Design and Synthesis of Small Molecule Ligands Targeting ProteaseActivated
Receptor 2 as Potential Diagnostic and Therapeutic Agents

A Thesis Presented to
The Faculty of Graduate Studies Of
Lakehead University

By

YANG MAO

In partial fulfillment of requirements for the degree of
Master of Science
26 August 2021

©Yang Mao, 2021

ABSTRACT

Positron emission tomography (PET) imaging requires radionuclides (positron-emitters) labeled
molecules (tracers) to image biochemical and physiological processes in vivo and helps diagnose
diseases noninvasively. The success of PET imaging depends on validated radiopharmaceuticals
targeting biologically relevant receptors. Protease-activated receptors (PARs) are cell membrane
receptors that belong to a class of the G protein-coupled receptors (GPCRs) family. Proteaseactivated receptor 2 (PAR2) is the second member of the PARs family. Aberrant activation of
PAR2 is associated with various cancers, through downstream signaling that contributes to cancer
progression and tumor metastasis. It has been found that PAR2 exhibited up to 16-fold overexpression in lung cancer. The upregulation of PAR2 in cancers indicates that it may serve as
potential drug target for cancer screening and treatment. Blocking PAR2 activity with small
molecules is proposed to provide a therapeutic benefit. In addition, the development of 18Fradiolabeled small molecules targeting PAR2 receptor has the potential to non-invasively diagnose
some types of cancers such as lung and breast cancers. A library of AZ3451 analogues (14
compounds) was designed with the assistance of molecular modelling, and was synthesized, and
characterized by Mass Spectrometry, and 1H-NMR. All compounds have greater than 95% purity
as confirmed by HPLC. Collaborator Dr. Rithwik Ramachandran at Western University (UWO)
will perform functional assays including calcium-signalling, β-arrestin recruitment, MARK
signaling assays etc. to evaluate all compounds for the therapeutic potential; the candidate
molecule will be selected for radiolabelling and PET imaging studies using animal models of
cancer at the TBRHRI. The novel compounds synthesized in the thesis are potentially useful for
the treatment of PAR2-driven cancers while the radioligand has potential for non-invasive cancer
diagnosis with PET.
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Chapter One
Introduction
1.1 Cancer and Molecular Imaging
Cancer is caused by the uncontrolled growth and reproduction of cells resulting from a series of
mutations in normal cells1,2. Cancer cells lack adhesion molecules that stick the cells in place,
therefore, they can metastasize and spread throughout the body3. In fact, the spread of cancer cells
is a major reason for cancer deaths.4 In the past two years, nearly 50,000 Canadians have been
diagnosed with different stages of lung cancer with rates slightly higher in men than women5,6
About 20,000 people die of lung cancer each year6. Furthermore, more than 30,000 women have
been diagnosed with various stages of breast cancer in 2020 alone5,7. This accounts for about 25
percent of new cancer cases7. About 5,000 women die of breast cancer each year, accounting for
13 percent of all cancer deaths in Canada7. Fortunately, cancer survival rates are improving due to
three main advances in: 1) improved prevention efforts, 2) screening for several cancers, and 3)
clinical cancer treatment8. The purpose of screening and diagnosing cancer is to detect cancer
before symptoms appear9 often providing the best chance for a cure. This monitoring includes
blood tests, DNA tests, and medical imaging8,10. Over the past thirty years, imaging technology
has become an indispensable tool in cancer research, clinical trials, and medical practices1,8. One
type of medical imaging involves injecting a radiotracer (radioactive isotope) into a healthy
individuals and using imaging techniques to track its movement through the body (Figure 1)11.
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Figure 1. Cancer diagnosis by medical imaging.
This technique allows researchers and clinicians to better observe the real-time location,
expression, and activity of cancer cells in the body8. This can effectively diagnose cancer and
determine the cancer targets, which is also beneficial to the research and development of targeted
therapeutic drugs11,12.

1.2 Positron Emission Tomography Studies
In recent decades, the way that researchers and physicians approach the inner workings of living
systems and the diagnosis and assessment of diseases has been gradually altered by medical
imaging11. There are several different types of medical imaging techniques that are based on the
amount of energy used to capture visual information, the difference of spatial resolution, and the
mode of information acquired. These imaging technologies include X-rays, computed tomography
(CT), magnetic resonance imaging (MRI), and the nuclear medicine techniques of single photon
emission computed tomography and Positron Emission Tomography (PET)11,13. Nuclear medical
imaging uses small amounts of radioactive substances. The radioactivity can be detected by a
radiation detector, which transfers electrical signals to a computer to construct three dimensional
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images highlighting the bio-distribution of a radiotracer in the body14. In the early 20th century,
researchers were only able to use Geiger counters to crudely measure the bio-distribution of
radioactive substances in the body due to a lack of imaging subassembly15. It wasn’t until 1956
that, an initial photographic part was created in the rectilinear scanner (an imaging device, designed
by B. Cassen in 1950)15. This improvement greatly increased the resolution and sensitivity of the
imaging instrument to radioactivity.
The key steps of PET imaging agent development are outlined in Figure 213. In Step 1, the purpose
of target identification is to find a biomarker of the disease of interest 13. The biomarker can be
used as an indicator of the physiological state of the disease and can be a protein or nucleic acid16.
Once a promising target has been identified, the aim of hit identification is to identify a compound
that can perfectly interact with and modify the target17. This can be done by using a process called
high-throughput screening (HTS) (Step 2)18. The lead optimization of the compounds is
accomplished by using advanced organic synthetic methods13,18. The purpose of this process is to
improve the potency, solubility and reduce the side effects of the compounds, making them more
‘drug-like’13,17. This step provides a lead compound for further in vitro testing (Step 3).
Radiochemistry is the combination of radionuclides with bioactive compounds to form
radiopharmaceuticals13,19. The candidates with the highest binding affinity in Step 3 will be
radiolabeled to make radiotracers, which will be injected into small-animal models inflicted with
human diseases in PET imaging studies (Step 4 and Step 5)13. These compounds need to be tested
in vivo to evaluate the target-specificity of the imaging20. The use of small animal models is an
important component of testing new drugs before they are translated into clinical practice 13,14.
Eventually, these drugs will be studied in clinical trials and need to be approved for the market
(Step 5-8)13.

13

Figure 2. The key steps for development of PET imaging agent process.

1.3 Positron Emission Tomography Imaging with Fluorine-18
Positron emission tomography (PET), is one nuclear imaging techniques14. PET imaging is a
sensitive and non-invasive imaging approach that allows physicians to look at internal organs
function without having to perform exploratory surgery21. PET imaging is a three-Dimensional
imaging technique in which, information regarding the bio-distribution of an injected radiolabelled
compound (radiotracer) in the body can be obtained by detecting the radiation22. PET imaging is
based on positron-emitting radionuclides-labeled compounds. The most common radioisotopes for
14

the PET imaging modality include 11C (half-life = 20.3 minutes), 18F (half-life = 109.8 minutes),
13

N (half-life = 9.97 minutes), 64Cu (half-life = 12.7 hours) and 68Ga (half-life = 67.8 minutes)23.

Of greatest significance for radiotracer design and research is the half-life of radionuclides24.
Radiotracers with longer-lived radionuclides enable metabolic processes to be studied over a few
hours23. Fluorine-18 (18F) was one of the earliest radionuclides used in research and is considered
an ideal radionuclide for routine PET imaging based on its excellent chemical and positronemitting properties24. In radiopharmaceutical production, PET radioisotopes are produced in
cyclotrons, a type of particle accelerator that can produce charged particles in the ion chamber25.
Fluorine-18 is produced by using a cyclotron to bombard water (enriched with oxygen-18), with
high energy protons; this is the most used reaction for the productions of 18F (Figure 3)24. Protons
are accelerated in the cyclotron to obtain sufficient energy to bombard the oxygen-18 enriched
water22.

Figure 3. Production of Fluorine-18.
The mechanism of PET imaging begins when radionuclides (18F) undergo beta decay to produce
positrons (Figure 4A)26. The newly formed positrons collide with the negative electrons in the
organism and annihilate, resulting in a pair of photons with equal energy in opposite directions26.
By making use of the ring detector of the PET scanner (radiation detector), the time and location
of the annihilation events can be inferred from the simultaneous detection of the produced
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photons27. The detectors in the PET scanner measure these photons and use this information to
create a three-dimensional image of the distribution of radiotracer in the body (Figure 4B)26.

Figure 4A. 18F decay via positron Emission to 18O 4B.The annihilation event following positron
decay generates two 511keV photons which travel antiparallel. These photons are detected by the
PET scanner in coincidence, leading to multiple line of response forming a 3D image to localized
radiotracers in vivo.
As a result, PET imaging allows for the diagnosis, staging, treatment planning, and response
assessment of human diseases at different stages28. Currently, the most common radiotracer used
in PET is

18

F-Fluorodeoxyglucose (FDG) (Figure 5). [18F]FDG, a glucose analogue with

substituted at carbon-2 position in glucose.29
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Figure 5. Structure of [18F]FDG.
Since the development of [18F]FDG in 1976, FDG-PET has gradually become the main clinical
tool for detecting malignant cancer cells21. A key utility of FDG-PET is that it can be used to guide
targeted biopsies at the high intensity sites of metabolic activity21. It assists in cancer diagnosis
staging and subsequent cancer therapy30. The biological basis for [18F]FDG in cancer is called the
Warburg effect31. This effect is a form of cellular metabolism found in cancer cells that favours
aerobic glycolysis rather than the aerobic respiration route favored by most cells in the body29.
Malignant cancer cells take advantage of this effect to increase the rate of cell division and promote
cell proliferation32. As aerobic glycolysis produces energy less efficiently than aerobic respiration,
cancer cells typically need to metabolize more glucose to produce the same level of energy33.
Given [18F]FDG is a glucose analogue, the high consumption of glucose leads to the accumulation
of [18F]FDG in cancer cells23,29. This allows for the use of PET scans, which produce a clear threedimensional picture of radioactive material in the body that can be used to diagnose and evaluate
cancer23.
Although widely useful, [18F]FDG has limitations31. For example, in breast cancer, one of the
problems is specificity31. High uptake of FDG may be related to tumors or it may be the result of
inflammatory conditions31. FDG can also be accumulated by fatty tissue instead of mammary
cancers, causing a high false positive rate20,34. These false positives reduce the specificity for the
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staging of breast cancer34. FDG is also not a reliable tool for detecting patients with infectious lung
disease, because the high FDG uptake could be due to tuberculosis or sarcoidosis and not
cancers20,34. Therefore, to improve the clinical use of radiotracers, there is an urgent need for
diagnostic and therapeutic tools that possess greater accuracy.

1.4 Protease-Activated Receptors
A successful PET imaging agents is a validated radiopharmaceuticals that targets a relevant
receptor. Cells respond to the environment through a complex series of interdependent signal
transduction pathways35. The largest family of cell surface proteins involved in signal transduction
is the G protein-coupled receptor (GPCRs) family35. GPCRs mediate a variety of biological
processes, and their functioning is related to a variety of pathological conditions, making them an
important target for modern drugs36. As of 2017, according to the list of approved drugs the by
U.S. Food and Drug Administration (FDA), 108 out of 475 (35 per cent) drugs are targeting
GPCRs37.
GPCRs pass through the membrane seven times with alpha-helical segments between intracellular
and extracellular loop regions (Figure 6A)38. As the name implies, GPCRs interact with G-proteins,
by binding to guanosine triphosphate (GTP) and guanosine diphosphate (GDP)38,39. There are two
families of G-proteins described, the family of G-proteins associated with GPCRs is heterotrimeric,
meaning they have three different subunits: α-, the β- and γ-subunit35. While the α- and γ-subunit
are attached to the cell membrane by lipid anchors, the β- subunit stays connected with the γsubunit to form a complex called a heterodimer40. The α-subunit of the G protein is bound in its
resting-state to GDP; the receptor is sitting and waiting in this condition. On the extracellular side
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of the cell membrane, a ligand, binds, and activates a GPCR causing a conformational change
within the cell39. This change allows the α-subunit to bind with GTP and release GDP. This
replacement allows the α-subunit to separate from the complex of β- and γ- subunits,39,40 resulting
in an activated α-subunit and an activated β- and γ- subunits dimer40. The activated α-subunit then
regulates a membrane-bound protein which can catalyze a reaction that produces a second
messenger, acting as an amplifier to the first signal from the ligand41. Furthermore, the ligandinduced conformational change can cause intracellular phosphorylation of GPCR. And this
phosphorylated receptor binds with high affinity to β-arrestin-1 and 2, inducing the internalization
and desensitization of the GPCR39,41,42.

19

Figure 6. GPCRs and PARs activation comparison. TL = tethered ligand.
Since protease-activated receptors (PARs) belong to the cell membrane GPCRs superfamily, the
pathways of activation are like to those of other GPCRs. A unique feature of these receptors is the
method of ligand binding (Figure 6B)39,43. PARs are activated by proteases, and among these,
mainly serine protease. In the inactive state, PARs have an amino terminus (N-terminal) that
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‘wraps’ the ligand. In the active state, this ligand can be revealed after a specific protease cleaves
the N-terminal portion, generating a newly formed N-terminal known as a tethered ligand. The
ligand can then interact with the activation domain on the receptor to initiate receptor activation43,44.
PARs have important functional roles in angiogenesis, inflammation, and cancer, making these
important drug targets. Although GPCRs have proven to be the most successful class of drug
targets, the unique method of receptor activation presents a distinctive challenge to the
development of receptor-specific antagonists targeting PARs45. Currently, the only clinical agent
targeting PARs is called Vorapaxar44. It is a selective small-molecule PAR1 antagonist.
Functionally, vorapaxar inhibits the aggregation of human platelets induced by thrombin.
Vorapaxar lowers the risk of heart attacks by reducing occlusive thrombus formation45,46. As an
antagonist, vorapaxar binds to PAR1 preventing receptor activation. Once bound, platelets are no
longer activated and inhibit the amplification process that leads to an occlusive thrombus, thereby
lowering the risk of occlusive thrombus or heart attack45,47.

1.5 Protease-Activated Receptor 2
There are four PARs encoded in the mammalian genome specified by IUPHAR48. (International
Union of Basic and Clinical Pharmacology) as PAR1, PAR2 PAR3, PAR 445. Since human PAR1
was discovered in 1991, significant advances have been made in the study of the in vivo function
of the PAR family, including receptor signaling characteristics in different cellular environments
and regulation of receptor signaling and function43,45. PARs are activated by a serine protease, the
pathways of activation of PAR members are similar, except the thrombin-like proteases act on
PAR1, PAR3, and PAR4, and trypsin-like proteases act on PAR2 (Figure 7)43. For PAR2,
activating proteases, such as trypsin or tryptase, can recognize a substrate sequence (SLIGKV21

human, SLIGRL-rat) on the N-terminus located in the extracellular domain43,48. Upon proteolytic
cleavage, a new N-terminus sequence (SLIGKV-humanL) is revealed as a tethered ligand that
binds to the extracellular loop 2 (ECL2) and initiates the activated state of the PAR249. The unique
activation of PAR2 makes it a favorable drug target.

Figure 7. Activation of PAR2.
PAR2 is widely expressed in many cell types, including, but not limited to, endothelial and smooth
muscle cells in the cardiovascular, immune, and central nervous systems50,51. Physiologically,
PAR2 is mainly involved in inflammation, cell migration, and the functioning of tissue
metabolism52. Abnormal functions of PAR2, have been linked to various cancers45,49. In cancer
cells such as those found in breast and prostate cancer, PAR2 has been shown to significantly
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promote proliferation and metastasis50,51. As well, there is a 16-fold increase in abnormal
expression level of PAR2 in lung cancer, with other cancers also demonstrating an elevated
expression level of PAR22. It is important to note that the expression level of PAR2 is positively
correlated with cancer staging and progression2. Therefore, blocking PAR2 activity is proposed to
provide excellent benefits for the treatment of certain diseases50. The physiological functions of
PAR2 activation have been widely studied by using PAR2 knockout models (Table 1), indicating
that inhibiting the function of PAR2 could have potential diagnostic and therapeutic applications
for these human diseases43,53.
Table 1. Summary of PAR2 related disease models and effect of PAR2 knockout (KO).
Mouse disease model

Physiological effect of PAR2 KO

Cancer nociception

Inhibited Cancer-induced allodynia

Bone cancer-induced hyperalgesia

Reduced mechanical allodynia and
thermal hyperalgesia

Mammary tumour

Delayed development and metastasis of
tumour

Prostate cancer

attenuate to tumor cell migration and
metastasis

Lung cancer

Contribute to attenuate cancer cell
apoptosis
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1.6 Known Ligand Targeting PAR2
Since the discovery of PAR2 in the 1990s, a great number of basic studies have been performed
on the development of effective PAR2 selective ligands54. In recent years, researchers also looked
other PAR2-related details, including discerning its physiological pathways, and the development
of PAR2-selective ligands55. To date, there have been peptide, small molecule, and antibody
antagonists of PAR2 reported in the literature53. In the last decade, there has been increasing
interest in the development of PAR2 small molecule antagonists due to their generally higher
stability and better pharmacokinetic properties compared with peptides, including greater
membrane permeability (which can improve oral bioavailability)56.

In designing a novel PAR2-targeting small molecule antagonist, the literature on PAR2-specific
ligands in the past decade was reviewed. A few small molecule PAR2 antagonists were reported
between 2010 and 2020, each with a molecular weight between 200 to 600 (Figure 8)53,56.

24

Figure 8. PAR2 antagonists reported in literature.
ENMD1068 (compound A) is a weak antagonist at millimolar concentrations57. Compound A
targets the cleavage site of tethered ligands, which effectively inhibits receptor activation in vivo
and in vitro, and has good PAR2 selectivity57. However, it requires a relatively high concentration,
reflective of low receptor affinity51,57. GB88 (compound B) is a novel and potent small molecule
antagonist56. In preventing agonist-induced intracellular calcium release, compound B was 1000Fold more potent than compound A in human monocyte-derived macrophages57. As well,
compound B has been shown to reduce inflammation in a rat model of colitis57. However,
25

compound B only blocks certain PAR2-stimulated signaling pathways, such as inhibiting PAR2activated Calcium ion (Ca2+) mobilization with an IC50 of 2 µM, but does not block mitogenactivated protein kinase (MAPK) activation, which is important to the migration of cancer cell via
MAPK mediated cell adhesion58. I-191 (compound C) is another potent PAR2 antagonist that
inhibits multiple PAR2-induced signaling pathways and PAR2-mediated downstream functional
responses50. Unlike compound B (also an agonist in stimulating other activation), compound C is
a full antagonist50. Particularly, compound C inhibits cytokine-related caspase cleavage through
extracellular signal-regulated kinase (ERK)½, and forskolin-induced cyclic adenosine
monophosphate (cAMP) accumulation in human colon adenocarcinoma grade II (HT29) cells,
showing valuable characteristics in dealing with cancer cells45,50. As calcium signalling has been
shown to play an important role in the development of many diseases13,53. compound D, E, and F
were primarily investigated for their inhibition of calcium release induced by known PAR2
agonists in a variety of cultured human cell types. Especially in malignant tumours, abnormal
levels of calcium signalling are associated with cancer proliferation, metastasis, and
aggressiveness53. Compound D and F have been shown to elicit responses in rodent models of
human diseases, with possible therapeutic applications in inflammatory diseases, pain, and
cancers59,60.
In addition to antagonists, there are also several PAR2 agonists that have been studied and reported
in the recent literature (Figure 9). Small molecule PAR2 agonists AC-55541 (compound G), AC98170 (compound H) and AC-264613 (compound I) were discovered through the screening of a
chemical library61. These agonists activate PAR2 for cell proliferation, calcium ion (Ca2+)
mobilization and hydrolysis of phosphatidylinositol in human HEK293 cells54. Particularly,
compound H was reported as a full agonist in PAR2-dependent Ca2+ signalling, and demonstrated
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good stability, but modifications will need to be made to improve its solubility62,63. Compound I
does not motivate the release of Ca2+ at 1μM62. GB110 (compound J) is a peptidomimetic agonist,
and was reported as a potent and selective PAR2 agonist; compound B was derived from this
agonist63. Unlike compound G-I, the use of compound J has been evaluated in different disease
models in small animals. For example, in a study, compound J induced inflammatory effects,
causing joint swelling and synovial hyperemia in WT mice64.

Figure 9. Structure of PAR2 agonists.
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1.7 Labeling Strategy
Fluorine (F), due to its unique physical and chemical properties can serve as a bio-isostere of
hydrogen, carbonyl, sulfonyl, and cyanide groups65. In drug design, fluorine is usually introduced
into small molecules to block sites prone to oxidative metabolism, thus improving the metabolic
stability of compounds and prolonging the action time of drugs in vivo 66. The substitution of
fluorine helps improve the lipophilicity of compounds, promote membrane penetration, reduces
the production of active metabolites, avoids the inhibition of metabolic enzymes, and improves
their potency and bioavailability65,67. Fluorine 18 (18F) is a fluorine radioisotope that is significant
due to its half-life (t1⁄2 =109.8 minutes) and positron-emitting properties (branching ratio-97%
β+ decay, positron range, max positron energy-635keV)19, along with high specific activity and
ease of large scale production22.

18

F allows direct or indirect introduction into an interesting

molecule by nucleophilic or electrophilic substitutions reactions22. Based on all the reasons,

18

F

become a favourable tracer used in PET radiopharmaceuticals in both clinical and preclinical
reasrach12,66. A site-specific and one-step radiolabelling method that introduces [18F] into
molecules has been discovered, called Spirocyclic Iodonium Ylide (SCIDY) technology (Figure
10)68.

Figure 10. Direct radio-Fluorination of aromatic ring.
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SCIDY technology was discovered in 2014, and it has several advantages, including not requiring
a catalyst metal, single-step labelling, and broad compatibility functional group68–70. Therefore,
this technology will be used for the proposed radiolabelling in this thesis.

1.8 Purpose of Thesis
The work of this thesis focuses on the development and evaluation of a novel PAR2 antagonist as
a potential PET imaging agent for cancer. More specifically, my objective was to prepare a small
array of PAR2 antagonist based upon a lead compound, AZ3451. A library of the first generation
of AZ3451 derivatives has been designed and synthesized. Derivatives will be fully characterized
by mass spectrometry, 1H-NMR. All compounds have greater than 95% purity as confirmed by
HPLC. Collaborator Dr. Rithwik Ramachandran at Western University (UWO) will perform
functional assays to evaluate all compounds for the therapeutic potential. Long-term objective will
involve radioligand binding assay for candidate compound, and the candidate will be selected for
radiolabelling. The proposed strategy for radiolabelling with fluorine-18 will be explored. Finally,
lead imaging agent will then be evaluated in vitro and in vivo studies using small animal models
of cancer.
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Chapter Two
Design and synthesis of small molecule ligands targeting PAR2 as potential
diagnostic and therapeutic agents.
2.1 Introduction
Currently, [18F]FDG is the primary PET agent used for diagnosis and staging of cancer. However,
[18F]FDG is not always the best option for certain cancers as specificity is not always high enough71.
Protease-activated receptors 2 (PAR2) is naturally expressed in many tissues, and the activation of
PAR2 is implicated in a wide range of diseases45. In cancer cells, the abnormal function of PAR2
has been reported to be associated with cell metastasis, migration, and proliferation52,54. To date,
no studies about radioligands targeting PAR2 have been published aside from another MSc thesis
from Western University. Therefore, this thesis is focused on the design and synthesis of small
molecule ligands targeting PAR2 for the purpose of the discovery of potential diagnostic imaging
and therapeutic agents for cancers.
Most of the PAR2 antagonists reported are either weak antagonists (ENMD1068), partial
antagonists (GB88), or have poor selectivity for PAR2 (Compound F)50. AZ3451 was reported by
Cheng et al. as a novel, potent, and selective PAR2 antagonist (Figure 11)44. The mechanism of
antagonism by AZ3451 is not fully explored; the most plausible mechanism is that this ligand
restricts the conformational rearrangement of helical bundle upon PAR2 activation44.
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Figure 11. Interplay of antagonist AZ3451 (orange) with PAR2, and pharmacology and binding
affinity of AZ3451.
Crystallographic studies indicate that AZ3451 binds to an allosteric site outside the helical bundle
of PAR244,72. From the perspective of innovative drug research and development, targeting protein
allosteric sites offers an extremely attractive prospect for the emergence of novel drug targets73.
Allosteric sites tend to have fewer side effects as residues of the allosteric binding sites tend to be
less conserved among receptor subtypes, thus offer significantly better subtype selectivity72,74.
Allosteric sites, however, can be more prone to drug resistance due to mutations at the allosteric
sites37,41.
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Figure 12. AZ3451 - PAR2 interactions in three-D and two-D diagram. AZ3451 interactions with
different functional group within the binding pocket in PAR2.
The pharmacology of AZ3451 can be better understood examining its allosteric binding
interactions (Figure 12). There were hydrophobic interactions found between the 1,3-benzodioxole
moiety and residues Ala120, Leu123, Phe154, Ala157, Cys161, Trp199, and Ile202 44. These
interactions help AZ3451 fit in the hydrophobic pocket44. Importantly, the aromatic ring of the
benzonitrile moiety interacts with Try210 through π-stacking interactions, greatly contributing to
the stability of AZ3451 within the allosteric binding pocket44. Other important interactions are the
hydrogen bonding interaction (3.4 Å) between Tyr210 and the benzimidazole nitrogen and another
hydrophobic interaction between the cyclohexyl group and residue Leu12344. AZ3451 has
excellent selectivity for PAR2 over the other three PAR members. For example, the residues of
PAR2 that form interactions with the 1,3-benzodioxole moiety are Ala120, Leu123, Phe154,
Ala157, (Gly157 in wild type), Cys161, Trp199, and Ile202, while the residue Cys184 in PAR1,
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instead of Gly157 in PAR2, induces steric repulsion to the 1,3-benzodioxole moiety44. Furthermore,
there is a weak hydrogen bonding interaction between residue Tyr210 and N1 of the benzimidazole
moiety for PAR2. However, residue Tyr210 is not conserved in PAR1(Leu238), PAR3(Phe229),
and PAR4 (Thr212)44.
Moreover, the pharmacology and binding data (Figure 11) showed that AZ3451 has high potency
(23 ±1 nM) and is highly selective for PAR2 from various assays reported by Cheng et al.44. The
IP-One assay was performed to measure the production of inositol 1,4,5-triphosphate (IP3), which
signals the activation of Gq-protein upon ligand binding44,75. SLIGRL is a receptor-activating
peptide that mimics the substrate sequence (SLIGKV) of the tethered ligand of PAR276. After the
peptide agonist (SLIGRL) activates the receptor, mobilization of calcium ions was measured using
the Fluorescent Imaging Plate Reader (FLIPR) technique77. AZ3451 showed great inhibition in
both two assays. KD, the equilibrium dissociation constant, represents the strength of the
interaction between a ligand and its receptor40. AZ3451 also exhibited high binding affinity (13.5
± 3 nM) and selectivity for PAR2 (2.5 nM ) in β-arrestin-2 assays78. Based on all the properties
of AZ3451, it was chosen as the starting point of our medicinal chemistry effort toward the design
and the synthesis of new antagonists for PAR2.

2.2 Ligand Design.
In drug design, a structural moiety of a starting compound is replaced by other groups with the
goal to improve the properties of the molecule (e.g., binding affinity, functional activity, ADMET,
etc.)79. The crystal structure of the AZ3451-PAR2 complex shows that the aromatic ring of the
benzonitrile moiety interacts with Try210 through π-π stacking interactions. However, this
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benzonitrile is solvent exposed and can be readily modified through amide bind coupling in the
last step. Therefore, the benzonitrile group can be seen as an access point to introduce new
functional groups with variable properties. For example, replacement by larger aromatic rings may
enhance π-π stacking interactions with Tyr210, heterocycle replacement may improve the
lipophilicity of the molecule, and the addition of fluorine may boost the binding affinity and
provide fluorine-bearing cold compounds for PET imaging agent development80. Our first round
of structural optimization will focus on the R group as shown in Figure 13.

Figure 13. Ligand design of AZ3451 analogues with R group.
Fluorine (F) is an important element in medicinal chemistry81. Fluorination introduces fluorine
atoms into a compound to increase lipophilicity, which favours hydrophobic binding sites within
the membrane82. In the view of pharmacology, since the carbon-fluorine bond is stable, fluorine
substituents protect the aromatic ring, fluorinated compounds can delay metabolism of the drugs
in the body67. Therefore, adding F to bioactive organic compounds can improve lipophilicity,
promote membrane penetration, and increase bioavailability67,83. In this thesis, fluorine will be
introduced with the expectation of improving the binding affinity of the compounds. For example,
the fluorine atom will be introduced to the ortho, meta, and para position on the aromatic ring
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(Figure 13). This will be helpful for the exploration of the structure-activity relationship (SAR)
when obtaining the IC50 value for each compound84. The addition of the CH2 group in n-fluoromethylbenzene increases the length of the carbon chain, possibly strengthen π-π stacking
interactions with Tyr210.
Heterocyclic compounds can participate in a variety of molecular interactions, including acting as
hydrogen bond donors or acceptors and exhibiting van der Waals forces and hydrophobic
interactions; these enable heterocyclic compounds to bind to the receptor in a number of ways85.
The introduction of heterocycles to bioactive compounds can provide a useful functional group,
that can be modified to optimize solubility, lipophilicity, and polarity85,86. In addition, heterocycles
come in a variety of shapes and sizes, allowing them to match the different binding pockets of
receptors86. Heterocyclic aromatic compounds, such as pyridine, have been introduced in this
thesis. In contrast to a benzene ring, pyridine is a unique aromatic ring. As the lone pair of its
nitrogen atom is not overlapped with the π-system of the aromatic ring, it contributes to the basicity
of pyridine87. Due to this weak basicity, pyridine can be used for improving the water solubility of
drugs86,87. The nitrogen atom of pyridine also contains three positions for substitution: ortho-, meta,
and para. This can enhance the structural diversity of the compound and is useful for exploration
of the SAR. Moreover, 2-nitropyridines are relatively easy to radiolabel with 18F and could provide
an easy PET imaging agent to develop.
Furthermore, by adding a bulky group to the ligand, like n-biphenyl and n-phenoxy phenyl, the
metabolic stability of ligand may be increased. This is because the bulky groups are used as a
shield, which is a known steric hindrance88. This effect is used to control the selectivity of ligands,
potentially enhancing ligand-receptor interactions and avoiding side effects79,88. To sum up, a wide
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range of diverse building blocks have been designed and introduced to the ligand in the R position.
(Shown in Chapter 2.33).

2.3 Results and Discussion
2.3.1 Organic Synthesis of AZ3451
Our first goal was to synthesize AZ3451 by using multi-step organic synthesis procedures (shown
in Scheme 1).

Scheme 1. The reported synthetic scheme for AZ3451.
The synthetic procedures were based on journal article by Cheng et al. with some small
modifications44; the detailed methodology can be found in Chapter 4 (Experimental Procedure).
The first reaction was a nucleophilic aromatic substitution reaction. Compound 1 reacted with 1cyclohexylethanamine in DMF to make compound 2 (1H-NMR in Appendix 2). 136

cyclohexylethanamine acted as a nucleophile to attack the aromatic ring at the position of the
fluorine atom in compound 1, displacing the fluorine as a leaving group. The second step is a
reduction reaction. The purified compound 2 was treated with excess hydrogen gas with a
palladium on carbon catalyst to reduce the nitro group to a primary amine group giving compound
3 (1H-NMR in Appendix 2). The third step was an iodine - mediated cyclization reaction and ester
hydrolysis. The mechanism of the former has not been fully explored yet, but a proposal from the
literature is shown in Scheme 289. Condensation of a benzaldehyde forms an imine. Then iodinemediated cyclization of the intermediate generates a plausible iodo-species89. Finally, the
subsequent elimination of one molecule of HI promoted by a base produces the benzimidazole
framework.
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Scheme 2. Proposed mechanism of Iodine-mediated Cyclization89,90.
The iodine - mediated cyclization reaction proceeded quickly without any issues. However, the
amount of ester hydrolysis depended on the reaction time (Figure 14 A). In the first several
attempts following the reaction conditions and time from the literature, the resulting main product
was compound 4’ intermediate, the ester product. One possible reason is that the ester needs a
longer time to be hydrolyzed to the carboxylic acid. Extending the time from one hour to two hours
gave a mixture of ester and carboxylic acid which was confirmed by thin layer chromatography
(TLC), while extending the time to five hours exclusively gave only the carboxylic acid (Figure
38

14 B).

Figure 14. A) Scheme of the third step. B) Results of TLC of third step from 1 hour to 5 hours.
The ester and carboxylic acid products were isolated, and their structures were confirmed by
proton-nuclear magnetic resonance (1H-NMR) shown in Figure 15. The ester has a peak at 3.9ppm,
indicating the presence of a methyl group, while there is no peak at 3.9ppm for the carboxylic acid.
The high-performance liquid chromatography (HPLC), mass spectrometry (MS) and 1H-NMR
39

spectroscopy data for compound 4 can be found in Appendix 2.

Figure 15. The spectra of 1H-NMR for the reaction at the first hour (ester) and the fifth hour
(carboxylic acid).
The fourth step reacted the carboxylic acid intermediate with the amino group of 4aminobenzonitrile to generate an amide bond for the final product. In this last step, following the
reaction conditions provided in the literature, did not successfully yield the desired product after
several attempts. In the literature, the organic solvent used was dichloromethane (DCM) with a
reaction time of more than 24 hours at room temperature. The last 3 hours were done at 80 °C
under reflux. It was suspected that long reaction time and heating might affect the reactivity of 1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxid hexafluorophosphate
(HATU). Therefore, in the improved method for the fourth step, carboxylic acid, compound 4,
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from the previous step was added into the flask with HATU and N, N-Diisopropylethylamine
(DIPEA) and stirred for 1 hour at room temperature to activate the carboxylic acid group, making
it more electrophilic. After 1 hour, the carboxylic acid was fully activated, and so 4aminobenzonitrile was added into the reaction mixture. The solution was stirred for another 8 hours
at 100 °C to get the final product. The detailed steps are presented in the Experimental Procedure
Chapter. Based on the 1H-NMR spectrum (Figure 16) and MS (in Appendix 3), it was confirmed
that the desired product, AZ3451, was synthesized.

Figure 16. The spectrum of 1H-NMR for AZ3451.

2.32 Conformational isomer of AZ3451
As shown in Figure 16, multiple peaks were detected at 6.21-6.25ppm. These peaks have an
integration of 2 which corresponds to the CH2 group in the 1,3-benzodioxole substituent (carbon
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11 in Figure 16). However, the peak should be a singlet based on the structure. Unfortunately, the
characterization of AZ3451 was not described very clearly in the literature, and hence, a molecular
modelling study was done to discover a possible explanation. This showed that the carbon-carbon
bond between the imidazole and aromatic ring of 1,3-benzodioxole cannot freely rotate by 180
degrees91. Also, steric hindrance from the methyl group (connected to the methylcyclohexane)
affects the protons in the carbon atom connected to the two oxygen atoms in 1,3-benzodioxole
(Figure 17).

Figure 17. Structure of AZ3451 and 4 types of potential conformational isomer.
It was determined that the CH2 group in the 1,3-benzodioxole of carboxylic acid compound 4
showed the same pattern (Figure 18). Since the building block of 1,3-benzodioxole was introduced
into the compound in the cyclization step, it was suspected that conformational isomers were
formed during the iodine-mediated cyclization (Scheme 2). A variable temperature NMR (VTNMR) study was performed. The results of compound 4 and analogs 12a showed that the multiple
peaks merged into one single peak at higher temperatures, indicating conformational isomerism
(Figure 19 A and B).
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Figure 18. The spectrum of 1H-NMR of carboxylic acid compound 4.
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Figure 19 A). The spectrum of 1H-NMR for carboxylic acid compound 4 at 25°C, 50°C, 75°C and
100°C.

44

Figure 19 B) The spectrum of 1H-NMR for 12a at 25°C, 50°C, 100°C and 150°C.

2.33 Organic synthesis of AZ3451 Analogues
Although AZ3451 is of particular interest due to its already high potency and selectivity, the
development of AZ3451 analogues with modified functional groups could potentially yield novel
ligands with enhanced binding to PAR2. As shown in Figure 12, the benzonitrile group of AZ3451
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does not have strong interaction with the receptor. Therefore, the benzonitrile group can be seen
as a breakthrough point that introduces an aromatic substituent, so that the analogues could form
stronger interactions with the receptor. A total of 18 analogues with different substituents in the R
position have been designed and synthesized (Figure 20). Their synthesis is like that of AZ3451,
with detailed experimental procedures can be found in Experimental Procedure Chapter. The
structures of these 18 analogues can be found in Appendix A.

Figure 20. AZ3451 analogues with R-group.
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Figure 21. The spectrum of 1H-NMR of compound 6b.
The 1H-NMR spectrum of the compound 6b as an example is shown in Figure 21. The peaks at
chemical shifts of 7.70 ppm, 7.67 ppm, 7.29 ppm and 6.83 ppm correspond to the four proton
atoms in the aromatic ring of the fluorobenzene moiety (carbon numbers 20, 21, 22, and 23). The
signals at chemical shifts of 8.55 ppm, 8.35 ppm and 7.90 ppm correspond to the three proton
atoms in the aromatic ring of the benzimidazole (carbon numbers 24, 25, and 26). The signals at
chemical shifts of 7.07 ppm and 6.83 ppm correspond to the two hydrogen atoms in the aromatic
ring of the 1,3-benzodioxole (carbon numbers 27 and 28). The signals at 6.11-6.06 ppm correspond
to the hydrogen atoms between the two oxygen atoms of the 1,3-benzodioxole (carbon number
29). The signals at 3.75 ppm corresponds to the hydrogen atom between the imidazole and
cyclohexane rings (carbon number 31). The protons with a chemical shift of 1.75 ppm correspond
to the methyl group adjacent to the cyclohexyl ring (carbon number 30). The remaining protons
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with chemical shifts between 2.05 ppm to 0.58 ppm correspond to the protons on the cyclohexyl
ring (carbon number 32-37).
The purities of 14 analogues were tested by HPLC using a solvent system of water and acetonitrile
(Table 2). All 14 of these analogues met the 95% purity requirement, and the rest of the analogues
are waiting for further purification. The structures of all AZ3451 analogues can be found in
Appendix 1. The data and spectra from MS, HPLC, and 1H-NMR for all AZ3451 analogues are
available in the Experimental Procedure Chapter and in Appendix 3.
Table 2. Purities of 14 analogues.
Compound

Purity

Compound

Purity

6a

99%

8b

95%

6b

98%

8c

99%

6c

99%

10a

97%

7a

99%

11a

98%

7b

98%

12a

98%

7c

97%

13a

99%

8a

98%

14a

98%

2.4 Molecular Docking
Molecular docking is a computational method for searching the preferred binding conformation
and orientation of the ligand with its receptor and predicts the binding affinity of the ligandreceptor complex (Figure 22)92. Molecular docking is an important tool in drug design and is highly
useful for identifying a lead compound in drug development17.
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Figure 22. The diagram of molecular docking between a ligand and its target protein. The ligand
(analogs) is docked onto the receptor (PAR2) and interactions are checked; the scoring function
generates a value depending on the best selected ligand. The evaluation will be performed to
improve the organic synthesis of the ligand.
A molecular docking study is often used to seek ideas to optimize parent compounds. The strength
of ligand-protein interaction can be estimated by binding energy due to the energy released upon
binding93,94. A favorable interaction gives a negative value94, therefore, the lower value means
better binding. Molecular docking was performed to predict the binding free energy using Auto
Dock vina (molecular modeling simulation software). The docking pose with the most similar
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binding mode to that of AZ3451 in the crystal structure and high binding affinity was selected.
The estimated binding free energies are listed in Table 3.

Table 3. Binding affinity of the reference compound (AZ3451), and the analogues.
Compound
Bind free

AZ3451 6a

7a

8a

9a

10a

11a

12a

13a

-7.7

-8.2

-6.7

-8.3

-7.8

-6.9

-8.0

-8.1

-6.8

energy(Kcal/mol)

The predicted binding modes of the analogues in PAR2 are shown in Figure 23, Figure 24, and
Figure 25; the left-hand side of Figure 23, Figure 24, and Figure 25 shows the 3-D binding modes
of these analogues in PAR2. And the right-hand side is the 2-D diagram of detailed interactions.
All the analogues have similar binding modes as compared to AZ3451. Specifically, the
interactions between 1,3-benzodioxole moiety and Ala120, Ala157, Cys161 are retained44. The
benzimidazole moiety interacts with Leu123, Tyr 210, Phe154, and the hydrogen bonding
interaction is found between the imidazole ring and Tyr21044. The cyclohexyl ring interacts with
Leu123, and the pi-pi stacking interactions between the aromatic ring that connected to the amide
bond and Tyr210 is retained44. Interestingly, the analogues 7a and 12a with additional CH2 group,
and analogues 9a and 13a with bulky group has lower binding free energies, indicating that they
may have a higher binding affinity with PAR2.
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Figure 23. Ligand-receptor interaction for analogues 6a-8a. AZ3451 is shown in yellow stick,
analogues 6a-8a are shown as green sticks.
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Figure 24. Ligand-receptor interactions for analogues 9a-10a. AZ3451 is shown in yellow stick.
Analogues 9a-10a are shown as green sticks.
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Figure 25. Ligand-receptor interactions for analogues 11a-13a. AZ3451 is shown in yellow stick.
Analogues 11a-13a are shown as green sticks.
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2.5 Discussion of compound 8c.
Compound 8c (building block with 4-Aminopyridine) was reported as a novel and potent PAR2
antagonist on December 17, 2020 as it had been already made in the Hou lab72. AZ2623 is a
heterocycle with a nitrogen atom in the para-position of the aromatic ring (Figure 26).

Figure 26. Structure of AZ3451 and AZ2623, with their similarity highlighted in the blue circle.
Compared to AZ3451, which has a nitrile group at the para-position of the aromatic ring, AZ2623
has very similar potency (Table 4)72. AZ2623 showed slightly better antagonism activity in Ca2+
mobilisation assays using human PAR2 and rat PAR2, and this compound also shows a good
inhibition of the inositol phosphate signalling cascade72. PAR2 is known to activate
phosphorylated extracellular-regulated kinase ½ and stimulate β-arrestin-2 recruitment72. AZ2623
shows a better ability to attenuate those two signalling pathways, which are activated by PAR2.
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Table 4. In vitro pharmacology of AZ3451 and AZ2623 from Kennedy et al72. Data are presented
as mean pIC50 ± standard error measurement with the number of independent measurements in
parentheses.
Compounds

Ca2+ flux
(human
PAR2)

Ca2+ flux
(rats PAR2)

IP1 (human
PAR2)

pERK1/2
(human
PAR2)

β-arrestin
(human PAR2)

AZ3451

8.6 ±0.1
(n=30)
8.3 ±0.1
(n=26)

8.5 ±0.1
(n=12)
8.3 ±0.1
(n=12)

7.65 ±0.02
(n=122)
7.09 ±0.02
（n=106）

6.44 ±0.03
(n=3)
6.1 ±0.1
(n=3)

7.06 ±0.04
(n=3)
6.31 ±0.04
(n=3)

AZ2623

2.6 Other series of AZ3451 analogues.
2.61 The design and synthesis of the second series of AZ3451 analogue.
In addition, based on the previous set of structural modifications done with aromatic substituents
connected to the amide bond, another set of AZ3451 analogues was designed, but the synthesis
has not yet been completed (Scheme 3). The main modifications for this series were at the 1,3benzodioxole with a bromine substituent that has been exchanged by a benzene ring with bromine
substituent. Making this part of the molecule more hydrophobic, may potentially improve its
binding interactions with PAR2. Unfortunately, due to time constraints, this scheme has only been
completed to the first three steps. The 1H-NMR data for compound 6 can be found in the
Experimental Procedures Chapter, and MS and 1H-NMR spectra for compound 6 can be found
in Appendix 4.
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Scheme 3. The proposed synthetic scheme for the second series of analogues.

2.62 The design and synthesis of the third series of AZ3451 analogue.
A third series of AZ3451 analogues has been designed (Scheme 4). The modification in this
scheme is that (S)-(+)-1-cyclohexylethanamine was replaced by 4-fluorobenzylamine. The main
idea of this aromatic ring replacement is that the aromatic ring may enhance the π-π stacking
interactions with residues in the binding pocket. However, only the first two steps of this synthesis
have been performed due to time constraints.
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Scheme 4. The proposed synthetic scheme for the third series of analogues.
The synthesis of compound 11 (Scheme 4) will be continued; since (S)-(+)-1-cyclohexylethanamine
was replaced by 4-fluorobenzylamine, compound 20 also could be used to determine the presence of

conformational isomers (Figure 27).

Figure 27. Structure of AZ3451 and compound 20.
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Chapter Three
3.1 Conclusion
Cancer remains a public health threat both in Canada and world wide4. With the search for better
methods for the diagnosis and treatment of cancer remains an active area of research. Although
there are several ways to diagnose cancer in the clinic, many are not target-specific and therefore
are limited in utility. For example, [18F]FDG, the most commonly used PET tracer, is not a targetspecific radiotracer and is limited to certain cancers like prostate, lung, and breast30,95. Therefore,
an urgent need exists to develop novel PET radiotracers that are target specific.
PAR2 is a member of the GPCR family of proteins and is known to be involved in many
diseases55,96. More specifically, PAR2 is highly implicated in lung and breast cancers52. There are
currently no PET radiotracers that are approved for PAR2 imaging97, however, in recent literature,
AZ3451 has been reported as a highly effective and selective PAR2 antagonist; this antagonist was
used as the starting point in this thesis. This project involved the design, synthesis, and evaluation
of analogues of AZ3451. A candidate compound to be radiolabeled with 18F to prepare a novel
PET imaging agent that targets PAR2.
To develop the library of analogues, a four-step synthesis scheme was designed and completed,
and a three-step radiolabelling scheme was proposed. A total of 18 compounds were synthesized
and characterized by mass spectrometry and 1H-NMR. The significance of this research project is
that the novel compounds synthesized have potential for the treatment of PAR2-related diseases,
while the putative radioligands have potential for non-invasive cancer diagnosis through targeting
PAR2.
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3.2 Future Work
3.21 Organic Synthesis
Additional synthesis is required to expand the library of AZ3451 analogues. For our first round of
structural optimization, rapid library expansion will be achieved through the introduction of
additional building blocks and the incorporation of more halogens like chlorine and iodine. Once
the binding affinity data has been obtained for the first round of AZ3451 analogues, it will be used
to direct the design of second and third generation of AZ3451 analogues.

3.22 Biology Assay
Collaborators from UWO will evaluate the library of analogues for binding affinity to PAR2. All
binding affinity data will be used to select a candidate for radiolabeling and direct the design of
future AZ3451 analogues. Intracellular calcium release assay will be performed to determine the
binding affinities of AZ3451 analogues; PAR2 couples to subtypes of G-proteins, like Gq-protein,
and calcium release assay is a cell-based second messenger assay that determine the Ca2+ flux
associated with Gq-protein activation or inhibition75. Changes in intracellular Ca2+ concentration
can be measured after the analogues bind to PAR259,98 along with β-arrestin-2 recruitment assay
to test the binding affinity of the analogues99. There are two types of β-arrestin, short-term
interaction between PAR2 of the arrestins indicates a preference for β-arrestin-278. Arrestins can
desensitize PARs by arresting the G-protein signaling pathway, and can also acts as scaffold
proteins involved in endosomal trafficking and signaling modulation78. Endocytosis and
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intracellular trafficking of PAR2 are important to sustain its physiological functions in cell78,99.
Therefore, the PAR2-arrestin interaction can be used as a measurement of ligand binding.

3.23 Radiolabel Approach
After the binding affinity data has been obtained for the library of AZ3451 analogues, 18F will be
introduced into the selected candidate compound to make it an imaging agent for PET22. The
synthesis must be designed with the half-life of 18F in mind69. The conditions used to prepare the
“cold” compounds required several hours to react22,69. To maximum the radiochemical yield
( RCY), it is important to introduce the radionuclide as late in the synthesis as possible68,69. Scheme
5 shows the proposed multi-step radiolabelling procedure to prepare the AZ3451-derived
radiolabelled ligand.
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18

F-

Scheme 5. Proposed radiolabelling scheme for AZ3451-derived ligand.
This synthetic scheme was created with three main steps. As mentioned in Chapter 1.7, SCIDY
technology that involves iodonium-mediated arene radio-fluorination will be used in the radio
synthesis70. Therefore, in the first step in this synthesis involves the amidation of compound 4 to
produce compound 12. After this reaction, the next step will be to introduce SCIDY to compound
8 to produce a spiro-iodine (III)-based precursor (compound 13)70. Lastly, this precursor will
undergo radio-fluorination, in which compound 13 will react with nucleophilic
compound 14 (radiotracer). Eventually, a successful

18

18

F to yield

F-radioligand is a useful tool that could

highlight PAR2 expression both in vitro and in vivo with potential clinical applications in cancer,
such as breast cancer and lung cancer.
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Chapter Four
Experimental Procedures
All reagents are available and were obtained from Sigma-Aldrich, Fisher Scientific, and Oakwood
Chemicals. The purity of the compounds was analysed using analytical HPLC (Agilent
Technologies 1200 series) equipped with a C18 column (3.0 x 150 mm 4-micron), and UV detector
set to 365nm. HPLC data was processed using Project HPLC testing. Compound purity was
measures as the area under the curve (AUC) for the desire product over the total AUC for all peaks
and reported as a percentage. The results are summarized in the Results and Discussion section.
NMR spectra were obtained on a 500Hz Bruker NMR Instrument Chloroform-d or DMSO-d6 with
the chemical shifts referenced to solvent signals.
Types of flash silica gel column chromatography. Type #A: flash silica gel column
chromatography with an elution gradient 1:3 EtOAc : Hexane. Column length=400mm, column
diameter=26mm. Silica gel length: 120mm. Type #B: flash silica gel column chromatography
with an elution gradient 1:1 EtOAc : Hexane. . Column length=400mm, column diameter=26mm.
Silica gel length: 140mm. Type #C: flash silica gel column chromatography with an elution
gradient 1:50 MeOH: DCM. . Column length=600mm, column diameter=15mm. Silica gel length:
200mm. Type #D: flash silica gel column chromatography with an elution gradient 1:100 MeOH:
DCM. Column length=400mm, column diameter=26mm. Silica gel length: 220mm.
Synthesis of (S)-methyl 4-((1-cyclohexylethyl) amino)-3-nitrobenzoate. (Compound 2)
To a 100mL round-bottom flask equipped with a stir bar was measured and added methyl 4fluoro-3-nitrobenzoate (1000mg, 5.02mmol), and caesium carbonate (3271.1mg, 10.04mmol). To
this reaction mixture, (S)-cyclohexyl ethylamine (766.13mg, 6.024mmol) was added via a syringe.
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DMF (10mL) was measured and added to the round-bottomed flask, which was then sealed with
a rubber septum and allowed to stir for two hours at room temperature. The resulting
orange/yellow-colour mixture was then checked by TLC 1:3 EtOAc : hexane. The reaction mixture
was diluted with 100mL of EtOAc and extracted with 200mL of saturated NH4Cl solution. The
aqueous layer was separated, extracted 2 times with EtOAC. The combined organic layers were
dried over Na2SO4 and filtered. The solvent was then removed under reduced pressure by rotary
evaporation. The crude product was then prepared for flash silica gel chromatography. Column
Awas used to elute the purified product, (S)-methyl 4-((1-cyclohexylethyl) amino)-3nitrobenzoate. A 1401 mg (91% yield) of pure product was obtained. 1H NMR (500 MHz, CDCl3)
δ 8.83 (s, 1H), 8.48 (d, 1H), 8.01 (m, 1H), 3.90 (s, 3H), 2.01 (m, 1H), 1.55 (m, 3H), 1.47 (m, 1H),
1.15(m, 9H), 0.64 (m, 1H) MS m/z: for Chemical Formula: C16H22N2O4 [M + H]+ 307.12 (calcd.)
306.4 (found.)

Synthesis of (S)-methyl 3-amino-4-((1-cyclohexylethyl) aminobenzoate. (Compound 3)
(S)-methyl 4-((1-cyclohexylethyl) amino)-3-nitrobenzoate (1401mg, 4.57 mmol) was added to
a 250mL round-bottom flask. Pd/C catalyst (Palladium content 10%, 40mg, 0.37mmol) was added
into the flask via spatula along with a stir bar. A 1:1 EtOAc: MeOH solution (12mL) was added to
the flask, and then sealed with a rubber septum. The air within the flask was removed under
vacuum and refilled twice with H2 by H2-filled balloon. With the H2-filled balloon still attached,
the reaction was then allowed to progress for 8 hours at room temperature while stirring. The
reaction was checked for completion by TLC (1:3 EtOAc: Hexane ), and then filtered through a
layer of diatomaceous earth washed with high volumes of EtOAc. The resulting light grey colour
liquid was then concentrated under pressure by rotary evaporation and further dried in a desiccator
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to afford the desired product as a light green solid. 1262mg (97% yield) was obtained and this
product was used directly without further purification in the next step. 1H NMR (500 MHz, CDCl3)
δ 7.57 (m, 1H), 7.41 (s, 1H), 6.55 (s, 1H), 3.87 (s, 3H), 2.04 (m, 1H), 1.35 (m, 3H), 1.51 (m, 1H),
1.13 (m, 9H), 0.67 (m, 1H) MS m/z: for Chemical Formula: C16H24N2O2 [M + H]+ 276.18 (calcd.)
275.9 (found.)

Synthesis

of

(S)-2-(6-bromobenzo[d]

[1,3]

dioxol-5-yl)-1-(1-cyclohexylethyl)-1H-

benzo[d]imidazole-5-carboxylic acid. (Compound 4)
To a 250mL round-bottomed flask was added (S)-methyl 3-amino-4-((1-cyclohexylethyl)
aminobenzoate (1262mg, 4.45mmol) and iodine (2259.2mg, 8.9mmol). Sodium hydroxide pellets
(1779.4 mg, 44.5mmol) were then added to the flask, followed by the addition of 6-bromobenzod-1,3-dioxole-5-carbaldehyde (823.3mg, 4.45mmol) via spatula. A stir bar was added to the flask
and then acetonitrile (12mL). The round-bottom flask was sealed with a rubber septum. The flask
was flushed with Argon. After sonication, the flask was set onto a stir plate for 6 hours at room
temperature under argon gas. This reaction was checked by TLC ( 1:3 EtOAc: Hexane and 1:1
EtOAc: Hexane). The reaction mixture was a smooth, shaded brown sand-like solution. The
reaction mixture was acidified to pH 2-3 using a 2M HCl solution. The crude product was
concentrated via rotary evaporation to yield an oil-like dark/brown product stuck to the flask. The
residue was redissolved in EtOAc (100mL, sonicated) and poured into a 500mL separatory funnel.
Saturated NaCl solution (150mL) was added, followed by distilled water (100mL). Three
extractions of aqueous layers were performed, adding 30mL of EtOAc each time. The combined
organic layers were dried over Na2SO4, filtered, washed using EtOAc, and concentrated under
reduced pressure by rotary evaporation. The sample was then prepared for a flash silica
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chromatography column. The crude product in silica was then added to the column and was washed
with hexane. Column A was initially used, which was switched to column B. A 1902mg (81%
yield) was obtained. 1H NMR (500 MHz, DMSO) δ 12.79 (s, 1H), 8.26 (s, 1H), 7.90 – 7.86 (m,
2H), 7.44 (d, 1H), 7.12 (s, 1H), 6.26 – 6.19 (m, 2H), 3.75 (m, 1H), 2.16 – 1.99 (m, 1H), 1.87 (m,
1H), 1.70 (m, 3H), 1.62 – 1.42 (m, 3H), 1.29 – 1.13 (m, 1H), 1.07 – 0.75 (m, 4H), 0.68 – 0.49 (m,
1H). MS m/z: for Chemical Formula: C23H23BrN2O4 [M + H]+ 470.08 (calcd.) 471.0 (found.)
General synthetic method for AZ3451 and its derivatives.
To a 100mL round bottom flask was added compound 4 (100 mg, 206 µmol), HATU (158 mg,
412 µmol), DIPEA (53.2 mg, 2.5µL, 0.412 mmol), and DMF (2 mL). This was stirred at ambient
temperature for 1 hour followed by addition of the specific amine. The reaction was then heated
to 100 C and monitored by TLC.
The reaction mixture diluted with 200ml of DI water and 100ml of saturated NaCl solution in a
500ml separatory funnel. The aqueous layer was washed twice with EtOAc (60 mL). The
combined organic layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure by rotary evaporation. A crude mixture was obtained and prepared for a flash silica
chromatography.

Synthesis

of

(S)-2-(6-bromobenzo[d]

[1,3]

dioxol-5-yl)-N-(4-cyanophenyl)-1-(1-

cyclohexylethyl)-1Hbenzo[d]imidazole-5-carboxamide (Compound 5 - AZ3451).
4-Aminobenzonitrile (36.5mg, 0.412mmol) was added into the flask then heated to 100°C for
12 hours. The TLC solvent system was 1:1 EtOAc: Hexane and 1:12 MeOH: DCM plus one drop
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of NH4OH. A brown, oil-like crude product was obtained and purified first with an eluting solvent
of 1:3 EtOAc: Hexane, which was switched to 1:1 EtOAc: Hexane as the final eluent.
Further purification by flash silica gel column with DCM. This purification process in fume hood
all the time. The chromatography column was set up using wet loading with DCM. The crude
product in silica was then added to the column and was washed with DCM. An initial column C
was used, and the column solvent system was changed to column D. A light brown solid produc48.8mg (41% yield) was obtained. 1H NMR (500 MHz, DMSO) δ 10.67 (s, 1H), 8.42 – 8.36 (m,
1H), 8.08 – 8.02 (m, 2H), 7.96 (m, 1H), 7.86 (m, 3H), 7.46 (m, 1H), 7.25 – 7.10 (m, 1H), 6.26 –
6.20 (m, 2H), 3.87 – 3.68 (m, 1H), 2.14 – 2.03 (m, 1H), 1.90 (m, 1H), 1.72 (m, 3H), 1.63 (dm 1H),
1.58 – 1.43 (m, 2H), 1.26 (m, 1H), 1.07 – 0.76 (m, 4H), 0.59 (m, 1H). MS m/z: for Chemical
Formula: C30H27BrN4O3 [M + H]+ 570.13 (calcd.) 571.3 (found.)

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(2-

fluorophenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 6a)
The method similar for the preparation of AZ3451 was used except the building block (R group)
is 2-Fluoroaniline (35.2mg, 0.420mmol). And the reaction time was changed to 7 hours.
Purification of the crude product by flash silica chromatography with an elution gradient 1:1
EtOAc: Hexane and further purification by column C. A colorless solid product-66mg (54.6%)
was obtained. 1H NMR (500 MHz, CDCl3) δ 8.53 (m, 1H), 8.33 (m, 1H), 8.22 (m, 1H), 7.94 (m,
1H), 7.69 (m, 1H), 7.20 (m, 1H), 7.17 – 7.11 (m, 1H), 7.09 (m, 1H), 6.85 (m, 1H), 6.12 (m, 2H),
3.84 (m, 1H), 2.06 (m, 1H), 1.94 (m, 1H), 1.78 (m, 3H), 1.68 – 1.51 (m, 3H), 1.40 – 1.15 (m, 1H),
1.11 – 0.80 (m, 4H), 0.78 – 0.55 (m, 1H). MS m/z: for Chemical Formula: C29H27BrFN3O3 [M +
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H]+ 563.12 (calcd.) 564.1 (found.) Purity testing by HPLC (65%-95% Acetonitrile 10 minutes) tR
= 6.254 minutes. Purity=99%.

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3-

fluorophenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 6b)
The method similar for the preparation of AZ3451 was used except replacing the building blocks
(R group) with 3-Fluoroaniline (39mg, 0.421mmol). And the reaction time for reflux is change to
6 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A colorless solid product-75mg (64.6%) was obtained. 1H NMR
(500 MHz, CDCl3) δ 8.55 (m, 1H), 8.33 (m, 1H), 7.90 – 7.88 (m, 1H), 7.70 – 7.66 (m, 2H), 7.29
(m, 1H), 7.07 (m, 1H), 6.83 – 6.71 (m, 2H), 6.09 (d, 2H), 3.80 (m, 1H), 2.11 – 1.97 (m, 1H), 1.92
(d, 1H), 1.80 – 1.71 (m, 3H), 1.63 – 1.50 (m, 3H), 1.31 – 1.20 (m, 1H), 1.09 – 0.79 (m, 4H), 0.74
– 0.53 (m, 1H). MS m/z: for Chemical Formula: C29H27BrFN3O3 [M + H]+ 563.12 (calcd.) 564.14
(found.) Purity testing by HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes) tR =
5.006 minutes. Purity=99%.

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

fluorophenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 6c)
The method similar for the preparation of AZ3451 was used except replacing the building block
with (R group) 4-Fluoroaniline (36.5mg, 0.412mmol). Purification with similar method by the
crude product was purified by column B and further purification by column C. A light-yellow solid
product-50mg (43.6%) was obtained. 1H NMR (500 MHz, CDCl3) δ 9.46 (m, 1H), 8.48 (m, 1H),
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7.91 (m, 1H), 7.68 – 7.62 (m, 2H), 7.60 (m, 1H), 7.02 – 6.93 (m, 2H), 6.70 – 6.56 (m, 1H), 6.08 –
5.98 (d, 2H), 3.85 – 3.64 (m, 1H), 1.98 (m, 1H), 1.89 (m, 1H), 1.71 (m, 3H), 1.62 – 1.46 (m, 3H),
1.41 – 1.18 (m, 1H), 1.13 – 0.74 (m, 4H), 0.71 – 0.47 (m, 1H). MS m/z: for Chemical Formula:
C29H27BrFN3O3 [M + H]+ 563.12 (calcd.) 566.1 (found.) Purity testing by HPLC (Acquisition
method - 75%-95% Acetonitrile 10 minutes) tR = 2.980 minutes. Purity=99%.

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(2-

fluorobenzyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 7a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) with 2-Fluorobenzylamine (53mg, 0.41mmol). And purification with similar method by
the crude product was purified by column A and further purification by column C. A white solid
product-65mg (56.5%) was obtained. 1H NMR (500 MHz, CDCl3) δ 8.18 (m, 1H), 7.83 (m, 1H),
7.61 (m, 1H), 7.44 (m, 1H), 7.19 – 6.99 (m, 3H), 6.97 – 6.86 (m, 1H), 6.77 (m, 1H), 6.10 (d, 2H),
4.73 (m, 2H), 3.90 – 3.69 (m, 1H), 2.03 (m, 1H), 1.92 (m, 1H), 1.75 (m, 3H), 1.57 (m, 3H), 1.22
(m, 1H), 1.09 – 0.78 (m, 4H), 0.73 – 0.52 (m, 1H). MS m/z: for Chemical Formula: C30H29BrFN3O3
[M + H]+ 577.14 (calcd.) 578.04 (found.)

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3-

fluorobenzyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 7b)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) with 3-Fluorobenzylamine (55mg, 0.411mmol). And the reaction time for reflux is
change to 6 hours. Purification with similar method by column A and further purification by
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column C. A white solid product-70mg (58.8%) was obtained. 1H NMR (500 MHz, CDCl3) δ 8.20
(m, 1H), 7.86 (m, 1H), 7.62 (m, 1H), 7.32 – 7.25 (m, 1H), 7.19 – 7.04 (m, 2H), 6.96 (m, 1H), 6.88
(s, 1H), 6.84 – 6.71 (m, 1H), 6.10 (d, 2H), 4.72 – 4.63 (d, 2H), 3.90 – 3.70 (m, 1H), 2.04 (m, 1H),
1.92 (m, 1H), 1.76 (m, 3H), 1.58 (m, 3H), 1.42 – 1.19 (m, 1H), 1.10 – 0.79 (m, 4H), 0.64 (m, 1H).
MS m/z: for Chemical Formula: C30H29BrFN3O3 [M + H]+ 577.14 (calcd.) 583.15 (found.) Purity
testing by HPLC (Acquisition method - 75%-95% Acetonitrile 10 minutes) tR = 2.254 minutes.
Purity=99%.
Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

fluorobenzyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 7c)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) with 4-Fluorobenzylamine (53mg, 0.41mmol). And the reaction time for reflux is
change to 6 hours. Purification with similar method by the crude product was purified by column
A and further purification by column C. A light-brown solid product-78mg (64%) was obtained.
1

H NMR (500 MHz, CDCl3) δ 8.17 (m, 1H), 7.84 (m, 1H), 7.61 (m, 1H), 7.33 (m, 2H), 7.14 (m,

1H), 7.01 (m, 2H), 6.89 – 6.70 (m, 1H), 6.09 (d, 2H), 4.64 (d, 2H), 3.90 – 3.71 (m, 1H), 2.03 (m,
1H), 1.92 (m, 1H), 1.75 (m, 3H), 1.64 – 1.49 (m, 3H), 1.24 (m, 1H), 1.17 – 0.78 (m, 4H), 0.63 (m,
1H). MS m/z: for Chemical Formula: C30H29BrFN3O3 [M + H]+ 577.14 (calcd.) 578.0 (found.)
Purity testing by HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes) tR = 3.935
minutes. Purity=99%.

Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-2-yl)1H-benzo[d]imidazole-5-carboxamide. (Compound 8a)
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The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) 2-Aminopyridine (53.2mg, 0.412mmol). And the reaction time for reflux is change to
10 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A light-brown solid product-33mg (29%) was obtained. 1H NMR
(500 MHz, CDCl3) δ 8.79 (m, 1H), 8.44 (m, 1H), 8.41 – 8.36 (m, 1H), 8.30 (m, 1H), 7.94 – 7.89
(m, 1H), 7.77 (m, 1H), 7.67 (m, 1H), 7.17 (m, 1H), 6.96 (m, 1H), 6.10 (d, 2H), 3.93 – 3.76 (m,
1H), 2.15 – 2.00 (m, 1H), 1.94 (m, 1H), 1.77 (m, 3H), 1.69 – 1.51 (m, 3H), 1.38 – 1.17 (m, 1H),
1.10 – 0.81 (m, 4H), 0.79 – 0.56 (m, 1H). MS m/z: for Chemical Formula: C28H27BrN4O3 [M +
H]+ 546.13 (calcd.) 547.0 (found.)

Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-3-yl)1H-benzo[d]imidazole-5-carboxamide. (Compound 8b)
The method similar for the preparation of compound 8a was used except replacing the building
block (R group) with 3-Aminopyridine (53mg, 0.41mmol). And the reaction time for reflux is
change to 9 hours. Purification with similar method by the crude product was purified by column
B and further purification by column C. A brown solid product-53mg (47.3%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 8.84 (m, 1H), 8.45 (m, 1H), 8.38 (m, 1H), 8.30 (m, 1H), 8.32 (m, 1H),
7.91 (m, 1H), 7.77 (m, 1H), 7.70 (m, 1H) 7.27 (m, 1H), 6.93 (m, 1H), 6.13 (d, 2H), 3.78 (m, 1H),
2.03 (m, 1H), 1.93 (m, 1H), 1.77 (m, 3H), 1.63 (m, 3H), 1.25 (m, 1H), 1.10 – 0.81 (m, 4H), 0.79 –
0.56 (m, 1H). MS m/z: for Chemical Formula: C28H27BrN4O3 [M + H]+ 546.13 (calcd.) 547.0
(found.) MS m/z: for Chemical Formula: C28H27BrN4O3 [M + H]+ 546.13 (calcd.) 547.3 (found.)
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Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-4-yl)1H-benzo[d]imidazole-5-carboxamide. (Compound 8c)
The method similar for the preparation of compound 8a was used except replacing the building
block (R group) with 4-Aminopyridine (54mg, 0.411mmol). And the reaction time for reflux is
change to 11 hours. Purification with similar method by the crude product was purified by column
B and further purification by column D. A brown solid product-60mg (53.5%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 10.14 (m, 1H), 8.59 (m, 1H), 8.44 (m, 2H), 7.91 (m, 1H), 7.68 (m, 1H),
7.60 (m, 1H) 6.95 (m, 1H), 6.63 (m, 1H), 6.04 (d, 2H), 3.69 (m, 1H), 1.97 (m, 1H), 1.87 (m, 1H),
1.65 (m, 3H), 1.53 (m, 3H), 1.22 (m, 1H), 1.02 – 0.78 (m, 4H), 0.78 – 0.52 (m, 1H). MS m/z: for
Chemical Formula: C28H27BrN4O3 [M + H]+ 546.13 (calcd.) 547.0 (found.) MS m/z: for Chemical
Formula: C28H27BrN4O3 [M + H]+ 546.13 (calcd.) 547.3 (found.)MS m/z: for Chemical Formula:
C28H27BrN4O3 [M + H]+ 546.13 (calcd.) 548.3 (found.) Purity testing by HPLC (Acquisition
method - 75%-95% Acetonitrile 10 minutes) tR = 2.134 minutes. Purity=98%.

Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-3yl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 9a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) with 3-aminoquinoline (44.6mg, 0.31mmol). And the reaction time for reflux is change
to 8 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A brown solid product-60mg (48.7%) was obtained. 1H NMR
(500 MHz, CDCl3) δ 11.04 – 10.62 (m, 1H), 9.07 (m, 1H), 8.89 (s, 1H), 8.79 (m, 1H), 8.06 (d, 1H),
7.98 (d, 1H), 7.83 (t, 1H), 7.66 – 7.57 (m, 1H), 7.54 (t, 1H), 6.79 (m, 1H), 6.54 (m, 1H), 5.74 (m,
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1H), 5.31 – 4.88 (m, 1H), 3.82 – 3.55 (m, 1H), 2.00 (m, 1H), 1.86 (m, 2H), 1.73 (m, 1H), 1.64 –
1.46 (m, 4H), 1.32 – 1.14 (m, 1H), 1.11 – 0.89 (m, 3H), 0.84 – 0.68 (m, 1H), 0.57 (m, 1H). MS
m/z: for Chemical Formula: C32H29BrN4O3 [M + H]+ 596.14 (calcd.) 597.1 (found.) Purity testing
by HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes) tR = 3.909 minutes.
Purity=99%.
Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-6yl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 9b)
The method similar for the preparation of compound 9a was used except replacing the building
block (R group) with 6-aminoquinoline (45mg, 0.32mmol). And the reaction time for reflux is
change to 8 hours. Purification with similar method by the crude product was purified by column
B and further purification by column C. A brown solid product-75mg (60.9%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 10.27 (m, 1H), 8.84 (s, 1H), 8.68 (m, 1H), 8.50 (m, 1H), 8.15 (m, 1H),
7.99 (m, 1H), 7.87 (m, 1H), 7.60 (m, 1H), 7.41 – 7.34 (m, 1H), 6.80 (m, 1H), 6.60 – 6.47 (m, 1H),
5.90 – 5.81 (m, 1H), 5.45 (m, 1H), 3.82 – 3.59 (m, 1H), 2.09 – 1.92 (m, 1H), 1.87 (m, 1H), 1.69
(m, 3H), 1.60 – 1.45 (m, 3H), 1.21 (m, 1H), 1.11 – 0.72 (m, 4H), 0.69 – 0.44 (m, 1H). MS m/z: for
Chemical Formula: C32H29BrN4O3 [M + H]+ 596.14 (calcd.) 597.2 (found.) Purity testing by
HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes) tR = 2.625 minutes. Purity=99%.

Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-8yl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 9c)
The method similar for the preparation of compound 9a was used except replacing the building
block (R group) with 8-aminoquinoline (45.6mg, 0.311mmol). And the reaction time for reflux is
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change to 8 hours. Purification with similar method by the crude product was purified by column
and further purification by column D. A light-brown solid product-93mg (68.9%) was obtained.
1

H NMR (500 MHz, CDCl3) δ 10.94 (m, 1H), 8.97 (m, 1H), 8.84 (s, 1H), 8.60 (m, 1H), 8.19 (m,

1H), 8.10 (m, 1H), 7.73 (m, 1H), 7.61 (m, 1H), 7.54 (m, 1H), 7.19 (m, 1H), 6.87 (m, 1H), 6.13 (m,
2H), 3.95 – 3.77 (m, 1H), 2.10 (m, 1H), 1.96 (m, 1H), 1.79 (m, 3H), 1.70 – 1.52 (m, 3H), 1.41 –
1.19 (m, 1H), 1.12 – 0.80 (m, 4H), 0.78 – 0.58 (m, 1H). MS m/z: for Chemical Formula:
C32H29BrN4O3 [M + H]+ 596.14 (calcd.) 599.1 (found.) Purity testing by HPLC (Acquisition
method - 75%-95% Acetonitrile 10 minutes) tR = 8.675 minutes. Purity=94%.

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3-

ethynylphenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 10a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) with 3-ethynyaniline (35.6mg, 0.312mmol). And the reaction time for reflux is change
to 6 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A light-yellow solid product-68mg (59.6%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 9.14 (m, 1H), 8.45 (m, 1H), 7.95 – 7.85 (m, 2H), 7.69 (m, 1H), 7.62
(m, 1H), 7.23 (m, 1H), 7.06 – 6.95 (m, 1H), 6.74 – 6.62 (m, 1H), 6.11 – 6.01 (d, 2H), 3.87 – 3.67
(m, 1H), 3.07 (s, 1H), 2.09 (m, 1H), 1.86 (m, 1H), 1.73 (m, 3H), 1.62 – 1.47 (m, 3H), 1.30 – 1.16
(m, 1H), 1.13 – 0.76 (m, 4H), 0.62 (m, 1H). MS m/z: for Chemical Formula: C31H28BrN3O3 [M +
H]+ 569.13 (calcd.) 570.0 (found.) Purity testing by HPLC (Acquisition method - 75%-95%
Acetonitrile 10 minutes) tR = 2.980 minutes. Purity=96%.
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Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

ethynylphenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 10b)
The method similar for the preparation of compound 10a was used except replacing the building
block (R group) by 4-ethynyaniline (42.6mg, 0.301mmol). Purification with similar method by the
crude product was purified by column B and further purification by column C. A light-yellow solid
product-70mg (60.6%) was obtained. 1H NMR (500 MHz, CDCl3) δ 9.57 (m, 1H), 8.49 (m, 1H),
7.92 (m, 1H), 7.69 (m, 1H), 7.59 (m, 1H), 7.42 (m, 2H), 7.03 – 6.90 (m, 1H), 6.63 (m, 1H), 6.06
(d, 2H), 3.85 – 3.63 (m, 1H), 3.06 (s, 1H), 2.09 – 1.86 (m, 1H), 1.74 (m, 1H), 1.66 (m, 3H), 1.63
– 1.47 (m, 3H), 1.29 – 1.17 (m, 1H), 1.11 – 0.75 (m, 4H), 0.70 – 0.48 (m, 1H). MS m/z: for
Chemical Formula: C31H28BrN3O3 [M + H]+ 569.13 (calcd.) 570.0 (found.)

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-N-(4-bromophenyl)-1-(1-

cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 11a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) by 4-Bromoaniline (82.6mg, 0.477mmol). And the reaction time for reflux is change to
7 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A white-yellow solid product-50mg (43.6%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 9.76 (m, 1H), 8.53 (m, 1H), 7.91 (m, 1H), 7.60 (m, 2H), 7.38 (m, 2H),
7.00 – 6.89 (m, 1H), 6.65 – 6.52 (m, 1H), 6.05 (d, 2H), 3.85 – 3.61 (m, 1H), 2.08 – 1.93 (m, 1H),
1.88 (m, 1H), 1.70 (m, 3H), 1.62 – 1.45 (m, 3H), 1.31 – 1.16 (m, 1H), 1.11 – 0.74 (m, 4H), 0.72 –
0.48 (m, 1H). MS m/z: for Chemical Formula: C29H27Br2N3O3 [M + H]+ 623.04 (calcd.) 626.3
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(found.) Purity testing by HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes) tR =
6.740 minutes. Purity=98%.
Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-2-

ylmethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 12a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) by 2-(Amino methyl) pyridine (33.6mg, 0.309mmol). And the reaction time for reflux
is change to 6 hours. Purification with similar method by the crude product was purified by column
B and further purification by column C. A light-yellow solid product-74.8mg (63.7%) was
obtained. 1H NMR (500 MHz, CDCl3) δ 8.56 (m, 1H), 8.32 (m, 1H), 7.90 (m, 1H), 7.74 (m, 1H),
7.71 – 7.60 (m, 2H), 7.35 (m, 1H), 7.19 (m, 1H), 6.84 (m, 1H), 6.11 (d, 2H), 4.81 (m, 2H), 3.90 –
3.73 (m, 1H), 2.05 (m, 1H), 1.93 (m, 1H), 1.76 (m, 3H), 1.57 (m, 3H), 1.23 (m, 1H), 1.10 – 0.79
(m, 4H), 0.75 – 0.52 (m, 1H). MS m/z: for Chemical Formula: C29H29BrN4O3 [M + H]+ 560.14
(calcd.) 561.4 (found.) Purity testing by HPLC (Acquisition method - 50%-95% Acetonitrile 10
minutes) tR = 2.103 minutes. Purity=99%.

Synthesis

of

(S)-N-([1,1'-biphenyl]-2-yl)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-

cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 13a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) by 2-Aminobiphenyl (52.6mg, 0.31mmol). And the reaction time for reflux is change to
6 hours. Purification with similar method by the crude product was purified by column B and
further purification by column C. A light-grey solid product-67mg (52.3%) was obtained. 1H NMR
(500 MHz, CDCl3) δ 8.59 (m, 1H), 8.12 (s, 1H), 7.93 (m, 1H), 7.76 (m, 1H), 7.59 (m, 1H), 7.53
75

(m, 2H), 7.49 – 7.40 (m, 3H), 7.30 (m, 1H), 7.24 – 7.18 (m, 1H), 7.08 (m, 1H), 6.81 (m, 1H), 6.10
(d, 2H), 3.88 – 3.71 (m, 1H), 1.96 (m, 2H), 1.75 (m, 3H), 1.37 – 1.20 (m, 4H), 1.09 – 0.78 (m, 4H),
0.73 – 0.51 (m, 1H). MS m/z: for Chemical Formula: C35H32BrN3O3 [M + H]+ 621.16 (calcd.)
622.22 (found.) Purity testing by HPLC (Acquisition method - 65%-95% Acetonitrile 10 minutes)
tR = 6.361 minutes. Purity=95%.

Synthesis

of

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

phenoxyphenyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound 14a)
The method similar for the preparation of AZ3451 was used except replacing the building block
(R group) by 4-phenoxyaniline(43.6mg, 0.3mmol) . And the reaction time for reflux is change to
5 hours. Purification with similar method by the column B and further purification by column C.
A brown solid product-91mg (57%) was obtained. 1H NMR (500 MHz, CDCl3) δ 9.23 (m, 1H),
8.45 (m, 1H), 7.92 (m, 1H), 7.66 (m, 2H), 7.61 (m, 1H), 7.33 (m, 2H), 7.08 (m, 1H), 6.99 (m, 4H),
6.75 – 6.61 (m, 1H), 6.06 (d, 2H), 3.76 (m, 1H), 2.09 – 1.95 (m, 1H), 1.90 (m, 1H), 1.72 (m, 3H),
1.64 – 1.46 (m, 3H), 1.29 – 1.17 (m, 1H), 1.13 – 0.76 (m, 4H), 0.71 – 0.47 (m, 1H). MS m/z: for
Chemical Formula: C35H32BrN3O4 [M + H]+ 637.16 (calcd.) 638.2 (found.) Purity testing by
HPLC (Acquisition method - 75%-95% Acetonitrile 10 minutes) tR = 4.832 minutes. Purity=98%.

Synthesis

of

(S)-2-(2-bromophenyl)-1-(1-cyclohexylethyl)-1H-benzoimidazole-5-

carboxylic acid. (Compound 15)
The method similar for the preparation of compound 4 in Scheme1, except that 6-bromobenzod-1,3-dioxole-5-carbaldehyde was replaced by 2-Bromobenzaldehyde to made compound 13 in
76

Scheme 6. Purification with similar method by the crude product was purified by flash silica
chromatography with an elution gradient 1:3 EtOAc: Hexane. And then, the column solvent system
was changed to 1:1 EtOAc: Hexane. A dark-brown solid product 1034mg (85%) was obtained. 1H
NMR (500 MHz, CDCl3) δ 8.67 (m, 1H), 8.09 (m, 1H), 7.78 (m, 1H), 7.65 (m, 1H), 7.52 – 7.47
(m, 2H), 7.43 – 7.40 (m, 1H), 3.90 – 3.69 (m, 1H), 2.03 (m, 1H), 1.97 (m, 1H), 1.78 (m, 3H), 1.65
– 1.58 (m, 3H), 1.26 – 1.18 (m, 1H), 0.95 – 0.78 (m, 4H), 0.73 – 0.50 (m, 1H). MS m/z: for
Chemical Formula: C22H23BrN2O2 [M + H]+ 426.00 (calcd.) 427.7 (found.)
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Appendix 1: Structures of AZ3451 Analogues.
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Appendix 2:
1

H-NMR spectra for compound 2
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1

H-NMR spectra for compound 3

Characterization Data (Mass Spectroscopy, HPLC, and 1H-NMR) for compound 4
(Carboxylic compound) and Compound 5 (AZ3451)

Compound 4. (S)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-1Hbenzo[d]imidazole-5-carboxylic acid.
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AZ3451. 2-(6-Bromo-1,3-benzodioxol-5-yl)-N-(4-cyanophenyl)-1-[(1S)-1-cyclohexylethyl]-1Hbenzimidazole-5-carboxamide.
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Appendix 3: Characterization Data (Mass Spectroscopy, HPLC and 1H-NMR) for
AZ3451 analogues.
Compound 6a. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(2-fluorophenyl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 6b. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3-fluorophenyl)1H-benzo[d]imidazole-5-carboxamide.
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101

Compound 6c. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-fluorophenyl)1H-benzo[d]imidazole-5-carboxamide.

102

103

Compound 7a. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(2-fluorobenzyl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 7b. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3-fluorobenzyl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 7c. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-fluorobenzyl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 8a. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-2-yl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 8b. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-3-yl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 8c. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-4-yl)1H-benzo[d]imidazole-5-carboxamide.

114

115

Compound 9a.

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-

3-yl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 9b. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-6-yl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 9c. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(quinolin-8-yl)1H-benzo[d]imidazole-5-carboxamide.
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Compound 10a. (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(3ethynylphenyl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 10b.

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

ethynylphenyl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 11a.

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-N-(4-bromophenyl)-1-(1-

cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 12a.

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(pyridin-2-

ylmethyl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 13a.

(S)-N-([1,1'-biphenyl]-2-yl)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-

cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide.
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Compound 14a.

(S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-

phenoxyphenyl)-1H-benzo[d]imidazole-5-carboxamide.
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Appendix 4: MS and 1H-NMR Spectra for Compound 15.
(S)-2-(2-bromophenyl)-1-(1-cyclohexylethyl)-1H-benzoimidazole-5-carboxylic acid.
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