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Abstract

Cancer will affect 50% of Canadians in their lifetimes. Although many biological targets have
been linked to cancer, the focus of this dissertation is on two homologous serine proteases
implicated in epithelial cancers: prolyl oligopeptidase (POP) and fibroblast activation protein alpha
(FAP), associated with angiogenesis and tumour growth and expansion, respectively. The research
outlined in this thesis consists of utilizing the computational platform FORECASTER, developed by
the Moitessier research group, to conduct virtual screenings and docking-guided drug design of
dual POP-FAP reversible covalent inhibitors.

In the past, our group focused on inhibitors of POP for its implication in neurodegenerative
conditions, including Parkinson’s and Alzheimer’s diseases. Because of its more recent link to
epithelial cancers, which make up approximately 90% of adult cancers, along with FAP, our group
has shifted our focus to dual inhibition. Targeting both enzymes simultaneously has shown to
hinder tumour growth and expansion and has even been suggested to have a synergistic effect in
Vivo.

In this dissertation, we explore several methodologies to obtain potent inhibitors. We begin
with an integrative study among medicinal chemists, biophysicists, and computational chemists,
in which we aim to determine the best electrophilic warhead for targeting POP and FAP. Our
collaborative study led us to discover that boronic acids and esters are the optimal group in terms
of reactivity and residence time. We further explore boronic acid drugs in this dissertation's
introduction. Next, docking-guided virtual optimization of a known potent POP inhibitor, followed
by a structure-activity relationship study, led to discovery of single-digit nanomolar potent POP
inhibitors compounds with two-step syntheses. Further docking-guided peptidomimetics studies
and synthetic development have led our group to our first bicyclic inhibitor that exhibits nanomolar
POP-FAP potency and improves upon a drug that failed in Phase III trials. We are further
developing this hit and hope to progress to pre-clinical studies. This study in particular led to the
exploration of a complex mechanism required for its synthesis. Finally, a comprehensive virtual
screening led to the discovery of a bicyclic borinic ester scaffold that yields very promising
molecular docking predictions. We are currently in the late stages of the synthesis of this potential

dual inhibitor.
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Résumé

Le cancer est une maladie qui affectera 50% des canadiens au cours de leur vie. Bien que
plusieurs cibles biologiques soient liées au cancer et a ses causes, le focus de cette dissertation sera
deux sérine protéases liées aux cancers épithéliaux: la prolyl oligopeptidase (POP) et la protéine
d'activation des fibroblastes (FAP), liées respectivement a l'angiogencse et la croissance des
tumeurs. Les recherches décrites dans cette theése ont été conduites en utilisant la plateforme
Forecaster développée par le groupe de recherche du Professeur Moitessier. Forecaster a permis la
découverte d'inhibiteurs doubles réversibles et covalents ciblant POP et FAP par l'exécution de
criblages virtuels et d’amarrage moléculaire.

Dans le passé, notre groupe de recherche s’est concentré sur les inhibiteurs sélectifs ciblant
POP pour son rdle dans les maladies d’ Alzheimer et de Parkinson. En raison des liens récents entre
POP et FAP et les cancers épithéliaux, qui représentent 90% des cancers chez les adultes, notre
vision a changé pour un mode d’'inhibition double. Il a ét¢ démontrée que l'inhibition simultanée
de POP et FAP empéchait la croissance et I'expansion tumorale et avait un effet synergétique in
Vivo.

Dans cette dissertation, nous explorerons plusieurs méthodologies pour [’obtention
d’inhibiteurs puissants. Nous commencerons avec une étude qui intégrera des méthodes en chimie
médicinale, biophysique et chimie informatique dont le but sera de déterminer le meilleur
¢lectrophile pour cibler POP et FAP simultanément. Notre étude collaborative nous a amené a la
conclusion que les acides et les esters boroniques étaient les électrophiles idéaux en fonction de
leur réactivité et de leur temps de résidence dans le site actif des protéines. Nous explorerons de
plus prés les acides et les esters boroniques dans l'introduction de cette thése. Ensuite,
l'optimisation virtuelle par amarrage moléculaire suivie d’une étude des relations structure-activité
nous amenera a la découverte d’inhibiteurs sélectifs pour POP, exhibant une puissance
nanomolaire et accessibles par une synthése en seulement deux étapes. Une nouvelle étude utilisant
I'amarrage moléculaire pour la conception d’inhibiteurs peptidomimétiques et du développement
de leur synthéses a mené a notre premier inhibiteur double et bicyclique exhibant une puissance
nanomolaire et qui démontre une amélioration par rapport a un composé ayant échoué a des essais
cliniques en Phase III. Présentement, nous développons cette molécule avec I'espoir de commencer
des tests précliniques. Cette étude en particulier nous a donné l'opportunité d'explorer un

mécanisme réactionnel trés complexe au cours de sa synthése. Enfin, un criblage virtuel
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compréhensif nous a amené a la découverte d'un squelette bicyclique muni d'un ester borinique
avec des prédictions in silico trés prometteuses. Nous complétons présentement la synthése de cet
inhibiteur double potentiel. Jusqu'ici, nos composés les plus prometteurs sont évalués dans des
essais cellulaires par collaborateurs . Notre but actuel est de suivre ces composés et de continuer a

appliquer nos méthodes efficaces pour la découverte de nouveaux composés prometteurs.
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1.1 Abstract

Research related to boronic acids, from synthetic development to materials to drug discovery,
has skyrocketed in the past 20 years. In terms of drug discovery, the incorporation of boronic acids
into medicinal chemistry endeavours has seen a steady increase in recent years. In fact, the FDA
and Health Canada have thus far approved five boronic acid drugs, three of which were approved
in the past four years, and several others are in clinical trials. Boronic acids have several desirable
properties that has led to their increased use, including potentially enhancing potency of drugs
and/or improving their pharmacokinetics profile. This review explores discovery processes of
boronic acid drugs. It begins with a brief scope of boron in natural products and in current drugs,
followed by an investigation into the various rationalizations for boronic acid incorporation and
the synthetic developments that focused on facilitating their addition into organic compounds. We
hope that the knowledge we have assembled in this literature review will encourage medicinal
chemists to consider the potential benefits of incorporating boronic acids into their future drug

discovery endeavours.

1.2 Introduction

Boron is ubiquitous in nature, from being an essential component of plant structural integrity'
and metabolism?® to being a regulator of mammalian vitamin D levels® and bone health.* In the
form of boronic acids and esters, it is considered to be safe’ for incorporation into pharmaceutical
development.

In fact, instances of boron-based studies, whether for synthetic, biological, or pharmaceutical
endeavours have skyrocketed since the late 1990’s. Figure 1.1A illustrates the PubMed literature
search results including “boron” in the publication title. More specifically, boron-related drug
discovery endeavours have also made increasing appearances in scientific literature. Figure 1.1B
illustrates the PubMed literature search results of “boron” in the publication title and “drug” in the
text, showing a steep escalation in usage starting in the 1990’s. Boronic acids as drugs are
becoming increasingly relevant. In fact, four boron-containing drugs have been approved in the

past five years, (Bortezomib as approved in 2005), with several others in clinical trials.
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Figure 1.1. PubMed search results of the terms “boron” (A) and “boron” + “drug” (B)

Despite the use of boronic acids in diagnostic tools,®’ Boron Neutron Capture Therapy
(BNCT) radiation treatment,® bioconjugation,'® materials,!' and catalysis,'? among others, our
focus in this review is on small molecule drugs and potential drugs containing boronic acids and
esters and their associated design and therapeutic application. Reasons for incorporation of boronic
acids into drug discovery endeavours vary, ranging from improvement of drug activity to
enhancement of pharmacokinetic properties. The discovery process of boronic acids also depends
on the approach, such as substrate mimicry or peptidomimetics design, rational design via
computational methods, or use as bioisosteres to substitute for certain functional groups.

This chapter outlines the rationalization of boronic acid use and associated discovery
processes, including incorporation of boronic acid moieties into bioactive compounds. While we
do include a diverse scope of boron-based drug applications, this review in no means covers the
vast span of boronic drug discovery (See Figure 1.1), but instead provides examples of progress
made so far in pharmaceutical applications of boronic acids, along with a few examinations of the

rationale behind inclusion of boronic acids.
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1.3  Occurrence of boron in nature
1.3.1 Boron in bacteria

Boromycin (Figure 1.2), isolated from a Streptomyces antibioticus strain in African soil, was
the first ever natural product found to contain boron.!? Since then, this macrolide has been studied
for its therapeutic properties. One study reported nanomolar potency against several HIV-infected
cell lines.'* Boromycin was also studied for its potent antibacterial activity against several strains,
including Mycobacterium tuberculosis."> A related macrolide, Aplasmomycin, isolated from
Streptomyces griseus and named for its antiplasmodial activity, was discovered about 10 years
later and has a structure similar to that of Boromycin'® (Figure 1.2). In these two natural products,

boron has a structural role, inducing the folding of the polyols into compact structures.

Boromycin Aplasmomycin

Figure 1.2. Boron in bacterial-derived antibacterials

These two bacterial compounds were both recently found to inhibit a biomolecular pathway in
Helicobacter pylori, bacteria implicated in stomach cancer.!” Derivatives of these two
antibacterials (not shown), including Aplasmomycin B and C and N-acetylboromycin, also occur
naturally and have also exhibited antibacterial activity. For a more comprehensive review of these

natural boron-containing macrolides, see Dembitsky et al.'®

1.3.2 Boron in plants
Boron is vital to plants and algae. In fact, boron deficiency in plants is detrimental to survival

and often leads to plant death.! Similarly to the natural products described above, it is known to
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form complexes with polysaccharide moieties — through interactions with diols — in the plant cell
wall membrane and is therefore essential for structural integrity.! The mechanism is not fully
understood, but one study of tobacco plants revealed that boron-deficient plants contained more
reactive oxygen species (ROS) than control plants. The researchers hypothesize the ROS levels
build up as a signalling mechanism when there is a disturbance in the structural integrity of the
cell wall as a result of boron loss.!” Although cell wall assembly seems to be its major role, boron
is also known to be essential in several other plant biomechanisms, such as nitrogen fixation and

plant metabolism.?

1.3.3 Importance in mammalian systems

Although the full extent of boron’s roles in mammalian biological systems is not completely
understood, several studies link boron to various mammalian biomechanisms. In fact, the World
Health Organization (WHO) declares boron as a “probably essential element” for humans.?°

Boron is suggested to be important in mammalian bone health and is present in higher
concentrations in bones than in other tissues.?’ A study conducted by Gorustovich et al. aimed to
determine the effect of boron-deficient diets on dental bone modelling and remodelling. It was
found that boron-deficient diets inhibited bone formation when compared to boron-supplemented
control diets, although the mechanism was not elucidated. These results were consistent with
earlier discoveries that boron deprivation in rats led to decreased bone volume in vertebral
development.?! Another study employing mice with diabetes-induced osteoporosis showed that
boron supplements improved bone strength and overall health in not only the diabetic mice, but
also in the control group. These results were consistent with other animal studies, and suggest that
boron supplementation may be beneficial for bone strength.* However, further studies would need
to be conducted to demonstrate parallel effects in humans.

Boric acid treatment even advances wound healing. A preliminary study revealed that
treatment with 3% boric acid solution on intensive care patients with deep wounds resulted in
transfer to normal care three times as quickly as patients receiving standard treatments.?? Another
in vivo study of boron delivered in the form of a boric acid solution showed upregulation of
synthesis of extracellular matrix proteins responsible for tissue reparation, although further studies

are needed to determine the mechanisms of these observations.?
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Several studies have shown that vitamin D deficiencies are compensated by boron
supplementation. One study involved boron supplementation in the vitamin-D-adequate or -
inadequate diets of chickens. It was found that addition of boron improved overall chicken health
(mineral levels, body weight, food consumption, etc.) in both the vitamin-D-inadequate and
control groups, though the increase was greater in the vitamin-D-inadequate group.?* This study,
along with other studies relating dietary boron to vitamin D levels, led to one group hypothesizing
that boron's potential mechanism involves inhibition of an enzyme involved in metabolism of
vitamin D to an inactive form.>

Even from the few above studies, it is clear that boron is implicated in several mammalian
biomechanisms. For more comprehensive reviews on boron in biological systems, see Uluisik ef

al®

1.4 Scope of boronic acid drugs
1.4.1 Approved boron-containing drugs

So far, five approved drugs exist on the market that contain boron (Figure 1.3). The first to be
approved was Bortezomib, marketed under the name Velcade®, approved by the U.S. FDA in
2005%% and by Health Canada in 2008’ for the treatment of multiple myeloma. The structure was
originally discovered through the study of substrate mimics in the form of peptidic aldehydes,
which, through co-crystallization with the target were found to bind covalently to the nucleophilic
threonine residue. However, as aldehydes are unsuitable for further drug development studies,
boronic acid analogs were tested and showed high potency.?®?° Although several proposed
mechanisms of anti-cancer activities have been reported, its major mechanism of action involves
the ubiquitination pathway of protein degradation; Bortezomib is a proteasome inhibitor, blocking
the degradation of apoptotic proteins in tumour cells.’*® Through co-crystallization studies, it is
suggested to act as a reversible covalent inhibitor, blocking the action of nucleophilic threonine
residues in the active sites of the proteasome.’!

Ninlaro®, or Ixazomib, similarly to Bortezomib, was approved by the FDA in 20152 and by
Health Canada in 2016 for treatment of multiple myeloma®* and is a second generation
proteasome inhibitor.>* It is the first oral proteasome inhibitor,*? as Velcade® (Bortezomib) is
currently administered as weekly injections.?® Ixazomib was discovered from a screening of boron-

containing proteasome inhibitors with improved pharmacokinetic properties over Bortezomib. Its
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mechanism of action was found to be nearly identical to that of Bortezomib (See Section 1.5.2),
yet it was found to be more potent, less prone to inducing adverse side effects (higher specificity),
and even to treat certain patients whose tumours have developed resistance to Bortezomib.>*
Although approved, Ixazomib is also under clinical trials as part of combination therapies to treat

multiple myeloma.>*3°
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Vabomere™ (Vaborbactam)

Figure 1.3. Approved boron-containing drugs

Kerydin®, or Tavaborole, received global approval®® by the U.S. FDA in 2014 to treat
onychomycosis, a fungal infection.’’ Its structure was originally discovered through structure-
activity relationship (SAR) studies of a similar anti-bacterial borinic ester. Upon testing against
several types of fungi, it was found to have broad-spectrum antifungal activity.>*=* Tavaborole’s
mechanism of action is believed to involve the inhibition of fungal Leucyl-tRNA synthetase,
preventing protein synthesis and thus fungal growth, and is three orders of magnitude more
selective for fungal Leucyl-tRNA synthetase than the human equivalent. The necessity of the
boron-containing moiety was confirmed by 50-fold loss of inhibitory activity upon testing

analogues that substituted boron for carbon.*
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Eucrisa™, or Crisaborole, was approved in 2016 by the U.S. FDA*! and by Health Canada in
2018 to treat mild to moderate eczema.*? It was discovered by the same research group as that who
discovered Tavaborole through a screening of a boron-containing compound library against
phosphodiesterase 4 (PDE4) and cytokine release factors, both implicated in anti-inflammatory
response pathways.**

Vabomere™ is a combination drug (Figure 1.3 includes only the boronic acid component)
approved by the U.S. FDA* and Health Canada in 2017* to treat bacterial infections.*® It includes
Vaborbactam, a [B-lactamase inhibitor, and Meropenem, an inhibitor of bacterial cell-wall
synthesis. Although Vaborbactam is not an antibacterial itself, it is administered in combination
with the carbapenem Meropenem to prevent its hydrolysis by p-lactamases.*’ In terms of its
discovery, boronic acids were already known to be potent B-lactamase inhibitors through their
reversible covalent bond with catalytic serine residues.*® Vaborbactam was therefore designed by
structure-based modifications of various known active analogues. It was intended to be a reversible
covalent inhibitor, and crystallography studies confirm its covalent complexation with the catalytic
serine (pdb: 4XUZ).* Furthermore, the researchers successfully induced selectivity over other
mammalian serine proteases through incorporation of a cyclic borinic acid, which would not fit in

the smaller active sites of native serine proteases with more flexible substrates.*

1.4.2 Boron-containing drugs under investigation

Although not yet approved, there are several boronic acid drugs under investigation in clinical
trials (Figure 1.4).

Dutogliptin®® is a dipeptidyl peptidase 4 (DPP4) inhibitor. It failed in Phase II clinical trials for
diabetes mellitus, but it is now under investigation in a combination therapy with granulocyte-
colony stimulating factor (G-CSF) to treat myocardial infarctions. While implicated in diabetes,
DPP4 is also responsible for degradation of factors responsible for recruiting stem cells for cardiac
muscle repair. A Phase II trial of co-administration of Dutogliptin with G-CSF, a stem cell
mobilizer,’! is currently underway.>?

Acoziborole, also referred to as SCYX-7158 or AN5568, is a parasite-inhibiting drug candidate
to treat Human African Trypanosomiasis (HAT),>* although neither its biological target nor its

mechanism of action is known.’* Current available HAT treatments are unfortunately quite
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cytotoxic and lack efficacy. Acoziborole, on the other hand, is safe, orally bioavailable, and has
the potential to be administered in one sole dose.” It is currently in Phase III trials.>
GSK3036656, another benzoxaborole compound, is a leucyl-tRNA synthetase inhibitor for
treatment of Tuberculosis infections;*® it was designed to be a reversibly covalent inhibitor that
binds to Ade76 of tRNA and prevents RNA synthesis.’” It’s structure is a modified version of
GSK2251052, or AN3365, which failed in Phase II due to development of resistance.’® An SAR
study produced GSK3036656, a potent inhibitor with favorable pharmacokinetic properties that
shows selectivity for bacterial leucyl-tRNA synthetase over the human homologue.’” This

compound is currently in Phase II studies for Tuberculosis.>
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Figure 1.4. Boron-containing drugs in clinical trials

Similar to the already-approved Crisaborole is AN2898, another phosphodiesterase 4 inhibitor

for the treatment of atopic dermatitis.’® Clinical trials are ongoing, but in a Phase II study, it was
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deemed to be safe and effective for treatment.®! As can be seen in Figure 1.3 and Figure 1.4, the
structures are nearly identical, save for one extra nitrile in AN2898’s side chain.

An antiviral compound, GSK2878175, has completed Phase 2 clinical trials®? as a combination
therapy targeting the Hepatitis C virus RNA polymerase NS5B enzyme. Its design stemmed from
optimizations of the metabolic profile of a failed clinical candidate. After several rounds of
structural modification, in vitro and in cellulo assays confirmed potent activity of GSK2878175,
and in vivo studies confirmed its superior pharmacokinetic profile.®’

Although not a synthetic drug, boric acid itself is currently in Phase II/III clinical trials as
BASIC (Boric Acid, Alternate Solution for Intravaginal Colonization), formulated as a cream to
treat bacterial vaginosis (BV).®* Separate Phase IV clinical trials are also ongoing, testing a boric
acid in combination with probiotics — as a combination capsule — to treat BV and candidiasis, or
yeast infection.®

While there are only a handful of boron-containing drugs currently in clinical trials, several
have been halted for various reasons. One example is AN3365, mentioned above. Currently,
however, studies of analogs are underway which have produced compounds that appear to evade
this resistance.®® Others include Talabostat (PT-100), a multi-target anti-cancer drug which failed
in Phase I11;%7 PHX 1766, an HCV protease inhibitor that failed in accelerated Phase I trials;*® and
Delanzomib, a proteasome inhibitor similar to Bortezomib and Ixazomib that failed in Phase I/II
trials due to limited efficacy.®’

Based on the frequency of boron drugs reaching Phase II clinical trials, it is likely there will

be further developments and more approvals in coming years.

1.4.3 Over-the-counter boron-containing drugs and supplements

As discussed earlier, elemental boron supplements have been used in many animal studies to
investigate the role of boron in mammalian systems. Although not approved by the Food and Drug
Administration, general safety has led to the sale of boron supplements as long as they are not
labeled as a treatment for any disease.”

Although it is undergoing clinical trials as a cream to treat BV,* boric acid solutions and
powders have been available over-the-counter for many years, such as for ophthalmic’' or

vaginal’? use, though its effectiveness is questionable.

10



Chapter 1

Calcium fructoborate (CF), sold under FruiteX-B®, is found naturally in fruits and vegetables
and is a complex of fructose with boronic acids (intracellular) or esters (extracellular).”® It is sold
as a supplement whose claims include improvement of bone and cardiovascular health. Although
these claims are not fully substantiated, a double-blind study on middle-aged adults with
osteoarthritis did conclude that CF led to improvement in quality of life of patients in the short-
term with a favourable prognosis for inflammation. The mechanism of action for this result is not
fully known, although in vitro studies reveal that CF is responsible for inhibiting the release of
proteins responsible for inflammation response (e.g. interleukins).” The claim of improvement in
cardiovascular health is still preliminary, although early clinical studies indicate that CF
significantly reduces levels of low-density lipoprotein and triglycerides while raising levels of
high-density lipoprotein, suggesting that CF may improve cardiovascular health.” Despite these

results, long-term studies and larger cohorts are necessary for more conclusive results.

1.4.4 Boron-containing compounds in drug discovery

Though they have yet to lead to approved drugs, there have been countless drug discovery
endeavours that have incorporated boron into the target molecules for a variety of therapeutic
purposes. The following sections highlight some medicinal chemistry applications of boronic acids

so far.

1.4.4.1 Anti-cancer boron-containing compounds

As described earlier, Bortezomib, or Velcade® (Figure 1.3), was the first boronic acid drug to
be approved by the U.S. FDA for the treatment of multiple myeloma,?® followed several years later
by Ixazomib, or Ninlaro® (Figure 1.3).3> These approvals have led to a surge of boronic acid drug
discovery. Furthermore, due to off-target effects and resistance development against Bortezomib,’
research continues into proteasome inhibitors, especially after the clinical failure of Delanzomib
(Figure 1.5).%° Han et al. recently conducted an SAR relationship study of urea-containing peptidic
compounds as proteasome inhibitors. From this study, they discovered compound 1.1 (Figure 1.5).
In in vitro assays, 1.1 exhibited sub-picomolar activity against the human 20S proteasome.
Furthermore, its activity against eleven human cancer cells lines was consistently in the nanomolar
range, and in vivo mice assays revealed that not only was its anti-tumour activity similar to that of

Bortezomib, but it also exhibited lower toxicity and more promising pharmacokinetic properties.
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Based on these promising results, this compound is currently in pre-clinical studies.”® More
recently, Lei ef al. have focused on the discovery of a proteasome inhibitor that would not only be
effective for multiple myeloma, but also triple-negative breast cancer. Through an SAR study of
Bortezomib and Ixazomib analogues, they discovered compound 1.2 (Figure 1.5), an unusual
eight-membered ring boronic ester pro-drug, which exhibited low nanomolar activities in vitro and
in cellulo similar to those of the two approved drugs. /n vivo assays against triple negative breast
cancer in mice also yielded promising results, including tumour necrosis. However, the

pharmacokinetics of 1.2 require lead optimization, as in vivo bioavailability is low.”’
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Figure 1.5. Examples of boronic acid compounds as anti-cancer therapeutics

In much more recent context, the dipeptidyl peptidase (DPP) family of serine proteases,
including DPP8 and DPP9, have been discovered to be involved in various biomechanisms in
cancer and associated immune response.’® Studies utilizing DPP8/9 inhibitor Talabostat (Figure
1.5), a drug that failed in Phase III as a non-selective DPP/FAP/POP inhibitor,” show that

inhibition leads to induction of cell death through several immune response mechanisms.”’
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However, results are still inconclusive, as Talabostat is non-selective and the extent of its
mechanisms of action is not fully known.”® DPP8 and DPP9 are very structurally similar to a
widely-studied homologous enzyme, DPP4, and many studies focused on inhibitors, mainly on
nitriles®® but some boronic acids (Gly-Boro-Pro and Ala-Boro-Pro, Figure 1.5),%! targeting DPP4
for diabetes treatment were tested on both DPP8 and DPP9 to determine selectivity. Similarly,
while there exist several FDA-approved DPP4 inhibitors (e.g. sitagliptin, saxagliptin),’> DPP4 has
more recently been discovered to be implicated in certain epithelial cancers. In fact, preliminary
studies have demonstrated that in patients with diabetes and colorectal or lung cancer, DPP4
inhibition is associated with greater overall survival,®® though further studies are required.
Additionally, recent accounts associate DPP4 inhibitor use with increased risk for pancreatic
cancer, although results so far are inconclusive, as longer-term studies are required.®*

Apart from the proteasome or DPP family, boronic acids in anti-cancer pursuits include
modifications of failed drug Combretastatin A-4 targeting tubulin assembly by Kong et al.,%° and
design of epidermal growth factor receptor (EGFR) tyrosine kinase (TK) inhibitors by Ban ef al.,

both design rationales explored in more detail later.3

1.4.4.2 Anti-viral boron-containing compounds
Viral proteases are also common biological targets of boron-based inhibitors, such as the NS3
protease of the hepatitis C virus (HCV). Though there exist approved drugs for the HCV NS3

serine protease,’’

research has gone into discovery of inhibitors that replace the a-ketoamide
moiety of approved drugs with boronic acid moieties, taking advantage of the catalytic serine in
the active site. For example, one group based at Anacor Pharmaceuticals has studied on modifying
telaprevir and boceprevir, both linear hexapeptides, with cyclic boronic acids (1.3, Figure 1.6),%
but eventually improvements in structure and a few additional HCV NS3 approved drugs
danoprevir and vaniprevir®’ led to studies of macrocylic drug structures (1.4, Figure 1.6).%” More
recent examples of viral NS3 protease inhibition with boronic acids include that of flaviviruses
such as dengue fever virus (DV) and Zika. One group in particular discovered modified dipeptides
(Phe-Arg) containing boronic acids as reversible covalent groups (1.5, Figure 1.6) that were over
one hundred times more active than the carboxylic acid derivatives.”

On a separate note, the human immunodeficiency virus (HIV) aspartic acid protease was

recently targeted with an aromatic boronic acid exhibiting subpicomolar activity (1.6, Figure 1.6),
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two orders of magnitude more potent than its previously-published carboxylic acid derivative
(Figure 1.11) and current HIV approved protease inhibitor, Darunavir.”! In a follow-up SAR study,
Ghosh et al.?* studied a set of analogues of Darunavir and this compound. Their study design and

rationale are discussed on more detail later, with similar studies.
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Figure 1.6. Examples of boronic acid compounds as antivirals

1.4.4.3 Other anti-infective boron-containing compounds

Boronic acids have been used quite widely in drug discovery studies targeting fungal, bacterial,
and parasitic infections. As discussed earlier, some boronic acid drugs have either been approved
(Figure 1.3) or are currently in clinical trials (Figure 1.4) for anti-fungal or anti-parasitic
therapeutics, all of which contain the boronic acid benzoxaborole structure. This scaffold was also
recently applied, again by Anacor Pharmaceuticals, to studies of the parasitic infection
cryptosporidiosis, yielding compound AN7973 (Figure 1.7A). This compound exhibited potent in
vitro and in vivo activities against infected mice and showed favourable pharmacokinetics. It is

currently in pre-clinical studies.
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Figure 1.7. Examples of bioactive boronic acid compounds (A) targeting non-viral infections

and (B) for other therapeutic applications

The bacterial enzyme B-lactamase has also been a target in boronic acid drug discovery, and is

the target of approved drug Vaborbactam (Figure 1.3).%°

One of the most potent B-lactamase
inhibitors reported to date was discovered through a fragment-guided in silico design (1.7, Figure
1.7A) and exhibited sub-nanomolar activity in vitro and promising results in vivo, though
pharmacokinetics need improvement.®* Nevertheless, drug discovery studies targeting B-lactamase

have continued due to increasing need to combat anti-bacterial resistance.”?

1.4.4.4 Other therapeutic applications of boron-containing compounds
Besides as anti-cancer and anti-infective therapeutics, boron drugs have a number of other

applications. In fact, one recent study discovered anti-Alzheimer’s compounds from modifying
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curcumin, a known amyloid-beta (AB) aggregation inhibitor, to contain a borinic acid moiety (1.8,
Figure 1.7B). After an SAR study, compound was found to not only be a potent AB aggregation
inhibitor on the same order as curcumin, but also exhibited good antioxidant activity, as oxidative
stress is associated with neurodegeneration.”

As previously discussed, the benzoxaborole scaffold has been applied over a large scope of
enzymes, including the phosphodiesterase 4 (PDE4) inhibitor*® Crisaborole, to treat mild to
moderate eczema.*! Autotaxin, a target also implicated in inflammation, as well as fibrosis and
cancer, has been targeted with boronic acid drugs, including the benzoxaborole scaffold® and
aromatic boronic acids.””*® Kralji¢ et al. have designed benzoxazole analogues (1.9, Figure 1.7B)
of recently-discovered hits that not only exhibited submicromolar potency against autotaxin, but
also very favourable pharmacokinetic properties,’® though further biological studies are needed to
confirm potency.

Recently, Larcher er al. discovered a series of bis-benzoxaboroles targeting carbonic
anhydrase, an enzyme implicated in several diseases, though isoform selectivity is difficult.”” They
found their linked bis-benzoxaborole inhibitors to be potent against the disease-implicated
carbonic anhydrases, while remaining selective over the human cytosolic form. Their most
promising compound, 1.10 (Figure 1.7B), contains two benzoxaboroles connected by an almost-

symmetrical seven-atom linker containing one stereocenter.!%

1.5 Design of boron in drugs

Reasons and rationalizations for inclusion of boron, namely in the form of boronic acids,
varies, as covered in Section 1.4 highlighting approved drugs and drugs in clinical trials. This
section focuses in more detail on the design and rationalization leading to incorporation of boronic

acids into drug discovery endeavours.
1.5.1 Boronic acids as bioisosteres

Boronic acids are ionically stable in physiological pH,'"! making them promising unionized

alternatives for ionized bioisosteres (Figure 1.8).
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Figure 1.8. pKa of boronic acid, carboxylic acid, and phosphate protons'®!-193

As a more specific example, boronic acids have been studied as bioisosteres of carboxylic
acids. Their structures are similar, but the boronic acid's higher pKa allows it to be unionized at
physiological pH.!%> Examples of this bioisostere application include studies by Albers et al.”’*
and Ghosh er al.”? A discussion detailing their design rationale follows.

Phosphates, while not as similar in structure to boronic acids as carboxylic acids, have also
been replaced with boronic acids to study nucleosides.!* For example, the Vasseur research group
has synthesized analogues of DNA nucleotides, replacing the phosphate group with a boronic acid
(Figure 1.9, A). Computational studies revealed that these boronucleotides were structurally very
similar to their native analogues.'® Furthermore, reaction with native ribonucleoside uridine gave
the corresponding dinucleotide through reaction of the boronic acid with diol of the RNA

nucleoside (Figure 1.9, B).!%
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Figure 1.9. Vasseur's boronucleotide analogues. (A) structure of the boronucleotide, replacing the
phosphate with a boronic acid;'* (B) reversible reaction of RNA's uridine with the boronucleotide

thymidine analogue'®
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For a more comprehensive review of boronic acids in nucleic acid chemistry, see a review from

the Vasseur research group.'%

1.5.1.1 Utilizing boronic acids for improvement of pharmacokinetic properties

Addition of boron or replacement of certain functional groups with a boron-containing group
affects the octanol-water partition coefficient (logP) and distribution coefficient (logD), which, in
turn, affects several pharmacokinetic properties.'?’

One example of utilizing a boronic acid as an isostere for a phenol group to improve solubility
was investigated by Kong et al.® In their study of analogs of Combretastatin A-4, an anti-cancer
agent halted in Phase II clinical trials,!*® they aimed to improve both the activity and solubility of
the compound without the use of a phosphate prodrug. Their replacement of an aromatic phenol
with an aromatic boronic acid (Figure 1.10) led to not only improved bioactivity, but a nearly two-
fold improvement in solubility in acidic media, suggesting the enhanced stability and solubility

upon oral administration.®
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Figure 1.10. Improved properties of upon utilizing the boronic acid group as an isostere for

(A) Combretastatin A-4*° and (B) Fulvestrant'®
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Another example of utilizing boron for improved bioavailability comes from Liu ef al. and
their research in the discovery of breast cancer selective estrogen receptor downregulators
(SERDs). The researchers aimed to improve the compound Fulvestrant,'% the only FDA-approved
SERD (Figure 1.10).!'° Wanting to overcome rapid glucuronidation of its phenol, the researchers
replaced the phenol group with an aromatic boronic acid. Not only did the activity of the boron
analogue remain nearly equipotent as Fulvestrant in cellulo against breast cancer cells, but it
displayed superior pharmacokinetic properties and was therefore more potent in vivo.'” More
specifically, incorporation of a boronic acid slowed down the clearance rate of Fulvestrant,
allowing for a slow release upon slower metabolic oxidation of the boronic acid to the phenol.
ZB716 is currently in pre-clinical development.'!! The same research group, continuing their
studies of SERDs, has since utilized the boronic acid moiety as an orally available bioisostere for

phenols in their discovery and development of other anti-breast cancer drugs.!'”

1.5.1.2 Utilizing boronic acids for improvement of drug activity

Boronic acids have been utilized as bioisosteres for several different functional groups,
including carboxylic acids as mentioned above. One example from Albers ef al. involves a study
in which the researchers replace a carboxylic acid with a boronic acid in aims to improve potency
of their hit autotaxin inhibitor.”’® Their rationale included knowledge of a threonine nucleophilic
residue; they realized that, while the carboxylic acid moiety could hydrogen bond to the
nucleophilic threonine, a boronic acid could act as an electrophile to block the enzyme’s activity

reversibly.?’
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Figure 1.11. Use of a boronic acid as an isostere for a carboxylic acid to improve anti-

autotaxin activity

In their studies of HIV protease inhibitors, Ghosh et al. discovered analogues of Darunavir
containing either carboxylic acids or boronic acids (Figure 1.11). Upon testing the inhibitors
against the enzyme itself, both series of compounds exhibited low-nanomolar potencies. When
tested against MT-2 cells, however, the boronic acids retained their potency, while the carboxylic
acids potency decreased by at least 2 orders of magnitude. This inactivity was attributed to the

inhibitors' presumed inability to cross the cell membranes, as their binding mode was very similar

97-98

and anti-HIV activity.*?

by X-ray crystallography (aside from their differing bicyclic side chains).’?
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1.5.2 Boronic acids as reversible covalent inhibitors

When used as an isostere for a carboxylic acid, boronic acids can be used in peptide mimics as
a reversible covalent group. In fact, most drug discovery studies depend on boron's ability to react
with a serine or cysteine residue in the active site of various protease enzymes. (For a much more
comprehensive review of boronic acids as inhibitors of proteases, see Smoum et al.!'? For a review
on covalent inhibitors, see De Cesco et al.''®) Figure 1.12 outlines the general reaction of three
reversibly covalent warheads in a serine protease, as compared to the natural peptide substrate.
Unlike the weakly electrophilic nitrile C, the aldehyde and boronic acid reactions B and D result
in a tetrahedral intermediate that mimics that of the substrate reaction A, which likely explains

their higher potencies and longer residence time in the active sites serine proteases.!!*
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Figure 1.12. Comparison of various reversibly covalent warheads (B-C) to a peptidase-
substrate reaction (A), using the example of serine proteases.!!* The serine proton is either
transferred to the electrophile or the basic residue of the catalytic triad, depending on the enzyme’s

mechanism. Figure adapted from Plescia et al.''*

Nevertheless, although aldehydes are ubiquitous in nature, their high reactivities cause
oxidative stress in humans and lead to cytotoxic, mutagenic, and carcinogenic effects, among
others.!'> Boronic acids, on the other hand, are generally considered safe® and are therefore
preferred over aldehydes for drug development.

Figure 1.13 shows the mechanism of the reversible covalent bond formation between a

catalytic nucleophilic residue and the electrophilic boronic acid.
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Figure 1.13. Generic reversible mechanism of a catalytic serine residue attacking an

electrophilic boronic acid, including stabilization by a tyrosine residue.

One study takes advantage of this transition state mimic in their SAR studies to target j3-
lactamases. Instead of the irreversibly-binding B-lactam group, the researchers incorporated a
reversibly covalent boronic acid (Figure 1.14), achieving submicromolar and nanomolar

potencies. !
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Figure 1.14. Transition-state mimics in the discovery of B-lactamase inhibitors. (A) irreversible
reaction of B-lactamase cleaving cephalothin; (B) reversible reaction of boronic acid inhibitor 1.13.

Figure adapted from Rojas et al.!'®
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Vaborbactam (Figure 1.3), as discussed earlier, was designed to be a serine protease inhibitor
of B-lactamases to complex with the catalytic serine residue.** Figure 1.15 shows the crystal

structure of B-lactamase CTX-M-15 covalently complexed with Vaborbactam.

Figure 1.15. Vaborbactam complexed into the active site of B-lactamase CTX-M-15.
Vaborbactam in teal; CTX-M-15 in gray; nucleophilic serine highlighted (green) (pdb: 4XUZ).%

In another study by Ban et al.,*® mentioned earlier, the researchers designed several boronic
acid analogues of EGFR TK inhibitors that originally contained Michael acceptors acting as

irreversible inhibitors. A few are featured in Figure 1.16, but boronic ester analogues of each were

also synthesized.
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Figure 1.16. Modification of EGFR TK inhibitor to replace the acrylamide Michael acceptor group
with the boronic acid moiety.*
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The intention was to target the active site's cysteine residue without needing an irreversible
inhibitor. Upon in vitro and in cellulo testing, it was found that (1) the boronic acids were slightly
more potent than their boronic ester derivatives; (2) the boronic acids 1.14.1 and 1.14.3 exhibited
submicromolar activity against EGFR TK without inhibiting other human kinases (1.14.2's linker
was deemed too short upon low inhibitory activity); and (3) 1.14.3 continued to inhibit EGFR
activity even after five-hour incubation.?® The boronic acid therefore remained bound to the
cysteine residue in a pseudo-irreversible manner without the risks of suicide inhibitors.

In our research, we have found that the replacement of nitriles in our compounds have
increased both potency'!” and residence time in the active site of the enzyme prolyl oligopeptidase
(POP).!'* Figure 1.17A shows two of our inhibitors differing only in their electrophiles. The
boronic ester derivative exhibits nanomolar activity, while the nitrile it replaced exhibited double
digit micromolar activity. Figure 1.17B shows two other compounds by Jansen et al.!'® exhibiting

inhibition against POP and an homologous enzyme fibroblast activation protein o (FAP). Potency

increased by an order of magnitude upon replacement of the nitrile with the boronic acid.
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Figure 1.17. Inhibitors showing increased potency by replacing the nitrile electrophile with a
boronic ester/acid. (A) Our group’s designed POP inhibitors!!” (B) Two POP-FAP inhibitors by

Jansen et al.''8
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Unfortunately, as discussed in a recent review from our group, current docking programs do
not account for reactivity of an electrophile nor for the kinetics of the binding/dissociation

(residence time).'!® For example, our own covalent docking program, FITTED,!!-12!

gives identical
predicted poses for both 1.15 and 1.16 (Figure 1.18), yet the in vitro activities of these compounds

differ by three orders of magnitude.

Figure 1.18. Boronic acid and nitrile inhibitors displaying identical docking poses. (A) 1.15 (teal)

docked to POP (gray); (B) 1.16 (teal), hydrolyzed, docked to POP (gray). Compounds from Plescia

i 117 119-121

eta and are docked using FITTED.

Bortezomib (Figure 1.3), as previously discussed, was designed to be a reversible covalent
inhibitor. Several peptide analogs containing various covalent groups, including aldehydes, were
probed against the tumour proteasome, though boronic acids were the only functional group that
were suitable for further pre-clinical studies. Figure 1.19A shows Bortezomib co-crystallized to

the human 208 proteasome complex (pdb code SLF3).!%2
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Figure 1.19. Bortezomib and Ixazomib co-crystallized with the human 20S proteasome complex.
(A) Bortezomib (teal) (pdb code SLF3) and (B) Ixazomib (teal) (pdb code SLF7) complexed to the
protein (gray), with the nucleophilic threonine highlighted (green)'?*

Ixazomib (Figure 1.3), whose structure is very similar to Bortezomib, was discovered several
years after Bortezomib’s approval, as discussed earlier. It’s mechanism of action is similar to that
of Bortezomib: it inhibits the catalytic threonine in the active site of the 20S proteasome. Figure
1.19B shows Ixazomib crystallized in the active site.

Talabostat, or Val-Boro-Pro (Figure 1.20), is a dipeptidic boronic acid dipeptidyl peptidase
(DPP) inhibitor.!?® It was marketed as a multi-target drug that inhibited cancer-implicated
homologous serine proteases FAP, DPP4, DPP8, and DPP9. Its mechanism of action involved
activation of innate immune response against tumours through its dipeptidyl peptidase
inhibition.!?* Talabostat was discovered during a study of DPP family inhibition. Because DPP
enzymes cleave terminal dipeptides with Xaa-Pro (i.e. any amino acid adjacent to proline)
sequences from their substrates, the researchers tested a number of Xaa-Pro analogs in which the
proline was substituted with boroPro, or a boronic acid in place of the carboxylic acid!* to bind
to the catalytic serine.!?’

Ultimately, inefficacy lead to its failure at Phase I11.1°!

Although not confirmed, it is believed
to have failed due to in vivo cyclization to its inactive form via the free amine reacting

intramolecularly with the boronic acid moiety'?® (Figure 1.20).
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Figure 1.20. Cyclization of Talabostat at physiological and basic pH. Adapted from Kelly et al.!?®

It is speculated that Talabostat failure was also due to lack of patient tolerance at doses high
enough for anti-tumoral activity, due to partial toxicity.'?” This compound continues to be studied,
however, and more recently, it was used to crystallize DPP8!2% and is the first ligand-bound crystal
structure of this enzyme available on the Protein Data Bank. Figure 1.21 shows this crystal
structure with Talabostat bound to the catalytic serine in the active site, confirming its covalent

inhibition.

—\

Figure 1.21. Talabostat co-crystallized with DPP 8. Talabostat in teal, DPP8 in gray, with the

nucleophilic serine highlighted in green. (pdb: 6HP8)'?®

In general, reversible covalent inhibition is a promising approach in drug discovery, as outlined
in a recent review out of our group.'!® Its use in medicinal chemistry endeavours is on the rise, as

seen in Figure 1.22.
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Figure 1.22. PubMed search results of the terms “reversible covalent.”

Following the approval of Bortezomib and Ixazomib, discovery and development of reversible
covalent boronic acid drugs has become more commonplace and is expected to lead to more

approved drugs in coming years.

1.5.3 Boronic acids and esters as prodrugs

Boronic acids have been used as anti-cancer pro-drugs. Several groups have taken advantage
of elevated levels of reactive oxygen species (e.g. H202) in certain cancer cells and resultant drug
oxidation to synthesize prodrugs that release the active species upon oxidation. Lin ef al. studied
boronic acid substituted Camptothecin B1 as a prodrug for neoplastic drug SN-38.'% Taking
advantage of elevated levels of reactive oxygen species (ROS) hydrogen peroxide in cancer
cells,'? the group used a boronic acid that would be oxidized to the hydroxylated SN-38 (Figure
1.23).

H,0,

SN-38

Figure 1.23. Oxidation of pro-drug B1 to SN-38 by intracellular reactive oxygen species hydrogen

peroxide %
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Upon adding to cell media, the researchers measured that nearly 60% of B1 was converted to
SN-38 after 48 hour incubation. Upon testing against several cancer cell lines, they found that even
with this structural change, B1 exhibited comparable or greater cytotoxicity than SN-38 and was
actually a greater inhibitor of their target enzyme, DNA Topoisomerase 1.!% Using a boronic acid
analogue, they were able to successfully design a prodrug that is not only active on its own, but
releases its chemotherapeutic drug in vivo.

Another example utilizes a boronic acid-containing extension to active drug Belinostat and
involves a more complex prodrug release. In their quest to improve bioavailability and
biocompatibility of Belinostat , they included boronic acid moieties, giving prodrugs 1.19 and
1.20 (Figure 1.24). Upon in cellulo testing of the active compound and both prodrugs, it was found
that prodrug 1.19 exhibited activity three to five times less than that of Belinostat, but, more
surprisingly, that prodrug 1.20 was weaker than prodrug 1.19 by an order of magnitude, and in one

case, was 30 times less potent.'*!

1.19

L8 gy &
\ 7/ 1
.S At C ICs0 HelLa cells = 0.273 uM
' % in vivo TGI = 85.4%

Belinostat
IC5q HelLa cells = 0.087 uyM
invivo TGl =77.7%

1.20
IC5q Hela cells = 8.32 yM

Figure 1.24. Comparison of drug and boronic prodrug activities. TGI = tumour growth inhibition.

Figure adapted from Zheng et al.'™!

To explain this large difference in activity between the prodrugs 1.19 and 1.20, the authors
proposed a mechanism to determine the means by which the active compound Belinostat is

released (Figure 1.25). Upon assumed oxidation by H>O> present in the cells, only prodrug 1.19 is
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able to undergo a mechanism to release the resultant phenolic moiety and a para-quinone; prodrug
1.20 rests as a phenolic intermediate. The inability of prodrug 1.20 to release the active form of
the drug likely explains its decreased activity in cellulo. When Belinostat and prodrug 1.19 were
tested in mice, however, the in vivo efficacy of tumour growth inhibition (TGI) of 1.19 was
significantly greater, contradicting in cellulo data. Tissue analysis found that 1.19 released
Belinostat , but amounts of boronic acid 1.21 remained, potentially contributing to slower release

and therefore higher efficacy.'’!

O) OH

S ot

)
-~ OH
0]

Belinostat

0]
4! (
R Bpin H,0,,
1.20 P450 [O]
i [
hydrolysis R “ NG @ H

o 1202 ©\ ?\\s/p N
“ O on  P450[O] N \©/\)\
NN B
OH
1.22

Py
]

Figure 1.25. Proposed mechanism of oxidation of boronic ester prodrug and subsequent release

of drug. Figure from Zheng et al.'*! pin refers to the pinacol protecting group
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Our group has used boronic esters as prodrugs for their corresponding boronic acids. The basic
buffer used in our assays hydrolyzed the (+)-pinanediol-protected boronic ester 1.23 (Figure
1.26A) to the respective free boronic acid within 20 minutes based on mass spectroscopy analysis
(Figure 1.26B).!'* 7 This study’s results allow for a much more diverse scope of potential drugs
in future medicinal chemistry endeavours: harsh conditions normally used to cleave boronic esters
to free boronic acids (strong acid, BBr3/BCls, fluoride, etc.) normally affect other sensitive
functional groups, such as methoxy esters or Boc- or Cbz-protected amines. Using a buffer-
sensitive boronic ester allows for inclusion of many more functional groups that contribute to

potency of potential drugs.

@ N Relative abundance of
N boronic ester and acid 5a/b

(e} 100+ ..-.". " L] e Ester
o N buffer, pH 8 o . . Add

g 07 °N 8 "

HO § 1
Cl) B -E a0
=

OtB
‘OH R
H 20 R

1.23 1.24 "0 10 20 30 40 50 60
POP K;=22+5nM time (min)

Figure 1.26. Hydrolysis of a boronic ester prodrug (A) Buffer-mediated hydrolysis of compound
1.23 to the active species 1.24; BCls-sensitive carbons highlighted in blue; (B) Mass spectroscopy

study of the boronic ester hydrolysis. Figure adapted from Plescia et al.''*

In fact, in our own synthetic efforts, the harsh conditions attempted to hydrolyze 1.23 resulted
in (1) premature precipitation of the starting material in strongly acidic media during attempted
transesterification of the (+)-pinanediol auxiliary and (2) mixtures of debenzylated products upon
utilizing BCl3 to remove the (+)-pinanediol protecting group. Testing the boronic ester directly
allowed us to obtain a very potent compound without having to sacrifice the study of a boron-
based drug.!'!*

Ninlaro®, or Ixazomib, is formulated as a prodrug so as to ensure oral bioavailability. The
boronic acid is complexed with a citrate molecule to form a citrate ester, which is cleaved under

aqueous physiological conditions to give the active form Ixazomib (Figure 1.27).3*
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Figure 1.27. Hydrolysis of prodrug Ixazomib Citrate to Ixazomib

From these examples, it is clear that not only can a boronic acid or ester be a prodrug to release
the desired chemical species in vivo, but a boronic ester can also be utilized to release the desired
boronic acid drug. For a more comprehensive review of boronic acids and esters as prodrugs, see

Cadahia et al.'*?

1.5.4 Using computational methods

Certain discoveries of bioactive boronic acid compounds originated with predictive
computational methods. In one case, the Shoichet and Taunton research groups designed a virtual
screening protocol to discover boronic acid inhibitors of AmpC B-lactamase. The researchers
screened a virtual library of 23,000 commercially available boronic acids. They then selected
several ligands that scored in the top two percent and tested them both in vitro and against several
cell lines. Several hits were obtained, and one in particular (7, Figure 1.28 A, B) exhibited in vitro
potency of 10 nM and was potent against cells when administered with Cefotaxime.!?

A different approach to the discovery of AmpC B-lactamase inhibitors was taken by Eidam et
al. and used fragment-based in silico hit optimization.”* Following previous studies of the Shoichet
lab which used molecular docking to determine the best fragments for the enzyme active site,'**
Eidam et al. superposed docked fragments with their hit molecule to determine the most promising
side chain modifications. Through several rounds, they were able to modify their hit to improve
the in vitro activity by two orders of magnitude into sub-nanomolar potency (Figure 1.28C, D) and

achieve potency in cellulo and in vivo upon testing in combination with Ceftazidime.**
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Figure 1.28. Computational methods for boronic acid drug discovery. (A) boronic acid hit 1.25
discovered by virtual screening; (B) crystal structure of hit 1.25 (yellow, green electron map)
superposed over its predicted binding pose (magenta) to AmpC B-lactamase; (A and B from
London et al.'**) (C) hit 1.26 for optimization with one fragment 1.27 used in the in silico design,
giving resultant hit 1.7;’* (D) docking prediction of fragment 1.27 superposed to docking
prediction of 1.17 (D from Eidam et al.**)

Although many research groups do not use computational methods to design their target
compounds, countless studies involve using molecular docking to rationalize differences in

inhibitor activity to improve their compounds for future work.

1.6 Boronic acids in delivery systems

Apart from inclusion of boronic acids in bioactive compounds, boronic acids' ability to bind to
diols (e.g. sugars) on the extracellular domain has been exploited in studies aiming to improve
cellular uptake of liposomes and macromolecules; boronic and borinic acids have been conjugated
to more complex molecular systems for the purpose of macromolecule delivery, such as increased

uptake of gene-delivery complexes,'® transport of proteins,'*® and cellular uptake of liposomes. !’
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In one example, Yadav et al. observed uptake issues of genetic material containing terminal
polyethylenimines (PEIs). Reaction of these PEIs with 4-bromobutylboronic acid yielded tertiary

amines with terminal boronic acids (Scheme 1.1). These modifications increased uptake of the

plasmids without compromising structural integrity of the carrier nor cell viability,'** as the
boronic acids' high pKa allows for uncharged interaction with the membrane.
Scheme 1.1. Reaction of polyethylenimines with 4-bromobutylboronic acid, from Yadav et al.'®
(I)H
»0
N B "By TR
\[N/\/ ]\ ~UN OH
H n MeOH, 50°C, 24h N )

Boro-PEI

Another research group aimed to facilitate cell entry of liposomes by incorporating boronic
acids on the surface. They began with the design of an aminoglycerolipid conjugated to an aromatic
boronic acid (Figure 1.29, A and B). Through a series of fluorescent experiments using rhodamine-
labeled phosphatidylethanolamine (Rd-PE), they determined that liposomes with 10% boronic
acid-conjugated lipid content entered the cells, while control liposomes did not.'*’

One group has incorporated benzoxaboroles into delivery vehicles for the transport of proteins
over mammalian bilayers (Figure 1.29, C and D). They designed a delivery vehicle with
benzoxaborole conjugated to o-hydroxydihydrocinnamic acid derivative trimethyl lock (TML),
which would in turn be conjugated to green fluorescent protein (GFP), a fluorescent protein unable
to traverse the lipid bilayer. A series of experiments and control experiments led to the conclusions
that (1) benzoxaborole was aiding in the uptake of the GFP; (2) the uptake was proceeding through
an endosomal pathway; and (3) the labeling was stable but ultimately reversible, leading to the

release of the delivered target protein in the cells.!¥
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Figure 1.29. Boronic acids in delivery systems. (A) Close-up schematic diagram of a liposome's
terminal boronic acids interacting with carbohydrates on the extracellular domain of the cellular
membrane lipid bilayer; (B) Schematic diagram depicting uptake of boronic acid-coated
liposomes; PC = phosphatidylcholine, BAL = boronic acid-coated liposomes, Rd-PE =rhodamine-
labeled phosphatidylethanolamine; (C) (D); Figures A and B from Zhang et al.;'*” Figures C and

D from Andersen et al.'3°

Although there exist many other applications of boron in delivery systems, such as advanced

nanomaterials and usage in radiation therapy, they are beyond the scope of this review.

1.7  Synthesis of boronic acid drugs

Access to all of these drugs and potential drugs would not be possible without efficient
synthetic methodologies. To obtain the final boronic acids, prodrugs are usually synthesized first,
as boronic acids are difficult to purify and to carry through multiple steps. Boronic acid synthesis
varies depending on surrounding functional groups, whether it is to be aromatic or aliphatic, and
if applicable, the desired stereochemistry of the final product. Furthermore, in the synthesis of
boropeptides, such as Delanzomib, the process synthesis is not so different from the discovery

synthesis.!*® Similar methodologies allow for more efficient development.
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1.7.1 Synthesis of a-aminoboronates

One of the more popular a-aminoboronic ester derivatives is the proline-derived analog. As
discussed earlier, medicinal chemistry endeavours targeting certain families of peptidases have
relied heavily on the use of this chiral boronic analogue of proline (Figure 1.30, 1.29).

The increased use of a-amino boronic acids in the discovery of inhibitors of this family of
serine proteases has led to the increased commercial availability of prepared and enantiopure (+)-
pinanediol-protected a-amino boronic ester analogs of many amino acids, such as the very
commonly used isoleucine, used in the synthesis of Bortezomib'* and Ixazomib, and proline, used

in the synthesis of Talabostat.!*

>/>_ o) \ H
B/ /O
EalCrs 36
3
o N O
OCOCF; Cl Hy
1.28 1.29
iso-Leucine boronic ester Proline boronic ester

Figure 1.30. Commercially available enantiopure boronic (+)-pinanediol esters.!*

The Ellman group at Yale has developed syntheses of highly enantiopure a-amino boronic

esters using their own Ellman chiral auxiliary to synthesize diastereopure (R)- or (S)-tert-butyl-

sulfinylimines.'4!-142

CuS0, (1.2 mol %)
PCy3*HBF, (1.2 mol %)

BnNH, (5.0 mol %) >‘, H (R)
B2pinz (2.0 equiv) Y
L Ne i (R) A
S oo

1 (R) 5:1 toluene-H,0, rt, 24h 0
(0]

> 95:5 dr %
(ICy)CuO-tBu /

benzene, rt, 22h
97:3 dr

Figure 1.31. Ellman syntheses of diastereopure sulfinylimines'*!-'4?
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In fact, the Ellman group’s research sparked interest in synthetic development of chiral 1.29

for the synthesis of boro-peptide inhibitors (Scheme 1.2), as performed by Chen et al.'*

Scheme 1.2. Synthesis of enantiopure 1.29 via the Ellman borylation.?
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Bpnd

4a) Cul (10 mol%), Cs2CO3 (10 mol%), L (10 mol%), B2pnd>* (1 eq), benzene, rt, 48h; b)
NaOrBu, DMF, rt, 6h; ¢) HCI, dioxane-MeOH, rt, 30 mins. *pnd refers to (+)-pinanediol protecting

group'®

In our own chemistry, we have found that the a-amino boronic pinacol esters are very difficult
to purify and consequently difficult to carry through multiple steps, as they react with SiOz in flash
chromatography columns and therefore require used of HoO-deactivated SiO», as reported by the
Ellman group.'*! However, application of a transesterification with (+)- or (-)-pinanediol as
reported by the Matteson group'** (Figure 1.32) gives diastereopure boronic esters that are more

easily purified on a silica gel column.

H
HO ‘ HO OH
HO ﬂ
H
Cl 0 \\ j Cl o}
/ /
: e
\ \
f © I>< °
1.30

1.31

Figure 1.32. Matteson conversion of boronic pinacol ester to (+)-pinanediol ester via

transesterification
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1.7.2 Aromatic boronic esters and acids

The synthesis of aryl boronic esters and acids is well-established, such as in synthesis of
starting material for the Suzuki cross-coupling reaction, one of the most widely used coupling
reactions in medicinal chemistry. The Miyaura reaction allows for the facile synthesis of these
boronic esters (Figure 1.33).!% Furthermore, purification is much simpler than that of the o-

aminoboronic ester derivatives, as they can be purified by flash chromatography on normal phase

N X base, B,pin,, Pd-ligand 9/?
R > B

solvent. D R—:

silica.

Figure 1.33. The Miyaura reaction'#’

Many aromatic boronic acids are available commercially (e.g. from Sigma-Aldrich,'
BoroChem,'*” or Combi-Blocks!#’) either as building blocks or as known bioactive compounds
for testing.

With this chemistry, the discovery of drugs containing this aromatic boronic ester group can
be facilitated with in silico combinatorial chemistry studies; aryl halides can be virtually converted

to aryl boronic acids to generate large libraries for virtual screening.!>?

1.7.3 Other aliphatic boronic acids

Already well known and studied is the addition of bis(pinacolato)diboron, or Bpins to a,f3-
unsaturated compounds (Figure 1.34). Usually, reactions involve a metal catalyst for activation of
the boron and a base for assisting in heterolytic cleavage of the B-B bond. For a comprehensive

review of various conditions and associated mechanisms of addition, see Lillo e al.'*

/\)OJ\ B,pin,, base, ML, j_(&
\ o \B/ O
R1 Rz solvent )\)J\

Figure 1.34. Addition of boron to a,B-unsaturated compounds

38



Chapter 1

The Baran lab recently discovered a nickel-catalyzed decarboxylative borylation method
applicable to a variety of aliphatic carboxylic acids. Their method involves simple preparation of
metal- and ligand-containing suspensions, quick reaction times, and high yields. Although not
completely stereo-selective, diastereoselectivity can be improved with lower reaction temperatures
and steric control.!* Their research sparked several other decarboxylative-borylation procedures,
including a modified, transition metal-free procedure using blue light as a radical initiator,'*° an
iridium- and visible light catalyzed procedure,'>! and another Baran procedure copper-catalyzed

reaction.!>? A summary of these decarboxylative borylations can be found in Figure 1.35.

NiCl,*6H,0 (10 mol%)
bipy ligand (13 mol%)
MgBr,°OEt, (15 eq)
[B,pin, (3.3 eq)—MelLi (3 eq)]
pre-complexed
THF/DMF, 0°C—rt, 2h

R O 1) B,cat, (1.25 eq), blue LED
\ DMAc, rt, 14h Q
R)\[‘( ~
o}

2) pinacol, Et;N R'\(B o

Cu(acac), (30 mol%)
LiOH*H,0 (15 eq)
MgCl, (1.5 eq)
B,pin, (3 eq)
dioxane/DMF, rt, 10 min

Figure 1.35. Decarboxylative borylations!#-152

Baran’s nickel chloride method was applied to a small library of various aliphatic carboxylic
acids, including several natural products and known bioactive compounds. In fact, decarboxylative
borylation was conducted to obtain known compounds 1.32 and 1.33, bioactive against human
neutrophil elastase (HNE) implicated in cystic fibrosis (CF) (Figure 1.36). This new synthesis,
including a deprotection step, allowed for efficient preparation and gave a single diastereomer.
Furthermore, the boronic acid analog of the original trifluoromethyl ketone hit exhibited a potency

increase of three orders of magnitude.'®
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Figure 1.36. Compounds active against human neutrophil elastase (HNE) implicated in cystic

fibrosis (CF); Compound 1.32 synthesized with Baran’s decarboxylative deborylation.'*

While we have highlighted here only a few of the more common synthetic procedures for
boronic acid incorporation, many others have been developed over the years. For a more

comprehensive review of synthesis of bioactive boronic acids, see Yang et al.'>

1.7.4 Deprotection of boronic ester pro-drugs

Boronic ester prodrugs are often deprotected before initial in vitro testing to their bioactive
boronic acid analogues. Various methods exist for this deprotection step. The choice of conditions
depends on stability of the starting compound and compatibility of the comprising functional
groups.

Some research groups opt to perform simultaneous cleavage of tert-Butyloxycarbonyl (Boc)
or carboxybenzyl (Cbz) protecting groups and boronic ester using BCl3 or BBr3 (Figure 1.37).1°%
155 Unfortunately, these highly reactive Lewis acids affect certain other functional groups, such as
benzyl ethers/amines or methoxy groups. In the synthesis of Bortezomib, the final boronic ester is
deprotected via a transesterification with isobutylboronic acid.'*® Again, with reaction conditions
that require strong acid, certain functional groups are not compatible. Other methods for
deprotection include a telescoped method reacting the boronic ester first with potassium hydrogen
difluoride (KHF2) to give the boron trifluoride potassium salt, followed by hydrolysis in the
presence of TMSCI or LiOH to give the free boronic acid,'>” or oxidative cleavage via sodium

periodate.!>%15 A

summary of these methods is provided in Figure 1.37. Furthermore, boronic
acids at the B-position of an electron withdrawing group were discovered to be susceptible to

deprotection by forming an ionic bicyclic structure with diethanolamine, followed by acidic
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hydrolysis (Figure 1.37).1% Interestingly, this cage-like bicyclic intermediate was used in the
process chemistry synthesis of a Delanzomib pro-drug for clinical trials, as it improved purity and

stability.!3

BCl3 or BBrj;

/ HCI, iBuB(OH), or PhB(OH), \

f\sb 1) KHF, _AgpoH

2) LIOH/H,0 or TMSCI/H,0 OH

\ NalOy4 /

*B
pinB HN™"o
®\_/
R
HCI
HO< EW
ollg)\/ G
OH

Figure 1.37. Summary of boronic ester deprotection methods via (A) various cleaving reagents!>*
159 (B) conversion of B boronic esters to boronic acids via diethanolamine cages.!®® pin refers to

the pinacol protecting group.

In our own studies, we have found that the deprotection of our boronic esters was not necessary,
as our basic buffer mediated the hydrolysis of (+)-pinanediol boronic esters. Figure 1.38 displays
two compounds and mass spectroscopy studies monitoring the relative abundance of the ester and
acid species. Even for two compounds with different expected intrinsic reactivities (di-ortho-
fluoro vs. unsubstituted), the hydrolysis rate was very similar; both esters were cleaved within

twenty minutes, i.e. during the sample preparation step before the enzyme was even added.
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Figure 1.38. Hydrolysis studies of boronic esters 1.34 and 1.35 in POP assay buffer. The graphs
display relative abundance of each ionic species at intervals over 50-63 minutes. Figure from

Plescia et al.''” pnd refers to the (+)-pinanediol protecting group.

In the case of the protecting group not being labile enough to hydrolyze in buffer, they would
need to be deprotected under the discussed conditions. Purification of the resultant boronic acids
is unfortunately not so straight-forward, as they are not suited for normal phase silica gel column
chromatography, and require reverse-phase conditions, often by semi-preparative or preparative

HPLC.“& 154
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1.8 Conclusion and Perspectives

The abundance of boron in natural products and its general safety as a mineral make it an
attractive synthetic target in drug discovery endeavours. Following the approval of Bortezomib,
there have been many medicinal chemistry endeavours aimed at discovering boronic acid drugs.

As we have seen in this review, several approaches have been taken in the discovery of boron-
containing drugs. Because of its reversible electrophilicity, it is commonly used as a reversible
covalent group to incorporate into peptides to inhibit proteases, whether that was the original
intention or the result of medicinal chemistry hit optimizations. We have also seen that boronic
acids or esters, stable and uncharged at physiological pH, have been incorporated as bioisosteres
of ionized groups, such as carboxylic esters or phosphate groups, for either activity or
pharmacokinetic improvement or for structural purposes. Boron-containing groups have
additionally been used as prodrugs, either boronic esters for their corresponding acids, such as
FDA-approved Ixazomib, or boronic acids and esters for their ability to be oxidized in vivo to their
active analogue by tumour environments abundant in reactive oxygen species. Finally, we have
described boron-based drugs designed by computational methods, including virtual screening and
de novo design.

Along with drug design came the associated synthetic efforts aimed at synthesizing boronic
acids. Since the approval of Bortezomib, much focus has been on the design of diastereopure
aliphatic boronic esters/acids, especially a-amino boronic esters/acids. In turn, many groups have
taken advantage of these discoveries to incorporate boronic acids into their drug discovery
programs.

Lastly, we saw several examples of boronic acids facilitating drug and macromolecule
delivery, either through incorporation into lipid bilayer for entry via liposomes or through
reversible conjugation to a protein.

These explorations into boron-based drug discovery will hopefully shed light on the benefits
of boron incorporation and encourage medicinal and pharmaceutical chemists to consider boronic

acids and esters as possibilities and solutions in their drug discovery programs.
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1.9 Thesis Outline

The themes around and knowledge of boronic acids presented in this introduction will be
further explored in terms of discovery of inhibitors targeting prolyl oligopeptidase (POP), a serine
protease implicated in neurodegenerative diseases and cancer, and homologous enzyme fibroblast
activation protein o (FAP), implicated in tumour growth and metastases.

In line with the discovery of boronic ester inhibitors, several different approaches were taken
to reach the final hit compounds. Chapter 2 is a study of various covalent groups used to target
both POP and FAP. Chapter 3 outlines a docking-guided optimization of a known POP hit, which
was re-designed with a boronic ester warhead to increase activity. Chapter 4 involves the design
of constrained peptidomimetic boron-containing electrophilic analogues of proline substrates and
the development of the complex syntheses to reach these final compounds. Chapter 5, although
not focused on boron, elaborates on the complex syntheses discovered during the synthesis of these
peptidomimetic bicycles. Chapter 6 outlines a virtual screening of several covalent groups, the
virtual hits of which were virtually optimized to bicyclic borinic esters.

To conclude, Chapter 7 outlines future perspectives of the boron-derived compounds
discovered with these various approaches and their potential applications across the various

endeavours pursued in our research group.
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Chapter 1 provided many examples of boronic acid drugs and their versatility in
drug design. We have used this information in our own research of our target
enzymes, prolyl oligopeptidase and fibroblast activation protein o to design
reversible covalent inhibitors. Herein we describe a collaborative study of
synthetic, biophysical, and computational pursuits to determine the optimal

electrophilic warheads for POP and FAP.

Contribution(s) of authors: I synthesized and characterized all molecules and conducted the molecular docking as well as
the literature review of FAP-targeting electrophilic inhibitors. The assay designs, biophysical experiments, and kinetic
characterizations are the work of Dr. Stephane De Cesco. The computational procedure development and all computational
predictions apart from molecular docking are the work of Jerry Kurian and Mihai Burai Patrascu. The mass spectroscopy

experiment was conducted by Alexander S. Wahba.

61



Chapter 2

2.1 Abstract

Over the past decade, there has been increasing interest in covalent inhibition as a drug design
strategy. Our own interest in the development of prolyl oligopeptidase (POP) and fibroblast
activation protein o (FAP) covalent inhibitors has led us to question whether these two serine
proteases were equal in terms of their reactivity toward electrophilic warheads. To streamline such
investigations, we exploited both computational and experimental methods to investigate the
influence of different reactive groups on both potency and binding kinetics using both our own
series of POP inhibitors and others’ discovered hits. A direct correlation between inhibitor
reactivity and residence time was demonstrated through quantum mechanics methods and further
supported by experimental studies. This computational method was also successfully applied to
FAP, as an overview of known FAP inhibitors confirmed our computational predictions that more

reactive warheads (e.g., boronic acids) must be employed to inhibit FAP than for POP.

2.2 Introduction

Following the resurgence of covalent inhibition in the last decade,'” kinases and serine
proteases have been targeted with numerous covalent inhibitors,* and covalent inhibitors have
reached the market (Figure 2.1). Among these targets are prolyl oligopeptidase (POP), initially
associated with neurodegenerative diseases,”® and fibroblast activation protein o (FAP), a
promising target for anti-cancer therapies.”!? In the past, our group and others have reported a
number of potent covalent POP inhibitors,® including Cbz-Pro-Prolinal (2.1), JTP-4819 (2.2),
KYP-2047 (2.3), and bicyclic derivative 2.5,'° as well as FAP covalent inhibitors such as
compounds 2.6, 2.8, and Talabostat (Figure 2.2). Although these two druggable targets have been
inhibited by many covalent inhibitors, the major differences lie in the chemical nature of the

warheads, or electrophilic functional groups that form covalent bonds with protein residues.

e (o
N
N\ N N\:/B\OH HO H/\"/
[ H z 0 \\
N” o v/ N

Vildagliptin
Bortezomib gip

Figure 2.1. Selected marketed covalent inhibitors.
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Non-covalent inhibitors often bind and dissociate very quickly and exhibit short residence
times and are therefore often largely under thermodynamic control. In contrast, covalent inhibitors
are believed to often bind in a two-step process (Figure 2.3a): a fast, non-covalent initial binding
followed by a slower covalent bond formation. As a result, kinetic factors and residence time
cannot be ignored and could indeed be critical for inhibitor efficacy.’ Recently the reactivity of the
warheads used in covalent inhibition has been increasingly investigated either experimentally'# !
or computationally'® as reactivity often dictates whether the inhibitor will bind reversibly or
irreversibly.!” Similarly, the reactivity of the protein’s catalytic residues in covalent inhibition has
been investigated with focus on cysteines.'®?? A very interesting method based on free energy
perturbation (FEP) has recently been reported which computes binding free energies including
both covalent and non-covalent contribution to binding.?*-**

However, although these methods proved effective, the focus has been primarily on cysteine
residues and acrylamides as warheads, as kinase cysteines have likely been the major targets for
covalent inhibitors (often acrylamides) in the recent years.”> A number of research groups are
nowadays searching for alternative warheads and residues to bind to (marketed covalent drugs are
binding to catalytic residues) and computational methods must be assessed.?®

Prior to designing covalent inhibitors, the biological target must be first identified as covalently
druggable (i.e., can be targeted with covalent inhibitors). Unfortunately, there are very few tools
currently available, experimental or computational, to accomplish this. We report herein a
developed computational protocol using POP and FAP that could eventually be used to (1) predict
whether an enzyme is covalently druggable and (2) identify potentially potent warheads. To
illustrate the potential application of such a protocol, it took our team months to optimally express
and purify POP and to optimize the in vitro activity assays, which was followed by months of
synthesis until we found potent inhibitors. With our current computational protocol in hand,
requiring only 2-3 weeks of calculations, we would have been able to make a more informed
decision on whether to initiate our hit-discovery endeavor. Similarly, until this protocol was
available, our efforts focused on the unsuccessful development of nitrile-containing FAP

inhibitors. Running reactivity predictions before synthesis would have allowed us to opt for the

appropriate warheads much earlier.
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2.1, Cbz-Pro-Prolinal 2.2, JTP-4819
POP: K; = 0.35 nM POP: K;=0.06 nM
L »
o O N 0 R
I @4 o
2.3, KYP-2047
POP: K= 0.02 nM 2.4, R=H, K; = 160 nM (hPOP)
FAP: IC50 =>100 nM 2.5, R=CN, K; = 25 nM (hPOP)

Qﬂﬁrp 20 i
- “%g vy

2.6, R{= Me, R,=H
POP: ICsy >10,000 M
FAP: ICs5q > 36 nM 2.9, Talabostat
2.7, Ry= H, Ry=iPr, FAP: IC5 = 66 M
POP: ICsy = 1.3 nM 2.8 POP: IC5, = 980 nM
FAP: ICsy > 100,000 nM  FAP:/C5p =20 nM DPP-IV: IC5y = 22 nM

Figure 2.2. Selected POP and FAP inhibitors.

As demonstrated via co-crystallization,?’?® POP inhibition can be achieved through covalent
bond formation between the reactive group of a ligand and the catalytic serine in the active site
(Ser554). The reaction of Ser554 with aldehyde 2.1 leads to the formation of a hemiacetal, which
favorably mimics the tetrahedral intermediate of the endogenous catalytic reaction, stabilizing its
presence in the active site (Figure 2.3b and c). In contrast, reaction with a nitrile group leads to a
trigonal planar iminoether, an intermediate which less favorably mimics the amide group of the
peptide substrates (Figure 2.3d). While maintaining favorable non-covalent interactions (e.g. via
the scaffold) is essential for both potency and selectivity, modification of the covalent warhead is
also expected to have a significant impact on the binding affinity and kinetics via its influence on

the second step of the binding event (Figure 2.3a).
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Figure 2.3. Reactions of POP with the substrate and various inhibitors a) Two-step process for
covalent inhibition. E: enzyme; I: inhibitor; E-I: non-covalent complex; k;: association rate
constant; k.;: dissociation rate constant. b) cleavage of a substrate; ¢) aldehyde inhibitor covalent

binding; d) nitrile inhibitor covalent binding.
Herein, we describe our collaborative approach, including computational predictions and

experimental evaluations, to the investigation of the relative reactivities of FAP and POP and the

nature of the covalent warheads that are more likely to lead to potent inhibitors.
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2.3 Results
2.3.1 Strategy

We sought to develop a computational protocol which would first be tested against
experimental data collected on POP and then validated on a homologous enzyme, FAP (Figure

2.4).

Biophysical characterisation
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Figure 2.4. Computational model and experimental data collection. The residence times of various
inhibitors depends on kinetics factors (tr = 1/koy), which are measured using biophysical methods.
These kinetic parameters are related to the energy required for the inhibitors to break the covalent
bond and leave the enzyme (Eofr). Advantageously, Eofr can be computed, ultimately demonstrating
that computations can substitute complex, time-consuming, and expensive experiments for initial

assessments as to whether a newly discovered target is covalently druggable.

In order to probe the impact of the intrinsic reactivity of the warhead on the overall binding
process, we designed a series of inhibitors 2.5a, 2.10a-2.17a which complement previously
reported inhibitors 2.5¢, 2.11¢, 2.13¢-2.15¢* (Figure 2.5). Two strategies were envisioned: (1)

substitution of the warhead — the nitrile, aldehyde, and boronic acid were selected, as these are
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known to form covalent bonds with nucleophilic protein residues;***! and (2) modification of the
electronic environment of a given warhead — electron withdrawing fluorine atoms could be

introduced on the nitrile analogue, a strategy exploited to prepare FAP inhibitors (Figure 2.2).

Figure 2.5. Inhibitors featured in this study. a) selected inhibitor structures;i) different reactive
groups; ii) modulated nitrile reactivity; iii) effects of fluorine atoms alone. b) Docked binding
mode of boronic acid 2.11a into the POP active site. ¢) Snapshot of the POP active site and with
2.10b bound to Ser554 and the residues kept for the Quantum Chemical Cluster Approach (QCCA)
study.

2.3.2 Chemistry.

The synthesis of bicyclic scaffold a was optimized and previously published by our group.'?
Bicyclic precursor 2.18 (Scheme 2.1), previously discovered through a virtual screening/virtual
optimization strategy, was selected because of its straightforward and efficient synthesis. More
specifically, this core was readily available in only three synthetic steps and an overall yield of
74% with no flash chromatography purification, offering the unprotected carboxylic acid 2.18 as

a diversity point.
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The individual proline analogs were then coupled to the scaffold 2.18 to afford the desired
inhibitors. Because the proline analogues were either commercially or readily available, expedient
and efficient synthesis of potential POP inhibitors was achieved in only 1-2 steps. The synthesis
of these selected analogues (2.4a, 2.5a and 2.10a-2.17a) is outlined in Scheme 2.1 and Scheme
2.2.

The boron-containing analogue 2.12a was obtained by coupling scaffold 2.18 with the
commercially available proline analog 2.19 to yield product 2.12a in moderate yield (Scheme 2.1).
Attempts at hydrolysis of boronic ester 2.12a to obtain boronic acid 2.11a were unsuccessful,
exhibiting solubility issues and yielding complex mixtures, so 2.12a was utilized instead. Our own
mass spectrometry experiment revealed that the boronic ester 2.12a is nearly quantitatively
hydrolyzed to boronic acid 2.11a in the assay buffer (ca. 90% after 10 minutes, Figure 2.6), and
can therefore be tested as a pro-drug cleaved in the assay. Furthermore, our own in vitro assay
controls show that the cleaved pinanediol exhibits no inhibitory activity against POP (data not

shown).

Stability of 2.12a in buffer
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90

70—
60—
50—
40+

% Boronic ester

20+
10- [

time (min)

Figure 2.6. Mass spectroscopy study of boronic ester cleavage in the POP buffer. The relative
abundance of the boronic ester 2.12a was recorded over one hour, plateauing at approximately 5%

abundance.
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Synthesis of the potential inhibitor 2.10a bearing an aldehyde as the warhead started with the
coupling of commercially available L-prolinol with scaffold 2.18, to afford the primary alcohol
2.20 in excellent yield. Further oxidation under Swern conditions led to the desired aldehyde 2.10a.
Synthesis of the non-covalent analog 2.4a was accomplished by coupling scaffold 2.18 to
pyrrolidine. The nitrile analog 2.5a was obtained by coupling 2.18 with readily available (S)-
pyrrolidine-2-carbonitrile (Scheme 2.1).

Scheme 2.1. Synthesis of diversely functionalized inhibitors.?
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a) 1. PivCl, EtsN, DCM, 0°C; ii. amine (see Experimental Section), rt, 18 h (2.4a, 40%, 2.5a,
92%, 2.12a, 43%); b) i. PivCl, EtsN, DCM, 0°C; ii. Prolinol, 18 h, rt (87%); c¢) DMSO,
Oxalylchloride, EtsN, DCM, —78°C (40%)).

Synthesis of the selected fluorocyanopyrrolidine analogues began from readily available
starting materials.>> Coupling of 2.18 with nitrile 2.21 led to the corresponding inhibitor 2.13.
Reaction of readily available free amines 2.22 and 2.23 with the bicycle core 2.18 under standard
coupling conditions afforded the intended inhibitors 2.14a and 2.15a, respectively. The non-
covalent inhibitors 2.16a and 2.17a were prepared through coupling of carboxylic acid 2.18 with

2.24 and 2.25, respectively.
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Scheme 2.2. Synthesis of the fluorine-containing compounds.?
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224, X1=H, X2=F
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Q—/ O 2.16a, X,=H, X,=F

2.17a, X;=F, Xp=H

#Reagents: a) i. PivCl, EtsN, DCM, 0°C; ii. amine (see Experimental Section), rt, 18h (2.13a,
35%; 2.14a, 30%; 2.15a, 32%; 2.16a; 90%; 2.17a, 88%)

2.3.3 Biophysical characterization.

Next, these selected molecules were first evaluated for their inhibitory potency against
recombinant human POP (Table 2.1). Figure 2.7 shows the dose-response curves for covalent
inhibitors 2.10a and 12a. As expected, while non-functionalized pyrrolidine derivative 2.4a
exhibited a potency of 160 nM, the measured K; values for the nitrile (2.5a), aldehyde (2.10a) and
boronic ester (2.12a) derivatives were significantly lower. The high reactivity of aldehydes as
electrophiles has often been a major issue for developing safe drugs, even in the discovery of
Bortezomib (boronic acid proteasome inhibitor, Figure 2.1).*3* In contrast, the lower reactivity

of nitriles allowed medicinal chemists to use them as warhead in drugs such as Vildagliptin (nitrile-
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containing covalent DPP-IV inhibitor, Figure 2.1). The reactivity of these warheads is further

discussed below.

125= 1254 —e- 30 min pre-incubation
- . -+~ 2 h pre-incubation

% POP Activity

-12 -10 -8 -6 -4 -2 -12 -10 -8 -6 -4 -2
Log [Inhibitor]
Figure 2.7. Dose-response curves of inhibitors 2.10a (left) and 2.12a (right) against human
recombinant POP after 30-minute pre-incubation periods (blue). Boronic ester 2.12a was
additionally tested with a two-hour pre-incubation (red) period to allow for in situ hydrolysis of

the (-)-pinanediol protecting group

As an observed effect of kinetic factors, the K; decreases over time until equilibrium is reached.
While the nitrile and aldehyde derivatives reached equilibrium after 30 minutes of pre-incubation,
the boronic ester 2.12a required a longer incubation period. This was most likely due to the rate of
hydrolysis of the boronic ester to the boronic acid 2.11a, which is required for enzyme binding.
Residence time is largely controlled by binding kinetics of the covalent ligand, illustrating the
importance of this property.” 3>-3¢ Introduction of fluorine atoms onto the pyrrolidine ring of our
lead compound 2.5a led to complete loss (2.15a) or a decrease (2.13a, 2.14a) in potency. A similar
decrease in affinity was also observed for the non-covalent inhibitors bearing a fluorine atom on
the pyrrolidine ring (2.4a vs. 2.16a and 2.17a), suggesting that factors other than the nitrile
reactivity modulate potency.

Additional biophysical characterization experiments were performed for select inhibitors
2.10a, 2.12a, and control 2.1. To extract kinetic parameters, progress curve experiments were
conducted at various inhibitor concentrations. Data from these curves were then used to extract the

respective kops values, which were further plotted against inhibitor concentration; the resultant data
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was subsequently fitted to the corresponding equations in order to retrieve the inhibitors’ kinetic
parameters. Finally, rapid dilution experiments were performed to obtain residence time tr. Kinetic
parameters of each compound are provided in Table 2.1. Unfortunately, any attempts to obtain
kinetic parameters for the non-covalent, the prolinonitrile, and the fluorinated prolinonitrile

derivatives proved unsuccessful, as the off rates were too quick to measure experimentally.

Table 2.1. Summary of the kinetic parameters measured experimentally.*

Cpd K (aM)*  K;(nM) K*(mM)° a 05’;‘2“1 &) a O’Tzf's_l) tr (min) FAP?
21 1+0.1 81 0.4+0.02 78422 39£05  42+5 < 5%
242 160440 ; - - - <1 <5%
252 2544 ; 2544 - - <1 20%
2108 4004  20:9 3502 186407 8202  20+08  80%(11%)
22 ' 0TH s0x10 2942 0.04+001  23+03 7310 <5%
2132 3300+ 780 ; - - - i <5%
2142 170440 ; ] ] ] ] 50,
2152 > 100 uM - - - - i <5%
2162 290+ 50 ; - ; ; i <5%
2172 620490 ; - - - i <5%

aAffinity constant, measured by absorbance assay. "Affinity constant of the first step of the
binding event, measured by dilution experiments. “Affinity constant of the second step of
inhibition. Yinhibition at 100 pM (at 1 uM). °30 minute E—I pre-incubation time. 2 hour E—I pre-
incubation time. *missing parameters (-) indicate that the kinetics of the reaction were too quick

to measure experimentally

2.3.4 Computational study.

To study these kinetic parameters and provide insight into the development of effective
prediction methods for covalent inhibitors, the quantum chemical cluster approach (QCCA)*® was
employed. Starting geometries were taken from crystal structures. The ligands were truncated to
focus on energetics of covalent bond formation/breakage while maintaining the electronics of the

electrophile (e.g., 2.10b as a model for 2.10a).
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Figure 2.8. Data collected for boronic acid (a) and nitrile (b) as warheads. In blue is the energy of
the enzyme-catalyzed reaction and in green the same reaction with no enzyme. Non-polar
hydrogens are omitted for clarity. Numbers refer to the differences in energy between the transition
states and starting or product conformations. Similar data has been collected for all the probes and

both proteins (not shown).
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As per the QCCA protocol, the binding site was restricted to the catalytic triad residues along
with other key residues, such as the backbone of residues contributing to the oxy-anion hole
(Figure 2.5¢). The second step of the binding process was then simulated to acquire several
thermodynamic and kinetic parameters, such as binding energies and activation energies for
binding and unbinding, which together with enzyme mobility and non-bonded interactions
contribute to ko, and ko (Table 2.2, Figure 2.8). In order to develop a protocol that would minimize
calculation time, we decided to compute the energy at evenly distributed distances only. As a
result, the “ideal” distance or transition state distances were not necessarily assessed, only close-
to-minima structures. Although the search for the energy at the optimal distances is expected to
improve accuracy, it is also expected to significantly increase computational time and hence
decrease efficiency, as locating a transition state is not a simple task. Rather, our method is
expected to provide us with trends which would be accurate enough to make informed decisions
on whether a target is covalently druggable. Considering this approximation, we also considered

different levels of theory, from semiempirical (AM1) to higher levels (PBE0O/def2-TZVP/D3BJ).

Table 2.2. Summary of the parameters obtained computationally (all values are in kcal/mol).

Eofr Eon AG (cov. —non-cov.) Binding Energy
Cpd. POP FAP POP FAP POP FAP POP FAP
2.5b 11.9 6.2 6.2 7.5 -5.7 1.3 -36.0 -27.0
2.10b 18.8 16.9 1.8 3.9 -17.0 -13.0 -49.9 -42.9
2.11b 34.1 26.0 6.0 <1.0* -28.1 -26.0 -63.5 -55.8
2.13b 14.2 12.6 8.4 5.9 -5.8 -6.7 -37.3 -29.1
2.14b 9.8 5.7 8.5 10.6 -1.3 4.9 -34.4 -25.4
2.15b° 13.7 10.9 6.6 10.2 7.1 -0.7 -39.2 -32.8

2 The compound forms a covalent bond without an energy barrier. ® computed with the pseudo

axial conformation (see text).

2.4 Discussion

The computational data suggests that the warhead does in fact have a direct influence on the
kinetics and thus activity of the second step in ligand binding. According to this data, the aldehyde
and boronic acid are predicted to have longer residence times than any of the nitrile derivatives,

represented by significantly larger Eofr values. This is consistent with the in-depth intrinsic
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electrophilicity analysis at the HF/def2-TZVP level of theory we have conducted on compounds
2.5b, 2.10b and 2.11b (not shown), using our own QM package QUEMIST. This analysis is based
on computing the LUMO energies of the three compounds, alongside intrinsic atomic orbital
(IAO) atomic charges>® for the reactive atoms (boron, carbonyl carbon and nitrile carbon) and total
atomic nucleophilic superdelocalizabilities (TANS) for the reactive atoms.** The TANS is a
measure of interaction with a nucleophile by an electrophile, and can be reliably used to compare
two or more sites for this specific interaction. A high value of TANS is representative of a larger
capacity of an atom to interact with a nucleophile through their LUMO orbital. According to this
data, the boronic acid 2.11b has the lowest LUMO energy (7.4 kcal/mol lower than the aldehyde
and 5.3 kcal/mol lower than the nitrile) along with a higher IAO atomic charge for the reactive
atom (0.74 vs. 0.33 for 2.10b and 0.15 for 2.5b) and a higher TANS for the reactive atom (9.84
vs. 1.24 for 2.10b and 1.06 for 2.5b). This analysis is also consistent with the binding energies
presented in Table 2.2, which suggests the boronic acid is the strongest binder/more intrinsically
reactive.

The data also suggested that the nitriles had a slightly higher activation energy (Eon) in FAP
than in POP. More surprisingly, the conversion of the aldehyde to the hemi-acetal and the boronic
acid to the boronate in the active site appear to possess a very low energy barrier. This would imply
that covalent bond formation is rapid, only limited by diffusion of the ligand into the active site
and reorientation of the electrophilic warhead to allow covalent bond formation. This low energy
barrier is attributed to two observations: (1) the ligands appear to be pre-activated by Tyr473 as
they approach the nucleophilic serine, and (2) the transition states of these reactions resemble the
transition state adopted by the natural substrates and are highly stabilized through hydrogen
bonding. Interestingly, in the case of nitriles, the proximal Tyr473 hydroxyl group is properly
positioned to transfer a proton to the forming imine despite the sp? character of this intermediate.
While ligand-enzyme kinetics were the focus of these computations, we also observed that in the
case of the nitrile, energy of the covalently bound state was not necessarily significantly lower
than that of the non-covalent complexes, keeping in agreement with low residence time. We next
investigated whether computing the full binding process was required. First, we computed the
correlation between the binding energies and Eofr for POP (Table 2.2), according to the Bell-Evans-
Polanyi principle.*! This principle establishes a linear relationship between the activation energy

and the enthalpy of reaction in the same family of reactions. The R? coefficient of 0.96 confirms a
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significant correlation between the binding energies and Eofr, and suggest that future investigations
should simply focus on ground states, thus streamlining the process. We next computed theoretical
half-lives ti,2 of both the initial bond formation as well as the bond breakage (not shown), which
are significantly lower than the residence times (Table 2.2). The bond formation/breaking was
significantly faster than the experimental residence time, suggesting that the inhibition process is
under thermodynamic control. Thus, the binding energies should also correlate with the
experimentally determined K; values. We plotted the relevant graph, and we observed no
correlation between the binding energies and K; values (R? = 0.17). Several factors are responsible
for this apparent lack of correlation: first, we computed the binding energies of truncated
fragments, while the K; values were determined using the full molecules. While we tried to obtain
K; values for the fragments alone, they showed no activity in POP or FAP (data not shown),
revealing the critical contribution of the rest of the molecules to the binding affinity. Secondly, the
K; values were computed in solution, while our computations were performed exclusively in the
gas phase. We believe that for accurate solvent effects an explicit solvent should be used,* which
can be reliably done using molecular dynamics simulations. However, this is beyond the scope of
our computations, which intend to offer a qualitative analysis and trends with respect to reactive
warheads. In addition, the use of small fragments assumes that the warheads are properly
positioned to form a reversible covalent bond. Adding groups to these fragments certainly
modulates these optimal alignments hence the K;. Finally, we observed that association rate of
2.10a showed a significant temperature dependence, which we attribute to the large
conformational rearrangement of POP that accompanies ligand binding,** a motion not considered
when computationally binding fragments.

It should be noted that the objective of this research is to define whether a covalent bond is
possible (covalent druggability) and which warhead would be optimal but not whether a given
molecule is to be a strong inhibitor.

Although the computational trends match the experimental trends, the computed low energy
barriers for the aldehyde and boronic acid contrast with the commonly reported slow covalent
binding step (Figure 2.3a). One such disagreement between computations and experiment exists
for compound 2.15a/b. A closer look at the models revealed that the preferred conformation
(pseudo-axial fluorine) cannot geometrically form the covalent bond and must rearrange into the

less energetically favored pseudo-equatorial conformation. We and others have previously found
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that fluorine atoms have major control on five-membered ring conformations.*? This phenomenon
was also observed in FAP by Jansen et al., with inhibitors bearing the cis-fluorine as in 2.14¢
exhibiting potency two orders of magnitude greater than those bearing the trans-fluorine as in
2.15¢.% Computations of binding energies (from dissociated complexes to covalently bound
complexes) suggests that POP binds these fluorinated proline mimics more tightly than FAP. As
discussed above, this apparent discrepancy between experimental and computational results stems
from the use of ideally positioned fragments used in the computational investigations of the
covalent bond formation which experimentally do not inhibit the enzymes vs. the larger molecules
used in the in vitro assays.

By means of progress curve analyses and rapid dilution experiments, relevant parameters such
as the K; (affinity constant of the non-covalent component of binding), the K;* (affinity of the
second step of inhibition), k., (association rate) and k. (dissociation rate) were experimentally
determined (Table 2.1). As a control experiment, Cbz-Pro-prolinal (2.1) was first investigated, and
the data obtained was in agreement with a previous report.’! The results for our designed inhibitors
confirmed that the intrinsic reactivity of the warhead of the covalent inhibitor greatly influenced
the on- and off-rates of ligand binding. The boronic ester inhibitor (2.12a) displayed the slowest
on-rate of inhibition (k.»). As discussed above, hydrolysis of the boronic ester was an additional
factor in the on-rate of inhibition.***> Similarly, aldehyde 2.10a, although displaying significantly
faster on-rates than boronic ester 2.12a, interacted relatively slowly compared to nitrile 2.5a, where
no slow-binding was detected. The relatively slow binding of the aldehyde-containing inhibitor
was attributed to the presence of a pre-existing equilibrium in aqueous solution of an active
aldehyde form and an inactive hydrate form of the ligand, while no such equilibrium exists with
nitriles. While fast binding was predicted when covalent bond formation was computed (k2 in
Figure 2.3a), k,» measures the entire two-step process.

In agreement with the computations, aldehydes and boronic acids have the longest residence
times. Experimentally, our aldehyde compound 2.10a has a residence time 20 minutes shorter than
that of Cbz-Pro-prolinal (2.1). In contrast, boronic ester 2.12a displayed nearly a four-fold longer
residence time, rationalized by the additional stabilizing interactions of the resultant boronic acid
hydroxyl groups with residues in the active site of POP, as proposed by docking and QM studies
(Figure 2.5b, c). Nitrile inhibitor 2.5a displayed a very short residence time, despite bearing the
same scaffold as 2.12a and 2.10a, correlating with the low Eoff computed in POP. These short
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residence times may also result from 2.5a binding non-covalently as suggested by the small
difference in energy between covalently bound and non-covalently bound complexes (Table 2.2).
From the experimental data, we can conclude that the nitrile does not provide a strong enough
covalent adduct needed to maintain a longer-bound time in POP, which is in agreement with the
computations. As discussed above, covalent ligand-protein complexes of both 2.12a and 2.10a
with POP exhibit a tetrahedral geometry, resembling that of the transition state geometry formed
by the enzyme while carrying out its peptidase activity. In contrast, the covalent complex resulting
from reaction with nitrile 2.5a exhibits a trigonal planar geometry (Figure 2.3d).

The computations suggested that the pre-orientation of the ligand by the tyrosine facilitates
rapid bond formation and, coupled to the small activation barrier, that the covalent binding step
may be very fast (Figure 2.8). This prediction is supported by kinetic results we recently obtained
for a related scaffold in which addition of a nitrile warhead actually led to a moderate increase in
the binding rate compared to the equivalent non-covalent inhibitor.*® In contrast, the association
rate for the covalent inhibitor would be lower than that of the non-covalent analogue if bond
formation were indeed rate-limiting.

The correlation between computations and experiments provides validation for the QCCA
method’s ability to predict the overall trends in binding kinetics in POP for covalent ligands and
gave us confidence in the data for FAP, an enzyme which is extremely difficult to express and
handle experimentally. Our computations indicate that the binding of our truncated nitrile ligands
to FAP should have greater Eon and smaller Eofr likely rendering it less active, while the aldehyde
and boronic acid remain reactive enough to inhibit the enzyme. This prediction is consistent with
our literature survey, which revealed that although many POP inhibitors feature a nitrile, most
potent FAP inhibitors feature a boronic acid or an activated nitrile (Figure 2.1). The computations
were also in agreement with our experimental data on FAP inhibitory activity of compound 2.5a
(20% inhibition at 100 uM) and compound 2.10a (80% inhibition at 100 pM), although the large

bicyclic core of our inhibitor may also hinder binding to FAP.

78



Chapter 2

2.5 Conclusion

In conclusion, this study aimed to streamline the investigation of two covalently druggable
targets using computational methods to provide a better understanding of experimentally-obtained
thermodynamic and kinetic factors involved in their covalent inhibition and to further study the
factors controlling general covalent drug potency. With POP, an enzyme which can easily be
expressed and purified, experimental and computational data were in excellent agreement and
revealed that the commonly held belief that covalent bond formation is rate limiting for covalent
inhibitors does not necessarily stand when highly reactive enzyme residues and/or inhibitors are
involved. Our validated computational protocol then rationalized the wide use of boronic acids in
FAP inhibition versus the more commonly used nitrile in POP inhibition. The results presented
here are a first step towards using computational methods to complete a larger study of covalent
binding kinetics, a concept which is entirely unaccounted for in current computational prediction
tools such as molecular docking. The ability to integrate kinetic data into prediction tools will
improve the ability to rank ligands shown to be active.

Our collaborative approach to this model system aims to facilitate future covalent drug
discovery endeavors. By applying our computational methods to predict the relative reactivity of
a newly-discovered target’s catalytic residue, biologists and chemists can determine whether the
target is covalently druggable and therefore more efficiently design the most promising drug
candidates. These predictions will, in the long run, save valuable time and resources in the very

costly drug discovery and development processes.
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2.6 Experimental

2.6.1 Chemistry

2.6.1.1 General information.

All commercially available reagents were used without further purification unless otherwise
stated. The 4 A molecular sieves were dried at 100°C prior to use. FTIR spectra were recorded
using a Perkin-Elmer Spectrum One FT-IR. 'H and '3C NMR spectra were recorded on Varian
Mercury 400 MHz, Varian 300 MHz, Unity 500 MHz, Bruker 400 MHz, or Bruker 500 MHz
spectrometers. Chemical shifts are reported in ppm using the residual of deuterated solvents as
internal standard. Thin layer chromatography visualization was performed by UV or by
development using KMnOs, H2.SO4/MeOH, Mo/Ce, or CAM solutions. Chromatography was
performed on silica gel 60 (230-40 mesh) or using Biotage Isolera One purification system with
ZIP cartridges. Low resolution mass spectrometry was performed by ESI using a Thermoquest
Finnigan LCQ Duo. High resolution mass spectrometry was performed by EI peak matching (70
eV) on a Kratos MS25 RFA double focusing mass spectrometer or by ESI on a lon Spec 7.0 T
FTMS at McGill University.

2.6.1.2 Purity determination by High Performance Liquid Chromatography (HPLC)

Prior to biological testing, reverse-phase HPLC was used to verify the purity of compounds on
an Agilent 1100 series instrument, equipped with VWD-detector, using a C18 reverse column
(Agilent, Eclipse C18 150 mm A~ 4.6 mm, 5 um) with UV detection at 254 nm. All biologically
tested compounds were determined to be > 95% pure. The solvents used were H>O (A) and either
MeCN or MeOH (B) in a gradient. Retention times and purities are provided for each compound.

Method A: H>O (A) and MeOH (B); t =0 mins, 95% A / 5% B; t = 3 to 20 mins, gradually to
5% A /95% B; t =20 to 25 mins, 5% A/ 95% B; t =25 to 28 mins, gradually to 95% A / 5% B; t
=28 to 30 mins, 95% A / 5% B.

Method B: H>O (A) and MeCN (B); t =0 mins, 95% A / 5% B; t =15 to 15 mins, gradually to
5% A /95% B; t =15 to 20 mins, 5% A / 95% B; t = 20 to 28 mins, gradually to 95% A / 5% B; t
= 28 to 30 mins, 95% A / 5% B.

2.6.1.3 Synthesis

General Procedure for peptidic coupling. The carboxylic acid 2.18 (1 eq) was suspended in
anhydrous DCM (0.1 M) under argon atmosphere, and EtsN (5 eq) was added. The resultant
solution was cooled to 0°C, and pivaloyl chloride (1.1 eq) was added. After 1 h of stirring at 0°C,
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the amine (1.1 eq) was added, and the reaction stirred at room temperature overnight. Water was
added, and the product was extracted with EtOAc or with DCM (depending on the amount of
original DCM solvent). The combined organic layers were washed with 1 M HCI, saturated
NaHCO3, and brine, dried over NaxSOu, filtered, and concentrated in vacuo. The crude residue was
purified by flash chromatography on a silica gel column to give the product. Residues were
triturated in hexanes and/or Et;O and filtered under vacuum to give solids.

2-benzyl-7-(pyrrolidine-1-carbonyl)isoindolin-1-one  (2.4a) Compound 2.4a was
synthesized following the general procedure for peptidic coupling, using pyrrolidine as the
corresponding amine (40%). '"H NMR (500 MHz, Chloroform-d) & 7.52 (t, J = 7.6 Hz, 1H), 7.37
(dd, J=7.5, 1.7 Hz, 2H), 7.34 — 7.25 (m, 5H), 4.97 — 4.80 (m, 1H), 4.73 — 4.50 (m, 1H), 4.24 (s,
2H), 3.92 — 3.75 (m, 1H), 3.75 — 3.59 (m, 1H), 3.42 — 3.20 (m, 1H), 3.17 — 2.99 (m, 1H), 2.06 —
1.73 (m, 4H); *C NMR (126 MHz, Chloroform-d) & 24.61, 26.01, 45.70, 46.48, 48.25, 49.33,
123.34,126.22,127.85, 128.28, 128.39 (2C), 128.91 (2C), 131.80, 135.51, 136.94, 141.76, 166.88,
167.02. Spectral and experimental data previously published by our group.!* HPLC (Method B) tr
= 12.7 min, 99.5%.

1-(2-benzyl-3-oxoisoindoline-4-carbonyl)pyrrolidine-2-carbonitrile (2.5a) Compound
2.5a was synthesized following the general procedure for peptidic coupling, using (S)-pyrrolidine-
2-carbonitrile pTsOH salt as the corresponding amine (92%). 'H NMR (400 MHz, Acetone-ds) &
7.70 — 7.48 (m, 2H), 7.47 — 7.38 (m, 1H), 7.37 — 7.13 (m, 5H), 5.03 — 4.54 (m, 3H), 4.41 (s, 2H),
3.79-3.66 (m, 0.5H), 3.38 —3.17 (m, 1.5H), 2.48 — 2.34 (m, 1H), 2.34 - 2.21 (m, 1H), 2.21 - 2.07
(m, 1H), 2.04 — 1.96 (m, 1H); '*C NMR (101 MHz, Acetone-ds) & 25.75, 29.84, 31.25, 46.56,
47.04, 48.58, 50.05, 119.70, 125.15, 126.83, 128.31, 128.84 (2C), 129.11, 129.55 (2C), 132.54,
134.47, 138.48, 143.32, 167.22, 167.88. Spectral and experimental data previously published by
our group.'> HPLC (Method A) tr = 16.7 min, 99.7%.

(S)-1-(2-benzyl-3-oxoisoindoline-4-carbonyl)pyrrolidine-2-carbaldehyde (2.10a). Oxalyl
chloride (108 mg, 1.2 eq) was dissolved in DCM (3 mL), and the solution was cooled to —78°C.
DMSO (139 mg, 2.5 eq, in DCM, 2 mL) was added dropwise, and the solution stirred for 2 minutes.
2.20 (250 mg, 1 eq, in 2 mL DCM) was added dropwise, and the solution stirred for 15 minutes.
Et;N (361 mg, 5 eq) was added, and the solution stirred for 15 minutes. Water was added, and the
mixture was warmed to room temperature. The product was extracted with EtOAc, and the

combined organic layers were washed with brine, dried over Na>SQOs, filtered, and concentrated in

81



Chapter 2

vacuo to give an orange oil, which was purified by flash chromatography on a silica gel column
(eluent 100% EtOAc) to give the product as a white solid (100 mg, 40%). R 0.30 (100% EtOAc);
IR (film) Vmax (cm™) 3387, 3006, 1675, 1626, 1601, 1434; 'H NMR (500 MHz, Acetone-ds) &
10.13 -9.17 (m, 1H), 7.76 — 7.20 (m, 8H), 4.94 — 4.58 (m, 2H), 4.56 — 4.18 (m, 3H), 3.91 —3.11
(m, 2H), 2.29 — 2.09 (m, 1H), 2.02 — 1.76 (m, 3H); 3*C NMR (126 MHz, Acetone-ds) & 26.05,
27.59, 46.56, 49.28, 50.01, 65.74, 124.86, 126.43, 128.31, 128.83 (2C), 129.54, 129.56 (2C),
132.49, 135.22, 138.54, 143.36, 167.38, 167.98, 202.63; HRMS (ESI+): calculated for
[C21H20N203 + H]", 349.15467; found, 349.15418; HPLC (Method B) tr = 12.7 min, 73.4%; tr =
1.5 min, 23.4%.
2-benzyl-7-((R)-2-((3aR,4R,6R,7aS5)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2] dioxaborol-2-yl)pyrrolidine-1-carbonyl)isoindolin-1-one (2.12a).
Compound 2.12 was synthesized following the general procedure for peptidic coupling, using 2.19
as the corresponding amine. The crude residue was purified using (1:1 EtOAc/hexanes) as the
eluent system (43%, white foam); IR (film) vmax (cm™") 3225, 2922, 1686, 1606, 1451; 'H NMR
(500 MHz, Chloroform-d) & 7.52 (t,J=7.6 Hz, 1H), 7.42 (d, /= 7.5 Hz, 1H), 7.37 (d, /= 7.6 Hz,
1H), 7.35 - 7.26 (m, 5H), 4.84 (d, J = 14.8 Hz, 1H), 4.68 (d, J = 14.8 Hz, 1H), 4.39 (dd, J = 8.9,
2.2 Hz, 1H), 4.25 - 4.19 (m, 2H), 3.47 (dt, /=9.2, 6.3 Hz, 1H), 3.42 - 3.31 (m, 1H), 3.22 (dd, J =
17.3,7.9 Hz, 1H), 2.41 — 2.12 (m, 3H), 2.09 (t, /= 5.5 Hz, 1H), 2.01 — 1.85 (m, 5H), 1.61 (d, J =
10.9 Hz, 1H), 1.45 (s, 3H), 1.29 (s, 3H), 0.86 (s, 3H); '*C NMR (126 MHz, Chloroform-d) § 24.28,
26.43,27.29, 27.30, 27.33, 28.92, 35.82, 38.39, 39.79, 44.60, 46.53, 48.15, 49.31, 51.57, 78.08,
86.04, 123.60, 127.03, 127.84, 128.42 (2C), 128.67, 128.92 (2C), 128.95, 131.65, 137.08, 141.75,
166.58, 166.69; "B NMR (161 MHz, Chloroform-d) & 32.45; HRMS (ESI+): calculated for
[C30H35B1N204 + H]", 499.27736; found, 499.27634; HPLC (Method A) tr = 1.5 min, 94.5%.
(8)-1-(2-benzyl-3-oxoisoindoline-4-carbonyl)-4,4-difluoropyrrolidine-2-carbonitrile

(2.13a) Compound 2.13a was synthesized following the general procedure for peptidic coupling,
using 2.21 as the corresponding amine. The crude residue was purified using 3:1 EtOAc/hexanes
as the eluent system (35%, white solid); (R = 0.53; 3:1 EtOAc/hexanes); IR (film) Vmax (cm™)
2918, 2850, 1666, 1604, 1411, 1108; "H NMR (400 MHz, Acetone-de) § 7.80 — 7.60 (m, 2H), 7.63
—7.40 (m, 1H), 7.38 — 7.21 (m, 5H), 5.37 (dd, /= 9.4, 3.1 Hz, 1H), 4.91 — 4.66 (m, 2H), 4.44 (s,
2H), 4.30 — 3.97 (m, 0.5H), 3.88 — 3.57 (m, 1.5H), 3.23 — 2.98 (m, 1H), 2.98 — 2.83 (m, 1H); °C
NMR (101 MHz, Acetone-ds) 6 167.86, 167.21, 143.51, 138.43, 132.97, 132.82, 129.58 (2C),
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128.95, 128.87 (2C), 128.37, 127.16, 125.83, 118.09, 54.33 (t, J = 31.8 Hz), 50.22, 46.65, 45.09,
38.47 (t, J = 27.7 Hz); HRMS (ESI+): calculated for [C21H17F2N3O2 + H]Y, 382.13616; found,
382.13599; HPLC (Method B) tr = 14.0 min, 99.1%.

(25,45)-1-(2-benzyl-3-oxoisoindoline-4-carbonyl)-4-fluoropyrrolidine-2-carbonitrile
(14a) Compound 14a was synthesized following the general procedure for peptidic coupling, using
2.22 as the corresponding amine. The crude residue was purified using 100% EtOAc as the eluent
system (30%, white solid); Ry 0.18 (100% EtOAc); IR (film) vmax (cm™) 3012, 2920, 1682, 1653,
1605, 1409, 1212; '"H NMR (500 MHz, Chloroform-d) § 7.72 — 7.41 (m, 3H), 7.40 — 7.20 (m, 5H),
5.58 — 5.18 (m, 1.6H), 4.87 (dd, J = 18.8, 14.9 Hz, 1H), 4.70 — 4.52 (m, 1.4H), 4.40 — 4.20 (m,
2H), 4.20 — 4.02 (m, 1H), 3.79 — 3.45 (m, 1H), 2.78 — 2.49 (m, 2H); Carbon peaks reported for
both rotamers. '>*C NMR (126 MHz, CDCl3) § *C NMR (126 MHz, CDCls) § 167.66, 167.64,
166.91, 166.89, 141.77 (2C), 136.47, 136.38, 132.69, 132.66, 132.49, 132.38, 129.10 (2C), 129.07
(2C), 128.33 (20), 128.27 (2C), 128.15, 128.10, 127.53 (2), 126.89 (2C), 124.74, 124.53, 117.93
(2C),92.32(d,J=111.2 Hz), 90.83 (d, J=122.6 Hz), 54.23 (d, /= 23.5 Hz), 53.27 (d, J=23.7 ,
49.77, 49.63, 47.12, 46.67, 46.60, 44.97, 38.40, 38.32 (d, J = 20.3 Hz), 36.59 (d, J = 21.2 Hz),
HRMS (ESI+): calculated for [C2iHisFN3O, + H]*, 364.14558; found, 364.14500; HPLC (Method
A) tr = 16.0 min, 96.3%.

(25,4R)-1-(2-benzyl-3-oxoisoindoline-4-carbonyl)-4-fluoropyrrolidine-2-carbonitrile
(2.15) Compound 2.15a was synthesized following the general procedure for peptidic coupling,
using 2.23 as the corresponding amine. The crude residue was purified using 1:1 EtOAc/hexanes
as the eluent system (30%, white solid); (R/=0.1; 1:1 EtOAc/hexanes); IR (film) Vmax (cm™) 3008,
2920, 1686, 1648, 1603, 1413, 1205; "H NMR (400 MHz, Acetone-ds) & 8.38 — 7.55 (m, 2H), 7.52
—7.24 (m, 6H), 5.36 (dt, J = 52.2, 3.7 Hz, 1H), 5.15 — 4.65 (m, 3H), 4.55 — 4.17 (m, 2H), 3.96 —
3.43 (m, 2H), 2.99 — 2.83 (m, 1H), 2.75 — 2.52 (m, 1H); *C NMR (101 MHz, Acetone) § 167.78,
166.90, 143.46, 138.53 (2C), 133.90, 132.52, 129.56 (2C), 128.87 (2C), 128.31, 127.79, 125.61,
118.79, 92.22 (d, J = 178.0 Hz), 54.93 (d, J = 22.1 Hz), 49.99, 46.59, 45.40, 37.61 (d, J =22.3
Hz); HRMS (ESI+): calculated for [C21HisFiN3O, + H]", 364.14558; HPLC (Method B) tr = 13.2
min, 95.1%.

(8)-2-benzyl-7-(3-fluoropyrrolidine-1-carbonyl)isoindolin-1-one (2.16a) / (R)-2-benzyl-7-
(3-fluoropyrrolidine-1-carbonyl)isoindolin-1-one (2.17a) Compounds 2.16a/2.17a were

synthesized following the general procedure for peptidic coupling, using 2.14/2.25 as the
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corresponding amines. The crude residues were purified using 100% EtOAc as the eluent system
(90%/90%, white solids); As they are enantiomers, they gave identical spectral properties. Ry. 0.18
(100% EtOAc); IR (film) vmax (cm™) 3005, 1682, 1627, 1607, 1433, 1206; '"H NMR (500 MHz,
Chloroform-d) 8 7.54 (td, J="7.5, 2.6 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 7.34 — 7.22 (m, 5H), 5.26
(ddt, J = 82.8, 52.9, 3.9 Hz, 1H), 4.87 — 4.56 (m, 2H), 4.32 — 4.19 (m, 2H), 4.15 — 3.75 (m, 2H),
3.63 — 3.32 (m, 2H), 2.46 — 2.03 (m, 2H); Carbon peaks reported for both rotamers. >*C NMR
(126 MHz, CDCI3) & 167.31, 167.27, 166.83, 166.79, 141.82, 141.76, 136.81, 136.75, 134.59,
134.57,131.99, 131.87, 128.92 (2C), 128.90 (2C), 128.34 (2C), 128.31 (2C) 128.20 (2C), 127.89,
127.86, 126.55 (2C), 126.28 (2C), 123.75, 123.68, 92.80 (d, J = 177.7 Hz), 92.06 (d, J = 175.3
Hz), 54.31 (d, J=23.1 Hz), 52.50 (d, J = 23.7 Hz), 49.37, 46.47, 45.90, 43.60, 32.83 (d, J=21.6
Hz), 31.28 (d, J=21.5 Hz); HRMS (ESI+): calculated for [C20H19FN2O; + Na]", 361.1323; found,
361.132; HPLC 2.16a (Method B) tr = 12.6 min, 97.8%; 2.17a (Method B) tr = 12.7 min, 96.5%.
(8)-2-benzyl-7-(2-(hydroxymethyl)pyrrolidine-1-carbonyl)isoindolin-1-one (2.20).
Compound 2.20 was synthesized following the general procedure for peptidic coupling, using L-
prolinol as the corresponding amine. The crude residue was purified using 100% EtOAc as the
eluent system (87%, white solid); (Ry = 0.15; 100% EtOAc); IR (film) vmax (cm™) 3434, 2943,
1671, 1624, 1602, 1432; 'H NMR (500 MHz, Chloroform-d) § 7.56 (t, J = 7.6 Hz, 1H), 7.42 (t, J
=8.0 Hz, 2H), 7.36 — 7.31 (m, 2H), 7.31 — 7.25 (m, 3H), 4.91 — 4.76 (m, 2H), 4.74 — 4.59 (m, 2H),
435 (t,J=17.7 Hz, 1H), 4.33 — 4.22 (m, 2H), 3.50 (t, J=11.2 Hz, 1H), 3.29 (td, /= 9.7, 6.8 Hz,
1H), 3.13 (ddd, /= 10.7, 7.8, 3.5 Hz, 1H), 2.26 — 2.15 (m, 1H), 2.16 — 2.08 (m, 1H), 2.04 — 1.93
(m, 1H), 1.82 — 1.69 (m, 1H); 3C NMR (126 MHz, Chloroform-d) & 25.09, 27.56, 46.56, 49.30,
50.08, 59.46, 62.21, 77.16, 123.61, 125.90, 127.78, 127.91, 128.36 (2C), 128.93 (2C), 132.07,
135.46, 136.57, 141.90, 166.51, 167.01; HRMS (ESI+): calculated for [C21H2N203 + Na]”,
373.15226; found, 373.15174; HPLC (Method B) tr = 11.5 min, 19.7%; tr = 12.5 min, 80.2%.

2.6.2 Mass Spectroscopy study of the hydrolysis of the boronic ester

The stability of boronic ester 2.12a in buffer was assessed by mass spectroscopy using a
Dionex Ultimate 3000 UHPLC coupled to a Bruker Maxis Impact QTOF in positive ESI mode. A
0.1 mL sample of 2.12a in DMSO (100 mM stock) was added to 0.9 mL of buffer in a septum
capped vial and placed in the Ultimate 3000 autosampler. At 5 minute intervals, a 1 pL aliquot of

the mixture was injected into the QTOF by loop injection at a flow rate of 0.1 mL/min in a mobile
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phase consisting of a 1:1 mixture of water and acetonitrile and 0.1% formic acid. The data was

processed using the Bruker DataAnalysis software version 4.2.
2.6.3 Biological assays and biophysical characterization.

2.6.3.1 FAP Assay.
The FAP assay was performed using the FAP Assay Kit from BPS BioScience.*’

2.6.3.2 POP Protein Expression

POP was expressed and purified according to a procedure previously described.*®

2.6.3.3 POP Activity Assays

The colorimetric substrate ZGP-pNA was obtained from Bachem (Bubendorf, Switzerland).
ICso / Ki measurements were carried out as follows. The reactions were performed in micro titer
plates of 96 wells. For each reaction, activity buffer (A.B.) (140 pL, sodium phosphate 20 mM,
NaCl 150 mM, B-mercaptoethanol 5 mM, EDTA 2 mM, 10% glycerol, 0.5 mg/mL BSA, pH=8)
was pre-incubated for 30 min at 30°C with hPOP (20 pL, 10 nM in A.B., final concentration of
1 nM) and with the corresponding inhibitor solution (20 uL) or A.B. (controls). Stock inhibitors
were prepared in DMSO (100 mM); dilutions for inhibitor evaluation were prepared from the stock
in A.B. A control experiment with the same DMSO concentration was performed. After pre-
incubation, ZGP-pNA (20 pL, 0.8 mM in A.B., final concentration of 80 pM) was added and
formation of the product was followed by absorbance at 405 nm every 30 sec. Initial velocity was
measured for each concentration of inhibitor and compared to the initial velocity of reactions that
did not contain inhibitor. The ICso value was defined as the inhibitor concentration causing a 50
% decrease in activity. The K; was defined as ICso/(1+([S]/Km)). K of the substrate has been
measured by monitoring the initial velocity of the enzymatic reaction of 1 nM of hPOP with
various concentrations of substrate. Data obtained were: K, = 74.6 pM; kear = 20.56 57
2.6.3.4 Progress curves

The reactions were performed in micro titer plates of 96 wells. For each reaction, 140 uL of
A.B. was added, followed by 20 pL of hPOP (10 nM in A.B.). After 15 min of equilibration at
30°C, 20 pL of inhibitor solution was added (different concentrations were prepared by serial
dilution from an original 0.1 M stock in DMSO that was kept at -80°C). Directly afterwards, 20 pL
of a 800 uM substrate solution (30% MeCN in A.B.). Once substrate was added, the absorbance
at 405 nm was recorded every 30 sec. during a period of time ranging from 2 h to 5 h depending

on the inhibitor. Data were then fitted to the corresponding in order to extract ko»s. These values
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were further plotted against inhibitor concentration used and the data fitted to the corresponding

equations in order to retrieve kinetic parameters.

2.6.3.5 Dilution experiment

Inhibitor at a concentration of 100xK; was pre-incubated with 200 nM of hPOP in A.B. for 2 h
at 30°C. Rapid serial dilutions (two times 40-fold dilution for a total of 1600-fold) were made with
a substrate-containing buffer (Substrate concentration = 80 uM) pre-equilibrated at 30°C. Final
concentrations of inhibitor were 0.06xK; and the concentration of enzyme was 0.125 nM. The
absorbance at 405 nm was immediately recorded every 30 sec for the first 60 minutes followed by
every 2 minutes for the next 5 h. Data were then fitted to the corresponding equations in order to

extract kop.
2.6.4 Computational Chemistry.

2.6.4.1 Preparation of the initial systems.

The crystal structures for POP and FAP - 2xdw (POP bound to an aldehyde-containing
inhibitor), 4an0 (POP bound to a nitrile-containing inhibitor), 4bcb (POP bound to a nitrile-
containing inhibitor) and 1268 (FAP unbound) were downloaded from the PDB. The six ligands
(2.5b, 2.10b, 2.11b, 2.13b-2.15b) were docked covalently to 2xdw and 1z68 using our docking
program Fitted.*” These crystal structures and docked poses were used to build starting structures.
For example, docked poses in POP are similar to the crystal structure with the proline ring properly
positioned. However, the stereochemistry of the acetal (from 2.10b) and the orientation of the
iminoether (from 2.5b) are inexact and are repositioned to generate starting structures. Then the
FAP structure (1z68) was superposed onto POP (2xdw) and the ligands added to FAP as docked
in POP. Considering the rigidity of the aldehyde-containing small molecule and the similarity
between the FAP and POP catalytic triad and oxy-anion hole, the binding mode is very likely
similar.

The proteins were next truncated; the starting structures are provided as xyz coordinates (mol2
format). For POP the following residues were kept: Asp149, Tyr473, Ser554, Asn555 (backbone
NH), Trp595, Asp641, Arg643 and His680; for FAP: Argl23, Glu203, Tyr541, Ser624, Tyr625
(backbone NH), Tyr656, Asp702 and His734. To ensure that all the hot spots are removed, the
systems were relaxed according to the following procedure:

e Hydrogens were optimized (AM1) with all heavy atoms frozen.

e The inhibitors were optimized (AM1) with all the protein heavy atoms frozen.
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e The complexes were optimized (PBEO/def2-SVP) with only the a and B carbons of the

amino acids frozen (quantum chemical cluster approach).

2.6.4.2 Potential energy surface scans.

One dimensional potential energy surface (PES) scans were performed in ORCA v.4.0.1.2% at
the PBE0/def2-SVP level of theory on the optimized structures obtained as described above. The
coordinate for the scans was the Ser(O)-warhead(C) distance — 13 points were recorded for each
scan. For each system the a and § carbons of the amino acids were frozen, while the remaining
atoms were allowed to move freely. For each system the bound minima, the maxima (if applicable)
and the unbound minima were subjected to single point energy calculations at the
PBEO0/D3BJ/def2-TZVP level of theory. To simulate the unbound states, optimizations were
carried on the separate partners (truncated proteins and ligands) at the PBE0/def2-SVP level of
theory. Single point energies calculations were then performed on the separated partners in gas

phase at the PBEO/def2-TZVP/D3BJ level of theory.
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Chapter 3

Chapter 3:

Discovery of covalent prolyl oligopeptidase boronic ester inhibitors

This chapter has been published and is reproduced from:
Plescia, J. e al. Discovery of covalent prolyl oligopeptidase boronic

ester inhibitors. Eur J Med Chem 2020, 185, 111783.
© Elsevier (2020)

Elsevier grants blanket permission for authors to use their work in their dissertation.

While Chapter 1 reviewed the field of boronic acid/ester drugs, Chapter 2 focused
more narrowly on our two enzymes of interest, prolyl oligopeptidase and fibroblast
activation protein a, to determine the optimal electrophilic groups for targeting the
two enzymes simultaneously; it was found that boronic acids are the optimal group.
Herein we prepare peptidomimetic boronic esters as POP inhibitor pro-drugs, an
electrophilic group that has largely been unexplored in targeting POP. Using
docking-guided hit optimization, we conducted a structure-activity relationship

study to further explore the scope of active POP inhibitors.

Contribution(s) of authors: I designed, synthesized, and characterized all molecules presented in this chapter and conducted
90% of the in vitro assays, the rest of which were conducted by Naéla Janmamode. Caroline Dufresne purified the POP
enzyme. Alexander S. Wahba conducted the mass spectroscopy studies. I conducted the virtual screening and analysis with

aide from Professor Nicolas Moitessier.
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3.1 Abstract

Over the past decade, many drug discovery endeavors have been invested in targeting the
serine proteases prolyl oligopeptidase (POP) for the treatment of Alzheimer’s and Parkinson’s
disease and, more recently, epithelial cancers. Our research group has focused on the discovery of
reversible covalent inhibitors, namely nitriles, to target the catalytic serine residue in this enzyme.
While there have been many inhibitors discovered containing a nitrile to covalently bind to the
catalytic serine, we have been investigating others, particularly boronic acids and boronic esters,
the latter of which have been largely unexplored as covalent warheads. Herein we report a series
of computationally-designed POP boronic ester pro-drug inhibitors exhibiting nanomolar-
potencies in vitro as their active boronic acid species. These easily-accessible (1-2 step syntheses)
compounds could facilitate future biochemical and biological studies of this enzyme’s role in

neurodegenerative diseases and cancer progression.

3.2 Introduction

Despite significant improvement in cancer therapies, survival rate remains low for several
forms, such as lung cancer.! The tumor microenvironment (TME) — which includes malignant cells
and the surrounding structures — is suggested to contribute to the metastasis and progression of
tumors.>* Many studies have been conducted to identify the structural targets implicated in tumors
and the TME and to develop drugs blocking the action of these targets.>!! Our focus is on prolyl
oligopeptidase (POP), a serine protease of the S9 protein family'?>'* While initially linked to
neurodegenerative diseases'* ! POP has now been established as a viable candidate for cancer
therapies and is suggested to be involved in angiogenesis through its proline-specific peptidase
activity.'?> 17 More specifically, POP inhibition has been shown to strongly inhibit the growth
and proliferation of tumor cells in vivo,'? 13- 17-20

Thus far, the majority of POP inhibitors have heavily resembled its peptide substrates, with
most structures consisting of modified dipeptides (or pseudopeptides) with a reversibly

electrophilic group (e.g., aldehyde, nitrile, fluorine-activated nitrile, or boronic acid)!'” 2!-?*

or
irreversible ketone or Michael acceptor.>* Research into drug-like inhibitors is a very promising
strategy, as currently, there exist no inhibitors of POP on the market. S-17092, a potential POP

selective inhibitor was stopped at Phase I trials.?>-2°
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Over the past few years, our group has reported three chemical series investigating POP
covalent inhibition in vitro, both against recombinant protein and in cancer cell lines,>”° but the
long and complex syntheses — including difficult separations of stereoisomers and hazardous
reaction conditions — prove to be inefficient for gram-scale synthesis and pharmaceutical
development. Furthermore, each series focuses on the same 1,4-dicarbonyl molecular scaffold
(3.1, 3.3, 3.4, 3.4, and 3.6 in Figure 3.1), and one series (3.4, MCMG01-2009 and analogues) was
terminated due to metabolic instability and potential toxicity of the lead compound.

These previous chemical series were discovered by docking-guided design of constrained
peptidomimetics,?’ virtual screening,?® and docking-guided optimization,?® using our in-house
computational platform.>!*3 The first-of-their-kind covalent inhibitors showed high activity in
vitro against recombinant protein, inhibitor 3.6 being one of the most potent compounds reported

to date.

\\\
3.1, $-17092 3.2,Y-29794
K, =1.5nM K; = 0.95 nM
H H
N//, S
N N O\«
(0] o ol N
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3.3, Z-Pro-Prolinal (ZPP) 3.4, MCMGO01-2009
Ki =1nM |C5o =200 nM
N
N 0
0 \l
N
3.5a, MCMG02-2012 3.6, MCMG03-2016
K =23 nM K =1nM

Figure 3.1. Previously-reported POP inhibitors
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While reviewing the field of covalent enzyme inhibition, we concluded that, with the proper
kinetics-structure relationship experiments, covalent inhibition could be a promising avenue in the
discovery of anticancer therapeutics.>* Our team has since developed the necessary kinetics
experiments to study covalent inhibition in the context of POP inhibition.>>’

In this work, we use our combined expertise in computational, medicinal, and biological

chemistry to design synthetically accessible POP inhibitors in a focused structure activity

relationship study.

3.3 Results
3.3.1 Docking-based investigations of the POP active site

It is now well established that docking-guided drug discovery endeavors are significantly more
effective if knowledge of the target (e.g., key interacting residues) is available.*® In order to obtain
more insights into the optimal structural requirements for inhibition, we docked known active POP
inhibitors (including those shown in Figure 3.1) and investigated the interactions between the
inhibitors and the residues in the active sites, using the latest version of our docking program >33
Our comprehensive review on POP inhibitors previously outlined the necessary interactions
between inhibitors and the enzyme.!” The results of this docking study supported our original
findings that three residues participate in necessary interactions for high inhibitor activity: Phel73

for aromatic interactions and Trp595 and Arg643 for hydrogen bonding with potent POP inhibitors
(Figure 3.2).
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Figure 3.2. Our previously published hit 3.5a docked into the active site of POP. Hydrogen
bonding interactions between 3.5a (maroon) can be observed between the 1,4-carbonyl moiety and
residues Trp595 and Arg643 (blue). An additional aromatic interaction can be observed between

the benzyl group and Phe173 (green).

3.3.2 Docking-guided optimizations.

Once the necessary enzyme-inhibitor interactions were established, this information was
converted into interaction sites to improve the docking predictions.** Next, we carried out docking-
guided optimizations. Of the known POP inhibitor structures, including those in Figure 3.1,

compound 3.2394

was particularly interesting. It is one of the only known active POP inhibitors
that does not contain the aforementioned 1,4-dicarbonyl moiety that is presumed to offer hydrogen
bonding to the arginine and tryptophan residues in the active site. Instead of a second carbonyl
group, the scaffold contains a thioether as a hydrogen bond acceptor. In addition, it includes an
aromatic core shared by one of our leads (3.5a, Figure 3.3). To the best of our knowledge, the
mode of binding (competitive binding, allosteric, etc.) of inhibitor 3.2 remains unknown. However,
computational studies revealed that binding in the catalytic site is possible.*! Assuming that this
compound binds to the active site, upon docking-guided optimizations of 3.2, compounds 3.7a-j
were designed, varying in heteroatoms on the scaffold and covalent electrophilic warhead (Figure
3.3).

The docking pose of compound 3.2 was not optimal, so several modifications were made

following information from our lead molecules 3.5a%% and 3.5b** (Figure 3.3). The long chain of
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the thioether was removed, as it contained many rotatable bonds, subtracting from its viability as
a drug candidate.*® Unfortunately, the thioether analogue was not commercially available, and the
synthesis was too complex for the purposes of this study. To address this issue, the thioether was
replaced with a readily available methoxy group. Next, the distal isopropyl, pyridinyl, and amine
moieties were combined into an N-acetyl group placed in the same position as the isopropyl group
in 3.2; the N-acetyl group contains the hydrogen bond acceptor (pyridine vs. carbonyl), hydrogen
bond donor (protonated amine vs. amide) and steric bulk (isopropyl vs. N-acetyl). To determine
the effect of the ether on inhibitor potency, an analog was synthesized containing a fluorine atom
in place of the methoxy group. Interestingly, the docked pose of the fluorinated compound, like
that of the methoxy-containing compound, orients the fluorine atom almost directly between
Arg643 and Trp595, potentially interacting with both as a weak hydrogen bond acceptor (Figure
3.4). Series 3.7 was thus selected as the synthetic target. Interestingly, our review of the literature

revealed that a similar scaffold was previously used although in irreversible inhibitors.?*

docking-guided

B H X2
@\N{ | P | S\ optimization YN
H I ' D N
S (6] |
X; O R

3.22, Y-29794
3.7a+
X4 =H, F, OMe
X,=H, F
N R = H, CN, Bpnd*, B(OH),

Optimized hits

3.5a, MCMG02-2012

K; =23 nM N O  Bpnd*
< >_/ o)

3.5b
K; =22 nM

(/" 0
I

Figure 3.3. The docking guided optimization process to obtain our new hits: from compound 3.2,
3.5a%% and 3.5b** to compounds 3.7a-j. Red: main scaffold; orange: hydrogen bond acceptor; blue:
hydrogen bond donor. Structural similarities highlighted in corresponding colours. *pnd refers to

(+)-pinanediol; *protonated at physiological pH.
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Figure 3.4. Our newly designed virtual hit and past POP inhibitor docked to POP: compounds 3.7
(teal) and 3.5b (purple; hydrolyzed to the boronic acid).

3.3.3 Synthesis.

Analogues both with and without the aromatic fluorine or methoxy group were synthesized to
determine their effect on activity. The efficient synthesis was optimized to 1-2 steps, 3 including
deprotection of the boronic ester to the corresponding boronic acid (Scheme 3.1). The first N-
acetylation step for the synthesis of the fluorine-containing series was adapted from a procedure
by Veera Reddy et al.** This reaction was carried out under sonication and proceeded smoothly,
producing the benzoic acid derivative 3.10 in quantitative yields. The subsequent coupling step
leading to 3.7a-3.7k gave varied yields. The amine salts were readily available proline
analogues.***¢ The potentially non-covalent inhibitor analogues 3.7a and 3.7f were included to
determine the effect of a covalent group on the activity of the inhibitor. The boronic acid analogues
were initially synthesized as boronic esters and required one further deprotection step to attain

compounds 3.7¢/3.7j.
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Scheme 3.1 Synthesis of POP inhibitors?

N N :
T o = YL
(0] Xy O R

3.8 3.7a, R=H, X=H, X4=H
3.7b, R=CN, X=H, X4=H
3.7c, R=CN, X=F, X;=H
3.7d, R=Bpnd,* X=H, X4=H

b E
3.7e, R=B(OH),, X=H
RHN H X
a, d, ore-f \H/
X1 O X1 O R
,:39 R=H, X,=F 3.7f, R=H, X=H, X;=F
3.10, R=Ac, X,=F 3.7g, R=CN, X=H, X,=F
3.10a, R=Ac, X;=OMe 3.7h, R=CN, X=F X4=F
*, X=H, X;=F

3.7i, R=Bpnd*,
o]
3.7j, R=B(OH),, X=H, X4=F

3.7k,R=Bpnd*, X=H, X;=OMe,
Reagents®: (a) EtzN, Piv-Cl, modified proline salt, 0°C—rtt, 18 h; 56% (3.7a),
25% (3.7b), 24% (3.7¢), 39% (3.7f), 67% (3.7g), 21% (3.7h); (b) BCl3, DCM, —
78°C, 1h; 91% (3.7e), 71% (3.7j); (c) Ac20, H>O, sonication, rt, 15 mins, quant.;
(d) BOP, Et3N, modified proline salt, 18 h; 82% (3.7d), 63% (3.7i); (¢) EDC<HCI,
HOSu, DCM, 1t, 18 h; (f) EtsN, modified proline salt, 0°C—rt, 18 h; 45% over two
steps (3.7k); *pnd refers to (+)-pinanediol.

Several analogues were next synthesized to explore the effect of fluorine and various

combinations of functional groups on the activity of this new chemical series. The synthesis

remained 1-2 steps as shown in Scheme 3.2.
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Scheme 3.2. Synthesis of second-generation analogues?®

X5 Xy
a
OH —— N
Xy O Xy O Bpnd
3.11a, X1=F, X2=NH2 3-12a, X1=F, XZ=NH2
3.11b, X1=H, X2=NH2 3-12b, X1=H, XZzNHz
3.11C, X1=F, X2=H 3-12(:, X1=F, XZ=H
3.11d, X;=X,=F 3.12d, X;=X,=F
3.11e, X;=X,=H 3.12e, X=X,=H
3.11f, X,=F, X,=OMe 3.12f, X,=F, X,=OMe
3.11g, X;=H, X,=OMe 3.12g, X,=H, X,=OMe
3.11h, X;=H, X,=SMe 3.12h, X;=H, X,=SMe
NH, NH,
b
N _— N
F O Bpnd F O  B(OH),
3.12a 3.12i

®Reagents: (a) PyBOP, DIPEA, modified proline salt, DMF, rt, 18 h; 92%
(3.12a), 89% (3.12b), 89% (3.12¢), 94% (3.12d), 77% (3.12¢), 75% (3.12f), 75%
(3.12g), 97% (3.12h); b) BCI3, DCM, —78°C—rtt, 18 h, 57%; *pnd refers to (+)-

pinanediol.

101



Chapter 3

3.4 Discussion

3.4.1 Inhibitory potency of the first series.

Table 3.1 summarizes the results from the in vitro assays of our inhibitor series on POP. As
expected, the increase in activity from pyrrolidine (3.7a/3.7f) and cyanoproline (3.7b/3.7g)
analogues in POP supports our argument that covalent inhibitors exhibit higher potencies than
their non-covalent analogues. The boron-containing inhibitors were the most potent, however.
While we have no direct evidence that these boronic acid inhibitors are binding covalently, our
previous work revealed long residence time (ca. 70 min) for a similar boronic acid derivative,
together with high calculated energy stabilization when covalently bound supporting a reversible
covalent binding mode.*” The complete loss of inhibitory potency observed with 3.7a and 3.7f
further support a covalent binding mode.

Interestingly, addition of a fluorine to the aromatic ring, while having little to no effect on the
inhibitory activity of compounds containing the weakly-reactive nitrile group, shows a significant
increase in activity of boronic ester compounds 3.7d and 3.7i. Even without the understood
requirement of aromatic interactions with Phel73, both compounds showed submicromolar
activity, with fluorinated 3.7i showing nearly a 3-fold increase in potency from non-fluorinated
3.7d. This contradicts our previous knowledge that the pharmacophore of POP inhibitors requires
a phenyl ring to participate in aromatic interactions with Phel73 in the active site.!” It appears as
though fluorine, as predicted by our docking software, is oriented in such as a way as to
compensate for the loss of these specific stabilizing interactions (Figure 3.4). To determine the
significance of the fluorine, a boronic ester analogue replacing the fluorine for a methoxy group
(3.7k) was also tested. Interestingly, this compound increased in potency by an order of magnitude,
indicating that while fluorine must be participating in supplemental interactions or simply
increasing the reactivity of the distal boronic ester, a true hydrogen bond acceptor renders the
inhibitor much more potent. While the scaffold does not seem to significantly contribute to activity
of the weakly reactive nitrile-containing compounds, it appears to highly enhance the activity of

the boronic ester analogues 3.7d, 3.7i, and 3.7k, depending upon the aromatic substituents.
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Table 3.1. In vitro inhibitory potency against. POP.

Entry Compound# X X1 R POP Ki (uM)
1 3.7a H H H > 30
2 3.7b H H CN 22+0.7
3 3.7¢ F H CN 11.4+£3.4
4 3.7d H H Bpnd* 0.27 £0.03
5 3.7e H H B(OH): 0.95+0.04
6 3.7f H F H > 30
7 3.7¢g H F CN > 15
8 3.7h F F CN >15
9 3.7 H F Bpnd* 0.08 £0.015
10 3.7j H F B(OH): 0.21+0.03
11 3.7k H OMe Bpnd* 0.006+0.0015

*Bpnd refers to the (+)-pinanediol protecting group

Figure 3.5 displays the dose response curve of compounds 3.7i and 3.7k.

Dose-Response Curves

- 3.7i
2 - 3.7k
>
5 - 3.12g
©
o
a 3.12h
a
N

-9 -8 -7 -6 -5 -4
log[inhibitor]

Figure 3.5. Dose-response curves for inhibitors 3.7i (blue), 3.7k (purple), 3.12g (green), and 3.12h

(orange).
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3.4.2 Hit optimization.

The promising activity of compound 3.7i and 3.7k led to further virtual derivatization of our
hits. We hypothesized that if we moved the N-acetyl group to the ortho position, retaining the
fluorine in the other ortho position, the activity would increase even further, as the hydrogen bond
acceptor acetyl would be closer to the arginine and tryptophan residues. Upon docking, however,
it appeared the N-acetyl group was repelled from the active site. To decrease its size, the acetyl
group (hydrogen bond acceptor) was removed to leave the aniline group (hydrogen bond donor),
leading to compound 3.12a. With the removal of the hydrogen bond acceptor group, docking this
new modification (Figure 3.6b and c) gave two proposed binding modes. In the first (Figure 3.6b),
the fluorine was no longer interacting with two key residues. The aniline was instead predicted to
hydrogen bond intramolecularly with the neighboring carbonyl. This interaction polarizes the
carbonyl and may affect the reactivity of the boronic ester. Currently, the reactivity of the
electrophilic warhead is not considered by any docking program including routines for covalent
docking.** In an alternative proposed binding mode (Figure 3.6¢), the position of the fluorine in
3.12a is similar to that of 3.7i, further supporting our hypothesis that the fluorine may compensate
for the missing key interactions. Furthermore, the aniline would hydrogen bond with a proximal
tyrosine (not shown), adding an additional stabilizing ligand-protein interaction. This molecule

was thus selected as our new synthetic target.
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Figure 3.6. Docking-guided optimization of compound 3.7i. a) Compound 3.7j docked to the
active site of POP; b) Hydrolyzed ester 3.12a docked to the active site of POP; c) alternative
binding mode of hydrolyzed 3.12a docked to the active site of POP

In order to further probe the impact of the electronics on the inhibitory potency, a set of
molecules with various electron donating and withdrawing groups was designed and synthesized
(Scheme 3.2). The synthesis was similar to that of the first series; commercially available benzoic
acid analogues were coupled to a proline analog to give the resultant boronic esters. One boronic
ester was deprotected to the boronic acid. Upon in vitro testing against POP, we obtained several
interesting results. Our optimized hit 3.12a showed low micromolar potency against POP (Table
3.2), yet it was still not nearly as active as our original hits 3.7i and 3.7k. As discussed above, it is
possible that after having removed the acetyl group and moved the resultant aniline to the ortho
position, the aniline is hydrogen bonding intramolecularly to the carbonyl of the amide, thereby
preventing the fluorine atom from assuming its predicted advantageous position in the active site.
Removal of the aniline restored some of the activity (3.12¢) while addition of a hydrogen bond
acceptor (3.12f) led to further increase in potency by an order of magnitude. In contrast, removal
of this fluorine (giving 3.12b) decreases the inhibitor potency six-fold, further suggesting that

fluorine is contributing to the stabilization of the ligand in the active site or to the reactivity of the
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boronic ester acting as the electrophile. These data indicated that (1) the aniline is potentially
hindering activity of this new inhibitor and/or (2) fluorine on its own can lead to sub-micromolar
inhibitory potency. This last observation may also suggest potentially quicker hydrolysis of the
boronic ester in the buffer, as electronegative fluorine atoms are expected to increase the reactivity
of boronic esters. This hydrolysis mechanism was investigated more closely (see below). Upon
addition of a second ortho-fluorine (3.12d), a significant increase in potency is observed from the
mono-fluorine analogue. Once more, two likely explanations exist for this activity: the di-fluoro
system is inductively increasing the electrophilicity of the boronic ester (and its hydrolysis to the
likely active species), and/or the two fluorine atoms are participating in supplementary stabilizing
interactions that allow the inhibitor to interact with the active site more strongly than any of the
other tested compounds. Another analogue featuring a methoxy group as a hydrogen bond acceptor
(3.12g) displayed nanomolar activity in an even higher potency than 3.7i. Interestingly,
replacement of the methoxy with a thioether (3.12h) increased potency further. This analogue more
closely resembles active compound 3.2, the original scaffold from which this series was designed.
It seems as though a thioether increases stability of the inhibitor in the active site more so than its
methoxy counterpart. A control inhibitor with no ortho- substituents (3.12e) exhibited much lower
potency, two orders of magnitude lower than the thioether or methoxy analogues. These results
indicate that there does exist a substituent requirement for inhibitory potency, whether it be to
stabilize the inhibitor in the active site, to increase the reactivity of the boronic ester towards

hydrolysis, or to form a stronger covalent bond in the binding site.
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Table 3.2. In vitro on POP inhibition for second chemical series.
Xz
N
X, O  Bpnd, B(OH),

Entry Compound # Xi X2 K; (uM)
1 3.12a F NH 1.1+0.1
2 3.12b* H NH 6.3+0.5
3 3.12¢ F H 1.0+0.1
4 3.12d F F 0.355 +0.054
7 3.12e H H 0.767 £ 0.1
8 3.12f F  OMe 0.049£0.008
9 3.12¢g H OMe 0.044 £0.004
10 3.12h H SMe 0.009=+0.001
11 3.12i° F NH 3.0+04

®boronic acid analogues

3.4.3 Mechanism of action.

A close look at the collected data reveals that the activity of the boronic esters is most likely
resulting from minor modifications of the scaffold. On one side, electron-withdrawing fluorine
atoms are believed to increase the Lewis acidity of the boronic ester, hence its potency (ICs0(3.12¢)
> [Cs0(3.12d)). The introduction of true hydrogen bond acceptors (OMe, SMe) is expected to
increase the potency (ICso(3.12¢) > ICs0(3.12g) > ICs0(3.12h)).

In order to determine the full effect of the boronic ester prodrug, the (+)-pinanediol group was
removed under Lewis acidic conditions from two selected esters to give the corresponding boronic
acids 3.7e and 3.7j. Upon in vitro testing against recombinant POP, it was surprisingly found that
the boronic acid analogues were slightly less active than their corresponding esters 3.7d and 3.7i.
This data appears inconsistent with the design strategy that relies upon the formation of a covalent
bond between the boronic acid group and the catalytic serine. Based on these results, we

hypothesized that the boronic pinanediol ester might be either (1) hydrolyzed in the buffer as we
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recently observed*? or (2) a substrate of POP, hence the boronic acid, product of this hydrolysis,
does not leave the binding site, inhibiting the enzymatic activity.

To distinguish between these two alternative boronic acid release pathways, we investigated
the stability of the boronic ester in neutral aqueous solution and did not observe significant
hydrolysis over a period of several hours. In fact, strongly acidic conditions are usually required
to cleave alkyl boronic esters; 6N HCI was used by Lebarbier et al.,*’ and boronic pinanediol esters
were also found to be stable under acidic conditions used to remove a Boc group.*® We were hence
skeptical that hydrolysis would occur readily in the slightly basic buffer used in our assays.
However, mass spectrometry studies revealed that under the slightly basic conditions of the assay
(pH 8 buftfer), the esters were hydrolyzed very quickly even in the absence of enzyme. This data
confirmed that the enzyme is not involved in the hydrolysis process. As a result, the boronic esters
act as pro-drugs releasing the boronic acids, in turn acting as POP inhibitors. To confirm that the
active species are stable boronic acids, MS experiments were carried out. Figure 3.7 details the
hydrolysis of boronic ester 3.12d and 3.12e to their respective boronic acid species. Despite the
expected higher intrinsic reactivity of 3.12d, its hydrolysis occurred on approximately the same
time scale as both the unsubstituted 3.12e and our previously published 3.5b** which contains an
entirely different scaffold. This evidence indicates that the boronic ester inhibitors are hydrolyzed
during the serial dilution and 96-well plate preparation, i.e. well before the enzyme is added. The

active species participating in the enzymatic reaction are therefore the boronic acids.

3.12d hydrolysis study 3.12e hydrolysis study
100-] u " . il
g . "o L] u ° 100 am " ", T
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Figure 3.7. Hydrolysis studies of boronic esters 3.12d and 3.12e in POP assay buffer. The graphs

display relative abundance of each ionic species at intervals over 50-63 minutes.
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3.5 Conclusion

In summary, by introducing various combinations of amines/amides, hydrogen bond donors
and acceptors, and fluorines, to a very simple molecular scaffold, we were able to achieve potent
POP inhibition with compounds that move away from the pseudopeptide scaffold of previously-

discovered inhibitors'8: 2223

and the use of irreversibly covalent electrophiles.?* Furthermore, our
study has led to the synthesis of inhibitors that are available in just one or two steps, facilitating
future kinetic or biological studies of this enzyme or cancer cell lines.

More unexpectedly, the boronic esters, initially seen as synthetic intermediates, exhibited
strong inhibitory potency. We confirmed that the activity of these bulky boronic esters is the result
of their buffer-mediated hydrolysis into the active boronic acids, the latter being less active (when
tested directly); the boronic esters act as pro-drugs, while the boronic acids are the active species.
This finding also facilitates future medicinal chemistry endeavors, as (1) boronic esters are much
easier to synthesize and handle, and (2) many substituents are unstable to boronic ester cleavage
conditions. The removal of this formerly necessary synthetic step allows for a broader spectrum

of inhibitors to be studied. Based on these promising results of our boronic ester compounds, we

are currently exploring more complex, non-peptidic boronic ester drugs.

109



Chapter 3

3.6 Experimental Section.
3.6.1 In Vitro Assays

POP expression, purification, and testing were performed as previously described by our
group.?® The enzyme batch tested in this study exhibited a K, of 141.2 pM and keat 0f 21.2 57
3.6.2 Chemistry

3.6.2.1 General information.

All commercially available reagents were used without further purification. All reactions,
unless otherwise indicated, were carried out in flame-dried flasks under argon atmosphere with
anhydrous solvents. FTIR spectra were recorded using a Perkin-Elmer Spectrum One FT-IR or
Bruker ALPHA FTIR-ATR. 'H and '*C NMR spectra were recorded on Bruker 400 or 500 MHz
or Varian 400 or 500 MHz spectrometers. Chemical shifts are reported in ppm using the residual
of deuterated solvents as an internal standard. Thin layer chromatography visualization was
performed by UV or by development using ninhydrin, para-anisaldehyde, vanillin, ceric
ammonium molybdate, or KMnOs. Chromatography was performed on silica gel 60 (230—40
mesh) or using the Biotage One Isolera with ZIP cartridges. High resolution mass spectrometry
was performed by ESI on a Bruker Maxis Impact API QqTOF or by ESI or APCI on a
ThermoFisher Exactive Plus Orbitrap-API at McGill University. All tested compounds were at

least 95% pure. All compounds were stored at —20°C.

3.6.2.2 Mass Spectroscopy study of boronic ester hydrolysis

This study was performed as previously published by our group*?.

3.6.2.3 Purity determination by High Performance Liquid Chromatography (HPLC)

Prior to biological testing, reverse-phase HPLC was used to verify the purity of compounds on
an Agilent 1100 series instrument, equipped with VWD-detector, using a C18 reverse column
(Agilent, Eclipse C18 150 mm A~ 4.6 mm, 5 um) with UV detection at 254 nm. All biologically
tested compounds were determined to be > 95% pure. The solvents used were H>O (A) and either
MeOH or MeCN (B) in a gradient. Retention times and purities are provided for each compound.

Method A: H>O (A) and MeOH (B); t = 0 mins, 95% A / 5% B; t = 3 to 20 mins, gradually to
5% A /95% B; t =20 to 25 mins, 5% A / 95% B; t =25 to 28 mins, gradually to 95% A / 5% B; t
=28 to 30 mins, 95% A / 5% B.
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Method B: H>O (A) and MeCN (B); t =0 mins, 95% A / 5% B; t =5 to 15 mins, gradually to
5% A /95% B; t=15 to 20 mins, 5% A / 95% B; t =20 to 28 mins, gradually to 95% A / 5% B; t
=28 to 30 mins, 95% A / 5% B.

3.6.2.4 Synthesis

4-Acetamido-2-fluorobenzoic acid (3.10) 4-amino-2-fluorobenzoic acid benzoic acid (500
mg, 3.22 mmol, 1 eq) was suspended in H20 (3.2 mL, 1 M) in a static-free round-bottom flask,
and acetic anhydride (0.65 mL, 658 mg, 6.45 mmol, 2 eq) was added. An empty balloon was
inserted into the septum to trap AcOH vapors and prevent pressure build-up, and the mixture was
sonicated for 5 minutes. The reaction was incomplete (TLC 90:10 EtOAc-MeOH, ninhydrin stain).
Acetic anhydride (2 eq) was added again, and the mixture was sonicated for 5 minutes. This was
repeated a third time (totaling 6 eq of Ac20, 15 minutes). The mixture was concentrated in vacuo
to give a beige powder, which was taken to the next step without purification (635 mg, quant.) Ry
= 0.46 (90:10 EtOAc-MeOH); mp = 247-252°C; IR (neat) cm™ 3329, 3043, 2924, 2853, 1687,
1645, 1603, 1544, 866; 'TH NMR (500 MHz, DMSO-de) & 12.93 (s, 1H), 10.45 (s, 1H), 7.82 (t, J
= 8.6 Hz, 1H), 7.66 (dd, J = 13.8, 1.9 Hz, 1H), 7.34 (dd, J = 8.6, 1.9 Hz, 1H), 2.09 (s, 3H); 1°C
NMR (126 MHz, DMSO-ds) 6 169.24, 164.56 (d, J = 3.7 Hz), 161.76 (d, J = 255.4 Hz), 144.76
(d,/=11.9Hz), 132.74 (d,J=2.4 Hz), 114.05 (d,J=2.9 Hz), 112.84 (d, /= 10.1 Hz), 106.08 (d,
J=27.7Hz), 24.19; ’F NMR (471 MHz, Methanol-ds) § -109.19 (dd, J = 13.5, 8.4 Hz); HRMS
(ESI+) m/z caled for [CoHgO3NF + Na]™ 220.03804, found 220.03742.

General Coupling Procedure A: The carboxylic acid starting material was suspended in
DCM (0.1 M), and Et3N (5 eq) was added. The resultant solution was cooled to 0°C, and pivaloyl
chloride (1.1 eq) was added. After 30 minutes at 0°C, the corresponding amine (1.5 eq) was added,
and the reaction stirred at room temperature overnight. The reaction was quenched with H>O (or
3 M HCl if a precipitate formed), and the product was extracted with DCM (or EtOAc for 3.4¢ and
3.7h). The combined organic layers were washed with 1 M HCI, saturated NaHCO3, and brine,
dried over Na,SOg, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on a silica gel column to give the product as a solid. Trace impurities could be
removed by trituration in hexanes or Et2O and subsequent vacuum filtration.

General Coupling Procedure B: The carboxylic acid starting material was dissolved in DMF
(1 M), and BOP (1.2 eq) was added, followed by by rac-N-Boro-Pro pinanediol ester
hydrochloride (prepared as described in the literature®’) (1.2 eq) and EtsN (3 eq). The reaction
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stirred at room temperature overnight. The reaction was quenched with 3 M HCI, and the product
was extracted with EtOAc. The combined organic layers were washed with 1 M HCI, saturated
NaHCO3, and brine, dried over NaxSOs, filtered, and concentrated in vacuo. The crude product
was purified by flash chromatography on a silica gel column to give the product as an oil, which
was precipitated in hexanes and vacuum filtered to give the product as a solid as a mixture of
diastereomers.

General Coupling Procedure C: The carboxylic acid starting material was dissolved in DMF
(1 M), and PyBOP (1.2 eq) was added, followed by rac-N-Boro-Pro pinanediol ester hydrochloride
(prepared as described in the literature®’) (1 eq), and DIPEA (4 eq). The reaction stirred at room
temperature overnight. The reaction was quenched with H>O, and the product was extracted with
EtOAc. The combined organic layers were washed with saturated NaHCO3 and brine, dried over
NaxSQq4, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on a silica gel column to give the product as a mixture of diastereomers.

General Coupling Procedure D: The carboxylic acid starting material was
dissolved/suspended in DCM (0.8 M), and the solution/mixture was cooled to 0°C. N-
hydroxysuccinimide (1 eq) was added, followed by EDC+HCI (1 eq). The resultant solution was
stirred at room temperature overnight. The activated esters were isolated via vacuum filtration.
The activated ester was dissolved in DMF (0.2 M), and the solution was cooled to 0°C. The rac-
N-Boro-Pro pinanediol ester hydrochloride (prepared as described in the literature*’) (1.5 eq) was
added, followed by EtsN (5 eq). The reaction stirred at room temperature until completion (1-
18 h). The reaction was quenched with H>O, and the product was extracted with EtOAc. The
combined organic layers were washed with saturated NaHCOs3 and brine, dried over Na>SOs,
filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on a
silica gel column to give the product as a mixture of diastereomers.

N-(4-(pyrrolidine-1-carbonyl)phenyl)acetamide (3.7a) The product was synthesized
following General Coupling Procedure A, using pyrrolidine as the corresponding amine. The crude
product was purified by flash chromatography on a silica gel column (eluent 90:10 EtOAc-MeOH)
to give a white solid (56%). Ry= 0.29 (90:10 EtOAc-MeOH); mp = 201-205°C; IR (neat) cm™!
3244, 3039, 2975, 1697, 1603, 759; 'H NMR (500 MHz, Chloroform-d) & 9.16 (s, 1H), 7.50 (d, J
= 8.7 Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H), 3.60 (t, /= 7.0 Hz, 2H), 3.41 (t, J = 6.7 Hz, 2H), 2.09 (s,
4H), 1.93 (p, J = 6.9 Hz, 2H), 1.85 (p, J = 6.7 Hz, 2H); 3C NMR (126 MHz, CDCl3) § 169.75,
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169.52, 140.40, 131.75, 127.97 (2C), 119.35 (2C), 49.88, 46.48, 26.47, 24.49, 24.43; HRMS
(ESI+) m/z caled for [C13H1602N2 + H]™ 233.1285, found 233.1294; HPLC (Method A) tr = 14.8
min, 97.7%.

(8)-N-(4-(2-cyanopyrrolidine-1-carbonyl)phenyl)acetamide (3.7b) The product was
synthesized following General Coupling Procedure A, using (S)-pyrrolidine-2-carbonitrile pTsOH
salt (prepared as described in the literature*®) as the corresponding amine. The crude product was
purified by flash chromatography on a silica gel column (eluent 90:10 EtOAc-MeOH) to give a
white solid (25%). Ry=0.60 (90:10 EtOAc-MeOH); mp = 171-174°C; IR (neat) cm™! 3325, 3110,
2986, 2244, 1693, 1606, 1596, 1526, 853.; 'H NMR (500 MHz, Chloroform-d) & 8.86 (s, 1H), 7.55
(d, J=8.3 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 4.81 (m, 1H), 3.68 — 3.57 (m, 1H), 3.57 — 3.44 (m,
1H), 2.36 — 2.23 (m, 2H), 2.18 — 2.14 (m, 1H), 2.12 (s, 3H), 2.11 — 2.07 (m, 1H), 2.05 — 1.93 (m,
1H); 3C NMR (126 MHz, CDCls) § 24.49, 25.67,30.27,47.10,49.77,118.77, 119.37 (2C), 128.50
(2C), 129.60, 141.13, 169.58, 169.80; HRMS (ESI+) m/z calcd for [C14H1502N3 + H]™ 258.1237,
found 258.1241; HPLC (Method A) tr = 13.5 min, 97.0%.

N-(4-((25,45)-2-cyano-4-fluoropyrrolidine-1-carbonyl)phenyl)acetamide  (3.7¢c) The
product was synthesized following General Coupling Procedure A, using 2-(S)-cyano-4-(S)-
fluoropyrrolidine hydrochloride (prepared as described in the literature*®) as the corresponding
amine. The crude product was purified by flash chromatography on a silica gel column (eluent
90:10 EtOAc-MeOH + 1.5% Et3N) to give a yellow solid. The solid was triturated in diethyl ether
and vacuum filtered to give the final product as a yellow solid (10%). Ry= 0.45 (90:10 EtOAc-
MeOH); mp = 111-114°C; IR (neat) cm™' 3308, 3189, 2987, 1665, 1626, 1607, 1542, 839; 'H
NMR (500 MHz, Methanol-d4) & 7.69 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.6 Hz, 2H), 5.38 (d, J =
51.7 Hz, 1H), 5.19 — 4.96 (m, 1H), 4.10 — 3.61 (m, 2H), 2.76 — 2.38 (m, 2H), 2.15 (s, 3H); 1*C
NMR (126 MHz, Methanol-ds) 6 171.86 (2C), 142.65, 131.01, 129.32 (2C), 120.43 (2C), 119.30,
93.83 (d, J = 172.0 Hz), 56.66 (d, J = 23.1 Hz), 46.81, 37.18 (d, J = 21.7 Hz), 23.97; '’F NMR
(471 MHz, MeOD) 8 -76.94; HRMS (ESI+) m/z calcd for [C14H14FO2N3 + Na]™ 298.0962, found
298.0976; HPLC (Method A) tr = 12.6 min, 99.1%.

N-(4-(2-((3a5,45,6S5,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidine-1-carbonyl) phenyl)acetamide (3.7d)
The product was synthesized following General Coupling Procedure B. The crude residue was

purified by flash chromatography on a silica gel column (eluent 80>100% EtOAc in hexanes,
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then 10% MeOH in EtOAc) to give a white solid as a mixture of diastereomers (75%). Ry=0.26
(100% EtOAc); mp = 159-162°C; IR (in CDCl3) cm™ 3266, 3190, 2921, 1699, 1679, 1602, 1514,
1457, 1385, 1372, 1124; '"H NMR (500 MHz, Chloroform-d) § 8.94 (s, 1H), 8.80 (s, 1H), 7.53 (dd,
J=28.5,2.7Hz, 4H), 7.45 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 4.30 (ddd, J = 20.0, 8.8,
2.2 Hz, 2H), 3.60 (tt, /= 9.1, 4.0 Hz, 2H), 3.41 (p, /= 8.6 Hz, 2H), 3.04 (ddd, J=15.4,11.2, 6.8
Hz, 2H), 2.36 (ddt, J = 14.6, 8.9, 3.0 Hz, 2H), 2.19 (s, 3H), 2.18 (s, 3H), 2.17 — 2.08 (m, 4H), 2.08
—2.00 (m, 4H), 1.99 — 1.92 (m, 2H), 1.92 — 1.87 (m, 3H), 1.87 — 1.83 (m, 1H), 1.76 — 1.66 (m,
2H), 1.52 (dd,J=10.5, 7.6 Hz, 2H), 1.49 (s, 3H), 1.48 (s, 3H), 1.29 (s, 6H), 0.88 (s, 6H); *C NMR
(126 MHz, CDCI3) 6 24.36 (2C), 24.60, 24.66, 25.77, 26.08, 26.67, 26.77, 27.51, 27.54, 28.80,
28.87,29.53,29.66,36.94 (2C), 38.31, 38.33, 40.25, 40.29, 48.56, 48.62, 51.93 (2C), 52.58, 52.61,
76.72, 76.82, 83.85, 83.98, 119.66 (2C), 119.69 (2C), 124.32, 124.53, 130.00 (2C), 130.22 (2C),
141.89, 141.98, 169.37, 169.42, 170.45, 170.64; ''B NMR (161 MHz, CDCl3) § 19.26; HRMS
(ESI+) m/z caled for [C23H3104N2B+ H]" 411.2450, found 411.2450; HPLC (Method B) tr = 17.6
min, 96.9%.

N-(3-fluoro-4-(pyrrolidine-1-carbonyl)phenyl)acetamide (3.7f) The product was
synthesized following General Coupling Procedure A, using pyrrolidine as the corresponding
amine. The crude product was purified by flash chromatography on a silica gel column (eluent
90:10 EtOAc-MeOH) to give a yellow solid (39%). Ry=0.50 (90:10 EtOAc-MeOH); mp = 187—
190°C; IR (neat) cm™ 3252, 3095, 2965, 1597, 828, 867; '"H NMR (500 MHz, Chloroform-d) &
9.65 (s, 1H), 7.54 (dd, /= 12.2, 1.9 Hz, 1H), 7.18 — 7.13 (m, 1H), 7.09 (dd, J = 8.4, 1.9 Hz, 1H),
3.58 (t,J=7.0 Hz, 2H), 3.29 (t, /= 6.7 Hz, 2H), 2.05 (s, 3H), 1.93 (p, J= 6.4 Hz, 2H), 1.86 (p, J
= 6.1 Hz, 2H); '*C NMR (126 MHz, Chloroform-d) & 169.79, 165.59, 158.41 (d, J = 246.2 Hz),
141.96 (d, J=11.1 Hz), 128.57 (d, J= 5.1 Hz), 119.65 (d, J = 17.8 Hz), 115.28 (d, J = 2.8 Hz),
107.19 (d, J = 27.0 Hz), 48.13 (d, J = 4.1 Hz), 46.12, 25.85, 24.48, 24.23; 'F NMR (471 MHz,
Chloroform-d) & -112.73 (dd, J = 12.0, 7.5 Hz); HRMS (ESI+) m/z calcd for [C13HisFO,N, + H]
z251.1190, found 251.1189; HPLC (Method A) tr = 15.5 min, 98.9%.

(S)-N-(4-(2-cyanopyrrolidine-1-carbonyl)-3-fluorophenyl)acetamide (3.7g) The product
was synthesized following General Coupling Procedure A, using (S)-pyrrolidine-2-carbonitrile
pTsOH salt (prepared as described in the literature*) as the corresponding amine. The crude
product was purified by flash chromatography on a silica gel column (eluent 90:10 EtOAc-MeOH)
to give a yellow solid (74%). Ry= 0.53 (90:10 EtOAc-MeOH); mp = 157-161°C; IR (neat) cm’!
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3267, 3106, 2984, 2237, 1693, 1615, 1597, 881, 825.; 'H NMR (500 MHz, Chloroform-d) § 9.02
(s, 1H), 7.61 (dd, J=12.3, 1.9 Hz, 1H), 7.25 (t, J = 8.0 Hz, 1H), 7.11 (dd, J = 8.4, 1.9 Hz, 1H),
4.81 (dd, J=17.1, 5.1 Hz, 1H), 3.51 (ddd, J = 10.5, 7.4, 5.2 Hz, 1H), 3.41 (dt, J = 10.4, 7.1 Hz,
1H), 2.39 — 2.30 (m, 2H), 2.19 — 2.13 (m, 1H), 2.11 (s, 3H), 2.08 — 1.96 (m, 1H); *C NMR (126
MHz, Chloroform-d) & 169.71, 166.01, 158.78 (d, J = 247.8 Hz), 142.58 (d, /= 11.3 Hz), 129.26
(d,/=4.5Hz), 118.36,117.97 (d,J=17.0 Hz), 115.38, 107.27 (d, J=27.0 Hz), 47.97 (d, /= 5.0
Hz), 46.73, 30.43, 25.12, 24.45; '’F NMR (471 MHz, Chloroform-d) § -111.90 (dd, J = 12.5, 7.6
Hz); HRMS (ESI+) m/z caled for [C14H14FO,N3 + H]" 276.1143, found 276.1140; HPLC (Method
A) tr = 13.7 min, 99.2%.
N-(4-((25,45)-2-cyano-4-fluoropyrrolidine-1-carbonyl)-3-fluorophenyl)acetamide (3.7h)
The product was synthesized following General Coupling Procedure A, using 2-(S)-cyano-4-(S)-
fluoropyrrolidine hydrochloride (prepared as described in the literature*®) as the corresponding
amine. The crude product was purified by flash chromatography on a silica gel column (eluent
90:10 EtOAc-MeOH) to give a yellow solid. The solid was triturated in diethyl ether and vacuum
filtered to give the final product as a pink solid (10%). Ry = 0.53 (90:10 EtOAc-MeOH); mp =
112-116°C; IR (neat) cm™ 3309, 3124, 2985, 2244, 1664, 1624, 1604, 1543, 911, 800; 1H), 4.16
—3.57 (m, 2H), 2.79 — 2.45 (m, 2H), 2.15 (s, 3H); '3C NMR (126 MHz, Methanol-ds) & 171.95,
167.50, 159.92 (d, J = 246.1 Hz), 144.20 (d, J = 11.4 Hz), 130.33 (d, /= 4.5 Hz), 119.18 (d, J =
17.3 Hz), 118.94, 116.47 (d, J = 2.9 Hz), 107.87 (d, J = 26.9 Hz), 93.60 (d, J = 177.9 Hz), 55.43
(d,J=4.6 Hz), 55.24 (d,J=4.5Hz), 37.38 (d, J= 20.9 Hz), 24.00; ’F NMR (471 MHz, Methanol-
ds) 8 -114.60 — -114.88 (m); HRMS (ESI+) m/z calced for [C14H13F202N3 + Na]*™ 316.0868, found
316.0868; HPLC (Method A) tr =12.6 min, 95.4%.
N-(3-fluoro-4-(2-((3a$,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidine-1-carbonyl)phenyl) acetamide (3.7i) The
product was synthesized following General Coupling Procedure B. The crude residue was purified
by flash chromatography on a silica gel column (eluent 80>100% EtOAc in hexanes) to give a
white solid as a mixture of diastereomers (63%). Ry= 0.36 (100% EtOAc); mp = 142-146°C; IR
(in CDCl3) em™ 3270, 3111, 2968, 2921, 1699, 1683, 1606, 1455, 1389, 1376, 1249; '"H NMR
(400 MHz, Chloroform-d) ¢ 8.78 (s, 1H), 7.50 (dd, J = 11.9, 2.0 Hz, 1H), 7.33 — 7.21 (m, 1H),
7.07 (dt, J= 8.4, 1.8 Hz, 1H), 4.32 (td, J = 8.6, 8.1, 1.9 Hz, 1H), 3.48 — 3.36 (m, 1H), 3.40 —3.23
(m, 2H), 2.39 — 2.26 (m, 1H), 2.23 — 2.12 (m, 1H), 2.12 (s, 3H), 2.12 — 1.98 (m, 3H), 1.99 — 1.90
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(m, 1H), 1.93 — 1.81 (m, 3H), 1.50 — 1.33 (m, 4H), 1.30 — 1.25 (m, 3H), 0.87 — 0.72 (m, 3H); 1*C
NMR (126 MHz, Chloroform-d) 6 169.43, 169.42, 165.66, 165.39, 158.99 (d, J = 248.5 Hz),
159.07 (d, J=248.9 Hz), 142.17 (d, J=11.3 Hz), 141.97 (d, /= 11.5 Hz), 129.81 (d, J = 4.5 Hz),
129.53 (d, J=4.6 Hz), 118.19 (d, /= 17.0 Hz), 117.62 (d, J = 16.7 Hz), 115.36, 115.34, 107.57
(d, J=6.6 Hz), 107.36 (d, /= 6.8 Hz), 85.63, 85.51, 77.89, 77.66, 51.75, 51.70, 48.01 (d, J=4.5
Hz), 47.89 (d, J = 5.0 Hz), 46.51, 46.07, 39.83, 39.77, 38.36 (2C), 36.02, 35.96, 28.97, 28.85,
27.36, 27.31, 27.29 (2C), 27.20, 27.02, 26.53, 26.42, 24.53, 24.51, 24.23 (2C); ’F NMR taken
with 'H decoupling. ’'F NMR (471 MHz, CDCl3) -111.34, -110.81; "B NMR (161 MHz, CDCl3)
0 29.96; HRMS (ESI-) m/z calcd for [CasH30O4N2BF- H]™ 427.2210, found 427.2213; HPLC
(Method B) tr = 17.6 min, 99.5%.
N-(3-methoxy-4-(2-((3a8,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidine-1-carbonyl)phenyl) acetamide (3.7k)
The product was synthesized following General Coupling Procedure D. The crude residue was
purified by flash chromatography on a silica gel column (eluent 90:10 EtOAc-MeOH) to give a
white solid as a mixture of diastereomers (63%); Ry = 0.55 (90:10 EtOAc-MeOH); mp = 107-
111°C; IR (neat) cm™ 3258, 3187, 2929, 1683, 1598, 1534, 1449, 1399, 1372, 906; 'H NMR (500
MHz, Acetone-de) 6 9.42 (s, 1H), 7.61 (t,] =2.2 Hz, 1H), 7.27 - 7.21 (m, 1H), 7.16 (ddd, J = 8.3,
4.1, 1.9 Hz, 1H), 4.24 (ddd, J = 14.7, 8.7, 2.1 Hz, 1H), 3.86 — 3.80 (m, 3H), 3.46 — 3.37 (m, 1H),
3.23 -3.15 (m, 1H), 3.10 - 2.99 (m, 1H), 2.36 — 2.18 (m, 1H), 2.17 — 2.10 (m, 1H), 2.09 (s, 3H),
2.03 — 1.87 (m, 4H), 1.86 — 1.80 (m, 2H), 1.80 — 1.66 (m, 1H), 1.55 (dd, J = 18.6, 10.4 Hz, 1H),
1.38 — 1.32 (m, 3H), 1.27 (s, 3H), 0.87 (s, 3H); 3C NMR (126 MHz, Acetone-ds) § 24.37 (2C),
24.40(2C), 26.87,27.00,27.27,27.51,27.62,27.66,28.03, 28.06, 29.36 (2C), 36.91, 36.98, 38.82,
38.83, 40.68, 40.74, 47.37 (2C), 47.75, 47.84, 52.87, 52.90, 55.99, 56.01, 77.65, 77.88, 84.83,
84.96, 103.13, 103.18, 111.56 (2C), 118.81, 119.52, 130.29, 130.53, 143.66, 143.88, 157.69,
157.82, 168.20, 168.51, 169.26, 169.30; ''B NMR (161 MHz, Acetone) & 26.62; HRMS (ESI+)
m/z calcd for [C24H3305N2B + Na]" 463.2375, found 463.2391; HPLC (Method B) tr = 14.6 min,
99.0%.
(2-Amino-6-fluorophenyl)(2-((3a$,4S5,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-

methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl) methanone (3.12a) The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash

chromatography on a silica gel column (60:40 hexanes-EtOAc) to give a white solid (83%). Ry=
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0.49 (50:50 hexanes-EtOAc); mp = 124-127°C; IR (in CDCl3) cm™ 3464, 3357,2917, 1623, 1588,
1443, 1389, 1376; '"H NMR (500 MHz, Chloroform-d) § 7.05 (tdd, J = 8.1, 6.4, 1.4 Hz, 1H), 6.42
(d, J= 8.1 Hz, 1H), 6.38 (dddd, /= 9.1, 8.1, 2.4, 0.8 Hz, 1H), 4.41 (s, 2H), 4.34 (ddd, J = 20.5,
8.8, 2.1 Hz, 1H), 3.42 (dddd, /= 10.9, 8.0, 4.9, 3.1 Hz, 1H), 3.39 — 3.34 (m, 2H), 2.33 (dddd, J =
13.5,8.9,4.4,2.4 Hz, 1H), 2.25-2.16 (m, 1H), 2.16 — 2.07 (m, 3H), 2.07 — 1.91 (m, 3H), 1.92 —
1.82 (m, 2H), 1.46 (d, J = 25.0 Hz, 2H), 1.43 — 1.36 (m, 2H), 1.28 (s, 3H), 0.84 (s, 3H); '*C NMR
(126 MHz, Chloroform-d) 6 164.52, 164.24, 159.74 (d, J = 245.0 Hz), 159.77 (d, J = 245.3 Hz),
146.68 (d, J= 6.9 Hz), 146.51 (d, J = 6.9 Hz), 131.16 (d, J=10.7 Hz), 131.07 (d, J = 10.7 Hz),
111.37 (d, J=2.7 Hz), 111.31 (d, J = 2.7 Hz), 109.87 (d, J = 22.1 Hz), 109.50 (d, J = 21.7 Hz),
104.29 (d,J=11.1 Hz), 104.12 (d, J=11.0 Hz), 85.99, 85.94, 78.09, 77.91, 51.55 (2C), 47.43 (d,
J=3.7Hz), 47.34 (d, J = 3.8 Hz), 44.70, 44.68, 39.77, 39.70, 38.36, 38.34, 35.82, 35.77, 28.90,
28.79, 27.27, 27.25, 27.24, 27.22, 27.20, 27.14, 26.46, 26.36, 24.21 (2C); ’F NMR (471 MHz,
Chloroform-d) & -115.11 (t, J = 7.8 Hz), -115.35 (t, J = 7.8 Hz); !'B NMR (161 MHz, CDCls) &
30.43; HRMS (ESI+) m/z caled for [C21H2303N2BF + H]" 387.2250, found 387.2247; HPLC
(Method B) tr = 16.7 min, 99.2%.
(2-Aminophenyl)(2-((3a$,4S5,6S5,7aR)-3a,5,5-trimethylhexahydro-4,6-

methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12b) The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (60:40 hexanes-EtOAc) to give the product as a yellow
foam (89%); Ry=0.38 (50:50 hexanes-EtOAc); IR (in CDCls) cm™ 3468, 3333, 3067, 2916, 1617,
1573, 1534, 1387, 1370, 1122, 747; '"H NMR (500 MHz, Chloroform-d) § 7.24 (ddd, J = 7.9, 3.6,
1.6 Hz, 1H), 7.18 (dddd, J = 8.7, 7.4, 4.1, 1.6 Hz, 1H), 6.71 — 6.65 (m, 2H), 4.77 (s, 2H), 4.32
(ddd, J=22.4, 8.8, 2.1 Hz, 1H), 3.60 — 3.43 (m, 2H), 3.28 — 3.16 (m, 1H), 2.36 (ddq, /= 13.3, 9.0,
2.0 Hz, 1H), 2.25 — 2.14 (m, 1H), 2.12 — 1.95 (m, 4H), 1.94 — 1.78 (m, 3H), 1.53 — 1.41 (m, 4H),
1.30 (s, 3H), 0.88 (s, 3H); 3C NMR (126 MHz, CDCl3) § 24.26, 24.28, 26.44, 26.46, 26.53, 26.67,
27.37,27.41, 28.07, 28.19, 29.07, 29.22, 36.29, 36.42, 38.31, 38.33, 39.96, 40.02, 47.55, 47.81,
48.81 (2C), 51.97, 52.05, 77.16, 77.25, 77.51, 84.72, 84.89, 115.95, 116.53, 116.61, 116.84,
116.91, 116.93, 128.66, 128.96, 131.72, 132.00, 146.60, 146.93, 170.18, 170.62; "B NMR (161
MHz, CDCl3) & 25.62; HRMS (ESI+) m/z calcd for [C21H2003N2B + H]" 369.2344, found
369.2343; HPLC (Method B) tr = 15.8 min, 49.2%; tr = 16.0 min, 49.9%.
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(2-Fluorophenyl)(2-((3a5,45,6S5,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12¢) The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 70:30 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (89%); Ry = 0.26 (70:30 hexanes-EtOAc); IR (in CDCl3) cm™! 3067,
2921, 1613, 1584, 1385, 1374, 1227, 1195, 753; 'H NMR (500 MHz, Acetone-ds) & 7.53 — 7.46
(m, 1H), 7.43 —7.36 (m, 1H), 7.27 (tt, J= 7.5, 1.3 Hz, 1H), 7.21 (ddt, J = 9.8, 8.3, 1.4 Hz, 1H),
4.34 (ddd, J = 14.8, 8.8, 2.3 Hz, 1H), 3.37 (ddt, J = 11.2, 8.0, 4.1 Hz, 1H), 3.33 — 3.22 (m, 1H),
3.24 - 3.10 (m, 1H), 2.36 (ddq, J = 13.9, 8.9, 2.4 Hz, 1H), 2.21 — 2.11 (m, 1H), 2.12 — 2.06 (m,
1H), 2.03 — 1.96 (m, 2H), 1.95 — 1.90 (m, 1H), 1.90 — 1.85 (m, 1H), 1.85 — 1.64 (m, 2H), 1.64 —
1.41 (m, 1H), 1.41 —1.20 (m, 6H), 1.01 —0.78 (m, 3H); *C NMR (126 MHz, Acetone-de) § 164.92,
164.79, 159.32 (2C, d, J = 246.8 Hz), 132.29 (d, /= 8.3 Hz), 132.19 (d, /= 8.0 Hz), 130.07 (d, J
=4.1 Hz), 129.95 (d, J=4.0 Hz), 126.23 (d, /= 17.9 Hz), 126.03 (d, /= 17.8 Hz), 125.41, 125.38,
116.71, 116.54, 86.10, 86.07, 78.42, 78.27, 52.43, 52.39, 48.37 (d, /= 3.3 Hz), 48.26 (d, /= 3.6
Hz), 45.38 (2C), 40.49, 40.46, 38.92, 38.91, 36.42, 36.39, 30.24, 30.09, 29.15, 29.02, 28.00, 27.78,
27.73, 27.50, 26.85, 26.83, 24.30 (2C); '°F NMR (471 MHz, Acetone-ds) 8 -116.21 (dt, J = 9.5,
6.2 Hz), -116.45 (dt, J = 10.1, 6.1 Hz); "B NMR (161 MHz, CDCls) § 30.26; HRMS (ESI+) m/z
calcd for [C21H2703NBF + Na]* 394.1960, found 394.1966; HPLC (Method B) tr = 16.9 min,
99.7%.

(2,6-Difluorophenyl)(2-((3aS,4S5,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12d). The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 70:30 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (94%); Ry = 0.50 (70:30 hexanes-EtOAc); IR (in CDCls) cm™ 3063,
2921, 1625, 1590, 1385, 1376, 1235, 1007, 791; 'H NMR (500 MHz, Acetone-ds) & 7.60 — 7.41
(m, 1H), 7.14 — 7.05 (m, 2H), 4.35 (ddd, J = 14.0, 8.9, 2.2 Hz, 1H), 3.99 — 3.28 (m, 2H), 3.27 —
3.18 (m, 1H), 2.41 — 2.30 (m, 1H), 2.30 — 2.08 (m, 2H), 2.04 — 2.00 (m, 1H), 2.00 — 1.95 (m, 1H),
1.95 - 1.89 (m, 1H), 1.89 — 1.61 (m, 3H), 1.59 — 1.40 (m, 1H), 1.40 — 1.23 (m, 6H), 1.03 — 0.79
(m, 3H); 1*C NMR (126 MHz, Acetone-ds) & 159.79 (d, J = 248.5 Hz), 159.73 (d, J = 248.5 Hz),
159.59, 159.51, 132.20 (t, J=9.8 Hz), 116.08 (t,J=23.8 Hz), 112.73 (2C, d, J= 3.6 Hz), 112.56
(2C, d, J = 3.6 Hz), 86.39, 86.33, 78.57, 78.43, 52.31, 52.26, 48.05, 47.95, 44.95, 44.58, 40.39
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(20), 38.92, 38.90, 36.25, 36.19, 29.06, 28.94, 28.27,27.97, 27.52 (2C), 27.47 (2C), 26.85, 26.80,
24.28 (2C); "F NMR (471 MHz, Acetone-de) & -110.34 — -110.47 (m), -111.01 —-111.12 (m), -
114.85 — -115.03 (m), -115.13 — -115.24 (m); ''B NMR (161 MHz, Acetone) & 31.62; ; HRMS
(ESI+) m/z caled for [C21H2603NBF, + Na]" 412.1866, found 412.1873; HPLC (Method B) tr =
16.5 min, 19.5%; tg = 17.1 min, 79.0%.
Phenyl(2-((3a85,45,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12¢). The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 50:50 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (77%); Ry = 0.33 (50:50 hexanes-EtOAc); IR (in CDCl3) cm™! 3063,
2921, 1603, 1592, 1385, 1372, 1122, 1080, 698; 'H NMR (500 MHz, Acetone-ds) & 7.70 — 7.34
(m, 5H), 4.35 -4.20 (m, 1H), 3.74 — 3.58 (m, 1H), 3.54 — 3.44 (m, 1H), 3.18 — 3.01 (m, 1H), 2.43
—2.28 (m, 1H), 2.28 — 2.07 (m, 1.4H), 2.03 — 1.94 (m, 2.6H), 1.94 — 1.80 (m, 2H), 1.79 — 1.66 (m,
1H), 1.64 — 1.50 (m, 1H), 1.49 — 1.31 (m, 3H), 1.30 — 1.24 (m, 3H), 1.23 — 1.05 (m, 1H), 0.95 —
0.74 (m, 3H); *C NMR (126 MHz, Acetone-ds) & 23.48, 23.51, 25.98, 26.08, 26.14, 26.36, 26.72,
26.75, 27.82, 27.88, 28.44, 28.58, 36.02, 36.03, 37.95, 39.78, 39.83, 47.10, 48.44, 48.49, 51.95,
51.96, 76.83, 77.02, 84.09, 84.18, 127.92 (2C), 128.11 (2C), 128.23 (2C), 128.25 (2C), 130.59,
130.77, 133.87, 134.35, 169.04, 169.28; ''B NMR (161 MHz, Acetone-ds) 5 26.68; HRMS (ESI+)
m/z calcd for [C21H2303NB + Na]* 376.2054, found 376.2067; HPLC (Method B) tr = 16.4 min,
35.9%; tr = 16.5 min, 63.8%.
(2-Fluoro-6-methoxyphenyl)(2-((3a5,4S5,68,7aR)-3a,5,5-trimethylhexahydro-4,6-

methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12f). The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 50:50 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (75%). Ry = 0.34 (50:50 hexanes-EtOAc); IR (neat) cm™ 3004, 2913,
1740, 1615, 1471, 1389, 1376, 1080, 908; 'H NMR (500 MHz, Acetone-ds) & 7.37 (tdd, J = 8.4,
6.7, 2.2 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 6.81 — 6.66 (m, 1H), 4.38 — 4.08 (m, 1H), 3.98 — 3.81
(m, 3H), 3.76 — 3.20 (m, 2H), 3.15 (q, /= 8.8 Hz, 1H), 2.41 — 2.30 (m, 1H), 2.30 - 2.11 (m, 1H),
2.11 = 2.06 (m, 1H), 2.04 — 1.97 (m, 2H), 1.95 — 1.65 (m, 4H), 1.64 — 1.42 (m, 1H), 1.40 — 1.33
(m, 2H), 1.32 — 1.16 (m, 4H), 1.04 — 0.78 (m, 3H); *C NMR (126 MHz, Acetone-ds) & 162.17,
162.02, 160.00 (2C, d, J =245.0 Hz), 158.36, 158.05, 131.51 (d, J=10.1 Hz), 131.47(d, J=10.2
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Hz), 116.37, 116.22, 108.73 (d, J =22.2 Hz), 108.66 (d, J=21.7 Hz), 108.04 (2C), 86.13, 86.03,
78.45, 78.29, 56.60 (2C), 52.39, 52.36, 47.61, 47.49, 44.48 (2C), 40.46, 40.44, 38.90 (d, J=4.2
Hz), 38.87 (d, J = 3.1 Hz), 36.30, 36.22, 29.14, 28.96, 28.30, 27.99, 27.61, 27.52, 27.51 (20),
26.87,26.81,24.30 (2C); ’F NMR (471 MHz, Acetone-ds) 5 -112.70 (dd, J= 8.3, 6.6 Hz), -113.41
(dd, J = 8.6, 6.7 Hz); ''B NMR (161 MHz, CDCls) & 22.45; HRMS (ESI+) m/z calcd for
[C22H2004NFB + Na]" 424.2066, found 424.2079; HPLC (Method B) tr = 16.0 min, 15.6%; tr =
16.9 min, 82.0%.

(2-Methoxyphenyl)(2-((3a$,4S5,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12g). The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 60:40 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (75%). Ry = 0.50 (60:40 hexanes-EtOAc); IR (neat) cm™ 3067, 2917,
1601, 1566, 1385, 1373, 1253, 1021, 753; 'H NMR (500 MHz, Acetone-de) § 7.50 — 7.32 (m, 1H),
7.31 = 7.17 (m, 1H), 7.16 — 7.05 (m, 1H), 7.02 — 6.85 (m, 1H), 4.39 — 4.03 (m, 1H), 4.00 — 3.79
(m, 3H), 3.72 - 3.13 (m, 2H), 3.13 — 3.05 (m, 1H), 2.46 — 2.29 (m, 1H), 2.28 — 2.07 (m, 1H), 2.04
—1.93 (m, 3H), 1.92 — 1.87 (m, 1H), 1.86 — 1.77 (m, 2H), 1.76 — 1.55 (m, 1H), 1.55 — 1.33 (m,
3H), 1.32—1.23 (m, 3H), 1.23 — 1.16 (m, 1H), 0.98 — 0.78 (m, 3H); *C NMR (126 MHz, Acetone-
ds) 6 24.34, 24.36, 26.83, 26.91, 27.54, 27.56, 27.59, 27.78, 27.90, 27.91, 29.16, 29.33, 36.64,
36.66, 38.87 (2C), 40.56, 40.62,45.97,46.37,47.62,47.75, 52.64 (2C), 56.10, 56.13,77.94, 78.14,
85.39, 85.51, 112.50, 112.51, 121.36 (2C), 126.29, 126.79, 129.33, 129.48, 131.62, 131.81,
156.80, 156.86, 167.69, 167.94; "B NMR (161 MHz, Acetone-ds) & 29.19; HRMS (ESI+) m/z
calcd for [C22H3004NB + Na]™ 406.2160, found 406.2160; HPLC (Method B) tr = 16.6 min,
59.8%; tr = 16.7 min, 39.4%.

(2-(Methylthio)phenyl)(2-((3a5.,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)methanone (3.12h). The product was
synthesized following General Coupling Procedure C. The crude residue was purified by flash
chromatography on a silica gel column (eluent 60:40 hexanes-EtOAc) to give a clear oil as a
mixture of diastereomers (97%). Ry=0.46 (60:40 hexanes-EtOAc); IR (in CHCl3) cm™ 3055, 2921,
1611, 1590, 1385, 1376, 1203, 1031; 'H NMR (500 MHz, Acetone-de) & 7.45 — 7.27 (m, 2H), 7.29
—7.13 (m, 2H), 4.39 — 4.03 (m, 1H), 3.99 — 3.09 (m, 3H), 2.60 — 2.41 (m, 3H), 2.40 — 2.29 (m,
1H), 2.28 — 2.11 (m, 1H), 2.10 — 2.03 (m, 1H), 2.02 — 1.91 (m, 2H), 1.91 — 1.87 (m, 1H), 1.87 —
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1.80 (m, 2H), 1.80 — 1.58 (m, 1H), 1.58 — 1.35 (m, 3H), 1.35 — 0.99 (m, 4H), 0.99 — 0.79 (m, 3H);
13C NMR (126 MHz, Acetone-de) & 16.07, 16.14, 24.31 (2C), 26.80, 26.91, 27.51, 27.52, 27.86,
28.00, 28.02, 28.09, 29.01, 29.24,29.84, 36.40 (2C), 38.88, 38.90, 40.45, 40.49, 44.96 (2C), 48.31,
48.38, 52.41, 52.45, 78.19, 78.38, 85.96, 86.03, 126.05, 126.09, 127.58, 127.64, 127.72, 127.89,
130.16, 130.21, 136.27, 136.32, 138.15, 138.27, 167.98, 168.17; !'B NMR (161 MHz, Acetone-
ds) 8 30.96; HRMS (ESI+) m/z calcd for [C22H3003NBS + H]" 400.2112, found 400.2108; HPLC
(Method B) tr = 17.4 min, 99.2%

General Procedure for boronic ester deprotection. The boronic ester was dissolved in DCM
(0.1 M), and the solution was cooled to —78°C. BCIz (1 M in DCM, 5 eq) was added dropwise, and
the reaction stirred at —78°C for 1 hour (or at room temperature overnight for 3.12i). The solvent
and excess BCl; were removed in vacuo and co-evaporated several times with anhydrous DCM.
The resultant brown residue was dissolved in HoO and DCM, and the product was extracted with
H>O. The combined aqueous layers were washed with Et2O and EtOAc and concentrated in vacuo
to give the products as solids. In the case of 3.7e and 3.7j, deacetylated product can be re-acetylated
by dissolving the solid in H>O (0.1 M final solution), adding Ac2O (10 eq), and sonicating the
solution (with a balloon to trap AcOH vapors and prevent pressure build-up) for 30 minutes. The
solution can then be concentrated in vacuo to give the final acetylated product.

(1-(4-Acetamidobenzoyl)pyrrolidin-2-yl)boronic acid (3.7e) The product was isolated as a
white solid (91%). Ry= does not elute on silica-backed TLC plates; mp = compound does not melt,
decomposes > 250°C; IR (neat) cm™ 3202, 3009, 2865, 1681, 1598, 1443, 1194, 797; 'H NMR
(500 MHz, DMSO-ds) 6 10.52 (s, 1H), 7.85 (d, J = 8.7 Hz, 2H), 7.80 (d, J = 8.7 Hz, 2H), 4.02 —
3.94 (m, 1H), 3.48 (dt, J=11.6, 8.1 Hz, 1H), 2.86 (dd, J=11.9, 6.4 Hz, 1H), 2.20 — 2.10 (m, 2H),
2.09 (s, 3H), 1.76 (dt, J=13.0, 6.7 Hz, 1H), 1.48 (qd, J=11.8, 7.8 Hz, 1H); >*C NMR (126 MHz,
DMSO-ds) 6 169.53,169.34, 144.43,131.23 (2C), 119.26, 118.51 (2C), 58.68,47.77,28.92, 24.52,
24.27; "B NMR (161 MHz, DMSO-ds) & 20.03; HRMS (ESI+) m/z calcd for [C13H17BN2O4 +
Na]"299.1174, found 299.1177; HPLC (Method B) tr = 9.7 min, 95.6%.

(1-(4-Acetamido-2-fluorobenzoyl)pyrrolidin-2-yl)boronic acid (3.7j) The product was
isolated as a white solid (71%). Ry= does not elute on silica-backed TLC plates; mp = compound
does not melt, decomposes > 250°C; IR (neat) cm™ 3198, 2976, 1695, 1623, 1604, 1419, 1247,
880; '"H NMR (500 MHz, DMSO-ds) § 10.59 (s, 1H), 7.79 (dd, J = 13.7, 2.0 Hz, 1H), 7.70 (t, J =
8.4 Hz, 1H), 7.44 (dd, J= 8.7, 2.0 Hz, 1H), 3.68 (dt, J=12.9, 7.0 Hz, 1H), 3.35 (dt, /=11.8, 7.8
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Hz, 1H), 2.87 (dd, J=11.5, 6.9 Hz, 1H), 2.18 — 1.98 (m, 5H), 1.80 (dq, J=11.9, 5.6 Hz, 1H), 1.55
(tt,J=12.0,9.6 Hz, 1H); '*C NMR (126 MHz, DMSO-ds) 6 169.67, 167.19, 160.43 (d, J = 253.2
Hz), 146.06 (d, J = 12.2 Hz), 132.14, 114.92, 107.95 (d, J = 12.2 Hz), 105.93 (d, J = 26.9 Hz),
57.67,47.11 (d, J= 5.6 Hz), 27.85, 24.75, 24.31; '’F NMR (471 MHz, DMSO-ds) & -106.79 (dd,
J = 13.9, 82 Hz); "B NMR (161 MHz, DMSO) § 19.99; HRMS (ESI+) m/z calcd for
[C13H16BFN204 + Na]" 317.1079, found 317.1086; HPLC (Method B) tr = 10.3 min, 95.6%.

(1-(2-Amino-6-fluorobenzoyl)pyrrolidin-2-yl)boronic acid (3.12i) The product was isolated
as a beige solid, which was triturated in Et2O and filtered under vacuum to give the product as a
beige solid (57%). Ry does not elute on silica-backed TLC plates; mp = compound does not melt,
decomposes > 250°C; IR (neat) cm™ 3198, 2964, 1635, 1615, 1443, 1400, 1191, 789, 709; (NMR
peaks are reported for both rotamers, ratio ~7:3) 'H NMR (500 MHz, DMSO-ds) § 8.16 (s, 2H),
7.45 (td, J=8.2,5.7 Hz, 0.7H), 7.29 (td, /= 8.2, 6.5 Hz, 0.3H), 7.16 (t, J=9.2 Hz, 0.7H), 7.08 (d,
J=17.8 Hz, 0.7H), 6.63 (d, J = 8.4 Hz, 0.3H), 6.45 (dd, J=10.8, 8.1 Hz, 0.3H), 3.55 (dt, J = 13.0,
6.9 Hz, 0.3H), 3.51 — 3.38 (m, 1.4H), 3.21 (dt, /= 12.2, 7.9 Hz, 0.3H), 2.88 (dd, /= 11.4, 6.9 Hz,
0.3H), 2.43 (dd, J=9.3, 3.3 Hz, 0.7H), 2.07 — 1.96 (m, 1H), 1.84 — 1.77 (m, 1H), 1.77 — 1.69 (m,
1H), 1.64 — 1.52 (m, 1H); *C NMR (126 MHz, DMSO-ds) 6 166.93 (0.3C), 160.74 (d, J = 249.0
Hz), 159.60 (d, J=251.40 Hz), 158.71 (0.7C), 150.25 (d, J=4.7 Hz, 0.3C), 136.00 (d, /= 5.0 Hz,
0.7C), 134.95 (d, J=11.0 Hz, 0.3C), 131.30 (d, /= 9.6 Hz, 0.7C), 120.01 (d, /= 15.8 Hz, 0.7C),
119.27 (0.7C), 114.16 (d, J=21.8 Hz, 0.7C), 112.12 (0.3C), 101.85 (d, /= 21.8 Hz, 0.3C), 97.39
(d, J=16.6 Hz, 0.3C), 46.45 (d, J = 5.0 Hz), 51.33 (0.7C), 56.11 (0.3C), 46.45 (d, J = 5.0 Hz,
0.3C), 46.14 (0.7C), 27.61 (0.3C), 26.54 (0.7C), 24.71 (0.3C), 24.21 (0.7C); 'F NMR (471 MHz,
DMSO-ds) & -111.45 (dd, J=11.0, 6.8 Hz, 0.3F), -113.24 (dd, J = 10.1, 5.8 Hz, 0.7F). ''B NMR
(161 MHz, DMSO) & 19.97; HRMS (ESI+) m/z calcd for [C11H14BFN20O3 + Na]* 275.0974, found
275.0968; HPLC (Method B) tr = 11.2 min, 95.7%.
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Chapter 4:

Computer-aided design, synthesis, and biological
evaluation of [4.3.0] bicyclic prolyl oligopeptidase and

fibroblast activation protein o dual inhibitors

This chapter is a draft of a manuscript prepared for J Med Chem:

Plescia, J.; Hédou, D.; Poussé, M. E.; Mittermaier, A.; Moitessier, N. Computer-
aided design, synthesis, and biological evaluation of [4.3.0] bicyclic prolyl
oligopeptidase and fibroblast activation protein o dual inhibitors. Prepared for
J Med Chem.

Previous chapters have established that boronic acids are excellent electrophiles
for reversible covalent drugs. Chapter 2 confirmed that they are, in fact, the optimal
group for targeting both POP and FAP. Chapter 3 allowed us to further explore
boronic esters for targeting POP, with various side chains or functional groups.
These chapters lead us to our current study, in which we designed dual reversible

covalent boronic ester/acid peptidomimetic inhibitors of POP and FAP.

Contribution(s) of authors: I designed, synthesized, and characterized all molecules presented in this chapter and conducted
90% of the in vitro assays, the rest of which were conducted by Naéla Janmamode. Caroline Dufresne purified the POP
enzyme. Alexander S. Wahba conducted the mass spectroscopy studies. I conducted the virtual screening and analysis with

aide from Professor Nicolas Moitessier.
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4.1 Abstract

We have previously described several different chemical series of bicyclic prolyl
oligopeptidase (POP) inhibitors as probes for neurodegenerative diseases that demonstrated
nanomolar activity in vitro and submicromolar activity in cellulo. The more recent implication of
POP in cancer, together with homologous fibroblast activation protein o (FAP), implicated in
tumor growth, led us to consider developing POP/FAP dual inhibitors as a promising strategy for
the development of cancer therapeutics. We report herein docking-guided design of a new bicyclic
scaffold and synthesis of both covalent and non-covalent bicyclic inhibitors. Biological evaluation
of first-of-their-kind [4.3.0] bicyclic compounds confirmed that reactive groups, or covalent
warheads, are required for inhibitor activity. This work ultimately led to a dual inhibitor equipotent

to the only anti-POP/FAP drug that ever-reached clinical trials.

4.2 Introduction

Prolyl oligopeptidase (POP, also referred to as PREP) and fibroblast activation protein-o (FAP,
also referred to as seprase), are homologous serine proteases whose function consists of cleaving
short peptides at the C-terminal end of proline residues. POP was discovered in the mid-70’s, and
its high concentration in the central nervous system (CNS) immediately drew attention;!> early
studies associated POP protease activity to neuropeptides and peptide hormones. Inhibition of this
protease activity was first investigated with the reversible covalent inhibitor 4.1 over thirty years
ago (Figure 4.1). However, after significant targeted research and unsuccessful clinical trials, this
progress reached a plateau (Figure 4.1). In more recent years, a second boost in the development
of POP inhibitors has occurred, and their potential in Alzheimer’s disease (AD) and Parkinson’s
disease (PD) has been under further investigation.!* More specifically, about 10 years ago,
Lambeir and co-workers first linked POP to a-synuclein (aSyn) aggregation, a hallmark of PD,’
and Myohanen and co-workers revealed the colocalization of POP with aSyn, amyloid beta (Ap),
and the tau protein in brain samples from patients with PD or AD.® The link between POP and
aSyn aggregation was further supported by extensive studies by Myohanen and co-workers who
first showed that aggregation is induced by POP-aSyn protein-protein interaction and is unrelated
to the protease activity of POP.”® The same group also demonstrated the effect of KYP-2047, a

9-10

POP inhibitor (Figure 4.2), on aSyn aggregate clearance’ " and the restoration of motor behaviour
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in mouse models, while Lee and co-workers identified POP inhibitors and confirmed their effect
on aSyn expression.!!

In addition to these recent advances in neurodegenerative research linking POP to AD and PD,
this enzyme’s proteolytic activity was also recently found to contribute to the release of acetyl-
SDKP, a potent tetrapeptide that stimulates of angiogenesis.'? It has since been reported that POP
inhibition blocks the growth of human gastric cancer cells!® and the proliferation of breast cancer
cells.'* We have also demonstrated that our own inhibitors (series based on 4.2 and 4.3, Figure
4.1) can block POP protease activity in various cancer cell lines.!>'® The endopeptidase activity
of POP is shared with FAP, the latter of which is suggested to be a key modulator of the tumor
microenvironment (TME)!”!® and is thus a promising target for novel anticancer therapeutics.?
Discovered over 10 years after POP, FAP is overexpressed in most human epithelial-derived
cancers’! and has also been suggested to promote tumor growth.!” 2* In fact, its inhibition
significantly affects stromal growth in vivo.'® Most importantly, FAP is not detectable in normal
tissues,”> making it an extremely valuable target for therapeutic intervention against refractory

tumors, and inhibitor development has in fact already started (Figure 4.2).242
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Figure 4.1. Selected POP and FAP inhibitors

In recent medicinal chemistry endeavors, selective inhibition of one enzyme over the other has
been pursued. As illustrated in Figure 4.2 selectivity is very sensitive to minor structural changes.
For example, while compound 4.5 is highly FAP selective, the analogue 4.6 is highly POP
selective. This D-Ala-induced selectivity for FAP has been further observed recently.?’
Nevertheless, Christiansen et al. suggested that targeting both FAP and POP blocks stromal
invasion and angiogenesis, respectively, and may alter cancer growth.”® They designed a
pseudopeptide dual inhibitor which was found to block tumor growth in mice. These findings
suggest that dual inhibition is a promising strategy, though this large, non-drug-like molecule was
unsuitable for further consideration.”’ Consequently, although an overview of the literature
suggests that selectivity may be easier to achieve than dual inhibition, the latter may be an ideal

strategy for designing and developing anti-cancer therapeutics.
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Figure 4.2. Selected known POP and FAP inhibitors and their selectivity profiles >+ 263031

In 2009, the Moitessier group reported a series of [3.3.0] bicyclic POP inhibitors based on
compound 4.2 which were found to be cell-permeant and potent in the sub-micromolar range. This
series of nitrile-containing compounds were designed to act as covalent inhibitors targeting the
catalytic serine in the POP active site.!” Interestingly, a few years later, KYP-2047 was co-

crystallized with POP, demonstrating the covalent nature of the binding of nitrile derivatives in

133



Chapter 4

the active site of POP.3? However, the series of inhibitors based on compound 4.2 was halted after
metabolism studies revealed it to be metabolized into complex mixtures via oxidation of the
sulfur.®® A few years later, compound 4.3 was discovered via virtual screening and docking-guided
optimization. This inhibitor exhibited a POP inhibitory activity five times more potent than that of
the first hit 4.2 and was active in low-micromolar concentrations on human glioblastoma and
endothelial cancer cells.!® In addition, it was found that the introduction of the [4.3.0] bicyclic
molecular scaffold improved the metabolic stability of the inhibitors.'®

Three years ago, we also reported the structure-based design and synthesis of a novel class of
POP inhibitors based on a hexahydroisoindole scaffold, such as 4.4 (Figure 4.1). A docking study
guided the selection of structures (both in terms of stereo- and regiochemistry) for synthesis.
Following the synthesis of the best virtual candidates, in vitro assays revealed that one member of
this chemical series, compound 4.4, was more active than any of our previous inhibitors, exhibiting
a K; of 1.0 nM. Additional assays also showed that the scaffold of this potent inhibitor, in contrast
to the series based on compound 4.2, is highly metabolically stable.>* However, upon in vitro
testing of 4.3 and 4.4 against recombinant FAP, they were completely inactive. Analysis of
docking poses revealed a lack of stabilizing interactions with the two glutamic acid residues in the
active site of FAP (Glu203 and Glu204).

With this information in hand, we became interested in the design of dual POP/FAP inhibitors.
We report herein our successful efforts in the development of dual inhibitors based on an improved

bicyclic core.

4.3 Results and discussion
4.3.1 Computer-aided design.

With our first three series of POP inhibitors illustrated by compounds 4.2, 4.3 and 4.4, we have
demonstrated the accuracy of our docking program FITTED*>7 in predicting binding modes of
POP covalent inhibitors. When 4.2 and stereoisomers of 4.2 (adhering to the [3.3.0] bicyclic
system) were evaluated, we found that the stereochemistry corresponding to that of D-amino acids
was optimal (hydrogen atom highlighted in blue in Figure 4.3, compound 4.2). The resultant
stereochemistry upon cyclization (hydrogen atom highlighted in green in Figure 4.3) at the ring
junction fortunately imposed a shape that fit best in the binding site. In this previous report,'®

computational studies also indicated that this [3.3.0] bicyclic system was less optimal for binding
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to POP, and that a [4.3.0]-ring system with a specific stereochemistry should exhibit better affinity
(Figure 4.3, compound 4.2a).'® Unfortunately, our synthetic efforts were vain, as the epimer at the
ring junction (hydrogen atom highlighted in green in Figure 4.3, compound 4.2a) was the only

isomer observed experimentally but was not predicted to bind optimally in the active site of POP.

S ®Ss
0 @-@/
W Q;Q\;NH o] K\
N N

4.2 4.2a

Figure 4.3. POP inhibitors designed by our group in the past, including required stereochemistry
for optimal inhibitor stabilization in the active site of POP (highlighted with blue and green
hydrogens).

Further computational predictions indicated that the affinity for POP could be improved by
increasing the size of the western ring and inverting two stereocenters, both the carbon at the cyclic
fusion (C7a in 4.2, Csa in 4.2a) and the carbon alpha to the cyclic amide (Cs). To do so, we decided
to prepare a first series of analogues built around a [4.3.0]-ring system similar to that of 4.2a but
which could be accessible synthetically. After several rounds of virtual modifications and docking
predictions, inhibitor structure 4.10a was discovered. As can be seen in Figure 4.4, the predicted
binding mode of nitrile 4.10a is highly favored, featuring the same key interactions as potent

aldehyde 4.1.
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Figure 4.4. In silico design of a new series of bicycles. (A) Previous.ly designed POP inhibitors
and newly designed series of potential dual inhibitors. (B) Schematic representation of the
predicted binding pose of 4.10 (brown) in the POP active site, catalytic triad in purple, key residues
in blue/green; (C) predicted binding mode of 4.10a (green), overlaid with the predicted binding
mode of 4.1 (teal) (docked to POP using FITTED, pdb code: 2xdw)

This prediction encouraged us to pursue the synthesis of compound 4.10a and other analogues.
Our previous inhibitor 4.2a and this newly-designed scaffold resemble previously-reported potent
inhibitor 4.1 (Figure 4.4). The bicyclic scaffolds 4.2 and 4.10 were introduced by virtually
rigidifying 4.1 and introducing heterocyclic alkanes to both optimize the docking pose and ensure
synthetic feasibility. The valine-based side chain of Talabostat (Figure 4.2), a POP-FAP inhibitor
that reached Phase I1I clinical trials,*® inspired the introduction of methyl groups into 4.10a and
incorporation of the boronic acid warhead, leading to 4.12¢ and 4.13b. The complete list of new

analogues selected for synthesis is provided in Table 4.1.
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Table 4.1. Newly designed bicyclic analogues.

o f oY ol v 08
N RGN N N
RyHN RyHN R;HN RyHN
o) R o) R o) R o) R
4.10 4.11 4.12 413

Entry Compound # R Ri
1 4.10a CN Cbz
2 4.10b H Cbz
3 4.10c Bpnd Cbz
4 4.10d Bpnd Ac
5 4.10e Bpnd Boc
6 4.10f B(OH). H
7 4.11a Bpnd Boc
8 4.11b B(OH)2 H
9 4.12a Bpnd Cbz

10 4.12b Bpnd Boc
11 4.12¢ B(OH): H
12 4.13a Bpnd Boc
13 4.13b B(OH): H

A literature review of POP inhibitors revealed that many feature nitriles, activated nitriles (i.e.,
with proximal fluorine atoms), or boronic acids, the latter two of which are more electrophilic and
lead to more potent FAP inhibition. Our current version of our docking program FITTED does not
consider either the reactivity of the catalytic residue nor the reactive warhead. Nevertheless, a
computational study from our group on the reactivity of the catalytic serine residues in both POP
and FAP suggests that the catalytic serine in POP is more nucleophilic than that in FAP and that,
as a result, nitrile derivatives are unlikely to act as potent covalent inhibitors of FAP, while boronic
acids are promising alternatives.’*** As a result, in our quest to develop dual POP/FAP inhibitors,

the boronic ester or acid derivatives were also considered.
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Boronic acids have been widely used in medicinal chemistry, notably as warheads of reversible

4142 including two approved drugs (Bortezomib and Ixazomib for

covalent inhibitors of proteases,
the treatment of relapsed multiple myeloma and mantle cell lymphoma).** In addition, boronic
acids are remarkably stable despite their high reactivity and consistently display very low
toxicology profiles.*** Consequently, we designed our bicyclic boropeptides to be structurally
close to Talabostat (Figure 4.4). However, Talabostat displayed a loss in efficacy in vivo, believed
to be a result of a reversible intramolecular cyclization into an inactive cyclic adduct.*® The
constrained scaffold of our designed boronic acids 4.10f, 4.11b, 4.12¢, and 4.13b would
circumvent this cyclization.

Furthermore, in both POP and FAP, the boronic acid motif may act as a transition state
analogue, forming both hydrogen bonds (with His680 and Tyr473 and with His734 and Tyr571,
respectively) and covalent bonds with the catalytic triad (Ser554 and Ser624, respectively) in a
tetrahedral configuration, as opposed to the trigonal planar configuration conferred by nitrile-
containing inhibitors (Figure 4.4). Nonetheless, the design of FAP/POP dual inhibitors remains
challenging due to the difference in polarity between the active sites. While three hydrophobic or
hydrogen bond donor residues contribute the necessary interactions for high inhibition of POP
(aromatic interactions with Phel73 and hydrogen bonding with Trp595 and Arg643), high
inhibition of FAP relies on interaction with hydrogen bond acceptors Glu203 and Glu204 in the

hydrophilic pocket (Figure 4.5)

Tyrd73 } Phe350
T Tyr571

HO ! HO
3 0 Ser624
/&@ H TSer554 | m\e HOJ
N-H HO ; o
HN— ! Glu204
Phe173 N— ‘ o
H NH» =\ ; H,N N N-H. 9
~NVH o ! o) )\ o
Arg643 NCY : © O =
© . Glu203 o] Asp702
His680 Asp641 ! Asn704

His734

Figure 4.5. Schematic representation of the active sites of POP and FAP. Catalytic triads shown
in purple. (A) POP: positively-charged pocket shown in blue, aromatic interaction residue shown

in green; (B) FAP: negatively-charged pocket shown in red
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Upon docking to POP, the N-Cbz boronic ester derivative 4.10¢ was observed to fit very well
into the active site of POP (Figure 4.6A), but docking to FAP gave unfavorable proposed binding
modes, as the carboxybenzyl group is too large to fit into the active site (not shown). After virtual
optimization of the amide side chain, the acetyl group turned out to be an excellent compromise
for the design of potent dual inhibitors, as key interactions were conserved. The N-acetyl group
may act as a hydrogen bond donor in FAP (with Glu203 or 204) and as a hydrogen bond acceptor
in POP (with Trp595). The docking-predicted binding mode of the N-acetyl analog in both POP
and FAP is shown in Figure 4.6. Furthermore, in order to evaluate the impact of the covalent

warhead, the non-covalent analog 4.10b was also prepared.

@ q/ Tyr47fé_‘ Tyr47jé_‘ @ Phe350 5
faap SO S &"” O

| JOH H HO-.
QQEWJ% > 9 H 1 ™ Q
! BN ! AN / 1 Ser624
H ;/7 H 95/0 Ser554 | /&® I H. @B/O Ser554 M j\
=7 TNg7 TN\ ' N ' @B"O
"<N\H ° OT | N o OT 1 Glu204
Phe173 HN Ha ! Phel73 1 H P HO o o
%-J gHz j : /// H2N H Né\N’H‘e J/
NNH 0 : N\ 2~ (o
Arg643 Nl : Ar9643 o\ —
g : e
N ‘ Glu203 Asn704 heproz

His680 Asp641 3 His680 Asp641

His734

Figure 4.6. Predicted poses of compounds 4.10c and 4.10d in the active sites of POP and FAP.(A)
schematic representation of the predicted binding mode of 4.10¢ (brown) in POP; (B) schematic
representation of the predicted binding mode of 4.10d (brown) in POP; (C) Schematic
representation of the predicted binding mode of 4.10d (brown) in FAP; (D) predicted binding mode
of 4.10c (green) (pdb code: 2xdw); (E) predicted binding mode of 4.10d (green) in POP; (F)
predicted binding mode of 4.10d (green) in FAP. All compounds were docked using FITTED. For
schematic representations: catalytic triads are shown in purple, key residues are shown in

blue/green (POP) and red (FAP). n.b. the hydrolyzed boronic esters (boronic acids) were docked
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4.3.2 Synthesis
4.3.2.1 Non-covalent series.

The synthesis of this new [4.3.0] series started with the simplest of the analogues, the non-
covalent inhibitor. Compound 4.10b was synthesized in 3 overall steps starting with coupling N-
Cbz-L-Ser to readily available 5-amino-1-pentene, followed by a telescoped acid-catalyzed
oxidative cyclization (Scheme 4.1). Through the course of condition optimization, it was
determined that performing the ozonolysis in presence of triphenylphosphine significantly
increased the isolated yields and diastereoselectivity. In addition, a convenient procedure using

resin-supported triphenylphosphine was developed in order to facilitate the purifications.

Scheme 4.1 Synthesis of the non-covalent series?

H
OHE 0<
a b
e e D
CszNJ;(N CszNJiﬂ/
o) o)

4.14 4.10b
%) N-Cbz-L-Ser, EDC*HCI, HOBt*H20, Et;N, DCM, 0°C—rt, 18 h, 78%; b) 1) O3, Sudan III,

NH,

PPhs, DCM, —78 °C—rt, 20 h; 2) TFA, DCM, rt, 2 h, 40% over 2 steps.

4.3.2.2 Carbonitrile series.

The synthesis of 4.10a was unfortunately much more complex than that of the non-covalent
analogue 4.10b. Many attempts to obtain stereopure a-amino nitrile were unsuccessful; syntheses
were long and yielded racemic mixtures. The synthesis was therefore redesigned, adapting
chemistry from the Ellman group to obtain enantiopure sulfinylimine 4.15,*’ followed by a
modified Strecker reaction adapted from Mabic et al.*® to obtain sulfinamide 4.16, which was
deprotected in HCI to obtain stereopure a-amino carbonitrile 4.17 (Scheme 4.2). This amine was
subsequently coupled to N-Cbz-L-Ser with good yield to give dipeptide 4.18. Subsequent acid-

catalyzed oxidative cyclization gave desired diastereopure inhibitor 4.10a.
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Scheme 4.2. Synthesis of the carbonitrile series®

a-b c
X N X H

OH CN

Cm - 54
L Mm

4.10a
33) (COCl)2, DMSO, Et:N, ~78°C—tt, 2 h; b) (S)-(-)-tert-butyl-sulfinylamide, CuSO4, DCM,

rt, 18 h, 62% over two steps; ¢) TMSCN, Gd(OTf)3, 0°C—1t, 48 h, 60%, d.r. 89:11; d) HCI, Et,0,
0°C, 1 h, quant.; e) N-Cbz-L-Ser, EDC*HCIl, HOBt*H>O, Et;N, DCM, 0°C—rt, 18 h, 80%); f) O3,
Sudan III, PPh3;, DCM, —78 °C—rt, 20 h; 2) TFA, DCM, rt, 2 h, 33% over 2 steps

4.3.2.3 Boronic ester series.

This series was prepared following a similar diastereoselective synthetic strategy, starting with
the synthesis of sulfinylimine intermediate 4.15a*’ (Scheme 4.3). The imine reacted under
modified Ellman copper-catalyzed hydroboration conditions to afford the desired o-
sulfinamidoboronic ester 4.19 with a good isolated yield and high diastereoselectivity.* A
subsequent transesterification of the pinacol protecting group with the chiral (+)-pinanediol,
followed by the deprotection of the sulfinamide group gave the highly diastereopure o-
aminoboronic ester hydrochloride salt 4.20. Peptide coupling of 4.20 provided the boropeptides,
which were subjected to oxidative cleavage and dehydrative cyclization to obtain the

corresponding bicycles as the sole diastereomers, confirmed by 1D nOe experiments (Figure 4.7).
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To obtain the acetyl-protected bicyclic boronic ester, the N-Cbz-protected bicycle derivative
4.10c¢ was subjected to hydrogenation conditions, giving the free amine intermediate, which was
subsequently reacted with AcCl to give the N-acetyl derivative 4.10d (Scheme 4.3). Unfortunately,
attempts to purify the free amine boronic ester intermediate for biological testing were
unsuccessful, as purification conditions affected the boronic ester group. This led us to another
route, coupling amine 4.20 to N-Boc-protected amino acids, followed by acid-catalyzed oxidative
cyclization and subsequent simultaneous removal of the Boc and (+)-pinanediol protecting groups,
obtaining the free amine boronic acid bicycles with no necessary purification. Our group has
previously demonstrated that boronic esters are quickly hydrolyzed to their respective boronic
acids in the basic buffer used in the in vitro assays.>**° The difference in covalent warhead within
this series should therefore have negligible effect on the biological activity of these compounds.

The complete synthesis of the boronic esters and acids is detailed in Scheme 4.3.

o) B(OH),

4.10c 4.12a 4.11b

Figure 4.7. Selected NOE signals of the boron-containing bicycles.
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Scheme 4.3. Synthesis of boronic ester series?

| a-b c H d Cle
g ﬂ,,, Na g ﬂ _N ~ HN®
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AcHN CbzHN CbzHN N
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4.10d, R1=R2=H

4.10C, R1=R2=H
4.123, R1=Me, R2=H

4.21a, R,=R,=H
421b, R1=Me, R2=H

Re 0 1 Re 0 ! R2_oH
R4 R4 T Ry™ H e
N N N
H3N® BocHN BocHN
@CI 0 B(OH) 0 Bpnd O Bpnd
4.10f, R=R,=H 4.10e, R=R,=H 4.22a, R4=R,=H
4.12c, R;=Me, R,=H 4.12b, Ry=Me, R,=H 4.22b, R4=Me, Ry=H
4.13b, R{=H, R,=Me 4.13a, Ry=H, R,=Me 4.22¢, R4=H, R;=Me
H H
0 0 OH |
i f e
N I — X N = . H
HaNg \ o BocHN' BocHN"
eCI 0 (OH), 0 Bpnd O Bpnd
4.11b 4.11a 4.22d

a) (COCl)2, DMSO, Et3N, —78°C—1t, 2 h; b) (R)-(+)-tert-butyl-sulfinylamide, CuSO4, DCM, rt,
18 h, 75% over two steps; ¢) Bopiny, CuSO45H>0, PCy3*HBF4, BnNH», Toluene-H>O 5:1, rt,
18 h, 71%, d.r. > 98:2; d) 1) (+)-pinanediol, Et>O, rt, 24 h; 2) HCI, Et;0O, 0°C, 2 h, 44% over 2
steps; €) PyBOP, L-AA (see Experimental Section), DIPEA, 0°C—rt, 18 h, 63% (4.21a), 48%
(4.21b), 77% (4.22a), 69% (4.22b), 61% (4.22¢) , 57% (4.22d); f) 1) O3, DCM, PPh3, =78 °C—t,
20 h; 2) TFA, DCM, rt, 2 h, 58% (4.10¢), 59% (4.12a), 52% (4.10e), 56% (4.12b), 60% (4.13a),
53% (4.11a); g) Ho, Pd/C, AcOH, EtOAc, rt, 15 h; h) AcCl, EtsN, DMAP, 0°C—rt, 2 h, 63% over
2 steps; 1) BCl3, DCM, -78°C, 1 h, 34% (4.10f), 41% (4.12¢), 52% (4.13b), 39% (4.11b). *pnd

refers to (+)-pinanediol, pin refers to pinacol.
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4.3.2.4 Linear dipeptide series

As mentioned earlier, we expect that through the loss of flexibility of the dipeptide scaffold
afforded by the constrained bicyclic core, this [4.3.0] alkane series would solve the problem of the
cyclization of Talabostat in vivo. However, the bicycles are expected to be slightly less active than
their linear counterparts, as they cannot adjust their shape to the binding site. Alternatively,
reduced entropy penalty may improve their binding affinity over the more flexible Talabostat. To
determine the effect of rigidification of the scaffold on biological activity, several linear dipeptide
probes were also synthesized, starting from protected L- or D-Ala and L-Val, the latter of which
gives inhibitors resembling Talabostat. The complete list of synthesized probes can be found in

Table 4.2.

Table 4.2. Selected linear dipeptide analogues of the bicyclic series.

N : N N
DI D . G
o} R o} Ry o} R

4.23 4.24 4.25

Entry Compound R R2

1 4.23a Cbz H

2 4.23b Cbz CN
3 4.23c Cbz Bpnd
4 4.23d Boc Bpnd
5 4.24a Boc  Bpnd
6 4.25a Cbz Bpnd
7 4.25b Boc Bpnd
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The synthesis of these linear analogues was rather simple. Non-covalent analogue 4.23a was
synthesized in one step, coupling Cbz-L-Ala to pyrrolidine. The carbonitrile series was previously
synthesized by our group,'® coupling readily available prolinonitrile to Cbz-L-Ala. Several boronic
esters were also synthesized to probe for stereochemistry and preference of protecting group (Cbz

or Boc). The synthesis of these linear peptide compounds is shown in Scheme 4.4.

Scheme 4.4. Synthesis of the linear dipeptide probes.?

H
o}
@‘B/ 0
O°N" 1
ClH, ©O
4.26

Ri

R1
oW _ aorb N
RHN RHN
0 R,

o)

Cbz-L-Ala, R=Cbz, R;=Me 4.23a, R=Cbz, R1=Me, R,=H

Boc-L-Ala, R=Boc, R{=Me 4.23b, R=Cbz, R1=Me, R,=CN
Cbz-L-Val, R=Cbz, R=i-Pr 4.23c, R=Cbz, R1=Me, Ry=Bpnd
Boc-L-Val, R=Boc, R=i-Pr 4.23d, R=Boc, R1=Me, R,=Bpnd
4.25a, R=Cbz, R4=i-Pr, R,=Bpnd
4.25b, R=Boc, R4=i-Pr, R,=Bpnd

: b :
OH N
BocHN™ ™ T BocHN” Y Q
0] e) Bpnd
Boc-D-Ala 4.24a

4a) Piv-Cl, EtsN, pyrrolidine or prolinonitrile PTSA salt (see Experimental Section), DCM,
0°C—rt, 18 h, 49% (4.23a), 59% (4.23b); b) PyBOP, DIPEA, 4.26, DCM, 0°C—rt, 18 h, 85%
(4.23c¢), 64% (4.23d), 40% (4.24a), 60% (4.25a), 65% (4.25b). *pnd refers to (+)-pinanediol

4.3.3 Biological evaluations

The non-covalent, carbonitrile, and boronic ester/acid bicyclic series were tested in vitro for

inhibition of POP activity. The results of these assays can be found in Table 4.3.
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Table 4.3. In vitro activity of bicyclic and linear inhibitors against POP.

Entry Compound POP K; (uM)

1 4.10a 0.0016 = 0.0001
2 4.10b 44+1.2

3 4.10c 0.0024 + 0.0002
4 4.10d 1.1£0.1

5 4.10e 0.0068 + 0.0002
6 4.10f 22+0.5

7 4.11a 0.34+0.03

8 4.11b 62+14

9 4.12a 0.0021 £+ 0.0001
10 4.12b 0.0049 £+ 0.0003
11 4.12c 0.84 +0.03

12 4.13a 0.12+0.01

13 4.13b 72+1.2

14 4.23a 53+1

15 4.23b 0.00092 £ 0.00004
16 4.23¢ 0.00095 £ 0.00004
17 4.23d 0.0013 + 0.00004
18 4.24a 1.0+£0.2

19 4.25a 0.0015 = 0.0002
20 4.25b 0.0016 = 0.00005
21 4.1* 0.00029 £ 0.00004

Compound 4.1 was used as a positive control in the assay
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The bicyclic boronic ester pro-drugs showed very potent in vitro activity against POP, with V-
Cbz bicycles 4.10c and 4.12a exhibiting low single-digit nanomolar potency. This high inhibitor
activity was predicted by the promising docking pose (Figure 4.6A/D) in which all three key
ligand-protein interactions are fulfilled. Unexpectedly, the N-Boc derivative 4.10e displayed
similar potency. Although the benzyl group is missing for aromatic interactions with Phel73, the
large, greasy Boc protecting group might be compensating for this loss. The acetyl derivative 4.10d
exhibited low micromolar activity, likely attributed to the lack of a large N-bound group to stabilize
the inhibitor in the active site. The free amine boronic acid derivative 4.10f exhibited
submicromolar potency in POP. This activity can likely be attributed to the assay conditions; the
pH 8.0 basic buffer likely renders the amine unionized and allows it to act as a hydrogen bond
acceptor to interact with Arg643. While, in general, nitrile and boronic acids are somewhat
equipotent, boronic acids are likely to exhibit longer residence times in the active sites,** °* making
them more suitable drug candidates. As observed previously by our group,* it is likely that the
nitrile is not properly oriented to react covalently with the catalytic serine in POP, and therefore

binds non-covalently. Dose-response curves of the most potent POP bicyclic inhibitors can be

found in Figure 4.8A.

A Bicyclic Inhibitors B Linear Peptidic Inhibitors
100 1004
- - 4.10a 80- -~ 423b
2z g |
> - 4.10c 2 4.23¢
E 60 § 60
© == 412a & 4.25b
o
E 40 E 40
= 20 = 201
0 H+—-v "
-9 -8 -7 -6 -5 -9 -8 -7 -6 -5 -4
log[inhibitor] log[inhibitor]

Figure 4.8. Dose response curves of the most potent POP inhibitors (A) the three most potent

bicyclic inhibitors; (B) the three most potent linear peptidic inhibitors
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The linear peptides displayed very high potencies against POP, demonstrating single-digit
nanomolar potency or sub-nanomolar activity, the latter of which are on the same order of
magnitude as aldehyde control inhibitor 4.1 and are our most potent POP inhibitors to date. The
boron-containing dipeptides’ trends in activity match those of their bicyclic counterparts, with D-
amino acids exhibiting much lower potency than their L-amino acid analogues. Fortunately, their
bicyclic analogues did not lose significant potency; L-amino acid cyclic analogues were generally
in the single-digit nanomolar range. As predicted by our docking program, the designated [4.3.0]

stereochemistry was optimal to inhibit the enzymes. Furthermore, the bicyclic compounds are

16, 34 51

likely to be more metabolically stable and more specific to our enzymatic targets in vivo.
Dose-response curves comparing of our top linear peptidic inhibitors can be found in Figure 4.8B.

The compounds predicted to be the most promising against FAP by docking, the N-acetyl
bicyclic derivative and three of the free amines, were next tested against FAP. One of the Cbz-
containing bicycles was also tested on FAP and displayed no inhibitory activity, confirming the
need for smaller side chains in FAP inhibitors we proposed previously.! The results of the FAP
assay are displayed in Table 4.4 and Figure 4.9. In vitro results indicate that free amine boronic
acid 4.10f exhibits nanomolar activity in FAP and low micromolar activity in POP, making it a
promising dual inhibitor for future development. However, N-acetyl boronic ester derivative 4.12¢
exhibits submicromolar activity in both enzymes and comparable potency to failed clinical trial
candidate Talabostat against POP (Figure 4.1), making it a very promising drug candidate for

future studies.

Table 4.4. In vitro activity of bicyclic dual inhibitors

Entry Compound POP K; (nM) FAP K; (uM)
1 4.10d 1.1+0.1 1.3+£0.5
2 4.10f 22+0.5 0.20 £0.05
3 4.11b 62+14 14+2
4 4.12c 0.84 +£0.03 0.72 +0.09
5 4.10a 0.0016 + 0.0001 > 50 uM
6 Talabostat® 0.98 = 0.06 0.066 = 0.011

*Values are reported as ICso concentrations by Jansen et al.>
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A Bicyclic Inhibitors Against POP B Bicyclic Inhibitors Against FAP
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Figure 4.9. Dose response curves of our most potent dual inhibitors.(A) POP (B) FAP

4.4 Conclusion

Our group’s research has previously led to potent bicycle-based POP inhibitors, revealing that
the introduction of bicyclic scaffolds can enhance the metabolic stability of these inhibitors.'® 34
In the shift toward POP-FAP dual inhibitors, we then aimed to improve these bicyclic scaffolds
while simultaneously constraining the known inhibitor Cbz-Pro-Prolinal 4.1 and failed drug
candidate Talabostat. Our results indicate that we were not only able to obtain potent compounds
using our computationally-guided optimizations of known inhibitors, but that we were able to use
this method along with synthetic developments to produce an inhibitor with comparable potency
to a drug that reached Phase III clinical trials. Currently, we are carrying out cell-based assays to

assess the activity of our leads in cellulo, as well as performing further experiments to optimize

the activity and pharmacokinetic properties of our leads 4.10f and 4.12c¢.
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4.5 Experimental Section
4.5.1 InVitro Assays

POP in vitro assays were performed as previously published by our group.'® 343 The POP
batch used in these assays exhibited a K, of 141.2 pM and keat of 21.2 s7'. The FAP assay was
performed using the FAP Assay Kit from BPSBioscience.’® The FAP batch used in these assays
exhibited a K, of 33 pM.
4.5.2 Chemistry

4.5.2.1 General Information

All commercially available reagents were used without further purification. All reactions,
unless otherwise indicated, were carried out in flame-dried flasks under argon atmosphere with
anhydrous solvents. FTIR spectra were recorded using a Perkin-Elmer Spectrum One FT-IR. 'H,
13C, and "B NMR spectra were recorded on a Bruker 400 or 500 MHz spectrometer. Chemical
shifts are reported in ppm using the residual of deuterated solvents as an internal standard. Thin
layer chromatography visualization was performed by UV or by development using KMnOs,
Curcumin, ninhydrin, or p-anisaldehyde. Chromatography was performed on silica gel 60
(230—240 mesh). High resolution mass spectrometry was performed by ESI on a Bruker Maxis
Impact API QqTOF or by ESI or APCI on a ThermoFisher Exactive Plus Orbitrap-API at McGill
University. All compounds were stored at —20°C.
4.5.2.2 Purity determination by High Performance Liquid Chromatography (HPLC)

Prior to biological testing, reverse-phase HPLC was used to verify the purity of compounds on
an Agilent 1100 series instrument, equipped with VWD-detector, using a C18 reverse column
(Agilent, Eclipse -C18 150 mm A~ 4.6 mm, 5 um) or Zorbax (ZORBAX Bonus-RP, 80A, 4.6 x
150 mm, 5 pm) with UV detection at 220 or 215 nm. All tested compounds were at least 95%
pure. The solvents used were H>O (A) and MeCN (B) in a gradient. Retention times and purities
are provided for each compound.

Method A: H>O (A) and MeCN (B); t = 0 mins, 95% A / 5% B; t = 3 to 20 mins, gradually to
5% A /95% B; t =20 to 25 mins, 5% A/ 95% B; t =25 to 28 mins, gradually to 95% A / 5% B; t
=28 to 30 mins, 95% A / 5% B.

Method B: H>O (A) and MeCN (B); t = 0 mins, 80% A /20% B; t =5 to 15 mins, gradually
to 20% A / 80% B; t = 15 to 20 mins, 20% A / 80% B; t = 20 to 28 mins, gradually to 80% A /
20% B; t =28 to 30 mins, 80% A /20% B.
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4.5.2.3 Synthesis

(5)-2-methyl-NV-(pent-4-en-1-yl)propane-2-sulfinamide (4.15) and (R)-2-methyl-NV-(pent-
4-en-1-ylidene)propane-2-sulfinamide (4.15a) (general procedure for both; the two sulfinimines
are spectrally identical) Oxalyl chloride (1.2 eq) was dissolved in DCM (1.5 M) under Ar, and the
solution was cooled to —78°C. DMSO (2.5 eq) in DCM (7 M) was added slowly. The solution
stirred for 5 minutes. 4-penten-1-ol (1 eq) in DCM (3 M) was added slowly, and the reaction stirred
for 15 minutes. Triethylamine (3 eq) was added slowly, and the reaction stirred for 2 hours at room
temperature. Water was added, and the product was extracted with DCM. The combined organic
layers were washed with 1 M HCI, saturated NaHCO3, and brine, dried over Na>SOs, filtered and
concentrated in vacuo at 650 mbar, 40°C. (Some solvent remains; product is volatile.) The resultant
4-pentenal (assume 100% yield) was dissolved in anhydrous DCM (0.5 M), and (R)-(+)-2-methyl-
2-propanesulfinamide (1 eq) [or the (S)-(-) enantiomer for the synthesis of the (S)-sulfinimine] and
anhydrous CuSO4 (3 eq) were added. The reaction stirred at room temperature overnight. The
mixture was then filtered through a pad of Celite®, and the filter cake was rinsed with DCM. The
filtrate was concentrated in vacuo to give a brown liquid, which was purified by flash
chromatography on a silica gel column (85:15 hexanes-EtOAc) to give a yellow liquid (4.15 62%,
4.15a 75%). Ry = 0.45 (85:15 hexanes-EtOAc); 'H NMR (500 MHz, Chloroform-d) & 8.07 (t, J =
4.4 Hz, 1H), 5.83 (ddt, /= 16.8, 10.2, 6.5 Hz, 1H), 5.07 (dq, J = 17.2, 1.7 Hz, 1H), 5.02 (dq, J =
10.2, 1.5 Hz, 1H), 2.62 (td, J= 7.3, 4.4 Hz, 2H), 2.42 — 2.36 (m, 2H), 1.18 (s, 9H). *C NMR (126
MHz, Chloroform-d) 6 168.94, 136.80, 115.97, 56.69, 35.41, 29.49, 22.49. Spectral and physical
data were in accordance with the literature.>4

(8)-N-((S)-1-cyanopent-4-en-1-yl)-2-methylpropane-2-sulfinamide (4.16) Imine 4.15 (462
mg, 1 eq) was dissolved in DCM (24 mL), and Gd(OT*); (298 mg, 0.2 eq) and TMSCN (489 mg,
0.62 mL, 2 eq) were added. The reaction stirred for 48h at room temperature and was quenched
with saturated NaHCO3. The product was extracted with DCM, and the combined organic layers
were washed with brine, dried over Na;SOs, and concentrated in vacuo to give the crude product
as a brown oil, which was purified by flash chromatography on a silica gel column (eluent 70:30
hexanes-EtOAc) to give the product as a yellow oil (318 mg, 60%). Ry = 0.50 (70:30 EtOAc-
hexanes); IR (film) cm™ 3187, 3083, 2960, 2238, 1641, 1391, 1366, 1062, 911; 'H NMR (500
MHz, Chloroform-d) 6 5.84 — 5.69 (m, 1H), 5.16 — 5.06 (m, 2H), 4.23 —4.09 (m, 1H), 3.93 —3.63
(m, 1H), 2.37 —2.21 (m, 2H), 2.15 — 1.89 (m, 2H), 1.24 (s, 9H); 3C NMR (126 MHz, Chloroform-
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d) 8 22.61 (3C), 29.47, 34.01, 45.69, 57.21, 117.28, 119.19, 135.69; HRMS (ESI+) m/z calcd for
[C10H1sON,S + Na]* 237.1032, found 237.1035.

(S)-1-cyanopent-4-en-1-aminium chloride (4.17) Sulfinamide 4.16 (298 mg, 1 eq) was
dissolved in Et2O (12 mL), and the solution was cooled to 0°C. HCI (2 M in Et20, 2.1 mL, 3 eq)
was added dropwise, and the resultant mixture stirred for 1h at 0°C. The solvent was removed in
vacuo to give the product as a while solid, which was taken to the next step without purification
(136 mg, quant.) Ry = does not elute on silica-backed TLC plates; mp = 94-97°C; IR (film) cm™!
3071, 2956, 1643, 1483, 1185, 926; 'H NMR (400 MHz, Methanol-ds) & 5.86 (dddd, J = 17.2,
10.2,7.1, 6.1 Hz, 1H), 5.18 (dq, J=17.1, 1.6 Hz, 1H), 5.11 (dq, J=10.2, 1.3 Hz, 1H), 4.56 — 4.35
(m, 1H), 2.45 — 2.22 (m, 2H), 2.11 — 2.00 (m, 2H); '3*C NMR (101 MHz, Methanol-ds) & 30.23,
31.26, 42.23, 116.62, 117.59, 136.33; HRMS (ESI+) m/z calcd for [CeHiiN2]" 111.0917, found
111.0922.

(R)-2-methyl-N-((R)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-
yl)propane-2-sulfinamide (4.19) Tricyclohexylphosphonium tetrafluoroborate (63 mg, 0.1 eq)
was dissolved in toluene (2.1 mL), and the solution was stirred rapidly. Copper (II) sulfate
pentahydrate (43 mg, 0.1 eq) and water (0.9 mL) were added, turning the reaction light blue.
Benzylamine (37 mg, 0.2 eq) was added, turning the mixture dark blue. The mixture stirred at
room temperature for 10 minutes, and was then cooled to 0°C. The sulfinylimine 4.15a (320 mg,
1 eq) in toluene (2.1 mL) was added, followed by Bopinz (651 mg, 1.5 eq), and the reaction mixture
turned turquoise. The reaction was kept at 0°C for 15 minutes, then was warmed to room
temperature and stirred overnight, after which the reaction turned dark brown. The mixture was
diluted with ethyl acetate and quenched with saturated NaHCOs3. The biphasic mixture stirred for
30 minutes. The product was then extracted from the aqueous layer with ethyl acetate, and the
organic layer was washed with saturated NH4Cl, saturated NaHCO3 (copiously) and brine, dried
over Na;SO4, and concentrated in vacuo to give the crude product as a brown oil, which was
clarified with charcoal to give a clear oil (385 mg, 71%). Ry = streaks on regular silica; IR (film)
cm™ 3206, 3079, 2976, 1639, 1380, 1370, 1332, 1142, 1058, 910; 'H NMR (500 MHz,
Chloroform-d) & 5.73 (ddt, J=16.9, 10.2, 6.7 Hz, 1H), 4.96 (dq, J = 17.1, 1.7 Hz, 1H), 4.88 (dq,
J=10.1, 1.4 Hz, 1H), 3.16 (d, /= 7.0 Hz, 1H), 2.97 (q, /= 7.0 Hz, 1H), 2.07 (m, 2H), 1.77 — 1.64
(m, 2H), 1.18 (s, 6H), 1.17 (s, 6H), 1.11 (s, 9H); '*C NMR (126 MHz, Chloroform-d) § 22.52 (3C),
24.52 (2C), 24.92 (2C), 31.01, 32.66, 42.75, 55.97, 84.00 (2C), 115.07, 138.01; ''B NMR (161
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MHz, Chloroform-d) & 32.41; HRMS (ESI+) m/z calcd for [C15sH30O3NSB + Na]* 338.1932, found
338.1931.

(R)-1-((3aS5,45,68,7aR)-3a,5,5-trimethylhexahydro-4,6-methanobenzo|d][1,3,2]
dioxaborol-2-yl)pent-4-en-1-aminium chloride (4.20) The aminoboronic ester 4.19 (11.51 g, 1
eq) was dissolved in Et20 (120 mL), and (+)-pinanediol (6.22 g, 1 eq) was added. The solution
stirred at room temperature for 24 hours. The solvent was removed in vacuo, the residue was re-
dissolved in Et,0O (75 mL), and the solution was cooled to 0°C. HCI (2 M in Et;0, 24 mL, 1.3 eq)
was added dropwise, and the argon balloon was removed. After 2 h of stirring at room temperature,
the solvent was removed in vacuo to give a white solid, which was triturated at 0°C in 2:1 n-
hexane/Et2O and filtered, rinsing with cold 2:1 n-hexane/Et20, to give the boroamine salt 4.20 as
a fluffy white solid (4.85 g, 44% over 2 steps). Ry = does not elute on silica-backed TLC plates;
mp = 168-171°C; IR (film) cm™ 3130, 2921, 1605, 1405, 1389, 1076, 1029; '"H NMR (500 MHz,
Chloroform-d) 6 8.31 (s, br, 3H), 5.78 (ddt, /= 16.6, 11.1, 6.0 Hz, 1H), 5.13 (d, J=16.9 Hz, 1H),
4.99 (d, J=10.0 Hz, 1H), 4.38 (d, J = 8.2 Hz, 1H), 2.97 (s, br, 1H), 2.43 — 2.14 (m, 4H), 2.16 —
1.95 (m, 3H), 1.98 — 1.88 (m, 2H), 1.41 (s, 3H), 1.27 (s, 3H), 1.17 (d, J = 10.9 Hz, 1H), 0.81 (s,
3H); C NMR (126 MHz, CDCls) § 24.08, 26.71,27.13, 28.61, 29.04, 30.71, 35.17, 37.12, 38.25,
39.57, 51.21, 77.16, 78.88, 87.74, 116.27, 137.12; "B NMR (161 MHz, CDCl3) § 32.35; HRMS
(APCI+) m/z caled for [CisH2602NB + H]" 264.2129, found 264.2129.

General peptide coupling procedure A. The protected amino acid (1 eq) was suspended in
DCM (0.1 M), and HOBt*H>O (1.2 eq) was added, followed by EDC*HCI (1.2 eq). The reaction
stirred at 0°C for one hour. The amine salt (1 eq) was then added, followed by Et;N (3 eq). The
reaction stirred at 0°C for one hour, then at room temperature overnight. Water was added, and the
product was extracted with DCM. The combined organic layers were washed with saturated
NH4Cl, saturated NaHCO3, and brine, dried over Na>SQOs, filtered, and concentrated in vacuo to
give the crude product. The crude material was purified by flash chromatography on a silica gel
column to give the corresponding dipeptide.

General peptide coupling procedure B. The protected amino acid (1 eq) was suspended in
DCM (0.1 M), and EtzN (5 eq) was added, followed by Piv-Cl (1.1 eq). The reaction stirred at 0°C
for one hour. The amine salt (1 eq) was then added. The reaction stirred at 0°C for one hour, then
at room temperature overnight. Water was added, and the product was extracted with DCM. The

combined organic layers were washed with saturated NH4Cl, saturated NaHCO3, and brine, dried
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over NaxSOQg, filtered, and concentrated in vacuo to give the crude product. The crude material was
purified by flash chromatography on a silica gel column to give the corresponding dipeptide.

General peptide coupling procedure C. The protected amino acid (1 eq) was suspended in
DCM (0.1 M), and PyBOP (1.2 eq) was added, followed by the amine (1 eq), then DIPEA (3 eq).
The reaction stirred at 0°C for one hour, then at room temperature overnight. Water was added,
and the product was extracted with DCM. The combined organic layers were washed with
saturated NH4Cl, saturated NaHCO3, and brine, dried over Na>SQyu, filtered, and concentrated in
vacuo to give the crude product. The crude material was purified by flash chromatography on a
silica gel column to give the corresponding dipeptide.

General peptide coupling procedure D. The protected amino acid (1 eq) was dissolved in
DMF (0.3 M), and the solution was cooled to 0°C. HATU (1.2 eq) was added, followed by the
amine (1 eq), then EtsN (10 eq). The reaction stirred at room temperature overnight. Water was
added, and the product was extracted with DCM. The combined organic layers were washed with
saturated NH4Cl, saturated NaHCO3, and brine, dried over Na,SOa, filtered, and concentrated in
vacuo to give the crude product. The crude material was purified by flash chromatography on a
silica gel column to give the corresponding dipeptide.

Benzyl (S)-(3-hydroxy-1-oxo-1-(pent-4-en-1-ylamino)propan-2-yl)carbamate (4.14)
Dipeptide 4.14 was prepared following general peptide coupling procedure A, using Z-L-Ser as
the amino acid and 5-amino-1-pentene as the amine. The crude product was purified by flash
chromatography on a silica gel column (eluent 70:30 EtOAc-hexanes) to give the product as a
white solid (78%). Ry= 0.43 (80:20 EtOAc-hexanes); mp = 143-145°C; IR (film) cm™ 3316, 3068,
2937, 1709, 1651, 1532, 1239, 1060, 913; 'H NMR (500 MHz, Chloroform-d) & 7.39 — 7.30 (m,
5H), 6.64 (s, 1H), 5.87 (d, J = 7.6 Hz, 1H), 5.77 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.13 (s, 2H),
5.02 (dq, J=17.2, 1.7 Hz, 1H), 4.98 (dq, J = 10.2, 1.4 Hz, 1H), 4.17 (ddd, J=17.8, 4.9, 3.2 Hz,
1H), 4.15 - 4.05 (m, 1H), 3.71 — 3.60 (m, 1H), 3.25 (q, /= 6.7 Hz, 2H), 3.20 (s, 1H), 2.06 (q, J =
7.2 Hz, 2H), 1.59 (p, J= 7.3 Hz, 2H); '*C NMR (126 MHz, Chloroform-d) § 28.58, 31.09, 39.15,
55.29, 62.91, 67.51, 115.55, 128.23 (2C), 128.50, 128.74 (2C), 136.06, 137.64, 156.93, 171.00;
HRMS (ESI+) m/z caled for [C16H2204N2 + Na]* 329.1472, found 329.1464.

benzyl (($)-1-(((S)-1-cyanopent-4-en-1-yl)amino)-3-hydroxy-1-oxopropan-2-
yl)carbamate (4.18) The product was synthesized following general coupling procedure D, using

4.17 as the amine. The crude product was purified by silica gel (eluent 60:40 EtOAc-hexanes) to
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give the product as a white foam (80%). Ry = 0.27 (60:40 EtOAc-hexanes); mp = 87-91°C; IR
(film) cm™ 3409, 3321, 3278, 3020, 2940, 1707, 1671, 1516, 1217, 1058; '"H NMR (500 MHz,
Acetone-ds) 6 8.20 — 7.95 (m, 1H), 7.47 — 7.18 (m, 5H), 6.48 (d, J = 8.7 Hz, 1H), 5.82 (ddt, J =
17.0,10.1, 6.7 Hz, 1H), 5.15 — 5.04 (m, 3H), 5.01 (dq, J=10.2, 1.3 Hz, 1H), 4.33 — 4.18 (m, 2H),
3.87 (dt, J =10.3, 5.0 Hz, 1H), 3.81 (dt, J = 10.7, 5.2 Hz, 1H), 2.23 (q, J = 7.4 Hz, 2H), 2.01 —
1.91 (m, 2H); *C NMR (126 MHz, Acetone-ds) 8 30.09, 32.56, 40.53, 57.85, 62.99, 67.01, 116.59,
119.55, 128.70 (2C), 128.71, 129.24 (2C), 137.34, 137.98, 157.01, 171.22; HRMS (ESI+) m/z
calcd for [C17H2104N3 + Na]* 354.1424, found 354.1417.

benzyl ((S)-3-hydroxy-1-oxo-1-(((R)-1-((3aS5,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pent-4-en-1-yl)amino)propan-2-yl)carbamate
(4.21a) The product was synthesized following general coupling procedure C, using 4.20 as the
amine. The crude product was purified by silica gel (eluent 60:40 EtOAc-hexanes) to give the
product as a white foam (63%). Ry = 0.23 (50:50 EtOAc-hexanes); IR (film) cm™ 3310, 3071,
2929, 1722, 1701, 1522, 1385, 1372, 1247, 1078, 1052, 906; '"H NMR (500 MHz, Acetone-ds) &
8.04 (s, 1H), 7.46 — 7.21 (m, 5SH), 6.63 — 6.43 (m, 1H), 5.82 (ddt,J=17.0, 10.3, 6.7 Hz, 1H), 5.10
(s, 2H), 4.99 (dq, J=17.1, 1.8 Hz, 1H), 4.91 (ddt, J=10.2, 2.2, 1.2 Hz, 1H), 4.44 — 4.35 (m, 1H),
431 (dt,J=17.9,5.1 Hz, 1H), 4.24 (dd, J = 8.8, 2.2 Hz, 1H), 3.85 (dt, /= 10.8, 5.3 Hz, 1H), 3.77
(dt, J=11.3, 5.8 Hz, 1H), 2.84 (ddd, J = 7.8, 6.3, 4.3 Hz, 1H), 2.31 (ddt, J = 13.9, 8.7, 2.5 Hz,
1H), 2.22 — 2.09 (m, 3H), 1.94 (t, /= 5.6 Hz, 1H), 1.84 (tt, J=5.9, 3.0 Hz, 1H), 1.78 (ddd, J =
14.2,3.2,2.1 Hz, 1H), 1.73 — 1.64 (m, 1H), 1.64 — 1.57 (m, 1H), 1.48 — 1.40 (m, 1H), 1.34 (s, 3H),
1.27 (s, 3H), 0.86 (s, 3H); 1*C NMR (126 MHz, Acetone-ds) & 24.35, 26.98, 27.56, 29.25, 31.32,
32.08, 36.74, 38.77, 39.73, 40.62, 52.70, 56.55, 63.10, 66.99, 77.75, 85.09, 114.89, 128.62 (2C),
128.65, 129.19 (2C), 137.96, 139.69, 156.93, 173.39; ''B NMR (161 MHz, Acetone-ds) & 26.64;
HRMS (APCI+) m/z caled for [C26H3706N2B + Na]™ 507.2637, found 507.2652.

benzyl ((25,3R)-3-hydroxy-1-oxo-1-(((R)-1-((3a5,4S5,6S,7aR)-3a,5,5-trimethylhexahydro-
4,6-methanobenzo[d][1,3,2]dioxaborol-2-yl)pent-4-en-1-yl)amino)butan-2-yl)carbamate
(4.21b) The product was synthesized following general coupling procedure C, using 4.20 as the
amine. The crude product was purified by silica gel (eluent 60:40 EtOAc-hexanes) to give the
product as a white solid (48%). Rr= 0.38 (50:50 EtOAc-hexanes); mp = 44-47°C; IR (film) cm™
3322, 3068, 2922, 1722, 1699, 1606, 1515, 1383, 1373, 1247, 1120, 1070, 908; 'H NMR (500
MHz, Acetone-de) 6 7.91 (s, 1H), 7.43 — 7.28 (m, SH), 6.25 (d, /= 8.2 Hz, 1H), 5.82 (ddt, J=17.0,
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10.2, 6.7 Hz, 1H), 5.11 (s, 2H), 4.99 (dq, J=17.2, 1.7 Hz, 1H), 4.91 (ddt, /= 10.1, 2.3, 1.2 Hz,
1H), 4.30 (d, J=4.3 Hz, 1H), 4.25 (dd, /= 8.8, 2.2 Hz, 1H), 4.22 — 4.13 (m, 2H), 2.87 — 2.81 (m,
1H), 2.31 (ddt, J = 14.0, 8.8, 2.5 Hz, 1H), 2.21 — 2.07 (m, 3H), 1.95 (dd, J=11.1, 5.6 Hz, 1H),
1.84 (tq, /= 6.0, 3.1 Hz, 1H), 1.81 — 1.74 (m, 1H), 1.74 — 1.65 (m, 1H), 1.65 — 1.44 (m, 1H), 1.45
—1.37 (m, 1H), 1.34 (s, 3H), 1.27 (s, 3H), 1.22 — 1.15 (m, 3H), 0.86 (s, 3H); *C NMR (126 MHz,
Acetone-ds) & 19.59, 24.36, 26.99, 27.56, 29.25, 31.32, 32.14, 36.72, 38.80, 39.44, 40.62, 52.69,
59.82, 67.00, 67.96, 77.85, 85.23, 114.93, 128.57 (2C), 128.66, 129.21 (2C), 138.04, 139.64,
157.12, 173.17; ''B NMR (161 MHz, Acetone-ds) & 27.32; HRMS (ESI+) m/z caled for
[C27H3906N2B + Na]" 521.2793, found 521.2804.

tert-butyl  ((S)-3-hydroxy-1-oxo-1-(((R)-1-((3a5,45,6S,7aR)-3a,5,5-trimethylhexahydro-
4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)pent-4-en-1-yl)amino)propan-2-yl)carbamate
(4.22a) The product was synthesized following general coupling procedure C, using Boc-L-Ser as
the amino acid and 4.20 as the amine. The crude product was purified by silica gel (eluent 70:30
EtOAc-hexanes) to give the product as a white solid (77%). Rr=0.23 (60:40 hexanes-EtOAc); mp
= 49-52°C; IR (film) cm™ 3425, 3345, 3079, 3020, 2980, 1709, 1653, 1607, 1504, 1389, 1368,
1215, 1167, 1054; '"H NMR (400 MHz, Acetone-ds) & 7.87 (s, 1H), 6.04 (d, J= 8.4 Hz, 1H), 5.83
(ddt,J=17.0, 10.2, 6.7 Hz, 1H), 5.00 (dq, J=17.1, 1.7 Hz, 1H), 4.91 (ddt, J=10.2, 2.4, 1.2 Hz,
1H), 4.25 (dd, J= 8.7, 2.2 Hz, 1H), 4.23 — 4.15 (m, 2H), 3.82 (dt, J = 11.0, 5.5 Hz, 1H), 3.77 —
3.68 (m, 1H), 2.88 — 2.78 (m, 1H), 2.31 (ddt, J=13.9, 8.8, 2.5 Hz, 1H), 2.21 — 2.07 (m, 3H), 2.00
—1.91 (m, 1H), 1.85 (tt, J=5.7,3.0 Hz, 1H), 1.78 (ddd, /= 14.2, 3.3, 2.2 Hz, 1H), 1.75 — 1.65 (m,
1H), 1.65 — 1.56 (m, 1H), 1.42 (s, 9H), 1.34 (s, 3H), 1.27 (s, 3H), 0.86 (s, 3H); 1*C NMR (101
MHz, Acetone-ds) 6 23.48, 26.13, 26.70, 27.64 (3C), 28.41, 30.55, 31.22, 35.89, 37.92, 38.45,
39.76, 51.85, 55.31, 62.30, 76.95, 78.75, 84.29, 113.99, 138.87, 155.39, 172.64; ''B NMR (128
MHz, Acetone-de) & 26.33; HRMS (ESI+) m/z caled for [C23H39O6N2B + Na]* 473.2793, found
473.2794.

tert-butyl ((25,3R)-3-hydroxy-1-oxo0-1-(((R)-1-((3a8,4S,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)pent-4-en-1-
y)amino)butan-2-yl)carbamate (4.22b) The product was synthesized following general
coupling procedure C, using Boc-L-Thr as the amino acid and 4.20 as the amine. The crude product
was purified by silica gel (eluent 60:40 EtOAc-hexanes) to give the product as a white solid (69%).
Ry=0.50 (60:40 EtOAc-hexanes); mp = 54-57°C; IR (film) cm™ 3492, 3349, 3198, 3079, 2976,
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1720, 1695, 1607, 1500, 1391, 1368, 1238, 1167, 1078, 1052, 884; 'H NMR (500 MHz, Acetone-
ds) 8 7.99 (s, 1H), 5.94 — 5.72 (m, 2H), 5.00 (dq, J=17.1, 1.7 Hz, 1H), 4.91 (ddd, J = 10.1, 2.3,
1.2 Hz, 1H), 4.38 (d, J=4.7 Hz, 1H), 4.24 (dd, J= 8.8, 2.2 Hz, 1H), 4.18 (dq, /= 11.1, 6.2, 5.0
Hz, 1H), 4.15 - 3.93 (m, 1H), 2.82 (td, /= 6.9, 4.1 Hz, 1H), 2.31 (ddt, J = 14.0, 8.7, 2.5 Hz, 1H),
2.25-2.07 (m, 3H), 2.00 — 1.91 (m, 1H), 1.91 — 1.83 (m, 1H), 1.79 (ddd, J = 14.1, 3.2, 2.3 Hz,
1H), 1.75 - 1.67 (m, 1H), 1.66 — 1.48 (m, 2H), 1.43 (s, 9H), 1.35 (s, 3H), 1.27 (s, 3H), 1.16 (d, J
= 6.2 Hz, 3H), 0.86 (s, 3H); 3*C NMR (126 MHz, Acetone-ds) § 19.71, 24.38, 27.04, 27.59, 28.51
(30), 31.44, 32.18, 35.24, 36.85, 38.79, 39.85, 40.66, 52.79, 59.24, 67.95, 77.72, 79.66, 85.00,
114.87, 139.72, 156.48, 173.95; "B NMR (161 MHz, Acetone-ds) & 26.18; HRMS (ESI+) m/z
calcd for [C24Hs106N2B + H]" 465.3130, found 465.3140.

tert-butyl ((25,35)-3-hydroxy-1-oxo-1-(((R)-1-((3aS$,4S5,6S5,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)pent-4-en-1-
yl)amino)butan-2-yl)carbamate (4.22¢) The product was synthesized following general coupling
procedure C, using Boc-L-allo-Thr as the amino acid and 4.20 as the amine. The crude product
was purified by silica gel (eluent 60:40 EtOAc-hexanes) to give the product as a white solid (61%).
Rr=0.38 (70:30 hexanes-EtOAc); mp = 49-52°C; IR (film) cm™' 3424, 3310, 3075, 2976, 1720,
1697, 1641, 1607, 1500, 1451, 1389, 1368, 1218, 1167, 1080, 1020, 908; 'H NMR (500 MHz,
Acetone-ds) & 7.87 (s, 1H), 6.05 (d, J = 8.4 Hz, 1H), 5.82 (ddt, /= 17.0, 10.2, 6.7 Hz, 1H), 5.00
(dq, J=17.1, 1.8 Hz, 1H), 4.91 (ddd, J=10.2, 2.2, 1.2 Hz, 1H), 4.27 — 4.22 (m, 2H), 4.08 (t, J =
7.1 Hz, 1H), 4.00 (h, J = 6.3 Hz, 1H), 2.86 — 2.79 (m, 1H), 2.31 (ddt, /= 14.0, 8.7, 2.4 Hz, 1H),
2.22 —2.08 (m, 3H), 1.94 (t, J= 5.6 Hz, 1H), 1.85 (tt, J= 5.7, 2.9 Hz, 1H), 1.78 (ddd, J = 14.3,
3.3,2.2 Hz, 1H), 1.74 - 1.65 (m, 1H), 1.65 — 1.57 (m, 1H), 1.42 (s, 9H), 1.34 (s, 3H), 1.27 (s, 3H),
1.19 (d, J = 6.3 Hz, 3H), 0.86 (s, 3H); *C NMR (126 MHz, Acetone-ds) & 19.85, 24.36, 26.98,
27.57, 28.52 (3C), 29.29, 31.30, 32.11, 36.74, 38.80, 39.21, 40.63, 52.70, 59.42, 68.79, 77.89,
79.60, 85.24, 114.90, 139.70, 156.47, 173.34; ''B NMR (161 MHz, Acetone-ds) § 27.43; HRMS
(ESI+) m/z caled for [C24H4106N2B + H]™ 465.3130, found 465.3142.

tert-butyl ((2R)-3-hydroxy-1-oxo-1-(((1R)-1-((3aS,4S,65)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pent-4-en-1-yl)amino)propan-2-yl)carbamate
(4.22d) The product was synthesized following general coupling procedure C, using Boc-D-Ser as
the amino acid and 4.20 as the amine. The crude product was purified by silica gel (eluent 60:40

EtOAc-hexanes) to give the product as a white solid (57%). Ry=0.31 (70:30 hexanes-EtOAc); mp
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= 47-51°C; IR (film) cm™ 3412, 3302, 3075, 2929, 1701, 1657, 1607, 1452, 1391, 1368, 1219,
1167, 1054, 910; '"H NMR (500 MHz, Acetone-ds) 8 8.01 —7.20 (m, 1H), 6.05 (d, /= 7.2 Hz, 1H),
5.82 (ddt, J=16.9, 10.2, 6.7 Hz, 1H), 5.00 (dq, J=17.1, 1.7 Hz, 1H), 4.91 (ddt, /= 10.2,2.3, 1.2
Hz, 1H), 4.25 (dd, J = 8.7, 2.2 Hz, 1H), 4.22 — 4.19 (m, 1H), 4.14 (s, 1H), 3.82 (dd, /= 11.3, 4.8
Hz, 1H), 3.73 (dd, J=10.8, 5.6 Hz, 1H), 2.86 (ddt, /= 8.5, 6.3, 3.1 Hz, 1H), 2.31 (ddt, J = 13.9,
8.8,2.5 Hz, 1H), 2.21 — 2.08 (m, 3H), 1.95 (t, /= 5.6 Hz, 1H), 1.85 (tt, J=5.8, 2.9 Hz, 1H), 1.81
—1.74 (m, 1H), 1.69 (ddt, J=13.1, 9.2, 6.5 Hz, 1H), 1.66 — 1.57 (m, 1H), 1.42 (s, 10H), 1.34 (s,
3H), 1.27 (s, 3H), 0.86 (s, 3H); '*C NMR (126 MHz, Acetone-ds) & 24.35, 26.98, 27.56, 28.52
(30), 29.27, 31.38, 32.05, 36.71, 38.81, 39.34, 40.61, 52.68, 56.00, 63.23, 77.87, 79.63, 85.28,
114.89, 139.73, 156.29, 173.32; "B NMR (161 MHz, Acetone-ds) & 27.28; HRMS (ESI+) m/z
calcd for [C23H3906N2B + H]" 451.2974, found 451.2985.

benzyl (5)-(1-oxo-1-(pyrrolidin-1-yl)propan-2-yl)carbamate (4.23a) The product was
synthesized following general coupling procedure B, using Z-L-Ala as the amino acid and
pyrrolidine as the amine, to give a white solid (49%). Ry/= 0.49 (50:50 Hexanes-EtOAc); 'H NMR
(500 MHz, Acetone-de) & 7.44 —7.27 (m, 5SH), 6.34 (d, /=7.9 Hz, 1H), 5.08 (s, 2H), 4.43 (p, J =
7.1 Hz, 1H), 3.65 (dt, J = 9.9, 6.7 Hz, 1H), 3.51 (dt, J=9.9, 6.9 Hz, 1H), 3.42 (dt, J=11.8, 7.1
Hz, 1H), 3.33 (dt, J=11.7, 6.8 Hz, 1H), 1.98 (p, J = 6.8 Hz, 2H), 1.85 (p, J = 6.9 Hz, 2H), 1.28
(d, J=6.9 Hz, 3H); '3C NMR (126 MHz, Acetone-ds) & 18.29, 24.71, 26.76, 46.51, 46.71, 49.16,
66.57, 128.61 (3C), 129.19 (2C), 138.31, 156.33, 171.19. Spectral and physical data were in
accordance with the literature.’® HPLC (Method A) tr = 13.0 min, 96.5%.

benzyl ((S)-1-((S)-2-cyanopyrrolidin-1-yl)-1-oxopropan-2-yl)carbamate (4.23b) The
product was synthesized following general coupling procedure B, using Z-L-Ala as the amino acid
and prolinonitrile PTSA salt as the amine, to give the product as a clear oil (59%). Ry=0.50 (50:50
Hexanes-EtOAc); '"H NMR (500 MHz, Chloroform-d) & 7.39 — 7.28 (m, 5H), 5.56 (d, J = 8.2 Hz,
1H), 5.15-5.02 (m, 2H), 4.82 —4.72 (m, 1H), 4.48 (dt, /= 13.8, 7.2 Hz, 1H), 3.74 — 3.59 (m, 2H),
2.36—2.08 (m, 4H), 1.39 (d, /= 6.9 Hz, 3H). Spectral and physical data were previously published
by our group.'> HPLC (Method A) tr = 13.2 min, 96.3%.

benzyl ((S)-1-0x0-1-((R)-2-((325,45,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)propan-2-yl)carbamate (4.23c) The
product was synthesized following general coupling procedure C, using Z-L-Ala as the amino acid

and 4.26 as the amine, to give a white foam (85%). Rr= 0.42 (50:50 Hexanes-EtOAc); IR (film)
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cm™3302,3036,2921, 1719, 1625, 1498, 1453, 1387, 1374, 1240, 1054, 1029, 741; 'H NMR (500
MHz, Acetone-ds) 6 8.08 — 7.10 (m, 10H), 6.62 — 6.30 (m, 1H), 6.29 — 5.90 (m, 1H), 5.15 — 4.97
(m, 4H), 4.51 —4.35 (m, 2H), 4.26 (ddd, /= 8.9, 7.2, 2.3 Hz, 2H), 4.00 — 3.68 (m, 1H), 3.66 —3.28
(m, 3H), 3.04 (dd, J=10.1, 6.8 Hz, 1H), 2.96 (dd, J=9.8, 7.0 Hz, 1H), 2.43 — 2.24 (m, 2H), 2.11
(ddtt, J = 10.8, 6.3, 4.6, 2.1 Hz, 4H), 2.03 — 1.91 (m, 6H), 1.90 — 1.75 (m, 4H), 1.74 — 1.65 (m,
2H), 1.64 — 1.45 (m, 2H), 1.44 — 1.36 (m, 2H), 1.35 (s, 3H), 1.27 (d, /= 5.0 Hz, 10H), 1.26 — 1.20
(m, 3H), 0.85 (d, J = 5.3 Hz, 6H); '°C NMR (126 MHz, Acetone-de) & 17.99, 18.37, 24.27 (2C),
26.72, 26.79, 27.39, 27.46, 27.48, 27.80, 28.11, 28.18, 28.99, 29.06, 36.26, 36.34, 38.83, 38.87,
40.43 (2C),45.41 (2C), 46.73,46.79, 48.50, 48.68, 52.23, 52.38, 66.56, 66.58, 78.26, 78.26, 85.83,
85.98, 128.56 (2C), 128.58 (2C), 128.60 (2C), 129.17 (4C), 138.28 (2C), 156.20, 156.32, 171.04,
171.17; "B NMR (161 MHz, Acetone-ds) & 31.39; HRMS (ESI+) m/z caled for [C2sH3505N2B +
H]" 455.2712, found 455.2711; HPLC (Method A) tr = 14.1 min, 95.6%.

tert-butyl ((S)-1-0x0-1-((R)-2-((325,45,65,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)propan-2-yl)carbamate (4.23d) The
product was synthesized following general coupling procedure C, using Boc-L-Ala as the amino
acid and 4.26 as the amine, to give a white foam (64%). Rr= 0.41 (60:40 Hexanes-EtOAc); IR
(film) cm™ 3321, 2924, 1710, 1627, 1451, 1389, 1366, 1242, 1167, 1054, 1029; 'H NMR (500
MHz, Acetone-ds) 6 5.87 (d, J=7.8 Hz, 1H), 5.78 (d, J= 8.2 Hz, 1H), 4.34 (p, /= 7.0 Hz, 2H),
4.27 (ddd, J = 11.3, 8.9, 2.3 Hz, 2H), 3.73 — 3.67 (m, 1H), 3.65 — 3.52 (m, 2H), 3.49 — 3.39 (m,
1H), 3.03 (dd, J = 10.1, 6.7 Hz, 1H), 2.94 (dd, J=9.8, 7.0 Hz, 1H), 2.42 — 2.25 (m, 2H), 2.17 —
2.07 (m, 4H), 2.03 — 1.91 (m, 6H), 1.89 — 1.82 (m, 2H), 1.82 — 1.76 (m, 1H), 1.76 — 1.57 (m, 3H),
1.52 —1.44 (m, 2H), 1.42 — 1.38 (m, 18H), 1.35 (s, 3H), 1.30 (s, 3H), 1.27 (s, 6H), 1.25 (d,J=4.4
Hz, 3H), 1.22 (d, J = 4.2 Hz, 3H), 0.85 (s, 6H); *C NMR (126 MHz, Acetone-ds) & 18.12, 18.35,
24.26 (2C), 26.71, 26.78, 27.38, 27.46, 27.48, 27.77, 28.11, 28.19, 28.56 (3C), 28.59 (3C), 28.98,
29.12, 36.25, 36.38, 38.83, 38.86, 40.42, 40.45, 45.35 (2C), 46.67, 46.76, 47.96, 48.12, 52.23,
52.41, 78.21, 78.23, 79.00, 79.01, 85.80, 85.97, 155.70, 155.72, 171.33, 171.56; ''B NMR (161
MHz, Acetone-ds) & 31.17; HRMS (ESI+) m/z caled for [C22H370sN2B + H]" 421.2868, found
421.2864; HPLC (Method A) tr = 1.5 min, 35.1%; tr = 16.7 min, 62.2%.

tert-butyl ((R)-1-0x0-1-((R)-2-((3aS5,45,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)propan-2-yl)carbamate (4.24a) The

product was synthesized following general coupling procedure C, using Boc-D-Ala as the amino
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acid and 4.26 as the amine, to give a mixture of diastereomers as a white foam (40%). Ry= 0.39
(60:40 Hexanes-EtOAc); IR (film) cm™ 3317, 2928, 1713, 1629, 1451, 1389, 1366, 1243, 1165,
1031; '"H NMR (500 MHz, Acetone-ds) & 5.86 (d, J = 7.8 Hz, 1H), 5.77 (d, J = 7.8 Hz, 1H), 4.35
(td,J=7.3, 3.1 Hz, 2H), 4.29 (dd, J= 8.9, 2.3 Hz, 1H), 4.24 (dd, /= 8.8, 2.2 Hz, 1H), 3.76 — 3.67
(m, 1H), 3.65 — 3.51 (m, 2H), 3.44 (td, /=9.4, 6.7 Hz, 1H), 3.03 (dd, /= 10.3, 6.8 Hz, 1H), 2.97
—2.89 (m, 1H), 2.39 — 2.26 (m, 2H), 2.20 — 2.07 (m, 4H), 2.03 — 1.90 (m, 6H), 1.85 (tq, J = 5.8,
2.9 Hz, 2H), 1.82 — 1.64 (m, 4H), 1.43 — 1.41 (m, 10H), 1.41 — 1.39 (m, 10H), 1.36 (s, 3H), 1.30
(s, 3H), 1.28 (s, 3H), 1.27 (s, 3H), 1.26 — 1.23 (m, 3H), 1.22 (s, 3H), 0.85 (s, 3H), 0.85 (s, 3H).;
13C NMR (126 MHz, Acetone-de) & 18.25, 18.60, 24.26, 24.28, 26.80 (2C), 27.46, 27.49, 27.55,
27.70, 28.18 (2C), 28.58 (3C), 28.59 (3C), 28.94, 29.06, 36.35 (2C), 38.85 (2C), 40.40, 40.44,
45.38 (2C), 46.65, 46.83, 47.99, 48.16, 52.33, 52.37, 78.05, 78.33, 78.96, 79.06, 85.84, 86.00,
155.54, 155.68, 171.18, 171.43; ''B NMR (161 MHz, Acetone-ds) § 31.25; HRMS (ESI+) m/z
calcd for [C22H3705N>B + H]"421.2868, found 421.2869; HPLC (Method A) tr = 16.5 min, 98.3%

benzyl ((25)-3-methyl-1-o0x0-1-(2-((3a5,45,68,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)butan-2-yl)carbamate (4.25a) The
product was synthesized following general coupling procedure C, using Z-L-Val as the amino acid
and 4.26 as the amine, to give a white foam (60%). Rr= 0.31 (65:45 Hexanes-EtOAc); IR (film)
cm™! 3250, 3067, 2968, 1715, 1619, 1502, 1451, 1389, 1376, 1368, 1217, 1078, 1028; 'H NMR
(500 MHz, Acetone-ds) 6 7.91 — 6.90 (m, 10H), 6.26 (d, J=9.0 Hz, 1H), 6.15 (d, /=9.2 Hz, 1H),
5.18 — 4.96 (m, 4H), 4.44 — 4.12 (m, 4H), 4.01 — 3.78 (m, 1H), 3.73 — 3.40 (m, 3H), 3.32 — 2.93
(m, 2H), 2.41 —2.20 (m, 2H), 2.15 —2.07 (m, 3H), 2.03 — 1.90 (m, 6H), 1.90 — 1.66 (m, 6H), 1.63
—1.45 (m, 2H), 1.35 — 1.33 (m, 3H), 1.27 (s, 12H), 1.00 — 0.92 (m, 12H), 0.86 — 0.82 (m, 6H); 1*C
NMR (126 MHz, Acetone-de) 6 18.30 (2C), 19.42, 19.66, 24.28 (2C), 26.82 (2C), 27.30, 27.47,
27.50, 27.92, 28.17 (2C), 29.05, 29.09, 31.58, 31.60, 36.24, 36.42, 38.82, 38.86, 40.41, 40.47,
45.28 (2C), 47.03, 47.20, 52.22, 52.42, 58.12, 58.30, 66.63, 66.69, 78.20, 78.26, 85.67, 86.08,
128.42 (2C), 128.56 (4C), 129.17 (4C), 138.29, 138.35, 157.07, 157.10, 170.48, 170.79; "B NMR
(161 MHz, Acetone-ds) 8 30.84; HRMS (ESI+) m/z calced for [C27H3905N>B + H] " 483.3025, found
483.3027; HPLC (Method A) tr = 17.7 min, 45.2%; tr = 18.4 min, 53.6%;

tert-butyl ((S)-3-methyl-1-oxo0-1-((R)-2-((3a5,4S5,68,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3,2]dioxaborol-2-yl)pyrrolidin-1-yl)butan-2-yl)carbamate (4.25b) The

product was synthesized following general coupling procedure C, using Boc-L-Val as the amino
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acid and 4.26 as the amine, to give a white foam (65%). Ry=0.36 (70:30 Hexanes-EtOAc; IR (film)
cm™! 3321, 2968, 1715, 1619, 1449, 1389, 1366, 1169, 1076, 1032; 'H NMR (500 MHz, Acetone-
ds) 6 5.72 (d, J= 8.8 Hz, 1H), 5.64 (d, /=9.2 Hz, 1H), 4.32 — 4.22 (m, 2H), 4.20 — 3.91 (m, 2H),
3.77 (ddd, J = 10.6, 8.5, 2.8 Hz, 1H), 3.67 (dt, J = 10.0, 7.6 Hz, 1H), 3.59 (ddd, /=10.2, 8.1, 4.2
Hz, 1H), 3.48 (td, J=9.7, 6.8 Hz, 1H), 3.01 (dd, /= 10.7, 6.8 Hz, 1H), 2.96 (dd, J=9.5, 7.1 Hz,
1H), 2.38 — 2.26 (m, 2H), 2.18 — 2.07 (m, 4H), 2.03 — 1.90 (m, 8H), 1.88 — 1.82 (m, 2H), 1.82 —
1.58 (m, 4H), 1.48 (dd, J = 15.0, 10.7 Hz, 2H), 1.40 (s, 18H), 1.34 (s, 3H), 1.30 (s, 3H), 1.27 (s,
3H), 1.27 (s, 3H), 0.97 — 0.92 (m, 6H), 0.92 — 0.88 (m, 6H), 0.85 (s, 6H). *C NMR (126 MHz,
Acetone-ds) 0 17.14,17.32, 18.66, 18.84, 23.41 (2C), 25.93, 25.95,26.42 (2C), 26.60, 26.63, 27.02
(20), 27.31 (2C), 27.68 (3C), 27.72 (3C), 28.18, 28.29, 30.71, 30.80, 35.38, 35.62, 37.96, 37.99,
39.54, 39.62, 44.36 (20C), 46.08, 46.24, 51.36, 51.62, 56.54, 56.61, 77.28, 77.38, 84.77, 85.19,
155.56, 155.62, 169.76, 170.19; ''B NMR (161 MHz, Acetone-ds) & 30.70; HRMS (ESI+) m/z
calcd for [C22Hs105N2B + H] " 449.3181, found 449.3180; HPLC (Method A) tr = 18.3 min, 95.4%

General acid-catalyzed oxidative cyclization procedure A. The dipeptide (1 eq) was diluted
in anhydrous DCM (0.02 M), and 2-3 drops of Sudan III solution (I mg/mL in DCM) were added
(enough to reach a pink color). The solution was cooled to —78°C, and N> gas was bubbled into
the solution for 5 minutes, followed by ozone (~80% ozone output). When the solution turned dark
blue, ozone addition was stopped, and N2 was bubbled until the solution was colorless. Polymer-
bound triphenylphospine (1.5 eq, ~3 mmol/g loading, CAS 39319-11-4) was added, and the
mixture stirred for 5 minutes at —78°C, then at room temperature overnight under argon
atmosphere, after which the mixture became slightly opaque. TFA (1.5 eq) was added at room
temperature, and the mixture was stirred for 2 h. The mixture was filtered through Celite®. The
solid was rinsed with DCM, and the filtrate was concentrated in vacuo. The residue was
redissolved in EtOAc and washed with saturated NH4Cl and brine. The organic layer was dried
over NaySOys, filtered, and concentrated in vacuo to give the crude product, which was purified by
flash chromatography on a silica gel column to give the pure product.

General acid-catalyzed oxidative cyclization procedure B. The dipeptide (1 eq) was diluted
in anhydrous DCM (0.02 M) and cooled to —78°C. N> gas was bubbled into the solution for 5
minutes, followed by ozone (~80% output). When the solution turned a deep blue, ozone addition
was immediately stopped, and N> was bubbled until the solution was colorless. Polymer-bound

triphenylphospine (1.5 eq, ~3 mmol/g loading, CAS 39319-11-4) was added, and the mixture
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stirred for 5 minutes at —78°C, then at room temperature overnight, after which the mixture became
slightly opaque. TFA (1.5 eq) was added at room temperature, and the mixture was stirred for 2h.
The mixture was filtered through Celite®. The solid was rinsed with DCM, and the filtrate was
concentrated in vacuo. The residue was redissolved in EtOAc and washed with saturated NH4Cl
and brine. The organic layer was dried over Na>SQs, filtered, and concentrated in vacuo to give
the crude product, which was purified by flash chromatography on a silica gel column to give the
pure product.

benzyl ((3S5,65,8a8)-6-cyano-4-oxohexahydro-2 H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (4.10a) The product was synthesized according to general acid-catalyzed oxidative
cyclization procedure B from peptide 4.18 and purified by flash chromatography on a silica gel
column (eluent 80-20 EtOAc-hexanes) to give the product as a white solid (33%). Rr=0.56 (100%
EtOAc); mp = 167-170°C; IR (film) cm™ 3361, 3031, 2952, 1719, 1685, 1532, 1433, 1257, 1064,
1064, 1018, 698; "H NMR (500 MHz, Acetone-ds) & 7.59 — 7.23 (m, 5H), 6.71 (d, J= 8.4 Hz, 1H),
5.41 (t,J=6.5Hz, 1H), 5.12 (s, 2H), 4.69 (dd, /= 5.3, 3.5 Hz, 1H), 4.62 (q, J = 8.6 Hz, 1H), 4.38
(t,J=9.6 Hz, 1H), 3.78 (t, /= 8.5 Hz, 1H), 2.52 (ddt, J=13.2, 5.6, 3.3 Hz, 1H), 2.33 (dq, J=9.9,
3.0 Hz, 2H), 2.08 — 1.97 (m, 1H); 3*C NMR (126 MHz, Acetone-ds) & 28.41, 32.01, 45.59, 50.42,
67.02, 68.85, 88.52, 118.79, 128.64 (2C), 128.69, 129.22 (2C), 138.03, 157.29, 167.37; HRMS
(ESI+) m/z caled for [Ci16H1704N3 + Na]* 338.1111, found 338.1102.

benzyl ((35,8aS)-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-yl)carbamate (4.10b)
The product was synthesized according to general acid-catalyzed oxidative cyclization procedure
A from peptide 4.14 and purified by flash chromatography on a silica gel column (eluent 80-20
EtOAc-hexanes) to give the product as a white solid (40%). Rr= 0.39 (100% EtOAc); mp = 118-
122°C; IR (film) em ! 3305, 3063, 2980, 1717, 1669, 1530, 1443, 1217, 1064, 1018, 695; '"H NMR
(500 MHz, Acetone-ds) & 7.48 — 7.25 (m, 5H), 6.50 (s, 1H), 5.20 (t, /= 5.3 Hz, 1H), 5.10 (s, 2H),
4.44 (q,J=7.4 Hz, 1H), 4.28 (dd, J=10.2, 8.1 Hz, 1H), 3.76 — 3.66 (m, 2H), 3.26 (ddd, /= 11.9,
7.3, 5.1 Hz, 1H), 2.23 (td, J = 10.4, 10.0, 4.9 Hz, 1H), 1.96 — 1.87 (m, 1H), 1.87 — 1.76 (m, 2H);
3C NMR (126 MHz, Acetone-ds) § 21.89, 33.03, 45.26, 50.22, 66.92, 68.81, 88.01, 128.65 (3C),
129.19 (2C), 138.06, 157.14, 166.64; HRMS (ESI+) m/z calcd for [CisH1304N2 + Na]" 313.1159,
found 313.1163; HPLC (Method A) tr = 10.6 min, 96.0%.

benzyl ((3S,6R,8a5)-4-0x0-6-((325,45,68,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
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ylhcarbamate (4.10c) The product was synthesized according to general acid-catalyzed oxidative
cyclization procedure B from peptide 4.21a and purified by flash chromatography on a silica gel
column (eluent 50:50 hexanes-EtOAc) to give the product as a white foam (58%). Ry=0.47 (50:50
hexanes-EtOAc); IR (film) cm™ 3325, 3067, 2921, 1720, 1673, 1586, 1451, 1391, 1376, 1219,
1029; 'H NMR (500 MHz, Acetone-ds) & 7.44 —7.26 (m, 5H), 6.25 (d, J= 6.9 Hz, 1H), 5.20 (dd,
J=06.1,4.0 Hz, 1H), 5.11 (s, 2H), 4.41 (q, J = 6.6 Hz, 1H), 4.29 (dd, J = 8.8, 2.1 Hz, 1H), 4.24
(dd, J=10.4, 7.4 Hz, 1H), 3.72 (dd, J = 10.5, 6.2 Hz, 1H), 3.05 (t, J= 7.3 Hz, 1H), 2.33 (ddt, J =
14.1, 8.9, 2.5 Hz, 1H), 2.26 — 2.18 (m, 1H), 2.14 (ddt, /= 10.2, 7.7, 3.9 Hz, 1H), 2.01 — 1.93 (m,
3H), 1.91 — 1.83 (m, 2H), 1.78 (ddd, J = 14.4, 3.3, 2.2 Hz, 1H), 1.39 (s, 3H), 1.34 — 1.29 (m, 1H),
1.28 — 1.19 (m, 3H), 0.85 (s, 3H); '>*C NMR (126 MHz, Acetone-ds) & 24.25, 24.96, 26.82, 27.43,
28.75, 33.71, 36.17, 38.86, 40.38, 43.46, 50.00, 52.21, 66.97, 68.80, 78.36, 86.48, 88.29, 128.66
(3C), 129.20 (2C), 138.04, 157.03, 166.39; ''B NMR (161 MHz, Acetone-ds) & 31.58; HRMS
(ESI+) m/z caled for [C2sH3306N2B + Na]™ 491.2324, found 491.2331; HPLC (Method A) tr =
16.4 min, 96.0%.

tert-butyl ((3S,6R,8aS)-4-0x0-6-((32S,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (4.10e) The product was synthesized according to general acid-catalyzed oxidative
cyclization procedure B from peptide 4.22a and purified by flash chromatography on a silica gel
column (eluent 60:40 hexanes-EtOAc) to give the product as a white solid (52%). Ry= 0.39 (60:40
hexanes-EtOAc); mp = 144-147°C; IR (film) cm™ 3337, 2924, 1715, 1673, 1449, 1391, 1368,
1165, 1078, 1030; 'H NMR (500 MHz, Acetone-de) 8 5.75 (d, J= 6.6 Hz, 1H), 5.18 (t,J=5.1 Hz,
1H), 4.34 — 4.26 (m, 2H), 4.20 (dd, /= 10.3, 7.2 Hz, 1H), 3.67 (dd, J=10.3, 6.2 Hz, 1H), 3.06 (t,
J=17.2 Hz, 1H), 2.35 (ddt, J = 14.1, 8.8, 2.5 Hz, 1H), 2.26 — 2.18 (m, 1H), 2.18 — 2.13 (m, 1H),
2.02 -1.92 (m, 3H), 1.92 — 1.85 (m, 2H), 1.79 (ddd, J = 14.4, 3.3, 2.2 Hz, 1H), 1.43 (s, 9H), 1.40
(s,3H), 1.34 — 1.31 (m, 1H), 1.29 (s, 3H), 0.87 (s, 3H); *C NMR (126 MHz, Acetone-ds) & 24.25,
24.95, 26.82, 27.45, 28.49 (3C), 28.76, 33.73, 36.18, 38.88, 40.39, 43.62, 49.63, 52.21, 69.00,
78.39, 79.61, 86.48, 88.20, 156.28, 166.63; ''B NMR (161 MHz, Acetone-ds) & 31.59; HRMS
(ESI+) m/z caled for [C22H3sO6N2B + H]" 435.2661, found 435.2667; HPLC (Method A) tr = 16.6
min, 98.8%.

tert-butyl ((3R,6R,8aR)-4-0x0-6-((325,4S5,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
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yl)carbamate (4.11a) The product was synthesized according to general acid-catalyzed oxidative
cyclization procedure B from peptide 4.22d and purified by flash chromatography on a silica gel
column (eluent 70:30 hexanes-EtOAc) to give the product as a white foam (53%). Ry=0.31 (70:30
hexanes-EtOAc); IR (film) cm™ 3349, 2925, 1709, 1671, 1449, 1389, 1378, 1370, 1215, 1163,
1076; 'TH NMR (500 MHz, Acetone-ds) 8 6.02 (d, J = 6.5 Hz, 1H), 5.22 (t, J= 6.1 Hz, 1H), 4.33
(dt,J=8.8, 1.6 Hz, 2H), 4.26 (dd, J=11.5, 7.2 Hz, 1H), 3.67 (dd, /= 10.3, 6.1 Hz, 1H), 3.36 (dd,
J=10.3,6.9 Hz, 1H), 2.41 —2.27 (m, 2H), 2.21 — 2.11 (m, 1H), 2.09 (td, J=6.1, 5.4, 2.8 Hz, 1H),
1.98 (t, J=5.7 Hz, 1H), 1.95 — 1.81 (m, 2H), 1.83 — 1.76 (m, 2H), 1.78 — 1.69 (m, 1H), 1.42 (s,
9H), 1.36 (s, 3H), 1.28 (s, 3H), 0.86 (s, 3H); 1*C NMR (126 MHz, Acetone-de) & 166.41, 156.43,
88.87, 86.78, 79.50, 78.62, 69.94, 52.08, 49.77, 43.44, 40.26, 38.86, 36.09, 34.28, 28.93, 28.50
(3C), 27.38, 26.83, 25.11, 24.19; "B NMR (161 MHz, Acetone-ds) & 31.87; HRMS (ESI+) m/z
calcd for [C22H3506N2B + Na]* 457.2480, found 457.2468; HPLC (Method A) tr = 16.7 min,
98.2%.

benzyl ((2R,3S,6R,8a5)-2-methyl-4-0x0-6-((325,45,6S,7aR)-3a,5,5-trimethylhexahydro-
4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
yl)carbamate (4.12a) The product was synthesized according to general acid-catalyzed oxidative
cyclization procedure B from peptide 4.21b and purified by flash chromatography on a silica gel
column (eluent 50:50 hexanes-EtOAc) to give the product as a clear oil (59%). Ry = 0.58 (50:50
hexanes-EtOAc); IR (film) cm™ 3409, 1720, 1675, 1504, 1454, 1391, 1376, 1217, 1056, 1028; 'H
NMR (500 MHz, Acetone-ds) 6 7.46 — 7.30 (m, SH), 6.06 (d, /= 8.0 Hz, 1H), 5.23 (t, J=5.1 Hz,
1H), 5.12 (s, 2H), 4.43 (dd, J= 7.9, 5.5 Hz, 1H), 4.34 (p, J = 6.2 Hz, 1H), 4.29 (dd, /= 8.9, 2.2
Hz, 1H), 3.08 (dd, /= 8.2, 6.0 Hz, 1H), 2.32 (ddt, /= 14.1, 8.9, 2.5 Hz, 1H), 2.25 —2.15 (m, 1H),
2.11 (dtd, J=10.9, 6.4, 2.3 Hz, 1H), 2.02 — 1.83 (m, 5H), 1.78 (ddd, J = 14.4, 3.3, 2.2 Hz, 1H),
1.37 (s, 3H), 1.36 — 1.31 (m, 1H), 1.24 (s, 3H), 1.12 (d, J = 6.3 Hz, 3H), 0.85 (s, 3H); °C NMR
(126 MHz, Acetone-ds) 6 17.05, 24.26, 24.57, 26.80, 27.43, 28.80, 33.52, 36.15, 38.87, 40.39,
43.07, 52.18, 53.55, 67.00, 73.39, 78.46, 86.50, 87.46, 128.59 (2C), 128.67, 129.22 (2C), 138.12,
157.11, 166.11; "B NMR (161 MHz, Acetone-ds) & 31.95; HRMS (ESI+) m/z caled for
[C26H3506N2B + Na]" 505.2480, found 505.2489; HPLC (Method A) tr = 16.8 min, 95.3%.

tert-butyl ((2R,3S,6R,8a5)-2-methyl-4-0x0-6-((3a5,45,6S,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2H-
pyrrolo[2,1-b][1,3]oxazin-3-yl)carbamate (4.12b) The product was synthesized according to
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general acid-catalyzed oxidative cyclization procedure B from peptide 4.22b and purified by flash
chromatography on a silica gel column (eluent 60:40 hexanes-EtOAc) to give the product as a
white solid (56%). Ry= 0.34 (60:40 hexanes-EtOAc); mp = 131-134°C; IR (film) cm™ 3333, 1717,
1675, 1453, 1391, 1368, 1165, 1058, 1030; 'H NMR (400 MHz, Acetone-ds) 8 5.57 (d,J=7.0 Hz,
1H), 5.23 (dd, J=5.5, 4.4 Hz, 1H), 4.39 — 4.26 (m, 3H), 3.09 (dd, J= 8.3, 5.7 Hz, 1H), 2.35 (ddt,
J=14.0, 8.8, 2.5 Hz, 1H), 2.26 — 2.11 (m, 2H), 2.03 — 1.96 (m, 2H), 1.95 — 1.89 (m, 2H), 1.89 —
1.84 (m, 1H), 1.80 (ddd, J=14.3, 3.3, 2.2 Hz, 1H), 1.44 (s, 9H), 1.39 (s, 3H), 1.37 - 1.32 (m, 1H),
1.29 (s, 3H), 1.09 (d, J = 6.1 Hz, 3H), 0.87 (s, 3H); 3*C NMR (101 MHz, Acetone-ds) § 165.37,
155.28, 86.26, 85.53, 78.50, 77.54, 72.36, 52.06, 51.18, 42.17, 39.41, 37.92, 35.15, 32.59, 27.83,
27.51 (3C), 26.48, 25.80, 23.66, 23.26, 16.02; ''B NMR (161 MHz, Acetone-ds) & 31.80; HRMS
(ESI+) m/z caled for [C23H3706N2B + H]" 449.2817, found 449.2814; HPLC (Method A) tr =
18.1 min, 98.0%.

tert-butyl ((25,35,6R,8a5)-2-methyl-4-0x0-6-((3a5,45,6S5,7aR)-3a,5,5-
trimethylhexahydro-4,6-methanobenzo|d][1,3,2]dioxaborol-2-yl)hexahydro-2 H-
pyrrolo[2,1-b][1,3]oxazin-3-yl)carbamate (4.13a) The product was synthesized according to
general acid-catalyzed oxidative cyclization procedure B from peptide 4.22¢ and purified by flash
chromatography on a silica gel column (eluent 60:40 hexanes-EtOAc) to give the product as a
white foam (60%). Ry= 0.43 (70:30 hexanes-EtOAc); IR (film) cm™ 3329, 2929, 1717, 1671, 1449,
1389, 1376, 1368, 1165, 1054, 1031; 'H NMR (500 MHz, Acetone-ds) & 5.89 (d, J = 8.6 Hz, 1H),
5.40 (dd, J=6.3,2.3 Hz, 1H), 4.29 (dd, J= 8.8, 2.1 Hz, 1H), 4.19 (t, J=9.0 Hz, 1H), 3.74 — 3.56
(m, 1H), 2.99 (t, J = 8.1 Hz, 1H), 2.34 (ddt, J = 14.2, 8.8, 2.5 Hz, 1H), 2.25 — 2.12 (m, 2H), 2.01
—1.96 (m, 2H), 1.96 — 1.90 (m, 2H), 1.90 — 1.85 (m, 1H), 1.78 (ddd, J = 14.5, 3.4, 2.1 Hz, 1H),
1.43 (s, 9H), 1.41 (s, 3H), 1.32 (d, J= 6.2 Hz, 3H), 1.28 (d, /= 3.0 Hz, 4H), 0.87 (s, 3H); *C NMR
(126 MHz, Acetone-ds) 6 167.88, 156.81, 86.47, 84.11, 79.51, 78.29, 73.80, 55.75, 52.25, 44.12,
40.40, 38.84, 36.15, 34.36, 28.67, 28.49 (3C), 27.44, 26.86, 26.35, 24.25, 19.50; ''B NMR (161
MHz, Acetone-ds) & 31.74; HRMS (ESI+) m/z calcd for [C23H3706N2B + H]™ 449.2817, found
449.2811; HPLC (Method A) tr = 17.8 min, 96.8%.

N-((3S,6R,8aS)-4-0x0-6-((32S,4S,6S,7aR)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo|[d][1,3,2]dioxaborol-2-yl)hexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
yl)acetamide (4.10d) Bicycle 4.10c (175 mg) was dissolved in EtOAc (15 mL), and AcOH was
added (~5 drops). The solution was purged with Ar (bubbled into the solution) for 15 minutes. The
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Pd/C catalyst was then added, and the mixture was purged with Ar (bubbled into the solution) for
5 minutes. The Ar balloon was replaced with an H> balloon, and the mixture stirred overnight. The
solid was then filtered through Celite® and rinsed with EtOAc. The filtrate was concentrated in
vacuo to give a yellow oil, which was dissolved in DCM (10 mL), and the solution was cooled to
0°C. EtsN (113 mg, 0.16 mL, 3 eq) was added, followed by acetyl chloride (35 mg, 0.031 mL, 1.2
eq) and DMAP (5 mg, 0.1 eq). The solution was warmed to room temperature and stirred for 2 h.
Water was added, and the product was extracted with DCM. The combined organic layers were
washed with brine, dried over Na;SOs, and concentrated in vacuo. The crude product was purified
by flash chromatography on a silica gel column (eluent 100% EtOAc) to give the product as a
white solid (89 mg, 63% over 2 steps). Ry = 0.17 (eluent 100% EtOAc); 'H NMR (500 MHz,
Acetone-ds) 6 7.16 (s, 1H), 5.18 (dd, /= 6.0, 4.0 Hz, 1H), 4.60 (dtd, /= 7.3, 6.4, 0.9 Hz, 1H), 4.29
(dd, J=8.8,2.2 Hz, 1H), 4.22 (dd, J=10.4, 7.5 Hz, 1H), 3.57 (dd, J=10.4, 6.4 Hz, 1H), 3.04 (t,
J=17.2Hz, 1H), 2.35 (ddt, J=14.2, 8.8, 2.5 Hz, 1H), 2.27 - 2.19 (m, 1H), 2.16 (dtd, /= 10.7, 6.1,
2.2 Hz, 1H), 2.01 — 1.96 (m, 2H), 1.96 — 1.92 (m, 4H), 1.92 — 1.85 (m, 2H), 1.78 (ddd, J = 14.4,
3.3,2.2 Hz, 1H), 1.40 (s, 3H), 1.35— 1.29 (m, 1H), 1.28 (s, 3H), 0.87 (s, 3H); *C NMR (126 MHz,
Acetone-ds) 6 170.20, 166.57, 88.20, 86.43, 78.34, 68.98, 52.24, 48.43, 43.39, 40.39, 38.86, 36.21,
33.74,28.76,27.43,26.84,25.07, 24.25, 22.65; "B NMR (161 MHz, Acetone-ds) & 31.51, 22.62;
HRMS (ESI+) m/z caled for [C19H2005N2B + H]" 377.2242, found 377.2244; HPLC (Method A)
tr = 12.9 min, 95.1%.

General procedure for the deprotection of N-Boc protected boronic esters. The boronic
ester (1 eq) was dissolved in DCM (0.1 M), and the solution was cooled to —78°C. BCI3 (1 M in
DCM, 3.5 eq) was added dropwise, and the solution was stirred at —78°C for 1 h. MeOH (12 eq)
was added slowly at —78°C. The solution was concentrated in vacuo, and the residue was dissolved
in DCM. The product was extracted with water, and the combined aqueous phases were washed
with Et20 and concentrated in vacuo to give the product as a solid with no further purification
necessary.

(3S,6R,8a5)-6-borono-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-aminium
chloride (4.10f) The product was synthesized from bicycle 4.10e according to the general
procedure for the deprotection of N-Boc protected boronic esters, giving a sticky white solid
(34%). Ry = does not elute on silica-backed TLC plates; IR (film) cm™ 3206, 3194, 2845, 1647,
1477, 1022; '"H NMR (500 MHz, DMSO-ds) & 8.68 (s, 3H), 5.02 (dd, J = 6.9, 5.5 Hz, 1H), 4.14
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(dd, J=12.1, 6.2 Hz, 1H), 4.08 (dd, /= 12.1, 3.5 Hz, 1H), 3.91 — 3.85 (m, 1H), 2.98 (dd, /=94,
4.1 Hz, 1H), 2.14 (dtd, J = 10.7, 5.6, 3.3 Hz, 1H), 1.93 — 1.80 (m, 2H), 1.79 — 1.73 (m, 1H); 1*C
NMR (126 MHz, DMSO) 6 22.65, 31.19, 45.20, 46.71, 66.09, 88.62, 161.45; "B NMR (161 MHz,
DMSO) & 20.23; HRMS (ESI+) m/z caled for [C7H130sN2B + H]" 201.1041, found 201.1039;
HPLC (Method B) tr = 1.7 min, 96.2%.
(BR,6R,8aR)-6-borono-4-oxohexahydro-2H-pyrrolo|2,1-b][1,3]oxazin-3-aminium
chloride (4.11b) The product was synthesized from bicycle 4.11a according to the general
procedure for the deprotection of N-Boc protected boronic esters, giving a sticky white solid
(39%). Ry = does not elute on silica-backed TLC plates; IR (film) cm™ 3206, 2980, 1653, 1447,
1191, 1056; '"H NMR (500 MHz, DMSO-ds) & 8.60 (s, 3H), 5.05 (dd, J = 7.9, 5.4 Hz, 1H), 4.19
(dd, J=12.1,7.1 Hz, 1H), 4.05 (dd, J=12.1, 3.4 Hz, 1H), 3.97 - 3.86 (m, 1H), 3.21 (dd, /= 10.9,
7.5 Hz, 1H), 2.21 (dtd, /= 11.3, 5.8, 1.6 Hz, 1H), 2.00 (dtd, /= 12.3, 7.1, 1.5 Hz, 1H), 1.66 (tt, J
=11.5,7.3 Hz, 1H), 1.56 (qd, J=11.8, 5.9 Hz, 1H); '3C NMR (126 MHz, DMSO) § 23.05, 32.39,
46.12,46.81,66.38,89.33,161.95; 'BNMR (161 MHz, DMSO) 6 20.15; HRMS (ESI+) m/z calcd
for [C7H1304N2B + H]" 201.1041, found 201.1041; HPLC (Method B) tr = 1.8 min, 96.0%.
(2R,3S,6R,8a5)-6-borono-2-methyl-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
aminium chloride (4.12¢) The product was synthesized from bicycle 4.12b according to the
general procedure for the deprotection of N-Boc protected boronic esters, giving a sticky white
solid (41%). Ry = does not elute on silica-backed TLC plates; IR (film) cm™ 3194, 2892, 1651,
1445, 1193, 1046; '"H NMR (500 MHz, DMSO-dc) 6 8.54 (d, J= 5.4 Hz, 3H), 5.12 (t, J= 5.9 Hz,
1H), 4.34 (p, /= 6.4 Hz, 1H), 3.98 (p, /= 5.6 Hz, 1H), 2.97 (dd, J=9.1, 4.5 Hz, 1H), 2.18 — 2.03
(m, 1H), 1.93 — 1.73 (m, 3H), 1.21 (d, J = 6.5 Hz, 3H); *C NMR (126 MHz, DMSO) § 16.54,
23.13, 31.42, 45.49, 50.31, 70.67, 87.24, 161.95; "B NMR (161 MHz, DMSO) & 19.64; HRMS
(ESI+) m/z caled for [CsHisO4N>B + H]" 215.1198, found 215.1192; HPLC (Method B) tr = 1.8
min, 95.3%.
(28,35,6R,8a5)-6-borono-2-methyl-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-
aminium chloride (4.13b) The product was synthesized from bicycle 4.13a according to the
general procedure for the deprotection of N-Boc protected boronic esters, giving a sticky white
solid (52%). Ry = does not elute on silica-backed TLC plates; IR (film) cm™ 3198, 2948, 1653,
1477,1193, 1138; 'H NMR (500 MHz, DMSO-d5) § 8.63 (d, J=4.7 Hz, 3H), 5.40 — 5.19 (m, 1H),
4.28 —3.79 (m, 2H), 3.21 — 2.87 (m, 1H), 2.24 — 1.98 (m, 1H), 1.98 (s, 3H), 1.39 (d, /= 6.3 Hz,
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3H); *C NMR (126 MHz, DMSO) § 18.85, 24.70, 31.99, 46.74, 52.40, 70.24, 83.35, 162.86; ''B
NMR (161 MHz, DMSO) 6 20.09; HRMS (ESI+) [CsH;504N2B + H]"215.1198, found 215.1190;
HPLC (Method B) tr = 1.8 min, 97.3%.
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Chapter 5:

A stereochemical study of acid-catalyzed oxidative cyclizations and
asymmetric Strecker reactions in the synthesis of [4.3.0] azabicyclic

peptidomimetics

This chapter is a draft of a manuscript prepared as:
Plescia, J.; Hédou, D.; Burai Patrascu, M.; Gerlovin, B.; Moitessier, N. A
stereochemical study of acid-catalyzed oxidative cyclizations and asymmetric
Strecker reactions in the synthesis of [4.3.0] azabicyclic peptidomimetics. J. Org.
Chem.

While Chapters 2-4 focused on design, synthesis, and biological evaluation of POP
and FAP inhibitors, they largely remain focused on inhibitor design and medicinal
chemistry. Chapter 4 describes the preparation of inhibitors containing a [4.3.0]
azabicylic scaffold, synthesized via a telescoped oxidative cleavage and acid-
catalyzed cyclization. Herein we further explore this reaction to determine the

effect of certain substituents on the stereoselectivity of the reaction.

Contribution(s) of authors: I synthesized and characterized all molecules presented in this chapter, with help in synthetic
optimization from a summer intern student Benjamin Gerlovin. Dr. Damien Hédou contributed to the optimization of the

syntheses. All computational work was done by Wanlei Wei.
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5.1 Abstract

Over the past several years, our group has focused on the discovery of fused bicyclic inhibitors
of prolyl oligopeptidase (POP) inhibitors as neurodegenerative and anti-cancer therapeutics. In our
studies, we have applied several synthetic approaches to obtain these bicyclic scaffolds, including
Diels-Alder reactions and peptide synthesis. Herein we report the synthesis of a [4.3.0] azabicyclic
scaffold obtained from an acid-catalyzed oxidative cyclization reaction. Unexpectedly, while
performing the reaction with both differing reducing reagents and starting materials varying in
substitution patterns and stereochemistry, interesting patterns were observed. Thus, by changing
some reaction conditions, we were able to select for certain stereochemistry. While these results

are very recent, we propose tentative mechanisms to explain our results.

5.2 Introduction

Over the past fifteen years, our research group has focused on the synthesis of computationally-
designed prolyl oligopeptidase (POP) inhibitors for the treatment of both neurodegenerative
diseases and endothelial cancers (5.1-5.3, Figure 5.1).!* In more recent medicinal chemistry
projects, we have become interested in the preparation of inhibitors based around a [4.3.0]
azabicyclic scaffold, as in compound 5.4 (Figure 5.2). Our approach to the design of these
compounds stemmed from in silico optimization of 5.1, as the sulfur rendered the inhibitor
metabolically unstable,” and other linear peptides that are potent POP inhibitors. Using our in-
house docking program FITTED,*’ we selected this scaffold for synthesis and elucidated the most

promising structures, including various side chains and their optimal regio- and stereochemisty.

176



Chapter 5

5.3
K;=1.0 nM

Figure 5.1. Our previous computationally designed prolyl oligopeptidase (POP) inhibitors 5.1-
5.3.

The preparation of this [4.3.0]-scaffold was first described in 1993 by Baldwin et al., intending
for analysis as p-turn-inducing mimetics.® Different conditions (e.g. Rh-catalyzed
cyclohydrocarbonylation,” SnCl-mediated ~ deacetalization-bicyclization —sequence,'® Ugi
reaction'") were developed for the cyclization of this bicyclic core. The Baldwin procedure relies
on the oxidative cleavage (0sO4/NalO4® or O3/PPh3'?) of alkene A (Figure 5.2) to afford a mixture
of aldehyde/hemiaminal B/C, which undergo cyclization upon heating in presence of
trifluoroacetic acid (TFA). The group studied both the stability of this bicyclic scaffold under basic
and acidic conditions and, using nOe experiments, the stereocontrol of the cyclization reaction for
both L- and D-serine derivatives. However, to the best of our knowledge, no study describing the
effect of the substitution and stereochemistry at Cz and Ce on the stereocontrol of the cyclization
has been reported. Herein we described the cyclization of polysubstituted [4.3.0] azabicyclic
scaffold 5.4 and its stereocontrol induced by the presence and stereochemistry of substituents at
C> and/or Cs. Furthermore, to the best of our knowledge, no studies have been reported that analyze

the effect of reducing agents dimethyl sulfide (DMS) or triphenylphosphine (PPh3) on the
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stereochemistry of the ring closure. A summary of Baldwin’s and our study can be found in Figure
5.2.

Based on studies involving docking-guided peptidomimetics, our group has chosen this
scaffold as synthetic targets for potential POP inhibitors. Because our aim is to synthesize
reversible covalent inhibitors,'* and many active inhibitors of POP contain the nitrile reactive
group to react with the enzyme’s catalytic serine,? we have opted to synthesize both the covalent

series (R3 = CN in 5.4) and the non-covalent series (R3 = H in 5.4) to compare biological activities.
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Figure 5.2. A summary of Baldwin’s and our work on acid-catalyzed oxidative cleavage® 2

178



Chapter 5

5.3 Results and Discussion
5.3.1 Synthesis of the non-covalent series

The synthesis of this new inhibitor series began with the simpler of the two bicyclic systems,
the non-covalent series lacking a reactive functional group at Cs. The first step was a coupling of
readily available 4-pentene-1-amine, and N-Cbz-protected amino acids L-serine, L-threonine, and
L-allo-threonine (Scheme 5.1). Following modified Baldwin procedures, we obtained our final
bicycles by telescoping the oxidative cleavage via ozonolysis and acid-catalyzed cyclization
reactions, totaling two overall steps. Interestingly, the diastereomeric ratios varied when the
cyclization step was carried out at various temperatures and with different reducing agents (Table

5.1).

Scheme 5.1. Synthesis of the bicyclic non-covalent series lacking substituents at Ce®

s R2 OH R2 o "
NH, Csz CbzHN CbzHN

5.5, R, = H, R, = H (Z-Ser) 5.8a/b, Ry = H, R, = H (Z-Ser)
5.6, R, = Me, R, = H (Z-Thr) 5.9a/b, Ry = Me, R, = H (Z-Thr)
5.7, Ry = H, R, = Me (Z-allo-Thr) 5.10a/b, R, = H, R, = Me (Z-allo-Thr)

%) Z-L-AA, EDC-HCI, HOBt*H>0, EtsN, DCM, 0°C—rt, 18 h, 78% (5.5), 81% (5.6), 74%
(5.7); b) O3, CH2Cl>, —78°C; DMS or PPh3, —-78°C—rt, 18 h; ¢c) TFA, DCM, rt or reflux, 2 h
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Table 5.1. Diastereomeric ratios of the non-covalent dipeptide cyclization step at various

temperatures.?

Entry S.tartiflg Reducing Cyclization Diast.ereomeric .Yield of major
dipeptide agent temperature ratio (a:b)* diastereomer (%)

1 PPh; rt 92:8 40
2 PPhs reflux 89:11 32
3 DMS rt 53:47 18:21
4 5.5 DMS reflux 49:51 16:19
5 DMSP rt 52:48 21:24
6 PPh; rt 96:4 51

7 PPh;° rt 96:4 n/a’
8 PPh; rt 89:11 58

9 PPhs reflux 87:13 56
10 DMS rt 73:27 53
11 >6 DMS reflux 67:33 38
12 DMSP rt 74:26 45
13 PPhs® rt 937 52
14 PPhs rt 89:11 49
15 PPh; reflux 91:9 51
16 DMS rt 25:75 37
17 >7 DMS reflux 24:76 46
18 DMSP rt 26:73 48
19 PPh;° rt 74:26 30

aConditions: (1) Oz, CH2Clz, —78°C then DMS or PPh3, —78°C—rt, 18 h; (2) TFA, DCM, rt/reflux,
2h

"TFA was added without first removing DMS or PPhs

“Free (upsupported) PPh; was used
dproduct was inseparable from OPPh; and residual PPhs

*ratios determined from crude NMR
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One-dimensional and two-dimensional NMR analysis were performed on the crude bicyclic
product mixtures to determine (1) the stereochemistry of the major diastereomer, and (2) the ratio
of diastereomer a to b. Irradiation of the hemiaminal-ethereal proton Hg, in 1D nuclear Overhauser
effect experiments (Figure 5.3) revealed that for the L-serine-derived bicycle, diastereomer 5.8a
was preferred over 5.8b upon room temperature cyclization when using PPhs as a reducing agent.
For the compounds containing a methyl group at C,, diastereomer a was preferred in a much higher
ratio than that of 5.8a when DMS is used as the reducing agent. It is clear that the methyl group
somehow influences the closure of the bicyclic structure. Furthermore, there seems to be a
match/mismatch case; the effects of the stereochemistry at C, and Cs seem to be additive for the
L-threonine-derived bicycle, giving 5.9a as the major diastereomer in all cases. For the L-allo-
threonine-derived bicycle, however, while the PPh3 reactions gave mostly diastereomer 5.10a, the
DMS reactions gave the opposite diastereomer 5.10b as the major product in a lower ratio. The
opposite stereochemistry of the methyl C, group and C3—NHCbz group seem to compete in the

stereocontrol of this reaction (mismatched case).

Figure 5.3. Selected 1D nOe experiments from the non-covalent inhibitor series. Red sphere

indicates irradiation of Hs, proton.

Both DMS and PPh; are commonly used reducing agents in quenching the ozonolysis reaction.
One result that we did not expect, however, was the significant difference in diastereomeric ratios
upon using PPhj as the reducing agent in lieu of DMS. To assess the possibility of side reactions
or influence of either reagent, both reducing reagents are removed before addition of the TFA:
DMS is evaporated in vacuo, co-evaporating with DCM to ensure removal, and the resin-supported
PPhs is filtered out of the mixture through Celite® to ensure full removal. Despite their full
removal before addition of acid, PPhs gives significantly higher ratios of a:b than does DMS. To

determine whether there would be a difference in diastereomeric ratios if the reducing agents were
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not removed before addition of acid, two experiments were conducted introducing TFA into the
reaction mixture containing either DMS or PPhs. However, adding TFA to the reaction directly
led to negligible differences in diastereometric ratios (within the error of NMR). This (1)
eliminates the possibility of the steric bulk of PPh; contributing to the kinetically-favored
diastereomer, and (2) confirms that the heat applied during rotoevaporator-mediated removal of
DMS does not affect the diastereomeric ratio.

To determine whether the cyclization step was reversible, isolated 5.8a, 5.9a, and 5.10a were

subjected to reflux in the presence of TFA for 24 hours. The results are summarized in Table 5.2.

Table 5.2. Results of the cyclization reversibility of purified diastereomer a.

Starting Diastereomeric Diastereomeric

Entry bicycle ratio (a:b)? ratio (a:b)°
1 5.8a 53:47 47:51
2 5.9a 73:27 97:3
3 5.10a 25:75 26:74

0riginal ratio of cyclization using DMS: TFA (1.5 eq), DCM, 1t, 2 h,
°TFA (1.5 eq), DCM, reflux, 24 h

It appears that, although the initial cyclization with PPh3 gave diastereomer 5.8a selectively,
refluxing 5.8a in the presence of TFA lead to partial conversion (1:1) of diastereomer 5.8a to
diastereomer 5.8b, indicating that the cyclization step is, in fact, reversible or that 5.8a can
epimerize through a different mechanism into 5.8b. Interestingly, this ratio is the same as the one
observed when the ozonolysis/cyclization was performed with DMS. The same epimerization
occurs for the allo-threonine derivative 5.10a. Unusual results lie with the L-threonine derivative:
24 h of refluxing in the presence of TFA gives little to no conversion to diastereomer 5.9b. Since
the only difference in structure is the methyl substituent at C», it is clear that this stereocenter plays
a role in controlling the stereochemistry of the bicycle. For more insight into the mechanism, we
proceeded with the synthesis of the nitrile-containing analogues which will introduce another

potential stereodirecting group.
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5.3.2 Synthesis of the nitrile series

All of these results intrigued us to study the effect of not only the substituent at C, but also at
Cs, i.e. the potential covalent inhibitor series. However, the synthesis towards the final nitrile-
containing scaffold was a bit more challenging than that of the non-covalent series. Preparations
of nitrile-containing amines were lengthy, not reproducible, and gave racemic salts that would not
allow for kinetic analysis. To remedy these shortcomings, the preparation of the amine started with
synthesis of an enantiopure sulfinyl imine,'* followed by the asymmetric diastereoselective
addition of the cyano group using trimethylsilyl carbonitrile (TMSCN) (Scheme 5.2). The
diastereoselectivity was not so straight-forward, however. During optimization of the reaction
conditions, it was discovered that certain Lewis acids favored one diastereomer over the other. The
steric bulk of the chiral auxiliary was expected to direct the TMSCN to the opposite side; the bulky
lanthanide Lewis acids Yb(OTf); and Gd(OTf); were therefore expected to give the anti
diastereomer, but instead gave the syn diastereomer, as did boron trifluoride. The results specific
to these Lewis acids contradict a study of various Lewis acids on the Strecker reaction by Mabic

1.'7 Even the reaction without a Lewis acid

et al.’® and syntheses by Gu et al.'® and Plant et a
catalyst was expected to give diastereopure sulfinamide,'® but no conversion was observed. When
the lanthanide catalyst was replaced with Znly, the desired anti diastereomer was finally observed.

Table 5.3 contains a summary of optimization conditions.

Scheme 5.2. Synthetic optimization of the diastereopure sulfinamide?

| | o H nOe
e ~F ab ¢ >L H Scheme 5.3 N
Ho >|\é/N X $” CbzHN H
o] W
N

o Il o

511 or 5.12¢ 513-5.17
%) (COCl),, DMSO, Et3N, —78°C—rt, 2 h; b) (R)-(+)- or (S)-(-)-tBu-sulfinamide, CuSOs,
DCM, rt, 18 h, 75% (5.11), 62% (5.12); ¢) Lewis acid, TMSCN, DCM, 0°C—rt, 48 h
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Table 5.3. Diastercoselectivity of various Lewis acids in the Strecker reaction.

Chiral auxiliary:

Entry R ;5(51})2 )or Compound Lewis Acid Diast(es ;i:):s:’;iic)ﬁvny ‘éﬁ;‘:
1 R - None® n/a’ n/a‘
2 R 5.13 Gd(OTf)s 89:11 84
3 R 5.14 Yb(OTf)s 90:10 73
4 R 5.15 BF3+OEt 64:36 n/a’
5 R 5.16 Znl, 20:80 75
6 S 5.17 Yb(OTH); 89:11 82

ithe diastereomers were inseparable; hexane was used as the solvent'®; °the reaction did not
proceed; the product was not purified

While the mechanism is still under investigation, we propose that the reaction involves three
different methods of activation (Figure 5.4A-C). We hypothesize that the lanthanide-containing
Lewis acids proceed through a six-membered transition state (A) to give the syn product, while the

Znl> could proceed through one of two mechanisms (B-C) to give the anti product.

N
- Si-.ML_—O NS
n S X
N—/ — h(S)
= Sp o
H .‘. N
six-membered chair 5.16
!
A _
/Zn”"N_;Si\— >L H
. _N(R)
| Lo e
‘ °
(S0 N
5.13
sterically blocked
N
o el
=Zn /SI\ N=0 H
o | LT NEA~
j\ N - X Zn — n H — O
S/ELM /NM O (0] M
&® IR N
@\\\N sterically blocked 5.13

Figure 5.4. Proposed modes of sulfinimine activation by Lewis acids (A) Gd(OT*); or (B-C) Znl,
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The syn sulfinamides were carried forward to synthesize the nitrile-containing bicycles.

(Scheme 5.3).

Scheme 5.3. Synthesis towards the covalent inhibitors.?

0 lj ) " OH |
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5.11 5.13 5.19
H H
0= 0 OH |

CbzHN . 7 CbzHN 4 CbzHN -

(0] I\ (0] 1\ (0] m

N N \

5.23a 5.23b 5.21

) (COCl)2, DMSO, Et3N, —78°C—rt, 2 h; b) (R)-(+)-tBu-sulfinamide (5.11) or (S)-(-)-tBu-
sulfinamide (5.12), CuSO4, DCM, 1t, 18 h, 75% (5.11), 62% (5.12); c) Gd(OTf);, TMSCN, DCM,
0°C—rtt, 48 h, 74% (5.13), 60% (5.17) ; d) HCl, Et20O, 0°C, 1 h; e) Cbz-protected amino acid,
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HATU, EtN, DMF, rt, 80% (5.20), 76% (5.21); ) 1) O3, Sudan III, PPhs or DMS, —78°C—rt,
18 h; 2) TFA, DCM, reflux, 2 h

The sulfinylamide was deprotected with HCI, and the resultant ammonium was coupled to the
corresponding N-Cbz-protected amino acid (Scheme 5.3). Cyclization to the bicycles was
performed using the same conditions as with the non-covalent inhibitor series, with the use of
indicator dye Sudan III to determine the end of the alkene’s ozonolysis.!”?° Interestingly, the
second step of the cyclization did not proceed at room temperature, but only at reflux. It’s likely
that the electron-withdrawing nitrile is rendering the system less reactive. We verified the nitrile
stereochemistry of the ammonium salt by cyclizing the corresponding dipeptides and conducting

1D nOe experiments (Figure 5.5).

5.235,., 5.23¢

Figure 5.5. Selected NOE signals of the bicyclic nitrile series.
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Table 5.4. Diasterecomeric ratios of the dipeptide cyclization step.?

E Starting Reducing Diastereomeric Yield of major
ntry
dipeptide agent ratio (a:b)* diastereomer (%)
1 PPh3 91:9 54%
5.20
2 DMS 90:10 40%
3 PPh3 86:14 53%
5.21
4 DMS 82:18 36%

dConditions: (1) Oz, CH2Cly, —=78°C then DMS or PPhsz, —78°C—rt, 18 h; (2) TFA, DCM,
reflux, 2 h

*ratios determined from crude NMR

The results in Table 5.4 indicate that the stereochemistry at C¢ unexpectedly has little to no
effect on the diastereoselectivity of the cyclization. Whether or not the nitrile is cis to the amide,
the effect on stereocontrol is weak, with stereoselectivity remaining > 9:1, regardless of whether
or not DMS or PPhs is used as the reducing agent. The nitriles, regardless of stereochemistry, give
the same preferred diastereomer with high selectivity. These ratios are surprising, considering that
the non-covalent serine analogue gave an approximately even 1:1 ratio. All of these results shed

light on the possible mechanisms of the cyclization.

5.3.3 Mechanism Proposals

While these results are very recent and require much further analysis, we have some proposals
about the possible mechanism of the reaction. Firstly, a preliminary NMR of the cyclization of the
L-serine derived non-covalent inhibitor peptide 5.5 revealed that only trace amounts of aldehyde
were present, i.e. a cyclization of some sort had already taken place. Furthermore, a time-
monitored experiment (Figure 5.6) indicated that after addition of TFA, complete conversion to
the fused bicycles was rapid; over the experiment of two hours at room temperature, the observable

differences were minor changes in the baseline.
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T T T T T T T T T T T T T T T T T T T T T T T T
6.1 é.O 5.9 5.8 5.7 5;.6 5.5 E;.4 5.3 5‘.2 5.1 5049484746454443424140393.83.73.63.53.43.33.23.13.0292.82.7
f1 (ppm)

Figure 5.6. NMR time- monitored experiment of acid catalyzed cyclization of dipeptide 5.5.NMR
spectra of reaction mixture over 2 hours. (1-7) ¢; = 5 mins, #2.7 = time measured every 20 mins; (8)

NMR spectrum after TFA was removed from the mixture.

To account for (1) the differences observed with DMS or PPhs, and (2) the stereoselectivity
differences among the three different peptides, we propose that after the first step of the ozonolysis,
the hydroxyl group attacks the carbonyl oxide (Figure 5.7), as has been reported with ozonolysis

reactions in methanol.?!
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Figure 5.7. Proposed mechanism of the acid-catalyzed oxidative cyclization, illustrated with the

L-allo-threonine derivative
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This would give hydroperoxy acetal 5.TS7bp, in equilibrium with 5.TS7a. We hypothesize that
the reason reaction with PPhs gives such high diastereomeric ratios is that its size renders it unable
to quench the hydroperoxy acetal when it is trans to the N-Cbz-amide, or 5.TS7p. To examine this
further, we converted the transition states to optimized 3D models using the CONVERT?? function

on the Forecaster platform. Figure 5.8 contains the optimized 3D structures of 5. TS7a and 5. TS7b.

A

Figure 5.8. Optimized 3D structures of possible transitions states in the cyclization of the allo-

threonine bicycle.5.TS7a (A) and 5.TS7» (B) using CONVERT.?

From Figure 5.8, we see that the hydroperoxy group cis to the N-Cbz-amide (A) is much more
accessible to PPhs, a much more sterically hindered reducing agent, as the trans hydroperoxy is
pseudo-axial and is less accessible. Furthermore, while we thought the PPhs might be blocked
from the bottom face because of the methyl of the allo-threonine, its 3D model indicates that is an
unlikely explanation. It's more likely that the methyl group is not sterically directing but instead
conformationally directing; the two macrocycles differ in 3D conformation. These proposals are a
preliminary hypothesis of this complex system's mechanism. However, to gain an understanding
of the mechanism of this complex system, particularly the preference of 5.10b in the presence of
DMS, we require computational studies of the nine-membered ring system.

As for the mechanism of the reversed reaction, we saw that the threonine derivative did not
epimerize under acidic conditions upon refluxing, while the allo-threonine and serine derivatives
did, and they reached the ratios of the DMS room temperature reactions. To account for this, we
propose that the mechanism of the reverse reaction goes through an imine intermediate (Figure

5.9).
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This preliminary mechanism highlights the different transition states observed for
diastereomers a and b; diastereomer a appears to form through a chair-like transition state, while
diastereomer b appears to form through a boat-like transition state. However, this does not explain
the observed diastereomeric ratios. To understand the preference of 5.10b over 5.10a and the
approximate 1:1 ratio of 5.8a and 5.8b, we require calculations of the relative energies of the
products and transition states. These calculations are being performed by Wanlei Wei, a
computational chemist in our group.

For the nitrile, if the reaction proceeded through a macrocyclic transition state, the nitrile
should have little to no effect on the stereochemistry of the cyclization, as both nitriles give the
same preferred diastereomer. Instead, because of the very high ratio favoring one diastereomer, it
is possible that the reaction proceeds through the similar iminium ion, especially since the reaction
does not proceed at room temperature with TFA (Figure 5.10). Considering the boat and chair
transition states better explains the similar ratios; the transition states are very similar despite the
opposite configuration of the nitriles. However, these proposals do not explain why with serine,
previously known to give both epimers at Csga, gives only 5.22a and 5.23a. It is therefore imperative

to study this reaction using computational analysis.
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5.3.4 Computational analysis

The various diastereomeric ratios in the cyclization step of both series and the uncertainty of

the mechanism have intrigued us to study the kinetics of the cyclizations from a computational

perspective. These computational studies will explore the relative difference in energies of the

products in the cyclization of the non-covalent series, as well as relative energies of the possible

transition states in both series. The results will hopefully shed light on the difference in the

observed diastereoselectivities.
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5.4 Conclusion

Our work in discovery of bicyclic POP inhibitors has led us to several potent constrained
peptidomimetic scaffolds. In this study, we expand upon an interesting reaction observed during
acid-catalyzed oxidative cyclizations of our [4.3.0] azabicylic series. With this reaction, we
observed diastereoselectivity facilitated both by stereochemistry of the scaffold's substituents and
the reducing agents used in the ozonolysis first step. This work expands upon a previously reported
study from Baldwin et al.,'? providing insight into stereocontrol of the reaction. Although these
results are very recent, we propose a few tentative mechanisms. To understand the complex

mechanisms, computational studies are currently underway.
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5.5 Experimental Section
5.5.1 Synthesis — General Information

All commercially available reagents were used without further purification. All reactions,
unless otherwise indicated, were carried out in flame-dried flasks under argon atmosphere with
anhydrous solvents. FTIR spectra were recorded using a Perkin-Elmer Spectrum One FT-IR. 'H
and '*C NMR spectra were recorded on a Bruker 400 or 500 MHz spectrometer. Chemical shifts
are reported in ppm using the residual of deuterated solvents as an internal standard. Thin layer
chromatography visualization was performed by UV or by development using p-anisaldehyde,
Seebach’s stain, KMnQOs. Optical rotations were measured at the wavelength 589 nm (sodium D
line) on a Jasco DIP-140 digital polarimeter. Chromatography was performed on silica gel 60
(230—240 mesh). High resolution mass spectrometry was performed by ESI on a Bruker Maxis
Impact API QqTOF or by ESI or APCI on a ThermoFisher Exactive Plus Orbitrap-API at McGill
University. All compounds were stored at —20°C.
5.5.2 Chemistry

General Coupling Procedure A (for the coupling of 4-pentene-1-amine to N-Cbz-
protected amino acids). The N-Cbz-protected amino acid (1 eq) was suspended in DCM (0.1 M)
and cooled to 0°C. HOBt*H»O (1.2 eq) was added, followed by EDC*HCI (1.2 eq). The resultant
solution stirred for 1h at 0°C. The amine (1 eq in DCM, 1 M) was then added, followed by Etz:N
(5 eq). The reaction stirred at 0°C for 10 minutes, and then was warmed to room temperature and
stirred overnight. Water was added, and the product was extracted with DCM. The combined
organic layers were washed with saturated NH4Cl, saturated NaHCO3;, and brine, dried over
NaxSOs, filtered, and concentrated in vacuo to give the crude product. The crude material was
purified by flash chromatography on a silica gel column to give the corresponding dipeptide.

General Coupling Procedure B (for the coupling of nitrile-containing aminium chloride
salts to N-Cbz-protected amino acids). The N-Cbz-protected amino acid (1 eq) was dissolved in
DMF (0.3 M), and the solution was cooled to 0°C. HATU (1.2 eq) was added, followed by the
amine (1 eq), then EtsN (10 eq). The reaction stirred at room temperature overnight. Water was
added, and the product was extracted with DCM. The combined organic layers were washed with
saturated NH4Cl, saturated NaHCO3, and brine, dried over Na>SOa, filtered, and concentrated in
vacuo to give the crude product. The crude material was purified by flash chromatography on a

silica gel column to give the corresponding dipeptide.
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Benzyl (S)-(3-hydroxy-1-oxo-1-(pent-4-en-1-ylamino)propan-2-yl)carbamate  (5.5)
Dipeptide 5.5 was both prepared following General Coupling Procedure A, using Z-L-Ser as the
amino acid. The crude product was purified by flash chromatography on a silica gel column (eluent
70:30 EtOAc-hexanes) to give the products as a white solid (78%). Rr = 0.43 (80:20 EtOAc-
hexanes); mp = 143-145°C; [a]3 = —37.2° (¢ = 1.0, CHCl3); IR (film) cm™ 3316, 3068, 2937,
1709, 1651, 1532, 1239, 1060, 913'H NMR (500 MHz, Chloroform-d) & 7.39 — 7.30 (m, 5H), 6.64
(s, 1H), 5.87 (d, J=17.6 Hz, 1H), 5.77 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.13 (s, 2H), 5.02 (dq, J =
17.2,1.7 Hz, 1H), 4.98 (dq, /= 10.2, 1.4 Hz, 1H), 4.17 (ddd, /= 7.8, 4.9, 3.2 Hz, 1H), 4.15 —4.05
(m, 1H), 3.71 —3.60 (m, 1H), 3.25 (q, J = 6.7 Hz, 2H), 3.20 (s, 1H), 2.06 (q, /= 7.2 Hz, 2H), 1.59
(p,J=7.3 Hz, 2H); *C NMR (126 MHz, Chloroform-d) § 28.58, 31.09, 39.15, 55.29, 62.91, 67.51,
115.55, 128.23 (2C), 128.50, 128.74 (2C), 136.06, 137.64, 156.93, 171.00; HRMS (ESI+) m/z
calcd for [C16H2204N2 + Na]" 329.1472, found 329.1464.

benzyl ((25,3R)-3-hydroxy-1-oxo-1-(pent-4-en-1-ylamino)butan-2-yl)carbamate (5.6)
Dipeptide 5.6 was prepared following General Coupling Procedure A, using Z-L-Thr as the amino
acid. The crude product was purified by flash chromatography on a silica gel column (eluent 80:20
EtOAc-hexanes) to give the product as a white solid (81%). Rr=0.55 (80:20 EtOAc-hexanes); mp
=101-104°C; [a]¥ =—48.0° (¢ = 1.0, CHCl3); IR (film) cm™ 3357, 3298, 3067, 2976, 1693, 1643,
1542, 1227, 1066, 910; "H NMR (500 MHz, Chloroform-d) & 7.38 — 7.28 (m, 5H), 6.73 (t, J = 6.0
Hz, 1H), 5.95 (d, /J=8.0 Hz, 1H), 5.76 (ddt, /= 16.9, 10.2, 6.7 Hz, 1H), 5.15 - 5.07 (m, 2H), 5.01
(dq, J=17.1, 1.7 Hz, 1H), 4.97 (dq, J = 10.3, 1.5 Hz, 1H), 4.32 (dt, J= 8.1, 4.1 Hz, 1H), 4.10 —
4.06 (m, 1H), 3.82 (s, 1H), 3.30 —3.14 (m, 2H), 2.13 — 2.04 (m, 2H), 1.57 (p, /= 7.3 Hz, 2H), 1.15
(d,J=6.4 Hz, 3H); *C NMR (126 MHz, Chloroform-d) & 18.33,28.53, 31.06, 39.06, 58.69, 66.81,
67.36, 115.46, 128.06 (2C), 128.37, 128.66 (2C), 136.10, 137.60, 157.12, 170.98; HRMS (ESI+)
m/z calcd for [C17H2404N, + Na]" 343.1628, found 343.1623.

benzyl ((2S,35)-3-hydroxy-1-oxo-1-(pent-4-en-1-ylamino)butan-2-yl)carbamate (5.7)
Dipeptide 5.7 was prepared following General Coupling Procedure A, using Z-L-allo-Thr as the
amino acid. The crude product was purified by flash chromatography on a silica gel column (eluent
80:20 EtOAc-hexanes) to give the product as a white solid (74%). Ry = 0.55 (80:20 EtOAc-
hexanes); mp = 128-132°C; [a]3 = —26.5° (¢ = 1.0, CHCl3); IR (film) cm™ 3290, 3071, 2968,
1691, 1647, 1534, 1288, 1241, 1038, 910; 'H NMR (500 MHz, Acetone-ds) & 7.45 —7.24 (m, 5H),
6.43 (s, 1H), 5.82 (ddt,J=16.9, 10.2, 6.7 Hz, 1H), 5.13 — 5.05 (m, 2H), 5.01 (dq, J=17.1, 1.8 Hz,
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1H), 4.93 (ddt,J=10.3, 2.5, 1.2 Hz, 1H), 4.32 (d, /= 5.0 Hz, 1H), 4.05 (dd, J = 8.6, 6.3 Hz, 1H),
4.01 —3.96 (m, 1H), 3.22 (q, J = 6.7 Hz, 2H), 2.16 — 2.06 (m, 2H), 1.58 (p, /= 7.2 Hz, 2H), 1.29
(s, 1H), 1.16 (d, J = 6.3 Hz, 3H); 1*C NMR (126 MHz, Acetone-ds) & 20.00, 29.45, 31.67, 39.32,
60.95, 66.91, 68.80, 115.19, 128.59 (2C), 128.63, 129.18 (2C), 138.07, 139.06, 157.18, 171.48;
HRMS (APCI+) m/z caled for [C17H24N204 + Na]* 321.1809, found 321.1816.

General Procedure for the acid-catalyzed oxidative cyclization of dipeptides using PPhs.
The dipeptide (1 eq) was dissolved in DCM (0.025 M), 2—3 drops of a 1 mg/mL Sudan III DCM
solution was added, and the solution was cooled to —78°C. N2 was bubbled into the solution for 5
minutes, followed by O3 until the solution was dark blue. N> was then bubbled into the solution
until the blue color disappeared. The reducting agent resin-supported PPh3 (~3 mmol/g loading,
CAS 39319-11-4, 1.5 eq) was added. The reaction stirred for 5 minutes at —78°C, then room
temperature overnight. PPh3 was filtered over Celite®, and the filtrate was concentrated in vacuo,
and the residue was re-dissolved in DCM (0.05 M) (Some experiments in Table 5.1 add TFA
directly to the reaction mixture.). TFA (1.5 eq) was added at room temperature, and the reaction
stirred either at room temperature or reflux for 2 hours. The TFA was removed in vacuo, and crude
NMR was taken to determine the diastereomeric ratio. The crude products were purified on a silica
gel column to give the pure major diastereomer.

General Procedure for the acid-catalyzed oxidative cyclization of dipeptides using DMS.
The dipeptide (1 eq) was dissolved in DCM (0.025 M), 2—3 drops of a 1 mg/mL Sudan III DCM
solution was added, and the solution was cooled to —78°C. N> was bubbled into the solution for 5
minutes, followed by O3 until the solution was dark blue. N2> was then bubbled into the solution
until the blue color disappeared. The reducing agent DMS (10 eq) was added. The reaction stirred
for 5 minutes at —78°C, then room temperature overnight. The solution was concentrated in vacuo,
and the residue was re-dissolved in DCM (0.05 M). TFA (1.5 eq) was added at room temperature,
and the reaction stirred either at room temperature or reflux for 2 hours (Some experiments in
Table 5.1 add TFA directly to the reaction mixture.). The TFA was removed in vacuo, and crude
NMR was taken to determine the diastereomeric ratio. The crude products were purified on a silica
gel column to give the pure major diastereomer.

benzyl ((35,8aS)-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-yl)carbamate (5.8a)
Bicycle 5.8a was synthesized from dipeptide 5.5, and the crude product was purified by flash

chromatography on a silica gel column (eluent 80:20 EtOAc-hexanes) to give the product as a
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white solid. Ry=0.39 (100% EtOAc); mp = 118-122°C; [a]¥ =+31.4° (¢ = 1.0, CHCl3); IR (film)
cm! 3306, 3063, 2980, 1717, 1669, 1530, 1217, 1064; "H NMR (500 MHz, Acetone-ds) & 7.48 —
7.25 (m, 5H), 6.50 (s, 1H), 5.20 (t, J = 5.3 Hz, 1H), 5.10 (s, 2H), 4.44 (q, J = 7.4 Hz, 1H), 4.28
(dd, J=10.2, 8.1 Hz, 1H), 3.76 — 3.66 (m, 2H), 3.26 (ddd, J=11.9, 7.3, 5.1 Hz, 1H), 2.23 (td, J =
10.4,10.0, 4.9 Hz, 1H), 1.96 — 1.87 (m, 1H), 1.87 — 1.76 (m, 2H); *C NMR (126 MHz, Acetone-
ds) 8 21.89, 33.03, 45.26, 50.22, 66.92, 68.81, 88.01, 128.65 (3C), 129.19 (2C), 138.06, 157.14,
166.64; HRMS (ESI+) m/z caled for [C1sH1sN2Os + Na]* 313.1159, found 313.1163.

benzyl ((35,8aR)-4-oxohexahydro-2H-pyrrolo[2,1-b][1,3]oxazin-3-yl)carbamate (5.8b)
Bicycle 5.8b was synthesized from dipeptide 5.5, and the crude product was purified by flash
chromatography on a silica gel column (eluent 80:20 EtOAc-hexanes) to give the product as a
white solid. Ry = 0.28 (100% EtOAc); mp = 123-126°C; [a]3 = —104.0° (¢ = 0.01, CHCl3); IR
(film) cm™ 3306, 3019, 2893, 1715, 1657, 1529, 1452, 1058, 1022; 'H NMR (500 MHz, Acetone-
de) 6 7.47 — 7.24 (m, 5H), 6.67 — 6.21 (m, 1H), 5.14 — 4.98 (m, 3H), 4.23 (dd, J=10.9, 7.4 Hz,
1H), 4.10 — 4.02 (m, 1H), 3.80 (t, /= 10.9 Hz, 1H), 3.58 (q, J= 9.3 Hz, 1H), 3.32 (t, /= 10.5 Hz,
1H), 2.27 —2.14 (m, 1H), 2.00 — 1.90 (m, 1H), 1.88 — 1.77 (m, 1H), 1.77 — 1.64 (m, 1H); *C NMR
(101 MHz, Acetone-ds) & 20.14, 32.38, 43.99, 50.23, 66.88, 69.27, 90.46, 128.70 (3C), 129.23
(20), 138.11, 157.14, 165.77, HRMS (ESI+) m/z caled for [C15sHisN2O4 + Na]" 313.1159, found
313.1148.

benzyl ((2R,3S5,8a8)-2-methyl-4-oxohexahydro-2H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (5.9a) Bicycle 5.9a was synthesized from dipeptide 5.6, and the crude product was
purified by flash chromatography on a silica gel column (eluent 70:30 EtOAc-hexanes) to give the
product as a white solid. Ry= 0.34 (70:30 EtOAc-hexanes); mp = 120-123°C ; [a]¥ = +36.3° (¢ =
1.0, CHCl3); IR (film) cm™ 3313, 3063, 2980, 1720, 1675, 1530, 1454, 1259, 1064; '"H NMR (500
MHz, Acetone-ds) 6 7.47 — 7.25 (m, 5H), 6.46 (d, J= 7.7 Hz, 1H), 5.20 (t, /= 5.5 Hz, 1H), 5.10
(d, J=3.3 Hz, 2H), 4.43 (dd, J=7.9, 6.0 Hz, 1H), 4.35 (p, /= 6.2 Hz, 1H), 3.68 (dt, J=11.5, 7.4
Hz, 1H), 3.25 (ddd, J=12.0, 7.5, 4.9 Hz, 1H), 2.19 (dt,/=11.9, 5.9 Hz, 1H), 1.96 — 1.87 (m, 1H),
1.86 — 1.74 (m, 2H), 1.08 (d, J = 6.3 Hz, 3H); *C NMR (126 MHz, Acetone-ds) & 17.21, 21.35,
32.85, 44.84, 53.84, 66.92, 73.61, 87.43, 128.59 (2C), 128.65, 129.20 (2C), 138.15, 157.23,
166.12; HRMS (APCI+) m/z caled for [C16H20N204 + H]" 305.1496, found 305.1497.

benzyl ((25,35,8a8)-2-methyl-4-oxohexahydro-2 H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (5.10a) Bicycle 5.10a was synthesized from dipeptide 5.7, and the crude product
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was purified by flash chromatography on a silica gel column (eluent 80:20 EtOAc-hexanes) to
give the product as a white solid. Ry = 0.53 (70:30 EtOAc-hexanes); mp = 142-145°C; [a]¥ =
+3.8° (¢ = 1.0, CHCIL3); IR (film) cm™ 3298, 3063, 2976, 1720, 1669, 1534, 1437, 1241, 1042,
989; 'H NMR (500 MHz, Acetone-ds) 8 7.47 — 7.20 (m, 5H), 6.43 (d, J=9.1 Hz, 1H), 5.42 (dd, J
=6.1,2.9 Hz, 1H), 5.11 (s, 2H), 4.23 (t, J=9.1 Hz, 1H), 3.82 — 3.74 (m, 1H), 3.75 —3.67 (m, 1H),
3.23(dt,J=11.0, 6.6 Hz, 1H), 2.23 (tt,J=11.0, 5.0 Hz, 1H), 1.95 - 1.79 (m, 3H), 1.34 (d, J=6.3
Hz, 3H). 3C NMR (126 MHz, Acetone-ds) & 19.56, 22.79, 33.25, 45.55, 56.79, 66.93, 73.81,
83.94, 128.61 (2C), 128.65, 129.20 (2C), 138.12, 157.62, 167.83; HRMS (ESI+) m/z calcd for
[C16H20N204 + Na]"327.1315, found 327.1316.

benzyl ((25,35,8aR)-2-methyl-4-oxohexahydro-2H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (5.10b) Bicycle 5.10b was synthesized from dipeptide 7, and the crude product was
purified by flash chromatography on a silica gel column (eluent 80:20 EtOAc-hexanes) to give the
product as a clear oil. Rr=0.30 (100% EtOAc); [0]¥ = —98.3° (¢ = 0.04, CHCl3); IR (film) cm™!
3298, 3063, 2976, 1713, 1649, 1528, 1454, 1240, 1044; '"H NMR (500 MHz, Acetone-ds) & 7.44
—7.23 (m, 5H), 6.78 (d, /= 8.6 Hz, 1H), 5.18 — 5.04 (m, 3H), 4.05 - 3.91 (m, 1H), 3.71 — 3.49 (m,
2H), 3.31 (ddd, J=11.8, 8.9, 2.9 Hz, 1H), 2.23 — 2.13 (m, 1H), 1.99 — 1.90 (m, 1H), 1.88 — 1.77
(m, 1H), 1.72 (tt, J=11.8, 8.2 Hz, 1H), 1.27 (d, J = 6.1 Hz, 3H); 1*C NMR (126 MHz, Acetone-
ds) 6 18.64, 19.29, 31.55, 43.21, 56.13, 65.92, 75.22, 88.35, 127.71 (2C), 127.76, 128.33 (2C),
137.31, 156.49, 165.07; HRMS (ESI+) m/z caled for [Ci6H20N204 + Na]* 327.1315, found
327.1304.

General procedure for determining the reversibility of the acid-catalyzed cyclization
reaction. The pure diastereomer a was dissolved in DCM (0.05 M), and TFA (1.5 eq) was added.
The solution refluxed for 24 h. The solvent was removed in vacuo, and crude NMR was taken to
determine the diastereomeric ratio.

(R)-2-methyl-N-(pent-4-en-1-ylidene)propane-2-sulfinamide (5.11) and (S)-2-methyl-/V-
(pent-4-en-1-yl)propane-2-sulfinamide (5.12) (general procedure for both, the two sulfinimines
are spectrally identical) Oxalyl chloride (1.2 eq) was dissolved in DCM (1.5 M) under Ar, and the
solution was cooled to —78°C. DMSO (2.5 eq) in DCM (7 M) was added slowly. The solution
stirred for 5 minutes. 4-penten-1-ol (1 eq) in DCM (3 M) was added slowly, and the reaction stirred
for 15 minutes. Triethylamine (3 eq) was added slowly, and the reaction stirred for 2 hours at room

temperature. Water was added, and the product was extracted with DCM. The combined organic
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layers were washed with 1M HCI, saturated NaHCO3, and brine, dried over Na>SOs, filtered and
concentrated in vacuo at 650 mbar, 40°C. (Some solvent remains; product is volatile.) The resultant
4-pentenal (assume 100% yield) was dissolved in anhydrous DCM (0.5 M), and (R)-(+)-2-methyl-
2-propanesulfinamide (1 eq) [or the (S)-(-) enantiomer for the synthesis of the (S)-sulfinimine] and
anhydrous CuSO4 (3 eq) were added. The reaction stirred at room temperature overnight. The
mixture was then filtered through a pad of Celite®, and the filter cake was rinsed with DCM. The
filtrate was concentrated in vacuo to give a brown liquid, which was purified by flash
chromatography on a silica gel column (85:15 hexanes-EtOAc) to give a yellow liquid (5.11 75%,
5.12 62%). Ry = 0.45 (85:15 hexanes-EtOAc); IR (film) cm™ 3079, 2960, 1699, 1621, 1362, 1084,
914; '"H NMR (500 MHz, Chloroform-d) & 8.07 (t, J = 4.4 Hz, 1H), 5.83 (ddt, /= 16.8, 10.2, 6.5
Hz, 1H), 5.07 (dq, J=17.2, 1.7 Hz, 1H), 5.02 (dq, /= 10.2, 1.5 Hz, 1H), 2.62 (td, /= 7.3, 4.4 Hz,
2H), 2.42 — 2.36 (m, 2H), 1.18 (s, 9H). '*C NMR (126 MHz, Chloroform-d) & 168.94, 136.80,
115.97, 56.69, 35.41, 29.49, 22.49. Spectral and physical data were in accordance with the
literature.?*-2*

(R)-N-((R)-1-cyanopent-4-en-1-yl)-2-methylpropane-2-sulfinamide (5.13) and (S)-N-((S)-
1-cyanopent-4-en-1-yl)-2-methylpropane-2-sulfinamide (5.17) (general procedure for both;
the two sulfinamides are spectrally identical) The imine (1 eq) was dissolved in DCM (0.1 M),
and Gd(OTf); (0.2 eq) and TMSCN (2 eq) were added. The reaction stirred for 48 h at room
temperature and was quenched with NaHCO3. The product was extracted with DCM, and the
combined organic layers were washed with brine, dried over Na;SOs, and concentrated in vacuo
to give the crude product as a brown oil, which was purified by flash chromatography on a silica
gel column (eluent 70:30 hexanes-EtOAc) to give the product as a yellow oil (5.13 74%, 5.17
60%). Rr= 0.50 (70:30 EtOAc-hexanes); (5.13) [a]3 = -37.9° (¢ = 1.0, CHCL); (5.17) [a]¥ =
+48.1° (¢ = 1.0, CHCI3); IR (film) cm™ 3187, 3083, 2960, 2238, 1641, 1062, 912; '"H NMR (500
MHz, Chloroform-d) ¢ 5.84 — 5.69 (m, 1H), 5.16 — 5.06 (m, 2H), 4.23 —4.09 (m, 1H), 3.93 —3.63
(m, 1H), 2.37 —2.21 (m, 2H), 2.15 — 1.89 (m, 2H), 1.24 (s, 9H); '*C NMR (126 MHz, Chloroform-
d) 8 22.61 (3C), 29.47, 34.01, 45.69, 57.21, 117.28, 119.19, 135.69; HRMS (ESI+) m/z calcd for
[C10H1sON,S + Na]* 237.1032, found 237.1035.

(R)-N-((S)-1-cyanopent-4-en-1-yl)-2-methylpropane-2-sulfinamide (5.16) Imine 5.11 (359
mg, 1 eq) was dissolved in DCM (20 mL), and Znl> (122 mg, 0.2 eq) and TMSCN (380 mg, 0.48

mL, 2 eq) were added. The reaction stirred for 48h at room temperature and was quenched with
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NaHCOs. The product was extracted with DCM, and the combined organic layers were washed
with brine, dried over Na;SOs, and concentrated in vacuo to give the crude product as a brown oil,
which was purified by flash chromatography on a silica gel column (eluent 70:30 hexanes-EtOAc)
to give the product as a yellow oil (75%). Ry= 0.50 (70:30 EtOAc-hexanes); IR (film) cm™ 3198,
3083, 2980, 2254, 1643, 1475, 1391, 1366, 1066, 905; Peaks reported for major diastereomer. 'H
NMR (500 MHz, Chloroform-d) 6 5.91 —5.63 (m, 1H), 5.17 (dt,J=17.1, 1.6 Hz, 1H), 5.13 - 5.03
(m, 1H), 4.29 (q, J = 7.0 Hz, 1H), 3.62 — 3.36 (m, 1H), 2.44 — 2.32 (m, 1H), 2.32 - 2.25 (m, 1H),
2.10 - 1.91 (m, 2H), 1.24 (s, 9H); '*C NMR (126 MHz, Chloroform-d) & 22.44 (3C), 29.63, 34.09,
47.73,57.00, 117.53, 118.70, 135.63.

(8)-1-cyanopent-4-en-1-aminium (18) and (R)-1-cyanopent-4-en-1-aminium (5.19)
(general procedure for both, the two amines are spectrally identical) Ry= does not elute on silica-
backed TLC plates; The sulfinamide (1 eq) was dissolved in Et;O (0.1 M) under argon, and the
solution was cooled to 0°C. HCI (2M in Et2O, 3 eq) was added dropwise, and the argon balloon
was removed. After 2 h of stirring at 0°C, the solvent was removed in vacuo to give a beige solid
(trituration and filtration not possible due to solubility and sticking issues), which was carried to
the next step without purification. Ry= does not elute on silica-backed TLC plates; IR (film) cm'!
3071, 2956, 1643, 1483, 1185, 926; mp = 94-97°C; (5.18) [a]3 = +15.7° (¢ = 1.0, MeOH);
(5.19) [a]Z =—11.3° (¢ = 1.0, MeOH); '"H NMR (400 MHz, Methanol-ds) & 5.86 (dddd, J=17.2,
10.2,7.1, 6.1 Hz, 1H), 5.18 (dq, J=17.1, 1.6 Hz, 1H), 5.11 (dq, J=10.2, 1.3 Hz, 1H), 4.56 — 4.35
(m, 1H), 2.45 — 2.22 (m, 2H), 2.11 — 2.00 (m, 2H); '3C NMR (101 MHz, Methanol-ds) & 30.23,
31.26, 42.23, 116.62, 117.59, 136.33; HRMS (ESI+) m/z calcd for [C¢HiiN2]" 111.0917, found
111.0922.

benzyl (($)-1-(((S)-1-cyanopent-4-en-1-yl)amino)-3-hydroxy-1-oxopropan-2-
yl)carbamate (5.20) The product was synthesized following General Coupling Procedure B, using
5.18 as the amine. The crude product was purified by silica gel (eluent 60:40 EtOAc-hexanes) to
give the product as a white solid (80%). Ry=0.27 (60:40 EtOAc-hexanes); mp = 87-91°C; [a]& =
—24.1° (¢ = 1.0, MeOH); IR (film) cm™ 3409, 3321, 3278, 3020, 2940, 1707, 1671, 1516, 1217,
1058; 'H NMR (500 MHz, Acetone-ds) & 8.20 — 7.95 (m, 1H), 7.47 — 7.18 (m, 5H), 6.48 (d, J =
8.7 Hz, 1H), 5.82 (ddt,/=17.0, 10.1, 6.7 Hz, 1H), 5.15 - 5.04 (m, 3H), 5.01 (dq, /= 10.2, 1.3 Hz,
1H), 4.33 — 4.18 (m, 2H), 3.87 (dt, J=10.3, 5.0 Hz, 1H), 3.81 (dt, /= 10.7, 5.2 Hz, 1H), 2.23 (q,
J=17.4 Hz, 2H), 2.01 — 1.91 (m, 2H); 1*C NMR (126 MHz, Acetone-ds) & 30.09, 32.56, 40.53,
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57.85, 62.99, 67.01, 116.59, 119.55, 128.70 (2C), 128.71, 129.24 (2C), 137.34, 137.98, 157.01,
171.22; HRMS (ESI+) m/z caled for [C17H2104N3 + Na]* 354.1424, found 354.1417.

benzyl (($)-1-(((R)-1-cyanopent-4-en-1-yl)amino)-3-hydroxy-1-oxopropan-2-
yl)carbamate (5.21) The product was synthesized following General Coupling Procedure B, using
5.19 as the amine. The crude product was purified by silica gel (eluent 60:40 EtOAc-hexanes) to
give the product as a beige solid (76%). Ry= 0.58 (80:20 EtOAc-hexanes); mp = 103-106°C; [0]F
=+11.0° (¢ = 1.0, MeOH); IR (in CHCI3) cm™ 3381, 3321, 3274, 3067, 2937, 1707, 1667, 1524,
1241, 1058, 917; 'H NMR (500 MHz, Acetone-ds) & 8.29 — 8.03 (m, 1H), 7.41 — 7.26 (m, 5H),
6.60 — 6.37 (m, 1H), 5.82 (ddt, /= 16.9, 10.0, 6.7 Hz, 1H), 5.10 (qd, J = 6.2, 2.8 Hz, 3H), 5.01
(dq, J=10.2, 1.4 Hz, 1H), 4.87 (q, J = 7.9 Hz, 1H), 4.32 — 4.19 (m, 2H), 3.88 (dt, /= 10.9, 5.4
Hz, 1H), 3.84 —3.73 (m, 1H), 2.23 (q, J = 7.6 Hz, 2H), 2.03 — 1.90 (m, 2H); >*C NMR (126 MHz,
Acetone-ds) & 32.62, 38.73, 40.46, 57.94, 63.06, 66.99, 116.63, 119.57, 128.65 (2C), 128.69,
129.22 (2C), 137.31, 138.00, 156.99, 171.18; HRMS (ESI+) m/z calcd for [C17H2104N3 + Na]”
354.1424, found 354.1416.

benzyl ((35,65,8a8)-6-cyano-4-oxohexahydro-2 H-pyrrolo|2,1-b][1,3]oxazin-3-
yl)carbamate (5.22a) The product was cyclized from peptide 5.20 and purified by flash
chromatography on a silica gel column (eluent 80-20 EtOAc-hexanes) to give the product as a
white solid (33%). Ry=0.56 (100% EtOAc); mp = 167-170°C; [a]3 =—60.0° (c = 1.0, CHCl3); IR
(film) ecm™ 3361, 3032, 2952, 1719, 1685, 1532, 1433, 1257, 1213, 1064, 1019, 914; 'H NMR
(500 MHz, Acetone-de) 0 7.59 — 7.23 (m, 5H), 6.71 (d, J = 8.4 Hz, 1H), 5.41 (t, J= 6.5 Hz, 1H),
5.12 (s, 2H), 4.69 (dd, J=5.3, 3.5 Hz, 1H), 4.62 (q, J= 8.6 Hz, 1H), 4.38 (t, /= 9.6 Hz, 1H), 3.78
(t,J=8.5Hz, 1H), 2.52 (ddt, J=13.2, 5.6, 3.3 Hz, 1H), 2.33 (dq, /= 9.9, 3.0 Hz, 2H), 2.08 — 1.97
(m, 1H); *C NMR (126 MHz, Acetone-ds) & 28.41, 32.01, 45.59, 50.42, 67.02, 68.85, 88.52,
118.79, 128.64 (2C), 128.69, 129.22 (2C), 138.03, 157.29, 167.37; HRMS (ESI+) m/z calcd for
[Ci6H1704N3 + Na]" 338.1111, found 338.1102.

benzyl ((3S,6R,8a8)-6-cyano-4-oxohexahydro-2H-pyrrolo|2,1-b][1,3]oxazin-3-
yDcarbamate (5.23a) The product was cyclized from peptide 5.21 and purified by flash
chromatography on a silica gel column (eluent 80-20 EtOAc-hexanes) to give the product as a
white solid. Ry=0.27 (80:20 EtOAc-hexanes); mp = 157-161°C; [a]3 =+108.9° (¢ = 1.0, CHCl:);
IR (film) cm™ 3317, 3031, 2953, 2250, 1719, 1687, 1526, 1425, 1256, 102z1, 914; 'H NMR (500
MHz, Chloroform-d) 6 7.45 — 7.28 (m, SH), 5.89 — 5.66 (m, 1H), 5.25 (dd, J= 5.8, 2.9 Hz, 1H),
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5.12 (s, 2H), 5.00 (dd, J = 7.8, 3.9 Hz, 1H), 4.56 (dd, J="7.2, 6.6 Hz, 1H), 4.47 (t,J=9.5 Hz, 1H),
3.65 (dd, J=10.3, 7.2 Hz, 1H), 2.45 (ddt, J = 12.5, 9.2, 6.3 Hz, 1H), 2.43 — 2.32 (m, 1H), 2.26 —
2.17 (m, 1H), 2.14 — 2.06 (m, 1H); '3C NMR (126 MHz, CD Chloroform-d Cl3) § 27.77, 31.65,
46.10, 49.70, 67.51, 68.54, 87.31, 117.60, 128.30 (2C), 128.47, 128.73 (2C), 136.02, 156.27,
166.99; HRMS (ESI+) m/z caled for [C1sH1704N3 + Na]* 338.1111, found 338.1114.
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Chapter 6:

Virtual Screening, Computational Optimization, and Synthesis of a [4.3.0]
Bicyclic Borinic Ester Targeting Prolyl Oligopeptidase and Fibroblast

Activation Protein o

This Chapter is a draft of a manuscript prepared for J Med Chem.

We have now seen that boronic esters and acids are the optimal group for targeting
POP and FAP. Chapters 3 and 4 describe the design of POP or POP/FAP inhibitors
through docking-guided optimization of known actives. In this study, we conduct
the first known FAP virtual screening to date, and we design non-peptidic dual
FAP-POP potential inhibitors by modifying virtual hits. This chapter describes the

design and synthetic plan of these potential inhibitors.

Contribution(s) of authors: I designed, synthesized, and characterized all molecules presented in this chapter, with help in
synthetic optimization from a summer intern student Yufei Wang, who also wrote the majority of this chapter’s introduction.

The virtual screening and analysis were conducted by myself and Dr. Stéphane De Cesco.
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6.1 Abstract

Our group has focused on two serine proteases implicated in cancer and the tumour
microenvironment, prolyl oligopeptidase (POP) and fibroblast activation protein alpha (FAP). In
the past, we have designed POP-selective constrained peptidomimetics of a [4.3.0] bicyclic system
that inhibit POP in the nanomolar range in vitro and in cellulo. We have since progressed to dual
POP-FAP inhibitors of the same [4.3.0] skeleton. Our computationally-guided modifications of
Talabostat, a failed drug candidate that reached Phase III clinical trials, led us to sub-micromolar
potent dual inhibitors. With these compounds, we have new information regarding the structures
of bicyclic compounds that can inhibit both enzymes simultaneously. We have since moved on to
more advanced inhibitor design. Herein we describe the first virtual screening of FAP reported to
date and subsequent optimization of hits to a [4.3.0] scaffold that could potentially inhibit POP

and FAP. The synthesis of these compounds is currently in progress.

6.2 Introduction

According to the World Health Organization, cancer is currently the second largest global
cause of death.! Research into anti-cancer therapeutics has increasingly demonstrated the
importance of understanding the tumor microenvironment (TME) in cancer pathology.? Within the
TME, cancer-associated fibroblasts are thought to play a major role,® and their expression of the
serine protease fibroblast activation protein o (FAP) has been of particular interest, due to its
contribution to tumour growth and metastasis through its peptidase and collagenase activity.*
Present in the TME is another homologous enzyme of the same S9 family, prolyl oligopeptidase
(POP). This protease is known to contribute to cleavage of thymosin-4 and consequent release of
acetyl-SDKP, a tetrapeptide which is a potent angiogenesis stimulator and is implicated in cell
proliferation.>®

Under healthy physiological conditions, FAP is not expressed by adult tissues, though it is
expressed transiently during healing processes. In contrast, this enzyme is abundantly expressed
by tumor stromal fibroblasts.” Furthermore, in pancreatic and rectal cancer samples, FAP
expression levels are positively correlated with a more serious prognosis.* POP, on the other hand,
is expressed in normal cells throughout the body. Its high concentration in the brain led to its initial
discovery as a target for neurodegenerative diseases (e.g. Parkinson’s, Alzheimer’s).® More

recently, however, it has been discovered to be overexpressed in certain epithelial cancers and
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associated with tumour expansion.’ Both in vitro and in vivo studies have shown that POP and/or

6, 9-10 and Christiansen et al. have

FAP inhibition lead to attenuation of tumour progression,
demonstrated with in vivo models the possibility that dual inhibition could be synergystic.’
Currently, there exist no POP nor FAP inhibiting drugs on the market nor in clinical trials,
although one drug candidate marketed as Talabostat (Figure 6.1), a boronic acid dipeptide multi-
target drug, did reach Phase 111 clinical trials but was ultimately halted!'"!? due to inefficacy.!® This
attrition was likely due to its rapid inactivation via intramolecular cyclization at physiological
pH.'"*15 However, its failure was also suggested to be due to toxicity at dosage levels needed for
therapeutic effect.!> Thus, in recent years, our group has been interested in the discovery of potent
dual inhibitors that move away from the common peptidic scaffold resembling Talabostat
exploited by many groups (6.1-6.3, Figure 6.1).'%!® Using combinations of virtual screening and
docking-guided design, we have discovered several series of potent peptidomimetic inhibitors

)19—21

against POP in the low-nanomolar range in vitro (6.4-6.5, Figure 6.1 and micromolar against

19:22 and against POP-FAP in the micromolar range in vitro.* Further, our

cancer cell lines
collaborative efforts have demonstrated that boronic acid is the ideal functional group for POP-
FAP dual covalent inhibition, as it demonstrates longer residence times and higher reactivity with
the less-reactive catalytic serine of FAP.>* Herein we describe a bicyclic borinic acid scaffold
optimized from results of the first ever reported virtual screening on FAP. However, this discovery
of an innovative class of potential reversible covalent POP-FAP dual inhibitors represents a clear

synthetic challenge.
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Figure 6.1. Boronic acids and esters as dual inhibitors of FAP and POP

6.3 Virtual Screening Design
6.3.1 Crystal Structure Preparation

In our past docking studies to POP and FAP, we established the key residues for the
stabilization of inhibitors in the enzymes’ respective active sites,?! allowing us to move forward
with a virtual screening. Unfortunately, the only crystal structure for FAP available on the Protein
Data Bank is of the apo form,” or not bound to a substrate nor inhibitor. This lack of ligand
prohibits the docking program from recognizing the active site and therefore where to dock the
ligand. To prepare the FAP crystal structure (pdb code: 1z68%) for docking, we thought to align it
to a homologous enzyme, dipeptidyl peptidase IV (DPP-IV), that has been co-crystallized with a
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ligand. The aligned FAP structure was prepared by first aligning two DPP-IV crystal structures
(pdb codes: 2rgu,? 3bjm?"), using the MATCH-UP function on the Forecaster platform to obtain an
average structure, followed by aligning FAP to the average DPP-1V structure. The FAP/DPP-1V
superposition is shown in Figure 6.2. The ligands were simultaneously aligned with FAP and were
extracted from the DPP-IV active site to be used as the “FAP ligand” in the final docking protocol.
The workflow for aligning FAP to DPP-IV is included in Figure 6.4.

I \

'(
Zz- 7

~

Figure 6.2. FAP crystal structure aligned to DPP-IV. (FAP in green, pdb 1z68%; DPP-IV pdb
2rgu?® in cyan and pdb 3bjm?*’ in magenta). Key residues are thickened and labeled following FAP

numbering.

From Figure 6.2, it is apparent that the key glutamic acid residues for substrate binding are
conserved, along with several key residues in the active site. One major difference resides in the
Phe350/351 pair in FAP. In DPP-IV, it appears that one of these Phe is replaced with a positively
charged Arg residue. This difference in polarity, among others in the residues surrounding the
active site (e.g. Ala207 in FAP is Ser209 in DPP-1V), can be later exploited to assure specificity

for FAP over DPP-1V, a target for antidiabetic treatment.?

211



Chapter 6

6.3.2 Virtual Screening Preparation

Once the FAP crystal structure for docking was ready, the virtual screening was prepared.

Figure 6.3 shows the overall methodology of our virtual screening.

‘—\‘: -‘E"o ‘T‘ library

HQ’B-‘OH assembling
Potential
dual inhibitors

filtering
o
e
<
B
clustering 2
12| PoP
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W - + o | covalent dockin
N o oH g ? e -
diverse known actives e getting top “hits”
library and inactives

Figure 6.3. Virtual screening methodology for new FAP-POP dual inhibitors

Because our search would ultimately lead to potential covalent inhibitors, our first step was to
assemble a library of structures containing covalently reactive groups. The focus was on nitriles,
aldehydes, and boronic acids, all well-established groups for covalent inhibition.?” Thus, a library
of compounds containing each functional group was collected from the ZINC15%° and ChEMBL?!
databases. We further concentrated this library to eventually lead to a drug-like potential FAP-
POP dual inhibitor. The library was processed using Forecaster’s’> SMART function to add
descriptors, or quantifiable parameters (e.g. logP, number of rotatable bonds, number of hydrogen
donors/acceptors, etc.), that would be used in the subsequent filtering process. Filtering was
performed using the REDUCE function to remove undesirable compounds, such as those containing
more than one covalent group and/or do not adhere to Lipinski’s Rule of Five*® or Veber’s rules.**

The remaining molecules were clustered using the SELECT function into a set of representative
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molecules. It was also necessary to assemble a library of known active and inactive compounds
for both FAP and POP in order to have a reference against which to compare the library of
unknowns. The final compound libraries and proteins were then virtually prepared for docking
(using PREPARE and PROCESS) and docked using FITTED.***7 Finally, because the pharmacophore
of POP covalent inhibitors allows for a larger diversity of inhibitor structure,® whereas the majority

of FAP covalent inhibitors have been modified dipeptides, ¢!’

we started our screening by docking
the compound library to the more restrictive active site of FAP. Figure 6.4 shows the Forecaster

workflow used for the protein alignment, library preparation, and virtual screening.

Figure 6.4. The Forecaster workflows for virtual screening. (A) Workflow for cleaning up each
ligand library; (B) Workflow for aligning FAP to DPPIV structures and for docking the ligand
libraries to FAP

Upon docking each compound, FITTED uses an implemented scoring function to calculate two
values: RankScore and MatchScore. In brief, RankScore sums the total favorable interactions
between the ligand and the protein and estimates the solvation/desolvation energy and the entropy
change of the ligand upon binding, while MatchScore sums the total matching interactions (e.g.,
hydrogen bond donor in the protein with hydrogen bond acceptor in the ligand) between the ligand
and each residue in the active site. Furthermore, the FITTED output includes several energy terms

(e.g. van der Waals, hydrogen bonding).*>-*’ Different weights were applied to each term to obtain
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an optimized score so as to indirectly allocate the highest scores to known actives, thereby allowing
the most promising unknown compounds to be easily identified using definite, quantitative

descriptors.

6.3.3 Virtual Screening Results

Upon analysis of the ranked results, one third of the top 100 compounds (out of 5237) in FAP
were known actives, either from the known library of actives/inactives or in the library of unknown
compounds. This result not only indicated that many unknowns within the top 100 would
potentially be active against FAP, but it also confirms that our docking software can be used to
successfully identify active compounds in a screening library. Docking the top 100 to POP gave
us a better sense of which molecules could potentially be dual inhibitors. Among the virtual hits
were many amines and anilines/anilides. This result is not surprising, as the glutamic acids 203
and 204 in the active site (Figure 6.5A) act as hydrogen bond acceptors for the natural peptidic
substrate and potent peptidic inhibitors. The aromatic amines/anilides were also promising in POP,
participating in aromatic interactions with Phel73 in POP (Figure 6.5B). The anilines also
participated in aromatic interactions with the phenylalanine pair in FAP (Figure 6.5A), as did other
hits containing aromatic rings. Some anilide compounds containing fluorine also ranked highly,
potentially participating in halogen bonds or weak hydrogen bonds with the active site residues in

both enzymes.

Phe350
Phe351 ~X
e3% Trp595 d\/
H
Ne) Tyrd73
Q Tyr541
H H
Glu204 ;{/\( 4
o) H H i Ser554
0 "N H,
’ Phe173 HN—®
. |-'| //\ Asp702 E__J NH, ®N—\
NH 0
Glu203 Arg643 \g,J(
His734 His680 Asp641
Asn704

Figure 6.5. Schematic diagram of the POP and FAP active sites. (A) FAP, key hydrogen bond
acceptors highlighted in red; (B) POP, key hydrogen bond donors highlighted in blue and aromatic

interaction residue in green
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Several benzoxaboroles were also among the top hits in the screening. The benzoxaborole
presents an interesting functional group, as the boronic acid reactive group is locked into a [4.3.0]
bicyclic structure (Figure 6.6, 6.7-6.9). This fused bicycle was present in many of the unknown

compounds and several in the top 100 compounds. The benzoxaborole is a common scaffold used

138 139

in anti-fungal®® and dermatological®” drug discovery, and is present in two FDA-approved drugs,
Crisaborole*® and Tavaborole*!' (Figure 6.6).*? Interestingly, the 1,4-dicarbonyl moiety (found in
dipeptides 6.1, 6.2, and 6.4) of potent POP and FAP inhibitors was present almost exclusively in
hits that are known active compounds. Instead, the virtual hits contained 1,4-heteroatom
connections (e.g. aminoalcohol, diol), such as in compounds 6.6 and 6.7 (Figure 6.6). The alcohol
or phenol group could act as a hydrogen bond acceptor for Arg643 and Trp595 in the POP active
site (Figure 6.5, B) or as a hydrogen bond donor for Glu203/204 in the FAP active site (Figure 6.5,

A). A few selected hits are shown in Figure 6.6.
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Figure 6.6. Selected virtual hits from the screening, including one active FAP-POP dual inhibitor

from the library of unknowns. '8
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With these hits in hand, it was next necessary to conduct in silico modifications to optimize
the docking poses, while maintaining synthetic feasibility. We chose the known active 6.6 and
benzoxaborole 6.8 as starting points. We first virtually reduced the flat aromatic system to its
aliphatic analogue to introduce two stereocenters for specificity. Next, maintaining the 1,4-
amidoalcohol relationship of 6.6 and the fluorinated aromatic side chain of 6.8, several rounds of
docking-guided optimizations involving modifying side chains and stereochemistry, led to
compound 6.10 (Figure 6.7). We next removed the cis-aminoalcohol and moved the alcohol to the
aromatic ring to allow for some flexibility in the hydrogen bond donors and acceptors, giving

compound 6.11 (Figure 6.7).

rigifiy
OHO ] CF; O /@E\
O
- N /
LA LA N
N| P H ) B~oH H OH
HO' CF;
6.6 6.8

Scaffold
optimization

Docking-guided
optimization

6.10 6.1

Figure 6.7. Synthetic targets obtained by docking-guided optimization of selected virtual hits.
Retained scaffolds and functional groups highlighted in blue.
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Figure 6.8 gives the docking pose of compound 6.10 in both POP and FAP. From the docking
poses, it is clear that the selected functional groups serve their intended purpose. In POP, the
benzylic group participates in edge-to face interactions with Phe173, with the fluorine facing the
Arg643 residue, potentially interacting in weak hydrogen bonding. Although the hydroxyl group
does not interact with the Trp595, it is in position to hydrogen bond with Cys255, previously
unconsidered. The amine, though positively charged in the docking pose, is likely to be only
partially ionized in vitro; not only is our in vitro assay done in slightly basic conditions, but the
binding pocket of POP is hydrophobic, potentially leading to decreased ionization. Furthermore,
some kinetic studies have found that the optimal pH for POP activity (in vitro) has been measured
to be approximately pH 8,4*** though optimal pH of the active site in vivo is not known. This opens
an opportunity of the amine in 6.10 to potentially act as a hydrogen bond acceptor to the Arg643.
In FAP, the pose is very promising. Both the alcohol and the amine interact with Glu203/204 as
hydrogen bond donors. Furthermore, the benzylic group is positioned in a way so as to interact in
aromatic interactions simultaneously with Phe350 and Tyr541. This compound was thus selected

as a synthetic target.
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Figure 6.8. Predicted docking poses of compound 6.10 in POP and FAP. (A, B) POP; (C, D) FAP.
The compound is highlighted in blue, and key observed interactions are highlighted in violet.

Figure 6.9 gives the docking pose of compound 6.11 in both POP and FAP. From the docking
poses, compound 6.11 also looks promising. In POP, the slightly-further phenolic hydroxyl
restores desired hydrogen bonding interactions with Trp595 while maintaining aromatic
interactions with Phel73. Furthermore, the potential amine-Arg643 interaction is maintained. In
FAP, both the phenolic hydroxyl and amine interact with Glu203/204 as hydrogen bond donors.
(The 3D docking pose shows the oxygen hydrogen bonding to the oxygen, but the phenolic
hydrogen is randomly placed in silico. The analysis of interactions considered this.) The benzylic
group of compound 6.11 also appears to be participating in aromatic interactions with Phe350.

Compound 6.11 was therefore also selected as a synthetic target.
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Figure 6.9. Predicted docking poses of compound 6.11 in POP and FAP. (A, B) POP; (C, D) FAP.
The compound is highlighted in blue, and key observed interactions are highlighted in violet.

6.4 Chemistry

The separate syntheses were first optimized using the same meso-anhydride 6.12 to synthesize
the desired final products as racemic mixtures. Upon optimization, the meso-anhydride will require
enantiomeric resolution so as to provide the corresponding enantiopure starting materials for the

synthesis of enantiopure inhibitors 6.10 and 6.11 for testing.

6.4.1 First hit synthesis
The synthesis began with alcoholysis of commercially available meso-anhydride 6.12, using ¢-

butyl alcohol to give the #-butyl hemiester, followed by a simple benzylation procedure to give

mixed ester 6.13 (Scheme 6.1).
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Scheme 6.1. Synthesis of 6.10%
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4(a) DMAP, +-BuOH, reflux, 4 d; (b) K2COs3, BnBr, acetone, rt, 20 h, 84% over 2 steps; (c) mCPBA,
DCM, 0°C—rt, 16 h, 73%, 3.5:1 d.r.; (d) TFA, 0°C—rt, 2 h, 72%; (e) TBSCI, Im, DMAP, DMF,
0°C—rt, 20 h, 78%; (f) Ho, Pd/C, EtOAc, rt, 20 h; (g) (1) EtsN, EtOCOCI, THF, -78°C, 1 h; (2)
NaBH4, H>0, 0°C, 3 h, 57% over 3 steps; (h) TBSCI, Im, DMF, 0°C—rt, 20 h, 89%

The benzylated di-ester was then subjected to epoxidation conditions with m-CPBA to give
the trans epoxide 6.14 with high diastereoselectivity. Different combinations of di-esters (e.g.
methyl/benzyl, tert-butyl/methyl) were tested during stereochemical optimization, but most gave
lower diastereomeric ratios and more difficult chromatographic separations; the fert-butyl/benzyl
di-ester combination was found to be the optimal system. Cyclization of this system to the desired
lactone was not so straight-forward. De-benzylation via hydrogenolysis only gave 5% cyclization
products, even upon addition of base. However, use of BF3*OEt: on the debenzylated product did

result in cyclization and also removed the fert-butyl group. Unfortunately, reproducibility was low,
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and the high polarity of the product led to isolation and purification issues. Finally, TFA was used
on the epoxide 6.14 to give the cyclized alcohol 6.15 in good yield, simultaneously deprotecting
the tert-butyl ester and cyclizing the system to the lactone. Subsequent protection of the hindered
secondary alcohol gave low yield, but improved significantly upon addition of DMAP as a catalyst.
To convert the remaining benzyl ester to the primary alcohol 6.17, we telescoped the de-
benzylation of 6.16 and reduction of the resultant carboxylic acid via a mixed anhydride, then
protected the alcohol using TBSCl to give 6.18. Unfortunately, several attempts to open the lactone
through methanolysis or with lithium methoxide failed. We will next test saponification conditions
and selective methylation of the resultant carboxylic acid to give 6.19 in telescoped steps.
Although the synthesis is still in progress, we have successfully established our desired
stereocenters so far. We next envision displacing the alcohol with a Mitsunobu reaction to obtain
the amine, followed by several functionalization steps to obtain 6.20, a decarboxylative borylation
developed by the Baran lab* to convert the methyl ester to the pinacol boronic ester 6.21, and

finally deprotection steps to obtain 6.22, the hydrochloride salt of 6.10.
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6.4.2 Second hit synthesis
The synthesis began with the same alcoholysis of commercially available meso-anhydride

6.12, followed instead by iodolactonization in a one-pot procedure to give 6.23 in good yield

(Scheme 6.2).

Scheme 6.2. Synthesis of inhibitor 6.11%
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4(a) DMAP, --BuOH, reflux, 4 d; (b) NaHCO3, I, KI, DCM-H>0O; 0°C—rt, 18 h, 73% over 2 steps;
(c) TFA, DCM, 0°C—rt, 20 h; (d) (1) EtsN, EtOCOCI, THF, —78°C, 1 h; (2) NaBH4, H20, 0°C, 3
h, 89% over 2 steps; (e) TBSCI, Im, DMF, 0°C—1t, 20 h, 74%:; (f) LiOAc*2H>0, H», Pd/C, MeOH,
rt, 16 h; (g) LiOH, THF-H>0, 0°C—rt, 20 h; (h) K2COs, Mel, rt, 18 h, 53% over 3 steps

Following procedures adapted from the literature,*® the deprotection of the tert-butyl ester
proceeded smoothly, giving the carboxylic acid, which was selectively reduced and protected to
give 6.25, as in 6.17 in Scheme 6.1. Deiodination was conducted using H, and Pd/C, adapting

procedures from Wang et al.¥’

The lactone was then opened using LiOH to saponify the lactone,
followed by selective methylation, giving alcohol 6.26. Converting the remaining secondary

alcohol to an amine with inverted stereochemistry has been quite a challenge so far. Reactions
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with nosyl chloride or triflic anhydride to create leaving group were unsuccessful, but upon
successful mesylation of 6.26, SN» attempts with amines or sodium azide failed, even under reflux
conditions; starting material was recovered nearly quantitatively. Currently, we are in a similar
phase of the synthesis as in that of 6.10. The next few steps should be very similar, and we can
hopefully obtain our two racemic synthetic targets. When both syntheses are optimized, we can

proceed to the synthesis of the enantiopure analogues.

6.4.3 Enantiomeric Resolution

Once the synthetic strategy is established and fully optimized, it will be necessary to synthesize
the enantiopure desired inhibitor should the racemic mixture show inhibition. We envision that the
enantiomeric synthetic target 6.11 could be obtained through enzymatic resolution of the di-ester

6.rac-30 using pig liver esterase (Scheme 6.3) as originally reported by Kobayashi et al.*® The di-

ester 6.rac-30 can be synthesized via a procedure adapted from Sabitha et al.,* giving the desired
product in quantitative yield with no necessary flash chromatography.
Scheme 6.3. Preparation of enantiopure starting material of compound 6.11?
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4(a) MeOH, BF3*OEt,, 0°C—rt, 18 h, quant.; (b) pig liver esterase, KH,PO4, NaOH, H>O-

acetone, rt, 5 d*
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Although desymmetrization of 6.rac-30 has been achieved synthetically through the use of the

cinchona alkaloids quinidine or quinine,’*>!

enzymatic resolution allows for a more scalable
preparation of this particular starting material.*® To obtain the desired enantiomer of compound
6.10 (as well as 6.11), the desymmetrization of the meso-anhydride 6.12 can be achieved via
adaptation of a enantioselective methanolysis by Manzano et al.,’> using enantiopure L- or D-
valine-derived thiourea catalyst 6.33 or 6.ent-33 in the to give the hemi-ester 6.31 with high
enantioselectivity (Scheme 6.4). The synthesis of catalysts 6.33 and 6.ent-33 can be performed as

described by Andrés et al.>?
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Scheme 6.4. Preparation of enantiopure starting material of compounds 6.10 and 6.11*
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With these enantiopure compounds in hand, it will finally be possible to test their ability to
inhibit POP and FAP in vitro. Because we used the crystal structures of DPP4 to prepare that of
FAP, it will also be necessary to test the compounds on DPP4 to ensure selectivity for POP/FAP.

6.5 Conclusion

Our group has successfully utilized docking software in the past to conduct computer-aided
drug design, whether through in silico modification of known actives®' or substrates,??> or
through virtual screening.!® We have recently expanded our studies from POP-selective inhibition
to POP-FAP. After a comprehensive virtual screening, we obtained two promising synthetic
targets of a borinic acid scaffold. Our synthetic efforts have thus far led us to an advanced

intermediate, and we hope to reach the desired targets soon.
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6.6 Experimental Section

6.6.1 Protein alignment.
The FAP (pdb 1z68%) and DPP-IV (pdb 2rgu,?® 3bjm?’) protein structures were obtained from

the Protein Data Bank> (https://www.rcsb.org). The proteins were aligned using the Match

function on the Forecaster platform.

6.6.2 Virtual Screening.

The original libraries were obtained from both the ZINC15%° and ChEMBL?! databases.
Corresponding libraries (nitriles, aldehydes, and boronic acids) were combined, and duplicate
compounds were removed. In the boronic acid library, boronic esters were virtually deprotected,
or converted to the respective boronic acids; duplicate boronic acids were then removed. Each 2D
library was converted to 3D using Forecaster’s Convert function. Each compound in the 3D library
was assigned descriptors using the Smart function. Each library (nitrile, aldehyde, boronic acid)
was filtered using the Reduce function to set minimum and maximum values on quantitative
descriptors and to remove unwanted functional groups. While the final aldehyde and boronic acid
libraries contained less than 2500 compounds each, the nitrile library was set to 2500 clusters using
the Select function. The individually filtered libraries were then combined and prepared for
docking using the Smart function. The libraries were then docked to FAP using Fitted. The results
sorted by optimized score, obtained by assigning weights to the various energy terms and scores
to maximize the area under the receiver operating characteristic curve. The top compounds were
docked to POP using Fitted and their docking poses analyzed to determine which compounds

would be selected for virtual optimization of potential dual inhibitors.

6.6.3 Synthesis.

6.6.3.1 General Information

All commercial reagents were used without purification. All reactions, unless under aqueous
conditions, were carried out in flame-dried flasks under argon atmosphere with anhydrous
solvents. FTIR spectra were recorded using a Perkin-Elmer Spectrum One FT-IR. 'H and *C NMR
spectra were recorded on Bruker 400 or 500 MHz or Varian 500 MHz spectrometers. Chemical
shifts are reported in ppm using the residual of deuterated solvents as the internal standard. Thin

Layer Chromatography visualization was performed under UV light or by development using
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KMnOys or p-anisaldehyde stains. Chromatography was performed on silica gel 60 (230—40 mesh).
High resolution mass spectrometry was performed by ESI on a Bruker Maxis Impact API QqTOF
or by ESI or APCI on a ThermoFisher Exactive Plus Orbitrap-API at McGill University. All

compounds were stored at —20°C.

6.6.3.2 Chemistry

1-benzyl 2-(tert-butyl) (1R,2S)-cyclohex-4-ene-1,2-dicarboxylate (6.13) The anhydride 6.12
(7.50 g, 49.3 mmol, 1 eq) was suspended in ~-BuOH (40 mL), and DMAP (602 mg, 4.93 mmol,
0.1 eq) was added. The mixture was refluxed for 4 days. Water was added, and the product was
extracted with Et2O. The combined organic layers were washed with brine, dried over Na>SOs,
filtered, and concentrated in vacuo to give the intermediate hemiester as a beige oil (84%
conversion). (The conversion was determined by NMR to calculate the stoichiometric amounts in
the next step.) The crude hemi ester (1 g, 1 eq) was dissolved in acetone (44 mL). KoCOs (1.83 g,
3 eq) was added, followed by BnBr (0.45g, 0.8 eq). The reaction stirred overnight at room
temperature. Water was added, and the product was extracted with EtoO. The combined organic
layers were washed with saturated NaHCO;3; and brine, dried over NaxSQOs, filtered, and
concentrated in vacuo. The crude product was purified by flash chromatography on a silica gel
column to give the product as a clear oil (eluent 90:10 hexanes-EtOAc) to give the product as a
clear oil (0.99 g, 84% over 2 steps). Ry=0.50 (90:10 hexanes-EtOAc); IR (film) cm™ 3036, 2980,
1724, 1367, 1393, 1153, 908; 'H NMR (500 MHz, Chloroform-d) § 7.41 —7.28 (m, 5H), 5.68 (d,
J=1.7Hz, 2H), 5.18 = 5.11 (m, 2H), 3.06 (td, /= 5.8, 3.5 Hz, 1H), 2.99 (ddd, /= 7.9, 5.8, 3.4 Hz,
1H), 2.59 — 2.54 (m, 1H), 2.54 — 2.50 (m, 1H), 2.39 — 2.33 (m, 1H), 2.32 — 2.24 (m, 1H), 1.39 (s,
9H); *C NMR (126 MHz, Chloroform-d) § 25.65, 26.38, 28.04 (3C), 40.17, 40.69, 66.41, 80.90,
125.15, 125.54, 128.25 (2C), 128.39, 128.63 (2C), 136.19, 172.31, 173.40; HRMS (ESI+) m/z
calcd for [C19H2404 + Na]" 339.1567, found 339.1560.

3-benzyl 4-(tert-butyl) (1R,3R,4S,65)-7-oxabicyclo[4.1.0]heptane-3,4-dicarboxylate (6.14)
The alkene 6.13 (2.83 g, 1 eq) was dissolved in DCM (30 mL), and the solution was cooled to 0°C.
mCPBA (1.85 g, 1.2 eq) was added, and the reaction stirred overnight at room temperature.
Saturated NaHCO3 was added, and the mixture stirred for 20 minutes. The product was extracted
with DCM, and the combined organic layers were washed twice with saturated Na>S>0s, twice
with saturated NaHCO3, and twice with brine, dried over Na>SOa, filtered, and concentrated in

vacuo. The crude product (d.r. 3.5:1, trans:cis) was purified by flash chromatography on a silica
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gel column (eluent 80:20 hexanes-EtOAc) to give the desired diastereomer as a clear oil (2.20 g,
73%). Ry=0.55 (80:20 hexanes-EtOAc); IR (film) cm™ 2980, 1726, 1386, 1391, 1171, 1153, 909;
'H NMR (500 MHz, Chloroform-d) & 7.40 — 7.29 (m, 5H), 5.15 (d, /= 12.4 Hz, 1H), 5.10 (d, J =
12.2 Hz, 1H), 3.26 — 3.20 (m, 2H), 2.93 — 2.85 (m, 2H), 2.34 — 2.22 (m, 2H), 2.18 (ddd, J = 15.6,
8.2,2.6 Hz, 1H), 2.07 (dd, J = 15.6, 5.8 Hz, 1H), 1.39 (s, 9H); '3*C NMR (126 MHz, Chloroform-
d) 6 24.64, 25.27, 28.04 (3C), 37.90, 38.86, 51.56, 52.08, 66.68, 81.40, 128.35 (2C), 128.41,
128.68 (2C), 135.89, 172.07, 173.08; HRMS (ESI+) m/z calcd for [C19H240s + Na]* 355.1516,
found 355.1509.

benzyl (1S,2R,4R,5R)-4-hydroxy-7-0x0-6-oxabicyclo[3.2.1]octane-2-carboxylate (6.15)
The epoxide 6.14 (312 mg, 1 eq) was dissolved in DCM (9 mL), and the solution was cooled to
0°C. TFA (535 mg, 0.36 mL, 5 eq) was added, and the solution stirred at 0°C for 2 hours (with a
glass septum). The solution was concentrated in vacuo, and the crude product was purified by flash
chromatography on a silica gel column (eluent 60:40 EtOAc-hexanes) to give the cyclized lactone
as a clear oil (187 mg, 72%). Rr= 0.38 (60:40 EtOAc-hexanes); IR (film) cm™! 3484, 2984, 1774,
1731, 1165, 1138, 1054, 908; '"H NMR (500 MHz, Chloroform-d) & 7.43 — 7.30 (m, 5H), 5.16 (s,
2H), 4.65 (t, J = 5.2 Hz, 1H), 4.26 (dt, J = 7.0, 2.7 Hz, 1H), 3.07 (dd, J = 5.1, 2.8 Hz, 1H), 2.98
(ddd, J=11.8, 6.6, 2.0 Hz, 1H), 2.51 — 2.36 (m, 1H), 2.34 — 2.23 (m, 1H), 2.16 — 2.06 (m, 2H);
3C NMR (126 MHz, Chloroform-d) § 30.08, 31.24, 39.22, 40.47, 64.70, 67.17, 78.31, 128.39
(20), 128.50, 128.73 (2C), 135.61, 171.54, 176.00; HRMS (ESI+) m/z calcd for [C1sH160s + Na]*
299.0890, found 299.0890.

benzyl (15,2R,4R,5R)-4-((tert-butyldimethylsilyl)oxy)-7-0x0-6-oxabicyclo[3.2.1]octane-2-
carboxylate (6.16) The lactone 6.15 (936 mg, 1 eq) was dissolved in DMF (11 mL), and the
solution was cooled to 0°C. DMAP (42 mg, 0.1 eq) was added, followed by imidazole (461 mg, 2
eq) and TBSCI (613 mg, 1.2 eq). The reaction stirred overnight at room temperature without argon
atmosphere. Water was added, and the product was extracted with Et2O. The combined organic
layers were washed with brine, dried over Na>SOs, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography on a silica gel column (eluent 80:20 hexanes-
EtOAc) to give the product as a clear oil (1.035 g, 78%). Ry = 0.33 (80:20 hexanes-EtOAc); IR
(film) cm™ 3019, 2952, 1786, 1732, 1162, 1064; "H NMR (500 MHz, Chloroform-d) § 7.48 — 7.29
(m, SH), 5.17 (s, 2H), 4.50 (t, /= 5.3 Hz, 1H), 4.26 — 4.04 (m, 1H), 3.05 (dt, J=5.5, 1.7 Hz, 1H),
2.93 (ddd, J = 12.6, 5.6, 2.0 Hz, 1H), 2.42 (dd, J = 12.0, 6.2 Hz, 1H), 2.25 (dt, J=11.6, 5.7 Hz,
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1H), 2.17 — 2.08 (m, 1H), 2.05 — 1.97 (m, 1H), 0.89 (s, 9H), 0.08 (s, 3H), 0.06 (s, 3H); 1°C NMR
(126 MHz, Chloroform-d) ¢ -4.85, -4.73, 18.04, 25.81 (3C), 30.37, 31.39, 39.30, 40.49, 65.47,
67.15, 78.61, 128.45 (2C), 128.49, 128.74 (2C), 135.70, 171.64, 175.84; 3C NMR (126 MHz,
Chloroform-d) & -4.85, -4.73, 18.04, 25.81 (3C), 30.37, 31.39, 39.30, 40.49, 65.47, 67.15, 78.61,
128.45 (2C), 128.49, 128.74 (2C), 135.70, 171.64, 175.84;, HRMS (ESI+) m/z calcd for
[C21H3005Si + Na]" 413.1755, found 413.1751.

(18,2R 4R ,SR)-4-((tert-butyldimethylsilyl)oxy)-2-(hydroxymethyl)-6-
oxabicyclo[3.2.1]octan-7-one (6.17) The benzyl ester 6.16 (347 mg, 1 eq) was dissolved in EtOAc
(25 mL). Argon was bubbled into the solution for 5 minutes, and Pd/C (10 wt%) was added. Argon
was bubbled into the solution for 5 more minutes. The argon balloon was replaced with an H»
balloon, and H> was then bubbled into the solution overnight. The catalyst was filtered through
Celite®, and the filter cake was rinsed with EtOAc. The filtrate was concentrated in vacuo, and
the crude carboxylic acid was dissolved in THF (4 mL), and the solution was cooled to —78°C.
EtsN (117 mg, 0.16 mL, 1.3 eq) was added, followed by EtOCOCI (116 mg, 0.10 mL, 1.2 eq). The
resultant mixture was stirred for 1 hour at —78°C and was then warmed to 0°C. H>O (1.6 mL) was
added, followed by NaBH4 (67 mg, 2 eq) slowly. The reaction stirred at 0°C for 2 h, and then
quenched with saturated sodium bicarbonate. The product was extracted with EtOAc, and the
combined organic layers were washed with saturated NaHCOs3 and brine, dried over Na>SOs,
filtered, and concentrated in vacuo. The crude product was purified by flash chromatography on a
silica gel column (eluent 60:40 hexanes-EtOAc) to give the product as a clear oil (146 mg, 57%
over 3 steps). Ry = 0.41 (60:40 hexanes-EtOAc); IR (film) cm™ 3440, 2956, 1776, 1389, 1364,
1102, 1064, 876; 'H NMR (500 MHz, Chloroform-d) & 4.52 (t,J=5.2 Hz, 1H), 4.12 (ddd, J=5.5,
3.2, 1.0 Hz, 1H), 3.60 — 3.45 (m, 2H), 2.72 (dt, J = 5.7, 1.7 Hz, 1H), 2.39 (d, J = 11.8 Hz, 1H),
2.26 (dt, J=11.8, 5.8 Hz, 1H), 2.23 — 2.17 (m, 1H), 2.00 — 1.93 (m, 1H), 1.73 (dd, J=14.9, 5.3
Hz, 1H), 1.54 (ddd, J=14.9, 12.7, 4.2 Hz, 1H), 0.89 (s, 9H), 0.08 (s, 3H), 0.06 (s, 3H); 1°C NMR
(126 MHz, Chloroform-d) ¢ -4.83, -4.73, 18.05 (3C), 25.81, 30.95, 31.51, 36.87, 40.14, 64.57,
65.80, 79.70, 178.15; HRMS (ESI+) m/z calcd for [C14H2604Si + Na]™ 309.1493, found 309.1496.

(1S,2R 4R ,SR)-4-((tert-butyldimethylsilyl)oxy)-2-(((zer-butyldimethylsilyl)oxy)methyl)-
6-oxabicyclo[3.2.1]octan-7-one (6.18) The alcohol 6.17 (132 mg, 1 eq) was dissolved in DMF (4
mL), and the solution was cooled to 0°C. Imidazole (63 mg, 2 eq) was added, followed by TBSCI

(83 mg, 1.2 eq). The reaction stirred overnight at room temperature without argon atmosphere.
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Water was added, and the product was extracted with Et;O. The combined organic layers were
washed with brine, dried over Na>SOys, filtered, and concentrated in vacuo. The crude product was
purified by flash chromatography on a silica gel column (eluent 90:10 hexanes-EtOAc) to give the
product as a clear oil (165 mg, 89%). R;=0.61 (90:10 hexanes-EtOAc); IR (film) cm™ 2952, 1792,
1782, 1257, 1096, 1064, 836; 'H NMR (500 MHz, Chloroform-d) & 4.49 (t, J= 5.2 Hz, 1H), 4.10
(t, J=4.2 Hz, 1H), 3.51 (dd, J = 10.1, 8.5 Hz, 1H), 3.39 (dd, J = 10.1, 5.9 Hz, 1H), 2.67 (d, J =
5.6 Hz, 1H), 2.37 (d, J=11.8 Hz, 1H), 2.23 (dt, J=11.8, 5.8 Hz, 1H), 2.20 — 2.13 (m, 1H), 1.75
(dd, J=14.9, 5.2 Hz, 1H), 1.40 (ddd, /= 14.9, 12.8, 4.2 Hz, 1H), 0.90 (s, 18H), 0.08 (s, 6H), 0.06
(s, 3H), 0.06 (s, 3H); 1*C NMR (126 MHz, Chloroform-d) § -5.29, -5.25, -4.81, -4.72, 18.07, 18.43,
25.83 (3C), 26.04 (3C), 31.28, 31.61, 37.36, 39.57, 64.62, 65.96, 79.47, 177.38; HRMS (ESI+)
m/z caled for [C20H4004Si2 + Na]* 423.2357, found 423.2355.

tert-butyl (1S,2R,4R,5R)-4-iodo-7-0x0-6-0xabicyclo[3.2.1]octane-2-carboxylate (6.23)
The anhydride 6.12 (7.50 g, 49.3 mmol, 1 eq) was suspended in z-BuOH (40 mL), and DMAP (602
mg, 4.93 mmol, 0.1 eq) was added. The mixture was refluxed for 4 days. Water was added, and
the product was extracted with Et;O. The combined organic layers were washed with brine, dried
over Na;SQy, filtered, and concentrated in vacuo to give the intermediate hemiester as a beige oil
(84% conversion). (The conversion was determined by NMR to calculate the stoichiometric
amounts in the next step.) The crude product (8.26 g, 36.5 mmol, 1 eq) was dissolved in DCM
(40 mL) and H>O (120 mL), and the resultant mixture was cooled to 0°C. NaHCO3 (6.13 g,
71.3 mmol, 2 eq) was added slowly, followed by 1> (10.2 g, 40.2 mmol, 1.1 eq), and KI (12.1 g,
72.9 mmol, 2 eq). The mixture was stirred overnight at room temperature. The reaction was then
cooled to 0°C, and saturated Na>S>O3 was added slowly until the mixture became colorless. The
product was then extracted with DCM, and the combined organic layers were washed with
saturated Na>S>O3 and brine, dried over Na>SOa, filtered, and concentrated in vacuo. The crude
product was then purified by flash chromatography on a silica gel column (eluent 85:15 hexanes-
EtOAc) to give the pure iodolactone 6.23 as a white solid (11.2 g, 73% over 2 steps). Ry = 0.43
(85:15 hexanes-EtOAc); mp = 86-89°C; IR (film) cm™ 2976, 1784, 1724, 1367, 1393, 1144, 1114,
951; '"H NMR (500 MHz, Chloroform-d) & 4.78 (dd, J = 5.8, 4.0 Hz, 1H), 4.52 (dd, J= 5.7, 4.0
Hz, 1H), 3.15 - 3.02 (m, 1H), 2.85 — 2.74 (m, 2H), 2.54 (ddd, J = 16.7, 12.6, 5.7 Hz, 1H), 2.45
(dtd, J=12.7,5.8, 1.5 Hz, 1H), 2.33 (dd, J = 16.6, 5.3 Hz, 1H), 1.45 (s, 9H); '3*C NMR (126 MHz,
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Chloroform-d) 6 22.30, 28.05 (3C), 31.98, 34.41, 40.22, 40.98, 79.41, 82.18, 169.79, 175.12;
HRMS (ESI+) m/z caled for [C12H 17041 + Na]™ 375.0064, found 375.0065.

(1S,2R 4R ,S5R)-2-(hydroxymethyl)-4-iodo-6-oxabicyclo[3.2.1]octan-7-one  (6.24) The
iodolactone 6.23 (11.2 g, 31.8 mmol) was dissolved in DCM (100 mL), and the solution was cooled
to 0°C. Trifluoroacetic acid (18.1 g, 12.1 mL, 5 eq) was added slowly (without a septum). The
reaction stirred at room temperature overnight (with a glass stopper). The solution was then
concentrated in vacuo to give a beige oil, which was precipitated in hexanes to give the carboxylic
acid product as a white solid. The crude carboxylic acid (only some taken to next step: 810 mg,
2.74 mmol, 1 eq) was dissolved in THF (25 mL), and the solution was cooled to —78°C. Et3N (332
mg, 3.28 mmol, 0.46 mL, 1.2 eq) was added, followed by EtOCOCI (327 mg, 3.01 mmol, 0.29
mL, 1.1 eq). The resultant mixture was stirred for 1 hour at —78°C and was then warmed to 0°C.
H>0O (10 mL) was added, followed by NaBH4 (207 mg, 5.48 mmol, 2 eq) slowly. The reaction
stirred at 0°C for 2h, and then quenched with 1M HCI. The product was extracted with Et>O, and
the combined organic layers were washed with brine, dried over Na;SOs, filtered, and concentrated
in vacuo. The crude product was purified by flash chromatography on a silica gel column (eluent
60:40 EtOAc-hexanes) to give the alcohol 6.24 as a white solid (770 mg, 89% over 2 steps). Ry =
0.42 (60:40 EtOAc-hexanes); 'H NMR (500 MHz, Chloroform-d) § 4.86 (dd, J=5.8, 4.0 Hz, 1H),
4.55 (ddt, J=5.6, 3.3, 1.6 Hz, 1H), 3.68 — 3.55 (m, 2H), 2.87 —2.73 (m, 2H), 2.53 — 2.45 (m, 1H),
2.32 -2.24 (m, 1H), 2.23 — 2.10 (m, 2H). Physical and spectral properties were in agreement with
the literature.*®

(1S,2R 4R ,SR)-2-(((tert-butyldimethylsilyl)oxy)methyl)-4-iodo-6-oxabicyclo[3.2.1]octan-
7-one (6.25) The alcohol 6.24 (753 mg, 1 eq) was dissolved in DMF (13 mL), and the solution
was cooled to 0°C. Imidazole (363 mg, 2 eq) was added, followed by TBSCI (483 mg, 1.2 eq).
The reaction stirred overnight at room temperature without argon atmosphere. The reaction was
then quenched with water, and the product was extracted with Et;O. The combined layers were
washed with water and brine, dried over Na>SOa, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography on a silica gel column (eluent 90:10 hexanes-
EtOAc) to give the product as a clear oil (787 mg, 74%). Ry = 0.41 (91:10 hexanes-EtOAc); 'H
NMR (500 MHz, Chloroform-d) 6 4.81 (dd, J=5.8, 4.1 Hz, 1H), 4.52 — 4.49 (m, 1H), 3.55 (dd, J
=10.1, 8.3 Hz, 1H), 3.47 — 3.39 (m, 1H), 2.82 — 2.71 (m, 2H), 2.52 — 2.40 (m, 1H), 2.32 - 2.19
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(m, 1H), 2.16 (dd, J=16.1, 5.0 Hz, 1H), 1.96 (ddd, /= 16.1, 12.5, 5.7 Hz, 1H), 0.90 (s, 9H), 0.08
(s, 3H), 0.06 (s, 3H). ). Physical and spectral properties were in agreement with the literature.*

methyl (18,2R,5S5)-2-(((tert-butyldimethylsilyl)oxy)methyl)-5-hydroxycyclohexane-1-
carboxylate (6.26) The iodolactone 6.25 (738 mg, 1 eq) was dissolved in MeOH (18 mL), and
LiOAc*2H>0 (418 mg, 2.2 eq) was added. Argon was bubbled into the solution for 5 minutes, and
Pd/C (10 wt%) was added. Argon was bubbled into the solution for 5 minutes. The argon balloon
was replaced with an H balloon, and H> was then bubbled into the solution overnight. The catalyst
was filtered through Celite®, and the filter cake was rinsed with EtOAc. Saturated Na>S>O3 was
added, and the product was extracted with EtOAc. The combined organic layers were washed with
saturated Na>S,03 and brine, dried over Na;SQs, and concentrated in vacuo. The crude residue
was redissolved in THF-H>O (5:1, 9 mL), and LiOH (133 mg, 3 eq) was added. The reaction stirred
overnight at room temperature. The solvent was removed in vacuo, and the residue was dissolved
in H>O and EtOAc, cooled to 0°C, and 10% citric acid was added until pH 4 was reached. The
product was extracted with EtOAc, and the combined organic layers were washed with brine, dried
over Na,SQOy, filtered, and evaporated to give the product as a white solid, which was dissolved in
acetone (19 mL). KoCOs (771 mg, 3 eq) was added, followed by Mel (316 mg, 0.14 mL, 1.2 eq).
The reaction stirred overnight at room temperature. Water was added, and the product was
extracted with Et2O. The combined organic layers were washed with saturated NaHCO3 and brine,
dried over Na,SOg, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on a silica gel column (eluent 70:30 hexanes-EtOAc) to give the product as a
clear oil (298 mg, 53% over 3 steps). Ry=0.24 (70:30 hexanes-EtOAc); IR (film) cm™! 3397, 2952,
1736, 1255, 1094, 836; '"H NMR (500 MHz, Chloroform-d) § 3.78 (q, J = 5.5 Hz, 1H), 3.67 (s,
3H), 3.65 — 3.45 (m, 2H), 2.73 (dt, J= 7.6, 4.9 Hz, 1H), 2.05 — 1.98 (m, 1H), 1.94 — 1.86 (m, 2H),
1.86 — 1.79 (m, 1H), 1.67 — 1.62 (m, 2H), 1.48 — 1.38 (m, 1H), 1.33 — 1.25 (m, 1H), 0.88 (s, 9H),
0.03 (s, 3H), 0.02 (s, 3H); '3C NMR (126 MHz, Chloroform-d) & -5.34, -5.31, 22.03, 26.04 (3C),
31.52, 31.73, 33.04, 39.51, 41.21, 51.81, 63.26, 68.02, 176.17, HRMS (ESI+) m/z calcd for
[C15H3004Si + Na]" 325.1806, found 325.1804.

dimethyl (1R,25)-cyclohex-4-ene-1,2-dicarboxylate (6.rac-30) The anhydride 6.12 (200 mg,
1 eq) was suspended in MeOH (0.78 mL, 20 eq), and the mixture was cooled to 0°C. BF3;eOEt;
(140 mg, 0.12 mL, 0.75 eq) was added dropwise, and the mixture was warmed to room temperature

and stirred overnight. Water was added, and the product was extracted with Et2O. The combined
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organic layers were washed with brine, dried over Na>SOg, filtered, and concentrated in vacuo to
give the pure di-ester as a clear oil (459 mg, quant.). Ry= 0.58 (60:40 EtOAc-hexanes); 'H NMR
(500 MHz, Chloroform-d) 6 5.95 —5.29 (m, 2H), 3.69 (s, 6H), 3.04 (t, /= 5.4 Hz, 2H), 2.60 — 2.50
(m, 2H), 2.42 — 2.25 (m, 2H). Physical and spectral properties were in agreement with the

literature.>
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Chapter 7:

Conclusions and Perspectives

7.1 Conclusions

As discussed in Chapter 1, boronic acids are present ubiquitously in nature and are generally
safe reversibly covalent warheads. Their studies and uses in scientific endeavours have increased
in the past few decades, including their use in drug discovery programs. Many research groups
have taken advantage of their unique properties, and thus far, five boronic acid drugs have been
approved, with several others in clinical trials. In our own research group, we have studied several
electrophilic groups in the development of reversible covalent serine protease inhibitors and found
that boronic acids are most beneficial, offering high potencies and relatively long residence times
compared to other reversibly covalent warheads (Chapter 2). We hope to further develop our
boronic acids into pre-clinical candidates with our expert biological and pharmacological
collaborators.

As we have shown in Chapters 3, 4, and 6, our approach of computational drug design, whether
it be through computationally-guided medicinal chemistry optimizations, constrained
peptidomimetics, or virtual screening, has the potential to lead to very potent POP and FAP
inhibitors. We are able to start from a known active compound and virtually optimize the structure,
dock our designs into the protein targets, and choose the most promising analogues for synthesis.
Furthermore, we can screen virtual libraries of thousands of compounds and use our scoring
function to determine the most promising inhibitors. These methods have proven very successful
for us in the past, and they have led us to nanomolar-potent selective POP inhibitors and dual
POP/FAP inhibitors. Following the findings in this dissertation, our research group is currently
applying these methods to other enzymatic targets. As shown in Chapters 5 and 6, we also have
the synthetic expertise to develop complex asymmetric syntheses of compounds with multiple
stereocenters.

The following summaries outline in more detail the conclusions that can be drawn from this
dissertation.

In Chapter 2, we presented a collaborative effort of synthetic chemists, biophysicists, and

computational chemists to study the druggability of POP and FAP in terms of which covalent
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groups are best accommodated in each enzyme. We synthesized a series of compounds differing
only in the electrophilic warhead that targets the catalytic serine of POP. Our in vitro assays
revealed that, in POP, the nitrile and boronic acid exhibited very similar activities, with the
aldehyde being more potent by an order of magnitude. However, further biophysical kinetics
assays used to determine the inhibitors residence time in the active site demonstrated that, while
the nitrile and boronic acid did have similar inhibition constants, the boronic acid led to residence
time which was approximately 70 minutes, while that of the nitrile and the non-covalent analogue
were less than one minute, indicating that the nitrile might not even form a covalent bond with the
catalytic serine, i.e. the inhibitor may be binding non-covalently or through a quickly-reversible
covalent bond. Furthermore, the more potent aldehyde remained in the active site for only 20
minutes, less than a third of the time as the boronic acid (likely due to the boronic acid’s extra
hydrogen bonds of its hydroxyl groups, as discussed in Chapter 2). These results were mirrored in
the computational studies of the activation energy of bond formation between the enzyme and
electrophiles. Because longer residence time is generally associated with high in vivo efficacy of
a drug,! and aldehydes do not make ideal drug candidates due to their high intrinsic reactivities,’
we have decided to move forth with boronic acids as future POP/FAP inhibitors. Although their
synthesis is generally not as straightforward or malleable as that of a nitrile or an aldehyde, they
seem to be the ideal electrophilic warhead for our enzymatic targets.

In Chapter 3, we presented a series of highly potent POP inhibitors that was virtually derived
from Y-29794, an existing failed drug. The synthesis of this new series was optimized to be just
1-2 steps, 3 including a final “unnecessary” deprotection step. Taking advantage of this efficient
synthesis, we prepared many analogues to probe the active site of POP and explore a wider
inhibitor scope than what is currently presented in the literature. We found that the original
required pharmacophore for potent compounds is in fact not entirely essential; replacing one
greasy functional group (e.g. benzyl, alkyl chain) with either a fluorine atom or a methoxy group
gave equal if not higher potency. This study gave us a better understanding of the requirements for
potent POP inhibitors and further widened the potential scope of our future endeavours in POP
inhibition. Our work also provides biophysicists and biologists with inhibitors that are readily
available in just 1-2 steps for studies pertaining to POP’s activity in neurodegenerative diseases or

cancer.
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In Chapter 4, we presented a series of dual inhibitors based on a [4.3.0] heterobicyclic scaffold
which was virtually optimized from Talabostat, a drug that failed in Phase III clinical trials. This
attrition was due to inefficacy likely caused by intramolecular cyclization of the dipeptidic
structure, rendering it inactive. Our solution to this problem was the virtual rigidification of the
dipeptide to the corresponding bicyclic scaffold, followed by docking-guided optimizations to
improve the predicted docking modes and chemical modifications to ensure synthetic feasibility.

The synthesis of the bicyclic structures was not straightforward, as they contain several
stereocenters. Initial synthesis attempts led to mixtures of stereoisomers and difficult
chromatographic separations. Synthetic optimization using chiral auxiliaries finally led to series
of diastereopure [4.3.0] heterocyclic nitriles and boronic esters and acids. Analogues with different
substituents and stereochemistry were synthesized to probe the active site and determine the
optimal stereochemistry and substitution. Dipeptide acyclic analogues were also synthesized to
determine the effect of rigidity on inhibitor activity. It was found that the most active inhibitors
were boronic ester analogues of L-serine and L-threonine. Furthermore, the rigid bicyclic analogues
exhibited inhibitory potency on the same order of magnitude as the acyclic inhibitors. The bicyclic
inhibitors have higher potential for developability, as they are more rigid, specific to their targets
(reduced off-target binding), and generally more metabolically stable. From these peptidomimetic
designs, we obtained our first-ever POP/FAP dual inhibitors, exhibiting submicromolar activity in
vitro. We learned which substituents and stereochemistry offer the highest inhibitor potency,
which will be applied to pharmacokinetic optimization of these compounds and to future POP/FAP
inhibitor designs.

In Chapter 5, we further explored the oxidative cyclization reaction encountered in Chapter 4.
During the course of optimization of the reaction conditions, we noticed that altering
stereochemistry at certain stereocenters, as well as changing the reducing agent, gave us interesting
results. Although the results are very recent and are still under analysis, we propose that our
oxidative cyclization proceeds through a macrocyclic intermediate. Furthermore, the major
diastereomer of the product depends on both the established stereocenters and on the reducing
agent utilized, resulting in a match/mismatch case.

In our synthesis of the bicyclic nitrile analogue, we also obtained interesting results from a
modified Strecker reaction. Using the Ellman auxiliary and various Lewis acids, we were able to

selectively synthesize either the (S)- or (R)- nitrile synthetic intermediate with high
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diastereoselectivity. We also noticed that the stereochemistry of the nitrile does not particularly
influence the reaction mechanism. These results led us to believe that the reaction was more
complex and may occur through more than one mechanism. Currently, we are performing
computational calculations to study the reaction and hopefully explain the results.

In Chapter 6, we presented a series of promising potential POP/FAP dual inhibitors based on
the first FAP virtual screening reported to date. After many rounds of synthetic optimization, we
arrived at two promising borinic ester synthetic targets that contain functional groups designed to
be compatible with the binding sites of both POP and FAP. Once more, the synthesis of these
compounds has proven to be very challenging, as the compounds contain multiple stereocenters
and functional groups that are not always compatible from step to step. So far, we have achieved
a highly stereoselective syntheses, but we still have several challenging steps ahead. We hope that
upon completion of the syntheses, along with those of a few analogues, we will have obtained dual
POP/FAP inhibitors with a bicyclic borinic ester scaffold.

Overall, we have successfully applied our drug discovery approach several times to obtain POP
and POP/FAP inhibitors. From our synthetic endeavours, we learned unfortunately that synthesis
involving boronic esters and acids is very tricky, as these functional groups are very polar, not as
easily obtained as nitriles or aldehydes, and quite sensitive to reaction conditions. Nevertheless,
we have found ways to incorporate the boronic esters so that their introduction is either followed
by mild reaction conditions or is at the end of the inhibitor synthesis. Our optimized syntheses led
to pure, nanomolar-potent boronic esters and acids. We hope to be able to apply these synthetic

methods to future drug discovery endeavours.
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7.2  Perspectives

The studies laid out in this dissertation provide potential for future studies both in our own

research group and in the field as a whole.

7.2.1 Near future
Within the next few years, our group has the potential to improve our current data to optimize

activity of our hit compounds.

7.2.1.1 Analogues for activity

In Chapter 4, we achieved nanomolar potency for our hits, and we are currently awaiting cell
assays. Based on these results, we may require compound optimization to increase activity, such
as to improve cell penetration. Upon completion of the synthesis and testing of the synthetic targets
in Chapter 6, we may also need to improve in vitro activity. The Forecaster software we used to
discover these compounds also has two other functions, REACTS2D and FINDERS,®> which would
allow us to virtually synthesize a library of analogues — through combinatorial chemistry — and

subsequently screen them to POP and FAP. Figure 7.1 illustrates our plan for compound

optimization.
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7.2.1.2 Applying our compounds to different targets

Based on the findings laid out in this dissertation, our research group has begun to carry our
similar studies on different enzymatic targets implicated in various diseases.

As mentioned in Chapters 4 and 6, the dipeptidyl peptidase (DPP) family, including DPP4/8/9,
possesses highly polar active sites that highly resemble that of FAP. These enzymes are also
cancer-associated, though through different biochemical pathways. It is possible that our POP/FAP
dual inhibitors (Chapter 4) are also active in the DPP enzymes, as they contain primary amines
and boronic acids, rendering them very polar. Currently in our research group, we have submitted
some of these samples to collaborators studying DPP8/9. Based on the results of these assays, we
can either optimize the structure to obtain broad-spectrum anti-cancer therapeutics (as was
Talabostat*) or DPP-specific inhibitors. Either pursuit has potential for promising leads.

One other possibility involves POP in the parasite Trypanosoma cruzi. Although the parasitic
POP has not been crystallized, the active site is believed to be slightly larger and more lipophilic
than that of human POP, based on structures of active inhibitors.” We have already discussed with
potential collaborators specializing in this parasite and provided samples of our most active POP
inhibitors. Future endeavours in this project would involve optimization of the inhibitor structure

to selectively target the parasitic POP over the native human POP.

7.2.2 Distant future

The findings presented in this dissertation have the potential to contribute to accelerated drug
discovery and eventually to personalized medicine.

Many years of studying POP through computational modelling and biophysical
characterizations led to synthetic endeavours giving nanomolar-potent inhibitors that penetrate cell
membranes. We have thus become experts on this enzyme and have found the expert collaborators
in biology and pharmacology to provide associated cellular assays and animal studies. We are now
equipped to apply our skills to the accelerated discovery of potential POP therapeutics.

As discussed in Chapters 2 and 3, the POP active site is quite large and contains a sizeable
lipophilic pocket, as well as residues of both positive and negative polarities. The binding pocket
is therefore rather generous in terms of which types of compounds can be accommodated.

With our optimized and validated virtual screening method® (also see Chapter 6), we are able

to conduct screenings of tens of thousands of compounds in just a couple of days, or in a few hours
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with access to a supercomputer. With this, we could screen a library of drug candidates that failed
due to inefficacy, i.e. failed Phase II or III but passed Phase I. Drugs that passed Phase I but failed
II-IIT are proven to be safe but are not effective enough for approval and distribution. Re-purposing
failed drugs is a much lower financial risk, as the compounds have already passed through pre-
clinical and clinical toxicology studies and would only require efficacy studies.’

Nearly 80% of all drugs contain one or two aromatic rings.® The lipophilic pocket in the active
site of POP conveniently accommodates relatively large aromatic drugs, as we saw in Chapters 2
and 3. It is therefore highly likely that at least a few failed candidates would be active against POP.
This new application would consequently open doors for accelerated drug discovery in
neurodegenerative diseases, epithelial cancers, and parasitic infections; the overall discovery, pre-
clinical, and clinical investments would be much lower than for that of a novel drug candidate.’

While drug repurposing is already put into practice, many pharmaceutical endeavours involve
high-throughput screening methods or large-scale computational approaches. A more efficient and
lower-risk approach would involve more narrowly focused approaches, such as focusing on key
biologically validated targets. Our own focus on POP could potentially generate valuable data for
pharmaceutical companies and provide them with the necessary leads to pursue further
developments.

While we are not yet fully equipped to apply these methods to FAP, as the enzyme is not as
stable and 1s much more difficult to express and isolate, our lab hopes to, over the next few years,
develop the necessary techniques to study this enzyme, as well as others, and discover and

potentially re-purpose potent potential therapeutics.
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