement of a tetrahedral borate adduct 
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intermediate in which a carbon-boron bond migrates to displace a chlorine atom 

to generate a charge-neutral species. ZnCl2 is often used as an additive as it is able 

to coordinate boronic ester oxygen atoms, stabilising the borate intermediate, 

however numerous examples exist of the reaction being performed with no Lewis 

acid additive present.127      

The Matteson homologation reaction serves as a route to α-haloboronic esters 

which may be subjected to further functionalisation. Matteson reported that 

these α-haloboronic esters may be subjected to hard nucleophiles such as 

organolithiums and Grignard reagents to access a multitude of functionalities at 

the α-position (Scheme 2.2).125   
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Scheme 2.2. Examples of displacement reactions carried out on α-chloroboronate 

pinacol esters by Matteson et al.128 

 

Through the use of a homologation-displacement sequence, boronic esters may 

be converted to  secondary alkyl boronic esters, benzyloxy-boronic esters and 

functionalised allyl derivatives amongst other species in a two-step, one-pot 

process.  
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This synthetic methodology was applied in the synthesis of taniborbactam 33 and 

related compounds (Scheme 2.3).111–113  

 

 

Scheme 2.3. Synthesis of taniborbactam. Reagents and conditions: (a) n-BuLi, CH2Cl2, 

THF, -100 oC (b) LiHMDS, THF, -20 oC (c) RCO2H, HATU, NMM, DMF, rt (d) BCl3, 0 oC, THF  
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Starting from intermediate 49, a Matteson homologation was performed to afford 

the α-chloro- species 50. In this case the pinanediol moiety acts as a chiral 

auxiliary, enabling enantioselective generation of the α-chloro- species. LiHMDS is 

used to displace the α-chloro- atom to produce silylated amine intermediate 51 

which is subsequently coupled to a carboxylic acid to give intermediate 52. The 

aryl methoxy substituent of 52 is deprotected with BCl3, simultaneously enabling 

generation of a cyclic benzoxaborine system and deprotection of the pinanediol 

ester to yield 33.   

The synthesis of bortezomib 32 features similar chemistry, in which the generation 

of an α-aminoboronate species is utilised for subsequent amidation. A key point 

of difference in this case is in the preparation of an α-aminoboronate salt  56 as 

an isolable reagent (Scheme 2.4).129–131  
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Scheme 2.4. Synthesis of bortezomib. Reagents and conditions: (a) 1. LDA, CH2Cl2 2. 

ZnCl2, THF, -100 to -65 oC (b) LiHMDS, THF, -20 oC (c) TFA, iPr2O, -60 oC (d) RCOOH, TBTU, 

CH2Cl2, 0 oC to rt (e) iBuB(OH)2, 1M HCl, MeOH/hexane, rt. 

 

Starting from isobutyl pinanediol boronic ester 53, a Matteson homologation is 

performed to stereoselectively generate α-chloro- intermediate 54, which is 

subjected to LiHMDS to yield silylated amine 55, which under subjection to TFA at 

low temperature undergoes silyl deprotection to yield an α-aminoboronate TFA 

salt 56. Coupling of 56 to a peptide carboxylic acid fragment gave boronate 57 

which was deprotected via transesterification under mild acidic conditions to give 

bortezomib 32.132 
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A further example of the synthesis of aminoboronate HCl salts for amidation uses 

azide in the initial displacement of the α-chloro- intermediate followed by 

reduction to the amine. Lejon et al reported the use of this chemistry in the 

synthesis of boron-containing anti-tubercular peptidomimetic drugs (Scheme 

2.5).133,134 

Treatment of bromomethyl boronate 58 with sodium azide in the presence of 

tetramethyl ammonium bromide gives rise to azidomethyl boronate 59, upon 

which a Matteson homologation was performed to give 60. The α-chloroboronate 

was treated with benzylmagnesium chloride to afford 61 which was reduced to 

the ammonium HCl salt 62 upon subjection to lithium aluminium hydride and HCl. 

62 was coupled to N-Boc-L-Lysine, then deprotected under acidic conditions, 

before acid hydrolysis of the boronate to afford boronic acid 64.  
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Scheme 2.5. Synthesis of peptidomimetic anti-tubercular agent 64. Reagents and 

conditions: (a) NaN3, (Bu4N)Br, CH2Cl2/H2O, rt (b) 1. n-BuLi, CH2Cl2 2. ZnCl2, THF, -100 to -

78  oC (c) BnMgCl, ZnCl2, THF, -78 oC (d) 1. LiAlH4, THF, 0 oC 2. HCl, MeOH, rt (e) 1. N-Boc-

L-Lys, HOBt, EDC, NMM, CH2Cl2 2. HCl, MeOH (f) 3M HCl, H2O, 90 oC. 
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2.1.1 Summary 

Synthetic methodologies exploiting the Matteson homologation have been well 

explored in the development of boron-containing pharmacophores. Specifically, 

the ability to install an amine functionality α- to a boron centre has enabled amide 

coupling of boron-containing fragments, enabling access to drugs such as 

bortezomib and taniborbactam. Whilst boronic acids and boronates have been 

used as inhibitors of PKa, this chemistry has not yet been exploited in their design.  
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2.2 Results and Discussion 

 

2.2.1. Synthetic Chemistry 

It was posited that the use of an amino acid-based structure would provide a 

useful synthetic handle for the attachment of a covalent warhead to 48. 3-

Chlorophenyl glycine methyl ester was coupled to N-benzylpyrazole-4-carboxylic 

acid to offer a scaffold for the attachment of a warhead (Scheme 2.6).  

65 was esterified via methanol reflux in the presence of thionyl chloride to provide 

ester-protected intermediate 66, which underwent amidation with carboxylic acid 

67, yielding amido-ester 68, which was subsequently hydrolysed to the 

corresponding carboxylic acid 69.  

In an effort to install a boronic acid moiety to scaffold 69, methylaminoboronate 

72 was prepared via displacement of bromomethyl boronic acid pinacol ester with 

LiHMDS, followed by silyl deprotection in HCl to give ammonium salt 72. Coupling 

of 69 and 72 was achieved in the presence of EDC and HOBt. The mixture was 

purified by reverse phase flash chromatography in acetonitrile/water causing 

hydrolysis of the pinacol ester to provide compound 73 in moderate yield.    

Upon inspection of the initial molecular docking simulation (Figure 1.33), it 

seemed the side chain bearing the boronic acid motif in 73 was too large to occupy 

the space beneath Ser195, hence a methodology was sought to shorten this motif, 

encouraging covalent engagement with the catalytic serine (Figure 2.1). 
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Scheme 2.6. Installation of amidoboronic acid functionality to 3-chlorophenyl glycine-

based scaffold. Reagents and conditions: (a) SOCl2, MeOH, 70 oC, 16 h, 88% (b) EDC, 

HOBt, DIPEA, DMF, rt, 3 h, 64% (c) NaOH, EtOH/H2O, 50 oC, 3 h, 95% (d) LiHMDS (1M in 

THF), THF, -78 oC, 1 h (e) 1. 4N HCl in dioxane, Et2O, -78 oC, 1 h, 58% (2 steps) (f) EDC, 

HOBt, DIPEA, DMF, rt, 3h 2. RP-purification, 36%.  
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Figure 2.1. Planned modification of warhead-bearing side chain. 

 

Matteson chemistry was employed to enable the synthesis of aminoboronates 

77a-c (Scheme 2.7). 3-Chlorophenyl boronic acid pinacol ester 74a was subjected 

to n-butyllithium in the presence of dichloromethane. Displacement of 75a with 

LiHMDS gave intermediate 76a which was deprotected in the presence of HCl in 

order to precipitate salt 77a from ethereal solution.   
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Scheme 2.7. Preparation of α-aminoboronate salts 77a-c. Reagents and conditions: (a) 

n-BuLi, CH2Cl2, THF, -78  oC – rt, 16 h(b) LiHMDS 1M in THF, THF, -78 oC – rt, 16 h (c) 4N 

HCl in dioxane, Et2O, -60 oC, 3h, 7-40% (3 steps). 

 

Despite successful synthesis and isolation of aminoboronate salts 77a-c on 

multiple occasions, this chemistry presented significant challenges, due to the 

hygroscopic nature as well as acid, moisture, and heat sensitivity of these 

compounds. It was observed numerous times by TLC that protodeborylation to 

the benzylamine species was occurring upon exposure of 76a-c to the acidic 

conditions required to precipitate aminoboronates 77a-c. It has been reported in 

the literature that free-amine α-aminoboronates are inherently unstable, hence 

the need to isolate by precipitation.135–138 It was also found that the stability of 

the aminoboronate salts was limited, and due to their hygroscopic nature would 
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have a typical shelf-life of around a week before full decomposition by 

protodeborylation.  

Numerous efforts were made to circumvent these issues, including in situ 

deprotection of 76a-c  and subsequent amide coupling, in line with the method 

used for the synthesis of taniborbactam (Scheme 2.3).111,139–141  Direct reaction of 

the silylated aminoboronate with a corresponding acyl chloride in the presence of 

a mild protic additive such as methanol has been accomplished in the literature,140  

this methodology was attempted, however no conversion to the desired amides 

was observed in these cases due to protodeborylation of the starting material, 

observed by TLC. 

Varying the acid and solvent was also examined, attempting to find optimal 

conditions for the precipitation of α-aminoboronate salts, the results of which are 

displayed in Table 2.1. 

Limited success was seen from varying such parameters. Whilst used in the 

literature for carrying out this reaction, TFA is seemingly too strong an acid to be 

used in conjunction with these particularly acid-sensitive substrates, forcing 

decomposition via protodeborylation. Diethyl ether seemed to have preferable 

properties to cyclohexane and MTBE in its ability to dissolve both substrate and 

acid without forming an emulsion, which was observed for reactions in 

cyclohexane and MTBE.  
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Table 2.1. Attempted optimisation of conditions for precipitation of α-aminoboronate 

salts 

 

R Solvent Acid % Yield* 

3-Cl Et2O 4N HCl in dioxane 40 

2-F-4-Me Et2O 4N HCl in dioxane 22 

2-F-3-Cl Et2O 4N HCl in dioxane 7 

3-Cl Cyclohexane 4N HCl in dioxane 0 

2-F-4-Me Cyclohexane 4N HCl in dioxane 0 

2-F-3-Cl Cyclohexane 4N HCl in dioxane 0 

3-Cl MTBE 4N HCl in dioxane 0 

2-F-4-Me MTBE 4N HCl in dioxane 0 

2-F-3-Cl MTBE 4N HCl in dioxane 0 

3-Cl Et2O TFA 0 

2-F-4-Me Et2O TFA 0 

2-F-3-Cl Et2O TFA 0 

3-Cl Cyclohexane TFA 0 

2-F-4-Me Cyclohexane TFA 0 

2-F-3-Cl Cyclohexane TFA 0 

3-Cl MTBE TFA 0 

2-F-4-Me MTBE TFA 0 

2-F-3-Cl MTBE TFA 0 

 

*Isolated yield 

 

 

 

Amidation of 77a with 67 was undertaken in the presence of HATU and DIPEA to 

provide α-amidoboronate 78. Deprotection of the pinacol ester of 78 took place 
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via transesterification with hexylboronic acid under mild acidic conditions 

(Scheme 2.8). 

 

  

Scheme 2.8. Amidation of 77a with 67 and subsequent pinacol deprotection. Reagents 

and conditions: (a) 67, HATU, DIPEA, MeCN, 0 oC to rt, 2 h, 58% (b) 3N HCl/H2O, 

C6H11B(OH)2, 1:1 MeOH/cyclohexane, rt, 16 h, 23%. 

 

Boronic acid 79  was observed to be unstable under acidic conditions, 

protodeborylating when subjected to LCMS in the presence of formic acid. 

Interestingly, partial decomposition of 78 was observed by LCMS, first to boronic 

acid 79, then to the deborylation product, however, a mass ion was also observed 

consistent with an intramolecular borocycle species 80, potentially elucidating a 

decomposition pathway (Scheme 2.9). This same activity was observed for all 

subsequent α-amidoboronate analogues by LCMS.  
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Scheme 2.9. Proposed decomposition pathway of 78 from observed molecular ions by 

LCMS. 

 

 

From these LCMS observations, a putative deborylation mechanism for 79 was 

devised based on the mechanism studied by Kuivila142 in which the C-B bond is 

cleaved in 79a, enabled by the borate anion gaining charge neutrality upon 

protonation of the P1 benzylic carbon to give 79b (Scheme 2.10).   
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Scheme 2.10. Proposed mechanism of deborylation of 79 under acidic conditions 

 

Synthesis of further amidoboronate analogues aimed to explore the S4 pocket of 

PKa, in order to elicit enhanced affinity. Gaining insight from compounds such as 

Sebetralstat 5 and 10, 78 was elongated to include methylpyrazole and 

methylpyridone P4 groups. This was achieved through the synthesis of carboxylic 

acid analogues of 67 which included the aforementioned P4 groups (Scheme 

2.11). 
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Scheme 2.11. Synthesis of carboxylic acid analogues with pyrazole and pyridone P4 

groups. Reagents and conditions: (a) ethyl 4-pyrazole carboxylate, DIAD, PPh3, THF, rt, 

16 h, 76% (b) pyridone, K2CO3, DMF, 50 oC, 16 h, 51% (c) LiOH, THF/H2O (5:1), 50 oC,     

16 h, 53% (d) pyrazole, NaH, DMF, rt to 50 oC, 2 h, 54% (e) LiOH ,THF/H2O (5:1), rt, 16 h, 

83%. 
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Mitsonobu reaction of 82 with ethyl 4-pyrazole carboxylate gave a common 

intermediate 83, which was reacted with either pyrazole or pyridone to give esters 

84 and 86, enabling generation of the corresponding carboxylic acids by hydrolysis 

with LiOH. 

Further amidoboronate analogues were accessed through amidation of 77a-c with 

65, 85 and 87. Purification of these compounds was achieved by reverse-phase 

flash chromatography (MeCN/H2O), without the use of an acidic additive.  

Carboxylic acids 88 and 89 were obtained from the compound library of KalVista 

Pharmaceuticals Ltd. and were used in the synthesis of 93 and 94 (Figure 2.2),  

(Scheme 2.12). 

 

 

Figure 2.2. Structures of carboxylic acids 88 and 89. 
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Scheme 2.12. Synthesis of P4-elongated α-amidoboronates. Reagents and conditions: 

(a) RCOOH, HATU, DIPEA, MeCN, 0 oC to rt, 3-40%.  

 

Generally proceeding in moderate yield, with the exception of 92 and 93 which 

experienced solubility issues, compounds 90-96 were isolated for pharmacological 

evaluation (Section 2.2.2). As with 78, hydrolysis of the pinacol ester of the P4-

elongated compounds was attempted under the same mild acidic conditions, 

however the boronic acid derivatives of 90-96 experienced the same stability 

issues as for 78. Synthesis of the pinanediol-ester analogues of 77a-c was 
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attempted, however no suitable conditions for the precipitation of pinanediol α-

aminoboronate salts could be established.  

Synthesis of dioxaborolane analogues of 90 was also explored via direct 

displacement of α-chloro- Matteson homologation products 75a-c with 

carboxylate or alkoxide derivatives, whilst formation of the desired product was 

observed by LCMS, this was followed by rapid decomposition (Scheme 2.13). 

 

 

Scheme 2.13. Attempted synthesis of dioxaborolane analogues. Reagents and 

conditions: (a) 75a, n-BuLi or tBuOK, THF, -78 oC  
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To assess possible covalent binding of α-amidoboronates in PKa, a series of 

matched pairs was synthesised, omitting the pinacol boronate warhead. These 

compounds would serve as a means of comparison against boronate analogues 

for pharmacological evaluation, both in terms of relative potency and binding 

kinetics (Scheme 2.14). 

 

  

Scheme 2.14. Synthesis of matched pair benzyl amide analogues. Reagents and 

conditions: (a) RCOOH, HATU, DIPEA, MeCN, rt, 1 h, 34-89%.  
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2.2.2 Pharmacology 

2.2.2.1 Evaluation of Inhibitor Potency and Selectivity 

 

Evaluation of PKa binding was carried at Kalvista Pharmaceuticals Ltd. by Edward 

Duckworth, Freya Pinkney and Adrian Mogg out using a Pro-Phe-Arg-AFC 

fluorescent substrate assay to determine IC50, where inhibitor binding showed 

inverse proportionality to fluorescence intensity. Assays were carried out against 

PKa, as well as against FXIIa to check for non-specific binding. Binding assays were 

carried out with readings taken at various incubation time points to assess 

covalent binding. For an irreversible covalent inhibitor, measured potency is 

expected to continue to increase over time due to increasing active site 

occupancy, where maximal observable potency is defined by half assay enzyme 

concentration. A reversible noncovalent inhibitor is expected to maintain the 

same observed potency over all time points.143–145 

Initial evaluation of 68, 69 and 73 showed limited activity in PKa. 68 showed weak 

association in both PKa and FXIIa after 60 minutes (23% and 40% inhibition 

respectively), however no observable inhibition at any other time point, 

suggesting a degree of slow binding in both enzymes. 69  showed no observable 

inhibition at any time point and 73 displayed weak binding to PKa at 60 minutes 

(19% inhibition) with no binding seen in FXIIa (Table 2.2).    

The lack of significant differentiation in the activities of 68 and 73 led to the 

assertion that the amidoboronic acid functionality of 73 was not interacting with 

Ser195, leading to the synthesis of examples 78 and 79 (Table 2.3).  
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Table 2.2. Biological activity of 68, 69 and 73 against PKa and FXIIa 

 

Example 

Enzyme Binding (%)a 

PKa FXIIa 

1 min 10 min 60 min 1 min 10 min 60 min 

 

68 

 

NI* 

 

NI 

 

23%**   

 

NI 

 

NI 

 

40%**  

69 NI NI NI NI NI NI 

73 NI NI 16%**  NI NI NI 

*NI = no observed inhibition, **% inhibition at 400 μM testing concentration 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

No inhibition was observed for 77a or 79 in either PKa or FXIIa. In the case of 79, 

the lack of observed biological activity is likely due to the previously noted 

instability. Interestingly, 78 showed no observable activity at the 5 minute time 

point, however displayed 64.2 μM binding after 60 minutes, indicating slow kon 

kinetics commonly observed for covalent inhibitors. 
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Table 2.3. Biological activity of 77a, 78 and 79 against PKa and FXIIa 

 

 

Example 

IC50 (μM)a 

PKa FXIIa 

5 min 60 min 5 min 60 min 

 

77a 

 

NI* 

 

NI 

 

NI 

 

NI 

78 NI 64.2 NI NI 

79 NI NI NI NI 

*NI = no observed inhibition 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

 

In light of this observed binding in PKa, examples 90-96 were subsequently 

evaluated for their biological activity in PKa and FXIIa (Table 2.4). Inclusion of 

pyrazole and pyridone fragments, targeting the S4 pocket of PKa showed a 

significant improvement in potency in comparison to 78, potentially due to 

induction of the S4 pocket enabling a more rigid binding conformation and better 

placement of the boronate warhead in relation to Ser195. 
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Table 2.4. Biological activity of 90-96 against PKa and FXIIa 

 

 

Example 

IC50 (nM)a 

PKa FXIIa 

1 min 10 min 60 min 1 min 10 min 60 min 

 

90 

 

255 

 

46 

 

5.2 

 

>400 

 

>400 

 

>400 

91 66 6.9 0.3 >400 >400 >400 

92 94 17 1.9 >400 >400 >400 

93 250 35 3.8 >400 >400 >400 

94 78.6 10.9 0.9 >400 >400 >400 

95 2307 152 33 >400 >400 >400 

96 2635658 345934 59781 >400 >400 >400 

31 86 15 2.1 1288 467 39 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 
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All compounds displayed binding kinetics consostent with covalent inhibition as 

evidenced by comparison with covalent control 31. For example, 90 shows IC50 

values of 255 nM at 1 minute, 46.2 nM at 10 minutes and 5.2 nM at 60 minutes. 

This steady increase in PKa binding over time represents rising active site 

occupancy, indicating covalent inhibition. 

 

 

 

Whilst the interaction of Ser195 with the boronate warhead is considered the most 

significant binding interaction with respect to observed potency, the P1 and P4 

fragments play a crucial role in both initial binding to form the non-covalent 

enzyme-inhibitor complex as well as ‘anchoring’ the scaffold within the active site 

to allow a productive interaction between the catalytic serine and the boronate 

warhead. 

It was found that the 2-fluoro-4-methylphenyl was superior to 3-chlorophenyl as 

a non-basic monocyclic P1 group, with 91 showing the strongest biological activity 

of this compound series (0.3 nM IC50 at 60 minutes). 2-Fluoro-3-chlorophenyl was 

also explored as a P1 group, however, showed inferior activity to 2-fluoro-4-

methylphenyl, as observed by comparison of 95 and 96. 
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The pyrazole P4 group showed marginally improved potency in comparison to 

pyridone by comparison of 91 and 92. Compounds 93 and 94 which included the 

methoxy-methylpyrazole core unit were also nanomolar inhibitors of PKa at the 

60 minute time point with the pyridone P4 group showing better activity with 

respect to 4-methylpyrazole. Interestingly, no activity was observed in FXIIa for 

90-96, indicating a degree of selectivity towards PKa.  

The best performing compound, 91, was subjected to an extended time point 

assay in which IC50 readings were taken at 1 minute, 10 minutes, 2 hours, and 24 

hours to assess maximal achievable enzyme inhibition (Table 2.5).  

 

Table 2.5. Extended time point biological evaluation of 91 against PKa 

Example 
PKa IC50 (nM)a 

1 min 10 min 2 hr 24 hr 

 

91 

 

66 

 

6.9 

 

0.29 

 

0.07 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 
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Figure 2.3. Extended time point IC50 curves for 91 against PKa 

 

The extended time point data of 91 against PKa shows a continual increase in 

binding to PKa with no observed drop-off in potency, reaching a top IC50 value of 

70 pM at 24 hours, strengthening the premise that covalent binding is taking place 

(Figure 2.3). 

Further validation of covalent binding was achieved through biological evaluation 

of matched pair compounds 102-109 (Table 2.6). 102-109 all showed binding 

kinetics consistent with non-covalent inhibitors with no significant change in IC50 

observed over the 3 time points. 

As with 90-96, the 2-fluoro-4-methylphenyl P1 group outperformed 3-

chlorophenyl for IC50 potency. For example, 102 showed no observable activity 

within the assay, however 106 showed an IC50 value of around 200 nM.  
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Interestingly, the pyridone P4 group showed better activity than the 

corresponding pyrazole for 102-109, with 107 showing the highest IC50 potency of 

around 35 nM. The pyridone P4 group has previously shown greater S4 affinity 

than pyrazole,57 however it is also significantly larger than pyrazole potentially 

affecting the placement of the boronate warhead for pyridone P4 analogues. 

Overall, this data indicates that 90-96 are covalently binding to PKa, as omission of 

the boronate warhead alters the binding kinetics from showing time dependence 

for 90-96 to equilibrium binding with no significant change in IC50 at each time 

point for 102-109. 
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Table 2.6. Biological activity of 102-109 against PKa 

 

 

 

 

Example PKa IC50 (nM)a 

 1 min 10 min 60 min 

 

102 

 

>400 

 

>400 

 

>400 

103 270 284 278 

104 330 337 334 

105 >400 >400 >400 

106 199 203 196 

107 37.3 37.1 34.5 

108 128 123 116 

109 >400 >400 >400 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 
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FXIa has the closest structural homology to PKa of any plasma protease with 66% 

sequence identity.146 Selectivity data was gained through evaluation of 91, 92 and 

94 against FXIa (Table 2.7). 

 

Table 2.7. Biological activity of 91, 92 and 94 against PKa and FXIa 

 IC50 (nM)a 

Example 
PKa FXIa 

1 min 10 min 60 min 1 min 10 min 60 min 

 

91 

 

66 

 

6.9 

 

0.3 

 

30122 

 

20814 

 

6596 

 

92 

 

255 

 

46 

 

5.2 

 

>40000 

 

>40000 

 

>40000 

 

 94 

 

94 

 

17 

 

1.9 

 

>40000 

 

>40000 

 

26219 

 
31 

 
86 

 
15 

 
2.1 

 
>40000 

 
>40000 

 
16460 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

A strong preference for binding to PKa over FXIa was observed with 91 showing a 

roughly 1000-fold binding preference for PKa. No activity was observed for 92 in 

FXIa, and very modest activity (26 μM) was seen for 94 in FXIa after 60 minutes. 

Interestingly, despite minimal activity in FXIa, a degree of covalent binding is 

observed as IC50 potency of 91 and 94 is seen to increase over the 3 time points. 
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This selective binding behaviour may be reflective of the difference in S4 pocket 

structure between PKa and FXIa. The Tyr174 residue in PKa is replaced for a Glu 

residue in FXIa, possibly preventing a key π-stacking interaction in the S4 site of 

FXIa.147 

Further selectivity data were obtained for 91 against related serine proteases 

trypsin, plasmin and thrombin (Table 2.8). 

 

Table 2.8. Biological activity of 91 against trypsin, plasmin and thrombin. 

Example 

IC50 (nM)a 

Trypsin Plasmin Thrombin 

1 min 10 min 60 min 1 min 10 min 60 min 1 min 10 min 60 min 

 

91 

 

>40000 

 

>40000 

 

>40000 

 

22010 

 

19810 

 

14430 

 

>40000 

 

>40000 

 

>40000 

 

31 

 

484 

 

165 

 

27.8 

 

3639 

 

1222 

 

648 

 

3550 

 

981 

 

187 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

91 showed no observable binding in trypsin or thrombin, mild apparent covalent 

activity was seen in plasmin in the 10 μM range, demonstrating high specificity of 

91 as a PKa inhibitor, in contrast to nonspecific covalent inhibitor 31. 
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2.2.2.2 Jump Dilution Assays 

 

Further validation of covalent inhibition can be obtained through performing a 

jump dilution assay. This aims to evaluate reversibility of inhibitor binding and to 

quantify residence time of the enzyme-inhibitor complex. Practically, this involves 

dilution of the assay medium with buffer after a defined period of 

preincubation.145,148,149 

91 was evaluated by 62.5-fold jump dilution, alongside covalent control 31 and 

non-covalent control 110, following a 10 minute period of preincubation, with 

inhibitor dissociation being monitored using the Pro-Phe-Arg-AFC fluorogenic 

substrate69 (Figure 2.4). 
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Figure 2.4. Jump dilution assay dissociation curves of 31, 91 and 110. 

 

The dissociation curves of 31 and 91 showed similar profiles, with no apparent 

reversibility over the measured 10 minute period. However, 110, a known non-

covalent inhibitor of PKa (FE99026, IC50 = 4.6 nM) demonstrated slow dissociation 

from PKa.150 

This experiment demonstrates that 91 matches the non-reversible binding 

character of known covalent inhibitor 31 when subjected to dilution, suggesting 

that 91 is a covalent inhibitor of PKa.  

Compounds 102 and 106 were also evaluated for reversibility by jump dilution 

for further validation of 91 being a covalent inhibitor (Figure 2.5) 
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Figure 2.5. Jump dilution assay dissociation curves of 31, 91, 110, 106 and 102. 

 

Interestingly, 102 and 106 showed fast dissociation from PKa, in contrast to 110 

which displayed slow koff kinetics. Overall, this supports that 91 is a covalent 

inhibitor by comparison with the dissociation profiles of matched pairs 102 and 

106. 

 

2.2.2.3 Whole Plasma Binding Evaluation 

 

Following determination of 91 as a potent covalent inhibitor in isolated enzyme 

assays, its potency was measured against PKa within human blood plasma to 

assess its effectiveness in a putative biological setting.57  91 was evaluated for PKa 

inhibition in whole plasma, in which FXII was activated with either dextran sulfate 

(DXS) or polyphosphate (PolyP)151,152 (Table 2.9).  

 

 



 
119 

Table 2.9. Whole plasma model biological activity of 91 against PKa 

Human PKa IC50 (nM)a Geomean 

1 min 10 min 1 h 2 h 

90.9 6.1 0.33 0.29 

Human DXS whole plasma  IC50 (6.25 ug/mL) (nM)a Geomean 

5 min 30 min 1 h 2 h 

482 432 529 443 

Human PolyP whole plasma IC50 (1000ug/mL) (nM)a Geomean 

5 min 30 min 1 h 2 h 

86.8 130 129 174 

 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

 

91 showed inhibitory activity against PKa in both DXS and PolyP plasma models. 

As expected, the IC50 potency observed in either whole plasma model was 

significantly lower than for the isolated enzyme assay, both due to the higher 

enzyme concentration in the whole plasma experiments and the presence of 

other enzymes and components of plasma capable of interfering with PKa binding.  

Additionally, no covalent binding was observed by examination of IC50 values 

across all time points. This could potentially reflect the instability of 91 and its 

known tendency to deborylate under a variety of conditions. In the case of the 

PolyP model, potency was seen to decrease over the 2 hour time course, 

suggesting possible protodeborylation of 91. 
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For further elucidation, 91 was evaluated for IC50 against PKa in isolated enzyme 

assays at PKa concentration reflecting that found in blood plasma. PKa 

concentration was adjusted to 100 nM concentration in the isolated enzyme assay 

for comparison against the whole plasma model (Table 2.10).  

 

Table 2.10. Biological activity of 91 and 31 at 100 nM PKa concentration 

 

Example 
PKa IC50 @ 100 nM concentration (nM)a 

1 min 10 min 120 min 

 

91 

 

353 

 

135 

 

25 

31 198 143 19 

 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 

 

 

Data from Table 2.10 shows that 91 acts as a covalent inhibitor at higher PKa 

concentrations in an isolated enzyme assay, suggesting that the integrity of 91 

may have been affected within the whole plasma assays. Covalent control 31 

showed comparable PKa binding to 91 at each time point.  
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2.2.3 Crystallography 

 

To elucidate structural information and gain further validation of covalent binding 

of 91 to PKa, X-Ray Crystallography was used to image 91 within the PKa active 

site (Figure 2.6). Crystallographic data were produced by Paul McEwan and 

Lungelo Mandyoli at Evotec Ltd. Crystals of the bound enzyme-inhibitor complex 

were grown using a soak method according to the procedure of Tang et al.70  

Unfortunately, 91  decomposed via protodeborylation during the crystallography 

protocol, perhaps due to the use of an acidic buffer medium used in the 

crystallisation procedure, in line with the observed method. Nonetheless, a crystal 

structure of deborylated analogue 106 was produced and provided insight into its 

binding pose in the PKa active site. 

106 can be seen bridging the S1 and S4 pockets of PKa, π-stacking interactions are 

visible between the central pyrazole core and His57 as well as between the P4 

pyrazole and Tyr174. Importantly, the image shows Ser195 placed in the proximity 

of the benzylic carbon extending from the P1 aryl group, suggesting that covalent 

interaction may be able to take place between Ser195 and the boronate warhead 

in the corresponding α-amidoboronate analogue. 
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2.2.4 Buffer Stability Study 

 

It has been noted that the α-amidoboronate compounds described in this chapter 

are prone to hydrolysis and protodeborylation under acidic aqueous conditions. 

This brought into question their stability in phosphate buffered saline (PBS), and 

by extension, their integrity within isolated enzyme assay conditions. It had been 

previously hypothesised that these compounds were hydrolysing within the 

isolated enzyme assays to release the corresponding boronic acids as the active 

binding species.  

Figure 2.6. Crystal structure of 106 bound to PKa active site with labelling of S1 

and S4 binding sites. 
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To investigate this hypothesis and assess stability, a PBS solution was made in D2O 

and was acidified to physiological pH (pH = 7.4) using 20 % DCl in D2O, in order to 

monitor any possible decomposition by 1H NMR.  

1H NMR of the original sample of 95 in DMSO showed the pinacol ester protons as 

a two signals at δ = 0.90, 0.99 ppm due to the diastereotopicity of the pinacol 

protons of 95 (Figure 2.7).  

 

   

 

 

 

 

 

 

 

 

Figure 2.7. 1H NMR spectrum of 95 in deuterated DMSO including MMFF94 energy-

minimised model of 95 created in Chem3D. 
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95 (0.5 mg) was dissolved in the D2O buffer medium (0.4 mL) and DMSO (0.1 mL) 

to aide solubility, before monitoring by 1H NMR at various time points to establish 

whether any chemical modification was taking place by reference of the observed 

chemical shifts (Figure 2.8). 

Interestingly, examination of the shift of the pinacol protons in PBS buffer at 5 

minutes showed only one signal at δ = 1.2 ppm, suggesting rapid cleavage and 

5 min 

1 h 

2 h 

24 h 

Figure 2.8. 1H NMR spectra of 95 in deuterated PBS buffer over multiple time points 
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release of pinacol (Scheme 2.14). This argument is further supported by 

comparison of the 1H NMR profile of isolated pinacol, which includes a 12H singlet 

at around δ = 1.2 ppm.153,154 Furthermore, a change in chemical shift of the 

methyne proton (BC-H) is seen from δ 3.80 in DMSO to δ 4.07 in deuterated PBS, 

further supporting the hypothesis of pinacol ester hydrolysis. 

No overall change in the 1H NMR profile of 95 was observed over the course of 24 

hours, suggesting no further decomposition is occurring in PBS buffer solution.   

 

 

Scheme 2.14. Proposed pathway for pinacol hydrolysis of 95 in PBS buffer system.  
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By extension, it is probable that all α-amidoboronate analogues 91-96 exhibit 

pinacol ester hydrolysis in PBS buffer. This theory was further investigated 

through in silico modelling, the corresponding (S)-boronic acid of key compound 

91 was docked into a PKa model to give assessment of the potential binding pose 

of the boronic acid derivative 91a (Figure 2.9)   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Docking of boronic acid derivate 91a in PKa mutant model (Ala195) from PDB 

6O1S created in Openeye using FRED docking programme.  

Ser
195
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Visual inspection of the docking image of the (S)-boronic acid derivate 91a in PKa 

shows close positioning of the nucleophilic oxygen atom of Ser195 to the boron 

centre. This suggests that a productive covalent interaction could take place 

between PKa and 91a. 

Docking of the corresponding (R)-enantiomer showed projection of the boronic 

acid group away from Ser195 suggesting that the (S)-enantiomer is the more active 

of the two possible stereoisomers. 

No binding pose could be established for pinacol boronate 91, suggesting that the 

boronic acid is likely the active species.  
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2.3 Conclusions 

A series of highly potent α-amidoboronate covalent inhibitors of PKa was 

synthesised via a Matteson homologation sequence. Covalent inhibition was 

characterised through kinetic assessment of IC50 values over various time courses 

up to 24 hours, jump dilution assays, which showed 91 did not wash out from the 

PKa binding site, matching the profile of known PKa covalent inhibitor 31, and 

comparison of IC50 data with that of noncovalent matched pairs. Additionally, 

compounds from this series were selected for evaluation against FXIa, all of which 

showed >1000-fold selectivity towards PKa. 

Subjection of 91 to further evaluation in the form of a whole plasma IC50 assay 

showed no sign of covalent inhibition, suggesting possible decomposition of 91 

under the assay conditions. The tendency of 91 to decompose was also reflected 

in the crystallographic analysis where decomposition was observed, producing a 

crystal structure of noncovalent matched pair 106. NMR evaluation of the 

chemical stability of 95 in a deuterated PBS medium showed possible cleavage of 

the boronic ester to the corresponding boronic acid, suggesting that the boronic 

acid is generated within the assay medium as the active species. This assertion 

was supported by molecular docking simulations showing close positioning of the 

putative boronic acid relative to Ser195.  
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2.4 Experimental 

 

2.4.1 Methods and Materials 

 

HPLC grade and analytical grade chemicals and solvents were purchased from the 

standard suppliers and were used without further purification. Sigma Aldrich 

supplied high-grade silica, 60 Å, 230-400 mesh, for flash chromatography, and 

deuterated solvents (Chloroform-d, Methanol-d4, DMSO-d6, Acetone-d6) were 

purchased from Sigma Aldrich. Reactions were monitored by thin-layer 

chromatography (TLC) on commercially available silica pre-coated aluminium-

backed plates (Merck Kieselgel 60 F254). Visualization was under UV light (254 nm 

and 366 nm), and where necessary staining with ninhydrin, potassium 

permanganate dips. NMR spectra were recorded with a Bruker AV(III) 400 NMR 

spectrometer. 1H NMR was recorded at 400.13 MHz, and 13C NMR was recorded 

at 101.6 MHz. Deuterated solvents used for the preparation of NMR samples were 

CDCl3, MeOD-d4, acetone-d6 or DMSO-d6. Chemical shifts (δ) are reported in ppm 

with reference to the chemical shift of the deuterated solvent. Coupling constants 

(J) are recorded in hertz, and the signal multiplicities are described by the 

following: s, singlet; d, doublet; t, triplet; td, triplet of doublets; q, quartet; br, 

broad singlet; m, multiplet; dd, doublet of doublets; ddd, double doublet of 

doublets; dt, doublet of triplets; p, pentet. NMR data was processed using 

MestReNova version 10.0.2. For the analysis of reaction mixtures and isolated 

compounds a Shimadzu UFLCXR HPLC was used, equipped with a Biosystems MDS 

SCIEX API2000 ESI+ MS. The column was a Gemini 3 μm C18 110 Å, LC column 50 
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x 2 nm. As eluent a mixture was used of MeCN and H2O, containing 0.1% formic 

acid. Samples were run using a gradient of 1:19 v/v to 19:1 v/v over either 5 or 15 

minutes, with a flowrate of 0.5 mL/min. UV absorption was detected at 254 nm 

and 220 nm. Preparative RP-HPLC was performed on a Waters 2767 sample 

manager coupled to Waters 2525 binary-gradient module and a Waters 2457 dual-

wavelength absorbance detector. The column used was a Phenomenex Gemini-

NX (5 μm, 110 Å, C18, 150 × 21 mm) at ambient temperature. The flow rate was 

25 mL/min, and UV detection was at 254 nm. Mobile phases were solvent A, 0.1% 

TFA in water, and solvent B, acetonitrile, degassed by helium bubble and 

sonication, respectively. HRMS was done on a Bruker microTOF II mass 

spectrometer using electrospray ionization (ESI-TOF) operating in the positive 

mode. Adducts within errors of ±10 ppm were reported. 

Biochemical evaluation of inhibitors was performed by Edward Duckworth, Freya 

Pinckney and Adrian Mogg at Kalvista Pharmaceuticals Ltd. Inhibition of PKa and 

FXIIa catalytic activity was assessed by monitoring the cleavage of fluorescent 

substrate H-D-Pro-Phe-Arg-AFC using the Tecan Spark 20M fluorometer. 

Compound IC50 values were determined as the concentration of inhibitor that 

provided half maximal inhibition. The length of inhibitor/enzyme preincubation 

was varied to indicate if compounds displayed slow binding kinetics.  

All dissociation experiments were performed in buffer containing 100 mM Tris-

HCl, 0.5 mM EDTA, 0.1% BSA pH 8. PKa enzyme (6.25 nM) and inhibitors were pre-

incubated together using a concentration of inhibitor that generated a resulting 

EI complex ≥ 96% of the total enzyme concentration. After 10 min, the solution 
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was rapidly diluted 62.5-fold. This resulted in an enzyme concentration of 0.1 nM 

and an inhibitor concentration well below the IC50 with the concentration of the 

EI complex approximately ≤ 10%-15%. This solution was immediately transferred 

to an assay plate containing the fluorescent substrate (Pro-Phe-Arg-AFC) at a 

concentration ~10x Km in order to limit re-entrance of the inhibitor after 

dissociation from the enzyme. Change in fluorescence signal was then monitored 

over 10 min. 
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2.4.2 General Procedures 

 

Representative General Procedure for Synthesis of Boronic Esters (74a-c): 

 

To a solution of boronic acid (4 mmol) and pinacol (4 mmol) in dichloromethane 

(10 mL) was added anhydrous MgSO4 (0.8 mmol). The resulting solution was 

stirred at room temperature for 16 hours, after which, it was filtered, and the 

filtrate concentrated in vacuo to afford the boronic ester which was used without 

further purification.  

 

Representative General Procedure for Preparation of Aminoboronate HCl salts 

(77a-c)140:  

To a -78 oC cooled solution of dichloromethane (33.0 mmol) and aryl pinacol 

boronate (6.61 mmol) in THF (20 mL) was added n-butyl lithium (6.61 mmol), the 

reaction mixture was allowed to stir for 16 hours, during which it warmed to 

ambient temperature. The reaction mixture was then re-cooled to -78 oC and was 

allowed to stir for 16 hours, after which, the solvent was removed in vacuo, the 

residue was dissolved in hexane (50 mL) and passed through celite. The resulting 

filtrate was concentrated in vacuo and redissolved in diethyl ether (15 mL). This 

solution was then stirred at -78 oC before careful addition of hydrochloric acid (10 

mL, 19.82 mmol) (4M in dioxane). The solution was allowed to stir for 30 min and 

then stood at rt for 2h, leading to precipitation of the desired compound, which 

was washed by decantation with cold Et2O and collected by filtration. 
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Representative General Procedure for Amide Coupling of Aminoboronate HCl 

salts (90-96):  

To a stirring, ice-cooled solution of aminoboronate salt (0.17 mmol), carboxylic 

acid (0.17 mmol) and HATU (0.19 mmol) in MeCN (2 mL) was added DIPEA (0.51 

mmol). The ice-bath was removed, and the reaction mixture was stirred at rt for 

a period of 3 hours. Upon completion, the solvent was removed in vacuo and the 

residue was purified by C18-prep-HPLC (10-90% MeCN in H2O) and lyophilised to 

dryness to afford the title compounds.   

 

Representative General Procedure for Amide Coupling of Benzylamines (102-

109): 

To a stirring solution of carboxylic acid (0.16 mmol), HATU (0.16 mmol) and DIPEA 

(0.48 mmol) in MeCN (2 mL) was added substituted benzylamine (0.16 mmol). The 

reaction mixture was allowed to stir at room temperature for 1 hour, after which 

the solvent was removed in vacuo and the crude residue was purified by flash 

chromatography (0-10% MeOH in DCM) to afford the title compounds. 
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2.4.3 Chemical Characterisation 

 

Methyl 2-amino-2-(3-chlorophenyl)acetate (66) 

 

To a room temperature, stirring solution of 3-chlorophenyl glycine (2.00 g, 10.0 

mmol) in methanol (20 mL), was added thionyl chloride (0.73 mL, 10.0 mmol). The 

reaction mixture was heated to reflux and stirred for 16 hours. The resulting 

solution was concentrated in vacuo to afford a residue which was dissolved in 

ethyl acetate (25 mL) and washed with water (3 x 25 mL) and brine (25 mL). The 

combined organics were dried over MgSO4, filtered, and evaporated to dryness to 

afford the title compound as a colourless oil which was used without further 

purification (1.76 g, 88 %). 1H NMR (400 MHz, MeOD-d4)   7.86 (s, 1H, Ar-H), 7.65 

(d, J = 8.2 Hz, 1H, Ar-H), 7.32 (m, 2H, Ar-H), 5.41 (s, 1H, C=OC-H), 3.86 (s, 3H, -CH3) 

13C NMR (101 MHz, MeOD-d4)  168.1, 157.2, 155.2, 155.0, 153.8, 151.1, 150.1, 

87.1, 55.2 LCMS (ESI+) m/z calcd for C9H10ClNO2 = 199.0, found 200.0 [M+H] 
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Methyl 2-(1-benzyl-1H-pyrazole-4-carboxamido)-2-(3-chlorophenyl)acetate (68) 

 

66 (100 mg, 0.50 mmol), 67 (101 mg, 0.50 mmol), EDC (78 mg, 0.50 mmol) and 

HOBt (68 mg, 0.50 mmol) were charged into a reaction vessel, to which was added 

anhydrous DMF (2 mL). The reaction mixture was stirred at room temperature for 

5 minutes before the addition of DIPEA (0.26 mL, 1.50 mmol). The reaction 

mixture continued to stir for 16 hours, following which it was diluted with ethyl 

acetate (25 mL) and washed with 3 x 100 mL portions of water. The resulting 

organics were then washed with 2.0 M aqueous HCl (10 mL), 2.0 M aqueous NaOH 

(10 mL) and then brine (10 mL). The combined organics were dried over MgSO4, 

filtered, and evaporated to dryness in vacuo. The resulting residue was purified by 

silica gel flash chromatography, eluting with 30-50 % EtOAc in petroleum ether, to 

afford the title compound as a pale yellow oil (123 mg, 64%) 1H NMR (400 MHz, 

MeOD-d4)  8.44 (s, 1H, Ar-H), 8.21 (s, 1H, Ar-H), 8.01 (s, 1H, Ar-H), 7.52 – 7.24 (m, 

8H, Ar-H), 5.68 (s, 1H, C=OC-H), 5.36 (s, 2H, -CH2), 4.87 (s, 3H, -OCH3) 13C NMR (101 

MHz, MeOD-d4) δ 171.0, 163.2, 139.3, 137.3, 136.0, 134.8, 134.1, 131.9, 130.0, 

129.4, 128.5, 128.5, 127.9, 127.6, 117.5, 56.2, 55.6, 51.8 LCMS (ESI+) m/z calcd for 

C20H18ClN3O3 = 383.1, found  384.4 [M+H] 
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2-(1-Benzyl-1H-pyrazole-4-carboxamido)-2-(3-chlorophenyl)acetic acid (69) 

 

68 (100 mg, 0.26 mmol) was dissolved in EtOH/H2O (1:5) (5 mL) and NaOH (100 

mg, 2.5 mmol) was added. The reaction mixture was stirred at 50 oC for 3 hours, 

after which it was acidified to pH 1-2, forming a precipitate which was collected 

and dried in vacuo to afford the title compound as a white solid (74 mg, 77%) 1H 

NMR (400 MHz, MeOD-d4) δ 8.77 (s, 1H, Ar-H), 8.40 (s, 1H, Ar-H), 8.00 (s, 1H, Ar-

H), 7.54 – 7.52 (m, 1H, Ar-H), 7.45 – 7.39 (m, 3H, Ar-H), 7.37 – 7.34 (m, 2H, Ar-H), 

7.28 – 7.25 (m, 2H, Ar-H), 5.60 (s, 1H, C=OC-H), 5.36 (s, 2H, -CH2) 13C NMR (101 

MHz, MeOD-d4) δ 172.0, 161.9, 141.3, 140.2, 139.8, 137.3, 134.3, 133.5, 132.5, 

130.8, 129.1, 128.3, 128.3, 127.4, 118.2, 56.0, 55.6 LCMS (ESI+) m/z calcd for 

C19H13ClN3O3 = 369.1, found  370.1 [M+H] 
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(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)methanamine hydrochloride 

(72)155 

 

To a -78 oC stirring solution of bromomethyl boronic acid pinacol ester (1.00 g, 

4.55 mmol) was added lithium HMDS (1.0 M solution in THF) (4.55 mL, 4.55 mmol). 

The solution was stirred for 16 hours, allowing warming to room temperature, 

following which the reaction mixture was concentrated in vacuo, dissolved in 

cyclohexane, and filtered through celite. The filtrate was concentrated in vacuo to 

yield a clear oil which was dissolved in ether (20 mL), cooled to -78 oC and acidified 

with 4N HCl in dioxane (3 mL). This mixture was stirred for 2 hours, leading to the 

formation of a precipitate which was collected and dried to yield the title 

compound as a white solid (448 mg, 58%). 1H NMR (400 MHz, DMSO-d6) δ 6.53 (s, 

2H, -NH2), 5.47 (s, 2H, -CH2), 1.12 (s, 12H, -CH3) 13C NMR (101 MHz, DMSO-d6) 76.6, 

52.4, 38.9 LCMS (ESI+) m/z calcd for C7H16BClNO2 = 193.1, found 158.1 [M-Cl] 
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((2-(1-benzyl-1H-pyrazole-4-carboxamido)-2-(3-

chlorophenyl)acetamido)methyl)boronic acid (73) 

 

69 (100 mg, 0.27 mmol), 72 (60 mg, 0.27 mmol) and HATU (103 mg, 0.27 mmol) 

were dissolved in anhydrous DMF (2 mL), the reaction mixture was cooled to 0 oC 

before addition of DIPEA (0.14 mL, 0.81 mmol). The reaction mixture was allowed 

to stir for 3 hours whilst warming to room temperature, following which, the 

solvent was removed in vacuo, the resulting residue was dissolved in DMSO (2 

mL), loaded onto a Puriflash C18 12g cartridge and purified in acetonitrile in water 

(10 – 90%). The acetonitrile was removed in vacuo and the resulting aqueous 

solution was lyophilised to dryness to afford the title compound as a white solid 

(41 mg, 36%). 1H NMR (400 MHz, DMSO-d6);   8.39 (s, 1H, Ar-H), 7.98 (s, 1H, Ar-

H), 7.53 – 7.50 (m, 1H, Ar-H), 7.42 – 7.29 (m, 6H, Ar-H), 7.28 – 7.24 (m, 2H, Ar-H), 

5.64 (s, 1H, C=OC-H), 5.33 (s, 2H, -CH2), 2.73 – 2.51 (m, 2H, -CH2) 13C NMR (101 

MHz, DMSO-d6)  169.7, 161.8, 142.1, 139.9, 137.3, 136.2 133.3, 132.5, 130.5, 

129.1, 128.3, 127.8, 126.8, 125.3 118.4, 56.1, 55.6, 47.5 LCMS (ESI+) m/z calcd for 

C22H20BClN4O4 = 426.1, found 427.3 [M+H]. 
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Ethyl 1-(4-(chloromethyl)benzyl)-1H-pyrazole-4-carboxylate (83)  

 

To an ice-cooled solution of (4-(chloromethyl)phenyl)methanol (1000 mg, 6.39 

mmol), Ethyl 1H-pyrazole-4-carboxylate (984 mg, 7.02 mmol) 

and Triphenylphosphine (2512 mg, 9.58 mmol), was added diisopropyl diazene-

1,2-dicarboxylate (DIAD) (1937 mg, 9.58 mmol). The resulting solution was 

allowed to stir for 1 hour under ice-cooling and then for a further 2 hours at room 

temperature. Upon completion, the reaction mixture was concentrated in 

vacuo and the resulting residue purified on silica (0-70 % EtOAc in hexanes), to 

afford the title compound as a white solid. (1.56g, 88 %) 1H NMR (400 MHz, DMSO-

d6) δ 8.47 (s, 1H, Ar-H), 7.87 (s, 1H, Ar-H), 7.42 (d, J = 7.9 Hz, 2H, Ar-H), 7.28 (d, J = 

7.9 Hz, 2H, Ar-H), 5.38 (s, 2H, -CH2), 4.74 (s, 2H, -CH2), 4.21 (q, J = 7.1 Hz, 2H, -

OCH2), 1.26 (t, J = 7.1 Hz, 3H, -CH3). 13C NMR (101 MHz, CDCl3) δ = 162.9, 141.3, 

137.8, 135.6, 132.7, 129.2, 128.3, 115.6, 56.0, 45.6, 21.9, 14.3. LCMS (ESI+) m/z 

calcd for C14H15ClN2O2 = 278.1, found 279.2 [M+H]. 
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Ethyl 1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazole-4-carboxylate (86)57 

 

To a stirring ice-cooled solution of 83 (1000 mg, 3.59 mmol) and pyrazole (489 mg, 

7.18 mmol) was added Sodium hydride (60% in mineral oil) (258 mg, 10.76 mmol). 

The reaction mixture was then heated to 80ºC and stirred for 2 hours. Upon 

completion, the mixture was diluted with DCM, filtered through celite and 

concentrated in vacuo. The resulting residue was purified by on silica (0-10% 

MeOH in DCM) to yield the title compound as a white solid. (887 mg, 80%). 1H 

NMR (400 MHz, CDCl3) δ = 7.97 (s, 1H, Ar-H), 7.78 (s, 1H, Ar-H), 7.43 (d, J = 2.2 Hz, 

1H, Ar-H), 7.39 (d, J = 2.2 Hz, 1H, Ar-H), 7.11– 7.09 (m, 4H, Ar-H), 6.27 (t, J = 2.2 

Hz, 1H, Ar-H), 5.34 (s, 2H, -CH2), 5.29 (s, 2H, -CH2) 3.21 (q, J = 4.3 Hz, 2H, -OCH2), 

2.89 (t, J = 4.3 Hz, 3H, -CH3) 13C NMR (101 MHz, CDCl3) δ = 163.4, 140.9, 140.2, 

138.0, 133.2, 132.3, 129.1, 128.0, 127.5, 114.5, 106.1, 56.1, 55.3, 24.3, 21.8. LCMS 

(ESI+) m/z calcd for C17H18N4O2 =  310.1, found 311.1 [M+H]. 
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1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazole-4-carboxylic acid (87)57 

 

86 (500 mg, 1.61 mmol) and NaOH (322 mg, 8.06 mmol) were dissolved in 

THF/H2O (10 mL/2 mL). The mixture was warmed to 50 oC for 3 hours, after which 

it was concentrated in vacuo, diluted with H2O (20 mL) and acidified to pH 1. The 

acidified aqueous layer was extracted with ethyl acetate (3 x 20 mL) and the 

combined organics washed with brine and dried over MgSO4 before concentration 

in vacuo. The resulting residue was purified by flash chromatography (0-10% 

MeOH in DCM) to afford the title compound as a white solid. (296 mg, 65%). 1H 

NMR (400 MHz, DMSO-d6) δ = 12.21 (br, 1H, -COOH), 7.97 (s, 1H, Ar-H), 7.89 (s, 

1H, Ar-H), 7.56 (d, J = 2.2 Hz, 1H, Ar-H), 7.39 (d, J = 2.2 Hz, 2H, Ar-H), 7.25 – 7.12 

(m, 4H, Ar-H), 6.29 (t, J = 2.2 Hz, 2H, Ar-H), 5.34 (s, 2H, -CH2), 5.29 (s, 2H, -CH2). 13C 

NMR (101 MHz, DMSO-d6) δ = 166.9, 141.9, 141.3, 139.7, 137.2, 135.0, 133.3, 

132.7, 129.5, 128.5, 128.2, 114.9, 106.2, 56.1, 55.4. LCMS (ESI+) m/z calcd for 

C15H14N4O2 = 282.1, found 283.3 [M+H]. 
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Ethyl 1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-carboxylate 

(84)57 

 

83 (1000 mg, 3.59 mmol) and pyridin-2-ol (341 mg, 3.59 mmol) were dissolved 

in DMF (10 mL)  at room temperature, NaH (60% dispersion in mineral oil) (258 

mg, 10.76 mmol) was added and the mixture was stirred at 50oC for 12h. Upon 

completion, the inhomogeneous reaction mixture was filtered, concentrated in 

vacuo and purified by flash chromatography (0-10% MeOH in DCM) to afford the 

title compound as a white solid. (786 mg, 65%). 1H NMR (400 MHz, DMSO-d6) δ = 

8.01 (s, 1H, Ar-H), 7.83 (s, 1H, Ar-H), 7.80 (ddd, J = 6.7, 2.0, 0.7 Hz, 1H, Ar-H), 7.45 

(ddd, 1H, J = 9.2, 6.7, 2.0 Hz), 7.41 – 7.25 (m, 4H, Ar-H), 6.60 (ddd, J = 9.2, 1.4, 0.7 

Hz, 1H, Ar-H), 6.15 (td, J = 6.7, 1.4 Hz, 1H, Ar-H), 5.28 (s, 2H, -CH2), 5.13 (s, 2H, -

CH2), 4.27 (q, J = 4.1 Hz, 2H, -OCH2), 1.32 (t, J = 4.1 Hz, 3H, -CH3). 13C NMR (101 

MHz, DMSO-d6) δ 162.9, 162.6, 141.3, 139.5, 137.3, 136.8, 135.2, 132.7, 128.7, 

128.4, 121.3, 115.6, 106.3, 60.2, 56.0, 51.6, 50.2. LCMS (ESI+) m/z calcd for 

C19H19N3O3 = 337.1, found 338.3 [M+H]. 
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1-(4-((2-Oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-carboxylic acid 

(85)57 

 

For method, see 87. White solid. (532 mg, 64 %) 1H NMR (400 MHz, DMSO-d6) δ 

12.33 (br, 1H, -COOH), 8.36 (s, 1H, Ar-H), 7.79 (s, 1H, Ar-H), 7.77 (ddd, J = 6.7, 2.0, 

0.6 Hz, 1H, Ar-H), 7.41 (ddd, J = 8.9, 6.7, 2.0 Hz, 1H, Ar-H), 7.29 – 7.21 (m, 4H, Ar-

H), 6.40 (ddd, J = 8.9, 1.1, 0.6 Hz, 1H, Ar-H), 6.22 (td, J = 6.7, 1.1 Hz, 1H, Ar-H), 5.33 

(s, 2H, -CH2), 5.07 (s, 2H, CH2). 13C NMR (101 MHz, DMSO-d6) δ 163.1, 160.8, 140.2, 

139.5, 138.5, 136.5, 135.4, 133.2, 127.5, 127.3, 119.3, 114.4, 104.9, 54.1, 50.2 

LCMS (ESI+) m/z calcd for C17H15N3O3 = 309.1, found 310.2 [M+H] 
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3-(Methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-

carboxylic acid (88) 

 

Off white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.27 (br, 1H, -COOH) 8.32 (s, 1H, 

-Ar-H), 7.76 (ddd, J = 6.7, 2.1, 0.7 Hz, 1H, Ar-H), 7.41 (ddd, J = 8.9, 6.7, 2.1 Hz, 1H, 

Ar-H), 7.31 – 7.21 (m, 4H, Ar-H), 6.41 (ddd, J = 8.9, 1.4, 0.7 Hz, 1H, Ar-H), 6.22 (td, 

J = 6.7, 1.4 Hz, 1H, Ar-H), 5.30 (s, 2H -CH2), 5.08 (s, 2H, -CH2), 4.51 (s, 2H, -CH2), 

3.23 (s, 3H, -CH3). 13C NMR (101 MHz, DMSO-d6) δ 164.4, 161.9, 150.5, 140.6, 

139.5, 137.6, 136.4, 135.6, 128.5, 128.4, 120.3, 113.1, 106.0, 66.0, 58.0, 55.1, 51.3. 

LCMS (ESI+) m/z calcd for C19H19N3O4 = 353.1, found 354.2 [M+H] *Obtained from 

the compound library of Kalvista Pharmaceuticals Ltd. 
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3-(Methoxymethyl)-1-(4-((4-methyl-1H-pyrazol-1-yl)methyl)benzyl)-1H-

pyrazole-4-carboxylic acid (89) 

  

Off white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.25 (br, 1H, -COOH) 8.32 (s, 1H, 

Ar-H), 7.26 – 7.21 (m, 4H, Ar-H), 7.20 – 7.16 (m, 2H, Ar-H), 5.29 (s, 2H, -CH2), 5.21 

(s, 2H, -CH2), 4.50 (s, 2H, -CH2), 3.23 (s, 3H, -OCH3), 1.98 (s, 3H, -CH3). 13C NMR (101 

MHz, DMSO-d6) δ 164.4, 150.5, 139.7, 138.2, 136.4, 135.6, 129.2, 128.4, 128.2, 

115.7, 113.0, 66.0, 58.0, 55.1, 54.8, 12.3 *Obtained from the compound library of 

Kalvista Pharmaceuticals Ltd. 
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2-(3-chlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (74a)156 

 

Colourless oil. (1430 mg, 99%) 1H NMR (400 MHz, DMSO-d6) δ 7.81 (d, J = 0.9 Hz, 

1H, Ar-H), 7.75 (d, J = 6.8 Hz, 1H, Ar-H), 7.49 (dd, J = 6.8, 0.9 Hz, 1H, Ar-H), 7.34 (t, 

J = 6.8 Hz, 1H, Ar-H) 1.40 (s, 12H, -CH3) 13C NMR (101 MHz, DMSO-d6) δ 137.1, 

137.0, 134.3, 132.2, 131.9, 129.8, 85.0, 26.1 LCMS (ESI+) m/z calcd for C12H16BClO2 

= 238.1, found 239.1 [M+H] 

 

 

2-(3-Chloro-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (74c)157 

 

White solid. (1310 mg, quant.) 1H NMR (400 MHz, DMSO-d6) δ 7.63 – 7.60 (m, 

1H, Ar-H), 7.53 – 7.50 (m, 1H, Ar-H), 7.11 (t, J = 7.6 Hz, 1H, Ar-H), 1.36 (s, 12H, -

CH3) 13C NMR (101 MHz, DMSO-d6) δ 163.1, 130.7, 133.1, 127.7, 125.7, 120.8, 

88.4, 24.8 LCMS (ESI+)  m/z calcd for C12H15BClFO2 = 256.1, found = 257.1 [M+H] 

 

 

 

 

 

 

 



 
147 

2-(2-fluoro-4-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (74b)158 

 

Colourless solid. (1540 mg, quant.) 1H NMR (400 MHz, DMSO-d6) δ 7.53 (s, 1H, Ar-

H), 7.03 (d, J = 7.5 Hz, 1H, Ar-H), 6.97 (d, J = 7.5 Hz, 1H, Ar-H), 1.29 (s, 12H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 168.2, 165.8, 145.1, 136.9, 125.3, 116.3, 84.0, 

25.1, 21.4 LCMS (ESI+) m/z calcd for C13H18BFO2 = 236.1, found 237.1 [M+H]  

 

(3-Chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methanamine 

hydrochloride (77a) 

 

White solid. (509 mg, 40%, 3 steps) 1H NMR (400 MHz, DMSO-d6) δ 8.55 (s, 1H, Ar-

H), 7.46 – 7.43 (m, 3H, Ar-H), 4.06 – 3.90 (m, 1H, BC-H),  2.36, (br, 2H, -NH2), 1.26 

(s, 6H, -CH3), 1.13 (s, 6H, -CH3). 13C NMR (101 MHz, DMSO-d6),  135.2, 132.9, 

130.5, 130.1, 129.1, 123.5, 85.3, 66.8, 24.9 LCMS was not obtained due to 

compound decomposition on HPLC column. 

 

 

 

 

 

 

 



 
148 

(3-Chloro-2-fluorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methanamine hydrochloride (77c) 

 

White solid (38 mg, 7%, 3 steps), 1H NMR (400 MHz, DMSO-d6) δ 7.71 – 7.49 (m, 

3H, Ar-H), 4.16 (s, 1H, BC-H), 2.44 (br, 2H, -NH2), 1.32 (s, 6H, -CH3), 1.24 – 1.20 (m, 

6H, -CH3). 13C NMR (101 MHz, DMSO-d6) δ 161.1, 131.4, 128.6, 126.6, 125.4, 120.1, 

88.5, 65.4, 24.0. LCMS was not obtained due to compound decomposition on 

HPLC column. 

 

(2-Fluoro-4-methylphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methanamine hydrochloride (77b) 

 

White solid. (250 mg, 20%, 3 steps) 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H, Ar-

H), 7.69 – 7.45 (m, 1H, Ar-H), 7.45 – 7.32 (m, 1H, Ar-H), 4.12 – 3.93 (m, 1H, BC-H), 

2.30 (br, 2H, -NH2), 1.37 (s, 6H, -CH3), 1.18 (s, 6H, -CH3). 13C NMR (101 MHz, DMSO-

d6) δ 161.4, 141.1, 131.2, 125.8, 120.2, 116.4, 85.3, 66.7, 24.8, 21.0. LCMS was not 

obtained due to compound decomposition on HPLC column. 
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1-Benzyl-N-((3-chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)-1H-pyrazole-4-carboxamide (78) 

 

White solid (86 mg, 56%) 1H NMR (400 MHz, MeOD-d4)  8.44 (s, 1H, Ar-H), 8.13 

(s, 1H, Ar-H), 7.43 – 7.31 (m, 5H, Ar-H), 7.19 – 7.12 (m, 3H, Ar-H), 7.09 – 7.03 (m, 

1H, Ar-H), 5.44 (s, 2H, -CH2), 2.98 (s, 1H, BC-H), 1.12 (s, 6H, -CH3), 0.96 (s, 6H, -CH3) 

13C NMR (101 MHz, MeOD-d4) δ 168.0, 143.9, 139.9, 138.7, 135.6, 133.6, 131.5, 

129.1, 128.6, 128.1, 127.7, 125.9, 125.2, 124.5, 109.9, 80.3, 55.9, 24.0..LCMS (ESI+) 

m/z calcd for C24H27BClN3O3 = 452.1, found 452.2 [M+H] 
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((1-Benzyl-1H-pyrazole-4-carboxamido)(3-chlorophenyl)methyl)boronic acid 

(79)132 

  

78 (50 mg, 0.11 mmol) and pentylboronic acid (63 mg, 0.55 mmol) were stirred in 

methanol/cyclohexane (1:1) (4 mL). 3N aqueous HCl (2 mL) was added, and the 

mixture was stirred at room temperature for 16 hours. Upon completion, the 

reaction mixture was washed with cyclohexane (3 x 5 mL) and the water/methanol 

layer was collected and concentrated in vacuo at room temperature. The resulting 

residue was dissolved in 2N aqueous NaOH (2 mL) and re-concentrated in vacuo 

at room temperature. The remaining material was dissolved in DMSO (1 mL) and 

loaded onto a 12g Puriflash C18 cartridge and purified, eluting with 10 – 90% 

acetonitrile in water. The resulting aqueous fractions were lyophilised to dryness 

to afford the title compound as a white solid (9 mg, 23%). 1H NMR (400 MHz, 

DMSO-d6)  8.74 (s, 1H, Ar-H), 8.38 (s, 1H, Ar-H), 7.67 – 7.60 (m, 3H, Ar-H), 7.42 – 

7.32 (m, 5H, Ar-H), 7.12 – 7.09 (m, 1H, Ar-H), 5.51 (s, 2H, -CH2), 4.33 (s, 1H, BC-H) 

13C NMR (101 MHz, DMSO-d6)  158.8, 153.2, 142.7, 136.9, 136.5, 134.9, 134.3, 

130.4, 129.2, 129.1, 128.6, 128.5, 122.3, 107.1, 56.0, 55.5. LCMS was not obtained 

due to compound decomposition on HPLC column. 
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1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-N-((3-chlorophenyl)(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)methyl)-1H-pyrazole-4-carboxamide (90) 

 

White solid (6 mg, 23%). 1H NMR (400 MHz, MeOD-d4) δ 8.45 (s, 1H, Ar-H), 8.14 

(s, 1H, Ar-H), 7.72 (d, J = 2.2 Hz, 1H, Ar-H), 7.55 (d, J = 2.2 Hz, 1H, Ar-H), 7.38 – 7.22 

(m, 4H, Ar-H), 7.19 – 7.12 (m, 3H, Ar-H), 7.10 – 7.03 (m, 1H, Ar-H), 6.37 (t, J = 2.2 

Hz, 1H, Ar-H), 5.45 (s, 2H, -CH2), 5.39 (s, 2H, -CH2), 3.83 (s, 1H, BC-H), 1.17 (s, 6H, -

CH3), 1.05 (s, 6H, -CH3). 13C NMR (101 MHz, MeOD-d4)  170.1, 144.0, 139.7,  138.5, 

136.7, 136.5, 134.1, 132.0, 129.9, 129.5, 128.4, 128.1, 127.1, 126.5, 126.1, 111.9, 

104.5, 88.5, 58.8, 58.5, 55.5, 24.1 LCMS (ESI+) m/z calcd for C28H31BClN5O3 = 531.2, 

found 532.2 [M+H] 
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1-(4-((1H-Pyrazol-1-yl)methyl)benzyl)-N-((2-fluoro-4-methylphenyl)(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)-1H-pyrazole-4-carboxamide (91) 

 

White solid (15 mg, 22%). 1H NMR (400 MHz, DMSO-d6) δ 8.58 (s, 1H, Ar-H), 8.11 

(s, 1H, Ar-H), 7.80 (d, J = 2.1 Hz, 1H, Ar-H), 7.45 (d, J = 2.1 Hz, 1H, Ar-H), 7.27 (d, J 

= 8.2 Hz, 2H, Ar-H), 7.21 (d, J = 8.2 Hz, 2H, Ar-H), 6.91 – 6.85 (m, 3H, Ar-H), 6.26 (t, 

J = 2.1 Hz, 1H, Ar-H), 5.41 (s, 2H, -CH2), 5.31 (s, 2H, -CH2), 3.79 (s, 1H, BC-H), 2.26 

(s, 3H, Ar-CH3), 1.05 (s, 6H, -CH3),  0.90 (s, 6H, -CH3). 13C NMR (101 MHz, DMSO-d6) 

δ 167.3, 140.3, 139.5, 138.0, 136.7, 136.6, 136.1, 134.3, 133.7, 130.6, 128.6, 128.3, 

126.8, 124.8, 110.5, 105.9, 103.9, 79.5, 76.0, 55.4, 54.8, 25.6, 25.3. 19F NMR (377 

MHz, DMSO) δ -119.7 (dd, J = 12.0, 6.7 Hz). .LCMS (ESI+) m/z calcd for 

C29H33BFN5O3 = 529.3, found 530.3 [M+H]. HRMS m/z calcd for [C29H34BFN5O3]+, 

530.2739, found 530.2744 [M+H] 
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N-((2-Fluoro-4-methylphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-

carboxamide (92) 

 

White solid, (2 mg, 3%). 1H NMR (400 MHz, MeOD-d4) δ 8.43 (s, 1H, Ar-H), 7.80 (s, 

1H, Ar-H), 7.69 (ddd, J = 6.8, 2.1, 0.7 Hz, 1H, Ar-H), 7.53 (ddd, J = 9.0, 6.8, 2.1 Hz, 

1H, Ar-H), 7.35 – 7.30 (m, 5H, Ar-H), 7.27 – 7.23 (m, 2H, Ar-H), 6.58 (ddd, J = 9.0, 

1.4, 0.7 Hz, 1H, Ar-H), 6.40 (td, J = 6.8, 1.4 Hz, 1H, Ar-H), 5.32 (s, 2H, -CH2), 5.20 (s, 

2H, -CH2), 3.00 (s, 3H, Ar-CH3), 2.83 (s, 1H, BC-H), 1.08 (s, 6H, -CH3), 1.03 (s, 6H, -

CH3). 13C NMR (101 MHz, MeOD-d4) δ 168.9, 163.2, 147.2, 140.9, 140.7, 138.4, 

136.5, 136.4, 135.0, 132.4, 128.0, 127.9, 127.8, 126.9, 122.1, 119.5, 117.2, 110.6, 

107.5, 74.4, 63.7, 54.8, 51.6, 25.1 23.6. LCMS (ESI+) m/z calcd for C31H34BFN4O4 = 

556.3, found 557.5 [M+H]. 
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N-((2-Fluoro-4-methylphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)-3-(methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-

pyrazole-4-carboxamide (93) 

  

White solid, (12 mg, 18%) 1H NMR (400 MHz, DMSO-d6) δ 8.63 (s, 1H, Ar-H), 7.86 

(ddd, J = 6.6, 2.1, 0.9 Hz, 1H, Ar-H), 7.50 (ddd, J = 9.1, 6.6, 2.1 Hz, 1H, Ar-H), 7.35 – 

7.26 (m, 3H, Ar-H), 7.03 – 6.92 (m, 4H, Ar-H), 6.49 (ddd, J = 9.1, 1.3, 0.9 Hz, 1H, Ar-

H), 6.32 (td, J = 6.6, 1.3 Hz, 1H, Ar-H), 5.48 (s, 2H, -CH2), 5.32 (s, 2H, -CH2), 5.17 (s, 

2H, -OCH2), 4.16 (s, 3H, -OCH3), 3.35 (s, 3H, Ar-CH3), 2.91, (s, 1H, BC-H), 1.10 (s, 6H, 

-CH3), 0.99 (s, 6H, -CH3). 13C NMR (101 MHz, DMSO-d6) δ 169.7, 162.2, 159.3, 

150.5, 140.3, 137.6, 136.4, 134.6, 133.5, 129.0, 128.8, 128.4, 127.0, 126.5, 124.1, 

117.0, 115.4, 112.0, 106.2, 88.7, 67.2, 59.0, 58.3, 52.5, 50.9, 25.4, 21.2. LCMS 

(ESI+) m/z calcd for C33H38BFN4O5 = 600.3, found = 601.2 [M+H]. 
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N-((2-fluoro-4-methylphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)-3-(methoxymethyl)-1-(4-((4-methyl-1H-pyrazol-1-yl)methyl)benzyl)-

1H-pyrazole-4-carboxamide (94) 

 

White solid, (1 mg, 9%). 1H NMR (400 MHz, Acetone-d6) δ 8.50 (s, 1H, Ar-H), 7.47 

(s, 1H, Ar-H), 7.35 (d, J = 8.2 Hz, 2H, Ar-H), 7.31 (s, 1H, Ar-H), 7.27 (d, J = 8.2 Hz, 

2H, Ar-H), 7.25 – 7.21 (m, 3H, Ar-H), 5.45 (s, 2H, -CH2), 5.28 (s, 2H, -CH2), 5.21 (s, 

2H, -OCH2), 4.19 (s, 3H, -OCH3), 3.34 (s, 1H, BC-H), 2.89 (s, 3H, Ar-CH3), 2.29 (s, 3H, 

Ar-CH3), 1.07 (s, 6H, -CH3), 0.99 (s, 6H, -CH3). LCMS (ESI+) m/z calcd for 

C32H39BFN5O4 = 587.3, found = 588.4 [M+H] 

*13C NMR not obtained due to insufficient material quantity  
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1-Benzyl-N-((2-fluoro-4-methylphenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)methyl)-1H-pyrazole-4-carboxamide (95) 

 

White solid (37 mg, 41%). 1H NMR (400 MHz, DMSO-d6) δ 8.59 (s, 1H, Ar-H), 8.12 

(s, 1H, Ar-H), 7.44 (m, 5H, Ar-H), 7.02 – 6.80 (m, 3H, Ar-H), 5.43, (s, 2H, -CH2), 3.80 

(s, 1H, BC-H), 2.25 (s, 3H, Ar-CH3), 0.99 (s, 6H, -CH3), 0.90 (s, 6H, -CH3) 13C NMR 

(101 MHz, DMSO-d6) δ 167.3, 158.8, 140.3, 136.8, 134.2, 129.2, 128.5, 128.4, 

127.4, 126.7, 124.8, 115.6, 115.4, 110.4, 79.6, 60.7, 55.7, 25.5, 20.8. LCMS (ESI+) 

m/z calcd for C25H29BFN3O3 = 449.2, found 450.4 [M+H].  

 

1-Benzyl-N-((3-chloro-2-fluorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)methyl)-1H-pyrazole-4-carboxamide (96) 
 

 
 

White solid (47 mg, 40%). 1H NMR (400 MHz, DMSO-d6) δ 8.61 (s, 1H, Ar-H), 8.14 

(s, 1H, Ar-H), 7.50 – 7.43 (m, 5H, Ar-H), 7.38 – 7.34 (m, 3H, Ar-H), 5.43 (s, 2H, -CH2), 

3.66 (s, 1H, BC-H), 0.99 (s, 6H, -CH3), 0.89 (s, 6H, -CH3). 13C NMR (101 MHz, DMSO-

d6) δ 169.9, 144.4, 138.5, 135.7, 133.7, 132.2, 129.3, 128.6, 127.5, 126.4, 125.7, 

125.2, 124.0, 112.3, 77.2, 57.3, 50.6, 24.6. LCMS (ESI+) m/z calcd for 

C24H26BClFN3O3 = 469.2, found 470.2 [M+H] 
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1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-N-(3-chlorobenzyl)-1H-pyrazole-4-

carboxamide (102) 

 

Off white solid (16 mg, 67%). 1H NMR (400 MHz, DMSO-d6) δ 8.65 (br, 1H, -NH), 

8.25 (d, J = 0.8 Hz, 1H, Ar-H), 7.89 (d, J = 0.8 Hz, 1H, Ar-H), 7.80 (dd, J = 2.3, 0.7 Hz, 

1H, Ar-H), 7.44 (dd, J = 2.3, 0.7 Hz, 1H, Ar-H), 7.37 – 7.28 (m, 4H, Ar-H), 7.26 – 7.22 

(m, 3H, Ar-H), 7.21 – 7.16 (m, 1H, Ar-H), 6.25 (t, J = 2.3 Hz, 1H, Ar-H), 5.32 (s, 2H, -

CH2), 5.31 (s, 2H, -CH2) 4.40 – 4.36 (m, 2H, -CH2). 13C NMR (101 MHz, DMSO-d6) δ 

161.1, 141.9, 138.4, 138.2, 136.8, 135.5, 132.3, 131.0, 129.6, 129.5, 127.4, 127.2, 

126.4, 126.1, 125.3, 117.8, 104.9, 59.2, 54.1, 53.7. LCMS (ESI+) m/z calcd for 

C22H20ClN5O = 405.1, found 406.1 [M+H] 

N-(3-Chlorobenzyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-pyrazole-4-

carboxamide (103) 

 

White solid (100 mg, 89%)  1H NMR (400 MHz, DMSO-d6) δ 8.66 (br, 1H, -NH), 8.26 

(d, J = 0.8 Hz, 1H, Ar-H), 7.90 (d, J = 0.8 Hz, 1H, Ar-H), 7.76 (ddd, J = 6.8, 2.1, 0.7 Hz, 

1H, Ar-H), 7.41 (ddd, J = 8.9, 6.8, 2.1 Hz, 1H, Ar-H), 7.37 – 7.30 (m, 3H, Ar-H), 7.29 

– 7.22 (m, 5H, Ar-H), 6.40 (ddd, J = 8.9, 1.4, 0.7 Hz, 1H, Ar-H), 6.22 (td, J = 6.8, 1.4 

Hz, 1H, Ar-H), 5.32 (s, 2H, -CH2), 5.07 (s, 2H, -CH2), 4.41 – 4.33 (m, 2H, -CH2). 13C 

NMR (101 MHz, DMSO-d6) δ 161.2, 160.8, 141.9, 139.5, 138.5, 138.2, 136.5, 135.5, 

132.3, 131.0, 129.6, 127.5, 127.3, 126.4, 126.1, 125.3, 119.3, 117.8, 104.9, 54.1, 

50.2, 40.8. LCMS (ESI+) m/z calcd for C24H21ClN4O2 = 432.1, found 433.2 [M+H]. 
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1-(4-((1H-Pyrazol-1-yl)methyl)benzyl)-N-(2-fluoro-4-methylbenzyl)-1H-

pyrazole-4-carboxamide (106) 

 

White solid (8 mg, 34%) 1H NMR (400 MHz, DMSO-d6) δ 8.54 (br, 1H, -NH), 8.25 (s, 

1H, Ar-H), 7.89 (s, 1H, Ar-H), 7.80 (d, J = 2.3 Hz, 1H, Ar-H), 7.44 (d, J = 2.3 Hz, 1H, 

Ar-H), 7.23 (d, J = 8.2 Hz, 2H, Ar-H), 7.21 – 7.16 (m, 3H, Ar-H), 7.02 – 6.93 (m, 2H, 

Ar-H), 6.25 (t, J = 2.3 Hz, 1H, Ar-H), 5.31 (s, 4H, -CH2), 4.42 – 4.33 (m, 2H, -CH2), 

2.28 (s, 3H, Ar-CH3).13C NMR (101 MHz, DMSO-d6) δ 162.1, 139.5, 137.9, 136.6, 

132.0, 130.6, 129.9, 128.5, 128.2, 125.3, 125.3, 123.6, 123.4, 118.9, 116.0, 115.8, 

105.9, 56.5, 55.2, 54.8, 22.3. LCMS (ESI+) m/z calcd for C23H22FN5O = 403.2, found 

404.1 [M+H]. 
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N-(2-fluoro-4-methylbenzyl)-1-(4-((2-oxopyridin-1(2H)-yl)methyl)benzyl)-1H-

pyrazole-4-carboxamide (107) 

 

Off white solid (88 mg, 83%) 1H NMR (400 MHz, DMSO-d6) δ 8.53 (br, 1H, -NH), 

8.25 (s, 1H, Ar-H), 7.89 (s, 1H, Ar-H), 7.76 (ddd, J = 6.8, 2.1, 0.7 Hz, 1H, Ar-H), 7.41 

(ddd, J = 8.9, 6.8, 2.1 Hz, 1H, Ar-H), 7.26 (d, J = 8.3 Hz, 2H, Ar-H), 7.23 (d, J = 8.3 Hz, 

2H, Ar-H), 7.21 – 7.17 (m, 1H, Ar-H), 7.01 – 6.93 (m, 2H, Ar-H), 6.40 (ddd, J = 8.9, 

1.4, 0.7 Hz, 1H, Ar-H), 6.22 (td, J = 6.8, 1.4 Hz, 1H, Ar-H), 5.31 (s, 2H, -CH2), 5.07 (s, 

2H, -CH2), 4.42 – 4.35 (m, 2H, -CH2), 2.28 (s, 3H, Ar-CH3).13C NMR (101 MHz, DMSO-

d6) δ 161.1, 160.8, 139.5, 138.5, 138.2, 138.1, 136.5, 135.5, 130.9, 128.8, 127.3, 

124.2, 122.5, 122.4, 119.3, 117.8, 114.9, 114.7, 104.9, 54.1, 50.2, 34.9, 19.9. LCMS 

(ESI+) m/z calcd for C25H23FN4O2 = 430.2, found 431.1 [M+H] 
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N-(3-Chlorobenzyl)-3-(methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-

yl)methyl)benzyl)-1H-pyrazole-4-carboxamide (104) 

 

Off white solid (80 mg, 74%) 1H NMR (400 MHz, DMSO-d6) δ 8.49, (br, 1H, NH), 

8.44 (s, 1H, Ar-H), 8.25 (s, 1H, Ar-H), 7.76 (ddd, J = 6.8, 2.1, 0.8 Hz, 1H, Ar-H), 7.41 

(ddd, J = 9.3, 6.8, 2.1 Hz, 1H, Ar-H), 7.38 – 7.30 (m, 4H, Ar-H), 7.30 – 7.28 (m, 1H, 

Ar-H), 7.27 – 7.22 (m, 3H, Ar-H), 6.40 (ddd, J = 9.3, 1.4, 0.8 Hz, 1H, Ar-H), 6.22 (td, 

J = 6.8, 1.4 Hz, 1H, Ar-H), 5.29 (s, 2H, -CH2), 5.07 (s, 2H, -CH2), 4.54 (s, 2H, -OCH2), 

4.42 – 4.38 (m, 2H, -CH2), 3.21 (s, 3H, -OCH3). 13C NMR (101 MHz, DMSO-d6) δ 

161.7, 160.8, 147.5, 141.7, 139.5, 138.5, 136.5, 135.4, 132.4, 131.8, 129.6, 127.5, 

127.3, 126.4, 125.3, 119.3, 115.3, 112.6, 104.9, 65.5, 56.8, 54.1, 50.2, 41.0. LCMS 

(ESI+) m/z calcd for C26H25ClN4O3 = 476.2, found 477.1 [M+H] 
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N-(3-chlorobenzyl)-3-(methoxymethyl)-1-(4-((4-methyl-1H-pyrazol-1-

yl)methyl)benzyl)-1H-pyrazole-4-carboxamide (105) 

 

Off white solid (35 mg, 53%). 1H NMR (400 MHz, DMSO-d6) δ 8.49 (br, 1H, -NH), 

8.41 (s, 1H, Ar-H), 7.47 (s, 1H, Ar-H), 7.35 (s, 1H, Ar-H), 7.23 – 7.19 (m, 4H, Ar-H), 

7.18 – 7.14 (m, 1H, Ar-H), 7.03 – 6.93 (m, 3H, Ar-H), 5.28 (s, 2H, -CH2), 5.21 (s, 2H, 

-CH2), 4.52 (s, 2H, -OCH2), 4.40 – 4.35 (m, 2H, -CH2), 2.28 (s, 3H, -OCH3), 1.98 (s, 

3H, Ar-CH3). 13C NMR (101 MHz, DMSO-d6) δ 161.7, 147.6, 141.7, 138.7, 137.0, 

135.4, 132.4, 131.9, 129.6, 128.1, 127.4, 127.2, 126.4, 126.1, 125.3, 115.3, 114.6, 

65.5, 56.8, 54.1, 53.7, 41.0, 37.7. LCMS (ESI+) m/z calcd for C25H26ClN5O2 = 463.2, 

found 464.2 [M+H] 
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N-(2-fluoro-4-methylbenzyl)-3-(methoxymethyl)-1-(4-((2-oxopyridin-1(2H)-

yl)methyl)benzyl)-1H-pyrazole-4-carboxamide (108) 

 

White solid (80 mg, 79%) 1H NMR (400 MHz, DMSO-d6) δ 8.49 (br, 1H, -NH), 8.36 

(s, 1H, Ar-H), 7.76 (ddd, J = 6.8, 2.1, 0.7 Hz, 1H, Ar-H), 7.41 (ddd, J = 9.1, 6.8, 2.1 

Hz, 1H, Ar-H), 7.31 – 7.15 (m, 4H, Ar-H), 7.05 – 6.93 (m, 3H, Ar-H), 6.40 (ddd, J = 

9.1, 1.4, 0.7 Hz, 1H, Ar-H), 6.22 (td, J = 6.8, 1.4 Hz, 1H, Ar-H), 5.29 (s, 2H, -CH2), 

5.07 (s, 2H, -CH2), 4.53 (s, 2H, -OCH2), 4.38 – 4.35 (m, 2H, -CH2), 3.21 (s, 3H, -OCH3), 

2.28 (s, 3H, Ar-CH3). 13C NMR (101 MHz, DMSO-d6) δ 162.6, 161.8, 148.4, 140.6, 

139.6, 137.6, 136.5, 133.2, 130.0, 128.5, 128.4, 125.4, 123.4, 123.3, 120.3, 116.5, 

116.0, 115.8, 106.0, 66.6, 57.8, 55.1, 51.3, 38.1, 21.0 LCMS (ESI+) m/z calcd for 

C27H27FN4O3 = 474.2, found 475.2 [M+H] 
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N-(2-fluoro-4-methylbenzyl)-3-(methoxymethyl)-1-(4-((4-methyl-1H-pyrazol-1-

yl)methyl)benzyl)-1H-pyrazole-4-carboxamide (109) 

 

White solid (15 mg, 45%) 1H NMR (400 MHz, DMSO-d6) δ 8.47 (br, 1H, -NH), 8.24 

(s, 1H, Ar-H), 7.52 (s, 1H, Ar-H), 7.38 (s, 1H, Ar-H), 7.27 – 7.21 (m, 4H, Ar-H), 7.20 

– 7.16 (m, 1H, Ar-H), 7.09 – 6.94 (m, 2H, Ar-H), 5.28 (s, 2H, -CH2), 5.21 (s, 2H, -CH2), 

4.52 (s, 2H, -OCH2), 4.40 – 4.35 (m, 2H, -CH2), 3.20 (s, 3H, -OCH3), 2.28 (s, 3H, Ar-

CH3), 1.98 (s, 3H, Ar-CH3). 13C NMR (101 MHz, DMSO-d6) δ 162.6, 148.3, 139.7, 

139.5, 139.4, 138.1, 136.4, 133.2, 130.7, 129.2, 128.5, 128.2, 125.3, 123.4, 116.5, 

116.0, 115.8, 66.6, 57.8, 55.2, 54.7, 42.2, 36.3, 21.0 LCMS (ESI+) m/z calcd for 

C26H28FN5O2 = 461.2, found 462.3 [M+H]. 
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Chapter 3  
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Chapter 3: Synthesis and Biological Evaluation of β-

Ketoboronates as Inhibitors of Plasma Kallikrein 

 

3.1 Introduction 

 

Classically the synthesis of boronic esters and boronates has been achieved via 

the reaction of hard organometallic reagents with borate esters or through 

hydroboration strategies, however issues arise with these methods due to limited 

substrate scope and high air and moisture sensitivity.159,160   

Since the discovery of the Suzuki-Miyaura coupling reaction,161–163 the importance 

of boronates and boronic acids in organic synthesis has increased significantly, and 

by extension the development of further methodologies for the synthesis of 

boronates. Notably, the Miyaura borylation established a catalytic route for the 

conversion of aryl halides to aryl boronates under relatively mild conditions164,165 

(Scheme 3.1). 

 

 

Scheme 3.1. Miyaura borylation conditions 
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Following this discovery, numerous other methods for catalytic borylation have 

been explored to accommodate a greater range of substrates and conditions, 

examples of which include the borylation of olefins. Of these methods, those 

mediated by copper-boryl species have been shown to enable mild reaction 

conditions, good functional group tolerance and low cost of the metal catalyst.166 

The first examples of copper mediated borylation include those of Miyaura et al 

and Hosomi et al167,168 (Scheme 3.2). 

 

 

Scheme 3.2. a CuCl-mediated borylation of α,β-enones by Miyaura et al. b Borylation of 

α,β-enones using a Cu(I)-phosphine mixture catalyst by Hosomi et al. Reagents and 

conditions (a) B2Pin2, CuCl (10 mol%, KOAc (10 mol%), DMF, rt, 16 h (b) B2Pin2, 

Cu(OTf)2.C6H6 (10 mol%), PBu3 (10 mol%) DMF, rt, 24 h 

 

Both examples from Scheme 3.2 show the use of a diboron reagent as a means of 

transferring boronates onto α,β-unsaturated ketones. Diborons are particularly 

effective in catalytic borylations due to elongation of the boron-boron bond upon 
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coordination of a ligating group, enabling facile transfer of a boronate onto the 

catalyst, generating a copper-boryl species.169  

Further examples of Cu-borylation chemistry were reported by Yun et al, in which 

a copper-diphosphine catalyst is generated in situ to enable borylation, it was also 

found that the use of alcohol additives dramatically accelerated rate of reaction 

and yield by promoting protonation of the Cu-BPin-olefin complex to release the 

desired boronate product170 (Scheme 3.3).  

 

 

Scheme 3.3. Cu-borylation accelerated by alcohol additive by Yun et al. Reagents and 

conditions (a) CuCl (1 mol %), DPEPhos (3 mol%), NaOtBu (3 mol%), B2Pin2, MeOH, THF, 

rt, 14 h. 

 

This work showed excellent borylation yields as well as diverse functional group 

tolerance. It had been previously noted that phosphine based ligands such as 

XantPhos and DPEPhos were able to increase the reactivity of copper-hydride 

species, leading to speculation over their effects on borylation of α,β-unsaturated 

carbonyls.170 
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Mechanistically, this reaction is believed to proceed via the formation of a 

precatalyst from the ligation of NaOtBu with CuCl, subsequent displacement of the 

-OtBu ligand with DPEPhos occurs, enabling generation of a copper-boryl species 

which undergoes conjugate addition to the α,β-unsaturated carbonyl, followed by 

protonation of the organocopper species 117/118 to release the boronate 

product 115 (Figure 3.1).  

 

 

 

Figure 3.1. Proposed mechanism of Cu-borylation reported by Yun et al.170 
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3.1.1 Summary 

 

Borylation of α-β-unsaturated carbonyls has been well explored as a viable 

method for the synthesis of carbon-boron bonds, demonstrating potential for high 

yields and good functional group tolerance. Application of this methodology in the 

synthesis of PKa inhibitors was explored, intending to create stable analogues of 

compounds described in Chapter 2 via circumnavigation of the amide functional 

group. 

  

3.2 Results and Discussion 

3.2.1 Synthetic Chemistry 

The chemistry reported by Yun et al170 was tested on chalcone 119 to assess 

compatibility with biaryl-enone systems (Scheme 3.4). 

 

 

Scheme 3.4. Cu-catalysed borylation of chalcone. Reagents and conditions (a) CuCl (1 

mol%), NaOtBu (3 mol%), DPEPhos (3 mol%), B2Pin2, MeOH, THF, rt, 24 h, 77%. 
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Borylation of chalcone proceeded well and the borylation product was separated 

on silica gel, suggesting greater acid stability that the α-amidoboronates described 

in Chapter 2. Additionally, cleavage of the boronic ester was attempted under mild 

aqueous conditions (2M HCl in THF), as well as reduction of the ketone in an effort 

to produce an internal borocycle, however these efforts were unsuccessful. In the 

case of the boronic ester cleavage, strong acidic conditions were eventually used 

to attempt boronic ester hydrolysis (20% TFA in CH2Cl2), forcing deborylation. As 

for the attempted ketone reduction, no success was observed with reagents such 

as NaBH4, DIBAL-H and LiAlH4, possibly due to their hard anions forming an adduct 

with the boronate.  

Further synthetic efforts were directed towards the synthesis of an enone scaffold 

analogous to those described in Chapter 2 for the application Cu-borylation 

chemistry (Scheme 3.5). 1,4-dibromoxylene 121 was reacted with a stochiometric 

quantity of pyrazole in the presence of NaH to afford 122, which was subjected 

similar conditions with 1H-4-acetylpyrazole to yield 123. Aldol condensation of 

123 with substituted benzaldehydes gave compounds 124a and 124b. 

Subjection of 124a and 124b to the Cu-borylation conditions of Yun et al provided 

boronates 125a and 125b (Scheme 3.6). Further attempts to cleave the pinacol 

ester under acidic or basic conditions to afford the corresponding boronic acid 

were unsuccessful due to protodeborylation. The reluctance of 125a-b to cleave 

under mild aqueous conditions may reflect the increased stability of the boronic 

esters of these compounds relative to 91-96 due to the absence of amide 
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functionality, preventing the formation of an intramolecular cyclic boronate 

adduct (see Chapter 2, Scheme 2.14). 

 

 

 

 

Scheme 3.5. Synthesis of α,β-unsaturated ketone precursor for borylation. Reagents and 

conditions (a) pyrazole, NaH, THF, 0 oC – rt, 1 h, 50% (b) 1-(1H-Pyrazol-4-yl)ethenone, 

NaH, THF, 0 – 50 oC, 2 h, 63% (c) 3 chlorobenzaldehyde or 2-fluoro-4-

methylbenzaldeyde, NaOH, MeOH, rt, 3 h, 70-81%. 
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Scheme 3.6. Borylation of α,β-unsaturated carbonyls 124a and 124b. Reagents and 

conditions (a) CuCl (1 mol%), NaOtBu (3 mol%), DPEPhos (3 mol%), B2Pin2, MeOH, THF, 

rt, 16 h, 34-56%. 

 

Diboron compounds 126-128 were also subjected to the same conditions, 

attempting to study the effect of different boronic esters on the properties of 

these boronate compounds, however attempts were unsuccessful due to rapid 

decomposition of the product upon forming, observed by LCMS (Figure 3.2). 

 

 

Figure 3.2. Structures of diboron compounds 126-128. 
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Further to the synthesis of boronates, the possibility of installing other functional 

groups that could potentially act as covalent warheads was explored for scaffolds 

124a and 124b. For instance, the installation of a nitrile group was achieved via 

reaction of 124a and 124b with TMSCN, CsF and H2O, as originally reported by 

Yang and Chen171 (Scheme 3.7). 

 

 

Scheme 3.7. Cyanation of 124a and 124b. Reagents and condition (a) TMSCN, CsF, H2O, 

dioxane, 100 oC, 16 h, 78-82%. 

 

Mechanistically, it is proposed that this reaction proceeds via transition state 

124c, followed by conjugate addition of CN and generation of silyl-enol species 

129c, liberating CsF. Conversion of 129c to its keto form is driven by the presence 

of water to give β-ketonitriles 129a-b (Figure 3.3).  
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Figure 3.3. Proposed mechanism for CsF-catalysed cyanation of enones by Yang and 

Chen.171 

 

Subsequent efforts were made to install trifluoromethyl ketone and sulfonyl 

fluoride warheads onto 124a and 124b, however these attempts proved to be 

unsuccessful.172,173 
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3.2.2 Pharmacology 

 

3.2.2.1 Evaluation of Inhibitor Potency 

 

Compounds 124a, 124b, 129a and 129b were subjected to the same IC50 assay as 

described in Section 2.2.2 for assessment of PKa binding. (Table 3.1). 

 

Table 3.1. Biological activity of 124a-129b against PKa 

 

Example 
PKa IC50 (nM)a 

1 min 10 min 1 h 

 

124a 

 

>400000 

 

>400000 

 

>400000 

124b 98089 7263 5975 

125a 1534 2173 2637 

125b 41.1 40.7 33.9 

129a 22320 18859 21786 

129b 223 90.2 33.2 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 
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Enone 124a showed no observable PKa binding, whereas 124b showed mild PKa 

inhibition, possibly acting as a covalent inhibitor as a decrease in IC50 value was 

shown over the 3 time points. Boronate 125a displayed modest PKa inhibition 

with no evidence of covalent binding. Interestingly, boronate 125b showed greatly 

enhanced potency (~40 nM) in comparison to 125a (~2000 nM), however 

similarly, no evidence of covalent binding was seen from the IC50 data.  

Nitrile 129a showed weak PKa inhibition with no change in binding seen over the 

time points. Interestingly, modification of the P1 group in 129b showed roughly 

100-fold enhancement in potency at 1 min incubation time and continued to show 

increase in IC50 potency over each time point, indicative of covalent binding. 

Extended time course analysis up to 24 hours of 125b confirmed the lack of 

exhibition of covalent binding due to no significant change in IC50 over the 24 hour 

period (Table 3.2). 

 

Table 3.2. Extended time course biological evaluation of 125b against PKa. 

Example PKa IC50 (nM)a 

125b 

1 min 2 h 5 h 24 h 

 

27.6 

 

16.4 

 

35.6 

 

22.5 

 

aData are expressed as mean of 2 experiments, where each experimental curve was 
performed in triplicate. 
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3.2.2.2 Jump dilution assays 

 

Confirmation of noncovalent binding and characterisation of binding reversibility 

for compounds 125a and 125b was determined through subjection to a jump 

dilution assay (described in Section 2.2.2.2) (Figure 3.4). 

 

 

Figure 3.4. Jump dilution dissociation curves of 125a and 125b. 

 

Interestingly, whilst both boronates showed reversible binding concomitant with 

noncovalent inhibition, 125b acted as a slow off-rate inhibitor whereas 125a 

demonstrated instantaneous equilibrium dissociation from PKa upon dilution. The 

2-fluoro-4-methylphenyl P1 group demonstrates stronger S1 binding with respect 

to 3-chlorophenyl, partially due to displacement of a water molecule bound to 

Asp189 in the S1 site by the p-methyl group. Furthermore, it has been considered 

that the o-fluoro- atom may undergo a hydrogen bonding interaction with Lys192 

at the edge of the S1 site.174 
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3.3 Conclusions 

 

Biological evaluation of boronates 125a-b demonstrated inhibition of PKa, in the 

case of 125b a vast improvement in potency was observed from variation of the 

3-chlorophenyl P1 group to 2-Fluoro-4-Methylphenyl, however covalent 

inhibition was not observed in either instance. 

Transformation of enones 124a-b to the corresponding β-cyanoketones 129a-b 

was achieved, 129a showed modest noncovalent activity in PKa, whereas 129b 

showed good potency and covalent inhibition by examination of IC50 value over 

the measured time points. Whilst further work could not be carried out to 

investigate the potential of these β-cyanoketones, the collected data represents 

promise for these compounds to be explored in the future. 
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3.4 Experimental 

 

3.4.1 Materials and Methods 

 

Materials and methods relevant to chemical synthesis and pharmacology have 

been described in Section 2.4.1. 

 

 

3.4.2 General Procedures 

 

Representative General Procedure for Borylation of Enones 119, 124a and 

124b:170 

 

CuCl (0.5 mg, 0.004 mmol), DPEPhos (6 mg, 0.01 mmol) and NaOtBu (1.1 mg, 0.01 

mmol) were added to a microwave vial which was sealed and purged with 

nitrogen. Anhydrous THF (0.5 mL) was added, and the suspension was stirred for 

30 minutes. B2Pin2 (36 mg, 0.14 mmol) in 0.5 mL anhydrous THF was then added, 

and the mixture was stirred for a further 10 minutes before addition of enone (50 

mg, 0.12 mmol) and methanol (8 mg, 82 μL, 0.24 mmol) in 1 mL anhydrous THF. 

The reaction mixture was allowed to stir at room temperature for 16 hours under 

nitrogen, after which, it was filtered through celite, concentrated in vacuo and 

purified by silica gel flash chromatography (20 – 50 % EtOAc in cyclohexane) to 

afford the product as a colourless oil, which was lyophilised to produce a white 

solid.  
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Representative General Procedure for Cyanation of Enones 124a and 124b: 

 

124a or 124b (100 mg, 0.3 mmol), caesium fluoride (5 mg, 0.03 mmol), and 

distilled water (22 μL, 1.25 mmol) were dissolved in dioxane (3 mL). TMSCN (0.1 

mL, 0.69 mmol) was added, and the reaction mixture heated to 100 oC for 16 

hours. Upon completion, the solvent was removed in vacuo and the residue was 

purified by silica gel flash chromatography (30 – 50 % EtOAc in cyclohexane) to 

afford the product as a white solid. 

 

 

3.4.3 Chemical Characterisation  

 

1,3-diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-one 

(120) 

 

Colourless oil (124 mg, 67%) 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.52 (m, 5H, Ar-

H), 7.43 – 7.37 (m, 5H, Ar-H), 3.43 (dd, J = 9.0, 5.9 Hz, 1H, BC-H), 2.81 (dd, J = 16.0, 

9.0 Hz, 1H, C=OCHa), 2.69 (dd, J = 16.0, 5.9 Hz, 1H, C=OCHb), 1.21 (s, 12H) 13C NMR 

(101 MHz, CDCl3)  δ 200.1, 140.2, 137.0, 132.9, 130.0, 129.0, 128.6, 127.5, 125.9, 

88.3, 35.9, 33.1, 24.7 LCMS (ESI+) m/z calcd for C21H25BO3 = 336.2, found 337.1 

[M+H]. 
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1-(4-(bromomethyl)benzyl)-1H-pyrazole (122)175 

 

 To an ice-cooled, stirring solution of 1,4-bis(bromomethyl)benzene (1056 mg, 4.0 

mmol) and pyrazole (272 mg, 4.0 mmol)  in THF (30 mL), was added NaH (60% 

dispersion in mineral oil) (176 mg, 2.2 mmol). The reaction mixture was allowed 

to warm to room temperature over 2 hours. Upon completion, the reaction 

mixture was quenched with water, concentrated in vacuo and partitioned 

between EtOAc and water. The aqueous layer was extracted with EtOAc (3 x 40 

mL), the organics were combined, washed with brine, dried over MgSO4, filtered, 

and concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (10 % EtOAc in cyclohexane) to afford the title compound. White 

solid (716 mg, 72%). 1H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 2.0 Hz, 1H, Ar-H), 7.42 

(d, J = 2.0 Hz, 1H, Ar-H), 7.39 (d, J = 7.9 Hz, 2H, Ar-H), 7.19 (d, J = 7.9 Hz, 2H, Ar-H), 

6.31 (t, J = 2.0 Hz, 1H, Ar-H), 5.34 (s, 2H, -CH2), 4.49 (s, 2H, -CH2). 13C NMR (101 

MHz, CDCl3) δ 140.1, 139.7, 135.6, 130.1, 129.7, 128.7, 127.6, 58.9, 37.6. LCMS 

(ESI+) m/z calcd for C11H11BrN2 = 250.0, found 251.1 [M+H]. 
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1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)ethan-1-one (123) 

 

To an ice-cooled, stirring solution of 1-(4-(bromomethyl)benzyl)-1H-pyrazole (500 

mg, 2.0 mmol) and 1-(1H-pyrazol-4-yl)ethan-1-one (264 mg, 2.4 mmol) in THF (15 

mL) was added NaH (60% dispersion in mineral oil) (120 mg, 3.0 mmol). The 

solution was heated to 50 oC for a period of 3 hours, after which it was 

concentrated in vacuo and partitioned between EtOAc and water. The aqueous 

layer was extracted with EtOAc (3 x 20 mL), the organics were combined, washed 

with brine, dried over MgSO4, filtered, and concentrated in vacuo. The resulting 

residue was purified by flash column chromatography (30 – 50 % EtOAc in 

cyclohexane) to afford the title compound. White solid (353 mg, 63%). 1H NMR 

(400 MHz, DMSO-d6) δ 8.51 (s, 1H, Ar-H), 7.92 (s, 1H, Ar-H), 7.80 (d, J = 2.2 Hz, 1H, 

Ar-H), 7.45 (d, J = 2.2 Hz, 1H, Ar-H), 7.25 (d, J = 8.0 Hz, 2H, Ar-H), 7.19 (d, J = 8.0 

Hz, 2H, Ar-H), 6.26 (t, J = 2.2 Hz, 1H, Ar-H), 5.34 (s, 2H, -CH2), 5.31 (s, 2H, -CH2), 

2.35 (s, 3H, -CH3). 13C NMR (101 MHz, DMSO-d6) δ 192.0, 140.6, 139.5, 138.0, 

136.4, 134.0, 132.0, 131.9, 130.6, 124.3, 105.9, 55.2, 54.8, 28.3. LCMS (ESI+) m/z 

calcd for C16H16N4O = 280.1, found 281.1 [M+H]. 
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(E)-1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-3-(3-

chlorophenyl)prop-2-en-1-one (124a) 

 

1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)ethan-1-one (100 mg, 

0.36 mmol), 3-chlorobenzaldehyde (51 mg, 0.04 mL, 0.36 mmol)  and NaOH (29 

mg, 0.72 mmol) were dissolved in MeOH. The mixture was allowed to stir at room 

temperature for 16 hours, after which the reaction mixture was concentrated in 

vacuo and the residue partitioned between EtOAc and water. The aqueous layer 

was extracted with EtOAc (3 x 20 mL), the organics were combined, washed with 

brine, dried over MgSO4, filtered, and concentrated in vacuo. The resulting residue 

was purified by flash column chromatography (30 – 50 % EtOAc in cyclohexane) 

to afford the title compound. White solid (117 mg, 81%). 1H NMR (400 MHz, 

DMSO-d6) δ 8.47 (s, 1H, Ar-H), 8.11 (s, 1H, Ar-H), 8.00 (d, J = 2.3 Hz, 1H, Ar-H), 7.80 

(d, J = 2.3 Hz, 1H, Ar-H), 7.77 (dd, J = 6.2, 1.8 Hz, 1H, Ar-H), 7.51 – 7.47 (m, 2H, Ar-

H), 7.44 (d, J = 1.8 Hz, 1H, Ar-H), 7.27 (d, J = 8.0 Hz, 2H, Ar-H), 7.21 (d, J = 8.0 Hz, 

2H, Ar-H), 7.18 (d, J = 15.7 Hz, 1H, C=OCHCH), 7.02 (d, J = 15.7 Hz, 1H, C=OCHCH),  

6.26 (t, J = 2.3 Hz, 1H, Ar-H), 5.38 (s, 2H, -CH2), 5.32 (s, 2H, -CH2). 13C NMR (101 

MHz, DMSO-d6) δ 188.5, 145.3, 139.7, 139.5, 137.1, 135.5, 130.9, 129.5, 129.3, 

128.3, 128.2, 125.3, 124.0, 124.0, 119.4, 117.0, 116.8, 106.1, 67.8, 56.0, 55.5. 

LCMS (ESI+) m/z calcd for C23H19ClN4O = 402.1, found 403.0 [M+H] 
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(E)-1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-3-(2-fluoro-4-

methylphenyl)prop-2-en-1-one (124b) 

  

1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)ethan-1-one (100 mg, 

0.36 mmol), 2-fluoro-4-methylbenzaldehyde (50 mg, 0.04 mL, 0.36 mmol)  and 

NaOH (29 mg, 0.72 mmol) were dissolved in MeOH. The mixture was allowed to 

stir at room temperature for 16 hours, after which the reaction mixture was 

concentrated in vacuo and the residue partitioned between EtOAc and water. The 

aqueous layer was extracted with EtOAc (3 x 20 mL), the organics were combined, 

washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The 

resulting residue was purified by flash column chromatography (30 – 50 % EtOAc 

in cyclohexane) to afford the title compound. White solid (101 mg, 70%). 1H NMR 

(400 MHz, CDCl3) δ 8.08 (s, 1H, Ar-H), 8.00 (s, 1H, Ar-H), 7.57 (d, J = 2.3 Hz, 1H, Ar-

H), 7.42 (d, J = 2.3 Hz, 1H, Ar-H), 7.31 – 7.25 (m, 4H, Ar-H), 7.25 – 7.20 (m, 3H, Ar-

H), 7.01 (d, J = 11.8 Hz, 1H, C=OCHCH), 6.96 (d, J = 11.8 Hz, 1H, C=OCHCH), 6.31 (t, 

J = 2.3 Hz, 1H, Ar-H), 5.36 – 5.33 (s, 4H, -CH2), 2.40 (s, 3H, Ar-CH3). 13C NMR (101 

MHz, CDCl3) δ 183.5, 143.1, 143.0, 140.8, 139.8, 137.3, 136.3, 135.9, 134.9, 132.2, 

129.7, 129.4, 128.5, 125.4, 125.1, 124.8, 116.9, 116.7, 106.1, 56.2, 55.4, 21.4. 

LCMS (ESI+) m/z calcd for C24H21FN4O = 400.2, found 401.2 [M+H] 
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1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-3-(3-chlorophenyl)-3-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-one (125a) 

 

White solid (35 mg, 56 %) 1H NMR (400 MHz, MeOD-d4) δ 8.31 (s, 1H, Ar-H), 7.97 

(s, 1H, Ar-H), 7.68 (d, J = 2.3 Hz, 1H, Ar-H), 7.52 (d, J = 2.3 Hz, 1H, Ar-H), 7.28 – 7.22 

(m, 3H, Ar-H), 7.21 – 7.17 (m, 4H, Ar-H), 7.17 – 7.12 (m, 1H, Ar-H), 6.33 (t, J = 2.3 

Hz, 1H, Ar-H), 5.34 (s, 4H, -CH2), 3.33 (dd, J = 17.9, 10.3 Hz, 1H, C=OCHa), 3.23 (dd, 

J = 17.9, 5.6 Hz, 1H, C=OCHb), 2.67 (dd, J = 10.3, 5.6 Hz, 1H, BC-H), 1.23 (s, 6H, -

CH3), 1.21 (s, 6H, -CH3). 13C NMR (101 MHz, MeOD-d4) δ 194.5, 144.2, 140.0, 139.2, 

137.2, 135.7, 133.8, 133.1, 130.3, 129.5, 128.0, 127.9, 127.7, 126.4, 125.3, 123.2, 

105.6, 83.5, 74.4, 55.2, 54.5, 43.2, 23.7 LCMS (ESI+) m/z calcd for C29H32BClN4O3 = 

530.2, found 531.2 [M+H] 
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1-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-3-(2-fluoro-4-

methylphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-1-one 

(125b) 

 

White solid (22 mg, 34 %). 1H NMR (400 MHz, MeOD-d4) δ 8.28 (s, 1H, Ar-H), 7.93 

(s, 1H, Ar-H), 7.68 (d, J = 2.3 Hz, 1H, Ar-H), 7.52 (d, J = 2.3 Hz, 1H, Ar-H), 7.25 (d, J 

= 8.0 Hz, 2H, Ar-H), 7.20 (d, J = 8.0 Hz, 2H, Ar-H), 7.16 – 7.11 (m, 1H, Ar-H), 6.89 – 

6.80 (m, 2H, Ar-H), 6.33 (t, J = 2.2 Hz, 1H, Ar-H), 5.35 (s, 2H, -CH2), 5.34 (s, -CH2), 

3.32 (dd, J = 17.2, 9.2 Hz, 1H, C=OCHa) 3.13 (dd, J = 17.2, 6.1 Hz, 1H, C=OCHb), 2.92 

(dd, J = 9.2, 6.1 Hz, 1H, BC-H), 2.28 (s, 3H, Ar-CH3), 1.23 (s, 6H, -CH3), 1.21 (s, 6H, -

CH3). 13C NMR (101 MHz, MeOD-d4) δ 194.8, 139.9, 139.1, 137.6, 137.2, 135.7, 

133.0, 130.3, 129.8, 127.9, 127.6, 125.3, 124.4, 123.3, 115.3, 115.1, 105.6, 83.5, 

74.4, 55.1, 54.5, 42.2, 23.5, 19.5. LCMS (ESI+) m/z calcd for C30H34BFN4O3 = 528.3, 

found 529.3 [M+H] 
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4-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-2-(3-chlorophenyl)-4-

oxobutanenitrile (129a) 

 

White solid (15 mg, 82%). 1H NMR (400 MHz, MeOD-d4) δ 8.34 (s, 1H, Ar-H), 7.99 

(s, 1H, Ar-H), 7.68 (d, J = 2.4 Hz, 1H, Ar-H), 7.52 (d, J = 2.4 Hz, 1H, Ar-H), 7.48 – 7.44 

(m, 1H, Ar-H), 7.43 – 7.32 (m, 3H, Ar-H), 7.25 (d, J = 8.1 Hz, 2H, Ar-H), 7.20 (d, J = 

8.0 Hz, 2H, Ar-H), 6.33 (t, J = 2.4 Hz, 1H, Ar-H), 5.34 (s, 4H, -CH2), 4.57 (dd, J = 8.4, 

5.9 Hz, 1H, NCC-H), 3.61 (dd, J = 17.6, 8.4 Hz, 1H, C=OCHa), 3.44 (dd, J = 17.6, 5.9 

Hz, 1H, C=OCHb). 13C NMR (101 MHz, MeOD-d4) δ 189.6, 140.0, 139.2, 137.8, 

137.3, 135.6, 134.5, 133.3, 130.3, 129.3, 128.0, 127.9, 127.6, 127.5, 125.8, 122.9, 

120.1, 105.6, 55.2, 54.5, 44.2, 31.1. LCMS (ESI+) m/z calcd for C24H20ClN5O = 429.1, 

found = 430.1 [M+H].  
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4-(1-(4-((1H-pyrazol-1-yl)methyl)benzyl)-1H-pyrazol-4-yl)-2-(2-fluoro-4-

methylphenyl)-4-oxobutanenitrile (129b) 

 

White solid (13 mg, 78%). 1H NMR (400 MHz, MeOD-d4) δ 8.31 (s, 1H), 7.93 (s, 1H), 

7.70 (d, J = 2.3 Hz, 1H), 7.52 (d, J = 2.3 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 

8.1 Hz, 3H), 7.14 – 7.10 (m, 1H), 6.92 – 6.86 (m, 2H), 6.32 (t, J = 2.3 Hz, 1H), 5.39 

(s, 2H, -CH2), 5.37 (s, 2H, -CH2), 4.54 (dd, J = 8.6, 6.1 Hz, 1H, NCC-H), 3.10 (dd, J = 

17.6 Hz, 6.1 Hz, 1H, C=OCHa), 2.96 (dd, J = 9.2, 6.1 Hz, 1H, C=OCHb), 2.35 (s, 3H, Ar-

CH3). 13C NMR (101 MHz, MeOD-d4) δ 190.1, 139.6, 139.3, 137.9, 137.2, 136.6, 

134.8, 130.3, 129.8, 127.9, 127.6, 125.3, 125.1, 123.7, 120.5, 115.2, 112.0, 105.6, 

58.1, 57.9, 40.5, 26.3, 19.8. LCMS (ESI+) m/z calcd for C25H22FN5O = 427.2, found 

= 428.3 [M+H] 
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Chapter 4  
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Chapter 4: Conclusions and Future Direction 

 

4.1 Key Findings 

 

The α-amidobenzylboronate compounds that have been the focus of Chapter 2 

represent an interesting new example of PKa-targeting covalent inhibitors arising 

from installation of a boronate warhead onto active PKa scaffolds targeting the P1 

and P4 binding sites. Covalent inhibition was characterised through kinetic 

assessment of IC50 values over various time courses up to 24 hours, (91 IC50 = 70 

pM at 24 hours), jump dilution assays, which showed 91 did not wash out from 

the PKa binding site, matching the profile of known PKa covalent inhibitor 31, and 

comparison of IC50 data with that of noncovalent matched pairs. Additionally, 

compounds from this series were selected for evaluation against FXIa and FXIIa, 

all of which showed >1000-fold selectivity towards PKa. 
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Subjection of 91 to further evaluation in the form of a whole plasma IC50 assay 

showed no sign of covalent inhibition, suggesting possible decomposition of 91 

under the assay conditions. The tendency of 91 to decompose was also reflected 

in the crystallographic analysis where decomposition was observed, producing a 

crystal structure of noncovalent matched pair 106.  

NMR evaluation of the chemical stability of 95 in a deuterated PBS medium 

showed possible decomposition to the boronic acid as the mechanism of 

inhibition, which was supported by in silico modelling. 

Chemical stability being a key limitation of these compounds, efforts to produce 

more stable analogues would be a consideration for any further work to be 

undertaken. Stability issues notwithstanding, this class of compounds proves the 

possibility of obtaining highly potent covalent boronate inhibitors of PKa, 

representing advancement towards the development of covalent modulators of 

PKa as HAE therapies.  

Chapter 3 discussed the synthesis and biological evaluation of β-ketoboronates 

synthesised via catalytic borylation of unsaturated ketones. Whilst these 

compounds showed some inhibitory activity against PKa, no evidence of covalent 

inhibition was observed. Interestingly, the installation of a nitrile warhead to 

unsaturated ketone precursor 124b to give 129b showed reasonable covalent 

activity in PKa (IC50 = 33 nM at 1 hour), and therefore its  analogues should be 

explored further along with the possibility of installing other serine-targeting 

covalent warheads. 
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4.2 Future direction 

4.2.1 α-Amidobenzylboronates 

Despite showing great promise by evaluation of sheer potency, these compounds 

remain limited by their chemical stability, particularly towards acidic 

environments. Prior efforts to increase the stability of chemically labile boronates 

include the incorporation of  intramolecular borocycles. For example, 

vaborbactam 127, a β-lactamase inhibitor features an α-amidoboronate 

functionality and incorporates a cyclic boronic ester, enhancing stability (Figure 

4.1).176,177  

 

  

Figure 4.1. Structure of vaborbactam. 
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Incorporation of similar cyclic boronic esters into α-amidoboronates from Chapter 

2 may enhance compound stability and enable access to a stable cyclic 

hemiboronic acid (Scheme 4.1). 

 

  
Scheme 4.1. Proposed synthesis of cyclic boronic ester α-amidobenzylboronate 

analogues. Reagents and conditions: (a) 4N HCl in dioxane, Et2O, -78 oC (b) RCOOH, 

HATU, DIPEA, MeCN, 0 oC - rt 

 

Using a 6-substituted methoxymethyl ether (OMOM) arylboronic ester and 

applying the Matteson homologation sequence used in the synthesis of 
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compounds 91-96 may allow access to silylated amine 128, global deprotection of 

the TMS and MOM groups under acidic conditions and amidation of the 

corresponding cyclic α-aminoboronate 129 may enable access to cyclic α-

amidobenzylboronates such as 130, with potential enhanced stability relative to 

91-96 due to tethering of the boron centre to the P1 aryl system. 

Hoppe et al first reported the synthesis of α-carbamoylboronates as a precursor 

in the synthesis of enantioenriched secondary alcohols using (-)sparteine as a 

chiral reagent (Scheme 4.2).178  

 

  

Scheme 4.2. Synthesis of α-carbamoylboronates by Hoppe et al. Reagents and 

conditions: (a) 1) sBuLi, (-) sparteine 2) B(OiPr)3 3) pinacol, p-TsOH, MgSO4, Et2O, -78 oC 

 

Lithiation of the α-carbamoyl position of 131 enables complexation with (-) 

sparteine and subsequent displacement of triisopropyl borate, followed by 

treatment with pinacol to trap pinacol boronic ester 132. 
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This methodology may be used to synthesise carbamoyl analogues of 91-96 with 

the possibility of enantiospecificity through the use of sparteine as a chiral reagent 

(Scheme 4.3).179–181 

 
Scheme 4.3. Proposed synthesis of α- carbamoylbenzylboronates via a lithiation-

borylation procedure. Reagents and conditions: (a) ) 1) sBuLi, (-) sparteine or (+) 

sparteine 2) B(OiPr)3 3) pinacol, p-TsOH, MgSO4, Et2O, -78 oC 

 

The application of this lithiation-borylation methodology on an N-methylated 

carbamoyl scaffold such as 133 may allow for enantioselective borylation and a 

more robust synthetic procedure than the Matteson homologation sequence 

described in Chapter 2, enabling synthesis of more analogues and installation of a 

variety of boronic esters.  
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4.2.2 β-Ketobenzylboronates 

Despite showing improved chemical stability relative to compounds 91-96, β-

ketoboronates 125a and 125b showed no sign of covalent inhibition in PKa. 

Interestingly, β-ketonitrile 129b showed appreciable activity in PKa and 

demonstrated binding kinetics consistent with that of a covalent inhibitor over the 

measured time points. Accordingly, the scope of this inhibitor should be explored 

through variation of P1 and P4 groups to maximise inhibitor activity. Furthermore, 

the use of basic P1 groups is not precluded in the case of nitriles, enabling wider 

functional group tolerance (Figure 4.2). 

 

 

Figure 4.2. Proposed SAR exploration of β-ketonitriles 
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Further to the use of nitriles as covalent warheads, the use of acyl groups was 

explored, however this work was not completed due to time constraint. A 

synthesis was devised enabling access to a α-hydroxy- species 137, which in 

principle could be acylated, carbamylated, sulfonylated, amongst other 

transformations. (Scheme 4.4).   

135 was synthesised via displacement of 122 with pyrazole-4-carbaldehyde, 

subsequent aldol condensation of 135 with 2-fluoro-4-methyl acetophenone gave 

136 which was selectively reduced with DIBAL-H to yield the corresponding 

alcohol 137. Various conditions were explored towards the installation of 

functional groups which may be transferred onto Ser195 of PKa, however no 

conditions that were trialled enabled the intended transformations. As a result, 

further work should include optimisation of these conditions and exploration of 

the chemistry of the hydrogenated counterpart of 137.   
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Scheme 4.4. Synthesis and attempted transformation of  α-hydroxy- species 137. 

Reagents and conditions: (a) 1H-pyrazole-4-carbaldehyde, NaH, THF, 0 oC (b) 2-Fluoro-4-

methylacetophenone, NaOH, MeOH, rt (c) DIBAL-H, THF, 0 oC – rt (d) Ac2O, pyridine, 

DMAP, rt (e) N,N-Dimethylcarbamyl chloride, NaH, DMF, 0oC – rt (e) Phenylsulfonyl 

chloride, NaH, DMF, 0 oC – rt.  
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