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Abstract

Lung cancer continues to be the leading cause of cancer-related mortality for both men and
women worldwide. Over the past two decades, advancements in prevention, screening, and
treatment have contributed to reducing the overall cancer burden in Canada, though challenges
remain. Molecular imaging, particularly PET imaging, employs radionuclide-labeled tracers to
non-invasively diagnose diseases by visualizing biochemical processes in vivo. The success of
PET imaging depends on radiopharmaceuticals targeting relevant receptors. G protein-coupled
receptors (GPCRs) constitute the largest gene family in the human genome, regulating various
cellular functions, with their dysregulation implicated in numerous diseases, including cancer.
Protease-activated receptor 2 (PAR2) and lysophosphatidic acid receptor 1 (LPA1), both
GPCRs, are overexpressed in lung cancer and play critical roles in tumor progression and
metastasis, making them promising targets for cancer diagnosis and therapy. This thesis
focuses on design, synthesis, and evaluation of small molecules that targeting PAR2 and LPA1
for potential use in cancer diagnosis and therapy.

Abnormal activation of PAR?2 initiates downstream signaling pathways that promote cancer
progression and tumor metastasis in various cancer types. Studies have shown that PAR2 is
significantly overexpressed, up to 16-fold, in lung cancer tissues. Chapter 2 presents the design
and organic synthesis of novel PAR2 ligands (total of 35 compounds), based on AZ3451, a
previously reported potent and selective PAR2 antagonist. Collaborators from Western
University evaluated all compounds for functional activity by assessing PAR2-dependent
calcium signaling and [-arrestinl/2 recruitment. Based on the functional activity assay,
structural modifications of AZ3451 are expected to yield novel biased PAR2 negative allosteric
modulators (NAMs). Further assessment of all the compounds for bias in PAR2 mediated mini-
G protein recruitment to evaluate all compounds for their therapeutic potential is under way.
Among these compounds, a fluorine-containing compound, P1c, was selected as the candidate
with an ECso value of 16.8 nM (n=1) and 1.2nM (n=1), determined through B-arrestin 1 and 2
recruitment in a trypsin-induced assay. To facilitate the development of '3F-radiolabeled
compounds targeting PAR2, a precursor SPIAd iodonium (III) ylide was synthesized and
characterized. Ongoing efforts focus on investigating the optimal reaction conditions for F-
radiolabeling.

LPAT1 has been identified as being overexpressed in various cancers, particularly in lung cancer,
where its activation promotes cell migration and invasion. Chapter 3 presents two series of
design and synthesis of novel LPA1 antagonists with total 23 compounds. The synthetic
scheme of first series is derived from the previously reported potent and selective LPA1
antagonist, RO6842262. The second series is derived from compound 12f, an anti-metastatic
agent previously reported by our group. The core structure of this series was identified through
scaffold hopping and molecular docking studies. All final compounds have been fully
characterized, and their biological activity is currently being evaluated using cAMP and wound
healing assays. Notably, compound L22p in the second series exhibited an ICso value of 1.36
nM (n=1) in cAMP assay, indicating strong antagonistic activity against LPA1. This suggest
that the novel scaffold holds promise as a potent LPA1 antagonist. Given the high expression
of LPA1 in cancer, the candidate compound described in Chapter 3 will be converted into an
1odo-compound, which will then react with SPIAd to generate iodonium (III) ylide precursors.
These precursors will subsequently undergo treatment with fluorine-18 ions, followed by
hydrolysis, to yield the radiolabeled final compounds.
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Chapter 1

Introduction



1.1 Cancer

1.1.1 Overview of Cancer

Cancer is a complex and multifaceted disease that remains a leading cause of death worldwide,
deeply affecting human health and society!. According to the National Cancer Institute (NCI),
cancer is a disease of uncontrolled proliferation by transformed cells that evolve under natural
selection, influenced by genetic, epigenetic, and microenvironmental factors?. As presented in
Figure 1.1, cancer cells exhibit several distinct biological characteristics that differentiate them

from normal cells’.

Uncontrolled Cell
Cycle Progression

Genome A Resistance to
instability & Kg\[ Apoptosis
mutation - @ (@]
2 N
Abnormal Growth Escape from
Factor Signaling Immune System
oo Surveillance
V)
@
Environmenta \\‘\ Activating
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activation
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Cancer cells

Figure 1.1 Hallmarks of cancer. Cancer cells bypass regulatory signals, evade apoptosis, and
accumulate mutations that drive tumor progression®. Metabolic pathways are reprogrammed
to sustain rapid growth, while angiogenesis ensures oxygen and nutrient supply. Cancer cells
invade surrounding tissues, metastasize to distant organs, and evade immune surveillance,

enabling continued proliferation.



These mutations disrupt the regulatory processes governing cellular growth and death, enabling
mutated cells to proliferate indefinitely under certain conditions, as observed in HeLa cells®*.
A hallmark of cancer cells is their loss of adhesion molecules, which normally anchor cells
within tissues>3. This loss facilitates metastasis, the spread of cancer to other parts of the body
through the blood or lymphatic systems?°. Metastasis is a major contributor to cancer-related
mortality, as it disrupts the function of vital organs and complicates treatment>°. In Canada,
cancer significantly impacts individuals and the healthcare system’. According to Canadian
Cancer Statistics, approximately 40% of Canadians will receive a cancer diagnosis during their
lifetime”*8. In 2024, an estimated 240,000 Canadians are expected to be diagnosed with cancer,
with 90,000 deaths projected’ . Even during the COVID-19 pandemic (2020-2023), cancer
claimed around 82,000 lives annually, making it the country's leading cause of death (Fig. 1.2)’.

Malighant neoplasm \
-(Cancer)

Heart disease /.
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Figure 1.2. Distribution of leading causes of death in Canada from 2020 to 2023.



Malignant tumors accounted for 26.7% of all deaths during this period, exceeding the combined
mortality from the next three leading causes of death’. As Canada's population grows and ages,
the number of cancer cases and deaths continues to rise®. Additionally, cancer cells exhibit
remarkable adaptability, evolving to evade the body's immune responses and resist therapeutic

interventions®!°. This ability to adapt complicates efforts to control and eradicate the disease!'’.

1.1.2 Lung Cancer

Lung cancer is a malignant disease originating in the respiratory epithelium and remains the
leading cause of cancer-related deaths worldwide, with over 2.2 million new cases and nearly
1.8 million deaths annually!!!. In Canada, lung cancer is the most diagnosed cancer and the
leading cause of cancer-related deaths among both men and women, with the mortality even
larger than the combined of breast, colorectal, and prostate cancers’®. Early symptoms, such
as mild cough, fatigue, or chest pain, are often subtle and easily misdiagnosed, resulting in a
high percentage of late-stage diagnoses'"!?. Approximately 70% of patients are diagnosed in
the middle to advanced stages of the disease, when regional or distant spread significantly
limits treatment options’®!%. Over 50% of patients die within one year of diagnosis, and the

five-year survival rate is only about 17%’"3.

The widespread use of cigarettes as the predominant tobacco product in the 20th century
contributed to a significant rise in lung cancer incidence!*!*. Smoking is the primary risk factor
for lung cancer and is responsible for at least 80% of lung cancer deaths'. Clinically, lung
cancer is classified into small cell lung cancer (SCLC), accounting for about 15% of cases, and
non-small cell lung cancer (NSCLC), which represents approximately 85% of cases (Table
1.1)1416,

Table 1.1. The difference of SCLC and NSCLC.

Type SCLC NSCLC
Proportion ~15% ~85%
Growth and spread Rapid and early Slow and late metastasis
metastasis
Molecular Tumor Protein (Epidermal Growth Factor Receptor)
characteristics pS3(TP53), EGFR, Anaplastic Lymphoma
(Retinoblastoma 1) RB1  Kinase (ALK), (Kirsten Rat Sarcoma
mutations, Viral Oncogene Homolog) KRAS
Myelocytomatosis mutations




oncogene (MYC)

amplification

Histological differences Small, round or oval cells, Adenocarcinoma, squamous cell, and

and dense nuclear large cell carcinoma
chromatin
Staging Limited and extensive Staged using the tumor, node, and
stage metastasis system
Treatment Chemotherapy, radiation, Surgery, targeted therapy,
immunotherapy immunotherapy
Prognosis Poor — median survival 7- Variable — widely based on stage,
16 months early-stage patients have better

outcomes with therapy

NSCLC is further divided into three subtypes: adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma!’. The location of these types of lung cancer is summarized in the table
below (Fig. 1.3)!7!8, Large cell carcinoma represents approximately ~5% of lung cancers'">!”.
This subtype lacks squamous or glandular differentiation and is often diagnosed by
exclusion!"!”. It frequently begins in the central part of the lungs and may spread to nearby
lymph nodes, the chest wall, and distant organs. Large cell carcinoma is strongly associated

with smoking!!"17-1%,

Squamous cell carcinoma accounts for about ~25% of lung cancers and originates from
squamous cells in the airway epithelium of the bronchial tubes, typically in the central regions

of the lungs. Like large cell carcinoma, it is closely linked to cigarette smoking!!"!7:18,

Adenocarcinoma is the most common lung cancer subtype, comprising ~55% of cases'”!%. It

arises from small airway epithelial cells and mucus-secreting alveolar cells!”!8. Unlike other
subtypes, adenocarcinoma is prevalent among both smokers and non-smokers, affecting men
and women of all ages'>!”!8, It usually occurs in the lung periphery, which may be related to
changes in cigarette design that encourage deeper inhalation'>!¢. Advances in imaging
technology and earlier detection have improved diagnosis rates for adenocarcinoma'®%,
Compared to other lung cancer subtypes, it grows relatively slowly, making early detection and

targeted treatments critical for improving patient outcomes'* .



Small cell lung
cancer (SCLC)

Early, widespread metastasis; located
in large airways or near the
mediastinum. common in heavy
smokers

Common; located in smaller
bronchioles and alveolar tissues.

Squamous cell carcinoma
(~25%) Non-small cell
lung cancer

Most often located in mucous (NSCLC)
membrane of proximal bronchi

Large cell carcinoma (~5%)

Rare; Large, located in peripheral
lung tissue.

Figure 1.3. Location and ratios of lung cancer.

1.1.3 Cancer and Molecular Imaging

Encouragingly, overall cancer death rates decreased by an average of 0.8% per year from 2010
to 2020 in many regions'!3. Improvements in cancer survival rates are attributed to three main
factors: enhanced prevention strategies, more effective screening programs, and advancements

6,15,21

in clinical treatments . Screening aims to detect cancer at an early stage, often before

symptoms appear, increasing the likelihood of successful treatment!>?!. Common screening

and diagnostic tools include blood tests, DNA analysis, and medical imaging techniques'>?!.

Medical imaging is an important component of modern medicine, including X-ray, ultrasound,
computed tomography (CT), and magnetic resonance imaging (MRI), enabling the noninvasive
visualization of internal structures within the human body®?2. It has revolutionized disease
monitoring and diagnosis by providing detailed anatomical information®. However, these
techniques are unable to reveal dynamic biological processes occurring at the cellular and

molecular levels??.



This limitation is addressed by molecular imaging'®-?*?*. Over the past few decades, significant
technical advancements in image quantification have transformed how researchers and
physicians understand biological systems and diagnose diseases, specifically by visualizing

and measuring molecular and cellular activities in living organisms'®232,

Certain medical imaging technologies can be adapted into molecular imaging techniques with
appropriate modifications'®?*?*. Transforming medical imaging technologies into molecular
imaging requires introducing target-specific probes or agents that interact with molecular
targets®&?’. For example, ultrasound employs targeted contrast agents to highlight specific
tissues or processes, MRI can be enhanced with molecular probes to visualize functional
activity, and fluorescence and bioluminescence enable real-time tracking of biological

processes in preclinical models?*2328,

Nuclear imaging is a special modality in molecular imaging, producing images by detecting
radiation from the body after a radiotracer (radiopharmaceutical) is given to the patient?>!. In
the early 20th century, researchers relied on devices like Geiger counters to measure the
biodistribution of radioactive substances in the body?®3!. These tools, while groundbreaking at
the time, provided only crude, point-by-point measurements and lacked the ability to produce
detailed images due to the absence of imaging systems?®32. Significant progress came in 1950
when Benedict Cassen developed the rectilinear scanner, the first imaging device capable of
creating two-dimensional representations of radiotracer distributions?®**. By 1956,
advancements in the scanner’s photographic components greatly improved the resolution and
sensitivity of imaging instruments, marking a pivotal moment in nuclear medical imaging?®.
The two most common nuclear imaging techniques are Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET)*. In SPECT, the
radionuclides are gamma-emitting isotopes that emit single photons directly, whereas in PET,

the radionuclides are positron-emitting isotopes that undergo beta-plus decay™.

1.2 Positron emission tomography (PET)

1.2.1 PET Imaging Agent Development from Bench to Bedside

The key steps in the design and characterization of PET imaging agents are outlined in Figure
1.420.33.34
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Figure 1.4. Development of PET imaging agent - from bench to bedside.

In Step 1, the goal of target identification is to find a biomarker associated with the disease of
interest. Biomarkers can serve as indicators of the physiological state of the disease and may
include proteins or nucleic acids***. Once a promising target is identified, Step 2 involves hit
identification, which aims to discover compounds that interact effectively with the target?*-3>,
This is achieved through high-throughput screening (HTS), a method used to rapidly evaluate
large compound libraries?®*¢. Step 3 focuses on lead optimization, where advanced organic
synthesis techniques are used to optimize compounds?®3>. This process aims to enhance their
potency, solubility, and pharmacokinetic properties while minimizing side effects, thereby
improving their drug-like characteristics?®>’. Optimized lead compounds (candidates) then
undergo in vitro testing to confirm their biological functions*®**°. In Step 4, radiochemistry
combines radionuclides with candidate compounds to produce PET imaging agent?>
Compounds with the highest binding affinity from Step 3-4 are radiolabeled to produce PET
tracers, which will be injected and evaluated in small-animal models that replicate human
diseases (Step 5)*>*. PET imaging studies assess the target specificity and biodistribution of

these radiotracers in vivo’!*. Using small animal models is a critical step before translating

these compounds into clinical practice®®. Eventually, in Steps 6 to 8, these tracers are evaluated



in clinical trials, where their safety, efficacy, and imaging accuracy are assessed*>*'. Once
proven successful, they can be submitted for regulatory approval and introduced to the

market?3-39,

1.2.2 How PET Imaging Work

PET is a highly sensitive, non-invasive, three-dimensional nuclear imaging technique that
visualizes and monitors physiological and biochemical processes in the body***>**. Known as
'functional imaging,' it is particularly valuable for assessing metabolic activity in tissues and
organs*®*. This makes PET a critical tool for diagnosing various conditions, such as evaluating
brain activity, assessing cardiac performance, and detecting and characterizing tumors,
including monitoring their response to treatment®'***_ The mechanism of PET imaging is

summarized in Figure 1.5%.
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Figure 1.5. PET imaging: how it works.



PET imaging involves administering a radiopharmaceutical tagged with a radioactive isotope
that binds to a specific biological target, acting as a biomarker***. Radionuclides are produced
using specialized facilities, such as cyclotrons or generators, depending on their production
requirements?*®. These radionuclides are chemically incorporated into molecules through
radiosynthetic reactions to yield the desired radiotracer*®*’. After injection into the body, the
radiotracer accumulates preferentially in the target tissue?>*S. The radionuclide undergoes p+
decay, emitting a positron that collides with an electron, resulting in annihilation®*#¢, This
process produces two photons, each with an energy of 511 keV, traveling in nearly opposite
directions*!*. These photons are detected by ring-shaped detectors, and the data is used to
reconstruct an image that maps the distribution of the radiotracer within the body***. This

imaging provides critical insights into physiological processes occurring in the patient*®.

The most common radioisotopes for the PET imaging modality include !'C (half-life = 20.3
minutes), '*F (half-life = 109.8 minutes), N (half-life = 9.97 minutes), **Cu (half-life = 12.7
hours) and ®Ga (half-life = 67.8 minutes)***’. Nuclear properties of commonly used short-

lived radionuclides are presented in Table 1.2%6°,

Table 1.2. Characteristics of commonly used positron emitting radionuclides.

Isotope Half-life Mode of decay Common source
$2Rb 1.3 min B* (95%) Generator
150 2 min Bt (100%) Cyclotron
BN 10 min B (100%) Cyclotron
e 20.4 min B (100%) Cyclotron
%8Ga 67.7 min B* (89%) Generator
18 109.8 min B* (97%) Cyclotron
4Cu 12.7h B (17%) Cyclotron

Among the various existing positron-emitting nuclides, fluorine-18 ('8F) is the most used
radionuclide for PET imaging®®. '®F is ideal for routine PET imaging due to its excellent
characteristics over other nuclides****. For example, 'F is efficiently produced in high
quantities by cyclotrons, a type of particle accelerator that generates charged particles in the

ion chamber. (Fig. 1.6)*>%. It decays via a high p+-emission with a branching ratio of ~97%,
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and its nearly 120-minutes half-life allows multistep radiosynthesis, access to a broad variety
of PET radiotracer precursors and short-distance transport™!. '®F has a relatively low maximum
positron energy (635KeV), giving it a short positron range, which favorably increases the
spatial resolution limits of PET to ~1 mm?>!*2, Moreover, the medium-length half-life also has

the benefit of clearing from the body quickly*®>2.

H
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H neutron . H H ,

Cyclotron target water

Figure 1.6. Production of '8F. Cycltron-accelerated protons are bombarded on oxygen-18
enriched water.

1.2.3 '8F-Radiofluornation

Fluorine, due to its unique physical and chemical properties, serves as a bio-isostere for
hydrogen, carbonyl, sulfonyl, and cyanide groups>*~*. In drug design, fluorine is frequently
incorporated into small molecules to block sites susceptible to oxidative metabolism, thereby
enhancing the metabolic stability of compounds and prolonging their action in vivo®!2,
Additionally, the greater lipophilicity of fluorine compared to hydrogen improves the
membrane permeability of compounds, reduces the generation of active metabolites, minimizes

enzyme-mediated metabolism, and enhances drug potency and bioavailability>!->>°,

In radiochemistry, the strategies for introducing 'SF differ significantly from those in
conventional organic chemistry due to the decay characteristics of this radionuclide®-°.
Because '8F has a short half-life (~110 minutes), radiosynthesis reactions must be rapid
(typically completed within 30 minutes) to maximize radiochemical yield and minimize decay
losses™4. Furthermore, severe precautions are required to ensure radiation safety during these
processes>>*. The radiolabeling process of introducing fluorine-18 can be categorized into
direct and indirect radiolabeling, while the chemical mechanisms can involve electrophilic or
nucleophilic labeling®**°’. The most frequently used method for alkyl ['®F] is nucleophilic

substitution labeling®**’. This method involves replacing a leaving group with ['*F] and is

widely used for synthesizing radiotracers®*. Based on the different labeling mechanisms (Sn2
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and SnAr) and substrate reactvity, introducing ['®F] can be accomplished through both

aliphatic and aromatic nucleophilic substitution (Fig. 1.7)>>-*.

A - Aliphatic nucleophilic substitution
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Figure 1.7. Nucleophilic '*F-Fluorination.

An important example of aliphatic nucleophilic ['®F]-labeling is the production of
['®F]FDG?***-8, In fluorinated compounds, compared with sp®, the C-F bond strength is higher
in sp? because sp? hybridized carbons have a higher s-character (33%) than sp* hybridized
carbons (25%), leading to sp> C-F bonds being generally more stable than sp® C-F bonds>!-2>,
In '®F-labeled aromatic compounds, sp> C-'*F bonds also show higher stability than sp* C-'8F
bonds, making them less prone to defluorination during metabolic processes in vivo>'>2,
However, introducing ['®F] into aromatic compounds is challenging due to the poor reactivity
of non-activated aromatic rings®!>>%. Strategies and approaches to address this challenge in

the thesis are further discussed in Chapters 2 and 3.

12



1.2.4 ["®*F]FDG PET/CT for Cancer Diagnosis

The most used radiotracer in PET imaging is ['*F] Fluorodeoxyglucose (['*F]JFDG)***. Since
its development in 1976, FDG-PET has become a cornerstone of clinical oncology, used in the
diagnosis and evaluation of over 80% of cancers?*>®. The biological basis for ["*F]FDG in
cancer imaging is the Warburg effect, a metabolic adaptation in cancer cells that favors aerobic
glycolysis over oxidative phosphorylation (aerobic respiration)?*3>. This shift allows cancer
cells to rapidly divide and proliferate’*. Although aerobic glycolysis is less efficient at
producing ATP compared to aerobic respiration, it supports cancer cells by generating

biosynthetic precursors needed for growth*>+

To compensate for this inefficiency, cancer cells consume significantly more glucose than
normal cells®. Since ['®F]FDG is a glucose analogue, it is taken up and accumulates in cancer
cells due to their heightened glucose metabolism*. PET scans detect this accumulation,
creating detailed three-dimensional images of radiotracer distribution that reflect metabolic
activity®’. These images are used to diagnose and evaluate cancer by highlighting areas of

abnormal glucose uptake**.

Clinically, hybrid imaging techniques such as PET/MRI, PET/CT, and SPECT/CT are
increasingly used to combine the strengths of different imaging modalities®®. For example,
PET/CT integrates the functional imaging capability of PET, which highlights metabolic
activity, with the anatomical detail provided by CT, enabling a more comprehensive

assessment of disease (Fig. 1.8)°1:52,

PET Scan CT scan

Spatial distribution PET-CT Anatomical imaging

Figure 1.8. The images of PET/CT scan.
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['"*F]FDG accumulates in cancer cells due to their elevated glucose metabolism, enabling
PET/CT scans to generate detailed three-dimensional images of radiotracer distribution**!,
These images reveal areas of abnormal metabolic activity associated with cancer®. However,
["*F]FDG has notable limitations, particularly in breast cancer, where its specificity is
challenged by uptake in non-malignant tissues, such as inflammatory or fatty tissues, leading
to potential false positives®':#%°. High ['F]JFDG uptake may result from inflammatory or
tumorous conditions and can also accumulate in fatty tissue rather than mammary tumors,
leading to false positives and reduced staging accuracy®!**. Similarly, ['*F]FDG has limitations
in diagnosing lung cancer, particularly in patients with infectious diseases®*%¢. Early-stage lung
cancer can be difficult to detect due to metabolic overlaps with other lung conditions, and high
["*F]FDG uptake may result from infections such as tuberculosis or sarcoidosis rather than

malignancy®*®. Therefore, there is an urgent need for diagnostic and therapeutic tools with

greater accuracy to improve the clinical use of radiotracers.

1.3 G protein-coupled receptors (GPCRs)
1.3.1 What are GPCRs?

A successful PET imaging agent is a validated radiopharmaceutical that targets a biologically
relevant receptor®”. A receptor is a protein that triggers a biological response when activated
by its specific ligand®®. G protein-coupled receptors (GPCRs) are the largest family of
membrane proteins, encoded by approximately 1000 genes in the human genome®®. GPCRs
mediate signal transduction by responding to diverse stimuli, including photons, ions,
neurotransmitters, peptides, odorants, and small molecules such as hormones and lipids®®.
GPCRs are classified into four main classes, Class A (rhodopsin-like), Class B (secretin-like),
Class C (metabotropic glutamate/pheromone receptors), and Class F (Frizzled/Smoothened)
based on sequence homology, ligand binding, and structural characteristics’®’!. Specifically,
compared with other classes, Class A encompasses the largest group, including rhodopsin,

adrenergic receptors, and dopamine receptors (Fig. 1.9)"!72,

Structural characteristics of GPCRs share a conserved core of seven transmembrane a-helices
connected by extracellular and intracellular loops’!’?. The extracellular regions, including the
N-terminus and loops, interact with diverse ligands, such as neurotransmitters, hormones, and
peptides, facilitating receptor activation’>’3. The intracellular regions, particularly the C-
terminus and intracellular loops, engage signaling proteins like G proteins, p-arrestins, and

kinases, driving downstream signaling pathways’>’*. Recent advancements in structural
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biology, particularly X-ray crystallography and cryo-electron microscopy (cryo-EM), have

provided high-resolution insights into GPCR conformational dynamics, revealing how ligand

binding stabilizes active or inactive receptor states’>’*,
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Figure 1.9. The classes of GPCRs consist of seven-transmembrane proteins located in the cell
membrane. G proteins are made up of alpha (a), beta (), and gamma (y) subunits.

GPCRs regulate an incredible range of bodily functions and exhibit two classifications of
signaling mechanisms: G protein-dependent and G protein-independent’*">. In the canonical

pathway, activated GPCRs engage heterotrimeric G proteins, which consist of three subunits:
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Ga, GB, and Gy’*. The type of Go subunit determines the specific signaling cascade initiated””.
For instance, Gs activates adenylate cyclase, increasing cyclic AMP (cAMP) levels and
stimulating protein kinase A (PKA), which regulates numerous cellular responses”. Gio
inhibits adenylate cyclase, reducing cAMP levels and downregulating related pathways’>. Gg/11
activates phospholipase C (PLC), generating second messengers’ inositol trisphosphate (IP3)
and diacylglycerol (DAG), which mobilize intracellular calcium and activate protein kinase C
(PKC), respectively. G113 interacts with Rho GTPases, modulating cytoskeletal remodeling

and promoting cell migration’* 7

. GPCRs also utilize B-arrestin-dependent pathways,
representing a G protein-independent signaling mechanism. [B-arrestins regulate receptor
desensitization, so called 'uncoupling' from G proteins, and mediate receptor internalization
into endosomes, where they can influence receptor recycling or degradation®®’®. Moreover, B-
arrestins act as scaffolds for additional signaling cascades, such as the mitogen-activated

protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway>%7°.

In 2012, the significance of GPCRs in physiology and medicine was highlighted by the Nobel
Prize in Chemistry, awarded to Robert Lefkowitz and Brian Kobilka for their breakthrough of
research on GPCR structure and function”’. Their work provided a molecular-level
understanding of how GPCRs transmit signals, paving the way for the development of targeted
therapies’”’®. These therapies have revolutionized the treatment of various diseases, including
neurological conditions, cardiovascular disorders, and cancer®”. This achievement firmly
establishes the central role of GPCRs in drug discovery”’. Today, GPCRs remain at the
forefront of medical research, offering immense potential for advancing therapeutic innovation

and improving patient therapeutic outcomes®®"%-8,

GPCRs are one of the most successful therapeutic targets in modern medicine, with
approximately 34% of U.S. FDA-approved drugs targeting this receptor family*®*°. These
drugs address conditions such as cardiovascular diseases, mood disorders, pain management,

diabetes, and cancer>®.

1.3.2 Known ['*F]-labeled PET Imaging Agents Targeting GPCRs

Although GPCRs are highly successful drug targets, with many approved therapies based on
this receptor family, no ['8F]-labeled PET imaging agents targeting GPCRs have received FDA
approval to date**#1:82, Most ['®F]-labeled radiotracers remain in research or preclinical study
phases®!. Examples include ['*F]Fallypride, [18F]KSS3, ['®F]FV45, and ['®F]5e and ['®F]5b
(Fig. 1.10)50:5983-85,
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Figure 1.10. The structure of selected ['*F]-labeled radiotracers.

Huhtala’s group reported ['®F]Fallypride, a radiolabeled dopamine D2/D3 receptor antagonist
primarily used for neuroimaging™. Its high affinity and selectivity allow for visualization of
dopamine receptor distribution in the brain®’. Widely used in preclinical and clinical studies,
['*F]Fallypride has applications in studying neurodegenerative and psychiatric disorders,

including Parkinson’s disease, schizophrenia, and Huntington’s disease™.

Solingapuram Sai’s group reported the first PET imaging ligand for GPR119, ['*F]KSS3,
which is involved in glucose metabolism and diabetes regulation®®. Preclinical studies

demonstrated its high specificity and significant uptake in GPR119-expressing tissues, such as
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the liver, confirming its potential to visualize and quantify GPR119 activity®®. This makes

['®F]KSS3 a valuable tool for evaluating glucose homeostasis and GPR119-targeted therapies®®.

Decker’s group developed a new 18F-labeled PET tracer, ['®F]FV45, it derived from the
clinically used AT1 antagonist valsartan. ['*F]FV45 targeting the angiotensin II type 1 receptor
(ATIR), a key GPCR in the renin—angiotensin system (RAS)34. Preclinical studies showed
significant uptake in the kidneys, reflecting AT1R expression, and blocking studies confirmed
its target selectivity®*. ['®F]FV45 holds promise for imaging cardiovascular and inflammatory

diseases, as well as potential applications in oncology®*.

Dr. Len Luyt’s group reported two fluorine-labeled quinazolinone derivatives, ['*F]5e and
['®F]5b, targeting the growth hormone secretagogue receptor type la (GHS-R1a), also known
as the ghrelin receptor®>*’. With low nanomolar binding affinity, both compounds were ['*F]
radiolabeled with high purity and demonstrated promising results in murine cancer models®>*’.
These findings suggest their potential for non-invasive imaging of ghrelin receptor expression

in cancers where GHSR is differentially expressed®.

1.4 Overview of Research Project

Positron emission tomography (PET) imaging utilizes positron-emitting radionuclides labeled
to molecular tracers to visualize biochemical and physiological processes in vivo, enabling non-
invasive disease diagnosis®®. This technique is widely applied in imaging the brain, heart, and
cancer’. Protease-Activated Receptor 2 (PAR2) and Lysophosphatidic Acid Receptor 1 (LPA1)
are G protein-coupled receptors (GPCRs) expressed on the cell membrane®®®°. Studies indicate
that elevated expression of PAR2 and LPA1 is associated with various cancers, including breast,
prostate, and lung cancer’ °2. Notably, PAR2 expression correlates with cancer staging and
progression and is linked to tumor metastasis*'****. Similarly, LPA1 overexpression is
observed in aggressive cancers, where its activation enhances cell migration and invasion®®,
PAR?2 activation also promotes pro-inflammatory signaling, angiogenesis, and resistance to
apoptosis, contributing to an aggressive tumor phenotype’>®. Likewise, LPA1 activation
supports tumor cell proliferation, survival, and metastasis through downstream signaling””%,
Armed with this knowledge, the purpose of this thesis is to focus on developing novel small
molecules targeting PAR2 and LPA1 as potential PET imaging agents for lung cancer diagnosis

and evaluating these compounds for their therapeutic potential for lung cancer treatment' !4,

More specifically, the first two years of my studies involved expanding the array of PAR2

antagonists based on a lead compound, AZ3451%. Four different series of AZ3451 derivates
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were designed, and a total of 15 compounds, were synthesized. All the compounds were fully
characterized by Mass Spectrometry (MS), Proton-NMR @ -NMR), and achieved 95% purity
as confirmed by HPLC-MS. Collaborator Dr. Rithwik Ramachandran from University of
Western Ontario (UWO) performed functional assays to evaluate all compounds for their
therapeutic potential. They assessed the functional activity of these compounds by measuring
PAR2-dependent calcium signaling, B-arrestinl/2 recruitment, and Mini-G protein coupling. A
para-fluorine containing compound was selected as the candidate for radiolabelling studies to
introduce "*F into the candidate compound. A site-specific and one-step radiolabelling method
that introduces '®F into molecules was performed, called Spirocyclic lodonium Ylide (SCIDY)

technology*®->"-100,

The corresponding precursor—SPIAd iodonium (III) ylide—was
synthesized and characterized. A one-step fluorination reaction with fluorine-19 using the
SPIAd precursor and Tetrabutylammonium fluoride (TBAF) was successful. Subsequent

studies focus on optimizing the reaction conditions for *F-radiolabeling.

In the last two years, this research has focused on developing novel small molecules targeting
LPA1 through three different series of structural modifications. The first series is based on
RO6842262'°!; two triazole derivatives compounds were synthesized, characterized, and
evaluated in vitro using the cAMP and wound healing assay by Dr. Zhao in our group. In the
second series, the core structure was identified through scaffold hopping and molecular
docking studies!®>!%, 23 compounds were synthesized; among them, 18 compounds were fully
characterized by mass spectrometry and H -NMR, achieving 95% purity as confirmed by
HPLC. These compounds are currently being evaluated in our group using cAMP and wound
healing assays. The core structure of the third series takes BMS-986278 as an example and
combines it with the second series'®. The synthetic scheme is designed, and four important
intermediates are synthesized. The candidate compound from these three series of LPA1
antagonists will be selected for radiolabeling with *F using SPIAd iodonium (III) ylide. The
long-term objective will involve radioligand binding assays for the candidate compound.
Finally, the lead imaging agent will then be evaluated in vitro and in vivo using small animal

models of lung cancer.
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Chapter Two

Design, synthesis and evaluation of small molecule
ligands targeting Protease-activated Receptor 2
(PAR2) as potential diagnostic and therapeutic

agents

20



2.1 Introduction

2.1.1 Protease-Activated Receptors (PARs) Family

From the mid-1960s to the early 1980s, the mitogenic actions of serine proteases, such as
thrombin and trypsin, at the cell membrane were noticed and recognized'®'7, In the 1990s,
the receptors responsible for the actions of these proteases, known as protease-activated
receptors (PARs), were discovered'?”!%. The PAR family consists of four members: PAR1 to
PAR4, and they all belong to the GPCR superfamily'?”!% PARs are membrane-spanning cell
surface proteins, characterized by seven transmembrane domains, and their activation
pathways are like those of other GPCRs!'%®!% However, unlike other GPCRs, PARs are not
activated by binding a soluble ligand. Instead, they are activated by proteases, primarily serine

proteases (Fig. 2.1)!%.
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Figure 2.1. The activation feature of most of the GPCRs and PARs.

In the inactive state, PARs have an amino terminus (N-terminal) that ‘masks’ the ligand'%. In
the active state, this ligand is exposed after a specific protease cleaves the N-terminal portion,
creating a newly formed N-terminal known as a tethered ligand (TL)!%®!%. The new TL can
then interact with the activation domain on the receptor to initiate receptor activation (Fig.

2.1)106,109.
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2.1.2 Structural Features and Activation Mechanisms of PARs

In 2017, the crystal structures of two PAR members, PARI and PAR2, were determined,
confirming the presence of intramolecular interactions and structural features of the PAR
family®’. PARs span the membrane seven times with alpha-helical segments (TM1-7) and
feature three intracellular loops (ICL1-3) and three extracellular loops (ECL1-3)*'1° A
conserved disulfide bond (red line in Fig. 2.2) between ECL2 and TM3 contributes to structural
stability, a common feature in all GPCRs*>!1%!!! Proteolytic cleavage of PARs results in the
irreversible removal of the N-terminal, exposing the tethered ligand (TL), which then binds to
the ECL2 domain®*!!'!, This interaction initiates conformational changes and downstream
signaling!%®. The TM domains are crucial for ligand binding and conformational changes'®®.
Specifically, for PAR1, TL binding triggers changes in TM3 and TM6. For PAR2, the changes
primarily occur in TM6, with TM7 stabilizing the receptor’s active conformation®®!%, In PAR4,
TM3 and TMS are often involved in ligand binding and the stabilization of the active state.

There are fewer studies on how specific TM domains are involved in PAR3!06:109.112,

N-tail
e

ECL1 ECL2

ICL1 ICL2

Figure 2.2. The structure of PARs. Schematic (blue) and folded (green).

The PAR activation mediated desensitization, internalization and recycling mechanisms PARs
are shown in Figure 2.3'°¢1%19 Upon activation, PARs interact with G-proteins by binding
guanosine triphosphate (GTP) and guanosine diphosphate (GDP)!¢1% The G-proteins are
heterotrimeric, consisting of a-, B-, and y-subunits. The a- and y-subunits are membrane-
anchored, while the [-subunit forms a complex with the vy-subunit, known as a
heterodimer!'®®!%_ Based on the type of o subunit, G-proteins can be classified into four major
types (Gai, Gas, Gai2i13, and Goq), each associated with distinct signaling pathways and
physiological roles!°1%_ For example, G inhibits cyclic adenosine monophosphate (cAMP),

modulating pain, heart rate, and immune cell migration. Guq activates phospholipase C,
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increasing calcium signaling, which influences inflammation and vasoconstriction. Ggi2/13

activates RhoA, regulating cytoskeletal remodeling, thereby driving vascular remodeling,

fibrosis, and blood-brain barrier integrity.

Proteinase '

f
G-protein é\;i |

Clathrin coated pit

Peptides

Lysosmal degradation
and down-regulation

5

Signal
transduction
(Continued
in Fig 2.4)

Phasphaprotein
phosphatase 2A

Early endosome

Figure 2.3. PARs activation mediated desensitization, internalization and resensitization

mechanisms. Following ligand binding, PARs rapidly couple to signaling effectors (Ga, GB/y,

or B-arrestin) to activate intracellular signaling cascades. Termination of PAR signaling

involves phosphorylation by GRKs or protein kinase C (PKC) and subsequent B-arrestin

binding, leading to receptor desensitization, clathrin-mediated internalization or endocytosis,

dephosphorylation by protein phosphatases, and either receptor reinsertion into the membrane

or lysosomal degradation.
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During the "resting" state, the a-subunit is bound to GDP. Once ligand binding causes a
conformational change, it transforms into the "awakening" state, allowing the a-subunit to
exchange GDP for GTP and dissociate from the p/y complex'®. The activated a-subunit then
regulates a membrane-bound protein, catalyzing the production of a second messenger!%!13,
This conformational change can also lead to intracellular phosphorylation of PAR by GPCR
kinases (GRKSs) or protein kinase C (PKC)!'!>!!% The phosphorylated receptor binds with high
affinity to B-arrestin-1 and fB-arrestin-2, facilitating signal desensitization, PAR internalization,

and targeting to lysosomes for recycling and degradation (yellow, green, and red arrow in Fig.

2.3)106,109.

2.1.3 Overview of PAR2 Signaling Pathway

There are four known PARs, designated PAR1, PAR2, PAR3, and PAR4, mainly activated by
serine protease'°*!%. In contrast with PAR1, PAR3, and PAR4 are associated with thrombosis,
PAR2 is associated with trypsin®. While the other three PAR member are primarily linked to
inflammatory disease, PAR2 has a distinct role, particularly in cancer progression, which is the
focus of our research project®. As part of the PAR2 activation feature, upon proteolytic
cleavage, trypsin recognizes a substrate sequence (Ser-Leu-Ile-Gly-Lys-Val-SLIGKV- in
human, and Ser-Leu-Ile-Gly-Lys-Val SLIGRL- in rat) on the N-terminus located in the
extracellular domain'®®!1% A new N-terminus sequence, such as SLIGKV-, is revealed as a
tethered ligand that folds back to interact and bind with the ECL2 in the receptor’s orthosteric
binding pocket, initiating the activated state of PAR2. ECL2 is crucial for guiding the tethered
ligand to its binding site and stabilizing ligand interactions'*®!%, Some literature demonstrates
that small molecules can act as agonists and directly activate the receptor'°®!%. Additionally,
certain peptide sequences mimicking the tethered ligand can also activate the receptor. Existing
studies on signal transduction following PAR2 activation focus on three main intracellular

pathways (Fig. 2‘4)109,113,115_

The PLC—Ca*-PKC-MAPK cascade, primarily mediated by Gq/l11 proteins, plays an

important role in inflammation, pain sensitization, and cancer progression'!®!8

. Upon
activation, phospholipase C (PLC) hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP-),
generating inositol triphosphate (IPs) and diacylglycerol (DAG)'!7!!°, IP; triggers the release
of intracellular Ca2*, while DAG activates protein kinase C (PKC)!"”. This cascade ultimately
leads to the phosphorylation of mitogen-activated protein kinases (MAPKs), such as

extracellular signal-regulated kinase (ERK), driving cell proliferation and inflammatory
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117,119

responses . Dysregulation of this pathway is implicated in inflammatory disease,

neuropathic pain, and tumor metastasis in breast, lung, and colorectal cancers!!”-!!°,

The MAPK—-JNK—p53 cascade, regulated by Gi/o proteins, acts as a ‘double-edged sword’,
promoting either cell survival or apoptosis!'®!'8. C-Jun N-terminal kinase (JNK)
phosphorylates c-Jun protein, forming the activator protein-1 (AP-1) transcription factor,
which enhances inflammation and tumor growth!!”-!2%, Consistent JNK activation can lead to
neuronal apoptosis, exacerbating neurodegeneration. Conversely, JNK stabilizes p53, causing
cell cycle arrest and apoptosis'?!. This pathway influences cancer progression and suppression,
fibrosis in liver, lung, and kidney diseases, and neurodegenerative disorders like Alzheimer’s

and Parkinson’s disease' %121,

The MAPK—-JNK—STATS3 cascade, mediated by Gi/o and G12/13 proteins or B-arrestin, plays

117

a key role in chronic inflammation, immune diseases, and cancer metastasis’ ' . Upon activation,

STAT3 is phosphorylated and translocated into the nucleus, where it regulates immune

122

responses, inflammation, and tumor progression ~~. Aberrant STAT3 signaling contributes to

123

conditions such as colitis, multiple sclerosis, and fibrosis'~’. Additionally, it promotes tumor

cell survival, angiogenesis, and immune evasion in gastric, liver, and pancreatic cancers®®!,

PAR?2 signaling through the B-arrestin scaffolding protein activates key downstream pathways,
including RhoA (Ras homolog family member A), phosphoinositide 3-kinase (PI3K)/Akt, Src
kinase, and extracellular signal-regulated kinases 1 and 2 (ERK1/2)®12* This B-arrestin-
mediated signaling is important in cell migration, survival, and receptor desensitization,
contributing to cancer progression, inflammation, and cardiovascular disorders'?*!2>. In the
cardiovascular system, B-arrestin regulates vascular smooth muscle contraction and endothelial
function, linking it to diseases such as hypertension and atherosclerosis'?*!%>. Additionally, the
role of P-arrestin in ERKI1/2 activation is implicated in both neuroprotection and

neurodegeneration, impacting disorders such as stroke and neuroinflammatory diseases'?%!%7,
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Figure 2.4. PAR2-mediated downstream signal transduction pathways. These pathways

regulate diverse cellular functions and disease processes.
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2.1.4 PAR2 Knockout Mouse Model for Human Diseases

PAR?2 is widely expressed in many cell types, including, but not limited to, endothelial and
smooth muscle cells in the cardiovascular, immune, and central nervous systems'!'’.
Physiologically, PAR2 is mainly involved in inflammation, cell migration, and the functioning
of tissue metabolism*'*%!2%, The physiological functions of PAR2 activation have been widely
studied using PAR2 knockout (K/O) mouse models, as detailed in Table 2.1, the disease
models that involve comparisons between wild-type and PAR2 knockout mice’*!!*, Studies
have demonstrated that inhibiting PAR2 can alleviate inflammation, pain, metabolic
dysfunction, and tumor progression, highlighting its relevance in treating various diseases’*!!*,
Targeting and blocking PAR2 activity could have potential diagnostic and therapeutic

applications for these human diseases®”!2:13?,

Table. 2.1 Summary of PAR2 related disease models and effect of PAR2 knockout (K/O).

Disease PAR2 Function Therapeutic  Effects of PAR2

Model antagonism/knock out

Arthritis PAR2 contributes to joint PAR2 K/O reduces joint swelling,
inflammation, cartilage cartilage  erosion, and  synovitis,
degradation, and synovial improving mobility and reducing pain.
hyperplasia.
Dermatitis | PAR2 increases skin PAR2 K/O reduces edema, inflammatory
inflammation through mast cell cell infiltration, and cytokine levels in the
degranulation and cytokine skin, alleviating dermatitis symptoms.
release.
Asthma PAR2  activation  worsens PAR2 knockout (K/O) reduces airway
airway inflammation, enhances hyperreactivity, mucus hypersecretion,
eosinophil recruitment, and and eosinophilic inflammation,
increases hyperresponsiveness. suggesting a protective effect against
asthma.
Colonic PAR2  activation induces PAR2 siRNA reduces inflammation-
Inflammation | apoptosis and cytokine induced apoptosis and cytokine release in
(HT29) production in epithelial cells. ~ HT29 cells, helping to protect epithelial
integrity.
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Cancer Pain

Hyperalgesia

PAR2 activation sensitizes

nociceptors, increasing pain
perception in cancer.

PAR2 drives nociceptive pain
by activating proteases in

peripheral sensory neurons.

PAR2 K/O inhibits hyperalgesia caused
by tumor-related factors, alleviating in
pain models of cancer.

PAR2 K/O reduces thermal and
mechanical hyperalgesia, improving pain

thresholds in models of inflammation and

injury
Mammary | PAR2 enhances tumor PAR2 K/O delays tumor development,
Tumor invasion, metastasis, and tumor reduces metastasis, and inhibits cancer
microenvironment remodeling. cell proliferation.
Retinal PAR2 induces pathological PAR2 K/O reduces neovascularization
Angiogenesis | angiogenesis via VEGF and and vascular leakage in retinal models,

endothelial cell activation.

helping to prevent vision impairment.

2.1.5 PAR2 in Lung Cancer

Numerous studies have shown that PAR2 promotes lung adenocarcinoma progression through
the activation of both G protein-dependent and G protein-independent pathways, as well as
EGFR (Epidermal Growth Factor Receptor) activation'*!"133, PAR2 signaling via Gagq, Goi,
and Ga12/13 subunits activates PLC and downstream MAPK/ERK pathways, enhancing tumor
cell proliferation and survival!!*!28134 PAR2 engages B-arrestin scaffolding, sustaining ERK
signaling, facilitating cytoskeletal reorganization, and promoting cell migration and
invasion'!®131:135 The interaction between PAR2 and EGFR amplifies tumorigenic signaling

that drives angiogenesis, proliferation, and metastasis in lung adenocarcinoma'®!"13°,

Furthermore, Jiang et al. first discovered that blocking PAR2 can reverse drug resistance in
NSCLC (Fig. 2.5)"*°. One example, osimertinib is a medication used to treat NSCLC 37138 ]t
is a third-generation EGFR tyrosine kinase inhibitor (EGFR-TKI)!*"!3® In osimertinib-
resistant cells, elevated PAR2 expression activates the B-arrestin-ERK signaling pathway,
leading to EGFR activation, which drives downstream processes such as epithelial-

mesenchymal transition (EMT)"71%

. PAR2 inhibition disrupts this signaling cascade,
suppressing ERK activation, and attenuating ERK-mediated EMT expression!*’"13°. Their
studies suggested that PAR2 could be a drug target for osimertinib resistance, and PAR2

inhibition is a promising strategy beneficial for the clinical treatment of NSCLC patients'3"~13°,
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Figure 2.5. Diagram of the mechanism of PAR2 antagonism in Osimertinib resistance.

2.1.6 Known PAR?2 Ligands

Since the discovery of PAR2 in the 1990s, numerous studies have focused on developing
effective PAR2 ligands®’. These include a diverse range of molecules such as endogenous
proteases, peptides, small molecules, antibodies, and peptidomimetics®”-191% These ligands
are designed to either activate or inhibit PAR2, mediating distinct downstream pathways'?%1%°,
Among them, peptide-based compounds and small molecules have emerged as the most

prominent classes (Fig. 2.6)!%1%,

In drug development, early investigations into ligands targeting related receptors often focus
on designing compounds that mimic the action of natural agonists'®-1*°. These efforts aim to
replicate the physiological effects of endogenous ligands by activating the receptor, triggering
the same downstream signaling pathways!?®!% This approach is based on the principle that
understanding and emulating the natural activation process can provide a foundation for
developing therapeutic agents that enhance or restore normal receptor function!®-'4!. By

identifying and refining these mimetic compounds, researchers can develop drugs that
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specifically target receptors involved in various diseases, offering precise and effective

treatment options®>!2%14!,

Small molecule Peptidic ligand Small-molecule

Peptide binding ligand binding

C)‘

Synthetic
| ig a n d S PO PRI

Figure 2.6. Synthetic tethered ligand (TL)-mimicking peptides primarily bind to the
extracellular loop 2 (ECL2), while small-molecule ligands interact with specific residues
within the transmembrane helices bundle (certain antagonists, such as AZ3451, bind to

extracellular regions outside the helix bundle).

Research on peptide-based PAR2 agonists has facilitated the development of PAR2 antagonists
by revealing critical mechanisms of receptor activation and ligand-receptor
interactions!!*12%142 Synthetic peptide agonists, such as SLIGRL-NH., helped identify the
tethered ligand sequence and key structural motifs required for PAR2 activation'#*!%3. This
understanding enabled the design of peptide-based antagonists, like FSLLRY-NH: and
LSIGRL-NH2, which mimic the tethered ligand structure but compete with proteases or
activating peptides to block receptor activation'®!'43, These antagonists demonstrated the

potential to inhibit PAR2 signaling, particularly in protease-driven systems'®.

Building further on this foundation, the structural insights gained from peptide agonists guided
the development of more stable and selective small-molecule antagonists®>!'®. Compounds
such as ENMD-1068 were designed to overcome the limitations of peptide-based approaches,
including poor bioavailability and receptor specificity'**!4. Interestingly, a small molecule
agonist equipotent to the PAR2 synthetic peptide agonist, GB110, led to the development of
two antagonists (GB83 and GB8S), bridging the gap between peptide and small-molecule
ligands (Fig. 2.7)!46:147,
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Figure 2.7. Structure of GB110, a peptidomimetic agonist with 0.28uM ECsp in intracellular
Ca2+ release in HT29 cells.

In designing a novel PAR2-targeting small molecule antagonist, the literature on PAR2-

specific ligands in the past two decades was reviewed, summarized, and listed in Table 2.2.

Table 2.2. Comprehensive list of selected-known PAR2 antagonist in vitro and in vivo activity.

Antagonist In Vitro / In Vivo Activity
ENMD-1068'* 1Cso ~ 10mM In vitro: Weakly inhibits PAR2 signaling by
targeting trypsin-induced cleavage.

selective PAR2 antagonist
o In vivo: Reduces joint swelling in arthritis models

through protease inhibition.
N
NH,

0 N

GB83'*! ICsp ~ 2uM In vitro: Suppresses PAR2 calcium signaling and

" . downstream inflammatory responses in cell
Competitive PAR2 antagonist Y P

ol =0
N.,
-0 o
N CHs
CHg

models.
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GB88” ICso ~ 2-10uM

Full PAR2 antagonist

O N O
N,
CTWY L)
-0 O
N oS
CHj3

In vitro: Inhibits calcium mobilization and
cytokine release.
In vivo: Reduces inflammation in arthritis and
colitis by  selectively  dampening  pro-

inflammatory signaling.

1-191'8 ICsp ~ 10-100 nM
(calcium flux, ERK signaling)
Negative allosteric modulator of PAR2
(@)
RVat
=N N
NS /Nﬁ
N @]
F

In vitro: Suppresses calcium signaling and
cytokine secretion.
In vivo: Reduces inflammatory cytokine release
and cancer cell migration by interfering with ERK

signaling.

AZ8838% 1Cso ~500nM~5uM
Negative allosteric modulator of PAR2

Competitive orthosteric PAR2 antagonist

In vitro: Inhibits calctum flux, -arrestin
recruitment, and ERK  phosphorylation.
In vivo: Reduces paw swelling and inflammation

in rat models.
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AZ3451%° 1Cso ~ 23nM (calcium flux) In vitro: Blocks peptide-induced calcium flux, IP:

ti ERK hosphorylation.
Negative allosteric modulator of PAR2 production,  and phosphioty’ation

In vivo: Reduces inflammation in rat paw edema

models.
O e
N——Q—NH : N
= e o>
Br O

1-287%° ICso 45-500 nM (calcium flux, In  vitro: Reduces IL-8 secretion and
RhoA activation) inflammation-associated  calcium  signaling.
In vivo: Suppresses inflammatory response in paw

Negative allosteric modulator of PAR2
edema models.

= | o 9
s
Cl Q‘N
F N2

ENMD-1068, a piperazine derivative, was the first non-peptidic small molecule PAR2
antagonist reported by NeoPharm in 2010!4+!% It is a weak and slightly selective PAR2
antagonist at millimolar concentrations, requiring very large doses to attenuate several PAR2-
mediated physiological responses'®. It is selective for PAR2 over other PARs in vitro, but its
low potency likely limits in vivo selectivity!**'**. Subsequently, GB83 and GB88 were
developed by Alexander's group at the University of Queensland, focusing on PAR2’s role in
inflammation and disease'*!. GB83 and GBS88 share a similar chemical structure, with the key
difference being the unsaturated carbon chain attached to the N-terminal group. GB88 features

a fully saturated N-terminal carbon chain, which alters its binding dynamics to enable
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interaction with an allosteric site on PAR2, acting as a full antagonist that blocks receptor

activation regardless of agonist concentration!?!4!,

In 2017, Cheng et al. at AstraZeneca Pharma revealed the crystal structures of PAR2 and
reported two novel antagonists, AZ8838 (an imidazole derivative) and AZ3451 (a
benzimidazole derivative)*'%°. Subsequent studies characterized both as potent negative
allosteric modulators (NAMs) of PAR2, inhibiting activation by preventing conformational
changes in the receptor.AZ8838 binds to a deeply buried allosteric pocket near the extracellular
surface of PAR2, while AZ3451 binds to a lipid-facing hydrophobic pocket outside the
transmembrane domain'*!%°, AZ3451 is a highly lipophilic ligand. It exhibits potent inhibition
with an ICso of ~23nM and has shown anti-inflammatory effects in a rat post-traumatic

osteoarthritis model'*.

More recently, two additional PAR2 NAMs, 1-191 and 1-287, were published”*!'*®. Although
similarly named, they were developed by different organizations: I-191 by Vertex
Pharmaceuticals and 1-287 by Paraza Pharma. I-191 inhibits PAR2-mediated calcium signaling,
ERK phosphorylation, pro-inflammatory cytokine release, and cAMP accumulation in the
human colorectal adenocarcinoma cell line HT29'*, 1-287, characterized as a biased ligand,
selectively inhibits Gq and G12/13 signaling pathways while avoiding Gi/o and B-arrestin
signaling”. It effectively targets inflammatory pathways in paw edema models, reducing

inflammation while preserving other receptor functions’.

2.1.7 MSc Study

My previous MSc research project, the development of novel small molecule targeting PAR2,
started in 2019°°. Given that the first two years of my PhD study was a continuation of the

research from my MSc thesis, a brief introduction to my MSc project is presented in this section.

Initial efforts focused on modifying AZ3451; it is a novel, potent (ICso ~23 nM in calcium flux
assays), and selective PAR2 antagonist. The structure of AZ3451 is studied into four parts for
ligand design: all the analogs share the benzimidazole core. The first series focuses on the R1
position, the aryl amide tail, which is colored in blue. The second series is the R2 group labeled
in red, the cyclohexyl substituent. The third series is the R3 group labeled in yellow, the
bromoaryl fragment (Fig. 2.8-A)*>%. Crystallographic studies indicate that AZ3451 binds to
an allosteric site outside the helical bundle of PAR2 (Fig. 2.8-B)’>'¥.
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Figure 2.8. A. The structure of AZ3451. B. The allosteric antagonist AZ3451 binding in the
pockets of PAR2. The benzimidazole nitrogen forms a hydrogen bond with Tyr210, highlighted

with a green dotted line.

The mechanism of antagonism by AZ3451 is not fully explored; the most plausible mechanism
is that this ligand restricts the conformational rearrangement (most like is between TM2, TM3,
and TM4) of helical bundle upon PAR2 activation'*’. And molecular docking studies were
performed to investigate the binding mode of AZ3451%. The detailed discussion of ligand -
receptor interaction can be found in my MSc thesis®’. Importantly, the aromatic ring of the
benzonitrile moiety interacts with Try210 through n-m stacking interactions, while this
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 to yield AZ3451 analogues (an arrow indicated

in Fig. 2.8-B)*>%.
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The synthetic scheme initially executed for the synthesis of AZ3451 was adapted from that
reported by Cheng et al. with some small modifications (Scheme 2.1), the detailed

methodology can be found in Chapter 2.5 (Experimental Procedure)®>.

HoN
o /_<:> Pd/C
NO EtoAc/MeOH o
C‘) 2 : :

F Cs2C0O3, DMF Yield 97%
r.t.
Yield 91%

e
@N '
HN _ o
lodine, NaOH,ACN Rf’@(‘/)” NJﬁ N
r.t. > HATU, DIPEA, DMF R o

P1

Yield 74% 90-110°C
Yield 10%-35% AZ3451 analogues

Commercial available chemicals - P1: Methyl 4-fluoro-3-nitrobenzoate P1'": (R)-(-)-1-Cyclohexylethylamine
P3': 6-bromobenzo-d-1,3-dioxole-5-carbaldehyde
Scheme 2.1. The synthetic scheme for AZ3451 analogues. Compound P1, P1°, and P3’ are
commercially available’. To enhance clarity and consistency throughout this chapter, all

compounds are labeled with a prefix "P" (representing PAR?2), such as P1, P2, and P3.

Following Scheme 2.1, I synthesized and characterized the reference compound and 15
analogues of AZ3451 (structures are presented in Chapter 2.2)*. Molecular docking using
AutoDock Vina and Discovery Studio was performed to predict and visualize the ligand-
receptor interactions for all 15 compounds, and they all displayed similar binding modes

compared to AZ34513%193,

A key finding during my MSc studies was the identification of a conformational isomer issue
in AZ3451 and its analogs. (Fig. 2.9)*°. Moreover, based on the proton NMR ('H-NMR) and
variable temperature NMR (VT-NMR) spectra, multiple potential conformational isomers exist
for AZ3451%°. These isomers are produced during the cyclization step (the proposed
mechanism is in my MSc thesis) and cannot be separated or purified using conventional SiO:

chromatography or even preparative HPLC.
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AZ3451

Figure 2.9. A molecular modeling study was conducted to present the structure of AZ3451 and
four types of potential conformational isomers. The carbon-carbon bond between the imidazole
and aromatic ring of 1,3-benzodioxole cannot freely rotate by 180 degrees. 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®”.

Collaborators from Western University evaluated all the analogues for functional activity to
PAR?2 (detailed information is presented in Chapter 2.3). Data from functional assays are used
to select a candidate for '8F-radiolabeling. During my MSc studies, the corresponding precursor

and radiolabeling scheme were proposed (Scheme 2.2)*.
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Scheme 2.2. Proposed radiolabeling scheme with SPIAd ylides.

Furthermore, the structure of two different generations of AZ3451 derivates (R>-R3) and

corresponding synthetic scheme were proposed (Fig. 2.10)*>.

o)
? N
_ N —> HN )
N= NH = o R1--©—(-/n N N
> Br
Br

o
(AZ3451 derivatives)

Figure 2.10. The structure of AZ3451 and derivates with R1-3 group.

2.2 Results and discussion

2.2.1 PhD study - Optimizing Synthetic Conditions

This journey continued through my PhD study in 2021. The further studies focused on
introducing additional building blocks (R group) to expand the library of AZ3451 analogues
through optimizing the reaction condition of the last step (amide bond formation). During the
MSc study, it was found that the yield of the last step is around 7% - 12% due to most of

selected building blocks containing electron-withdrawing group (EWG). It can indeed impact
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the efficiency of amide bond formation by reducing the nucleophilicity of the amine group of
selected building blocks. For example, the reference compound containing cyanide group and

the yield of last step is 7%.

The use of thionyl chloride (SOCIl.) is an improved method for amide bond formation. Using
SOCI: to convert the carboxylic acid into an acid chloride, which is significantly more reactive
than carboxylic acids, makes the amide bond formation more efficient, even in the presence of
EWG!®!152 The yields of the corresponding SOCI, involved final compound were improved

to 15%-18% (Scheme 2.3-A).

Microwave-assisted synthesis is an efficient technique widely used in organic and medicinal
chemistry'>>!3*, As an electromagnetic irradiation, microwave irradiation interacts efficiently
with polar bonds such as carboxylic acids through dipolar polarization'>*!>* The
electromagnetic waves in the microwave frequency range cause dipolar carboxylic acids to
rapidly rotate and vibrate, aligning with the oscillating field'*>. This molecular motion
generates heat through dielectric heating effects, leading to rapid heating and enhancing the

possibility of effective molecular collisions'>®

. Additionally, microwave irradiation lowers the
activation energy of the reaction, enabling faster intermediate formation'>>. These
intermediates then undergo nucleophilic attack by an amine, forming the desired amide bond '’
By combining thionyl chloride under microwave conditions, the yield of the final step is

significantly improved to over 35% (Scheme 2.3-B and C).
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Scheme 2.3. Optimizing the reaction condition by introducing thionyl chloride (A), microwave

assisted synthesis (B), and combination of thionyl chloride and microwave assisted (C).

2.2.2 Ligand Design

In drug design, a structural moiety of a starting compound is replaced by other groups to
improve the molecule's properties, such as binding affinity, functional activity, and Absorption,
Distribution, Metabolism, Excretion, and Toxicity (ADMET)!3¢157 Although AZ3451 is of
particular interest due to its high potency and selectivity, developing AZ3451 analogues with
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modified functional groups may lead to novel ligands exhibiting functional selectivity (biased

signaling) at PAR2.

As shown in Figure 2.8-B, the benzonitrile group of AZ3451 does not strongly interact with
the receptor®’. In addition, the cyanide group raises potential pharmacokinetic and safety
concerns, including possible metabolic release of cyanide and limited aqueous solubility, which
may impair systemic exposure. Therefore, the benzonitrile group serves as a breakthrough
point for introducing an aromatic substituent, allowing the analogues to form stronger
interactions with the receptor. Our first round of structural optimization will focus on the R;

group as shown in Figure 2.11.
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R: Aromatic Substituents

Figure 2.11. AZ3451 analogues with R; group.

Halogens (X = F, Cl, Br, and I) are widely used substituents in medicinal chemistry because
they enhance ligand properties'>®!%°. Introducing halogen atoms into a ligand can form
additional stable interactions through halogen bonds, thereby enhancing binding affinity

between the ligand and the target protein'®

. Halogen bonds being ‘orthogonal’ to hydrogen
bonds means they do not disrupt existing critical interactions like hydrogen bonding or
hydrophobic interactions!*®. Instead, they complement these interactions and further stabilize
the binding'*3. For example, bromine and iodine, due to their larger atomic sizes and stronger
polarizability, can form specific halogen bonds with key protein residues, enhancing the
stability of the ligand-protein complex without interfering with existing hydrogen bonds!*%16,
Fluorine (F) is particularly important in medicinal chemistry®'>?. Introducing F into a
compound increases lipophilicity, favoring hydrophobic binding sites within membranes>>->°.
From a pharmacological perspective, the stable carbon-fluorine bond protects the aromatic ring,
allowing fluorinated compounds to delay drug metabolism in the body>!>%. Additionally,
given our focus on using '®F to label candidate compounds, the corresponding 'cold' compound

is essential for developing a PET imaging agent>*>%16!,

Heterocyclic compounds can participate in a variety of molecular interactions, including acting

41



as hydrogen bond donors or acceptors, and exhibiting van der Waals forces and hydrophobic
interactions'®>!%3. These interactions enable heterocyclic compounds to bind to receptors in
several ways'®2. Introducing heterocycles to bioactive compounds provides functional groups
that can be modified to optimize solubility, lipophilicity, and polarity!®>!163, Additionally,
heterocycles come in a variety of shapes and sizes, allowing them to fit the different binding
pockets of receptors®>!%2. Heterocyclic aromatic compounds, such as pyridine, have been
introduced in this thesis. Unlike a benzene ring, pyridine is a unique aromatic ring'®>!%*, The
lone pair of its nitrogen atom does not overlap with the m-system of the aromatic ring,
contributing to the basicity of pyridine!®>!%*. Due to its weak basicity, pyridine can be used to

improve the water solubility of drugs'®?

. More importantly, in the context of the structure-
activity relationship (SAR), varying the position of the fluorine and nitrogen atoms of the
pyridine moiety at the ortho, meta, and para positions on the aromatic ring offers significant
opportunities for exploration'%!%4_ Fluorine, due to its high electronegativity and small size,
enhances binding affinity, metabolic stability, and membrane permeability®!>2. The nitrogen
atom of the pyridine ring contributes additional interactions through hydrogen bonding with
the target protein'®. This positional variation allows for a systematic exploration of how these

substitutions influence the biological activity and selectivity of the compounds>!-163:164,

Furthermore, by adding a bulky group to the ligand, like n-biphenyl and n-phenoxy phenyl,
and quinazolinone derivatives, the metabolic stability of ligand will be increased!'®>!6®. This is
because the bulky groups are used as a shield, which is a known steric hindrance'®>. This effect
is used to control the selectivity of ligands, potentially enhancing ligand-receptor interactions
and avoiding side effects!®. Our latest synthesized analogues focus on two design strategies:
replacing the cyanide group with a bio-isostere and introducing a group to mimic the cyanide
group. The first strategy aims to retain the electronic and steric properties of the cyanide group
while potentially improving pharmacokinetic profiles by using a bio-isostere!¢”!®, The second
strategy involves introducing functional groups that mimic the behavior of the cyanide group
to enable similar interactions with the biological target'®. These approaches aim to preserve or

enhance the biological activity and selectivity of the compounds*>'¢°.

2.2.3 The Library of AZ3451 Analogues

A library of 32 AZ3451 analogues was constructed, and to comprehensively explore the
structure-activity relationship (SAR) within this library, 15 compounds synthesized during my

MSc research were also included (colored in blue in Fig. 2.12) %,
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R, Aromatic Substitution
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Figure 2.12. Building blocks of R1 group. The analogues synthesized during my PhD study
are black (17), and the analogues synthesized during my MSc study are coloured in blue (15).

The introduced building blocks can be categorized into four smaller groups. These analogs
were summarized into the following four categories: halide, fluorine-containing, bulky, and
heterocyclic substitutions, as presented in Figure 2.12. The first library was designed with a

diverse set of building blocks at the R1 position, varying in position, electronics, and steric
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properties, to see how these differences impact biological activity in the SAR study. For
example, Pla to ¢ aimed to modulate the electronic density of the aromatic ring. The
heterocyclic groups, such as P2g and P3g, were selected as they may provide additional
hydrogen bonding opportunities and enhance binding specificity. Bulky P3d offered increased
conformational constraints, improving stability in the binding pocket. Their synthesis follows

a process like AZ3451, with detailed procedures outlined in Chapter 2.4.

The purities of the 32 analogues were tested by HPLC using a solvent system of water and
acetonitrile, and all met the 95% purity requirement for biological assays. Biological assays
are conducted for all analogues, except PIm, P1n, and P2i due to time constraints. The
biological evaluation data is further discussed in Chapter 2.3. The structures of all AZ3451
analogues are in Chapter 2.4, the data and spectra from MS, HPLC, and '"H-NMR are available
in Appendix A.
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Figure 2.13. 3C-NMR spectrum of compound P1i.

I3C-NMR are not available due to the conformational isomer issues, which leads to an apparent
increase in the number of carbons signals and complicates spectral interpretation. As a
representative case, the '3C NMR spectrum of compound P1i was selected to illustrate this
issue. As shown in Figure 2.13, '>C-NMR characterization of flexible molecules is challenging
due to the presence of conformational isomers. While such isomers are clearly observed in

structural analysis, their potential impact on the biological activity of AZ3451 remains
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unknown, as the existing literature does not provide a clear discussion or evaluation of this

1ssue.

Molecular docking studies were performed for all analogues'®. Compound P2a was selected
for molecular docking studies and compared to AZ3451, following the methodology previously
reported in the literature. Molecular docking studies were performed using the crystal structure
of PAR2 to investigate the binding mode of AZ3451 and analog P2a. As shown in Figure 2.14,
the top-ranked binding modes of P2a and AZ3451 were superimposed to compare their binding
orientations within PAR2 *°. Both compounds were found to occupy the same allosteric pocket
located on the outer surface of the TM domain. This hydrophobic pocket is formed by several
key residues including Try210, Phel54, Leu203, Leu23, and Trpl199, consistent with the
binding site reported in the literature’. The docking alignment suggests that compound P2a
preserves key binding interactions and may function via a similar mechanism. In summary,
these two molecules overlapped relatively favorably, with only minor differences in their
positions. This suggests that the two structures are likely to share a similar functional profile,
which is promising for the modification of novel AZ3451 analogues®. The methodology of

molecular docking study for compound P2a is available in Chapter 2.5.3.

>

Figure 2.14. Ligand-receptor interaction for analogues P2a. AZ3451 is colored in red,
analogues P2a is colored in white. The key hydrogen bond for both compounds is conserved

and colored in green. The key residues highlighted in yellow.
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2.2.4 Synthesis and Characterization of the Two Series of AZ3451

Derivatives

To fully explore the structural potential of AZ3451 for bias signalling activity, the cyanide
group (-CN) was retained and the two other structural positions — R2 and R3 — were

systematically modified (Fig. 2.15).

0
R
N:—@—NH P
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Figure 2.15. Structure of AZ3451 derivatives with R2 and R3 groups.

Three representative compounds from two series of AZ3451 derivatives were synthesized
(Scheme 2.4). The modification in Scheme 2.4-A is that (S)-(+)-1-cyclohexylethanamine was
replaced by 4-fluorobenzylamine. The main idea behind this aromatic ring replacement is that
the aromatic ring may enhance the n-r stacking interactions with residues in the binding pocket.
Additionally, the fluorine atom in 4-fluorobenzylamine has the potential to yield a novel PET
imaging agent. In Scheme 2.4-B, (S)-(+)-1-cyclohexylethanamine was replaced by
cyclohexylmethanamine. The purpose of this modification is to investigate the conformational
isomer. Compound P12 can serve as a control group compared to AZ3451 in biological assays.
Without the methyl group connected to methylcyclohexane, the carbon-carbon bond between
the imidazole and the aromatic ring of 1,3-benzodioxole can freely rotate. This is confirmed by
the '"H-NMR of P12. Based on the NMR spectra, no conformational isomers are present in the
final product. The modifications for Scheme 2.4-C involved replacing the 1,3-benzodioxole
with a bromine substituent by a benzene ring with a bromine substituent. Molecular docking
studies of P14 were conducted, and they indicated that there were hydrophobic interactions
between the 1,3-benzodioxole moiety and several residues. Therefore, making this moiety of
the molecule more hydrophobic may potentially improve its binding interactions with PAR2

and help compound P14 fit into the hydrophobic pocket of PAR2.
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Scheme 2.4. The synthetic schemes of two series of AZ3451 derivates. The main differences
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2.3 Biological Evaluation

GPCRs, including PAR2, are dynamic proteins. Ligand binding induces conformational
changes, meaning the receptor does not function as a simple on/off switch but instead mediates
complex signaling cascades with multiple downstream pathways’®”. As shown in Figure 2.16,
PAR2 engages in complex signaling cascades through multiple downstream pathways’!7°.

Several studies demonstrate that specific transmembrane (TM) helices and intracellular loops

109,170

(ICL) contribute to distinct G protein coupling

Conformational change-induced
signal transduction

ICL2 M6

Figure 2.16. Specific TM and ICL helices contribute to distinct G protein coupling. Gagq
activation is primarily mediated by rearrangements in TM3 and TM6. Gai/o coupling is
primarily mediated by TMS5 and TM7. Gal12/13 engagement is influenced by TM1 and TM2.
B-arrestin recruitment is primarily mediated by TM6 and ICL2.

PAR2 plays important roles in cell tissues in both health and disease, with its activation

influencing various physiological and pathological processes’®!?”. In healthy tissues, PAR2
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activation by peptides contributes to protective wound healing, normal vascular function, and

88,96

immune regulation®>”®. However, in pathological conditions, trypsin-mediated PAR?2

activation is often linked to inflammation, fibrosis, and cancer progression®®. In tumors, PAR2

is frequently overactivated by tumor-associated proteases, exacerbating disease”®.

Our collaborator, Dr. Rithwik Ramachandran’s group at the Western University, is interested
in developing pathway-selective PAR2 inhibitors that offer therapeutic advantages by
selectively blocking pathological signaling while preserving beneficial physiological
responses’>!%. To evaluate the functional activity of our compounds, they conducted several
biological assays”. One is the trypsin- and agonist peptide-induced Gaq/11-mediated calcium
(Ca?") signaling assay. Another is the trypsin- and agonist peptide-induced [-arrestin 1/2
recruitment assay. Due to the time constraint, the results of the B-arrestin 1/2 recruitment assays
for all compounds and the calcium signaling assay for partial compounds are summarized in

Tables 2.3-2.5, and the dose-response curves are available in Appendix C.

Table 2.3. Summary of BRET assay results (B-arrestin 1&2) of R1 group. The results of -

arrestin 1 are colored in blue and B-arrestin 2 are colored in green.

Compound R1 ECs¢/nM (vs Trypsin) ECso/nM (vs

. SLIGRL-NH>) (B-
(B-arrestin 1/ 2) (n=1)

arrestin 1/ 2) (n=1)

AZ3451 /

Pla Q / /
F

Plb Q / /
F
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Compound Ri1 ECso/nM (vs Trypsin)

(B-arrestin 1/ 2)

ECso/nM (vs
SLIGRL-NH,) (p-

arrestin 1/2)

Plc F@__ 16.8/1.2 14.6 / 22.4
Pid Q// >1000/30.5 36.1/29.5
F
Ple Q/’ 45.7740.0 140.2 /92.2
F
P1f = <:> / 75.2 /218.9 16.4/55.7
Plg Br@__ 24.9/404.2 697.5/2.1
Plh IO__ 69.1/34.4 37.2/19.8
P1i _ < >__ 38.8/23.8 44.5/13.6
Plj p 17.2/51.4 9.1/3.7
W
P1k O 328.8/>1000 19.9/15.6
H2N -
P11 @__ 80.8/65.6 208.1/67.4
Cl
P2a =N 144.2 / 40.2 22.9/28.2
\ /
P2b N= 20.2/75.3 321.5/78.4
\ /
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Compound R1 ECs¢/nM (vs Trypsin) ECso/nM (vs
SLIGRL-NH -
(B-arrestin 1/ 2) ) (B
arrestin 1/2)
P2c N N\ 22.0/84.7 >1000/>1000
\_/
P2d =N 23.4/65.0 575/1.1
\_/
P2e =N 175.0/ 674.5 22.4/15.9
FN/ "
P2f N= 44.3 />1000 27.71233.7
P2g S 58.3/76.5 553.8/270.1
(-
N
P2h S 33.0/122.6 83.3/147.1
[ >
N
P3a 48.6 / 81.2 24.4/24.8
. -
N
P3b (Ij/ 13.6 / 64.8 30.6 / 68.0
N
P3¢ N i 3.4/26.2 10.9/22.0
9
P3d N\ 34.4/56.3 10.5/52.8
P3e 50.1/65.4 1.5/3.3
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P3f N/Q" 23.8/73.3 87.9/133.9
“\S

P3g S/Q" 57.9/112.7 >1000/>1000
1\\N

P3h N - 104.3/429.9 58.7 / 69.2
)

P3i N . 44.3/134.4 762.9 />1000
HI\II\N/

Note: The presented data were obtained from a single experiment, and follow-up testing to

validate the results is currently ongoing.

Table 2.4. Summary of BRET assay results (B-arrestin 1&2) of R2-3 group. The results of B-

arrestin 1 are colored in blue and B-arrestin 2 are colored in green.

N —
N O --R3
R

AZ3451 R o>
Compound Building blcok ECs0/nM (vs ECso/nM (vs
Trypsin) SLIGRL-NH2)

(B-arrestin 1 /2) (B-arrestin 1 /2)
(n=1) (n=1)

P8 (R2) F 174.3/61.8 >1000/>1000
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P12 (R2) Q 44.8/92.3 70.2/101.9

P14 (R3) \D 83.9/151.8 17.6 / 18.7
Br

Note: The presented data were obtained from a single experiment, and follow-up testing to

validate the results is currently ongoing.

Table 2.5. Summary of Ca** signaling assay results of partial compounds

Q . 0 /R2
HN P N:—@—NH _
O TS e
R O R

Compound  Building block ICso/nM ICso/nM (vs SLIGRL-
(R1, Rz, and R3) (vs Trypsin) (n=1) NH:) (n=1)
AZ3451 2.2 3.1
Pla Q >2uM 210.7
F
P1b @ 1122.2 3383
E
Plc FO__ 123.6 222.1
Pld Q 239.6 >2uM
F
Ple Q/’ >2uM >2uM
F
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P1f E < > / >2uM 281.5
r -

Plg 5 ) 310.4 674.1
P2b N= >2uM 622.8
N\ /
P2c = 6.3 6.4
Ny /7
P3a 1246.1 2735
o
N
P3b (\/O >2uM 2495
SN
P3f NQ" 2423 350.9
|
ks
P3g . B >2uM 284.5
L\N
PS8 (R2) F >2uM >2uM
P12 (R2) Q >2uM 338.4

P14 (R3) @ >2uM >2uM
Br

Note: The presented data were obtained from a single experiment, and follow-up testing to

validate the results is currently ongoing.

Unlike AZ3451 (a pan-inhibitor)”*, some compounds demonstrate probe dependence (Trypsin

vs. SLIGRL-NH2) in B-arrestin 1/2 recruitment assays, the results as shown in Figure 2.17.
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For example, compounds P1b, P3g, and P3i demonstrate probe dependence, acting as potent
inhibitors of trypsin-induced B-arrestin 1/2 recruitment, while being less active against
SLIGRL-NH:-induced B-arrestin 1/2 recruitment (Fig. 2.17-A). Conversely, compounds P1k,
P2e, and P2f are potent inhibitors of SLIGRL-NH:-induced B-arrestin 1/2 recruitment but are
inactive in trypsin-induced B-arrestin 1/2 recruitment (Fig. 2.17-B). These findings highlight
probe dependence among the AZ3451 analogues, demonstrating their ligand-specific

inhibitory profiles®.

A B
P1b,P3g, and P3i P1k,P2e, and P2f

G K

SLIGRL-NH,

] TM6

ICL2

ICL2 E
—~—T gproagy” "N
B-arrestin 1/2 C\&Trﬂl{?) M

Figure 2.17. Probe dependence of AZ3451 analogs. A - Compound P1b, P3g, and P31 can

‘__
<

!
i

inhibit trypsin-induced B-arrestin 1/2 recruitment assays. B - Compound P1k, P2e, and P2f can

inhibit peptide-induced B-arrestin 1/2 recruitment assays.

Studies applied Ca®' signaling and P-arrestin 1&2 recruitment assays reveal that certain
AZ3451 analogues exhibit potential biased activity, as shown in Figure 2.18. In Figure 2.18-
A, compound P2c is a weak inhibitor of SLIGRL-NH:-induced B-arrestin 1&2 recruitment and
is completely inactive against trypsin-activated B-arrestin 1&2 recruitment assay. However,
P2c is equipotent to AZ3451 in both trypsin-induced and SLIGRL-NH:-induced Ca*" release
assays, indicating a preference for calcium signaling over B-arrestin recruitment. In contrast,
Figure 2.18-B, compound Ple exhibits balanced potent for both trypsin- and SLIGRL-NH--

induced B-arrestin 1&2 recruitment but is a weak inhibitor in the Ca®* release assay, suggesting
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a bias toward B-arrestin signaling. Notably, structural modifications at the R2 and R3 positions
of AZ3451 also influence biased activity. Compounds P8 and P14 exhibit balanced potent in
both trypsin- and SLIGRL-NH:-induced B-arrestin 1&2 recruitment assays, but they act as
weak inhibitors in Ca** signaling assays, further reinforcing a p-arrestin-biased profile. These
findings suggest that structural modifications to the cyclohexyl or benzodioxole group of
AZ3451 could lead to the development of novel biased PAR2 inhibitors, selectively modulating

distinct signaling pathways®>!7!,

A P2c
Trypsin / i
@ SLIGRL-NH2 G SLIGRL-NH2

B P1e, P8, and P14

2+

Figure 2.18. AZ3451 analogs show biased activity. A - Compound P2c is potent in the Ca
signaling assay but shows weak activity in the B-arrestin 1&2 recruitment assay. B - Compound
Ple, P8, and P14 are potent in the B-arrestin 1&2 recruitment assay but inactive in the calcium

signaling assay.

Given that different ligands can induce distinct PAR2 conformations, the biological evaluation
of functional activity provides key insights into probe dependence and biased signaling, helping
identify compounds capable of selectively modulating PAR2 pathways®>*>. These assays
confirmed that the compounds not only bind to PAR2 but also exhibit specific functional

activity.
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2.4 Radiolabel approach

2.4.1 Select the Candidate Compound for Radiolabeling Study

In 2003, Jin et al. provides early evidence for the involvement of PAR2 in lung adenocarcinoma,

particularly in alveolar capillary endothelial cell proliferation and tumor angiogenesis'’?

. Using
microdissected tissues from 20 patients with lung adenocarcinomas, their study showed that
PAR2 mRNA expression was elevated 16-fold in tumor alveolar walls compared to normal
alveolar walls'’?. Subsequent research groups have also confirmed the high expression of
PAR?2 in lung cancer'""'¥. Given this significant overexpression, there is an urgent need to

develop small-molecule PET imaging agents targeting PAR2 for lung cancer diagnosis.

To date, no small-molecule PET imaging agents targeting PAR2 have been reported'*>!”, The
only existing PAR2-targeting PET imaging agent is a peptide derivative, ['*F]29, developed
and published by Dr.Len Luyt's group in 2023 (Fig. 2.19)'%*.
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Figure 2.19. Reported structure of ['8F]29.

Although this peptide demonstrates high potency and specificity for PAR2, peptide-based
tracers often face challenges such as rapid enzymatic degradation and limited metabolic
stability, which can limit their clinical utility!”*!7>. Therefore, based on biological results of
functional activity of the array of PAR2 antagonists, compound P1c was selected as a candidate
for radiolabeling studies (Fig. 2.20). It was determined that this compound has an ICso value of
123.6 nM in the trypsin-induced calcium signaling assay and 222.1 nM in the peptide-induced
calcium signaling assay. Moreover, compound P1c shows potency in both the trypsin-induced
(ECso of 16.8 nM for B-arrestin 1 and 1.2 nM for B-arrestin 2) and peptide-induced (ECso of
14.6 nM for B-arrestin 1 and 22.4 nM for B-arrestin 2) B-arrestin recruitment assays. Although
compound Plc was not evaluated using direct PAR2 binding assays (e.g., radioligand binding

assays), its functional activity was validated through calcium signaling and B-arrestin 1/2
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recruitment assays. These assays are widely accepted in GPCR drug discovery for assessing
receptor activation and downstream signaling. B-arrestin recruitment assays provide insights
into ligand-receptor interactions and biased signaling and have been shown in many studies to
correlate with ligand binding affinity to PAR2, especially when high potency is observed!’®.
Therefore, the strong B-arrestin responses of compound Plc support a potent and specific

interaction with PAR2.

P1c ['*FIP1c

Figure 2.20. Structure of compound P1c and proposed radiotracer.

2.4.2 8F-Radiolabeling Method

Fluorination reactions used in organic chemistry are not suitable for radio-fluorination due to
their long reaction times, harsh conditions, and limited substrate scopes*. In radiochemistry,
introducing fluorine-18 into substrates relies on intermediates that accommodate the half-life

463357 Aromatic ['*F]-labeling remains

while providing mild and selective fluorination
technically challenging due to the low reactivity of non-activated aryl substrates. To address
this, the Spirocyclic lodonium Ylide (SCIDY) strategy was selected, as it has been
demonstrated to enable efficient and regioselective ['®F]-incorporation into aromatic systems
under mild conditions. Given the limited number of alternative methods suitable for direct
arene labeling, and due to time constraints, other precursors or labeling strategies were not
explored. The SCIDY method, originally developed by Vasdev and Liang’s group in 2014,
provides a one-step, site-specific approach that is well-suited for radiolabeling electron-neutral
or electron-rich arenes, making it an appropriate choice for this study®”!%. SCIDY technology
is based on hypervalent iodine (III) species and is designed to achieve regioselective radio-
fluorination'®*!"’ Its defining feature is a spirocyclic scaffold that stabilizes the iodine (III)
center and facilitates reductive elimination of ['®F] to form carbon-fluorine bonds (Fig. 2.21)!"’.
This mechanism avoids common issues encountered with diaryliodonium salts, such as low

regioselectivity and competing byproduct formation!”’. SCIDY operates by forming a highly

reactive iodine (III)-fluoride intermediate, which undergoes nucleophilic attack by ['*F],
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followed by reductive elimination to produce the desired [!'®F]-radiotracer!°®!"7!78 The

electronic and steric properties of the auxiliary groups attached to the spirocyclic structure

enhance selectivity and minimize potential side reactions'”’.

Stabilization Sm e
X Yy S Reduct
e eductive
' 1. Oddaton / O\’/“ [ISF] @ / elimination 1°F @
R- ————» R = X ] —= jdine | R
2. Coupling with =0
auxiliary group o
— Y /
Auxiliary \>

Transition state

Figure 2.21. NMR and X-ray crystallography studies demonstrate that the iodine—oxygen bond
(highlighted in orange) within the spirocyclic auxiliary group contributes to the overall stability
of the SCIDY precursor'®. During the transition state, the auxiliary group adopts a
conformation that facilitates the departure of iodine and the incorporation of fluorine-18, likely
by stabilizing the hypervalent iodine (III)-fluoride intermediate. This conformational effect has
been likened to a ‘pincer’, due to its ability to position the reacting groups favorably for

reductive elimination.

In 2016, the second-generation SCIDY auxiliary group, spiroadamantyl-1,3-dioxane-4,6-dione
(SPIAd), was reported by the same group!”’. SPIAd is an air and temperature stable compound
that can be purified in high yields, making it more practical for bench work (Scheme 2.5-A)'"".
This method has been demonstrated to work efficiently with various electron-rich and sterically
hindered substrates®”!””. Based on the advancements reported by Vasdev and Liang’s group,
SPIAd-mediated SCIDY technology is an attractive and promising approach for ['8F]-
radiolabeling®’. In this thesis, SCIDY is used to radiolabel compound Plc with fluorine-18
(Scheme 2.5 B-D).
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Scheme 2.5. A-C. Synthesis of SPIAd auxiliary/precursors. D. Proposed radiolabeling scheme

to produce 18F-labeled compound.

The group explored six oxidative conditions with corresponding oxidizing agents and solvents
for precursor synthesis, each offering distinct advantages>”!”®. Due to the relatively complex
parent structure of compound Plc, Oxone and Selectfluor were initially employed to generate
the desired precursor. However, the outcomes did not meet expectations. Based on literature
reports, 3-chloroperoxybenzoic acid (mCPBA) and sodium perborate (NaBOs) have
demonstrated effectiveness in oxidizing simpler substrates'”’. Therefore, an attempt was made

to use these two oxidizing agents to oxidize compound Plh. The results showed that while
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mCPBA successfully oxidized the compound, the yield was low (~10%). Subsequently,
DMDO (dimethyldioxirane) was tested to see if it would improve the yield, but the results were

again unsatisfactory.

Precursor SPIAd iodonium (III) ylide was characterized by using '"H-NMR, MS, and HPLC;
the data can be found in Chapter 2.3. Furthermore, to assess the feasibility of fluorine-18
incorporation, a one-step fluorination reaction was first performed using fluoride-19, provided
as Tetrabutylammonium fluoride (TBAF), with the SPIAd iodonium (III) ylide precursor under

non-radioactive conditions (Scheme 2.6).

O
O;)IO TBAF 0 )
N D 120°C 12 mintues N~
))j PO
/ P1c Br ©

SPIAd iodonium (lll) ylide
Scheme 2.6. A one-step fluorination reaction to yield compound Plc via TBAF.

Finally, this precursor undergoes radio-fluorination, where the SPIAd reacts with nucleophilic
['®F] to yield the final compound (radiotracer)!”. The radiolabeling step is performed using
automated synthesis in a GE Tracerlab FXFN radio-synthesis module. Current investigations
focus on optimizing reaction conditions for fluorine-18 radiolabeling. So far, ['®F]-
radiolabeling has been attempted with reaction temperatures of 90 and 130°C and reaction
times at 10 and 15 minutes. The current investigation focuses on finding the optimal reaction

conditions for ['®F]-radiolabeling.

2.5 Experimental Procedures

2.5.1 General Information of Organic Synthesis

All reagents are available and were obtained from Sigma-Aldrich, Fisher Scientific, Oakwood
Chemicals, and AA blocks chemicals. NMR spectra were obtained on a 500 Hz Bruker NMR
Instrument Chloroform-d or DMSO-d6 with the chemical shifts referenced to solvent signals.
Chemical shifts are reported as parts per million (ppm) downfield from internal TMS in
appropriate organic solutions. Peak multiplicities are expressed as follows: s, singlet; d, doublet;
dd, doublet of doublet; t, triplet; br s, broad singlet; m, multiplet. NMR and mass spectra were

run on isolated intermediates and final products and are consistent with the proposed structures.
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Chromatographic purification was conducted using a silica gel (SiO2) column. Four elution
gradients were performed: Type A - gradient from 10 to 30% EtOAc in hexanes; Type B -
gradient from 20 to 50% EtOAc in hexanes; Type C - gradient from 5 to 10% MeOH in DCM;
Type D - gradient from 10 to 15% MeOH in DCM. Purification by preparative High-
performance liquid chromatography (HPLC/MS) was done on a Waters LC-MS system by
using a Waters Symmetry column (C18, 5 uM, 19 mm diameter, 150 mm length). The solvent
system was used with a mixture of water and acetonitrile or methanol with 1% formic acid
(gradient from 5% to 95%). The purities of compounds for biological tests were assessed by
analytical LC-MS on a UV detector system using conditions as the following: column,
XSELECT CSH C18 5 um 4.6x150 mm; solvent A, water 0.1% formic acid; solvent B,

acetonitrile 0.1% formic acid; flow rate, 0.8 mL/min; gradient, from 5 to 95% solvent B.
2.5.2 Methodology of Biological Evaluations

Calcium mobilization assay: HEK293 cells loaded with the Fluo4-NW calcium indicator were
incubated with test compounds (300 to 0.3 nM) for 30 minutes at room temperature before
monitoring PAR2-activated Ca*" mobilization in response to submaximal doses of trypsin and
the PAR2-activating peptide, SLIGRL-NH2, on a FlexStation III microplate reader (Molecular

Devices).

B-arrestin 1 and 2 recruitment: A Bioluminescence Resonance Energy Transfer (BRET) assay
was conducted in HEK293 cells transfected with YFP-tagged hPAR2 and Rluc-tagged B-
arrestin 1 or 2. Forty-eight hours post-transfection, cells were treated with trypsin (300 to 3 nM)
or SLIGRL-NH2 (300 to 3 uM) for 20 minutes at room temperature in the presence or absence
of a submaximal dose (1 uM) of the tested compounds. B-arrestin 1 and 2 recruitment (increase
in BRET ratio) was monitored in the presence of the Rluc substrate, Coelenterazine-H (5 uM),

on a Mithras LB940 microplate reader (Berthold).

2.5.3 Methodology of Molecular Docking Study

The receptor structure was derived from the crystal structure of PAR2 (PDB ID: SNDZ) and
converted to PDBQT format using AutoDockTools 1.5.6. The ligand structure of P2a was
prepared and energy-minimized using DS Viewer 3.5. Docking simulations were carried out

using AutoDock Vina.

The docking grid was centered at coordinates (x = 3.825, y = 9.886, z = 49.486) with

dimensions set to 20 x 20 x 28 A3, fully encompassing the allosteric binding site identified in
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the crystal structure. The number of binding modes was set to 10, and the exhaustiveness
parameter was set to 100 to increase search accuracy. All other parameters were maintained at
their default values. Docking results were analyzed using PyMOL and Discovery Studio

Visualizer to assess binding poses and key ligand—-receptor interactions.

All figures were created with BioRender.com.

2.5.4 Organic Synthesis

Synthesis of (S)-methyl 4-((1-cyclohexylethyl) amino)-3-nitrobenzoate. (Compound P2)

NO,
(@)
NH
SO
\ N

To a 250 mL round-bottom flask equipped with a stir bar was added methyl 4-fluoro-3-
nitrobenzoate (1000 mg, 5.02 mmol), and caesium carbonate (3271.1 mg, 10.04 mmol). To this
reaction mixture, (S)-cyclohexyl ethylamine (766.13 mg, 6.024 mmol) was added via a syringe.
DMF (20 mL) was added to the round-bottomed flask, sealed with a rubber septum and allowed
to stir for two hours at room temperature. The resulting orange/yellow-coloured mixture was
then checked by TLC 1:3 EtOAc: hexane. The reaction mixture was diluted with 100 mL 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 Na;SO4
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 type A was used
to elute the purified product, (S)-methyl 4-((1-cyclohexylethyl) amino)-3-nitrobenzoate. A
1401 mg (91% yield) of pure product was obtained. 'H NMR (500 MHz, CDCls) & 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: Ci6H22N>04, LC-MS [M + H]" =307.12
(calcd.) 306.4 (found).

Synthesis of (S)-methyl 3-amino-4-((1-cyclohexylethyl) aminobenzoate. (Compound P3)

NH»
@)
NH
a¥s %
\ 3
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(S)-methyl 4-((1-cyclohexylethyl) amino)-3-nitrobenzoate (1401 mg, 4.57 mmol) was added
to a 250 mL round-bottom flask. Pd/C catalyst (Palladium content 10%, 40 mg, 0.37 mmol)
was added into the flask via spatula along with a stir bar. A 1:1 EtOAc: MeOH solution (12
mL) was added and then sealed with a rubber septum. The air within the flask was removed
under vacuum and refilled twice with H» by balloon. With the H»-filled balloon still attached,
the reaction was then allowed to stir for 8 hours at room temperature. 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 to afford
the desired product as a light green solid. 1262 mg (97% yield) was obtained, and this product
was used directly without further purification in the next step. 'H NMR (500 MHz, CDCl3) §
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: C;sH24N202, LC-MS [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 P4)

HO

N

R 0>
To a 250 mL round-bottomed flask was added (S)-methyl 3-amino-4-((1-cyclohexylethyl)
aminobenzoate (1262 mg, 4.45 mmol) and iodine (2259.2 mg, 8.9 mmol). Sodium hydroxide
pellets (1779.4 mg, 44.5 mmol), followed by 6-bromobenzo-d-1,3-dioxole-5-carbaldehyde
(823.3 mg, 4.45 mmol) was added to the flask. A stir bar was added and the reagents dissolved
in acetonitrile (12 mL). The round-bottom flask was sealed with a rubber septum. The flask
was flushed with Argon. After sonication, the flask was stirred 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 HCI solution. The crude product was concentrated

via rotary evaporation to yield a dark/brown oil. The residue was redissolved in EtOAc (100

mL, sonicated) and poured into a 500mL separatory funnel. Saturated NaCl solution (150 mL)
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was added, followed by distilled water (100 mL). Three extractions of aqueous layers were
performed, adding 30mL of EtOAc each time. The combined organic layers were dried over
NazS0qs, filtered, washed using EtOAc, and concentrated under reduced pressure by rotary
evaporation. The sample was then prepared for a flash silica 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 1902 mg (81% yield) was obtained. MS
m/z: for Chemical Formula: C23H23BrN2Os, LC-MS [M + H]" =470.08 (calcd.) 471.1 (found).
'H NMR (500 MHz, DMSO) § 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).

General synthetic method for AZ3451 and its derivatives.

Original synthetic method: To a 100 mL round-bottom flask was added compound P4 (100
mg, 0.206 mmol), HATU (158 mg, 0.412 mmol), DIPEA (53.2 mg, 0.412 mmol), and DMF (5
mL). This was stirred at room temperature for 1 hour, followed by the addition of the specific
amine (1.2 equivalent). The reaction was then heated to 110°C for 5 hours and monitored by
TLC. The reaction mixture was diluted with 200 mL of DI water and 100 mL of saturated NaCl
solution in a 500 mL separatory funnel. The aqueous layer was washed twice with EtOAc (60
mL). The combined organic layers were dried over Na>SOs, filtered, and concentrated under
reduced pressure by rotary evaporation. A crude mixture was obtained and prepared for flash

silica gel column chromatography or preparative HPLC (prep-HPLC).

Optimal synthetic method: Compound P4 (100 mg, 0.206 mmol) was dissolved in DMF, then
thionyl chloride (SOCl2) (0.416 mmol). The reaction mixture was irradiated in the microwave
at 100°C for 30 minutes. After cooling to room temperature, excess thionyl chloride was
removed under vacuum to give the crude aryl chloride. The specific amine was then added to
the intermediate (aryl chloride) with DIPEA (53.2 mg, 0.412 mmol) and DMF (2.5 mL). The
reaction mixture was irradiated in the microwave at 110-150°C for 20 minutes. The combined
organic layers were dried with Na>SOg, filtered, and the solvent was removed under reduced
pressure. The compound was purified by prep-HPLC with a gradient from 60% to 95%

acetonitrile (0.1 % formic acid) in water.

Synthesis of (S)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-N-(4-cyanophenyl)-1-(1-
cyclohexylethyl)-1Hbenzo[d]imidazole-5-carboxamide (AZ3451).
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4-Aminobenzonitrile (36.5 mg, 0.412 mmol) was added into the round-bottom flask (RBF) and
heated to 120°C under microwave irradiation for 30 minutes. The reaction mixture was

monitored by TLC (1:3 EtOAc: Hexane and 1:12 MeOH: DCM plus one drop of NH4OH).

After extraction, filtration, and concentration, a light-brown, oil-like material was obtained and
purified for the first on silica gel (1:5 EtOAc:Hexane), which was later switched to 1:3
EtOAc:Hexane as the final eluent. The residue was purified further using flash silica gel
column chromatography (eluent gradient, 5 % Method in DCM). A light brown solid product
48.8 mg (yield — 41 %) was obtained. Chemical Formula: C30H27BrN4O3 LC-MS [M + H]" =
573.1 (calcd.) 573.16 (found.). Molecular Weight: 571.48. '"H NMR (500 MHz, DMSO) §
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). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes)
tr = 16.7 minutes. Purity=98%.

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

O .
N i
F4< >—NH :\<
NT O>
o

Br

The method is similar for the preparation of AZ3451 was used except replacing the building
block with 4-Fluoroaniline (36.5 mg, 0.412 mmol). The reaction condition is conventional
heating (100 °C), reaction time is 5 hours. The residue was purified using flash silica gel

column chromatography (eluent gradient, 5% Method in DCM). A light-yellow solid product-
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61mg (yield - 43.6 %) was obtained. Chemical Formula: C29H27BrFN303; Molecular Weight:
564.46. LC-MS [M + H]" = 566.1 (calcd.) 566.2 (found). 'H NMR (500 MHz, CDCls) § 9.46
(m, 1H), 8.48 (m, 1H), 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 (m, 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). Purity testing by HPLC (Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 16.6

minutes. Purity=98%.

Synthesis of (S)-2-(6-bromobenzo-1,3-dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(2-
fluorobenzyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P1d)

The method is similar for the preparation of AZ3451 was used except replacing the building
block with 2-Fluorobenzylamine (53 mg, 0.41 mmol). The reaction condition was run under
conventional heating (100°C), reaction time is 4 hours. The residue was purified using flash
silica gel column chromatography (eluent gradient, 5% Method in DCM). A white solid
product-8 1mg (yield — 45 %) was obtained. 'H NMR (500 MHz, CDCls) § 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). Chemical Formula:
C30H20BrFN3Os. LC-MS [M + H]" =580.1 (calcd.) 580.2 (found.). Purity testing by HPLC
(Acquisition method - 75%-95% Acetonitrile 12 minutes) tr = 15.2 minutes. Purity=97%.

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

fluorobenzyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound Ple)
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The method is similar for the preparation of AZ3451 was used except replacing the building
block with 3-Fluorobenzylamine (55 mg, 0.411 mmol). The reaction condition is conventional
heating (100°C), reaction time is 4 hours. The residue was purified using flash silica gel column
chromatography (eluent gradient, 5% Method in DCM). A white solid product-83mg (Yield -
46%) was obtained. 'H NMR (500 MHz, CDCls) § 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). Chemical Formula:
C30H29BrFN303. LC-MS [M + H]" =580.1 (calcd.) 580.2 (found.). Purity testing by HPLC
(Acquisition method - 75%-95% Acetonitrile 10 minutes) tr = 15.8 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 P1f)

F

The method is similar for the preparation of AZ3451 was used except replacing the building
block with 4-Fluorobenzylamine (53 mg, 0.41 mmol). And the reaction time was changed to
90 minutes under microwave irradiation (120€ ). The residue was purified using flash silica
gel column chromatography (eluent gradient, 5% Method in DCM). A light-brown solid
product-80mg (yield — 44 %) was obtained. "H NMR (500 MHz, CDCl3) § 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). Chemical Formula: C30H29BrFN3Os.
LC-MS [M + H]" =580.1 (calcd.) 580.4 (found.) Purity testing by HPLC (Acquisition method
- 65%-95% Acetonitrile 10 minutes) tr = 9.9 minutes. Purity=97%.

Synthesis of (S)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(4-
iodophenyl)-1H-benzo[d]imidazole-5-carboxamide (Compound P1h)
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The method is similar for the preparation of AZ3451 except replacing the building block with
4-iodoaniline (351 mg, 1.63 mmol) and different reaction condition. The reaction mixture was
run under the microwave at 120°C for 30 minutes. The combined organic layers were dried
with Na;SOj4 and filtered, and the solvent was removed under reduced pressure, and the residue
was purified using flash silica gel column chromatography (eluent gradient, 3% Method in
DCM). A light-yellow solid product was obtained in 37.3% yield (266mg). HPLC-MS (Waters),
Chemical Formula: CoH»7BrIN3O. Molecular Weight: 672.36. LC-MS [M + H] =
674.1(calcd.) 674.2(found). '"H NMR (500 MHz, CDCls) § 8.87 (d, J = 89.1 Hz, 1H), 8.39 (d,
J=19.3 Hz, 1H), 7.90 (m, J=16.8, 8.5 Hz, 1H), 7.62 (d, /= 8.0 Hz, 2H), 7.49 (d, J = 8.3 Hz,
2H), 7.12-6.99 (m, 1H), 6.78 — 6.63 (m, 1H), 6.08 (d, /= 8.9 Hz, 2H), 3.76 (m, J=37.1, 30.1
Hz, 1H), 2.13 - 1.97 (m, 1H), 1.91 (d, J=12.6 Hz, 1H), 1.72 (m, J = 12.5 Hz, 3H), 1.56 (d, J
=22.5Hz, 3H), 1.24 (d, /= 15.2 Hz, 1H), 0.88 (m, J = 26.6, 24.0, 11.6 Hz, 4H), 0.61 (m, J =
33.7, 11.9 Hz, 1H). Purity testing by HPLC (Acquisition method - 75%-95% Acetonitrile 10
minutes) tr = 14.7 minutes. Purity=95%.

Synthesis of (S)-N-(4-aminophenyl)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-1-(1-
cyclohexylethyl)-1H-benzo|d]imidazole-5-carboxamide (Compound P1k)
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The method is similar for the preparation of AZ3451 except replacing the building block with
P-phenylenediamine (54 mg, 0.31 mmol) and different reaction condition. The reaction mixture
was run under the microwave at 120°C for 30 minutes. The combined organic layers were dried
with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The residue

was purified using flash silica gel column chromatography (eluent gradient, 5% Method in
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DCM). The final compound was further purified by prep-HPLC with a gradient from 65% to
95% acetonitrile (0.1% formic acid) in water. A light-yellow solid product-50mg (36.6%) was
obtained. Chemical Formula: C20H29oBrN4Os3. Molecular Weight: 561.48. LC-MS [M + H]" =
563.1 (caled.) 563.2 (found). 'H NMR (500 MHz, CDCls) § 8.27 (m, J= 7.1 Hz, 1H), 8.03 (d,
J=15.8 Hz, 1H), 7.91 — 7.86 (m, 1H), 7.64 (m, J=12.1, 8.7 Hz, 1H), 7.44 (d, J = 8.6 Hz, 2H),
7.13 (d, J=35.5 Hz, 1H), 6.89 — 6.73 (m, 1H), 6.72 — 6.68 (m, 2H), 6.10 (m, J=16.9, 1.1 Hz,
2H), 3.81 (m, J=17.3, 13.8, 10.4, 6.9 Hz, 1H), 2.05 (m, J = 34.0, 11.1 Hz, 1H), 1.93 (d, J =
12.6 Hz, 1H), 1.76 (m, J=10.6 Hz, 3H), 1.58 (m, J=17.1, 10.1 Hz, 3H), 1.29 — 1.22 (m, 1H),
1.09 - 0.81 (m, 4H), 0.63 (m, J=21.5,12.7, 10.8 Hz, 1H). A yellow solid product - 27mg was
obtained (Yield — 23.3%). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile
20 minutes) tr = 16.7 minutes. Purity=98 %.

Synthesis of (S)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-N-(3-chlorophenyl)-1-(1-
cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide (Compound P1I)
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The method is similar for the preparation of AZ3451 except replacing the building block by 3-
choloaniline (40 mg, 0.31 mmol) and different reaction condition. The reaction mixture was
run under microwave irradiation at 120°C for 30 minutes. The combined organic layers were
dried with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The
residue was purified using flash silica gel column chromatography (eluent gradient, 3% Method
in DCM). The final compound was further purified by prep-HPLC with a gradient from 65%
to 95% acetonitrile (0.1% formic acid) in water. A light-grey solid product-66mg (yield-36.6%)
was obtained. Chemical Formula: C29H27BrCIN3O3. Molecular Weight: 580.91. LC-MS [M +
H]" =582.12 (caled.) 582.23 (found). 'H NMR (500 MHz, CDCl3) 6 9.22 (m, J = 63.5 Hz, 1H),
8.45 (m, J=229 Hz, 1H), 7.89 (m, J=18.9, 10.9 Hz, 2H), 7.62 (m, J = 8.2 Hz, 1H), 7.50 (m,
J=11.7Hz, 1H), 7.07 (m, J = 8.3 Hz, 1H), 6.98 (s, 1H), 6.75 — 6.62 (m, 1H), 6.06 (m, J=30.5
Hz, 2H), 3.77 (d, J=56.9 Hz, 1H), 2.08 — 1.85 (m, 2H), 1.70 (m, J=5.7 Hz, 3H), 1.62 — 1.48
(m, 3H), 1.23 (m, J = 13.7 Hz, 1H), 1.12 — 0.77 (m, 4H), 0.59 (m, J = 24.0, 11.6 Hz, 1H). A
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white solid product was obtained in 30.3% yield (36mg). Purity testing by HPLC (Acquisition
method 65%-95% Acetonitrile 20 minutes) tr = 17.9 minutes. Purity=98%.

Synthesis of (S)-2-(6-bromobenzo[d] [1,3] dioxol-5-yl)-N-(2-chlorophenyl)-1-(1-
cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide (Compound P1m)
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The method is similar for the preparation of AZ3451 except replacing the building block by 2-
choloaniline (40mg, 0.31mmol) and different reaction condition. The reaction mixture was run
under microwave irradiation at 120°C for 30 minutes. The combined organic layers were dried
with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The residue
was purified using flash silica gel column chromatography (eluent gradient, 3% Method in
DCM). The final compound was further purified by prep-HPLC with a gradient from 65% to
95% acetonitrile (0.1% formic acid) in water. A light-grey solid product-69mg (yiled-38.6%)
was obtained. Chemical Formula: C29H27BrCIN3;Os. Molecular Weight: 580.91. LC-MS [M +
H]" =582.12 (calcd.) 582.21 (found). 'H NMR (500 MHz, CDCl;) § 8.65 — 8.57 (m, 2H), 8.37
(d, 1H), 7.94 (d, 1H), 7.72 (d, 1H), 7.43 (d, 1H), 7.34 (d, 1H), 7.15 (s, 1H), 6.93 (s, 1H), 6.12
(d, 2H), 3.86 (m, 1H), 2.09 — 1.91 (m, 2H), 1.78 (m, 3H), 1.62 (m, 2H), 1.26 (m, 2H), 1.12 —
0.85 (m, 4H), 0.62 (d, J=12.2 Hz, 1H). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 18.1 minutes. Purity=98%.

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

cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P1n)
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The method is similar for the preparation of AZ3451 was used except replacing the building
block with 3-Bromoaniline (82.6 mg, 0.477 mmol). The reaction time was changed to 30
minutes under microwave irradiation (120€ ). The residue was purified using flash silica gel
column chromatography (eluent gradient, 5% Method in DCM). A white-yellow solid product-
57mg (yield-36.6%) was obtained. Chemical Formula: C29H27Br2N3O3. Molecular Weight:
625.36. LC-MS [M + H]" = 626.1 (caled.) 626.3 (found). 'H NMR (500 MHz, CDCl;) & 8.25
(s, 1H), 7.99 (d, 2H), 7.89 (s, 1H), 7.69 (d, 1H), 7.55 (s, 1H), 7.13 (d, 2H), 6.90 (s, 1H), 6.12
(d, 2H), 3.81 — 3.72 (m, 1H), 1.77 (m, 3H), 1.63 (m, 4H), 1.25 (m, 3H), 0.88 (m, 4H).Purity
testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes) tr = 13.5 minutes.
Purity=97%.

Synthesis of (S)-2-(6-bromobenzo[d][1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(5-
fluoropyridin-2-yl)-1H-benzo|d]imidazole-5-carboxamide. (Compound P2e)
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Compound P4 (100 mg, 0.206 mmol) was dissolved in DMF, then thionyl chloride (SOCI2)
(0.416mmol). The reaction mixture was run under the microwave at 100°C for 30 minutes.
After cooling to room temperature, excess thionyl chloride is removed under vacuum to give
the crude aryl chloride. Separately, 2-Amino-5-fluoropyridine (35mg, 0.3 1mmol) was added
into the intermediate (aryl chloride) with DIPEA (53.2 mg, 0.412 mmol) and DMF (2.5ml),
The reaction mixture was run under the microwave at 120°C for 20 minutes. The combined
organic layers were dried with Na>SOs and filtered, and the solvent was removed under reduced
pressure. The residue was purified using flash silica gel column chromatography (eluent

gradient, 25% EtOAc in Hexanes). The final compound was further purified by prep-HPLC
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with a gradient from 65% to 95% acetonitrile (0.1% formic acid) in water. A white solid
product-58mg (yield-38.6%) was obtained. Chemical Formula: CosH26BrFN4O3. Molecular
Weight: 565.44. LC-MS [M + H]" = 567.1 (caled.) 567.2 (found). "H NMR (500 MHz, CDCls)
0 8.66 (s, 1H), 8.46 (m, J=09.1, 4.1 Hz, 1H), 8.35 (m, J=11.7 Hz, 1H), 7.92 — 7.88 (m, 1H),
7.68 (m,J=14.6, 8.7 Hz, 1H), 7.54 — 7.48 (m, 1H), 7.18 (d, J=35.6 Hz, 1H), 6.85 (d,J=75.1
Hz, 1H), 6.12 (d, J=16.0 Hz, 2H), 3.80 (m, J=10.3, 7.0 Hz, 1H), 1.99 (m, J=45.4, 12.1 Hz,
2H), 1.78 (m, J= 6.9 Hz, 3H), 1.62 (m, J= 7.1 Hz, 3H), 1.27 (m, J = 13.0 Hz, 1H), 0.97 (m, J
=52.6,22.9, 12.1 Hz, 4H), 0.62 (m, J = 12.0 Hz, 1H). Purity testing by HPLC (Acquisition
method 65%-95% Acetonitrile 20 minutes) tr = 16.4 minutes. Purity=95%.

Synthesis of (S)-2-(6-bromobenzo[d][1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(6-
fluoropyridin-3-yl)-1H-benzo|d]imidazole-5-carboxamide. (Compound P2f)

Br o

The method is similar for the preparation of compound P2e except replacing the building block
with 5-Amino-2-fluoropyridine (35.6 mg, 0.31 mmol). The residue was purified using flash
silica gel column chromatography (eluent gradient, 25% EtOAc in Hexanes). The final
compound was further purified by prep-HPLC with a gradient from 65% to 95% acetonitrile
(0.1% formic acid) in water. A white solid product-56mg (yield-37.6%) was obtained.
Chemical Formula: C,3sH2¢BrFN4O3. Molecular Weight: 565.44. LC-MS [M + H]" = 567.1
(calcd.) 567.2 (found). 'H NMR (500 MHz, CDCl3) § 10.54 — 10.35 (s, 1H), 8.65 (m, J=21.3
Hz, 1H), 8.43 (m, J=47.0, 1.6 Hz, 1H), 8.31 — 8.19 (m, 1H), 7.94 (m, J = 29.8, 8.6, 1.5 Hz,
1H), 7.60 (m, J = 8.6, 2.7 Hz, 1H), 6.95 — 6.88 (m, 1H), 6.84 (m, J= 6.5, 3.2 Hz, 1H), 6.61 —
6.52 (m, 1H), 6.04 (m, J=15.5, 1.3 Hz, 2H), 3.82 — 3.61 (m, 1H), 2.01 — 1.84 (m, 2H), 1.74
(d,J=13.6 Hz, 1H), 1.65 - 1.57 (m, 3H), 1.51 (m, J=10.9 Hz, 2H), 1.23 - 1.17 (m, 1H), 1.06
—0.75 (m, 4H), 0.69 — 0.48 (m, 1H). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 15.5 minutes. Purity=97%.

Synthesis of (S)-2-(6-bromobenzo [1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(thiazol-2-
yl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P2g)
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The method is similar for the preparation of compound P2e except replacing the building block
with 2-Aminoarhiazole (32 mg, 0.309 mmol). The combined organic layers were dried with
Na»xSO4 and filtered, and the solvent was removed under reduced pressure. The residue was
purified using flash silica gel column chromatography (eluent gradient, 25% EtOAc in
Hexanes). The final compound was further purified by prep-HPLC with a gradient from 65%
to 95% acetonitrile (0.1% formic acid) in water. A white solid product-48mg (yield-35.6%)
was obtained. Chemical Formula: C2sH25BrN4O3S. Molecular Weight: 553.48. LC-MS [M +
H]" = 555.1 (calcd.) 554.9 (found). '"H NMR (500 MHz, CDCl5) & 8.54 (m, J = 16.7 Hz, 1H),
8.00 — 7.95 (m, 1H), 7.68 (m, J=9.3 Hz, 1H), 7.29 (m, J= 3.6 Hz, 1H), 7.14 (m, J = 33.8 Hz,
1H), 6.94 (m, J=4.2 Hz, 1H), 6.84 (m, J = 63.6 Hz, 1H), 6.15 - 6.07 (m, 2H), 3.94 — 3.75 (m,
1H), 2.08 — 1.91 (m, 2H), 1.77 (m, J=9.8 Hz, 3H), 1.59 (m, J=26.9, 9.0 Hz, 3H), 1.32 - 1.17
(m, 1H), 1.12-0.79 (m, 4H), 0.76 — 0.56 (m, 1H). Purity testing by HPLC (Acquisition method
65%-95% Acetonitrile 20 minutes) tr = 16.4 minutes. Purity=99%.

Synthesis of (S)-2-(6-bromobenzo [1,3] dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(5-
methylthiazol-2-yl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P2h)

Br o

The method is similar for the preparation of compound P2e except replacing the building block
with 2-Amino-5-methylthiazole (35mg, 0.309mmol). The combined organic layers were dried
with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The residue
was purified using flash silica gel column chromatography (eluent gradient, 20% EtOAc in
Hexanes). The final compound was further purified by prep-HPLC with a gradient from 65%
to 95% acetonitrile (0.1% formic acid) in water. A white solid product-49mg (yield-36%) was
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obtained. Chemical Formula: C27H27BrNsO3S. Molecular Weight: 567.50. LC-MS [M + H]" =
569.1 (calcd.) 569.2 (found). 'H NMR (500 MHz, CDCl3) § 8.50 (m, J = 18.7 Hz, 1H), 7.99 —
7.92 (m, 1H), 7.68 (m, J=13.2, 8.6 Hz, 1H), 7.15 (m, J = 32.5 Hz, 1H), 6.93 — 6.76 (m, 2H),
6.11 (m, J=20.5, 1.2 Hz, 2H), 3.94 — 3.74 (m, 1H), 2.37 (m, J = 0.9 Hz, 3H), 2.09 — 1.92 (m,
2H), 1.77 (m, J= 6.9 Hz, 3H), 1.59 (m, J=26.3, 9.1 Hz, 3H), 1.32 - 1.20 (m, 1H), 1.11 - 0.55
(m, 5H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes) tr =
16.5 minutes. Purity=97%.

Synthesis of (S)-2-(6-bromobenzo|[d][1,3]dioxol-5-yl)-1-(1-cyclohexylethyl)-N-(5-methyl-
1H-pyrazol-3-yl)-1H-benzo|d]imidazole-5-carboxamide. (Compound P2i)
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The method is similar for the preparation of compound P2e except replacing the building
block with 5-methyl-1H-pyrazol-3-amine (31 mg, 0.309 mmol). The combined organic layers
were dried with Na;SO4 and filtered, and the solvent was removed under reduced pressure.
The residue was purified using flash silica gel column chromatography (eluent gradient, 20-
30% EtOAc in Hexanes). The final compound was further purified by prep-HPLC with a
gradient from 65% to 95% acetonitrile (0.1% formic acid) in water. A white solid product-
39mg (yield-34%) was obtained. Chemical Formula: C27H2sBrNsOs. Molecular Weight:
550.46 LC-MS [M + H]" = 550.12 (calcd.) 550.21 (found). Purity testing by HPLC
(Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 5.4 minutes. Purity=96%.

Synthesis of (S)-N-(benzo[d]thiazol-6-yl)-2-(6-bromobenzo[d][1,3] dioxol-5-yl)-1-(1-
cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P3f)
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The method is similar for the preparation of compound P2e except replacing the building block
with 6-Aminobenzothiazole (47.7 mg, 0.31 mmol). The combined organic layers were dried
with Na>SO4 and filtered, and the solvent was removed under reduced pressure. The residue
was purified using flash silica gel column chromatography (eluent gradient, 20-30% EtOAc in
Hexanes). A light brown solid product was obtained in 36.8% yield (45 mg). Chemical Formula:
C30H27BrN4O3S. 'H NMR (500 MHz, CDCI3) 8 9.69 (m, J = 90.4 Hz, 1H), 8.93 (s, 1H), 8.69
(s, IH), 8.56 (m, J=28.2 Hz, 1H), 8.05 — 7.92 (m, 2H), 7.67 — 7.58 (m, 2H), 6.91 (m, J=41.4
Hz, 1H), 6.70 — 6.58 (m, 1H), 5.98 (d, /= 11.3 Hz, 1H), 5.79 (d, J=28.3 Hz, 1H), 3.85 - 3.64
(m, 1H), 1.94 (m, J=48.4, 11.4 Hz, 2H), 1.74 (m, J = 15.3 Hz, 3H), 1.63 — 1.48 (m, 3H), 1.25
(m,J=17.3, 9.8 Hz, 1H), 1.15 - 0.76 (m, 4H), 0.59 (m, J=35.6, 11.7 Hz, IH). LC-MS [M +
H]" = 605.1 (cacld.) 605.2 (found). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 15.7 minutes. Purity=98%.
Synthesis of (S)-N-(benzo[d]thiazol-5-yl)-2-(6-bromobenzo[d][1,3] dioxol-5-yl)-1-(1-
cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P3g)

The method is similar for the preparation of compound P2e except replacing the building block
with 1,3-benzothiazol-5-amine (47.7 mg, 0.309 mmol). The combined organic layers were
dried with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The
residue was purified using flash silica gel column chromatography (eluent gradient, 20-30%
EtOAc in Hexanes). A light brown solid product was obtained in 38.6% yield (49 mg).
C30H27BrN403S. '"H NMR (500 MHz, CDCls) § 9.45 (m, J = 48.1 Hz, 1H), 9.00 (m, J= 4.4 Hz,
1H), 8.54 (m, J=19.3, 7.6 Hz, 2H), 8.00 — 7.94 (m, 1H), 7.87 (m, J = 6.6 Hz, 2H), 7.63 (m, J
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= 8.6, 4.6 Hz, 1H), 6.94 (m, J = 49.8 Hz, 1H), 6.74 — 6.60 (m, 1H), 6.03 — 5.86 (m, 2H), 3.76
(m,J=24.3,10.5,6.9 Hz, 1H), 2.03 (m, J=33.3, 16.5, 7.4 Hz, 1H), 1.90 (m, J=12.7 Hz, 1H),
1.72 (m, J = 23.7, 10.3 Hz, 3H), 1.63 — 1.47 (m, 3H), 1.23 (m, J = 12.9, 5.8 Hz, 1H), 1.07 —
0.76 (m, 4H), 0.59 (m, J = 20.1, 11.2, 10.1 Hz, 1H). HPLC-MS (Waters), tr = 15.5 minutes.
LC-MS [M + H]" = 605.1 (cacld.) 605.2 (found). Purity testing by HPLC (Acquisition method
65%-95% Acetonitrile 20 minutes) tr = 15.4 minutes. Purity=95%.

Synthesis of (S)-N-(1H-benzo[d]imidazol-6-yl)-2-(6-bromobenzo[d][1,3] dioxol-5-yl)-1-
(1-cyclohexylethyl)-1H-benzo[d]imidazole-5-carboxamide. (Compound P3h)

The method is similar for the preparation of compound P2e except replacing the building block
with 5-Aminobenzimidazole (42 mg, 0.309 mmol). The combined organic layers were dried
with Na;SO4 and filtered, and the solvent was removed under reduced pressure. The residue
was purified using flash silica gel column chromatography (eluent gradient, 20-30% EtOAc in
Hexanes). A light brown solid product was obtained in 39.6% yield (47 mg). Chemical Formula:
C30H23BrNsO3. "H NMR (500 MHz, CDCl3) 8 9.53 (s, 1H), 8.49 (s, 1H), 8.15 (s, 1H), 7.92 (s,
2H), 7.56 (m, J = 17.9 Hz, 1H), 7.47 (s, 1H), 7.32 (s, 1H), 7.06 — 6.92 (m, 1H), 6.72 (m, J =
71.7 Hz, 1H), 5.99 (m, J = 37.4 Hz, 2H), 3.75 (m, J=42.6 Hz, 1H), 2.05 — 1.83 (m, 2H), 1.78
—1.64 (m, 3H), 1.58 — 1.45 (m, 3H), 1.24 (m, J=20.5, 6.7 Hz, 1H), 0.87 (m, J=77.2, 20.6 Hz,
4H), 0.54 (m, J=9.6 Hz, 1H). LC-MS [M + H]" = 588.1 (calcd.) 588.2 (found). Purity testing
by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes) tr = 10.8 minutes.
Purity=96%.
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Synthesis of (S)-N-(2H-benzo[d][1,2,3] triazol-5-yl)-2-(6-bromobenzo|[d][1,3]dioxol-5-yl)-
1-(1-cyclohexylethyl)-1H-benzo|d]imidazole-5-carboxamide. (Compound P3i)

The method is similar for the preparation of compound P2e except replacing the building block
with 5-Aminobenzotriazole (42 mg, 0.31 mmol). The combined organic layers were dried with
NaySO4 and filtered, and the solvent was removed under reduced pressure. The residue was
purified using flash silica gel column chromatography (eluent gradient, 20-30% EtOAc in
Hexanes). The final compound was further purified by prep-HPLC with a gradient from 65%
to 95% acetonitrile (0.1% formic acid) in water. A light brown solid product was obtained in
32% yield (41mg). Chemical Formula: C29H27BrN6O3. 'H NMR (500 MHz, CDCl3) § 8.61 (m,
J=51.2 Hz, 2H), 8.02 (s, 1H), 7.80 (s, 1H), 7.65 — 7.41 (m, 2H), 6.91 — 6.56 (m, 2H), 5.84 (m,
J=86.0 Hz, 2H), 3.74 (m, J = 38.9 Hz, 1H), 2.00 (m, J = 25.1 Hz, 1H), 1.87 (m, J=4.0 Hz,
1H), 1.68 (m, J = 19.3 Hz, 3H), 1.54 (m, J = 33.4 Hz, 3H), 1.22 (m, J = 20.4 Hz, 1H), 1.09 —
0.75 (m, 4H), 0.54 (m, 1H). LCMS LC-MS [M + H]" = 589.1 (calcd.) 589.2 (found). Purity
testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes) tr = 13.9 minutes.
Purity=97%.

Synthesis of 2-(6-bromobenzo|[d][1,3] dioxol-5-yl)-N-(4-cyanophenyl)-1-(4-fluorobenzyl)-
1H-benzo[d]imidazole-5-carboxamide. (Compound P8)
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The method is similar for the preparation of AZ3451 in Scheme 2.1, except (S)-1-
cyclohexylethan-1-amine was replaced by (4-fluorophenyl) methanamine (79 mg, 0.63 mmol)

to make compound P5 in Scheme 2.4. Purification with similar method by the crude product

78



was purified by flash silica chromatography with an elution gradient 1:5 EtOAc: Hexane. The
final compound was further purified by prep-HPLC with a gradient from 65% to 95%
acetonitrile (0.1% formic acid) in water. A light grey solid product was obtained in 46% yield
(72 mg). Chemical Formula: C2oH;sBrFN4Os. "H NMR (500 MHz, CDCl3) § 9.38 (s, 1H), 8.51
(s, IH), 7.91 (m, J=7.8 Hz, 1H), 7.84 (m, J = 8.0 Hz, 2H), 7.60 (d, /= 8.0 Hz, 2H), 7.31 (d, J
=17.5 Hz, 1H), 6.93 (d, J= 5.9 Hz, 4H), 6.66 (s, 1H), 6.04 (s, 2H), 5.19 (s, 2H). LC-MS [M +
H]" = 570.1 (caled.) 570.2 (found). Purity testing by HPLC (Acquisition method 65%-95%

Acetonitrile 20 minutes) tr = 14.4 minutes. Purity=96%.

Synthesis of 2-(6-bromobenzo|d][1,3] dioxol-5-yl)-N-(4-cyanophenyl)-1-
(cyclohexylmethyl)-1H-benzo|d]imidazole-5-carboxamide. (Compound P12)
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The method similar for the preparation of AZ3451 in Scheme 2.1, except (S)-1-
cyclohexylethan-1-amine was replaced by cyclohexylmethanamine (72 mg, 0.63 mmol) to
compound P11 in Scheme 2.4. Purification with similar method by the crude product was
purified by flash silica chromatography with an elution gradient 1:10 EtOAc: Hexane. And
then, the column solvent system was changed to 1:5 EtOAc: Hexane. The final compound was
further purified by prep-HPLC with a gradient from 65% to 95% acetonitrile (0.1% formic acid)
in water. A white solid product was obtained in 41.1% yield (47 mg). Chemical Formula:
C20H25BrN4O3. 'TH NMR (500 MHz, CDCl3) § 8.39 (s, 1H), 7.96 (m, J = 8.5, 1.6 Hz, 1H), 7.84
(d, J= 8.7 Hz, 2H), 7.64 (d, J = 8.6 Hz, 2H), 7.51 (m, J = 8.5 Hz, 1H), 7.05 (s, 1H), 6.84 (s,
1H), 6.09 (s, 2H), 3.81 (m, J = 65.6 Hz, 2H), 1.25 (m, 3H), 1.09 (m, 2H), 0.86 (m, J=17.3, 6.4
Hz, 6H). LC-MS [M +H]" =559.1 (calcd.) 559.2 (found). Purity testing by HPLC (Acquisition
method 65%-95% Acetonitrile 20 minutes) tr = 16.2 minutes. Purity=95%.
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Synthesis of (S)-2-(2-bromophenyl)-1-(1-cyclohexylethyl)-1H-benzoimidazole-5-
carboxylic acid. (Compound P14)

The method is similar for the preparation of AZ3451 in Scheme 2.1, except that 6-bromobenzo-
d-1,3-dioxole-5-carbaldehyde was replaced by 2-Bromobenzaldehyde to make compound P9
in Scheme 2.4. Purification with similar method by the crude product was purified by flash
silica chromatography with an elution gradient 1:5 EtOAc: Hexane. And then, the column
solvent system was changed to 1:3 EtOAc: Hexane. The final compound was further purified
by prep-HPLC with a gradient from 65% to 95% acetonitrile (0.1% formic acid) in water. A
dark-brown solid product of 104 mg (45%) was obtained. 'H NMR (500 MHz, CDCls) § 8.59
(m, 1H), 8.34 (m, 1H), 7.91 (m, J= 7.9 Hz, 1H), 7.82 (m, J= 7.8 Hz, 2H), 7.67 (m, J = 27.6,
8.5 Hz, 4H), 7.47 — 7.36 (m, 3H), 3.79 (d, /= 66.2 Hz, 1H), 2.10 — 1.86 (m, 2H), 1.76 (m, J =
6.0 Hz, 4H), 1.56 — 1.48 (m, 2H), 1.25 (m, 1H), 0.89 (m, J=96.8, 12.1 Hz, 4H), 0.58 (m, 1H).
LC-MS [M + H]" =529.1 (caled.) 529.2 (found). Purity testing by HPLC (Acquisition method
65%-95% Acetonitrile 20 minutes) tr = 17.1 minutes. Purity=96%.

Synthesis of compound spiroadamantyl-1,3-dioxane-4,6-dione (SPIAd).

Zjo

The compound was made according to literature procedures with some modifications. Malonic
acid (5.0 g, 48 mmol) and acetic anhydride (4.8 mL) were measured and added into a round-
bottom flask with conc. H2SO4 (0.2 mL). The reaction mixture was heated with stirring to 60 °C
for 20 minutes. Cool the reaction mixture to room temperature (25°C) and 2-adamantanone
(4.0 g, 48 mmol) was added to the mixture for 30 min via a glass addition funnel at an
approximate rate of one liquid drop per 15-20 second. Stir the reaction mixture for 24 h at
room temperature under an argon balloon. When completed, remove the volatiles by rotary

evaporation under vacuum. Resolubilize the mixture in ethyl acetate (500 mL), wash the
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organic solution with DI water (5 x 100 mL) and brine (300 mL), and dry over anhydrous
MgSO4 (20 g) for 20 minutes. Concentrate the crude product, re-disperse, and grind carefully
in ethyl acetate and diethyl ether (120 mL, 1:1) until just a small amount of white solid can be
observed. Filter the above solution quickly over a silica gel pad (5-cm thickness) and
concentrate the filtration. Precipitate the crude product in diethyl ether and hexanes (90 mL,
3:2 (vol/vol)) in a freezer (—20°C) for 5 hours. Grind carefully and filter to yield 3.8 g (57%)
of a white solid. Chemical Formula: Ci3H;60s. '"H NMR (500 MHz, CDCI3) & 3.61 (s, 1H),
3.61 (s, 1H), 2.17 (d, J = 32.3 Hz, 3H), 2.17 (d, J = 32.3 Hz, 3H), 1.92 (s, 1H), 1.92 (s, 1H),
1.79 (d,J=27.9 Hz, 3H), 1.79 (d, /= 27.9 Hz, 3H).

Synthesis of precursor.
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This procedure is based on literature reports. mCPBA (232 mg, 1.35 mmol) was added to a
solution of aryl iodide - compound 1h (300 mg, 0.45 mmol) in chloroform (10 mL). The
reaction mixture was stirred at room temperature for 4 hours until full conversion of the starting
material was determined by TLC plate in 1:1 EtOAc: Hexanes solvent system. The reaction
mixture was concentrated in vacuo to yield a dry, white residue. Then EtOH (25 mL) was added
to the mixture to dissolved white residue. A solution of SPIAd in 10% Na>COs (aq) (w/v, 10mL)
was added to the reaction mixture. The mixture was then stirred at room temperature for another
4 hours. The mixture was then dried in a freezer dryer to remove the water. Obtained a dry,
light-yellow powder-like crude product. The crude product was then dissolved with chloroform
and filtered. The solvent was removed under reduced pressure by rotary evaporation. The crude
product was purified by prep-HPLC with a gradient from 65% acetonitrile in water (0.1%
formic acid). It was dried to give the precursor 29mg in 17% yield. HPLC—MS (Waters)

method: 65% of acetonitrile in water (0.1% formic acid), 20 min run, tr (min) 14.4. Chemical
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Formula: C4,H41BrIN3O7. '"H NMR (500 MHz, CDCls) § 8.38 (s, 1H), 7.94 (m, J= 8.2 Hz, 1H),
7.66 (m, J=24.8, 8.5 Hz, 3H), 7.52 (m, J=8.2 Hz, 2H), 7.11 (m, J=29.9 Hz, 1H), 6.80 (m, J
=64.0 Hz, 1H), 6.11 (m, J = 13.5 Hz, 2H), 3.81 (m, J = 32.1 Hz, 1H), 2.55 (s, 1H), 2.35 (s,
1H),2.17 (m,J=12.3 Hz, 2H), 2.04 (m, J=42.2, 12.0 Hz, 4H), 1.94 (s, 3H), 1.80 (m, J=47.9,
9.8 Hz, 8H), 1.59 (m, J = 37.9 Hz, 3H), 1.25 (s, 1H), 0.94 (m, J = 42.8, 23.4, 12.2 Hz, 4H),
0.62 (m, J = 25.5 Hz, 1H). LC-MS [M + H]" = 908.12 (calcd.) 908.06 (found). Purity testing
by HPLC (Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 17.3 minutes.
Purity=98%.
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Chapter Three

Design, Synthesis, and Evaluation of Novel
Lysophosphatidic Acid Receptor 1 (LPA1)-
Targeting Small Molecules as Therapeutic and
Diagnostic Agents
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3.1 Introduction

3.1.1 Lysophosphatidic Acid (LPA)

Lysophosphatidic acid (LPA) is a small (relatively low molecular weight) but highly significant
bioactive lipid, widely recognized for its role in cellular signaling'®!~!83. However, in the 1960s,
early studies thought LPA as a minor metabolite involved in membrane phospholipid
biosynthesis!®!. At that time, its biological significance was unclear, and its role as a signaling

t'81 Over the next three decades, numerous studies

molecule was not recognized ye
demonstrated that LPA could function as a signaling molecule!8!:18318¢ By the 1990s, LPA
was firmly established as a potent signaling molecule influencing diverse cellular processes
such as proliferation, survival, cytoskeletal reorganization, and calcium influx'$>184 A key
breakthrough in LPA research came in 1996 with the cloning and characterization of the first
LPA receptor, LPAR1 or LPA1°%!% Initially named "ventricular zone gene-1" due to its
expression in the neurogenic regions of the embryonic brain, LPA1 was identified as a member
of the G protein-coupled receptors (GPCRs) family'#!13¢, This discovery highlighted LPA’s
role as an extracellular signaling molecule. Following this, two additional receptors, LPA2 and
LPA3, were identified'®!"!%, These three receptors were further subdivided into the
"endothelial differentiation gene" (EDG) family due to their significant sequence

187,188

homology . Later, three more related receptors, LPA4-LPA6, were discovered and

classified into the Purinergic receptor P2, subtype Y (P2Y) receptor family!'8!-18°,

LPA is present both intracellularly and extracellularly, with different production pathways
depending on the involved enzymes and substrates (Fig. 3.1)3%!%°. Given that LPA1 belongs to
the GPCR family located in the cell membrane, extracellular production is the primary pathway

for LPA signaling through the LPA1 receptor!8"-1%,
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Extracellularly, LPA can be produced via two mechanisms: an independent mechanism and an
autotaxin (ATX)-dependent mechanism!®!%_ In independent mechanisms, phospholipids are
converted into phosphatidic acid (PA) by phospholipase D (PLD), and PA is then deacylated
by phospholipase A enzymes (PLA1 and PLA2) to produce LPA3*8%1%_In the ATX-dependent
mechanism, phospholipids are hydrolyzed into lysophospholipids (such as
lysophosphatidylcholine [LPC], lysophosphatidylethanolamine [LPE], and
lysophosphatidylserine [LPS]) by PLA1 and PLA2, followed by cleavage by ATX to produce
LPASYI91

In circulation, enzymes also regulate LPA degradation through three pathways. The first
involves lipid phosphate phosphatases (LPPs), which dephosphorylate LPA to
monoacylglycerol (MAG)'3>1%2, The second pathway involves LPA acyltransferase (LPAAT),
which catalyzes the conversion of LPA to PA*!%2, The third pathway converts LPA into

190

glycerol-3-phosphate (G3P) by phospholipase’™. Also, most studies indicate that the

intracellular pathway of LPA (synthesis and degradation) serves only as an intermediate step

in glycerolipid synthesis and not as an extracellular signaling pathway'*%!1%3.

All LPA molecules are characterized by a phosphate group (the head group) attached to a
glycerol backbone, which is linked to a single aliphatic chain of varied length and saturation
(the hydrocarbon tail)!®*!%* The terms "16:0," "18:0," and "18:1" describe the fatty acid chain’s
length and degree of unsaturation in an LPA molecule®®!**, Specifically, 18:1-LPA, oleoyl-
LPA (1-acyl-2-hydroxy-sn-glycero-3-phosphate), is the commonly used experimental reagent
for activating LPA receptors in research!®!. With its monounsaturated fatty acid chain, this

species is a standard ligand for investigating LPA 1-mediated signaling pathways'8!.

3.1.2 Lysophosphatidic Acid 1 Receptor (LPAR1)

Lysophosphatidic acid (LPA) receptors, including LPARI to LPAR6 (or LPA1 for shorts),
belong to the GPCR family and are involved in various physiological and pathological
processes, including cancer, fibrosis, and inflammation'8"!8%, LPA1, the first lysophosphatidic
acid receptor to be discovered, is the most studied in the LPA family®®!%. It shares over 50%
sequence similarity with LPA2 and LPA3 but less than 20% with LPA4 to LPA6'8!. This
sequence similarity reflects critical regions for ligand binding and receptor activation, while

differences enable unique functional roles in cellular signaling!'®!:!¢,

LPAT1 is strongly implicated in various human diseases, particularly lung diseases such as

idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary disease (COPD), and acute
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lung injury (ALI)'®>1°7:198 " Aberrant activation of LPA1 promotes the progression of these
diseases by dysregulating cellular signaling pathways'®>138 In LPA receptor family, LPAI is
considered the primary receptor involved in lung fibrosis and serves as a key therapeutic target,
with other LPA receptors contributing to fibrotic mechanisms to a lesser extent'$%!%4, The first
crystal structure of human LPA1 receptor in complex with three antagonists was published in
2015'%. This study provided detailed insights into the receptor’s structure and interactions with
antagonist compounds, offering a foundation for understanding ligand access to the LPAI
binding pocket and its implications for receptor function!®>!°6, LPA receptors couple with all
four Ga proteins (G12/13, Gg/11, Gi/o, and Gs), initiating various signaling cascades!®’. LPA1
has been shown to couple with Gi, Gq, and G12/13 proteins'®’. These pathways, summarized
in Figure 3.2, involve several distinct classes of heterotrimeric G proteins, leading to diverse

downstream signaling and cellular activities!!>!9%:192,

Lysophosphatidic acid
(LPA)

z
— | T| —

o

e

"\1 N

Cytoskeleton changes
and cell migration

Cell proliferation migration, Cell proliferation, survival,
and tumorigenesis migration, cell-cell interactions

and inflammation/fibrosis

Figure 3.2. LPA1 receptor downstream signaling and signaling intermediates.



Coupling with Gi/o allows LPA1 to activate the PI3K/Akt pathway, promoting cell survival
and proliferation while inhibiting apoptosis'®>!°?. This pathway is crucial in cancer progression,
supporting tumor growth and resistance to cell death!8!%5 Interaction with G12/13 activates
RhoA, a small GTPase regulating cytoskeletal dynamics and stress fiber formation via the Rho-
associated protein kinase (ROCK) pathway!®’. This signaling is central to cell motility,
invasion, and fibroblast recruitment, essential in both metastatic cancer and fibrotic tissue
development'®®. Coupling to Gq/11 activates phospholipase C (PLC), generating inositol
trisphosphate (IP3) and diacylglycerol (DAG), leading to calcium release and protein kinase C
(PKC) activation'®®. These events stimulate the MAPK/ERK pathway, promoting cellular

proliferation and survival'®3.

3.1.3 The Role and Function of LPA1 in Disease

Numerous studies demonstrate LPA1 is widely expressed in several organs, including the brain,
uterus, testis, lung, small intestine, heart, stomach, kidney, spleen, thymus, placenta, and

skeletal muscle!”*!%2, It mediates a wide range of cellular processes and is linked to numerous

disease states'®.

summarizing in Table 3.

1 189,190

Table 3.1. Physiological and Pathological Roles of LPA1.

The physiological and pathological roles of the LPAI1 receptor are

Role Physiological Functions of LPA1 Pathological Implications of
LPA1
Neural and Regulates neural differentiation, axon = Dysregulated signaling can lead
skeletal guidance, and synapse formation. to developmental abnormalities,
development Facilitates cell migration for skeletal such as impaired neural
development. connectivity and skeletal
distortions.
Lung Fibrosis Facilitates tissue repair after minor Leads to excessive fibroblast

Vascular System

Immune Response

lung injuries by promoting controlled
fibroblast activity.

Enhances endothelial survival and
vascular integrity, supporting normal
angiogenesis and vascular remodeling.

Regulates immune cell trafficking and

activation to support wound healing
and defense mechanisms.

88

recruitment, differentiation, and
extracellular matrix deposition,
causing progressive scarring and
compromised lung function.
Induces pathological
angiogenesis and vascular
remodeling, contributing to
hypertension and atherosclerosis.
Promotes chronic inflammation
in fibrotic diseases,
atherosclerosis, and rheumatoid
arthritis.



Cancer Maintains tissue homeostasis and Promotes tumor progression and

cellular signaling under normal metastasis in lung, breast, and
conditions. ovarian cancers. Enhances tumor-
associated angiogenesis.
Pain Modulates the feeling of pain and Increases pain sensitivity and
inflammatory responses. contributes to chronic conditions,

including neuropathic and
inflammatory pain.

Metabolism Regulates lipid and glucose Dysregulation is linked to
metabolism under normal obesity, metabolic syndrome, and
physiological conditions. related complications.

Nervous System Facilitates neuronal survival, axonal Drives heightened pain
growth, and cytoskeletal organization sensitivity in neuropathic and
during development. Supports inflammatory pain and
synaptic plasticity. contributes to neurodegenerative
conditions.

Under normal conditions, LPA1 regulates the development and maintenance of tissues and
organs'®. It supports neural differentiation, axonal growth, and synaptic formation, essential
for brain function'”?. LPA1 also regulates the migration and differentiation of various cells,
such as mesenchymal cells, contributing to skeletal development and tissue organization'*°. In
maintaining vascular health, LPA1 promotes endothelial cell survival, preserves blood vessel
integrity, and supports the formation and repair of blood vessels'®’. In the nervous system, it
promotes neuronal survival, synaptic plasticity, and facilitates neuronal growth and
organization'®!%*, LPA1 contributes to immune system regulation by helping recruit and
activate immune cells like macrophages and T cells, crucial for responding to injuries and

193

infections ”°. Additionally, LPA1 supports metabolic processes by regulating lipid and glucose

metabolism, aiding in systemic energy balance!®>.

However, dysregulation of LPA1 becomes a significant driver of disease'®. In lung fibrosis, it
promotes fibroblast recruitment and activation, leading to excessive extracellular matrix
deposition, tissue scarring, and loss of lung function'”. In the vascular system, LPA1
contributes to abnormal blood vessel growth and remodeling, or pathological angiogenesis, key
features of conditions like atherosclerosis and hypertension'®®. In cancer, LPA1 enhances
tumor cell migration, invasion, and survival, playing a critical role in the progression of
aggressive cancers such as lung, breast, and ovarian'?>!862% [t also contributes to the tumor
microenvironment by promoting angiogenesis, providing tumors with the necessary oxygen
and nutrients for growth and metastasis®°!. In the nervous system, dysregulated LPA1 signaling

is implicated in neuropathic and inflammatory pain conditions, where elevated activation
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amplifies pain sensitivity, aggravating chronic pain syndromes’. In the immune system,
pathological LPA1 signaling promotes chronic inflammation, contributing to diseases such as

198,202

rheumatoid arthritis and fibrotic disorders . Moreover, dysregulation in metabolic

pathways is associated with obesity and metabolic syndrome, highlighting its broader systemic

implications in pathological states’.

In summary, the LPA1 receptor is crucial for maintaining normal biological processes, and its
dysregulation drives disease progression®*. Its significant pathological characteristics make
LPAT1 become a promising drug target for treating human diseases such as inflammation and

cancer’??,

3.1.4 The Role of LPA1 Receptor in Lung Cancer

The A549 cell line is a widely used human lung carcinoma model 2**?%. Studies have
demonstrated that LPA is overexpressed and induces A549 cell migration, proliferation, and
colony formation through the LPA1 receptor, which is coupled to the Gi protein 13629 LPA1

signaling drives proliferation and migration through key pathways, as shown in Figure
3.3198,205‘

Gene
. q
‘ ‘Ib '..-." ‘ Migration

Figure 3.3. Signalling pathways involved in A549 cell proliferation and migration induced by
LPA.



The MAPK/ERK pathway promotes cell cycle progression by facilitating the G phase (gap 1)
to S phase (synthesis) transition, which regulates the expression of cyclins and cyclin-
dependent kinases (CDKs) necessary for DNA replication and cell division!'*®2%’. In cancer,
this transition becomes dysregulated, leading to enhanced proliferation ‘energized’ by
overactive LPA1 signaling'®?%. The LPA/LPA1/G; /ERK,2/NF-kB signaling pathway is
involved in lung cancer cell proliferation’”®. Meanwhile, the LPA/LPA1/Gi/PKC/p38/NF-xB
signaling pathway is involved in lung cancer cell migration®*®. Additionally, PKC signaling

contributes specifically to migration by regulating cellular motility>*,

Beyond the LPA1 receptor, several studies using preclinical models and clinical samples from
lung carcinoma patients reveal the role of the ATX/LPA axis in lung cancer progression,
providing new therapeutic development strategies targeting the LPA signaling pathway (red

dotted circle in Fig. 3.4-B)%01207,
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Figure 3.4. A. The pathway of LPA receptor antagonists is to block the activation of the

receptor, thus blocking the initiation of signaling. B. The potential therapeutic development
strategies target the LPA signaling pathway by using ATX inhibitors to reduce the level of LPA

and attenuate LPAR activation, thereby preventing the initiation of downstream signaling.

ATX, encoded by the ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2) gene, is

207

a secreted glycoprotein present in biological fluids”’. ATX catalyzes the conversion of LPC

to LPA, providing a continuous source of LPA in the tumor microenvironment?*’. While LPA
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can also be produced through the hydrolysis of PA by PLA1/2, research indicates that ATX is
the primary enzyme responsible for extracellular LPA production, particularly in tumor
conditions?*"?*7, Studies have demonstrated that raised levels of ATX are frequently observed
in lung cancer tissues and patient serum, which correlates with increased LPA production in
the tumor microenvironment??’. Similar observations have also been validated in two widely

used lung cancer animal models'**!,

Elevated ATX levels in lung cancer tissues correlate with increased LPA production, which
sustains and amplifies LPA receptor activation®’!. Binding of LPA to its receptors (LPA1—-
LPAG6) activates downstream pathways such as MAPK/ERK and Rho/ROCK, promoting cell
survival, proliferation, and migration'>>. The axis also facilitates epithelial-to-mesenchymal
transition (EMT), enabling cancer cells to acquire invasive and metastatic traits'!. Additionally,
the ATX/LPA axis enhances angiogenesis by inducing VEGF expression via LPA receptor
activation and modulates the tumor microenvironment by increasing vascular permeability and

promoting the recruitment of inflammatory cells, thereby supporting tumor progression'*!.

Several known ATX inhibitors, such as PF-8380, S32826, and IOA-289, have demonstrated
efficacy in preclinical models by reducing LPA levels and attenuating disease

progression®?72%:210 TOA-289 was developed for treating cancers associated with fibrosis?!°.

3.1.5 Known LPA1 Ligands

Given the importance of the LPA1 receptor in various pathologies, potent and selective ligands
are crucial to exploring its potential as a therapeutic target>''?!2. While numerous LPA1-
targeting compounds have been investigated, no drugs targeting the LPA1 receptor have been
approved by the U.S. Food and Drug Administration (FDA) to date ?'>. Several LPA1
antagonists, such as BMS-986278 and SAR100842 (structure presented in Fig. 3.6 and 3.7),
have advanced to clinical trials for fibrotic diseases, but their clinical efficacy remains under
evaluation. 222, This highlights the need for continued advancements in drug discovery to
fully realize the therapeutic potential of LPA1 in managing human diseases, including
cancer.?!2. Notably, numerous novel LPA1 ligands, including both lipid and nonlipid agonists
and antagonists, have been discovered in recent years, demonstrating promising efficacy in
preclinical studies. To facilitate the development of a novel small-molecule compound
targeting LPA1, research articles spanning two decades on LPA1-specific antagonists were

reviewed.
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Like most ligand development strategies, the approach of designing ligands for a specific
receptor often begins with its natural agonist. This strategy has also been applied to develop
potent ligands for the LPA1 receptor. '3, Initial studies on LPA1 antagonist development were
conducted by making minor modifications to 18:1 LPA'®*. In 1994, Sugiura’s group reported
the first LPA-based agonist, NAEPA (N-acyl ethanolamide phosphoric acid (2-[(9Z)-octadec-
9-enoylamino] ethyl dihydrogen phosphate)®-134. It was synthesized by replacing the glycerol
in LPA with ethanolamine and was characterized as an LPA mimetic with an ECs¢ of around

40 nM in human platelet aggregation (Fig. 3.5)%%134,
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Using NAEPA as a lead compound, several modifications were made to obtain a series of
NAEPA analogues, such as 2-substituted, replacements of the phosphorothioate, and the
phosphate/phosphonate group'8+,

Furthermore, lipid-based LPA1 antagonists, such as derivatives of cyclic phosphatidic acid
(CPA), have been reported!3+2!3. CPA is a naturally occurring analogue of LPA in which an
oxaphospholane ring is formed by the sn-2 hydroxy group and the sn-3 phosphate group?!®.
Based on CPA's structure, Xu’s group reported a series of three CPA analogues with selectivity

for LPA1 and LPA3%13,

Although lipid-based analogues demonstrated good potency as LPA receptor antagonists and
selectivity for LPA1, the phosphonate functional groups and lipid alkyl chain posed challenges
for achieving sufficient bioavailability?**. The binding pocket of the LPA1 receptor is primarily
hydrophobic, naturally accommodating lipid-based ligands like LPA?%?, However, hydrophilic
regions near the pocket entrance are crucial for interacting with polar functional groups of
ligands®®?. The high hydrophobicity of lipid-based compounds may lead to challenges in drug
development, such as poor solubility and non-specific interactions'®*?°2. Therefore, recent
studies have moved focus from synthesizing lipid-based LPA analogues to small molecule

compounds with increased hydrophilicity!+202,

In 2003, Ki16425, a non-lipid compound, was reported as one of the first three small molecule-
based LPA1 antagonists (blue dotted circle in Fig. 3.6)*'*. It was identified from Kirin
Brewery’s compound library?!*. The structure of Kil6425, contained a carboxylic acid and a

carbamate core of aminoisoxazole?'*

. Although Ki1645 shows moderately potent antagonism
of LPA1 in calcium mobilization assays (ICso~0.34 pM), the core of structure inspired
numerous structural modifications by different research groups and pharmaceutical companies,
leading to the development of many potent and selective LPA1 antagonists, some of which
have even advanced to clinical trials'**2!5216 Later, Komachi et al. adapted from enantiomers
of (R)-Ki16425 and reported a methyl ester derivative of Kil6425, Ki16198. While the potency
and selectivity of Ki16198 haven’t changed much compared with Ki16425, it prevented cancer

cell migration and invasion in vitro, such as pancreatic cancer®’.

Several research groups and organizations have made continuous efforts to synthesize
derivatives of Ki16425, including a series of analogues developed by Amira Pharmaceutical:
AMO095, AM966, and BMS-986020 (Fig. 3.6)%%!%*. Compared to Ki16425, the major structural

modification involved adding a phenyl group to replace the sulfur atom and shortening the long
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aliphatic chain (AM095 and AM966)!'3+2%2. BMS-986020 features a cyclopropane group next
to the carboxylic acid position®*?. AM095 and AM966 showed high potency and selectivity for
LPA1, with ICso values in the low nanomolar range (AM095: ~25 nM, AM966: ~17 nM)!84202,
While BMS-986020 has moderate potency (ICso: ~300 nM), its biphenyl and cyclopropane

structure inspired further studies'®*.
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Figure 3.6. Selected non-lipid LPA1 antagonists - Kil6425 derivatives and RO6842262

derivatives.

95



In 2012, Qian et al. published a novel LPA1 antagonist, RO6842262, displaying great potency
(ICs0: 25 nM) and high LPAT1 selectivity (compared to LPA3 ICso: ~30 uM) in calcium flux
assays'®'. RO6842262 is structurally like BMS-986020, except the isoxazole core replaced by
a triazole”’. This modification enhanced performance of RO6842262 in decreasing LPA-

induced cell proliferation and contraction in lung fibroblasts'®!.

The development of LPA1 antagonists has significantly advanced the treatment of lung fibrosis,
with compounds such as Ki16425, AM095, RO6842262, and BMS-986278 providing critical
insights into LPA 1 receptor inhibition'?!"'* Notably, BMS-986278, a second-generation LPA,
antagonist, is currently in phase 2 clinical development for the treatment of idiopathic
pulmonary fibrosis (IPF)®. It has demonstrated significant efficacy by reducing the rate of lung
function decline, with patients showing improved outcomes compared to those receiving
placebo!®2!7. In October 2023, the FDA granted it breakthrough therapy designation. The
pharmaceutical company (Bristol Myers Squibb) is planning to evaluate the safety and efficacy

of BMS-986278 with a global phase 3 program for IPF?!%,

Recent studies demonstrate that lung fibrosis and lung cancer share several key LPA 1-mediated
signaling pathways!8®188204 In both disease conditions, LPA1 signaling promotes cell
migration, proliferation, and survival'®. In lung fibrosis, LPA1 drives fibroblast recruitment,
extracellular matrix deposition, and scarring, while in lung cancer, it facilitates tumor cell
migration, metastasis, and growth'”. These overlapping mechanisms strongly suggest that
LPA1 antagonism could inhibit cancer progression, motivating continued efforts to develop

more potent and selective LPA1 antagonists for lung cancer treatment.

In 2024, Dr. Liu from our group reported a new and potent RO6842262 analog, compound
12, It demonstrates strong inhibitory activity in both cAMP assays (ICso = 16.0 nM) and
calcium mobilization assays (ICso = 18.4 nM)™. In vitro functional studies demonstrated that
compound 12f effectively inhibits LPA-induced survival, migration, and invasion of MDA-
MB-231, a triple-negative breast cancer (TNBC) cell line, in a dose-dependent manner, without
inducing apoptosis or cytotoxicity®. These results suggest that 12f could be used as an anti-
metastatic drug in cancer treatment’’. Given that RO6842262 was initially reported as an
antifibrotic LPA1 antagonist, our findings demonstrate the potential of RO6842262 derivatives

as a foundation for developing novel LPA1 antagonists for cancer treatment!®’,

Beyond the molecular scaffold of biaryl and triazole moieties, several novel and potent LPA1

antagonists have been reported recently. In 2016, Terakado ef al. from Ono Pharmaceutical
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Co., Ltd. published their discovery of a novel LPA1-selective compound, ONO-7300243 (Fig.
3.7), which was optimized from a high-throughput screening (HTS) campaign®'®. The
compound was potent and selective for LPA1 (ICso = 160 nM), with markedly reduced activity
against LPA2 (ICso = 8,600 nM) and LPA3 (ICso > 10,000 nM)>"°.
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Figure 3.7. Reported structures of SAR-100842, ONO-7300243, and ONO-0300302. Reported
structures with R group of compounds 18, 20, and 21. Reported structure of compound 19 (a

urea derivative).
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ONO-7300243 demonstrated therapeutic efficacy in a rat intraurethral pressure model induced
by LPA, supporting its potential pharmacological relevance®!. Further optimization led to the
development of ONO-0300302 (Fig. 3.7), which exhibited substantially improved potency
(ICso = 0.16 nM) in a calcium assay after a 24-hour incubation period*'®. However, the
selectivity of ONO-0300302 for LPA1 over other LPA receptors was not explicitly reported in

the available literature®'®.

Moreover, in 2024, Lescop et al. from Idorsia Pharmaceuticals, Ltd. reported the discovery of
three novel LPA1 antagonists (blue dotted circle in Fig. 3.7)**°. Among them, piperidine-
derived compound 18 (ICso = 3.3 nM) was identified as a potent, orally active, and selective
LPA1 antagonist?*°, This compound was optimized from the urea derivative compound 19
through medicinal chemistry efforts to enhance its potency and metabolic stability??. In
preclinical models, compound 18 effectively inhibited LPA-induced vascular leakage in a
mouse model, significantly reducing Evans blue extravasation (vascular permeability assay) in

a dose-dependent manner for up to 16 hours post-administration®?’.
3.2 Results and discussion

3.2.1 First Series - Structural Optimization and Synthesis of R0O6842262

Analogues

R0O6842262 (RO), initially developed by Qian et al. at Hoffmann-La Roche Pharma for
pulmonary fibrosis treatment, has been selected as a model compound for developing novel
LPA1-targeting antagonists due to its high potency and selectivity!?’?*!, The mechanism of
R0O6842262 is that this ligand competitively binds to the orthosteric site of the LPA1 receptor,
thereby blocking LPA-mediated receptor activation. Therefore, given that lung fibrosis and
lung cancer share much of the LPA1 signaling pathway, modifying RO to create novel LPA1
antagonists shows promise for treating lung cancer driven by LPA1 signaling®®**. The
structure of RO was divided into three main components to guide ligand design in this chapter
(Scheme 3.1-A). All analogs retain the triazole—phenyl core, while structural modifications
focus primarily on the carbamate tail and the carboxylic acid fragment. As presented in Scheme
3.1-A, the first series of structures modification of RO analogs. Compared with RO, the N and
O positions in the carbamate group were switched, and the synthetic route was optimized to

generate the first series of ligand designs, compound L9x.
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Scheme 3.1 A. Structure of RO6842262 and analogue L9x. The core structural difference is
colored, RO6842262 is red and L9 is blue. B. Reported synthetic scheme of RO6842262.
Desired (L3a) and undesired (L3b) regioisomers of the triazole cyclization reaction. Reaction
condition: (a) 4N HCI, NaNO», NaN3, H>O, 0°C, 22 hrs; (b) anhydrous toluene, Argon, 130°C,
6hrs (c) TEA, DPPA, anhydrous toluene, Argon, 80°C, 8hrs; (d) Na,COs3, Pd(dppf)Cl», dioxane,
H>0, Argon, 80°C, 12 hrs; (e) NaOH, H>O, ethanol, THF, overnight, rt. To enhance clarity and
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consistency throughout this chapter, all compounds are labeled with a prefix "L" (representing

LPAI), such as L1, L2, and L3.

After reviewing the original synthetic scheme of RO6842262, it became evident that
optimization was necessary to address two key challenges®?!. The first challenge was the
formation of regioisomers during the triazole cyclization reaction, highlighting the need to
refine this step to improve selectivity and yield'?!?!. As described in the original literature, the
reported synthetic scheme of RO6842262 is displayed in Scheme 3.1-B'°!. The initial triazole
cycloaddition reaction was carried out uncatalyzed and performed under conventional
heating!'®!. This leads to cycloaddition between the azide and alkyne groups to produce the
triazole ring'®!. The issue is a lack of regioselectivity (desired compound L3a and undesired
compound L3b), resulting in low yield (<10%) and time-consuming purification due to the

distribution of triazole group substituents as presented in Scheme 1-B'°!.

Given the high expression of LPA1 in cancer, this characteristic can be utilized for cancer
diagnosis. Therefore, the synthetic route was adjusted to facilitate the incorporation of
iodonium ylide precursors for PET imaging®?!. The second challenge is to exchange the
sequence of the Curtius rearrangement reaction (orange arrow in Scheme 3.1-B) and the
Suzuki-Miyaura cross-coupling reaction (green arrow in Scheme 3.1-B)!°!-?2!, As presented in
Chapter 2.4, for the synthesis of SPAId iodonium (III) ylide precursor, the intermediate of the
candidate compound must first be converted into an iodo-compound, which subsequently

reacts with SPAId to serve as the precursor for '*F-radiolabeling'”’

. Given that Suzuki coupling
reactivity follows the order iodine (I) >> bromine (Br) for the electrophilic partner, the iodine
will compete with bromine (compound Lb) to react with the boronic ester building block,
leading to the formation of an undesired side product, compound Lc (Scheme 3.2-A)>72%2. As
a result, compound Lc is unable to react with SPAId to generate the desired precursor for

radiolabeling!”’.
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A0 |
2N

N lodo-compound

Scheme 3.2. A - Unwanted reaction and structure of compounds L3a, Lb, and Lc. B - Proposed

scheme for synthesis of iodo-compound.

The optimized synthetic scheme is outlined in Scheme 3.2-B?*!. The scheme incorporates a
newly optimized triazole cyclization step, with the most significant change being the
rearrangement of the sequence of the Curtius rearrangement reaction and the Suzuki-Miyaura
cross-coupling reaction!"-*2!, This modification involves shifting the incorporation of the iodo-
building block (via the Curtius rearrangement) to the penultimate step??!. This adjustment was
necessary because the SPAId building block is unstable under the high-temperature and

prolonged reaction conditions'””. Therefore, it is preferable to introduce the SPAId building
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block as late as possible in the synthetic scheme!”

. Additionally, replacing the ester building
block (compound L2’) with an alcohol building block (compound L5’) for the reaction with
compound L2 results in the formation of an alcohol (compound L6) rather than a carboxylic
acid moiety (compound L3a). This change leads to a rearrangement of the nitrogen and oxygen

atoms within the carbamate moiety formed during the Curtius rearrangement??!.

The optimized synthetic scheme is presented in Scheme 3.3-A%2!. The boronic ester building
block, L13, remains incorporated and was synthesized exactly according to the three-step
procedure outlined in the patent related to the synthesis of RO6842262(Scheme 3.3-B)*?*. The
first step, which is the synthesis of L2 through the formation of a diazonium intermediate that
is substituted by azide, is the same as in Scheme 3.1-B*?*. The second step is the optimized
triazole cyclization reaction to form L6%*!. The reaction conditions were extensively
investigated, with multiple parameters and variations explored to optimize this step??!-224-226,
Through these efforts, the use of the ruthenium complex catalyst, Cp*RuCl (COD), was found
to provide near-complete regioselectivity for the formation of the desired 1,5-regioisomer, L6,
when the alkyne group contained a propargylic alcohol substituent?’*?>>. However, initial
yields were relatively low when using conventional heating, as compared to values reported in
the literature??>2%%, This limitation was successfully addressed by implementing a microwave
reactor, which significantly improved the reaction yield*?’. The reaction begins with the
addition of a small amount of Cp*RuCl (COD) catalyst to a microwave reaction vial, then
adding anhydrous toluene, followed by L5’ via syringe, and then adding L2 into the reactant
mixture??’. The order in which the reactants are added is also important; the azide must be
added after the alkyne 2*°"??7, This sequence ensures that the alkyne first coordinates with the
ruthenium catalyst, stabilizing the catalytic complex and facilitating selective activation of the
azide??*?®_ If the azide were added before the alkyne, it could interact prematurely with the
ruthenium center, potentially leading to unwanted side reactions or even deactivate the
catalyst??>??6, The reaction was then placed in the microwave reactor and mixed at 60°C under
~15 W of microwave radiation??*. This approach significantly improved reaction efficiency,

increasing yields from 10% to 45% while reducing reaction time from 12 hours to 1 hour??!.
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Scheme 3.3 A - Optimized synthetic scheme of RO6842262 analogues. Building block P1g in
Chapter 2 acts as starting material L1 in this scheme. B - Synthetic scheme of boronic ester,
L13 (methyl-containing boronic ester). Commercially available chemical - L5’: but-2-yn-1-ol,
L7x: benzoic acid, L10: 2-(4-bromophenyl) acetonitrile, L10’: 1,2-dibromoethane, L12’:

Bis(pinacolato)diboron.
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By employing the Cp*RuCl(COD) catalyst and managing the proper order of reagent addition,
this method effectively avoids the formation of the undesired regioisomer (Compound Lé6a in
Figure 3.8) during the cycloaddition reaction??!. The detailed experimental procedure for this

reaction step, including extraction, filtration, and purification, can be found in Chapter 3.5.2.

_______________________
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Figure 3.8. Structure of desired compound L6 and undesired compoundL6a.

Compound L6 was characteristized through HPLC-MS and 'H-NMR. To investigate and
confirm the desired structure of L6, a 1-dimensional selective NMR Overhauser Effect (NOE)
experiment is employed (as shown in Fig 3.9)*?®. The protons with a chemical shift of 2.46
ppm correspond to the methyl group, while the protons at a chemical shift of 4.69 ppm
correspond to the methylene group that connects to the hydroxyl group. Figure 3.9 displays a
signal (an upside-down peak) at a chemical shift around 7.63 ppm in the spectrum of freq:
4.693 ppm, while no signal is observed at the same chemical shift in the spectrum of freq: 2.465
ppm. This signal confirms the formation of the desired regioisomer during the triazole

cyclization reaction.
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Figure 3.9. 1-D selective NOE spectrum of compound L6. It was dissolved in chloroform-d.
Note: This inverted peak indicates a nuclear Overhauser effect between the irradiated
methylene proton (colored in red)and a nearby aromatic proton (colored in blue). The upside-
down appearance results from the phase behavior in NOE difference spectroscopy, where

positive NOEs are displayed as negative signals in subtraction mode.

Compounds L7 and L8 were subsequently synthesized through Suzuki cross-coupling and
Curtius rearrangement reactions, and both were characterized by HPLC-MS and 'H-NMR. The
experimental procedure and results data are available in Chapter 3.5.2. The most challenging
step is the last step, hydrolysis reaction. The ester group (adjacent to the cyclopropane group)
is expected to hydrolyze into the carboxylic acid, forming the final compound L9. However,
the carbamate bond is unexpectedly broken, resulting in three compounds: L8, L8’’, and L9,
as shown in Figure 3.10-A. If the hydrolysis reaction continues overnight (more than 10 hours),
the carbamate bond of the final compound L9 continues to break, and compound L8’ becomes

the sole product.
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Figure 3.10. A. Structure of ester compound L8x (colored in red), undesired hydrolyzed
compounds, L8’ (colored in orange), L.8” (colored in blue) and desired hydrolyzed compound,
L9x (colored in green). B. HPLC-MS monitoring the reaction mixture after 2 hours. C. HPLC-
MS monitoring the reaction mixture after 10 hours. Pink color is impurity during hydrolysis
reaction. Note: Alternative hydrolysis conditions were only tested using other bases (e.g.,

LiOH); acid hydrolysis conditions were not examined due to time constraints.

This finding has been monitored and investigated using HPLC-MS, with each compound
showing a specific retention time in Analytical-HPLC (ana-HPLC) (Fig.3.10-B and C). It has
been confirmed by 'H-NMR after each compound was purified by preparative HPLC using an

acetonitrile/water eluent gradient. While analogue L9x was eventually purified using
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preparative HPLC (prep-HPLC), this unexpected hydrolysis issue caused significant product
loss, with the yield of the final step being less than 5%. The experimental results and data are

available in Chapter 3.4.2 and Appendix B.

Furthermore, given that elevated LPA expression has been observed in lung cancer cells, such
as A549 cell 1ine***?%7. Fluorine-19 was incorporated into the structure of RO6842262
analogues to explore their potential for PET imaging applications in lung cancer diagnosis. A
fluorine-containing analogue, L12y, was synthesized and characterized using the same
synthetic procedure during the same period (Scheme 3.4). The hydrolysis issue resulted in a
yield of less than 5% for L12y. The detailed experimental procedure and results of analogues
L9x and L12y are available in Chapter 3.5.2. Substitutions at the para positions with fluorine
atoms, serving as a ‘cold” compound, will facilitate the development of '*F-labeled radiotracers
for PET imaging studies. Our group has conducted a preliminary biological evaluation of

analogue L9x and L12y, including cAMP and wound healing assays.

L7 TEA,DPPA, dry toluene ' L1y
\ Argon,80°C, over-night o

A0 L12y F
OH Desired
NaOH,H,O,THF <
—_— A 1
MeOH, r.t. H

Scheme 3.4. Synthetic scheme of analogue L12y. Commercially available chemical - L7y: 4-
fluorobenzoic acid.
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3.2.2 Synthesis of L9x Derivatives via the Mitsunobu Reaction

While the Curtius rearrangement is efficient for transforming acyl azides into isocyanates and
subsequently into carbamates, the hydrolysis of carbamate and ester groups was a recurring
issue, the multi-functional group hydrolysis resulting in unwanted side products and decreased
yields. To address this issue in the synthesis of the target compound, the Mitsunobu reaction
was employed as an alternative strategy?2°. This allowed the transfer of the carbamate group to
the ether group, effectively avoiding hydrolysis issues. The optimized reaction conditions
included the use of diethyl azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD)
as azodicarboxylates in combination with triphenylphosphine (PPhs) under mild condition,

such as room temperature that around 25€ 2%,

The Mitsunobu reaction employing the optimized synthetic scheme is presented in Scheme 3.5.
In the initial attempts, the experimental results consistently showed the formation of the side
product L14' rather than the desired compound L14. This issue arises from the self-reactivity
of compound L7, which reacts with itself instead of the intended building block L13. The
underlying mechanism involves the dual role of L7 as both an electrophile and a nucleophile.
The phosphonium intermediate, generated from the interaction of PPhs and DEAD, reacts with
the alcohol group of L7 to activate it by converting it into a phosphonium salt, a good leaving
group?*®232, The alcohol group of another L7 molecule then acts as the nucleophile, attacking
the activated alcohol and displacing the leaving group, resulting in the formation of the side

product L14'".

Two primary factors may cause to this issue. First, if the concentration of L7 is higher than that
of the intended building block L13, the possibility of self-reaction increases significantly®*'.
Second, compared with compound L13, the larger steric size of compound L7 introduces
significant steric hindrance, which may block L13 from approaching L7’s reactive sites?*!. This
steric hindrance could prevent L13 from effectively reacting with L7, favoring the self-

reactivity of L7 instead®*!.
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Scheme 3.5. Proposed synthetic scheme employing the Mitsunobu reaction (from compound

L7 to L14). Commercially available chemical - L23a: Benzyl alcohol

To address this issue, several optimizations are under investigation. For example, using an

excess of L13 relative to L7 can increase the probability of the target reaction®*°. Lowering the

reaction temperature, such as using an ice bath, may enhance the possibility of the desired

reaction between L7 and L13%3%2%2 While low-temperature reactions cannot affect steric

hindrance, it can slow the rate of side reactions and improving reaction selectivity, suppressing
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L7’s self-reactivity, thereby increasing the opportunities for L7 to react with L13 and form the
desired product®*’. Additionally, the choice of azodicarboxylates, such as DIAD or dimethyl
azodicarboxylate (DMAD), may influence the competition between the desired reaction and

side reactions®!.

3.2.3 Second Series — Employing Scaffold Hopping Strategy on Compound
12f for Developing Novel LPA1 Antagonists

Scaffold hopping is a medicinal chemistry strategy used to explore alternative molecular
scaffolds while preserving or enhancing the desired biological activity of a well-characterized

drug molecule!"*?3234  This

approach involves identifying novel core structures through
bioisosteric replacements, replicating key molecular interactions with the biological
target?332*, Scaffold hopping aims to develop drug candidates with improved pharmacological
properties, such as potency, selectivity, stability, or solubility, while addressing limitations of
the original scaffold!°>?**, By employing this strategy, drug discovery can be accelerated by
providing alternative starting points based on proven chemical compounds, facilitating the

development of safer and more effective therapeutics!'?2%

. Scaffold hopping has been
successfully applied in numerous drug discovery projects and fosters innovation by uncovering
structurally diverse scaffolds with similar biological activities, thereby expanding opportunities

for therapeutic development®33234,

While the modifications shown in Scheme 3.3-A rearrange the position of the nitrogen and
oxygen atoms in the carbamate moiety, and Scheme 3.5 resolves the hydrolysis issue by
employing the ethyl ether group (Mitsunobu reaction), the resulting core structure in both
schemes still retains long and flexible chains®*>*, This flexibility can potentially disrupt the
bioactive conformation of the molecule, reducing its binding affinity within the orthosteric

binding pocket of LPA 1233236,

Building upon the strategy of addressing the hydrolysis issue, where the carbamate group
undergoes cleavage, one commonly employed approach in scaffold hopping is the introduction
of a ring structure to increase stability!®>?*. Given that compound 12f has demonstrated
promising potential in cancer treatment, it was selected as a reference for designing novel LPA1

antagonists in the second series**

. As shown in Figure 3.11, scaffold hopping resulting in a
ring closure upon compound 12f and replacing its triazole carbamate core for a triazole
pyrimidine core to generate a novel structural LPA1 antagonist, referred to as the triazolo

pyrimidine compound®*>?37. This modification not only resolve the potential multi-functional
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group hydrolysis problem but also locks the molecule into a more rigid and stable bioactive
conformation®*>?37, By stabilizing the interaction with the orthosteric binding pocket of LPAI,
this novel core structure holds the potential to preserve or enhance antagonistic activity?3>2%7.
Molecular docking studies further support the hypothesis that this scaffold modification

improves binding stability and receptor interactions!?-*7-238,

HO
A Scaffold Hopping HO, A

O
o N O > R O

Compound 12f
(from our group)

Triazolo pyrimidine compound

cAMP: IC5 ~ 16.0nM X=NH, O
Ca?* mobilization: IC5, ~ 18.4nM R = aromatic substitution

Wound Healing : reduces migration by 56.4% at 20 uM

Figure 3.11. Development of a triazolo pyrimidine compound from compound 12f using

scaffold hopping. The “X” represents the building blocks are two categories, amine and alcohol
group.

To compare the triazolo pyrimidine scaffold to that of compound 12f, molecular docking
computation was performed using the crystal structure of the LPA1 receptor !, Compound
L22s was selected for molecular docking studies and compared to compound 12f, following
the methodology previously reported in the literature (Fig 3.12-A)*7. Compound-12f was
reported to bind to the orthosteric site (endogenous ligand-binding pocket), several ligand-
receptor interactions are presented in Figure 3.12-B”’. Using AutoDock Vina, numerous
binding modes were predicted for both compound 12f and analogue L22s'%. The top-ranked
pose of 12f was extracted for subsequent comparison with L22s. As shown in Figure 3.12-B
and C, the docking study demonstrated that RO6842262 and L22j were found to bind to the
orthosteric binding pocket of LPA1 in a similar fashion, with only minor differences in
molecular position?*’. The methodology of molecular docking study for compound L22s is

available in Chapter 3.6.1.
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Figure 3.12. A - Structure of compound 12f and L22s. B - Docking result of 12f, colored in
white. C - Docking result of L22s, colored in green. Docking results of compound 12fand L22s
in the orthosteric binding pocket of LPA1. The LPAI receptor is colored in wheat, and the

interacting residues are colored in yellow.

In summary, hydrogen bonding was evident between Thr-109, Arg-124, and the carboxylic
acid functional group, and several pi-anion and pi-alkyl interactions (Lys-39, GIn-125, Glu-
293, Leu-297, and Lys-294) were conserved®*’. An additional hydrogen bond interaction was
predicted between Leu-278 and the pyrimidine moiety for the new scaffold®*’. Additionally,
two interactions were present with residues Leu207 and Ile128, which were not observed in

compound 12f. These may indicate a higher degree of stabilizing interactions between LPA1
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and L22s?*7. This suggests that the two scaffolds are likely to share a similar functional profile,

which is promising for the novel scaffold.

Given the interest in synthesizing the novel scaffold, several patents and relevant literature
were reviewed to design the synthetic scheme and experimental procedure®*”-?*°. The synthetic
scheme, as shown in Scheme 3.6, comprises a six-step synthesis using commercially available

reagents, the boronic ester building block L13 remains incorporate in penultimate step?37%°.

H SnCl, 2H,0 H
Br Clu_N._N
Cln_N._N :
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Yield 60%~75% N N =

L22a-u

Scheme 3.6. Synthetic scheme and building blocks (L-a to L-u) with amino group of
compounds L22a to L22u. Commercially available chemical — L16: 2,4-dichloro-5-

nitropyrimidine L17’: Tin (II) chloride dihydrate.

To fully investigate the SAR between ligands and the LPA1 receptor in this thesis, 22 diverse
building blocks were proposed and synthesized, including L-u, which was also categorized for

SAR discussion (Fig 3.13).
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Figure 3.13. Building blocks of R4 group. L-u colored in blue. Alkyl groups (L-a to L-f) varied
in size and polarity to evaluate the contribution of steric bulk, hydrophobic interactions, and
potential hydrogen bonding. Heterocycles (L-g, L-h) introduced nitrogen-containing aromatic
rings to probe possible m—x stacking and polar interactions. Phenylmethyl derivatives (L-i to
L-1) were employed to assess how aromatic substituents influence binding affinity through n—
T interactions. Stereoisomers (e.g., L-j, L-k) were included to investigate the effect of chirality
on receptor recognition. Fluorine-containing phenylmethyl groups (L-m to L-v) were
prioritized for their ability to enhance lipophilicity, metabolic stability, and electronic
modulation. Fluorine atoms can fine-tune molecular recognition by influencing dipole
interactions and altering the electronic density of the aromatic ring. Para, ortho, and meta-
substituted analogs (e.g., L-t, L-u) were designed to examine potential effects on receptor

selectivity and in vivo pharmacokinetics.
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Among these, compound L22u was synthesized in our group by Austin Hopkins*}” (colored in
blue in Fig 3.13). Of the 22 compounds (a-v), 18 are characterized by HPLC-MS and 'H-NMR.
The experimental procedures and results are detailed in Chapter 3.5.3, and all the data are
available in Appendix B (Due to routine maintenance of the HPLC-MS system during that

period, the mass spectrometry (MS) data for a few intermediate products were not obtained).

These building blocks (R4) are categorized into four main types: alkylate, heterocycles,
phenylmethyl, and fluorine-containing phenylmethyl groups. Incorporating these groups into
the scaffold was achieved via nucleophilic aromatic substitution (SnAr) reactions in step four
of the synthetic scheme®’’. The LPA1 binding pocket, predominantly hydrophobic, provides
an opportunity for enhancing hydrophobic interactions by replacing aromatic groups with alkyl
groups'®®. The R4 groups focus on replacing various aromatic substitutions, as well as a few
alkyl groups. The aromatic group expected to promote favorable n-n stacking interactions,
while some small non-polar alkyl groups are designed to enhance hydrophobic interactions.
Additionally, fluorine-containing groups are designed to increase lipophilicity and improve
binding affinity. For example, compounds L22a-d take full advantage of this strategy to
improve binding affinity!*®?3”, Specifically, four amine-containing building blocks (L22i-1.221)
were used to investigate the role of stereochemistry and methyl substitution in ligand-receptor
interactions?*”***. The fluorine-containing phenylmethyl series, with substitutions at ortho,
meta, and para positions, allows for a detailed analysis of optimal substituent placement, as
well as determining the best position for '®F-labeling study”®**”. Control compounds (L22m, p,
and t) were included to evaluate the importance of methyl groups in the context of fluorine-
containing compounds®*’. Future work will expand this array with novel functional groups,

including bulky groups, to further explore steric effects and binding affinity.

The first reaction is a SyAr reaction in which the chlorine atom that is adjacent to the nitro
group is replaced by 4-bromoaniline; a slight excess of the weak base, N, N-
diisopropylethylamine (DIPEA), is used to neutralize the formed hydrochloric acid**. This
reaction is started at 0°C and warmed up to room temperature to enhance the selectivity for the

indicated position**’

. Due to the two possible positions of chloride in the starting material, L.16,
the formation of compound L17' as an undesired regioisomer occurs during the reaction (Fig.
3.14)’®. Based on the reaction mechanism and experimental observations, extending the
reaction time in an ice bath to 6 hours has been found to effectively reduce the formation of
L17?%. While prolonging the ice-bath reaction time does not alter the reaction mechanism, it

allows the reaction system to favor the kinetically controlled pathway, thereby minimizing side
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reactions that lead to the undesired regioisomer and significantly improving the yield of the

desired product, L17 (yield >65%)**.
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Figure 3.14. Structure of desired L17 and undesired L17’ regio-isomers.

The desired structure of L17 was characterized by HPLC-MS and 'H-NMR, and confirmed by

1-D selective NMR of compound L18, as shown in Figure 3.15°%%. The two upside-down peaks

indicate interactions with the "blue" amino group, confirming that the desired regioisomer is

formed in the first step??®.
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Figure 3.15. 1-D selective NMR of compound L18. Compound L18 was dissolved in
DMSO-d, and a selective scan at 5.33 ppm, corresponding to the amino group (colored in
blue), revealed two upside-down peaks at 7.69 ppm (colored in red) and 8.74 ppm (colored in
orange), corresponding to the proton of the amino group attached to the benzene ring and the

two protons in the benzene ring.

The following is a cyclization reaction, where the primary and secondary amine groups in L18
are converted into a triazole ring using an alkyl nitrite at elevated temperature®*'. This step
forms a bicyclical system in L19, establishing the core structure required for subsequent
modifications. The next step involves a SNAr reaction. A selected nucleophilic building block
(a-u) replaces the remaining chlorine substituent on the pyrimidine ring of L19?%”. This reaction
is facilitated by DIPEA, which neutralizes the acid byproduct, yielding L20a-u?’.
Subsequently, compound L13 incorporated through a Suzuki coupling reaction using a
palladium catalyst producing the ester-intermediate (L21a-u) for the final step??*. Then the ester
group is hydrolyzed to a carboxylic acid using lithium hydroxide (LiOH) in a 1:3 mixture of
water (H20) and tetrahydrofuran (THF)??*. The reaction is followed by an acid work-up to yield
the final products (L22a-u)’®. The detailed experimental procedures and results of all the
intermediates and final compounds can be found in Chapter 3.5.3, and the characterization

data are available in Appendix B.

Upon reviewing the proton-NMR spectra of the final compounds, some peaks displayed
shoulder peaks adjacent to the main signal. To determine whether these were conformational
isomers rather than impurities, variable temperature NMR (VT-NMR) was performed on select

compounds, including L22p**

. Compound L22p was dissolved in chloroform-d and tested in
'H -NMR with three different temperatures: 25°C, 50°C, and 100°C, as shown in Figure 3.16-
A’*_ Based on the NMR spectra, as temperature increased, the side peaks merged with the
main peak, indicating faster conformational exchange. The red-cycle highlighted bond is
rotationally restricted, likely due to extended m-conjugation, resulting in slow-exchanging
conformers observed in the NMR spectrum (Fig. 3.16-B). This supports the interpretation that

the additional minor peaks arise from conformational isomers rather than impurities.

117



A 2AGM-171 =] [

2171100 Deg €3 3 | | ‘ | O

100°C e | |

[ g
| l l | ; :
| R = A'-.
| I \I | lll N__H Nr | Y | I I.
VT i
NOUUUL A L S N L

2¥GM-1F1
2-171 50 Deg ¢

s0°C

et T L VR W Y

2-¥GM-KMR-LPA L
2-171

‘2" goC additional shoulder peaks

l/ﬁ/?ﬂaﬂl\ } | ‘”

/ H Y ““_1,1111

a5 5.0 as a0 75 7.0 6.5 (1] (4 %0
11 (ppm)

B 0
4
OH

| L)
/ ]
H N (Mf“

YL
N, = N’

-

Figure 3.16. A - VI-NMR spectra of compound L22p. The compound was tested in 'H-NMR
with 25€ (colored in red), SO€ (colored in green), and 100€ (colored in purple). The side

peaks are indicated by red arrows in the 25°C spectrum. B - Restricted rotation between the

triazole and aryl rings due to extended m-conjugation.

As shown in Figure 3.17, compared with the building block 1-(3-fluorophenyl) ethan-1-amine
(L20s), the building block 1-(3-fluorophenyl) ethan-1-ol (L23d) is embedded in the structure

of compound 12f. Using this substituent for the novel scaffold would allow for an unambiguous

comparison between the two scaffolds!'®!>¥7.
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Figure 3.17. Structure of compound 12f, L.22s, and L25d.

The alcohol group is introduced to the synthetic system as shown in Scheme 3.7, and five

intermediates with R5 group (L23a-e) were synthetized.

Introducing an alcohol group in SNAr reactions often requires harsher conditions compared to
an amino group?*. The oxygen atom of the alcohol group is more electronegative, which
reduces the nucleophilicity of its lone pair, making it less reactive’**. Several bases, solvents,
and conditions were tested. Employing sodium hydride (NaH) in combination with microwave

assistance was found to improve the yield***

. However, NaH's high reactivity and the associated
safety concerns necessitate cautious handling and strict control***. As a result, alternative and

safer reaction conditions are currently under investigation.

Due to the alcohol group being less reactive in SyAr reactions and time constraint, L25a is only
one final compound synthesized in Scheme 3.7. The experimental procedure, results, and MS

data of all the intermediates can be found in Chapter 3.5.3 and Appendix B.
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Scheme 3.7. Synthetic scheme and building blocks with alcohol group of compounds L23a to
L23e.

3.3 Biological Evaluation of the 2nd Series of Ligands

In our group, Dr. Zhao initially performed a cAMP assay to test compounds L22j, L22p, and
L22s. The results from this assay are summarized by the concentration-response curve shown

in Figure 3.18.
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Figure 3.18. cAMP assay results using compound L22j, L22p, and L22s.

As shown in Figures 3.1 and 3.2, LPA1 activation by 18:1 LPA leads to a suppression of
intracellular cAMP production through Gi signaling'®>?!!. The three tested compounds were
evaluated in an in vitro cAMP assay using a Chinese hamster ovary (CHO) cell line

overexpressing LPA12%%:245

. The cAMP-Glo luminescence assay was used to quantify
intracellular cAMP levels, where increased cAMP production resulted in decreased
luminescence?®. ICso values were calculated using a three-parameter logistic fit in GraphPad
Prism. Based on these data, compound L22p revealed a potent ICso value of 1.33 nM, indicating
strong antagonistic activity at LPA1. This demonstrates that the novel scaffold holds promise
as an LPAI1 antagonist and could also exhibit a high level of antagonistic activity. The
remaining compounds are also being tested with the cAMP assay in our group. The results will

guide the design of future optimizations through structure-activity relationship (SAR) studies

to enhance potency and selectivity.
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3.5 Inspired by BMS-986278: Integration with the Second Series for Third

Series

In 2021, Cheng et al. from Bristol Myers Squibb Pharma. introduced BMS-986278 (Fig. 4.2),
a second-generation LPA1 antagonist designed for progressive pulmonary fibrosis (PPF)
treatment®®213248_This drug builds upon its predecessor, BMS-986020, initially developed for
idiopathic pulmonary fibrosis (IPF)®°. Despite BMS-986020's success in reducing lung
function decline during Phase 2 clinical trials, its development was terminated due to
hepatobiliary toxicity, attributed to off-target effects specific to its chemical structure (inactive
amino-isoxazole 986020a in Fig 3.20)*'>2!7. The significant structural improvement from
BMS-986020 to BMS-986278 is replacement of the biphenyl and cyclopropane moiety with a

)%®. This modification enhances the

3-oxycyclohexyl acid group (colored in red in Fig. 3.20
compound's metabolic stability and minimizes transporter inhibition, thereby addressing
toxicity issues®. Currently, the U.S. FDA has granted BMS-986278 fast-track designation and
orphan drug designation**®, The Pharma. is continuing the development of BMS-986278 with

the global Phase 3 ALOFT program for PPF and IPF?!3!7,

Major human metabolite
) of BMS-986020

H
QN NWO)/@
N 0

BMS-986020 1. Minmized hepatobiliary =
Initial IPF clinical candidate . N~
transporter activities
2. Minmized in vivo N /Z(Z
hepatobiliary toxicity N=N o ;\l/\/
\
BMS-986278

Currently in the global
Phase 3 for PPF and IPF
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Figure 3.20. Structure of BMS-986020, 986020a, and BMS-986278.

This section aims to further refine the structural framework of LPA 1 antagonists and is inspired
by BMS-986278, a 3-oxycyclohexyl acid group was incorporated into the second series, which
forms the foundation for the development of the third series®”. While hepatobiliary toxicity is
not a hallmark of lung cancer, many cancer drugs are metabolized or excreted through
hepatobiliary transport pathways!"!¥215. Moreover, studies have demonstrated the involvement
of LPA1 signaling and liver processes in tumorigenesis, fibrosis, and drug metabolism, further
linking these pathways to disease progression and drug action!'***, More importantly, from a
drug development perspective, safety and efficacy are primary factors in designing effective
cancer treatments' %%, The structural refinement of the third series avoids safety concerns and
enhances its potential to serve as a novel class of potent LPA1 antagonists. Therefore, the third
series hold promise for therapeutic applications in lung cancer by balancing pharmacological

effectiveness with patient safety.

dlye)
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o) “CO,H
/N ’ N H
N N H N N
-0 O
=N

Compound L22j Compound L33i
2nd series 3rd series

Figure 3.21. Representative structure of third-series compound L33i - Inspired by BMS-
986278.

Due to the multi-racemic nature of the 3-oxycyclohexyl acid group, the building blocks
selected for the third series are designed to minimize racemization®. This approach has the

169, A rational synthetic

potential to enhance binding affinity and selectivity for targeting LPA
scheme was designed after the ligand design components were decided. Scheme 3.11 displays
the synthetic scheme; the key side product in Scheme 3.11-A is adapted from Cheng et al. with
some modifications®®. Scheme 3.11-B presents a total four-step synthesis and adapted from

Cheng et al. with some modifications as well®’. There are a total of four intermediates that have
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synthesized and characterized (L311, m, p, and t), the experimental procedure, results and data

are available in Chapter 3.6.4 and Appendix B.
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Scheme 3.11. A. Synthetic scheme for preparation of compound L37. B. Synthetic scheme for
preparation of compound L33i, m, p, and t. Commercially available chemical L34: (S)-

cyclohex-3-enecarboxylic acid
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The key product - cyclohexyl ester building block, (3R)-hydroxycyclohexyl (1S)-isopropyl
ester intermediate 137 is synthesized in three steps are shown in Scheme 3.11-A%°. The
synthetic sequence begins with the iodolactonization of the commercially available chemical
(S)-3-cyclohexene carboxylic acid, L34, where the carboxylic acid reacts with iodine to form
the iodolactone intermediate L35%. Given that this step involves an iodine atom in the
intermediate, it leads to a subsequent deiodination reaction. The deiodination of L35 is carried
out using trimethylsilyl hydride ((TMS);SiH) as the reducing agent>*°. This process removes
the iodine atom and forms the lactone compound L36, which features a cyclic ester functional
group®®. Finally, the lactone L36 undergoes a ring-opening reaction mediated by acetyl
chloride®. This step converts the cyclic ester into the linear ester, yielding the target compound,

(3R)-hydroxycyclohexyl (1S)-isopropyl ester, compound L37.

The main steps for synthesizing the third series of products are shown shown in Scheme 3.11-
B, the first step is a Miyaura borylation reaction, involving the Pd(dppf)Cl. catalyzed cross-
coupling of bis(pinacolato)diboron and the boroarene group of L20i to produce the pinacol
arylboronate L30i**!. The catalyst undergoes a redox cycle in which it coordinates and activates

t?*!. Conversion of the

the boroarene and bis(pinacolato)diboron to produce the coupled produc
pinacol arylboronate to the corresponding hydroxyphenyl triazole L31i was achieved via
hydrolysis of the pinacol arylboronate intermediate with sodium hydrogen carbonate””**!. A
Mitsunobu reaction will perform on the hydroxyphenyl triazole pyrimidine intermediate L311
and the 3-(R)-hydroxycyclohexyl ester L37 to produce the trans-(3S,1S)-phenyloxycyclohexyl
ester L32i®. Subsequent ester hydrolysis of L32i will deliver the triazole pyrimidine

oxycyclohexyl acid L33i%.

The (3R)-hydroxycyclohexyl (1S)-isopropyl ester building block L37 was successfully
synthesized. Current synthetic efforts are focused on obtaining the trans-(3S,1S)-

pyridyloxycyclohexyl ester intermediate L.32 via a Mitsunobu reaction.
3.6 Experimental Procedure

3.6.1 Molecular Docking Study

The crystal structure of human LPA: (PDB ID: 4z36) was used as the docking receptor.
Receptor and ligand structures were prepared using AutoDockTools. The ligand structures
were energy-minimized and converted to PDBQT format using DS Viewer 3.5. Docking

simulations were carried out using AutoDock Vina.
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The docking grid box was centered at (x =—3.0, y =-25.5, z= 53.5) with dimensions of 26 x
26 x 26 A3 to fully cover the ligand-binding site. The number of output binding modes was set
to 50, and all other docking parameters were left at default values. The docking poses were
visualized and analyzed using PyMOL and Discovery Studio Visualizer to evaluate binding

orientation and key ligand-receptor interactions.

3.6.2 General Information of Organic Synthesis

All solvents and chemicals used were reagent grade and purchased from commercial
manufacturers. The purity and characterization of compounds were determined using a
combination of HPLC, TLC, and NMR analyses. Where possible, spectral data were compared
with reference data from the literature. Chromatographic purification was performed using
silica gel column chromatography. Preparative high-performance liquid chromatography
(HPLC/MS) purification was conducted on a Waters LC-MS system equipped with a Waters
Symmetry column (C18, 5 um, 19 mm diameter, 150 mm length).

The purities of compounds intended for biological testing were assessed by analytical LC-MS
on a UV detector system under the following conditions: column, XSELECT CSH C18 (5 pum,
4.6 x 150 mm); solvent A, water with 0.1% formic acid; solvent B, acetonitrile with 0.1%

formic acid; flow rate, 0.8 mL/min; gradient, 5% to 95% solvent B.

'"H NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer, with chemical shifts
reported in parts per million (ppm) relative to internal TMS in appropriate organic solvents.
Peak multiplicities are designated as follows: s (singlet), d (doublet), dd (doublet of doublets),
t (triplet), and m (multiplet). NMR and mass spectra were obtained for isolated intermediate

and final products, with data consistent with the proposed structures.
All figures were created with BioRender.com.

3.6.3 Experimental Procedure for the First Series Compounds
Synthesis of 1-Azido-4-bromobenzene (L2)

o

Br

4-Bromoaniline (6.19 g, 35.98 mmol) was added into a 250 mL RBF with 4N HCI (45 mL,
prepared by combining 14.8 mL of concentrated HCI with 45 mL of water) with a magnetic

stir bar. The mixture was stirred and cooled to 0°C using an ice bath. A solution of NaNO>
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(2.77 g, 40.15 mmol) was prepared separately in 7 mL of water. The solution was added
dropwise to the RBF over the course of 30 minutes. Next, NaN3 (2.83 g, 45.53 mmol) was
added portion-wise to the RBF, with foaming observed in the reaction mixture upon addition.
The reaction mixture was then removed from the ice bath and allowed to slowly warm to room
temperature, then continued to mix at room temperature for 21 hrs. The reaction mixture was
then mixed with EtOAc (50 mL) to extract the organic layer. The organic layer was then dried
over NaSQ4, then vacuum filtered washing with EtOAc. The resulting solution was
concentrated in rotovap, followed by high vacuum to give L2 as a dark brown oil (6.82 g, 99.2%
yield). Chemical Formula: C¢HsBrN3. 'H NMR (500 MHz, CDCls) § 7.46 (d, J = 8.7 Hz, 2H),
6.90 (d, /= 8.7 Hz, 2H).

Synthesis of 1-(4-bromophenyl)-4-methyl-1H-1,2,3-triazol-5-yl] methanol (L6)

N
N\/(
S E OH
Br

A small scoop of Cp*RuCl(COD) catalyst (5 mg, 0.01 mmol)was added to a 100 ml microwave
reaction RBF with a magnetic stir bar. The flask was capped and flushed with Ar three times.
Anhydrous toluene (5 mL) was added via syringe. Next, but-2-yn-1 ol (L5”) (35 mg, 0.55 mmol)
was added by syringe to the mixture. Finally, 1-azido-4 bromobenzene L2 (100 mg, 0.51 mmol)
was added by syringe. The reaction vessel was placed in the microwave reactor, still under Ar,
and sealed. The reaction proceeded at 60°C under ~15 MW of microwave irradiation for 0.5 hr.
The reaction mixture was concentrated, diluted in EtOAc and absorbed onto silica gel. The
crude product was purified through flash column chromatography (eluent gradient, 30% EtOAc
in hexanes) to yield L6 as a dark crystal (57 mg, 43% yield). Chemical Formula: C1oH1oBrN;O.
Molecular Weight: 268.11. LC-MS, [M + H]" =268.01 (calcd.) 268.08 (found). 'H NMR (500
MHz, CDCI) 6 7.67 (d, 2H), 7.60 (d, 2H), 4.67 (s, 2H), 2.44 (s, 3H).
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Synthesis of methyl 1-(4'-(5-(hydroxymethyl)-4-methyl-1H-1,2,3-triazol-1-yl)-[1,1'-
biphenyl]-4-yl) cyclopropane-1-carboxylate (L7)

200 mg (0.75 mmol) of 1-(4-bromophenyl)-4-methyl-1H-1,2,3-triazol-5-ylJmethanol (L6) and
278 mg (0.8mmol) of  Ethyl 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2
yl)phenyl)cyclopropane-1-carboxylate (L13) were mixed together with Na,CO3 (167mg, 1.58
mmol) in a solution of dioxane (10 mL) and water (3.5mL) in a 100 mL three neck RBF with
a magnetic stir bar. To this solution was added Pd(dppf)Cl> (55mg, 0.12mmol). A condenser
was attached, and all openings were sealed with septa. A needle was used to bubble the reaction
mixture with the contents of an Ar filled balloon, with a second needle used to allow air to
escape (degassing). Next, the vessel was flushed three times with Ar. The reaction mixture was
refluxed at 80 °C for 12 hrs under Ar. The resulting mixture was diluted with EtOAc (40mL),
then washed with water followed by brine. The organic layer was concentrated and dissolved
in EtOAc followed by absorption onto silica gel. The crude product was purified through flash
column chromatography (eluent gradient, 30-50% EtOAc in hexanes). Product fractions were
concentrated in the rotovap and under high vacuum to yield L7 (136mg, 52% of yield) as a
white powder. Chemical Formula: C21H21N303. Molecular Weight: 363.42. LC-MS, [M +
H]" =364.17 (caled.) 364.20 (found). '"H NMR (500 MHz, CDCls) § 7.74 (s, 4H), 7.58 (d, J =
8.3 Hz, 2H), 7.46 (d, J= 8.2 Hz,2H), 4.73 (d, /= 5.5 Hz, 2H), 3.67 (s, 3H), 2.47 (s, J= 6.2 Hz,
2H), 1.66 (q, J=4.0 Hz, 2H), 1.25 (q, /= 7.0, 4.0 Hz, 2H).

Synthesis of methyl 1-(4'-(4-methyl-5-(((phenylcarbamoyl)oxy) methyl)-1H-1,2,3-triazol-
1-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L8x)
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methyl  1-(4'-(4-methyl-5-(((phenylcarbamoyl)oxy)  methyl)-1H-1,2,3-triazol-1-yl)-[1,1'-
biphenyl]-4-yl) cyclopropane-1-carboxylate (L7) (130 mg, 0.36mmol) was added into
anhydrous toluene (10 mL) in a 100 mL RBF with a magnetic stir bar. To this solution was
added Benzoic acid (101lmg, 0.72mmol), TEA (80mg, 0.4mmol), and DPPA (150 mg,
0.6mmol). Next a condenser was attached to the RBF and a septum was used to seal the opening.
The vessel was flushed with Ar three times, and the reaction was refluxed under Ar for 8 hrs.
The reaction mixture was diluted in EtOAc (30 mL), then the solution was washed with brine.
The organic layer was separated and dried over MgSO4, followed by filtration and
concentration. The crude product was dissolved in DCM and absorbed onto silica gel for flash
column chromatography purification (eluent gradient, 30-40% EtOAc in hexanes). Product
fractions were concentrated in the rotovap and under high vacuum to yield L8 (125mg, 70% of
yield) as a light-yellow powder. Chemical Formula: C23H26N4O4 Molecular Weight: 482.54.
LC-MS, [M + H]" = 483.20 (calcd.) 483.28 (found). '"H NMR (500 MHz, CDCls) & 7.70 (s,
2H), 7.54 (d,J=7.9 Hz, 4H), 7.44 (s, 4H), 7.33 (s, 2H), 7.10 (s, 1H), 5.20 (s, 2H), 3.66 (s, 3H),
2.47 (s, 3H), 1.65 (s, 2H), 1.23 (s, 2H).

Synthesis of 1-(4'-(4-methyl-5-(((phenylcarbamoyl)oxy) methyl)-1H-1,2,3-triazol-1-yl)-
[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L9x)

Y
)
F "0

OH
Compound L8 (103 mg, 0.2 mmol) was dissolved in 12 mL of a prepared 1:3 mixture of H>O:
THF. Lithium hydroxide pellets (LiOH) (23 mg, 1 mmol) were added to the solution, and the
solution was stirred for 6 hrs. The mixture was partitioned between EtOAc and brine, and the
organic phase was separated, dried over Na;SOs, filtered, and concentrated. The crude was
purified by ACN/Water (65% / 35%) in prep-HPLC to provide the final compound L9x. (6 mg,
yield: 4%). Chemical Formula: C27H24N4O4. Molecular Weight: 468.51. LC-MS, [M + H]" =
469.19 (calcd.) 469.21 (found). "H NMR (500 MHz, DMSO) 6 9.72 (s, 1H), 7.83 (s, 2H), 7.66
(s, 2H), 7.60 (s, 2H), 7.37 (s, 4H), 7.20 (s, 2H), 6.93 (s, 1H), 5.18 (s, 2H), 2.35 (s, 3H), 1.40 (s,
2H), 1.09 (s, 2H). Purity testing by HPLC (Acquisition method 75%-95% Acetonitrile 20

minutes) tr = 14.5 minutes. Purity=98%.
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Synthesis of methyl 1-(4'-(5-((((4-fluorophenyl) carbamoyl) oxy) methyl)-4-methyl-1H-
1,2,3-triazol-1-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L11y)

N

N"\: /
( {}—NH
. Q

methyl  1-(4'-(4-methyl-5-(((phenylcarbamoyl)oxy)  methyl)-1H-1,2,3-triazol-1-yl)-[1,1'-
biphenyl]-4-yl) cyclopropane-1-carboxylate (L7) (200 mg, 0.56 mmol) was added into
anhydrous toluene (15 mL) in a 100 mL RBF with a magnetic stir bar. To this solution was
added 4-fluorobenzoic acid (145 mg, 1.33 mmol), TEA (142 mg, 1.41 mmol), and DPPA (235
mg, 0.76 mmol), as well as a scoop of molecular sieve. Next a condenser was attached to the
RBF and a septum was used to seal the opening. The vessel was flushed with Ar three times,
and the reaction was refluxed under Ar for 6 hrs. The reaction mixture was diluted in EtOAc
(50 mL), then the solution was washed with brine. The organic layer was separated and dried
over MgSQOs, followed by filtration and concentration. The crude product was diluted with
DCM and absorbed onto silica gel for subsequent purification through flash column
chromatography (eluent gradient, 15% EtOAc in hexanes) to yield L11y (193 mg, 71% of
yield). Chemical Formula: C2sH2sFN4O4. Molecular Weight: 500.53. LC-MS, [M + H]" =
501.19 (calcd.) 501.17 (found). '"H NMR (500 MHz, CDCI3) § 7.69 (d, J = 8.4 Hz, 2H), 7.52
(d,/=8.4,19Hz,H),7.43 (d,J=8.2 Hz, 2H), 7.38 (s, 2H), 7.03 (t, 2H), 5.19 (s, 2H), 3.66 (s,
2H), 2.46 (s, 3H), 1.66 (q, J = 4.2 Hz, 2H), 1.23 (q, J =4.2 Hz, 2H). Purity testing by HPLC
(Acquisition method 65%-95% Acetonitrile 20 minutes) tr = 14.5 minutes. Purity=98%.

Synthesis of 1-(4'-(5-((((4-fluorophenyl) carbamoyl) oxy) methyl)-4-methyl-1H-1,2,3-
triazol-1-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L12y)
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Compound L11y (57 mg, 0.0325 mmol) was dissolved in 2 mL of a prepared 1:3 mixture of
H>O: THF. Lithium hydroxide pellets (LiOH) (20 mg, 0.709 mmol) were added to the solution,
and the solution was stirred for overnight. The mixture was partitioned between EtOAc and
brine, and the organic phase was separated, dried over Na>SQg, filtered, and concentrated. The
residue was dissolved in a mixture of HPLC-grade acetonitrile (ACN) with 0.1% formic acid.
The crude was purified by ACN/Water (65% / 35%) in prep-HPLC to provide the final
compound L12y (13 mg, 4% of yield). Chemical Formula: C>7H23FN4O4. Molecular Weight:
486.50. LC-MS, [M + H]" = 487.18 (calcd.) 487.20 (found). '"H NMR (500 MHz, DMSO) §
12.36 (s, 1H), 9.76 (s, 1H), 7.83 (d, J = 8.4 Hz, 2H), 7.63 (dd, 4H), 7.38 (d, J = 8.1 Hz, 4H),
7.04 (t,J=8.7 Hz, 2H), 5.18 (s, 2H), 2.35 (s, 3H), 1.40 (s, 2H), 1.09 (s, 2H). Purity testing by
HPLC (Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 11.1 minutes. Purity=98%.

Synthesis of side product - 1-(4-Bromophenyl) cyclopropane-1-carbonitrile (L11)

N
Br

NaOH (12.35 g, 308.75 mmol) was added to water (6 mL) in a 250 mL RBF with a stir bar and
was sonicated to form a solution. This was followed by addition of toluene (50 mL), then 4-
bromophenylacetonitrile (6.00 g, 30.60 mmol) and TBAB (0.51 g, 1.58 mmol). After mixing,
1,2-dibromoethane (4 mL, 46.26 mmol) was added dropwise over 30 minutes. The reaction
was left to stir closed to room temperature for 14 hrs. After this, the mixture was extracted with
ether (30 mL) and concentrated to form a red oil. The crude product was diluted with DCM
and absorbed onto silica gel for subsequent purification through flash column chromatography
(eluent gradient, 5% EtOAc in hexanes) to yield L11 as an orange/red crystal (5.22 g, 70%
yield). Chemical Formula: C1oHsBrN. Molecular Weight: 222.08 'H NMR (500 MHz, CDCls)
0747 (d, 2H), 7.18 — 7.15 (d, 2H), 1.74 (dd, J= 5.3 Hz, 2H), 1.38 (dd, /= 5.3 Hz, 2H).

Synthesis of Ethyl 1-(4-bromophenyl) cyclopropane-1-carboxylate (L12)

Br

1-(4-Bromophenyl) cyclopropane-1-carbonitrile L11 (3.05 g, 13.73 mmol) and NaOH (2.31 g,
57.75 mmol) are mixed into ethylene glycol (43 mL) in a 250 mL RBF with a magnetic stir
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bar. The reaction was heated to 180°C and mixed for 5 hrs. The mixture was poured over water
and acidified with concentrated HCI to yield a brown precipitate. The precipitate was gravity
filtered over 2 hrs, being initially rinsed with HCI acidified water. The precipitate was dried
under high vacuum. The crude material was added to methanol (30 mL) with sulphuric acid
(0.41 mL) in a 100 mL RBF with a magnetic stir bar. The reaction was heated to 70 °C and
stirred overnight. The reaction mixture was then extracted with EtOAc (25 mL), and the
organic layer was washed with water followed by brine. The organic layer was dried over
Na>SO4 and vacuum filtered, then concentrated to yield L12 as a dark golden-brown oil (1.00g,
83% yield). Chemical Formula: C11H1:1BrO,. Molecular Weight: 255.11. 'TH NMR (500 MHz,
CDCl3) 6 7.44-7.42 (d, 2H), 7.22 — 7.20 (d, 2H), 3.62 (s, 2H), 1.61 (dd, J=4.0 Hz, 2H), 1.16
(dd, J=4.0 Hz, 2H).

Synthesis of Ethyl 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2 yl) phenyl)
cyclopropane-1-carboxylate (L13)

I?/O
3
Ethyl 1-(4-bromophenyl) cyclopropane-1-carboxylate (L12) (2.51 g, 9.33 mmol), KOAc (1.85
g, 18.85 mmol), bis(pinacolato)diboron (2.58 g, 10.16 mmol) and Pd(dppf)CI2 (0.32 g, 0.44
mmol) were combined in anhydrous dioxane (21 mL) in a 150 mL two-neck RBF with a
magnetic stir bar. A condenser was attached to the RBF and the vessel was sealed at all
openings with septa. The reaction mixture was bubbled with the contents of an Argon (Ar)
filled balloon, delivered through a needle and vented with a different needle. The vessel was
then flushed with Ar three times. The reaction was heated to 80°C under Ar protection
overnight. The reaction mixture was filtered using a diatomaceous earth (Celite) filter aid to
remove the Pd(dppf)CL.. The filtrate was partitioned between EtOAc, and water and the organic
layer was isolated and washed with brine, then concentrated down. The crude product was then
dissolved in DCM and absorbed onto silica gel for subsequent purification through flash
column chromatography (eluent gradient, 3-5% EtOAc in hexanes). The product was
concentrated in the rotovap and dried under high vacuum to yield L13 as a white crystal (1.8
g, 61% yield). Chemical Formula: C17H23BO4. Molecular Weight: 302.18. LC-MS, [M + H]" =
303.18 (caled.) 303.32 (found). '"H NMR (500 MHz, CDCls) § 7.70 (d, J = 8.1 Hz, 2H), 7.28
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(d, 2H), 3.55 (s, J=3.1 Hz, 3H), 1.53 (dd, J = 4.0 Hz, 2H), 1.26 (s, 12H), 1.12 (dd, J = 4.0 Hz,
2H).

Synthesis of compound - Methyl 1-(4'-(5-(((4-fluorobenzyl) oxy) methyl)-4-methyl-1H-
1,2,3-triazol-1-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (LL14)

In a 100 mL round-bottom flask (RBF) with a stir bar, PPh3 (15 mg, 0.2 mmol) was added to a
solution of L7 (58 mg, 0.16 mmol) and benzyl alcohol (L23a) (55 mg, 0.32 mmol) in THF (8.0
mL). The mixture was cooled in an ice-water bath, then treated slowly with DEAD (0.5 mL,
2.1 mmol). The mixture was allowed to reach room temperature while stirring overnight. The
reaction mixture was monitored with HPLC-MS every 3 hrs. The desired compound, L14,
didn’t appear; however, the undesired compound, L14°, was found. Compound L14’ -
Chemical Formula: C43H42N6Os. Molecular Weight: 722.85. LC-MS, [M + H]"= 723.33
(caled.) 723.34 (found).

3.6.3 Experimental procedure and results for the second series compounds

Synthesis of N-(4-bromophenyl)-2-chloro-5-nitropyrimidin-4-amine (L.17)

H
Cl<__N._N
LI
N
Z>No, Br

A 0°C solution of 4-bromoaniline (1893 mg, 11 mmol) in 1,4-dioxane (30 mL) was prepared
using an ice bath. To this solution was slowly added 2,4-dichloro-5-nitropyrimidine (1940 mg,
10 mmol), shortly followed by the slow addition of N, N-diisopropylethylamine (1422 mg, 11
mmol) via syringe. The reaction mixture was allowed to warm to room temperature and then
stirred for 1 hr. The reaction mixture was diluted with ethyl acetate and extracted with brine.
The separated organic phase was dried over sodium sulfate, filtered, and evaporated. The
residue was adsorbed to silica and purified using flash silica gel column chromatography
(eluent gradient, 10-20% EtOAc in hexanes) to afford Compound L17 (2610 mg, yield: 81%).
Chemical Formula: C10H¢BrCIN4O,. Molecular Weight: 329.54. 'TH NMR (500 MHz, CDCls)
09.20 (s, 1H), 7.58 (d, J= 8.8 Hz, 2H), 7.53 (d, J = 8.9 Hz, 2H).

Synthesis of N4-94-bromophenyl)-2-chloropyrimidine-4,5-diamine (L18)

H
Cl N N
ToOCL
N
Z NH, Br
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Compound L17 (2610 mg, 8.03 mmol) was dissolved in a 1:2 mixture of EtOH:EtOAc (60 mL)
and the reflux condenser was set up. SnCl,*2H>O (5151 mg, 22.83 mmol) was weighed and
slowly added to the stirring flask, and the reaction was heated to 70°C. The reaction was stirred
for 3 hrs. After cooling to room temperature, a saturated solution of sodium carbonate was
prepared and added to the reaction mixture. The basified solution was filtered through a pad of
Celite, washed with EtOAc, dried over sodium sulfate, and evaporated. The residue was
adsorbed to silica and purified using flash silica gel column chromatography (eluent gradient,
30-50% EtOAc in hexanes) to afford Compound L18 (1511 mg, 66% of yield). Chemical
Formula: C1oHsBrCIN4. Molecular Weight: 299.56. 'TH NMR (500 MHz, CDCls) § 7.87 (s, 1H),
7.52 (d, J= 8.8 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H).

Synthesis of 3-(4-bromophenyl)-5-chloro-3H- [1,2,3] triazolo[4,5-d] pyrimidine (L.19)

Br

To Compound L18 (1630 mg, 5.41 mmol) was added acetonitrile (25 mL), and a reflux
condenser was set up. The solution was heated to 70°C and isobutyl nitrite (L18”) was slowly
added via syringe. The reaction was allowed to continue for 16 hrs and then slowly cooled to
room temperature. EtOAc (50 mL) was added to the room temperature solution, after which it
was further cooled to -20°C. Orange-brown crystals formed and were collected by filtration
and washed with cold EtOAc and cold hexane. This recrystallization process was repeated a
total of three times. The collected crystals were desiccated to give Compound L19 (1401 mg,
yield: 83%). Chemical Formula: C1oHsBrCINs. Molecular Weight: 310.54 'TH NMR (500 MHz,
CDClI3) 6 9.49 (s, 1H), 8.16 (d, J= 8.5 Hz, 2H), 7.77 (d, J = 8.5 Hz, 2H).
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Synthesis of Compounds L20a-L.22a

R W]

/N XY\I

L20a L21a L22a

/

Synthesis of Compound - 3-(4-bromophenyl)-N-(tert-butyl)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-5-amine (L20a)

Compound L19 (127 mg, 0.40 mmol) was dissolved in 1,4-dioxane (5 mL), and to this solution
was added 2-methylpropan-2-amine (55 mg, 0.40 mmol) and N, N-diisopropylethylamine (57
mg, 0.44 mmol) via syringe in short succession. The reaction was stirred for 16 hrs and then
diluted with EtOAc (30 mL). A series of brine extractions were performed, and the separated
organic layer was dried over sodium sulfate, washed with EtOAc, and filtered. The filtrate was
concentrated and desiccated. The dried residue was adsorbed to silica and purified using flash
silica gel column chromatography (eluent gradient, 10-15% EtOAc in hexanes) to afford
Compound L20a. Chemical Formula: C14H;5sBrNe. Molecular Weight: 347.22. "TH NMR (500
MHz, CDCl3) & 9.06 (s, 1H), 8.18 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 5.74 (s, 1H),
1.53 (s, 9H).

Synthesis of Compound - Methyl 1-(4'-(5-(tert-butylamino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21a)

Compound L20a (101 mg, 0.24 mmol) was dissolved in 8 mL of a 1:3 mixture of H20:1,4-
dioxane and the reflux condenser was prepared. The solution was heated to 80°C, and Na>2COs3
(54 mg, 0.515 mmol) was added to the solution. Compound L13 (99 mg, 0.31 mmol) was added
to the solution, quickly followed by the addition of Pd(dppf)Cl> (18 mg, 10 mol%). The
solution was bubbled with argon and then stirred for 10 hrs. The mixture was cooled and then
filtered through diatomaceous earth and partitioned between EtOAc and brine. The organic
phase was separated, dried over Na;SOs, filtered, and concentrated. The dried residue was
adsorbed to silica and purified using flash silica gel column chromatography (eluent gradient,

5-10% EtOAc in hexanes) to afford Compound L21a. Chemical Formula: CzsH26NsOo.
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Molecular Weight: 442.52. LC-MS, [M + H]" = 443.22 (calcd.) 443.32 (found). '"H NMR (500
MHz, CDCl3) 6 9.08 (s, 1H), 8.33 (d, /= 8.4 Hz, 2H), 7.79 (d, /= 8.4 Hz, 2H), 7.62 (d, J= 7.9
Hz, 2H), 7.46 (d, J= 7.9 Hz, 2H), 5.72 (s, 1H), 3.67 (s, 3H), 1.66 (q, 2H), 1.55 (s, 9H), 1.25 (q,
2H).

Compounds - 1-(4'-(5-(tert-butylamino)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-
biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L.22a)

Compound 21a (25 mg, 0.05 mmol) was dissolved in 2 mL of a prepared 1:3 mixture of H>O:
THEF. Lithium hydroxide pellets (LiOH) (21 mg, 0.72 mmol) were added to the solution, and
the solution was stirred overnight. The mixture was partitioned between EtOAc and brine, and
the organic phase was separated, dried over Na>SOs, filtered, and concentrated. The crude
product was purified through flash column chromatography (eluent gradient, 30% EtOAc in
hexanes) to provide the final compound L.22a. A white solid product was obtained in 31% yield
(26 mg). Chemical Formula: C24H24NsO2. Molecular Weight: 428.50. LC-MS, [M + H]" =
429.20 (caled.) 429.39 (found). 'H NMR (500 MHz, DMSO) & 9.32 (s, 1H), 8.31 (d, J = 8.3
Hz, 2H), 8.00 (d, J = 7.8 Hz, 2H), 7.76 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 1.53 (s,
9H), 1.36 — 1.32 (m, 2H), 0.88 (m, 2H). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 10.9 minutes. Purity=98%.
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Synthesis of Compounds L20b-L22b
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Synthesis of Compound - 3-(4-bromophenyl)-N-propyl-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-5-amine (L20b)

Compound L20b was prepared using the same procedures as L20a, but propan-1-amine was
used in place of 2-methylpropan-2-amine. Chemical Formula: Ci13H13BrNg. Molecular Weight:
333.19. 'TH NMR (500 MHz, CDCI3) § 9.07 (s, 1H), 8.20 (d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.3
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Hz, 2H), 5.80 (s, 1H), 3.49 (d, J = 6.5 Hz, 2H), 1.72 (m, J = 7.0 Hz, 2H), 1.03 (t, J= 7.4 Hz,
3H).

Synthesis of Compound - Methyl 1-(4'-(5-(propylamino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21b)

L21b was prepared using the same procedures as L21a. Chemical Formula: C24H24NgOo.
Molecular Weight: 428.50. '"H NMR (500 MHz, CDCI3) § 9.09 (s, 1H), 8.35 (d, J = 8.3 Hz,
2H), 7.79 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 7.8 Hz, 2H), 5.70 (s, 1H),
3.67 (s, 3H), 3.53 (q, 2H), 1.74 (m, 2H), 1.66 (q, 2H), 1.25 (q, 3H), 1.05 (t, 3H).

Synthesis of Compound - 1-(4'-(5-(propylamino)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-3-
yD-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22b)

L22b was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 30% EtOAc in hexanes) to provide the final
compound L22a. A white solid product was obtained in 33% yield (28mg). Chemical Formula:
C23H22N6O2. Molecular Weight: 414.47 LC-MS, [M + H]" = 415.19 (calcd.) 415.39 (found).
'HNMR (500 MHz, DMSO) § 12.38 (s, 1H), 9.30 (s, 1H), 8.29 (d, /= 8.3 Hz, 1H), 8.26 — 8.21
(m, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.70 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 3.38 —
3.34 (q,2H), 1.50 (q, /= 6.3, 3.8 Hz, 2H), 1.24 (t, 2H), 1.20 (q, /= 6.3, 3.7 Hz, 2H), 0.96 (t, J
=7.3 Hz, 3H). Purity testing by HPLC (Acquisition method 75%-95% Acetonitrile 20 minutes)
tr = 8.5 minutes. Purity=96%.

Synthesis of Compounds L20c-L.22¢

er - (O
HO/\/H?\T\,\IJ:Z:N O O

H H
A~_N N N, ~_N N N,
HO N \I \ HO N \I "
N A ~N N AN
L20c L21¢c L22¢c

Synthesis of Compound - 2-((3-(4-bromophenyl)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-5-
yl) amino) ethan-1-ol (L20c¢)
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Compound L20c was prepared using the same procedures as L20a, but 2-aminoethan-1-ol was
used in place of 2-methylpropan-2-amine. Chemical Formula: Ci2H11BrNsO. Molecular
Weight: 335.17. '"H NMR (500 MHz, CDCls) § 9.12 (s, 1H), 8.13 (d, J = 8.3 Hz, 2H), 7.70 (d,
J=8.3 Hz, 2H), 6.05 (s, 1H), 3.92 (d, /= 5.0 Hz, 2H), 3.74 (d, J = 5.0 Hz, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-((2-hydroxyethyl) amino)-3H- [1,2,3]
triazolo[4,5-d]| pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21c)

L21¢ was prepared using the same procedures as L21a. Chemical Formula: C23H20NsOs.
Molecular Weight: 430.47. '"H NMR (500 MHz, CDCls) § 9.13 (s, 1H), 8.26 (d, J = 8.2 Hz,
2H), 7.79 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 7.7 Hz, 2H), 7.46 (d, J = 7.7 Hz, 2H), 6.13 (s, 1H),
3.93 (q, 2H), 3.76 (q, 2H), 3.67 (s, 3H), 1.66 (q, 2H), 1.26 (q, 2H).

Synthesis of Compound L22¢ - 1-(4'-(5-((2-hydroxyethyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid

L22c¢ was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 30% EtOAc in hexanes) to provide the final
compound L22a. A white solid product was obtained in 35% yield (29mg). The product needs
further purification. Chemical Formula: C22H20N6O3. Molecular Weight: 416.44. LC-MS, [M
+H]"=417.17 (calcd.) 417.23 (found). '"H NMR (500 MHz, DMSO) § 9.28 (s, 1H), 8.27 (d, J
=7.7 2H), 8.09 (s, 1H), 7.95 (d, J = 8.0 Hz, 2H), 7.70 (d, J= 7.7 Hz, 2H), 7.45 (d, /= 8.0 Hz,
2H), 3.66 — 3.63 (t, 2H), 3.51 — 3.48 (t, 2H), 1.48 (q, /=2.4 Hz, 2H), 1.19 (q, J = 2.4 Hz, 2H).

Synthesis of Compounds L20d

Br

H
/\/N N\ N
H2N T\;[ /\N
N A~N
Synthesis of Compound - N1-(3-(4-bromophenyl)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-5-
yl) ethane-1,2-diamine (L20d)

Compounds L.20d was prepared using the same procedures as L.20a, but ethane-1,2-diamine
was used in place of 2-methylpropan-2-amine. Chemical Formula: Ci2H12BrN7. Molecular

Weight: 334.18. LC-MS, [M + H]" = 336.04 (calcd.) 336.07 (found).
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Synthesis of Compounds L20e-L.22e
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Synthesis of Compound - 3-(4-bromophenyl)-N-(cyclohexylmethyl)-3H-[1,2,3]

triazolo[4,5-d]pyrimidin-5-amine (L20e)

L20e was prepared using the same procedures as L20a, but cyclohexylmethanamine was used
in place of 2-methylpropan-2-amine. Chemical Formula: Ci7Hi9BrNs. Molecular Weight:
387.29. 'TH NMR (500 MHz, CDCl3) § 9.10 (d, 1H), 8.21 (d, J= 8.2 Hz, 2H), 7.69 (d, J = 8.2
Hz, 2H), 5.84 (s, 1H), 3.37 (s, 2H), 1.81 (m, 7H), 1.29 (d, 1H), 1.20 (m, 1H), 1.06 (m, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-((cyclohexylmethyl)amino)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21e)

L21e was prepared using the same procedures as L21a. Chemical Formula: CzsH30N6Ox.
Molecular Weight: 482.59. LC-MS, [M + H]* = 483.25 (calcd.) 483.40 (found). 'H NMR (500
MHz, CDCl3) 6 9.07 (s, 1H), 8.35 (d, J=8.4 Hz, 2H), 7.79 (d, /= 8.4 Hz, 3H), 7.61 (d, /= 7.8
Hz, 2H), 7.46 (d, J = 7.8 Hz, 2H), 5.76 (s, 1H), 3.67 (s, 3H), 3.41 (s, 2H), 1.85 (d, /= 12.2 Hz,
2H), 1.77 (d, J=12.2 Hz, 2H), 1.67 (m, 4H), 1.27 (m, 5H), 1.06 (d, 2H).

Synthesis of Compound - 1-(4'-(5-((cyclohexylmethyl)amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22e)

L.22e was prepared using the same procedures as L22a. The crude was purified by ACN/Water
(65% /35%) in prep-HPLC to provide the final compound. A light-yellow powder product was
obtained in 23% yield (21mg). Chemical Formula: C»7H238NsO>. Molecular Weight: 468.56.
LC-MS, [M + H]" = 469.24 (calcd.) 469.41 (found). '"H NMR (500 MHz, DMSO) & 9.33 (d,
1H), 8.33 (d, J= 8.5 Hz, 2H), 7.97 (d, J= 7.7 Hz, 2H), 7.74 (d, J= 7.7 Hz, 2H), 7.51 (d, J =
8.5 Hz, 2H), 3.30 (d, 2H), 1.86 — 1.52 (m, 10H), 1.30 — 1.18 (m, 5H). Purity testing by HPLC
(Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 9.5 minutes. Purity=99%.
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Synthesis of Compounds L20f-L22f
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Synthesis of Compound - (R)-3-(4-bromophenyl)-N-(1-cyclohexylethyl)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20f)

L20f was prepared using the same procedures as L20a, but (R)-1-cyclohexylethan-1-amine
was used in place of 2-methylpropan-2-amine. Chemical Formula: CisH21BrNg. Molecular
Weight: 401.31. "TH NMR (500 MHz, CDCI3) § 9.09 (s, 1H), 8.18 (d,J = 8.4 Hz, 2H), 7.69 (d,
J=28.4 Hz, 2H), 5.66 (s, 1H), 4.04 (s, 1H), 1.81 (m, 4H), 1.64 (m, 3H), 1.24 (d, 3H), 1.12 (m,
4H).

Synthesis of Compound - Methyl (R)-1-(4'-(5-((1-cyclohexylethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21f)

L21f was prepared using the same procedures as L21a. Chemical Formula: C29H32NsOx.
Molecular Weight: 496.62. LC-MS, [M + H]" = 497.27 (calcd.) 497.34 (found). "H NMR (500
MHz, CDCl3) 6 9.06 (s, 1H), 8.32 (d, J=8.4 Hz, 2H), 7.78 (d, /= 8.4 Hz, 2H), 7.61 (d, J="7.7
Hz, 2H), 7.46 (d, J= 7.7 Hz, 2H), 5.60 (s, 1H), 4.12 (m, 1H), 3.67 (s, 3H), 1.86 (d, 1H), 1.78
(d, 3H), 1.75 (m, 3H), 1.25 (m, 8H), 1.12 (m, 3H).

Synthesis of Compound - (R)-1-(4'-(5-((1-cyclohexylethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22f)

L22f was prepared using the same procedures as L22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A yellow solid product was
obtained in 22% yield (23mg). Chemical Formula: C2sH30N6O2. Molecular Weight: 482.59.
LC-MS, [M + H]" = 483.25 (calcd.) 483.41 (found). '"H NMR (500 MHz, DMSO) & 9.28 (s,
1H), 8.30 (d, /= 7.9 Hz, 2H), 7.96 (d, J = 8.4 Hz, 3H), 7.74 (d, J = 8.4 Hz, 2H), 7.50 (d, J =
7.9 Hz, 2H), 4.02 — 3.95 (m, 2H), 1.84 — 1.73 (m, 4H), 1.56 (m, 4H), 1.26 — 1.20 (m, 7H), 0.89
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(d, J = 6.9 Hz, 3H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20

minutes) tr = 13.3 minutes. Purity=98%.

Synthesis of Compounds L20g-1L.22g
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Synthesis of Compound - 3-(4-bromophenyl)-N-(pyridin-2-ylmethyl)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20g)

L20g was prepared using the same procedures as L20a, but pyridin-2-ylmethanamine was used
in place of 2-methylpropan-2-amine. Chemical Formula: Ci¢H2BrN7. Molecular Weight:
382.23. '"H NMR (500 MHz, CDCl3) § 9.14 (s, 1H), 8.62 (d, 1H), 8.15 (d, 2H), 7.68 (d, 3H),
7.36 (d, 1H), 7.23 (t, 1H), 6.89 (s, 1H), 4.83 (s, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-((pyridin-2-ylmethyl) amino)-3H- [1,2,3]

triazolo[4,5-d]| pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21g)

L21g was prepared using the same procedures as L21a. Chemical Formula: C27H23N70:.

Molecular Weight: 477.53. LC-MS, [M + H]" = 478.20 (calcd.) 478.29 (found).
Synthesis of Compound - 1-(4'-(5-((pyridin-2-ylmethyl) amino)-3H- [1,2,3] triazolo[4,5-d]

pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22g)

L.22g was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 30% EtOAc in hexanes) to provide the final
compound. The product needs further purficaiton. Chemical Formula: C26H21N70,. Molecular

Weight: 463.50. LC-MS, [M + H]" = 464.18 (calcd.) 464.29 (found).
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Synthesis of Compounds L20h-L22h
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Synthesis of Compound - 3-(4-bromophenyl)-N-(1-(pyridin-4-yl) ethyl)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20h)

L20h was prepared using the same procedures as L20a, but 1-(pyridin-4-yl) ethan-1-amine was
used in place of 2-methylpropan-2-amine. Chemical Formula: C17H14BrN7. Molecular Weight:
396.25. LC-MS, [M + H]" = 398.06 (calcd.) 398.13 (found). '"H NMR (500 MHz, CDCls) &
9.12 (s, 1H), 8.60 (d, J= 8.3 Hz, 2H), 7.83 (s, 2H), 7.61 (s, 2H), 7.32 (d, J = 8.3 Hz, 2H), 6.04
(s, 1H), 5.02 (s, 1H), 1.63 (d, J=7.0 Hz, 3H).

Synthesis of Compound - Methyl 1-(4'-(5-((1-(pyridin-4-yl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21h)

L21h was prepared using the same procedures as L21a. Chemical Formula: CzsH2sN7Ox.
Molecular Weight: 491.56. LC-MS, [M + H]" = 492.21 (calcd.) 492.30 (found). '"H NMR (500
MHz, CDCI3) 6 9.13 (d, 1H), 8.61 (d, /= 8.4 Hz, 2H), 7.98 (d, 1H), 7.68 (m, J = 8.0 Hz, 2H),
7.60 (d, J = 8.4 Hz, 2H), 7.47 (d, 3H), 7.36 (d, J= 8.0 Hz, 2H), 6.12 (s, 1H), 5.06 (s, 1H), 3.68
(s, 3H), 1.67 (m, 2H), 1.64 (d, 3H), 1.27 (m, 2H).

Synthesis of Compound - 1-(4'-(5-((1-(pyridin-4-yl) ethyl) amino)-3H- [1,2,3] triazolo[4,5-
d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22h)

L22h was prepared using the same procedures as L.22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A white solid product was obtained
in 34% yield (30mg). Chemical Formula: C27H23N70,. Molecular Weight: 477.53. LC-MS, [M
+HJ" = 478.20 (calcd.) 478.29 (found). 'H NMR (500 MHz, DMSO) & 12.38 (s, 1H), 9.31 (d,
1H), 8.91 (d, 1H), 8.55 (d, /= 7.9 Hz, 2H), 8.06 (d, J = 8.3 Hz, 2H), 7.89 (d, /= 8.3 Hz, 2H),
7.70 (d, J=17.9 Hz, 2H), 7.47 (d, 2H), 7.08 (d, 1H), 6.83 (d, 2H), 5.03 (q, 1H), 1.57 (q, 2H),
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1.53 (d, J="7.2 Hz, 3H), 1.20 (q, 2H). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 10.7 minutes. Purity=99%.

Synthesis of Compounds L20i-L22i
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Synthesis of Compound - N-benzyl-3-(4-bromophenyl)-3H-[1,2,3] triazolo[4,5-
d]pyrimidin-5-amine (L20i)

L20i was prepared using the same procedures as L20a, but phenylmethanamine was used in
place of 2-methylpropan-2-amine. Chemical Formula: C17H13BrNs. Molecular Weight: 381.24.
LC-MS, [M + H]* = 383.04 (calcd.) 383.17 (found). 'H NMR (500 MHz, CDCls) & 9.10 (s,
1H), 8.10 (d, J= 8.5 Hz, 2H), 7.66 (d, /= 8.5 Hz, 2H), 7.38 (m, 4H), 7.31 (d, 1H), 6.14 (s, 1H),
4.71 (s, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-(benzylamino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21i)

L21i was prepared using the same procedures as L21a. Chemical Formula: CzsH24NgOo.
Molecular Weight: 476.54. LC-MS, [M + H]" = 477.20 (calcd.) 477.22 (found). "H NMR (500
MHz, CDCls) 6 9.12 (s, 1H), 8.26 (d, /= 8.5 Hz, 2H), 7.76 (d, J = 8.5 Hz, 2H), 7.60 (d, /= 8.0
Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 7.42 (s, 2H), 7.38 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz,
1H), 4.75 (s, 2H), 3.67 (s, 3H), 1.66 (q, J = 4.0 Hz, 2H), 1.25 (q, /= 4.0 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-(benzylamino)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-3-

yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22i)

L22i was prepared using the same procedures as L22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A white powder product was
obtained in 35% yield (31mg). Chemical Formula: C27H22N6O2. Molecular Weight: 462.51.
LC-MS, [M + H]" = 463.19 (calcd.) 463.25 (found). '"H NMR (500 MHz, DMSO) & 9.35 (s,
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1H), 8.89 (s, 1H), 8.23 (d, J = 8.3 Hz, 2H), 7.96 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H),
7.54 —7.48 (m, 4H), 7.42 (d, J= 8.0 Hz, 2H), 7.29 (t, /= 7.1 Hz, 1H), 4.63 (s, 2H), 1.58 (m,
2H), 1.25 (m, 2H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20

minutes) tr = 16.4 minutes. Purity=95%.

Synthesis of Compounds L20j-L22j
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Synthesis of Compound - (R)-3-(4-bromophenyl)-N-(1-phenylethyl)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20j)

L20j was prepared using the same procedures as L20a, but (R)-1-phenylethan-1-amine was
used in place of 2-methylpropan-2-amine. Chemical Formula: C1sH;sBrN6. Molecular Weight:
395.26. LC-MS, [M + H]" = 397.06 (calcd.) 397.17 (found). '"H NMR (500 MHz, CDCls) &
9.08 (s, 1H), 7.95 (d, J=17.5 Hz, 2H), 7.62 (d, 2H), 7.42 (d, J= 7.5 Hz, 2H), 7.37 (t, 2H), 7.28
(d, 1H), 6.08 (s, 1H), 5.06 (s, 1H), 1.63 (d, 3H).

Synthesis of Compound - Methyl (R)-1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3]
triazolo[4,5-d]| pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21j)

L21j was prepared using the same procedures as L21a. Chemical Formula: C29H26NsOo.
Molecular Weight: 490.57. LC-MS, [M + H]* = 491.22 (calcd.) 491.30 (found). "H NMR (500
MHz, CDCl3) 6 9.10 (s, 1H), 8.12 (d, J="7.6 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.61 (d, /= 8.1
Hz, 2H), 7.46 (m, 4H), 7.38 (t, J = 7.6 Hz, 2H), 7.28 (d, 1H), 6.04 (s, 1H), 5.13 (s, 1H), 3.68
(s, 3H), 1.67 (q, J=4.0 Hz, 2H), 1.64 (d, /= 6.9 Hz, 3H), 1.26 (q, J = 4.0 Hz, 2H).

Synthesis of Compound - (R)-1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22j)

L22j was prepared using the same procedures as L.22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A white solid product was obtained
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in 36% yield (27mg). Chemical Formula: C2sH24NsO2. Molecular Weight: 476.54. LC-MS, [M
+ H]" = 477.20 (caled.) 477.22 (found). 'H NMR (500 MHz, DMSO) § 9.22 (s, 1H), 8.77 (d,
1H), 8.06 (d, J = 8.4 Hz, 2H), 7.83 (d, /= 8.4 Hz, 2H), 7.62 (d, 2H), 7.40 (m, 4H), 7.29 (t, J =
7.5 Hz, 2H), 7.13 (t, J = 7.5 Hz, 1H), 5.00 — 4.95 (m, 1H), 1.45 (d, /= 6.9 Hz, 3H), 1.40 (m,
2H), 1.09 (m, 2H). Purity testing by HPLC (Acquisition method 75%-95% Acetonitrile 20

minutes) tr = 9.7 minutes. Purity=95%.

Synthesis of Compounds L20k-L.22k
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Synthesis of Compound - (S)-3-(4-bromophenyl)-N-(1-phenylethyl)-3H- [1,2,3]
triazolo[4,5-d]| pyrimidin-5-amine (L20k)

L20k was prepared using the same procedures as L20a, but (S)-1-phenylethan-1-amine was
used in place of 2-methylpropan-2-amine. Chemical Formula: C1sH1sBrN6. Molecular Weight:
395.26. LC-MS, [M + H]" = 397.06 (calcd.) 397.09 (found). '"H NMR (500 MHz, CDCls) &
9.09 (s, 1H), 7.95 (d, J=7.5 Hz, 2H), 7.62 (d, 2H), 7.42 (d, J= 7.5 Hz, 2H), 7.37 (t, 2H), 7.28
(d, 1H), 6.06 (s, 1H), 5.06 (s, 1H), 1.63 (d, 3H).

Synthesis of Compound - Methyl (S)-1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21k)

L21k was prepared using the same procedures as L21a. Chemical Formula: C29H26NgOx.
Molecular Weight: 490.57. LC-MS, [M + H]" = 491.22 (calcd.) 491.23 (found). '"H NMR (500
MHz, CDCls) 6 9.10 (s, 1H), 8.13 (d, J=7.5 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.61 (d, J=8.1
Hz, 2H), 7.46 (m, 4H), 7.38 (t, J=7.5 Hz, 2H), 7.28 (t, 1H), 6.03 (s, 1H), 5.12 (s, 1H), 3.68 (s,
3H), 1.67 (q, J=4.1 Hz, 2H), 1.64 (d, /= 6.9 Hz, 3H), 1.26 (q, /= 4.1 Hz, 2H).

Synthesis of Compound - (S)-1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22k)
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L22k was prepared using the same procedures as L.22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A grey solid product was obtained
in 37% yield (29mg). Chemical Formula: C2sH24N6O2. Molecular Weight: 476.54. LC-MS, [M
+ H]" = 477.20 (calcd.) 477.34 (found). 'H NMR (500 MHz, DMSO) § 9.22 (s, 1H), 8.77 (d,
1H), 8.06 (d, J = 8.3 Hz, 2H), 7.83 (d, /= 8.3 Hz, 2H), 7.63 (d, J = 7.8 Hz, 2H), 7.40 (t, 4H),
7.28 (d, J=17.8 Hz, 2H), 7.13 (t, 1H), 5.01 — 4.95 (m, 1H), 1.45 (d, J = 6.9 Hz, 3H), 1.41 (s,
2H), 1.10 (s, 2H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20

minutes) tr = 16.1 minutes. Purity=98%.

Synthesis of Compounds L201-L221
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Synthesis of Compound - 3-(4-bromophenyl)-N-(1-phenylethyl)-3H-[1,2,3] triazolo[4,5-d]
pyrimidin-5-amine (L201)

L201 was prepared using the same procedures as L20a, but 1-phenylethan-1-amine was used
in place of 2-methylpropan-2-amine. Chemical Formula: CigHisBrN6. Molecular Weight:
395.26. 'TH NMR (500 MHz, CDCl3) § 9.09 (s, 1H), 7.95 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 8.0
Hz, 2H), 7.39 (m, 4H), 7.28 (d, 1H), 6.06 (s, 1H), 5.06 (s, 1H), 1.63 (d, 3H).

Synthesis of Compound - Methyl 1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3] triazolo[4,5-
d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L211)
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L211 was prepared using the same procedures as L21a. Chemical Formula: C29H2sNsOo.
Molecular Weight: 490.57. LC-MS, [M + H]" = 491.2 (calcd.) 491.34 (found). 'H NMR (500
MHz, CDCl3) 6 9.10 (s, 1H), 8.13 (s, J= 7.5 Hz, 2H), 7.72 (d, /= 7.9 Hz, 2H), 7.61 (d, J="7.9
Hz, 2H), 7.46 (m, 4H), 7.38 (t, /= 7.5 Hz, 2H), 7.28 (d, /= 7.3 Hz, 1H), 6.05 (s, 1H), 5.12 (s,
1H), 3.67 (s, 3H), 1.67 (q, J=4.0 Hz, 2H), 1.64 (d, /= 6.9 Hz, 3H), 1.26 (q, J = 4.0 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-((1-phenylethyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22I)

L.221 was prepared using the same procedures as L.22a. The crude product was purified through
flash column chromatography (eluent gradient, 20% EtOAc in hexanes) to provide the final
compound. The product needs further purification. Chemical Formula: C2sH24N6O2. Molecular
Weight: 476.54. LC-MS, [M + H]" = 477.20 (calcd.) 477.33 (found). 'H NMR (500 MHz,
DMSO) 6 12.38 (s, 1H), 9.30 (s, 1H), 8.84 (d, 1H), 8.17 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.3
Hz, 3H), 7.71 (d, J = 7.4 Hz, 2H), 7.48 (t, 4H), 7.37 (t, J = 7.4 Hz, 2H), 7.21 (t, 1H), 5.09 —
5.00 (m, 1H), 1.53 (d, J=7.2 Hz, 3H), 1.51 (m, J = 2.1 Hz, 2H), 1.21 (m, J= 2.1 Hz, 2H).

Synthesis of Compounds L20m-L22m
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Synthesis of Compound - 3-(4-bromophenyl)-N-(2-fluorobenzyl)-3H-[1,2,3] triazolo[4,5-
d] pyrimidin-5-amine (L20m)

L20m was prepared using the same procedures as L.20a, but (2-fluorophenyl) methanamine
was used in place of 2-methylpropan-2-amine. Chemical Formula: Ci7H12BrFNs. Molecular
Weight: 399.23. "TH NMR (500 MHz, CDCl3) § 9.10 (s, 1H), 8.14 (d, J = 8.7 Hz, 2H), 7.69 (d,
J=8.7Hz, 2H), 7.42 (t, 1H), 7.28 (d, 1H), 7.10 (d, 2H), 4.77 (s, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-((2-fluorobenzyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21m)
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L21m was prepared using the same procedures as L21a. Chemical Formula: C2sH23FNsOo.
Molecular Weight: 494.53. LC-MS, [M + H]" = 495.19 (calcd.) 495.26 (found). "H NMR (500
MHz, CDCl3) 6 9.12 (s, 1H), 8.28 (d, /= 8.0 Hz, 2H), 7.78 (d, /= 8.0 Hz, 2H), 7.62 (d, J=7.6
Hz, 2H), 7.46 (d, 3H), 7.29 (t, 1H), 7.10 (d, J= 7.6 Hz, 2H), 6.10 (s, 1H), 4.80 (s, 2H), 3.67 (s,
3H), 1.67 (q,J=4.1 Hz, 2H), 1.24 (q, J = 4.1 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-((2-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22m)

L22m was prepared using the same procedures as L22a. The crude product was purified
through flash column chromatography (eluent gradient, 20% EtOAc in hexanes) to provide the
final compound. A white solid product was obtained in 39% yield (32mg). Chemical Formula:
C27H21FN6O2. Molecular Weight: 480.50. LC-MS, [M + H]" = 481.18 (calcd.) 481.25 (found).
"H NMR (500 MHz, DMSO) § 9.36 (s, 1H), 8.24 (d, J= 8.1 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H),
7.75 (d, J= 8.1 Hz, 2H), 7.51 (d, J = 8.0 Hz, 2H), 7.42 (d, 1H), 7.38 — 7.28 (m, 2H), 7.22 (t,
1H), 4.72 (s, 2H), 1.58 (q, 2H), 1.33 (q, 2H). Purity testing by HPLC (Acquisition method 65%-
95% Acetonitrile 20 minutes) tr = 11.8 minutes. Purity=94%.

Synthesis of Compounds L20n-L.22n
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Synthesis of Compound - (R)-3-(4-bromophenyl)-N-(1-(2-fluorophenyl) ethyl)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20n)

L20n was prepared using the same procedures as L20a, but (R)-1-(2-fluorophenyl) ethan-1-
amine was used in place of 2-methylpropan-2-amine. Chemical Formula: CisHi4BrFNe.
Molecular Weight: 413.25. 'H NMR (500 MHz, CDCls) § 9.08 (s, 1H), 8.04 (d, J = 8.3 Hz,
2H), 7.64 (d, J=8.3 Hz, 2H), 7.38 (t, 1H), 7.23 (d, 1H), 7.10 (d, 2H), 6.34 (s, 1H), 5.39 (s, 1H),
1.65 (d, 3H).
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Synthesis of Compound - Methyl (R)-1-(4'-(5-((1-(2-fluorophenyl) ethyl) amino)-3H-
[1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate
(L21n)

L21n was prepared using the same procedures as L21a. Chemical Formula: C29H25FNgO.

Molecular Weight: 508.56. LC-MS, [M + H]" = 509.21 (calcd.) 509.34 (found). '"H NMR (500
MHz, CDCl3) 6 9.10 (s, 1H), 8.19 (d, J=8.1 Hz, 2H), 7.74 (d, /= 8.1 Hz, 2H), 7.62 (d, J="7.9
Hz, 2H), 7.47 (d, J=7.9 Hz, 2H), 7.41 (t, J= 7.5 Hz, 1H), 7.22 (m, 1H), 7.10 (t, /= 7.5 Hz,
2H), 6.13 (s, 1H), 5.43 (s, 1H), 3.68 (s, 3H), 1.67 (q, 2H), 1.66 (d, 3H), 1.26 (q, 2H).

Synthesis of Compound - (R)-1-(4'-(5-((1-(2-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22n)

L.22n was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 20% EtOAc in hexanes) to provide the final
compound. A white solid product was obtained in 38% yield (30mg). Chemical Formula:
C2sH23FN6O2. Molecular Weight: 494.53. LC-MS, [M + H]" = 495.19 (calcd.) 495.26 (found).
'"H NMR (500 MHz, DMSO) & 12.40 (s, 1H), 9.31 (s, 1H), 8.91 (d, 1H), 8.12 (d, J = 8.4 Hz,
2H), 7.85 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.47 (d, 3H), 7.27 (t, J = 8.2Hz, 2H),
7.16 (t, 1H), 5.34 (q, 1H), 1.54 (d, J= 6.9 Hz, 3H), 1.52 — 1.50 (q, J = 4.5 Hz, 2H), 1.21 (q, J
=4.5 Hz, 2H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes)
tr = 10.9 minutes. Purity=96%.

Synthesis of Compounds L.20o-L220
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Synthesis of Compound - (S)-3-(4-bromophenyl)-N-(1-(2-fluorophenyl) ethyl)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L.200)
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L200 was prepared using the same procedures as L20a, but (S)-1-(2-fluorophenyl) ethan-1-
amine was used in place of 2-methylpropan-2-amine. Chemical Formula: CigHi4BrFNe.
Molecular Weight: 413.25. 'TH NMR (500 MHz, CDCls) § 9.08 (s, 1H), 8.04 (d, J = 7.7 Hz,
2H), 7.64 (d, 2H), 7.38 (t, 1H), 7.23 (d, 1H), 7.10 (d, J= 7.7 Hz, 2H), 6.29 (s, 1H), 5.39 (s, 1H),
1.65 (d, 3H).

Synthesis of Compound - Methyl (S)-1-(4'-(5-((1-(2-fluorophenyl) ethyl) amino)-3H-
[1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate
(L210)

L210o was prepared using the same procedures as L21a. Chemical Formula: C29H2sFNgOo.
Molecular Weight: 508.56. LC-MS, [M + H]* = 509.20 (calcd.) 509.34 (found). 'H NMR (500
MHz, CDCl3) 6 9.10 (s, 1H), 8.19 (d, J=8.2 Hz, 2H), 7.74 (d, /= 8.2 Hz, 2H), 7.62 (d, J=7.9
Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H), 7.22 (m, 1H), 7.10 (t, J = 7.4 Hz,
2H), 6.12 (s, 1H), 5.43 (s, 1H), 3.68 (s, 3H), 1.68 (q, 2H), 1.66 (d, 3H), 1.26 (q, 2H).

Synthesis of Compound - (S)-1-(4'-(5-((1-(2-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L220)

L220 was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 20-30% EtOAc in hexanes) to provide the final
compound. A white solid product was obtained in 37% yield (29mg). Chemical Formula:
C2sH23FN6O2. Molecular Weight: 494.53. LC-MS, [M + H]" = 495.19 (calcd.) 495.34 (found).
'H NMR (500 MHz, DMSO) § 12.41 (s, 1H), 9.31 (s, 1H), 8.91 (d, 1H), 8.12 (d, J = 8.4 Hz,
2H), 7.85 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 7.6 Hz, 2H), 7.47 (d, 3H), 7.27 (t, J= 7.6 Hz, 2H),
7.16 (t, 1H), 5.34 (m, 1H), 1.54 (d, /= 6.8 Hz, 3H), 1.51 (q, J=2.3 Hz, 2H), 1.21 (q, J=2.3
Hz, 2H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile 20 minutes) tr =
10.9 minutes. Purity=99%.
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Synthesis of Compounds L20p-L22p
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Synthesis of Compound - 3-(4-bromophenyl)-N-(3-fluorobenzyl)-3H-[1,2,3] triazolo[4,5-
d] pyrimidin-5-amine (L20p)

L20p was prepared using the same procedures as L.20a, but (3-fluorophenyl) methanamine was
used in place of 2-methylpropan-2-amine. Chemical Formula: Ci7Hi2BrFNs. Molecular
Weight: 399.23. '"H NMR (500 MHz, CDCls) § 9.12 (s, 1H), 8.06 (d, J = 8.7 Hz, 2H), 7.66 (d,
J=28.7 Hz, 2H), 7.33 (m, 1H), 7.18 (d, 1H), 7.11 (d, 1H), 7.00 (t, 1H), 6.20 (s, 1H), 4.70 (s,
2H).

Synthesis of Compound - Methyl 1-(4'-(5-((3-fluorobenzyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21p)

L21p was prepared using the same procedures as L21a. Chemical Formula: C28H23FNgO-.
Molecular Weight: 494.53. LC-MS, [M + H]* = 495.19 (calcd.) 495.34 (found). 'H NMR (500
MHz, CDCl) 6 9.14 (s, 1H), 8.21 (d, J=8.5 Hz, 2H), 7.76 (d, J = 8.5 Hz, 2H), 7.60 (d, /= 8.1
Hz, 2H), 7.46 (d, J= 8.1 Hz, 2H), 7.33 (q, /= 7.7 Hz, 1H), 7.17 (dd, J = 7.6 Hz, 2H), 6.99 (t,
J=17.6 Hz, 1H), 6.13 (s, 1H), 4.74 (s, 2H), 3.67 (s, 3H), 1.66 (q, /=4.0 Hz, 2H), 1.25 (q, J =
4.0 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-((3-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22p)

L22p was prepared using the same procedures as L22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A light-grey solid product was
obtained in 35% yield (26mg). Chemical Formula: C27H21FNsO>. Molecular Weight: 480.50.
LC-MS, [M + H]" = 481.18 (calcd.) 481.25 (found). 'H NMR (500 MHz, DMSO) & 9.25 (s,
1H), 8.79 (s, 1H), 8.09 (d, /= 8.1 Hz, 2H), 7.82 (d, /= 8.1 Hz, 2H), 7.60 (d, /= 7.7 Hz, 2H),
7.38 (d, J=7.7 Hz, 2H), 7.35 — 7.31 (m, 1H), 7.23 — 7.17 (m, 2H), 6.99 (t, 1H), 4.52 (d, J =
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5.5 Hz, 2H), 1.40 (q, J = 2.4 Hz, 2H), 1.08 (q, J = 2.4 Hz,2H). Purity testing by HPLC
(Acquisition method 75%-95% Acetonitrile 20 minutes) tr = 9.3 minutes. Purity=97%.

Synthesis of Compounds L.20q-L22q
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Synthesis of Compound - (R)-3-(4-bromophenyl)-N-(1-(3-fluorophenyl) ethyl)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20q)

L20q was prepared using the same procedures as L20a, but (R)-1-(3-fluorophenyl) ethan-1-
amine was used in place of 2-methylpropan-2-amine. Chemical Formula: CigH4BrFNe.
Molecular Weight: 413.25. 1H NMR (500 MHz, CDCI3) & 9.09 (s, 1H), 7.91 (s, J = 8.2 Hz,
2H), 7.63 (d, J = 8.2 Hz, 2H), 7.34 (d, 1H), 7.20 (d, 1H), 7.13 (d, 1H), 6.96 (t, 1H), 6.24 (s,
1H), 5.02 (s, 1H), 1.62 (d, 3H).

Synthesis of Compound - Methyl (R)-1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H-
[1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate
(L21q)

L21q was prepared using the same procedures as L21a. Chemical Formula: C20H25FNsO».

Molecular Weight: 508.56. 'H NMR (500 MHz, CDCls) § 9.11 (s, 1H), 8.08 (s, J = 8.2 Hz,
2H), 7.73 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 7.9 Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 7.33 (d, 1H),
7.22 (d, 1H), 7.16 (d, 1H), 6.96 (t, 1H), 6.10 (s, 1H), 5.07 (s, 1H), 3.68 (s, 3H), 1.67 (q, J= 4.1
Hz, 2H), 1.63 (d, J= 6.9 Hz, 3H), 1.26 (q, J = 4.1 Hz, 2H).

Synthesis of Compound - (R)-1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22q)

L22q was prepared using the same procedures as L.22a. The crude product was purified through

flash column chromatography (eluent gradient, 20-30% EtOAc in hexanes) to provide the final
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compound. A light-grey solid product was obtained in 33% yield (24mg). Chemical Formula:
CasH23FN6O2. Molecular Weight: 494.53. LC-MS, [M + H]" =495.19 (caled.) 495.42 (found).
'H NMR (500 MHz, DMSO) § 12.39 (s, 1H), 9.30 (s, 1H), 8.84 (d, 1H), 8.11 (d, J = 8.4 Hz,
2H), 7.87 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 7.9 Hz, 2H), 7.47 (d, J= 7.9 Hz, 2H), 7.44 — 7.39
(m, 1H), 7.31 (d, 2H), 7.03 (t, 1H), 5.05 (m, 1H), 1.53 (d, J=7.1 Hz, 3H), 1.51 (q, /= 2.4 Hz,
2H), 1.21 (q, J = 2.4 Hz, 2H). Purity testing by HPLC (Acquisition method 65%-95%

Acetonitrile 20 minutes) tr = 10.8 minutes. Purity=97%.

Synthesis of Compounds L20r-L22r
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Synthesis of Compounds - (S)-3-(4-bromophenyl)-N-(1-(3-fluorophenyl) ethyl)-3H-[1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20r)

L20r was prepared using the same procedures as L20a, but (S)-1-(3-fluorophenyl) ethan-1-
amine was used in place of 2-methylpropan-2-amine. Chemical Formula: CigHi4BrFNe.
Molecular Weight: 413.25. 'TH NMR (500 MHz, CDCls) § 9.09 (s, 1H), 7.92 (d, J = 8.2 Hz,
2H), 7.63 (d, J=8.2 Hz, 2H), 7.34 (d, 1H), 7.20 (d, J= 7.7 Hz, 1H), 7.13 (d, 1H), 6.96 (t, 1H),
6.17 (s, 1H), 5.02 (s, 1H), 1.62 (d, 3H).

Synthesis of Compound - Methyl (S)-1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H-
[1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate
(L21r)

L21r was prepared using the same procedures as L21a. Chemical Formula: C29H25sFNsO».

Molecular Weight: 508.56. 'H NMR (500 MHz, CDCls) § 9.11 (s, 1H), 8.08 (s, J = 8.2 Hz,
2H), 7.73 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.33 (q, 1H),
7.22 (d, 1H), 7.16 (d, 1H), 6.97 (t, 1H), 6.05 (s, 1H), 5.07 (s, 1H), 3.68 (s, 3H), 1.67 (q, J= 4.0
Hz, 2H), 1.63 (d, J = 6.9 Hz, 3H), 1.26 (q, J = 4.0 Hz, 2H).
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Synthesis of Compound - (S)-1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22r)

L22r was prepared using the same procedures as L.22a. The crude product was purified through
flash column chromatography (eluent gradient, 20-30% EtOAc in hexanes) to provide the final
compound. A white solid product was obtained in 40% yield (37mg). Chemical Formula:
CasH23FN6O2. Molecular Weight: 494.53. LC-MS, [M + H]" = 495.19 (caled.) 495.34 (found).
"H NMR (500 MHz, DMSO) § 12.41 (s, 1H), 9.31 (s, 1H), 8.86 (d, 1H), 8.12 (d, J = 8.5 Hz,
2H), 7.89 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 7.41 (t, 1H),
7.34 —7.30 (d, 2H), 7.04 (d, 1H), 5.06 (m, J = 6.8 Hz, 1H), 1.53 (d, 3H), 1.50 (q, J = 2.6 Hz,
2H), 1.21 (q, J = 2.6 Hz, 2H). Purity testing by HPLC (Acquisition method 65%-95%

Acetonitrile 20 minutes) tr = 11.1 minutes. Purity=98%.

Synthesis of Compounds L20s-L.22s
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Synthesis of Compound - 3-(4-bromophenyl)-N-(1-(3-fluorophenyl) ethyl)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20s)

L20s was prepared using the same procedures as L20a, but 1-(3-fluorophenyl) ethan-1-amine
was used in place of 2-methylpropan-2-amine. Chemical Formula: CisH14BrFNs. Molecular
Weight: 413.25. '"H NMR (500 MHz, CDCls) § 9.10 (s, 1H), 7.92 (d, J= 7.9 Hz, 2H), 7.63 (d,
J=7.9Hz, 2H), 7.34 (d, 1H), 7.20 (d, 1H), 7.13 (d, 1H), 6.97 (t, 1H), 6.04 (s, 1H), 5.02 (s, 1H),
1.62 (d, 3H).

Synthesis of Compound - Methyl 1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21s)
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L21s was prepared using the same procedures as L21a. Chemical Formula: C29H25FNsOo.
Molecular Weight: 508.56. LC-MS, [M + H]* = 509.21 (calcd.) 509.34 (found). '"H NMR (500
MHz, CDCl3) 6 9.12 (s, 1H), 8.07 (d, /= 7.9 Hz, 2H), 7.74 (d, J = 8.1 Hz, 2H), 7.61 (d, J=8.1
Hz, 2H), 7.47 (d, J= 7.9 Hz, 2H), 7.34 (m, 1H), 7.23 (d, 1H), 7.16 (d, 1H), 6.97 (t, 1H), 6.14
(s, 1H), 5.07 (q, 1H), 3.68 (s, 3H), 1.67 (q, J = 4.0 Hz, 2H), 1.63 (d, J = 6.9 Hz, 3H), 1.28 —
1.25 (q, J=4.0 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-((1-(3-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22s)

L.22s was prepared using the same procedures as L22a. The crude was purified by ACN/Water
(65% / 35%) in prep-HPLC to provide the final compound. A grey solid product was obtained
in 26% yield (19mg). Chemical Formula: C2sH23FN6O2. Molecular Weight: 494.53. LC-MS,
[M + H]" = 495.19 (calcd.) 495.20 (found). "H NMR (500 MHz, DMSO) & 9.24 (s, 1H), 8.77
(d, 1H), 8.05 (d, J = 8.5 Hz, 2H), 7.82 (d, /= 8.5 Hz, 2H), 7.61 (d, J= 7.6 Hz, 2H), 7.40 (d, J
=7.6 Hz, 2H), 7.34 (d, 1H), 7.27 - 7.21 (m, 2H), 6.96 (t, 1H), 4.98 (q, 1H), 1.46 (d, J= 6.9 Hz,
3H), 1.41 (q, 2H), 1.10 (q, 2H). Purity testing by HPLC (Acquisition method 65%-95%
Acetonitrile 20 minutes) tr = 15.6 minutes. Purity=97%.

Synthesis of Compounds L20t-1.22t
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Synthesis of Compound - 3-(4-bromophenyl)-N-(4-fluorobenzyl)-3H- [1,2,3] triazolo[4,5-
d] pyrimidin-5-amine (L20t)

L20t was prepared using the same procedures as L.20a, but (4-fluorophenyl) methanamine was

used in place of 2-methylpropan-2-amine. Chemical Formula: Ci7H12BrFNs. Molecular
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Weight: 399.23. 'H NMR (500 MHz, CDCl3) § 9.11 (s, 1H), 8.10 (d, J= 8.9 Hz, 2H), 7.67 (d,
J=8.9 Hz, 2H), 7.36 (m, J = 8.6 Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.10 (s, 1H), 4.68 (s, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-((4-fluorobenzyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L21¢t)

L21t was prepared using the same procedures as L21a. Chemical Formula: C2sH23FNgOo.
Molecular Weight: 494.53. '"H NMR (500 MHz, CDCI3) § 9.14 (s, 1H), 8.25 (d, J = 8.2 Hz,
2H), 7.76 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 7.8 Hz, 2H), 7.46 (d, /= 7.8 Hz, 2H), 7.39 (d, J =
8.5 Hz, 2H), 7.05 (d, J= 8.5 Hz, 2H), 6.03 (s, 1H), 4.72 (s, 2H), 3.67 (s, 3H), 1.67 (q, 2H), 1.25
(q, 2H).

Synthesis of Compound - 1-(4'-(5-((4-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L22t)

L22t was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 20-30% EtOAc in hexanes) to provide the final
compound. A grey solid product was obtained in 27% yield (20mg). Chemical Formula:
C27H21FN6O2. Molecular Weight: 480.50. LC-MS, [M + H]" = 481.18 (calcd.) 481.33 (found).
'"H NMR (500 MHz, DMSO0)  9.29 (s, 1H), 8.18 (d, J = 8.0 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H),
7.70 (d, J=7.3 Hz, 2H), 7.46 (d, J= 8.0 Hz,, 2H), 7.37 (d, J= 8.4 Hz, 2H), 7.19 (d, /= 8.7 Hz,
2H), 7.07 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 7.3 Hz, 2H), 4.55 (s, 2H), 1.56 (m, J = 2.4 Hz, 2H),
1.30 (m, J = 2.4 Hz, 2H). Purity testing by HPLC (Acquisition method 65%-95% Acetonitrile
20 minutes) tr = 10.9 minutes. Purity=95%.

Synthesis of Compounds L20v-L22v
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Synthesis of Compound - (S)-3-(4-bromophenyl)-N-(1-(4-fluorophenyl) ethyl)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-5-amine (L20v)
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L20v was prepared using the same procedures as L20a, but (S)-1-(4-fluorophenyl) ethan-1-
amine was used in place of 2-methylpropan-2-amine. Chemical Formula: CigHi4BrFNe.
Molecular Weight: 413.25. 'TH NMR (500 MHz, CDCls) § 9.08 (s, 1H), 7.97 (d, J = 7.8 Hz,
2H), 7.63 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 7.8 Hz, 2H), 7.05 (t, J = 8.4 Hz, 2H), 6.22 (s, 1H),
5.06 (s, 1H), 1.62 (d, 3H).

Synthesis of Compound - Methyl (S)-1-(4'-(5-((1-(4-fluorophenyl) ethyl) amino)-3H-
[1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate
(L21v)

L21v was prepared using the same procedures as L21a. Chemical Formula: C29H25sFNgOo.

Molecular Weight: 508.56. LC-MS, [M + H]" = 509.21 (calcd.) 509.30 (found). "H NMR (500
MHz, CDCl3) 8 9.11 (s, 1H), 8.13 (d, 2H), 7.73 (d, 2H), 7.61 (d, J= 7.9 Hz, 2H), 7.47 (d, J =
7.9 Hz, 2H), 7.41 (m, J = 8.4 Hz, 2H), 7.05 (t, J = 8.4 Hz, 2H), 6.04 (s, 1H), 5.12 (s, 1H), 3.68
(s, 3H), 1.67 (q, 2H), 1.63 (d, 3H), 1.26 (q, 2H).

Synthesis of Compound - (S)-1-(4'-(5-((1-(4-fluorophenyl) ethyl) amino)-3H- [1,2,3]
triazolo[4,5-d] pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid
(L22v)

L22v was prepared using the same procedures as L22a. The crude product was purified through
flash column chromatography (eluent gradient, 20-30% EtOAc in hexanes) to provide the final
compound. A white solid product was obtained in 29% yield (27mg). Chemical Formula:
C2sH23FN6O2. Molecular Weight: 494.53. LC-MS, [M + H]" = 495.19 (calcd.) 495.26 (found).
'H NMR (500 MHz, DMSO) § 12.40 (s, 1H), 9.29 (s, 1H), 8.84 (d, J= 6.9 Hz, 1H), 8.14 (d, J
= 8.4 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 7.72 (d, J = 7.9 Hz, 2H), 7.54 — 7.50 (d, J = 8.6 Hz,
2H), 7.47 (d, J=17.9 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 5.09 — 5.04 (m, 1H), 1.52 (q, J=3.2
Hz, 2H), 1.51 (d, 3H), 1.21 (q, J = 3.2 Hz, 2H). Purity testing by HPLC (Acquisition method
65%-95% Acetonitrile 20 minutes) tr = 10.8 minutes. Purity=97%.
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Synthesis of Compounds L.23a-1.25a

Synthesis of Compound - 5-(benzyloxy)-3-(4-bromophenyl)-3H- [1,2,3] triazolo[4,5-d]
pyrimidine (L23a)

Br

To a solution of 60% Sodium Hydride (NaH) in mineral oil (11mg, 1.75 equiv.) in DMF (5ml)
was added benzyl alcohol (65 mg, 2.0 equiv.) dropwise. After stirring for 30 minutes,
compound L19 (100mg, 1.0 equiv.) was added, and the solution was heated in a microwave at
110°C. Upon cooling, the solution was partitioned between EtOAc and water. During work out,
upon separation, the organic layer was washed further into water and brine, and dried over
MgSOs, concentrated and purified by chromatography column (eluent gradient, 5-10% EtOAc
in hexanes) to afford Compound L23a (28 mg, 22% yield). Chemical Formula: C17H2BrNsO.
Molecular Weight: 382.22. LC-MS, [M + H]* = 384.03 (calcd.) 384.09 (found). 'H NMR (500
MHz, CDCI3) & 9.38 (s, 1H), 8.10 (d, /= 5.8 Hz, 2H), 7.73 (d, J = 5.8 Hz, 2H), 7.52 (d, 2H),
7.30 (m, 3H), 5.58 (s, 2H).

Synthesis of Compound - Methyl 1-(4'-(5-(benzyloxy)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl)-[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylate (L.24a)

Compound L23a (101 mg, 0.24 mmol) was dissolved in 8 mL of a 1:3 mixture of H>O:1,4-
dioxane and the reflux condenser was prepared. The solution was heated to 80°C, and Na>2COs3
(54 mg, 0.515 mmol) was added to the solution. Compound L13 (99 mg, 0.31 mmol) was added
to the solution, quickly followed by the addition of Pd(dppf)Clz> (18 mg, 0.1 mol%). The
solution was bubbled with argon and then stirred for 10 hrs. The mixture was cooled and then
filtered through diatomaceous earth and partitioned between EtOAc and brine. The organic
phase was separated, dried over Na;SOs, filtered, and concentrated. The dried residue was
adsorbed to silica and purified using flash silica gel column chromatography (eluent gradient,
5-10% EtOAc in hexanes) to afford Compound L24a (44mg, 39% ofyield). Chemical Formula:
C2sH23N503. Molecular Weight: 477.52. LC-MS, [M + H]" = 478.19 (calcd.) 478.29 (found).
"H NMR (500 MHz, CDCl3) § 9.40 (s, 1H), 8.25 (d, J= 8.5 Hz, 2H), 7.81 (d, J = 8.0 Hz, 2H),
7.62 (d, J=28.5 Hz, 2H), 7.54 (d, /= 7.4 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.40 (t, /= 7.4 Hz,
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2H), 7.35 (t, J = 7.4 Hz, 1H), 5.60 (s, 2H), 3.67 (s, 3H), 1.67 (q, /= 3.9 Hz, 2H), 1.26 (q, J =
3.9 Hz, 2H).

Synthesis of Compound - 1-(4'-(5-(benzyloxy)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-3-yl)-
[1,1'-biphenyl]-4-yl) cyclopropane-1-carboxylic acid (L.25a)

Compound 24a (23 mg, 0.05 mmol) was dissolved in 2 mL of a prepared 1:3 mixture of H>O:
THF. Lithium hydroxide pellets (LiOH) (20 mg, 0.71 mmol) were added to the solution, and
the solution was stirred overnight. The mixture was partitioned between EtOAc and brine, and
the organic phase was separated, dried over Na>SQs, filtered, and concentrated. The residue
was dissolved in a mixture of HPLC-grade acetonitrile (ACN) with 0.1% formic acid. The
crude was purified by ACN/Water (65% / 35%) in prep-HPLC to provide the final compound
L25a. A grey solid product was obtained in 17% yield (12mg). Molecular Weight: 463.50. LC-
MS, [M + H]" = 464.17 (calcd.) 464.16 (found).

Synthesis of Compounds L.23b-L.23e

Synthesis of Compound - (R)-3-(4-bromophenyl)-5-(1-phenylethoxy)-3H- [1,2,3]
triazolo[4,5-d] pyrimidine (L23b)

Br
©\;/O\er\ N\
: N\):"N

N

L23b was prepared using the same procedures as L23a, but (R)-1-phenylethan-1-ol was used
in place of benzyl alcohol. Chemical Formula: C1sH14BrNsO. Molecular Weight: 396.25. LC-
MS, [M + H]" =398.04 (calcd.) 398.18 (found).

Synthesis of Compound - (S)-3-(4-bromophenyl)-5-(1-phenylethoxy)-3H- [1,2,3]
triazolo[4,5-d] pyrimidine (L23c)

Br
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L23c¢ was prepared using the same procedures as L23a, but (S)-1-phenylethan-1-ol was used
in place of benzyl alcohol. Chemical Formula: C1sH14BrNsO. Molecular Weight: 396.25. LC-
MS, [M + H]" = 398.04 (calcd.) 398.07 (found).

Synthesis of Compound - 3-(4-bromophenyl)-5-(1-(3-fluorophenyl) ethoxy)-3H-[1,2,3]
triazolo[4,5-d] pyrimidine (L23d)

@@

L.23d was prepared using the same procedures as L.23a, but 1-(3-fluorophenyl) ethan-1-olwas
used in place of benzyl alcohol. Chemical Formula: C1sH13BrFNsO. Molecular Weight: 414.24.
LC-MS, [M + H]" = 416.03 (caled.) 416.23 (found).

Synthesis of Compound - 3-(4-bromophenyl)-5-(1-(4-fluorophenyl) ethoxy)-3H-[1,2,3]
triazolo[4,5-d] pyrimidine (L23e)

Br

L23e was prepared using the same procedures as L.23a, but 1-(4-fluorophenyl) ethan-1-ol was
used in place of benzyl alcohol. Chemical Formula: CisH13BrFNsO. Molecular Weight: 414.24.
LC-MS, [M + H]" =416.03 (calcd.) 416.20 (found).

Synthesis of compound - methyl 1-(4'-(5-chloro-3H-[1,2,3] triazolo[4,5-d]pyrimidin-3-yl)-
[1,1'-biphenyl]-4-yl)cyclopropane-1-carboxylate (L26)

Compound L19 (250 mg, 0.82 mmol) was dissolved in 8 mL of a 1:3 mixture of H>O:1,4-
dioxane and the reflux condenser was prepared. The solution was heated to 80°C, and Cs2COs3
(650 mg, 2.1 mmol) was added to the solution. Compound L13 (325 mg, 1.3 mmol) was added
to the solution, quickly followed by the addition of Pd(pph3)Cl> (57 mg, 0.2 mol%). The
solution was bubbled with argon and then stirred for 10 hrs. The reaction mixture was
monitored and confirmed by HPLC-MS. Chemical Formula: C21HisCINsO,. Molecular Weight:
405.84. LC-MS, [M + H]" = 406.11 (caled.) 406.18 (found).
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3.6.4 Experimental Procedure and Results for the Third Series Compounds

Synthesis of Compounds L30i-L31i

Synthesis of Compound- N-benzyl-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl)-3H-[1,2,3] triazolo[4,5-d]pyrimidin-5-amine (L30i)

.

N

To a stirred solution of L20i (140 mg, 0.36 mmol) and bis(pinacolato)diboron (142 mg, 0.57
mmol) in 1,4-dioxane (7 mL) was added KOAc (81 mg, 0.9 mmol). The reaction mixture was
degassed with Ar for 5 mins. 1,1'-Bis(diphenylphosphino)ferrocene-Pd"Cl>-toluene adduct (17
mg, 0.05 mmol) was added, and the reaction mixture was stirred at 90°C for 16 hrs under Ar
and then cooled to r.t. The mixture was filtered through Celite and washed with EtOAc (50
mL); the combined organic filtrates were concentrated in vacuo. The residue was
chromatographed (eluent gradient, 25% EtOAc in hexanes) to give L30i (95 mg, 65% yield)
as a pale-yellow oily liquid. Chemical Formula: C23H25sBNgO2. Molecular Weight: 428.30. LC-
MS, [M + H]" = 429.22 (calcd.) 429.31 (found).

L31i - 4-(5-(benzylamino)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-3-yl) phenol

To a solution of L30i (100 mg, 0.24 mmol) in a THF (10 mL) and water (2 mL) mixture was
added NaH,BOH >0 (58 mg, 0.5 mmol). The reaction mixture was stirred at r.t. for 90 mins,
then diluted with saturated aqueous NH4Cl (50 mL), and extracted with EtOAc (2 x 50 mL).
The combined organic extracts were dried (Na2SO4) and concentrated in vacuo. The crude
product was chromatographed (eluent gradient, 30% EtOAc in hexanes) to give L31i (65 mg,
86% yield) as a white solid. Molecular Weight: 318.34. LC-MS, [M + H]" = 319.13 (calcd.)
319.11 (found). "H NMR (500 MHz, DMSO) 6 9.90 (s, 1H), 9.26 (s, 1H), 8.70 (s, 1H), 7.79 (d,
J=28.5Hz, 2H), 7.39 (d,J=7.2 Hz, 2H), 7.33 (t,J= 7.2 Hz, 2H), 7.23 (t,J= 7.2 Hz, 1H), 6.96
(d, J=8.5Hz, 2H), 4.53 (d, J = 5.7 Hz, 2H).
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Synthesis of Compounds L30m-L31m

M OH

N

Synthesis of Compound -  N-(2-fluorobenzyl)-3-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl) phenyl)-3H-[1,2,3] triazolo[4,5-d]pyrimidin-5-amine (L30m)

L30m was prepared using the same procedures as L30i. Chemical Formula: C23H24BFNgOs.

Molecular Weight: 446.29. LC-MS, [M + H]" = 447.21 (calcd.) 447.24 (found).

Synthesis of Compound - 4-(5-((2-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl) phenol (L31m)

L31m was prepared using the same procedures as L31i. Chemical Formula: C7Hi3FNsO.
Molecular Weight: 336.33. LC-MS, [M + H]* = 337.12 (calcd.) 337.19 (found). 'H NMR (500
MHz, DMSO) 6 9.31 (s, 1H), 7.84 (d, /= 8.4 Hz, 2H), 7.48 (s, 1H), 7.37 (m, 1H), 7.25 (t, 1H),
7.19 (t, 1H), 7.01 (d, J = 8.4 Hz, 2H), 4.62 (s, 2H).

Synthesis of Compounds L30p-L31p

o
A, Q—»@Q

Synthesis of Compound -  N-(3-fluorobenzyl)-3-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl) phenyl)-3H- [1,2,3] triazolo[4,5-d] pyrimidin-5-amine (L30p)

L30p was prepared using the same procedures as L30i. Chemical Formula: C23H24BFNgO.
Molecular Weight: 446.29. LC-MS, [M + H]" = 447.21 (caled.) 447.32 (found).
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Synthesis of Compound - 4-(5-((3-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl) phenol (L31p)

L31p was prepared using the same procedures as L31i. Chemical Formula: Ci7H13FNgO.
Molecular Weight: 336.33. LC-MS, [M + H]" = 337.12 (caled.) 337.19 (found). 'H NMR (500
MHz, DMSO) 6 9.31 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.45 (s, 1H), 7.29(t, 2H), 7.11 (t, 1H),
7.01 (d, J= 8.4 Hz, 2H), 4.58 (s, 2H).

Synthesis of Compounds L30t-L31t

o

N

Synthesis of Compound -  N-(4-fluorobenzyl)-3-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl) phenyl)-3H-[1,2,3] triazolo[4,5-d]pyrimidin-5-amine (L30t)

L30t was prepared using the same procedures as L30i. Chemical Formula: C23H24BFNgOs.
Molecular Weight: 446.29. LC-MS, [M + H]" = 447.21 (caled.) 447.32 (found).

Synthesis of Compound - 4-(5-((4-fluorobenzyl) amino)-3H- [1,2,3] triazolo[4,5-d]
pyrimidin-3-yl) phenol (L31t)

L31t was prepared using the same procedures as L31i. Chemical Formula: Ci7H13FNsO.
Molecular Weight: 336.33. LC-MS, [M + H]" = 337.12 (caled.) 337.19 (found). 'H NMR (500
MHz, DMSO) 6 9.91 (s, 1H), 9.26 (s, 1H), 8.69 (s, 1H), 7.79 (d, J = 8.8 Hz, 2H), 7.41 (d, J =
8.6 Hz, 2H), 7.15 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.6 Hz, 2H), 4.51 (s, /= 5.4 Hz, 2H).

Synthesis of Compounds L35-L.36

| )
“CO,H

oﬁ—\o o—:\o HO' "'COLiPr

L35 L36 L37

Synthesis of Compound - (15,4S,5S)-4-iodo-6-oxabicyclo [3.2.1] octan-7-one (L35)
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To a mixture of (S)-cyclohex-3-enecarboxylic acid L34 (500 mg, 3.96 mmol) in water (20 mL)
was added NaHCO3 (997 mg, 11.8 mmol) portionwise; the mixture was stirred until it became
homogeneous. A solution of iodine (1107 mg, 4.36 mmol) and KI (3951mg, 23.8 mmol) in
water (100 mL) was added (protected from light), and the reaction was stirred overnight in the
dark. Water (100 mL) was added, and the mixture was extracted with CH>Cl> (3 x 50 mL). The
combined organic extracts were washed with aqueous10%NazS>03(2x150 mL) and brine,
dried (MgSOs), and concentrated in vacuo to give crude iodolactone L35 (751 mg; 75% yield)
as a white solid, which was used in the next step without further purification. Chemical Formula:

C7H9lOs. Molecular Weight: 252.05.
Synthesis of Compound - (1S,5R)-6-oxabicyclo [3.2.1] octan-7-one (L.36)

Ar was bubbled through a needle to solution of L35 (252mg, Immol) in dry toluene (10ml)
with AIBN (820 mg, 5 mmol) at room temperature for 10 mins. Then (TMS);SiH (1240 mg, 5
mmol) was added, and the resultant mixture was stirred at 110°C under Ar protection for 2 hrs.
Then, the volatiles were removed, and the residue was purified by column chromatography
(eluent gradient, 10-30% EtOAc in hexanes) to afford Compound L36 (84mg, 67% of yield).
Chemical Formula: C7H10O2. Molecular Weight: 126.16. LC-MS, [M + H]" = 127.08 (calcd.)
127.02 (found).

Synthesis of Compound - isopropyl (1S,3S)-3-hydroxycyclohexane-1-carboxylate (L37)

Acetyl chloride (101 mg, 1.3 mmol) was added portionwise to isopropanol (10 mL) at 0°C.
The solution was allowed to warm to r.t. and stirred at r.t. for 30 mins. Compound L36 (200
mg, 1.07 mmol) was added, and the reaction was stirred overnight at r.t, after which it was
concentrated in vacuo and then azeotroped with toluene. The residue was purified by column
chromatography (eluent gradient, 20-50% EtOAc in hexanes) to afford Compound L37.
Chemical Formula: CioH1303. Molecular Weight: 186.25. LC-MS, [M +H]" = 187.13 (calcd.)
187.13 (found).
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Chapter Four

Conclusions and Future Work
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4.1 Conclusions

As of 2024, early diagnose and effective treatment of lung cancer remain significant challenges
in Canada’®. To address these challenges, this study focuses on the design, synthesis, and
biological evaluation of novel small molecules with potential applications in lung cancer
diagnosis and therapy'®!7>2%*. The PAR2 and LPA1 receptors are attractive targets due to their
elevated expression in lung cancer cell lines and their roles in cancer development and
progression!’>?%7 While several LPA 1-targeting compounds, such as AZ3451 and RO6842262,
have been reported in the literature, none have reached the market®'°!. To facilitate the
discovery of novel compounds, a multi-structure modification approach was employed to
identify new molecular entities with improved pharmacological properties based on these
reference compounds>?2!?%7_ Structural modifications, including scaffold-hopping strategies
and fluorine incorporation for fluorine-18 radiolabeling, have yielded promising candidates
that not only target key receptors involved in cancer progression but also have potential

therapeutic applications?**%¥7.

In Chapter 2, a library of 35 novel PAR2 antagonists was synthesized through structural
modifications of AZ3451%. Functional evaluation of these compounds identified the potential
of biased ligands that selectively modulate PAR2-dependent signaling pathways. Additionally,
given the high expression of PAR2 in lung cancer, a fluorine-containing candidate, Plc,
demonstrated high potency in B-arrestin recruitment assays, was selected for radiolabeling
study. The successful synthesis of SPIAd iodonium (III) ylide precursor facilitates the
development of a novel radiolabeled PAR2 ligand — ['*F]P1c for PET imaging'”’. Overall, the
radiotracer ['*F]P1c holds great significance as a PET imaging agent capable of stabilizing
specific PAR2 conformations may better capture the receptor's pathological state in disease

conditions, making it an important step for precision imaging in cancer (Fig. 4.1).
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Precision Imaging

Figure 4.1. Radioligand ['®F]P1c holds the potential for precision imaging in cancer diagnosis.

In Chapter 3, three series of novel LPA1 antagonists were developed and synthesized, yielding
a total of 24 synthesized compounds. The first series was derived from RO6842262, while the
second was inspired by compound 12f, an anti-metastatic agent previously reported by our
group’®!%!, Structural modifications, including scaffold hopping and molecular docking, were
employed to optimize ligand-receptor interactions**’. Preliminary cAMP signaling assays
revealed that compound L22p exhibited an ICso of 1.33 nM, indicating strong antagonistic
activity (Fig. 4.2).

Figure 4.2. L22p holds promise as a LPA1 antagonist with anti-metastatic potential.
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Moreover, given the high expression of LPAT1 in cancer, a lead candidate from these two series
will be further modified for iodonium (III) ylide precursor synthesis, enabling the development

of a novel fluorine-18 radiolabeled LPA1 ligand for PET imaging applications'’®.

4.2 Future Work

4.2.1 Development of Novel Biased Ligands for PAR2

The reference compound AZ3451 is a pan-inhibitor of PAR2-dependent G-protein coupling,
while some of its analogs in Chapter 2, including AZ3451 derivatives P8 and P14, exhibit
potential functional selectivity. Given that GPCRs adopt multiple conformations, regulating
distinct signaling pathways, certain pathways may be preferentially activated in disease states.
For example, selective inhibition of Gi/Go coupling could be therapeutically relevant in lung

cancer by potentially suppressing tumor growth or metastasis.

To further characterize these analogs, Dr. Ramachandran’s group will conduct duplicate assays,
including calcium signaling and B-arrestin recruitment assays, to confirm the probe-dependent
activity and functional selectivity of these compounds. Additionally, in ongoing work, Dr.
Ramachandran’s group is further evaluating all compounds presented in Chapter 2 to
investigate functional selectivity and biased signaling in PAR2-mediated G protein recruitment
assay (Gag/11, Gai, and Ga12/13). The data obtained from these studies will be instrumental
in guiding the rational design of next-generation AZ3451 derivatives with improved selectivity

and therapeutic potential (Fig. 4.3).
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Figure 4.3. Structure of P8 and P14 derivatives with several examples of building blocks (R1).

4.2.2 Biological evaluation of novel LPA1 antagonists in vitro assays

As shown in Figure 3.2, LPA1 activation inhibits cAMP production. Therefore, blocking
LPA1 activation with an LPAT1 antagonist is expected to increase intracellular cAMP levels.
To evaluate this effect, all three series of synthesized compounds presented in Chapter 3 will

be tested in our group using an in vitro cAMP assay with Chinese hamster ovary (CHO) cells.

In addition to the cAMP assay, these compounds will be evaluated for their effects on cell
migration using a wound-healing assay in the MDA-MB-231 breast cancer cell line. LPA1 is
overexpressed in many breast cancer cell lines relative to non-tumorigenic lines, and its
activation promotes migration and invasion, implicating it in breast cancer metastasis. In the
scratch assay, cells will be plated in 6-well plates and a wound introduced using a micropipette
tip. After allowing time for migration, the extent of wound closure will be quantified to assess

the effect of LPA1 antagonists on cell motility.

4.2.3 Employing the Boc Group for Amide Protection

After reviewing the literature on ['®F] radiolabeling, it was found that, in addition to optimizing
reaction conditions, the hydrogen atom of the amide bond is a potential issue that can interfere
with the radio-fluorination process, as discussed in Chapter 2.4.2'77!3° The hydrogen atom of
the amide group is a strong hydrogen bond donor. Under the basic conditions used in

nucleophilic radio-fluorination with ['¥F], it can form hydrogen bonds with fluoride ions (F°),
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effectively reducing the availability of ['®F] for the desired reaction by 'trapping' it.
Additionally, the amide nitrogen can be deprotonated under strongly basic conditions, which

could interfere with the fluorination reaction!””-'80,

To address this issue, as shown in Scheme 4.1 A-B, the Boc (tert-butoxycarbonyl) protecting

group is primarily used to protect the amide group during the synthesis of the SCIDY precursor

for radio-labeling'®°. The Boc group minimizes interference by masking the amide group!””-!%°,

Additionally, the Boc group remains stable under the basic fluorination conditions and can be
selectively removed using mild acidic conditions after radiolabeling!””!*°. The optimized

radiolabeling process is currently under investigation.

A- Boc-protected amino group
Q X ,,,,, Boc,0, DMAP 0 &
N N !
|©—N\ A0 o o T = |A< >—N\ _

B - Proposed radiolabelling
1) mCPBA, CHCly
O, . O, o
e S e S - 4 s :
X = \ N
Boc N O> o] o I—Q—N _ o
\

2)
Br g 0 Boc N 5
o Br 0
o

10% Na,CO;
.t

1) 18F/K222/K* 0 §
10 mintues N "
fffffffffffff > 18F@NH _
2) 12M HCl >
o

120°C, 5 minutes Br

Scheme 4.1. Proposed synthetic scheme with Boc group for radiolabeling.
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4.2.4 Modification of the Synthetic Scheme for Efficient '3F-Labeling in 2nd

Series

To date, the only reported LPA1 radiotracers are ['!C] BMT-136088 and ['*F] BMS-986327,
both recently adapted as PET imaging agents in literature, primarily for imaging idiopathic
pulmonary fibrosis (IPF)°*2#, ['!C] BMT-136088 is a radiolabeled analogue of BMS-986020,
employing a scaffold like Ki16425 (Fig. 4.4)**. Notably, no selectivity data has been presented
for LPA1 over other LPARs?**. This compound was evaluated in vivo using PET imaging in
rhesus monkeys®*. It is anticipated that [!'C] BMT-136088 will also support the clinical
evaluation of BMS-986020, whose last clinical trial, a Phase 1 trial, was completed in
2015524 The other compound, [!®F] BMS-986327, announced by Bristol Myers Squibb

Pharma, has no reported structure or selectivity data available in the literature®>**’. This

0237

compound completed Phase 1 clinical trials in 202

"CH;, HO,C
IC_.BMT-136088

Figure 4.4. Chemical structures of reported LPA1 radiotracer.

The SPIAd iodonium (III) ylide remains incorporated in this Chapter for '*F-radiolabeling
study®¥’. However, as discussed in Scheme 3.3, the use of Scheme 3.6 through Suzuki coupling
reaction to generating the iodo-compound would prove to be ineffective (Scheme 4.2-A)*.
Therefore, to produce the SPIAd iodonium (III) ylide for radiolabeled compounds, an alternate
synthetic scheme is designed, and the alternative intermediate (compound L.26) is synthesized

and characterized (Scheme 4.2-B), the detailed results are available in Chapter 3.5.3.
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75°C, overnight L26
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L19

L27a
(lodo-compound)

Scheme 4.2. A — Unwanted synthetic route for the preparation of SPIAd iodonium (III) ylide.
B - Optimized alternative synthetic route for the preparation of SPIAd iodonium (III) ylide.

The alternate synthetic scheme enables the synthesis of iodine-containing final compounds
while effectively avoiding undesired side products. However, during the Suzuki coupling

reactions, chlorine on the intermediate may compete with bromine, resulting in the formation
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of the corresponding ester product L26 in low yield (<15%)**7. This competition reduces the
efficiency of the reaction and complicates the process. Consequently, L26 is not considered a

reliable intermediate for synthesizing the array of triazolo pyrimidine compounds in this series.

Given the radiolabeling issue mentioned in Chapter 2.4.2 and the amine group in structure of
L27a, a prospective strategy that protecting the amine group with a Boc group during
radiolabeling would typically be necessary to prevent unwanted side reactions (Scheme 4.3-

A)ISO.

rA
b
E \©\KNH2
! Re
'L26 ...
- :
] o
| (D°
L on
Re O SPAId 18-
L26 ~TTTTTTTTTTYC > 'Q/ ---------- S REREEEEEEEEE >
CS,CO;, DMF (0] N N hydrolysis
Microwave 120°C, T\j: N ey
1hr Re NN

L28
(lodo-compound)

Scheme 4.3. (A) Hypothetical Boc-protected reaction of compound L.27d with the R6 building
block. (B) Proposed structure of lodo-compound (L28) incorporating the R6 building block.

However, a post-radiolabeling Boc-deprotection step introduces an additional reaction, which
is impractical given the time-sensitive nature of fluorine-18 radiolabeling. Besides the amine
group, L27a also contains an ester group requiring hydrolysis after radiolabeling, further
complicating the process and burdening its overall efficiency. Boc-deprotection requires acidic
conditions, while ester hydrolysis typically occurs under basic conditions'®’. Although both
reactions could theoretically occur under acidic conditions, acidic ester hydrolysis is
significantly slower and less efficient. To streamline radiolabeling, employing the alcohol

group to form the iodo-compound (L28) is a more efficient alternative (Scheme 4.3-B).
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Based on the biological data in Figure 3.18 of Chapter 3.3, a preliminary chemical structure
can be proposed for the radiolabeling study. The radiolabeling strategy of possible building
block (R6 group) of L28 is proposed in Scheme 4.4.

N
OH
Re |
L38 SPIAd
L26 ----c----e---- - [0 Y e »
O N mCPBA, CHCl,
I,--------\ ----- 1 l Y
E Re “H Rg N\): “
: “CHy L39
|
] N <J o
° 0
° O
N
o 1BE/K 5ol K*
DMF, 120°C,15 mlnutes
O IN\ N s
Re Ny LiOH Y\/\E
140 ['®F]L41

Scheme 4.4. Proposed radiolabeling scheme to produce '8F-labeled compounds: production
of the iodonium ylide species and subsequent one-pot reaction with '8F and LiOH to yield the

final ‘hot’ compound.
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Appendix A - Characterization Data of Chapter 2

Results of Mass Spectroscopy and HPLC purity
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Channel Descr. RT Area % Area | Height

1| W2489 ChA 254nm | 9.530 | 125271 3.04 7958
2 | W2489 ChA 254nm | 10.038 64695 1.57 4273
3 W2489 ChA 254nm | 16.400 3929587  95.39 536103
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Compound P2f.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result ld: 12360; Processing
Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed

Channel Descr. Area % Area | Height

1 W2489 ChA 254nm  11.044 372895 290 46125
2| W2489 ChA 254nm | 15.585 | 12493723 | 87.10 1783305
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Compound P2g.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 16437;
Method: PM_Yang
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Processed Channel Descr.: W2489 ChA 254nm

Processed .
Channel Descr. RT Area | % Area Height

W2489 ChA 254nm | 9.800 185351 298 13649
W2489 ChA 254nm | 10.562 70013 113 5660
W2489 ChA 254nm | 16.400 5960071 9589 849343
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Compound P2h.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm;
Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed
Channel Descr.

1 W2489 ChA 254nm  14.143
2 \W2489 ChA 254nm 16.615 6815530
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Compound P2i.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; ResultId: 16433; Processing
Method: PM_Yang
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Processed
Channel Descr.

1 W2489 ChA 254nm  2.734 137182 2.02| 18365
2 \W2489 ChA 254nm | 2.963 100101 148 8783
3 W2489 ChA 254nm 5404 6537573 | 96.50 541583

RT Area | % Area Height
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; ResultIld: 11083; Processing

Method: PM_Yang
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Pracessed Channel Descr.: W2489 ChA 254nm

Processed
Channel Descr.

1 W2489 ChA 254nm 13,874 16290 038 2340
2 W2485 ChA 254nm | 14.404 12673 0.68 1880
3 W2488 ChA 254nm | 15738 | 1824100 98.44 | 252787
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Resultld: 16441; Processing
Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed
Channel Descr.

1 W2489 ChA 254nm | 14.973 957169 518 135038
2 W2489 ChA 254nm | 15.490 17507260  94.82 2491351

RT Area % Area  Height
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Compound P3h.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm;
Method: PM_Yang

Frocessed Channel Descr. W2489 ChA 254nm

Processed

Channel Descr. RT

Area | % Area| Height

1
2 | W2489 ChA 254nm

W2488 ChA 254nm | 10.844 | 5177340
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96.17 864864

12321 383 11739
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Compound P3i.
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Resultld: 11602; Processing
Method: PM_Yang
Processed Channel Descr.. W2489 ChA 254nm
Processed )
Channel Descr. RT Area | % Area | Height
1| W2489 ChA 254nm | 10.816 8990 0.66 1468
2| W2489 ChA 254nm | 13.380 | 15444 114 | 2389
3| W2489 ChA 254nm | 13.654 8176 0.60 123
4 | W2489 ChA 254nm | 13.909 | 1316295 97.01 | 199050
5 | W2489 ChA 254nm | 14.768 7934 058 1045
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Compound P8.
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Channel: W2489 ChA; Processed Channel:

Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed

Channel Descr. RT

Area | % Area Height

96.47 | 278853
1951
1656

1 W2489 ChA 254nm  14.403 | 1808405
36903
29179

2 W2489 ChA 254nm  17.219 1.97

3 \W2489 ChA 254nm 18.761 1.56

206

20.00

W2489 ChA 254nm; ResultId: 11385; Processing



Compound P10.

Combingd - Q0 1° WS

&8 1

GO Perdtivitd+ | S (50 00-850 000 Cartnunm. TVt

Molecular Weight: 527 47

[T

?’f

Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 11427,

Method: PM_Yang

—— e
10.00
Mnutes

Processed Channel Descr.. W2489 ChA 254nm

Processed

Channel Descr. RT

1 W2489 ChA 254nm | 17.029 1260010
41748

2 W2489 ChA 254nm | 18.700

Area

% Area | Height
96.79 | 164766
321 1558
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Compound P14.
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Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm
Frocessed

Channel Descr. RT Area % Area  Height
1 W2489 ChA 254nm  9.714 254324 218 32775
2 W2489 ChA 254nm 10205 | 453137 388 53631
3 W2489 ChA 254nm 16.190 | 10970059  93.94 1574216
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm;

—— T —— T
14.00 16.00 18.00 20.00

Result Id: 11103; Processing



Compound — Precursor
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 2272; Processing Method:

PM_Yang

Frocessed Channel Descr.: W2489 ChA 254nm

Processed

Channel Descr. RT Area | % Area Height

1| W24885 ChaA 254nm | 16.227 44495 0E3 G301
2 \W2488 ChA 254nm | 17.012  BHGE24 123 5666
3 W2488 ChA 254nm | 17328 | 6B88255 9813 954563
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TH-NMR - Precursor
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Appendix B - Characterization Data of Chapter 3 and Chapter 4

Results of Mass Spectroscopy and HPLC purity
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result id: 46210; Processing
Method: PM_Yang

Processed Channel Descr.: W2489 Cha 254nm

Processed
Channel Descr.

1| W2480 ChA 254nm 8331 268550 1.20 14736
2 | W2489 ChA 254nm | 14.520 22065572 | 9B6.80 | 1888020

RT Area % Area | Height
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Processed
Channal Deser. RT Area | % Area| Height
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oocessed BT Area  %Area  Height
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3 W2480 ChA 25dnm 14489 176130 114 12426
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Compound L22j
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Method: PM_Yang

Frocessed Channel Descr.: W2489 ChA 254nm

Frocessed
Channal Descr.

1| W2489 Cha 254nm | 10.543 | 388143 196 57039
2 W2485 Cha 254nm | 16106 | 19435888 & 58.04 2748317

RT Area % Area | Height
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18.00

Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 14358; Processing

20.00



Compound L22m
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Method: PM_Yang

Frocessed Channel Descr.. W24859 ChA 254nm

mﬁ:;*;::ﬂ_ RT | Area | % Area| Height
1| W2480 ChA 254nm | 9476 | 172311 216 12747
2| W2489 ChA 254nm | 11802 7330283 9206 | 1019050
3| W2489 ChA 254nm | 12492 288758 363 30874
4| W2489 ChA 254nm | 12.785 171217 215 20198
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16.00

18.00

Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result ld: 14338; Processing

20.00



Compound L22n
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result |d: 54563; Processing

Method: PM_Yang

Frocessed Channel Descr.: W248% Chd 254nm

Processead
Channel Descr.

1 W2489 ChA 254nm 6327 142716 162 13974
2 W2489 ChA 254nm 10916 8521567 0666 1123479

RT Area % Area  Helght

3 W2489 ChA 254nm 13185 151697 172 15649
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Compound L220

Combined - O0a 1. M5 Scan 1; ODa Pestived= ) Scan (50.00-1250.00)0a, Continuan, Cv=15
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result |d: 54567; Processing
Method: PM_Yang

Processed Channal Descr_: W2489 Cha 254nm

Processead
Channel Descr.

1 W2489 ChA 254nm 2360 70528 0.40 100487
2 W2489 ChA 254nm 10940 17697626 5960 2218531

RT Area % Area  Height
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Compound L22p
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BL0e=0T
481,25 0

BheeT 4

soeor O

75807

: (D
T.Dee07- H
E.5ee0T \I/ N b NN
T4

E.Des0T
Molecular Weight: 480.50

OH

5. 5eeT~
B.De=0T

-

A Dee?
3 Sas0r
3 D07~
2 5007
2.Des0T
1.5ee0T
1.0e=07
= Des00-|
ko.86 21001 961.54
sl B M2008 | 3B 0 75745 4268
0000 0000 30000 40000 0000 m'mmmm Wiy om0 wonmo 10 12000
e
1.00- ‘F
0.80
0.60+
=1
oL
0.40
0.20+
=
o
0.00+ - . = 5
T T T T T
0.00 2.00 4.00 6.00 8.00 10,00 12.00 14.00
Minutes

Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 54848; Processing
Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed
Channel Descr.

1 W2489 ChA 254nm 2417 337313 258 9543
2 W2439 ChA 254nm 9387 12738191 9742 1080172

RT Area % Area  Helght
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Compound L22q
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 54335; Processing
Methed: PM_Yang

Frocessed Channel Descr_: W2489 Cha 254nm

Processead

Channel Descr. RT Araa % Area  Height

1 W2489 Chh 254nm  8.552 836518 3.32 3647
2 W2489 Chh 254nm 10828 27236769  B6.68 2738506
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Compound L22r

(Cambinad - QD& §: MS Sean 1: 00 Postivels) Sese (50.00-1250 00 )08, Continusn, TV 15
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 54273; Processing
Method: PM_Yang

Processed Channel Descr.: W248% ChA 254nm

Processed
Channal Descr.

1 W2489 ChA 254nm 2536 115210 204 10210
2 W2489 ChA 254nm 11.023 5528859 9796 748537

RT Area % Area Height
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Compound L22s
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result ld: 12360; Processing
Method: PM_Yang

Processed Channel Descr.: W2489 ChA 254nm

Processed
Channel Descr.

1| W2485 ChA 254nm | 11.944 372885 2890 46125
2 W2488 Cha Z54nm | 15.585 12493723 6710 1783305

BT Area % Area | Height
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Compound L22t
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 54551; Processing

Method: PM_Yang

Processed Channel Descr_: W2489 ChA 254nm

Processad
Channel Descr.

1 W2489 Cha 254nm 10853 28181504 8512 2685783
2 \W2489 ChaA 254nm  12.534 1445562 4.88  5T06G

RT Area % Aresa  Haight
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Compound L22u
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Channel: W2489 ChA; Processed Channel: W2489 ChA 254nm; Result Id: 54559; Processing
Method: PM_Yang

Frocessed Channel Descr.: W2485 Cha 254nm

Processed
Channel Descr.

1 W2489 ChA 254nm 10814 9328592  97.03 1284886
2 W2489 ChA 254nm  13.025 285480 2497 JEEEE

RT Area % Area  Haight
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Compound L22¢
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Spectrum of 'H-NMR
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2-¥YGM-NMR-LPAL
2-YGM-146

Br

{osg

T
8

2123

6000000

5500000

5000000

4500000

4000000

3500000

3000000

[-2500000

2000000

1500000

1000000

500000

~-500000

Compound L20e

Feb02-2024
2-137

n.se-]
1,972

6.0

5.5

5.0
1 (ppm)

4.5

4.0

A

3.5

3.0

2m-1

r2.5e+08

r2.0e+08

r1.5e+08

r1.0e+08

5.0e+07

= r0.0e+00

1.01 =
1.37 <
201

10.0 95 9.0



Compound L20f

Feb02-2024
2-138

0.0

2,001

066-]

J om=a ;

Br

2.8E+08

r2.6E+08

F2.4E+08

r2.2E+08

-2.0E+08

r1.8E+08

-1.6E+08

r1.4E+08

r1.2E+08

1.0E+08

-8.0E+07

r6.0E+07

4.0E+07

r2.0E+07

- -0.0E+00

~-2.0E+07

10.0 9.5

Compound L20g

2YGM-139-174
2-139

w
1.19-=
2

—T7 26

312—=
1=
115—=

T T T T "
70 65 60 55 50
f1 (ppm)

e

g
o

[~17000000

16000000

15000000

14000000

13000000

12000000

11000000

10000000

9000000

8000000

7000000

6000000

5000000

4000000

3000000

[~2000000

1000000

o

~-1000000

251

0.0



Compound L20h
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(7000000

(6000000

(5000000

4000000

(3000000

2000000

(1000000

©

T
10.0 9.5 0 8.5

ol

T T T T : .
70 65 &0 55 50 45
f1 (ppm)
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T
4.0

3.5

0.0



Compound L20j

2-YGM-NMR-LPA1
2-YGM-106

7.26

X

a1
1751
2.2
0.0-=

T N
I ]

2.07~2

21000000

20000000

19000000

18000000

17000000

16000000

15000000

[-14000000

13000000

(12000000

(11000000

(~10000000

[~9000000

(8000000

(7000000

(6000000

(5000000

(4000000

(3000000

(2000000

(1000000

o

(-1000000

4.5 4.0 35 3.0 2.5

N 20

5 7.0 50
1 (ppm)

Compound L20k

2-YGM-NMR-LPAL
2YGM-110

S

070

074

0.79-=

Br

5500000

[-5000000

4500000

(4000000

[-3500000

[-3000000

[-2500000

(2000000

[-1500000

(1000000

[-500000

~-500000

4.5 4.0 3.5

5.5

T
100 95 6.0 5.0
f1 (ppm)
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Compound L201

2-YGM-NMR-LPAL
2-YGM- 1452
17000000
| Br -6500000
\ |
| | 6000000
J H
“.f ‘i | N\h\/N\ N 5500000
f . : \I N
| | f =
J A ] / N N -s000000
[~4500000
4000000
3500000
3000000
[~2500000
2000000
1500000
H 1000000
" J [-500000
| TN LJ J
» |
) U A A A ) o
p TR " T 1
8 2 =38 2 [ 2 I-500000
- ‘ ‘ ‘ ‘ - - : . - . ; - . -
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)
Compound L20m
2-YGM-NMR-LPA1
21422 B | 500000
Fy -s000000
] : W
| N, 7500000
| | | WLy
N
‘ | ‘ 7000000
f \
[ ‘ ‘ [ ‘ | 6500000
| |
| | /
/ | [ ‘ / 6000000
5500000
-5000000
4500000
4000000
-3500000
3000000
2500000
2000000
1500000
1000000
500000
A L,
T T T WYy T
2 & T 2o= = [-500000
g O T e e a
‘ : : \ : : ‘ - - - . \ T : ‘ - - - - ‘ -
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
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Compound L20n

2-YGM-NMR-LPA1
2-158

0.84-1

726

: \N'rjl Ry

0.9
o
1.8

0703
0781

1.00E+08

[~9.00E+07

~8.00E+07

7.00E+07

[-6.00E+07

[~5.00E+07

(-4.00E+07

3.00E+07

(-2.00E+07

1.00E+07

LL (-0.00E+00

10.0 9.5 9.0 8.5

Compound L200o

2-YGM-NMR-LPA1
2-159

0 75 70 6.5 6.0 5.5

@ | 178

726

5.0 4.5
f1 (ppm)

Br

1.00E+08

9.00E+07

~8.00E+07

[ 7.00E+07

r6.00E+07

~5.00E+07

4.00E+07

3.00E+07

- 2.00E+07

r1.00E+07

LL ~0.00E+00

10.0 9.5 9.0 8.5

5.0
f1 (ppm)
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Compound L20p

2-YGM-NMR-LPAL
2-111

X

2.0

7500000

7000000

6500000

6000000

5500000

5000000

4500000

4000000

3500000

3000000

2500000

2000000

1500000

1000000

500000

~-500000

9.5

-
S
T . .
9

T
10.0 .0 8.5

Compound L20q

2-YGM-NMR-LPAL
2-160

_

173
181
Lo

2161
1,06~
1.6
LE

o1 LmI

—726

100
0.9
1@<

5.0
1 (ppm)

4.5

4.0

A

3.5

3.0

: Nfl& |

2.5 2.0

15

1.0 0.5 0.0

8.0e+07

7.5E+07

r7.0E+07

6.5E+07

r6.0e+07

[5.5E+07

5.0E+07

r4.5E+07

4.0E+07

3.5E+07

r3.0e+07

F2.5E+07

r2.0E+07

r1.5E+07

- 1.0E+07

5.0E+06

- r0.0E+00

-5.0E+06

70
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Compounds L20r

2YGM-NMR-LPA1
2-161

1.66
1.2

by
&

726

Lo~

1.00-3
L=
1.00-%

Br

r4.5E+07

F4.0E+07

F3.5E+07

3.0E+07

r2.5E+07

r2.0e+07

r1.5E+07

r1.0E+07

5.0E+06

u— r0.0E+00

T
10.0 95 9.0 85

Compound L20s

2-YGM-NMR-LPA1
2-120

7.26

Br

10

0.5

0.0

18000000

(17000000

16000000

- 15000000

[ 14000000

13000000

(12000000

11000000

(10000000

[~S000000

8000000

(7000000

6000000

(5000000

(4000000

3000000

2000000

1000000
. U,

[--1000000

o | onI
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Compound L20t

2-YGM-NMR-LPA1
2-140 —
[ 5500000
| 15000000
| | | f | B
r F4500000
L
H 4000000
N
N
VL
=N F3500000
3000000
2500000
2000000

1500000

1000000

500000

lJL Ll UJL__A_.J &_,D

r-500000

T
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5

Compound L20u

2-YGM-NMR-LPAL I-5.0E+07

2-YGM-157

7.26

F4.5E+07

Br

f [ \'
[4.0E+07

| | / [ ¥ 5
/ A ‘ J J / NI\leN |3.56+07

3.0E+07

[-2.5E+07
[2.0E+07
r1.5E+07
(- 1.0E+07

5.0E+06

J L L._L_J\f A BN LJ_H_J _Looero0

2001
0705

| o7e-
300

090
21 1mg

10.0 95 9.0 8.5 4.0 3.5 30 25 20 15 1.0 0.5 0.0
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Compound L21a

2-YGM-NMR-LPA1
2-154

—726

210~
9.06-T
2.06-=

[ [

, [/

J J I

i T TR

B <} eoz

o ci ficii

T T T T T T
10.0 8.5 9.0 8.5 8.0 75

Compound L21b

2-YGM-NMR-LPA1
2-162

0704

2.0
201—=

—726

076

3.0-=

8.0E+07

7.5E+07

F7.0E+07

r6.5E+07

r6.0E+07

r5.5E+07

ro.0E+07

r4.5E+07

4.0E+07

F3.5E+07

3.0E+07

r2.5E+07

r2.0E+07

r1.5E+07

r1LOE+07

[5.0E+06

r0.0E+00

-5.0E+06

(14000000

13000000

(12000000

[-11000000

10000000

(~9000000

8000000

(7000000

(6000000

5000000

[~4000000

[~3000000

(2000000

1000000

[~-1000000

in 26~

10.0 9.5 9.0 8.5 8.0 7.

7.0 6.5 6.0 5.5 5.0
1 (ppm)
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Compound L21¢

2YGM-NMR-LPA1
2-1564

—T726

23000000
22000000
21000000
20000000
19000000
[~ 18000000
17000000
16000000
15000000
- 14000000
{-13000000
12000000
11000000

10000000

9000000
8000000
7000000
6000000
5000000
4000000
-3000000
2000000
[~1000000
ro
~-1000000

2.04 —

Compound L21e

“eb21-2024
2-147

726

T T T T T
5.5 5.0
1 (ppm)

10|

2074
2052

3.00-=
18—=

2,15
213%
5003

4.07

F--2000000

19000000

18000000

17000000

16000000

15000000

[- 14000000

[-13000000

(12000000

(11000000

(10000000

9000000

8000000

7000000

6000000

5000000

4000000

(3000000

(2000000

Vo L™
—lo

--1000000

S 20

5.0 4.0 3.5
f1 (ppm)
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Compound L21f

Feb21-2024
2-148

7.26

3.00

(15000000

(14000000

13000000

12000000

11000000

(10000000

[~9000000

(8000000

[-7000000

(6000000

[~5000000

(4000000

[~3000000

[~2000000

(1000000

ro

-1000000

Compound L21h

2-YGM-118
2-YGM-118-F2

110—=
2,121

726

I /

204~
2.07=
2R
2195

08I

2.15-=

18000000

17000000

16000000

15000000

[-14000000

13000000

12000000

11000000

10000000

9000000

8000000

[-7000000

6000000

5000000

4000000

3000000

2000000

1000000

—ro

r-1000000

o tu=

7.5 7.0 6.5
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Compound L21i

2-YGM-NMR-LPA1
2-131

1.88-=

R s ——

2m-—=

—157

2.16—=

T
w0 95 9.0 85

Compound L21j

2-YGM-NMR-LPA1
2-YGM-112

5 5.0
f1 (ppm)

15

0774

304 -—=

10,0 9.5 8.0 8.5

o | o

5.5

T T
50 45
f1 (ppm)
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r2.4E+08

F2.2E+08

2.0E+08

1.BE+08

[ LBE+08

rL4E+08

- 1.2E+08

r1.0E+0D8

r8.0E+07

[6.0E+07

4.0E+07

[2.0E+07

0.0E+00

-2.0E+07

4500000

4000000

3500000

3000000

2500000

2000000

1500000

1000000

500000




Compound L21k

2-YGM-NMR-LPAL
2-YGM-113

1900000

[-1800000

= 1700000

1600000

1500000

[~ 1400000

(1300000

1200000

1100000

[-1000000

900000

800000

700000

600000

1500000

400000

300000

200000

100000

076-] L
[

—
£

M) --100000

Compound L211

2-YGM-NMR-LPAL
2-155

—7.26

6.5

g_ 074 F

5.5 4.5 4.0 3.5 3.0

5.0
1 (ppm)

2.02}

1.5 1.0 0.5 0.0

|- 11000000
| 10000000
‘| | -9000000
8000000
7000000
6000000
-5000000
4000000
3000000

[-2000000

1000000

3.15
2.06 =

+-1000000
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Compound L21m

2-YGM-NMR-LPA1
2-152

18-

175-=
300 =

06
2,19 —

{~5000000

4500000

4000000

3500000

3000000

2500000

[~2000000

1500000

1000000

500000

100 95

Compound L21n

2-YGM-NMR-LPA1
2-165

6.5 6.0 5.5 5.0
1 (ppm)

726

LE
BILE:E

2.19-=

[~16000000

15000000

14000000

13000000

{~12000000

(11000000

{~10000000

9000000

8000000

7000000

6000000

[~5000000

[~4000000

3000000

2000000

1000000

ro

[~-1000000

10.0 9.5 8.0

T T T T T T
5.5 4.5 4.0 3.5 3.0

5.0
f1 (ppm)
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Compound L210

2-YGM-NMR-LPA1
2-166

726

0757
0851
3.0

[3.0E+07

F2.8E+07

F2.6E+07

2.4E+07

[2.2E+07

r2.0E+07

| L.BE+07

[ 1.6E+07

rL4E+07

L.2E+07

r1.0E+07

[-8.0E+06

r6.0E+06

-4.0E+06

r2.0E+06

- -0.0E+00

[-2.0E+06

T T
10.0 9.5 8.0 8.5 8.0 7.5 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Compound L21p

2-YGM-NMR-LPA1
2-151

191
2.0
2,064
2.5 =
1.01-%
1.81~1
1.m-\1
.66
1.65-1

2.0 =

2.13—=

8500000

8000000

7500000

[~7000000

6500000

6000000

5500000

5000000

4500000

4000000

3500000

3000000

2500000

(2000000

1500000

1000000

500000

o

~-500000

9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0
f1 (ppm)
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Compound L21q

2-YGM-NMR-LPA1
2-167

726

v

1
b

(=]

183

2.0e-1

2T
4 207

25000000
24000000
(23000000
[-22000000
21000000
20000000
[~19000000
18000000
(17000000
[-16000000
[-15000000
14000000
13000000
[~12000000
(11000000
[-10000000
(-S000000
8000000
7000000
(6000000
5000000
[-4000000
[-3000000
2000000
1000000
o
[--1000000

T
10.0 9.5 9.0 8.5 8.0 75 7.

100~z
1.0
1o

=1 ez

Compound L21r

2-YGM-NMR-LPA1
2-168

726

2.14—=

[--2000000

12000000

11000000

10000000

9000000

8000000

[-7000000

6000000

(5000000

4000000

[-3000000

2000000

[-1000000

[--1000000

TP R
% suEgHES
B OEO5EEER
10.0 9.5 9.0 8.5 8.0 7.5 7.0



Compound L21s

2-YGM-NMR-LPAL
2-126

[~ £ 3UE+US
F2.20E+08
r2.10E+08
-2.00E+08
~1.90E+08
~1.80E+08
~1.70E+08
~160E+08
~150E+08
~140E+08
-130E+08
r1.20E+08
~L10E+08
LOOE+08
9.00E+07
8.00E+07
~7.00E+07
[-6.00E+07
~5.00E+07
-4.00E+07
~3.00E+07
2.00E+07

~1.00E+07

L'*' ~0.00E+00

{--1.00E+07

—-2.00E+07

Compound L21t

2-YGM-NMR-LPAL
2-¥GM-150

0723 =

97
2045
208

4 2.
18-

2,02 —=

8500000

(8000000

7500000

(7000000

(6500000

6000000

(5500000

(5000000

4500000

4000000

3500000

[-3000000

2500000

2000000

(1500000

1000000

(500000

[-500000




Compound L21u

2-YGM-NMR-LPA1
2-163

7.26

3.00—=

2.10—=

F3.0e+07

r2.BE+07

F2ZBE+07

r24E+07

rZ2E+07

F2.0E+07

r1L.BE+07

rLeE+07

rL4E+07

rL2E+07

LOE+07

r8.0E+06

r6.0E+06

4.0E+06

r2.0E+06

0.0E+00

-2.0E+06

10.0 9.5

Compounds L22a

2-YGM-NMR-LPA1
2-180

4.5

|
OH

2.31-=

F2.6E+08

r24E+08

r2.2E+08

r2.0E+08

rL8E+08

rL6E+08

r14E+08

rL2E+08

rLOE+08

r8.0E+07

r6.0E+07

r4.0e+07

F2.0E+07

0.0E+00

r-2.0E+07

] 2.14-\‘

5

T T T T T T T T T T T
6.5 6.0 55 5.0 4.5 4.0 3.5
1 (ppm)
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Compound L22b

2-YGM-NMR-LPA1
2-175

L

333

053 ol

2.5=

251

2,09,
2.3

[-9.0E+08

r8.5E+08

8.0E+08

[7.5E+08

7.0E+08

6.5E+08

[-6.0E+08

5.5E+08

r5.0E+08

[-4.5E+08

4.0E+08

3.5E+08

3.0E+08

[F2.5E+08

2.0E+08

rL5E+08

I-1.0E+08

[5.0E+07

r0.0E+00

-5.0E+07

1 2.12-=

9.5

Compound L22¢

2YGM-NMR-LPA1
2-179

7.0

40 35 3.0

T T T T T T
65 60 55 50 45
f1 (ppm)

—3.34
251

2.5

o 3@=

2.0 05 00

®

2.10-=

269

-
in ] 295

[-3.8E+08

3.6E+08

[-3.4E+08

3.2E+08

[-3.0E+08

r2.8E+08

F2.6E+08

F2.4E+08

F2.2E+08

2.0E+08

r1.8E+08

r1.6E+08

14E+08

1.2E+08

r1.0E+08

[-8.0E+07

6.0E+07

4.0E+07

2.0E+07

(-0.0E+00

r-2.0E+07




Compound L22e

2-YGM-NMR-LPA1
2-181

356

oY
] [ ;,a N
A { [ ! / J
Mm,__ - J -
i woo 1 = T
g 5 Had s E
T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 Q.0 8.5 8.0 75 7.0 6.5 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
1 (ppm)
Compound L22f
2-YGM-NMR-LPA1 1
2-182
|’F \"‘ [ i
J [ /
AAJ._,;_‘A — e R ~—
T Ty 7 Ty
8 8 RBE B B A a8 8
— ol YR [ <+ @ ~ o
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 30 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
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3.4E+08

3.2E+08

3.0E+08

r2.8E+08

r2.6E+08

2.4E+08

r2.2E+08

r2.0e+08

1.8E+08

rLeE+08

rL4E+08

F1.2E+08

r1.0E+08

~8.0E+07

F6.0E+07

r4.0E+07

-2.0e+07

—————— 0.0E+00

~-2.0E+07

3.0E+08

r2.8E+08

r2.6E+08

r2.4E+08

-2.2E+08

r2.0E+08

F1.8E+08

1.6E+08

14E+08

-1.2E+08

1.0E+08

r8.0E+07

r6.0e+07

r4.0E+07

-2.0E+07

0.0E+00

--2.0E+07




Compound L22h

2-YGM-NMR-LPA1
2-125-F2

—333

B
g

1,90
2.19-=
1.37—=
143

T T T
12.5 11.5 10.5

Compound L22i

2-YGM-NMR-LPA1
2-135

10—

® 1 1mE

N 257

T
6.5
f1 (ppm)

0

I

T
6.0

2151

- 0.%9=

T
5.5 4.0

F25E+08

F2.0E+08

I-1.5E+08

-1.0E+08

[-5.0E+07

(-0.0E+00

[-22000000

21000000

20000000

[~19000000

18000000

(17000000

16000000

15000000

[- 14000000

13000000

12000000

11000000

[-10000000

9000000

8000000

(7000000

6000000

5000000

[-4000000

3000000

2000000

1000000

o

[--1000000

~-2000000

100 95

T T T T T
5.5 5.0
1 (ppm)

4.5 4.0 3.5 3.0
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Compound L22j

2-YGM-NMR-LPA1
2-YGM-116

326

i1]
0=
73

=
2.16=x

- 3.
2.3

& IuC+uo

[-2.00E+08

L.90E+08

L.80E+08

1.70E+08

L60E+08

1L.50E+08

- L40E+08

[ L.30E+08

r1.20E+08

- 1.10E+08

r1.00E+08

[-9.00E+07

[-8.00E+07

7.00E+07

6.00E+07

5.00E+07

(-4.00E+07

[3.00E+07

[-2.00E+07

rLOQE+07

[-0.00E+00

-1.00E+07

10.0 9.5

Compound L22k

2-YGM-NMR-LPAL
2¥GM-117 o
|

T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

—325

O
GH/NWN: NN

A

0.5 0.0

0.88 =

073—=

- 0761 L—

?

1 272
2,13
2.0—=

3.5 12.5 11.5 10.5 9.5

T T T T
70 65 60 55
f1 (ppm)

50 45

T
9.0 85 40 35 30 25
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2.0

1.5

T T
1.0 05 0.0

[£.£uCTuo
-2.10E+08
~2.00E+08
~1.90E+08
r1L.8OE+08
~170E+08
rLe0E+08
~1.50E+08
- L40E+08
- 1.30E+08
-120E+08
~110E+08
~LOOE+08
~9.00E+07
8.00E+07
~7.00E+07
r6.00E+07
5.00E+07
4.00E+07
{-3.00E+07
-2.00E+07
- 1.00E+07
~0.00E+00

r-1.00E+Q7

—-2.00E+07



Compound L221
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Dose-response curve of B-arrestin 1-Trypsin
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Dose-response curve of calcium signaling assay (SLIGRL-induced)
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