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ABSTRACT
Chemokine receptor type 4 (CXCR4) is overexpressed in cells associated with various disease
pathways such as autoimmune disorders, inflammation, HIV-1 proliferation, and cancer. Healthy
functions such as stem cell differentiation and migration are linked with the CXCR4/CXCL12
signaling pathway. Hence, the binding interaction of CXCR4 with its natural cognate CXCL12
ligand can be partially blocked with small molecules to hinder the mechanism of cancer
metastasis or inflammation but still allow normal cell functions to occur. Various antagonists and
modulators for CXCR4 have been synthesized and tested, but new compounds with better
efficacy are necessary due to cardiotoxicity and/or poor oral bioavailability of these compounds.
The overall goal for this research is to synthesize asymmetrical, pyridine-based and thiophene-
based compounds as potential modulators of CXCR4-CXCL12 activity. A new research scheme
is being investigated and tested using 2,5-thiophene as the central ring and modifications to the
side chains with a different hit functional group on each side to yield an asymmetrical small
molecule antagonist. After the synthesis process is completed, the analogues are analyzed

through NMR and MS and proceed to be tested with further biological tests.



INTRODUCTION
1.1 Background
The chemokine receptor type 4 (CXCR4) is widely found in a variety of tissues and expressed in
hematopoietic, cardiovascular, nervous, and immune systems.! CXCR4 interacts with mediators
such as CXCL12, MIF, and gp120 and by heterodimerization with other chemokine receptors
like ACKR3 or CCR5 to form a complex signaling network.2 The CXCR4 signaling network and
its related physiological processes in the hematopoietic and immune systems are associated with
various diseases including HIV-1 infection and proliferation, autoimmune diseases,
acute/chronic inflammation, and cancer.? The binding interaction of the CXCR4 with its only
natural endogenous cognate chemokine ligand 122 is overexpressed in the pathological pathways
of cancer metastasis and inflammation.* Various antagonists and modulators for CXCR4 have
been synthesized and tested, but new compounds with better efficacy are necessary due to side
effects like cardiotoxicity and poor oral bioavailability of certain compounds.>® This project
focuses on the design and synthesis of compounds that may show potential as CXCR4
antagonists based on aromatic heterocyclic rings as the core of the compound and stepwise

modifications for asymmetrical functional group attachments.

1.2 Chemokines and CXCR4

Chemokines are a large family of secreted small proteins belonging to the cytokine superfamily
with molecular weight of 8-12 KDA (usually ~70-80 amino acid residues) that mediate cellular
activation, differentiation, and trafficking.2” Chemokines are grouped into four families — CXC,
CC, CX3C, and XC — based on how the spacing pattern of the two conserved cysteine motifs on

the N-terminus involved in disulfide bond formation are arranged.® Cells must express a



complimentary chemokine receptor in order for the cell to recognize and respond to a
chemokine. Similarly, chemokine receptors are divided into four families — CCR, CXCR, XCR,
and CX3CR - classified according to the subfamily of chemokines to which most of its ligand
binds.® Many promiscuous chemokines bind to multiple receptors, and each receptor can interact
with more than one chemokine.? Chemokine receptors belong to the 7-transmembrane o-helices
G-Protein Coupled Receptor (GPCR) family. When the ligand binds to the extracellular domains
of its cognate receptor, conformational changes in the seven transmembrane domains facilitates
interactions with intracellular heterotrimeric G protein to transmit the signal .2

CXCR4 is one in six out of eighteen known chemokine receptors to bind to a single
ligand.!® Resembling other GPCRs, CXCR4 is made up of seven transmembrane alpha helices
connected by three extracellular (ECL) and three intracellular loops (ICL) and a C-terminus
located in the cytoplasm.® With slight differences compared to other GPCR structures in the 34
amino acid chain extracellular N-terminus and the orientation of the alpha helices mostly on the
extracellular side, CXCR4 forms specific disulfide bonds to shape the entrance of the ligand-
binding pocket for CXCL12. The structure of CXCR4 is shown in Figure 1. Crystallization
studies reveal that CXCR4 exists as a homodimer but can bind 1:2 ligand to receptor
stoichiometrically though computational, functional, and biophysical methods support a 1:1 ratio

of CXCL12 to CXCR4 instead.?
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Figure 1. Three-dimensional structure of CXCR4.

Image taken without permission from Pawig, L.; Klasen, C.; Weber, C.; Bernhagen, J.; Noels, H.
Diversity and inter-connections in the CXCR4 chemokine receptor/ligand family: molecular
perspectives. Frontiers in Immunology 2015, 6 (429).

CXCL12, also known as the stromal cell-derived factor-1 (SDF-1), is the endogenous
chemokine ligand specific to CXCR4; however, this ligand also binds to ACKR3, which is an
atypical chemokine receptor that modulates CXCR4 functions and also overexpressed in a
variety of diseases.! CXCL12 exists as six different splice variants in humans from CXCL12a to
¢, and these different isoforms have different activities and functions and are expressed
differently among tissues.! The CXCL12a is the major and most-studied variant. Mature,
biologically active CXCL12 undergoes a cleavage of the 21 amino acids at the N-terminus and is
characterized by three strands of the B-sheet packed against an alpha helix.® The RFFESH motif

depicted in Figure 2 in red is the most important binding motif for CXCR4 and the CXCL12

core.



B CXCL12a

RFFESH motif

N-terminus

3-stranded
B-sheet

a-helix j

Figure 2. Three-dimensional structure of CXCL12.

Image taken without permission from Pawig, L.; Klasen, C.; Weber, C.; Bernhagen, J.; Noels, H.
Diversity and inter-connections in the CXCR4 chemokine receptor/ligand family: molecular
perspectives. Frontiers in Immunology 2015, 6 (429).

CXCRA4 is one of the most studied chemokine receptors, and it along with its ligand is a
major therapeutic target in the treatment of cancer as they support migration, proliferation, and
survival of cancer cells.’> CXCR4 is also intensively studied for its role in autoimmune diseases
and disorders. Furthermore, CXCR4 acts as a coreceptor for human immunodeficiency virus-1
(HIV-1), allowing for its entry into host CD4+ T-cells and homing stem and progenitor cells in
the bone marrow to control their mobilization into the peripheral blood stream and tissues for
homeostasis as well as after tissue injury.” Knock out studies with mice reveal that CXCR4 is
involved in cardiogenesis, cerebellum development, hemopoiesis, vascularization, and
embryogenesis.™ In healthy cells, the interactions of CXCR4 and CXCL12 trigger the
mobilization of stem cells?, immune cell survival and trafficking, gene transcription®®,
intracellular calcium modulation®®, and cell adhesion'®. This means CXCR4 and CXCL12 trigger

stem cell differentiation to repair tissue damage, neural crest cells migration for normal brain

development, and embryonic stem cells induction for cardiogenesis.t*’



1.3 CXCR4 Mechanism of Action

The missing N-terminus piece for the crystal structure of CXCR4 was discovered in 2010
through binding small molecule antagonist IT1t and cyclic peptide CVX15.* The NMR structure
of CXCL12 bound to the N-terminus of CXCR4 gave insights into their critical interactions®®,
and models like atomic-level dynamics®® are currently being investigated to determine the
activation mechanism and ultimately, a completed crystal structure of CXCR4 bound to
CXCL12.

Following the generalized two-site model of chemokine ligand binding to receptor?!, the
mechanism proposes binding between the CXCL12 N-loop (RFFESH) with the CXCR4 N-
domain, or site one, to dock the chemokine to its receptor following the receptor’s recognition of
the chemokine core. In site two, the interactions of the CXCL12 N-terminal with the CXCR4
ECL residues activate CXCR4 signaling?®. Related interaction mechanisms of chemokine to
receptor have been suggested due to the lack of comprehensive and quantitative methods
describing how the two-site model explains binding affinity and modes, ligand specificity, and
activation. Recent research contests there may be intermediate-site interactions such as when
CXCR4 assumes a bent conformation that directs the N-terminus towards the major pocket
instead of the minor pocket.?® To that end, the two-site model fails to address these overlooked
and perhaps dependent interactions, and a completed complex model regulating how chemokines
interact with their receptors will provide functional outcomes, such as in the drug development
of chemokine antagonists used for cancer treatment.

Given the vital interactions of CXCR4 and CXCL12 in physiological functions like
hemostasis and trafficking cells, completely blocking the active site of CXCR4 with an

antagonist will have unwarranted damaging side effects. Instead, to modulate the



CXCL12/CXCR4 axis involved in the disease pathways of cancer metastasis and inflammation,
our approach is to design and synthesize molecules intended to allow the first binding interaction
step of CXCR4 and CXCL12 but would block the second the interaction of the CXCL12 N-
terminal with CXCR4 ECL. Our molecules should also be reversible in that that they are able to

dissociate after binding for a certain period of time.
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Figure 3. Pathways regulated by CXCRA4.

Image taken without permission from: Choi, W.-T.; Duggineni, S.; Xu, Y.; Huang,

Z.; An, J. Drug Discovery Research Targeting the CXC Chemokine Receptor 4 (CXCR4). J.
Med. Chem. 2012, 55. 977-994.

2.1 Disease Pathways Related to CXCR4

2.1.2 Cancer

For millions of people in the United States, the struggle with cancer both shapes and is shaped by
many day-to-day life choices. These are the numerous avoidable risk factors such as tobacco use,

alcohol consumption, physical inactivity, and obesity. Other cancers are caused by

uncontrollable risk factors such as inherited genetic mutations and a family history of cancer.



More than 16.9 million Americans who battled cancer many years ago with no current evidence
of relapse were alive on January 1, 2019, and more than 1.8 million Americans are expected to
be diagnosed in 2020.2* The top three leading cancers by death rates are lung and bronchus,
female breast, and prostate in the United States.?®

Cancer can develop almost anywhere in and on the human body in an unregulated and
proliferated manner different from normal, healthy cells. These cells deviate from healthy cell
behaviors because of damaged and unrepaired DNA either acquired genetically as a mutation or
exposures to the environment such as ultraviolet rays and smoking. The development of cancer
involves a multistep process, carcinogenesis, where changes in tissue structures and cell
phenotypes induces local regions of hypoxia, promoting the formation of precancerous and
cancerous tumors.?® Cancer cells no longer follow the regular cell cycle which includes
programmed cell death, or apoptosis. Instead, the defining fundamental trait of cancer cells is
their ability to survive beyond the normal life span of the cell by resisting apoptosis and evading
growth suppressors to eventually generate tumors and metastasize.?

The variability in type and unpredictable nature of cancer makes treatment rather difficult.
However, modern technology and science methods have enabled the screening, detection,
treatment and even prevention of many cancers. Several advancements in treatment of cancer
include less invasive surgeries through the use of ultrasound, computed tomography (CT) scans,
magnetic resonance imaging (MRI), and positron emission tomography (PET) scans, lasers, or
cryosurgery. Chemotherapy is a popular application of chemotherapeutic drugs to kill cancer
cells and can be combined with radiation therapy, and the effects are systemic.?” These
approaches were targeted to kill cancer cells but could also damage and kill some normal cells.

Other methods of treatment include targeting cancer cells directly through growth signal



inhibitors, endogenous angioinhibitors, and drugs inducing apoptosis. Research is currently
being conducted on nanotechnology, RNA expression profiling and proteomics, and
antiangiogenic chemotherapy.

In the United States, the overall cancer death rate has declined since the 1990s. According to
the Annual Report to the Nation released in March of 2020, the overall cancer death rate among
men from 2001 to 2017 decreased by 1.8% per year and among women by 1.4%.2¢ Among
children from the ages of 0 to 14, the overall cancer death rate decreased by 1.4% per year from
2013 to 2017.% This fact provides a hopeful outlook that cancer will one day be completely
cured.
2.1.2.2 Cancer Metastasis
Metastasis is the general term that describes cancer cells spreading from the primary source
tumor into other areas of tissues and distant organs.?® Responsible for as much as 90% of cancer-
related deaths, cancerous cells follow a sequence of interrelated steps to disseminate: 1) entry
into the circulatory and lymphatic systems (intravasation), 2) survival or evasion of the immune
system’s attacks to translocate to other tissues and organs, 3) exit the bloodstream
(extravasation), before finally, 4) survival, adaptation, and invasion of the foreign
microenvironment to proliferate and form a secondary tumor (colonization).%® When cancer has
metastasized, the cancer is still known and named after the part of the body where it originated
(i.e. Breast cancer that has spread to the lungs is known as metastatic breast cancer not lung
cancer), and treatment is based on the original cancer cells’ location.!

The interactions of cancer cells with the microenvironment drives cancer pathogenesis
and metastasis using communication pathways such as the CXCR4-CXCL12 signaling axis.

These malignant cells utilize similar migration pathways of healthy cells during tissue



regeneration and repair. In common tissues and organs of metastasis such as the brain, lung, liver
and lymph nodes, CXCL12 is highly expressed, which facilitates and guides the migration of
CXCR4-expressing cancer cells to infiltrate and provide support to a local tumor with growth
and angiogenic factors.3? Otherwise, the binding of CXCR4 and CXCL12 can promote
metastasis through multiple signaling cascades such as the phosphoinositide 3-kinase/Protein
kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK) pathways.3? The axis also
contributes to therapeutic resistance with the recruitment of myeloid bone marrow-derived cells
that indirectly encourages tumor recurrence and metastasis.>* CXCR4 over-expression predicts a
poor overall survival prognosis for many different types of cancers such as breast, colorectal,
lung, liver, prostate, and renal cancer; irrespective of any cancer type, high expression levels of
CXCR4 is associated with poorer progression-free survival.3*

Stopping the progression of cancer’s natural course to spread and invade other areas of
the body will help improve cancer survival rates and keep tumors localized for treatments to
more effectively work. Thus, the CXCR4-CXCL12 axis is a major target of therapeutic
approaches. The development of drug candidates to inhibit the migration of cancer cells by

disrupting these binding interactions is the overarching goal for this project.

2.1.3 Inflammation: Inflammatory bowel disease, allergic asthma, and pulmonary fibrosis
2.1.3.1 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is comprised of two major idiopathic forms, ulcerative colitis
and Crohn’s disease, which are chronic inflammatory disorders of the gastrointestinal tract (GI)
empirically characterized by clinical, pathological, endoscopic, and radiological features such as

intestinal inflammation and epithelial injury.3 % Through examination of the CXCR4/CXCL12



axis, CXCR4 and CXCL12 were found to exert pro-inflammatory properties, and CXCR4 was a
requisite for these pro-inflammatory effects. In experiments of CXCR4 knock-out mice and
small molecule antagonists of CXCR4, the results demonstrated blocking CXCR4 reduced
inflammation. CXCL12 and CXCR4 are upregulated in IBD intestinal epithelial cells, and by
modulating the CXCR4/CXCL12 axis with CXCR4 antagonists, potential for therapeutic

purposes to reduce inflammation and improve colonic pathology is shown.*’

2.1.3.2 Allergic asthma

Allergic asthma is defined by airway hyperresponsiveness (AHR) to a variety of direct-acting
and indirect-acting stimuli*® and excessive airway mucus production. Mixed results on the factors
of chronic pulmonary eosinophilia and elevated serum immunoglobulin E* affecting AHR show
a mere association, but perhaps not a requirement for the development of an allergen-induced
response®®. CXCR4 is upregulated by the proinflammatory cytokine IL-4 in CD4+ T cells
including Th2 cells, and the expression of CXCRA4 is higher in BAL CD4+ T cells of asthmatic
people compared to their peripheral blood CD4+ lymphocytes. Because of this, there will likely
be a significant response to CXCL12 that occurs in the narrowing airway, leading to
inflammation. When CXCR4 signaling is inhibited, invasion of the lungs by eosinophils is
reduced by ~50%, highlighting the role CXCR4 with its ligand on either the allergic response

onset or in its maintenance.*

2.1.3.3 Pulmonary fibrosis
Pulmonary fibrosis is a progressive disorder of tissue remodeling, fibroproliferation, and

deposition of extracellular matrix in the lung parenchyma that causes respiratory failure resulting



in premature death and no effective treatment intervention to date*?. In human interstitial lung
disease, plasma and lung levels of CXCL12 associated with ~90% of CXCR4 expression in
circulating fibrocytes were elevated.*> * The expanded pool of circulating fibrocytes is an
independent predictor of mortality, supporting the fact that these cells are relevant in the
pathogenesis of pulmonary fibrosis*. The mechanism of CXCR4/CXCL12 expression mediates
fibrocytes influx to the lung, and pharmacologic inhibition of this process as a therapeutic

strategy for fibrotic lung disease results in attenuated disease severity.

214 HIV
Human Immunodeficiency Virus (HIV) is a bloodborne pathogen that attacks the body’s immune
system, and if left untreated, can lead to Acquired Immunodeficiency Syndrome (AIDS) and
related complications. The origins of HIV are traced to the chimpanzee version of the virus,
simian immunodeficiency virus (SIV), and perhaps was passed to humans through the
consumption of their infected blood. The virus destroys CD4 (also known as T-cells) cells which
makes it difficult for the immune system to fight off infections and other diseases. Globally, 75.7
million people have become infected with HIV since the start of the epidemic in the 1980s, and
in 2019, there were 36.2 million adults and 1.8 million children ages from 0 to 14 living with
HIV.* The rate of HIV infection has been reduced by 40% since the peak of the epidemic in
1998; around 1.7 million of people were newly infected in 2019 compared to the 2.8 million in
1998.46

The two main types of HIV are HIV-1, which is most common, and HIV-2, less common
and infectious. HIV-1 accounts for around 95% of all infections worldwide; the most common

strain of HIV-1 is Group M. The other groups — N, O, and P — are uncommon. Within Group M,



there are at least nine genetically different subtypes A, B, C, D, F, G, H, J and K. Subtypes can
join to combine genetic material to form a hybrid mixture virus, known as a circulating
recombinant form.*’

HIV-1 infection begins when the virus enters into mucosal dendritic cells and CD4+
lymphocytes*® and then multiplies, leading to acute HIV which is characterized by a temporary
drop in CD4+ lymphocytes but also further entry into other cell populations such as T-
lymphocytes, macrophages, and dendritic cells. From this, the HIV reservoir is started, and the
virus can multiply and bud from these cells in the future. For HIV and the host cell to interact,
CD4 surface proteins coordinate with the trimer of the HIV-1 envelope glycoprotein, gp120. A
conformational change in gp120 exposes more binding sites*®, and these new binding sites allow
for the second trimeric protein of HIV-1, gp41, to change conformation and insert the N-
terminus of its fusion peptide into the host cell membrane.>® The principle coreceptor for gp120
is CXCR4 and CCR5.%

Currently with no cure that completely eradicates or suppresses HIV and its reservoirs,
prevention strategies for HIV are the most important and effective methods to stop the
transmission of HIV which includes condoms, HIV testing, blood precautions and safety, male
circumcision, informative programs, and harm reduction efforts for injecting drug users. Pre-
exposure prophylaxis (PrEP) is also a form of prevention for high-risk individuals in
combination with other prevention methods.>? HIV treatment involves combination antiretroviral
therapy (ART) along with medications to prevent and treat the opportunistic infections that take
advantage when the immune system is compromised by HIV until the viral loads are

undetectable and there is no risk of transmission to others.%?



2.1.5 Autoimmune Diseases

Rheumatoid arthritis (RA) is a disease of inflammation and the autoimmune system whereby the
immune system mistakenly attacks healthy cells, and this leads to inflammation of the affected
parts of the body. Specifically, in RA, the joints of the hands, wrists, and knees are attacked,
which causes the lining of the joint to become swollen and damaged chronically.>* RA can also
affect other tissues like the lungs, heart, and eyes. CXCR4 and CXCL12 is highly expressed in
the serum and joint synovial fluid of patients with RA, and CXCL12 can be secreted and
produced by joint synovial cells which further activates and supports the migration of
inflammatory cells to these synovial tissues.> These expressions of CXCL12 enhance CXCR4
expression by immune cells, and the CXCR4-CXCL12 axis will keep the activated immune cells
in the inflamed joint.! Treatment options for RA include medications such as steroids,
nonsteroidal anti-inflammatory drugs (NSAIDS), and disease-modifying antirheumatic drugs
(DMARDS).%® However, due to various side effects, biologic agents are becoming a newer
treatment option instead. Biologic agents target the specific part of the overactive immune
system that triggers inflammation. Acting similarly like a biologic agent, a CXCR4 antagonist

that disrupts the CXCR4-CXCL12 pathway shows potential as a drug to treat RA in patients.

3.1 CXCR4 Antagonists and Modulators
3.1.1 AMD3100

The CXCRA4 bicyclam reversible antagonist plerixafor (AMD3100) was approved by the
FDA in 2008 for autologous transplantation in patients with Non-Hodgkin’s Lymphoma or
multiple myeloma though it has been shown to benefit other malignant diseases involving

CXCR4 as well.>" The initial purpose was to prevent HIV entry but given CXCR4’s connections



with stem cell mobilization, this became the purpose to administer the drug. AMD3100 directly
antagonizes CXCR4 without affecting other receptors for either CXC- or C-C chemokines®®, and
Ca** flux measurements confirmed that the CXCR4 signal pathway was blocked.>® Other
aromatic derivatives of AMD3100 were synthesized and tested, but only the compounds
retaining the central benzene ring structure were active.®

Due to various and adverse side effects, AMD3100 is currently the only FDA-approved
CXCR4 antagonist and can be administered at a dosage of 240 pg/kg for a limited to single time
use. A recent study in 2017 shows that a higher dose of plerixafor at 480 pg/kg can be
administered in healthy stem cell donors, which mobilizes greater numbers of CD34" cells than
the conventional dose.®® AMD3100 can induce lung or liver fibrosis, and mobilized cells may act
as potential cancer stem cells.®* Other studies have noted the impractically of daily dosing

requirements®?, lack of oral bioavailability®®, and cardiac arrythmia in two patients.5?

3.1.2 WzZ811

In search for a new class of CXCR4 antagonists due to the cyclam’s metal ion chelating property
contributing to cardiotoxicities and short-term usage, an extensive structure-activity profile
indicated the central aromatic ring and a one-carbon separation between the central aromatic
phenyl ring and the nitrogen of the acyclic linker is critical to the potency and affinity of the
molecule to CXCR4.53 A potent compound, WZ811, was synthesized however it has poor

bioavailability and unable to exhibit any in vivo efficacy due to rapid oxidative metabolism.®*



4.1 Precursor Molecules

The project of AMD3100 (Figure 4) started off as an impurity characterized with a bicyclam in
which the two cyclam rings were tethered by a direct carbon-carbon linkage known as JIM1657;
when unable to re-synthesize JIM1657, a new approach to synthesize a bicyclam derivative with
cyclam rings tethered by an aliphatic, or propyl bridge, JIM2763, was developed.%® From there,
the replacement of the aliphatic bridge with an aromatic bridge as in JM2987 showed an increase
in potency by 100-fold.®> AMD3100 is highly potent as a CXCR4 antagonist, but lacks oral
bioavailability and must be administered by intraveneous infusion, which limits its clinical
applicability for long-term anti-HIV therapy.®® AMD3465 builds upon the basic structure of
AMD3100 by modifying the two cyclam rings into a monocyclam macrocyclic N-
pyridinylmethylene molecule to reduce the basic amine groups attached.%® Also lacking oral
bioavailability due to a high positive charge at physiological pH, WZ811 was synthesized in an
effort to combat this problem with a molecule structure composed of two aromatic amine
moieties connected by a para-xylylene group.®® Ultimately, WZ811 also lacked oral
bioavailability.®* Other groups have based chosen amide-sulfamide side chains to add to the
central phenyl ring of the bis-secondary amine compound with promising results as candidates

for the intervention of breast cancer metastasis.®’
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Figure 4. Progression of IM1657 to WZ811
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To increase efficacy and oral bioavailability, the synthesis of better CXCR4 antagonists
continues. Based on WZ811, analogues with modifications to the ring chain have been
synthesized. The Lipinski rule of 5 guides the consideration of various properties and structural
components that could potentially lead to a successful design of new analogs for oral delivery.%
The rule prioritizes compounds to be more orally active if these requirements are met - molecular
weight less than 500 daltons, calculated logarithm of the octanol-water partition coefficient
(cLog P) of less than 5, 5 or fewer hydrogen bond donors, and 10 or fewer hydrogen bond
acceptors.%® However, this research was conducted two decades ago in 1997, and drug developers
are urged to reconsider how the rule of 5 is used because new modalities of drug synthesis are
challenging the Lipinski hypothesis.5® Given exceptions to the rule’ and perhaps an outdated
rule compared to modern times, the Lipinski rule of 5 was used as a guideline to assist in the
direction of our drug development.

WZ811 has a molecular weight less than 500 g/mol, 4 nitrogen atoms, and a calculated

cLog P value of 2.65.”* Current research within our group has focused on designing and



synthesizing analogues based on WZ811 by altering the phenyl ring with other heterocyclic
aromatic rings with a lower p value than benzene. The cLog P values for the aromatic rings of
interest, which details how much of a solute dissolve in the water portion versus in an organic
portion, have been listed in Table 1.

Table 1. Aromatic Ring Structure and cLog P values
Values taken from Exploring QSAR’? and Human Metabolome Database”

Ring Structure cLog P
Benzene @ 2.13
Thiophene s 1.81

\ /
Furan 0 1.34
\

Pyridine N 0.65

| Pz

Pyrazine N -0.26

()
N

Analogues of 2,5-furan and 2,5-pyrazine, 3,4-thiophene, and 2,6-pyridine have been
synthesized by Dr. Theresa Gaines (Figure 5), and 2,6-pyridine had the best results; especially
the symmetrical substituents, 3-methyl aniline, 4-ethyl aniline, and the morpholine, exhibiting
above 60% inhibition in the Matrigel invasion assay following passing the preliminary screening
in the binding assay’. Other symmetrical substituents, the 4-ethyl pyridine and the morpholine,

on the 2,6-pyridine reduced inflammation on par with WZ811 at 42% and 39% respectively.’




The 2,5-furan and 3,4-thiophene series had derivatives, specifically the 4-methyl aniline, 2-
fluoro aniline, and 1-methylpiperazine substituents, with invasion assay results above 70%.* The
2,5-thiophene series was synthesized by Francisco Garcia (Figure 5) with the best invasion assay
inhibition out of all the five core molecules synthesized at 80% though these were not tested in
the paw edema test against inflammation.

Analogues of pyridine with substituents at 2,5 positions was synthesized by Virani
Saniya (Figure 5). Of the 2,5-diamino pyridine and 2,5-dicarbaldehyde pyridine analogues, the
2,5-dicarbaldehyde compounds had the best results.” Specifically, the 2,5-diamino pyridines
with smaller substituents like methyl, chloro, and fluoro showed more activity in the assays than
the larger substituents, and for the 2,5-dicarbaldehyde pyridine compounds, longer substituents
like methyl, methoxy, and nitro yielded more activity compared to small substituent
attachments.” In the Carrageenan paw edema test, only the 4-chloro substituent on the 2,5-
dicarbealdhyde compound reduced inflammation by 8%, a number much less than the 40%

reduction by WZz811.7



Figure 5. Progression of CXCR4 antagonists to synthesized symmetrical analogues with
modified aromatic center rings and its substituents
5.1 Design Rationale

Our current project builds upon the group’s previous work. Following the suggestions of
Dr. Theresa Gaines, our project expands upon the library of compounds with asymmetrical 2,5-
thiophene and 2,6-pyridine analogues with the hypothesis that this will help increase the activity
of the compounds due to a better fit into the active site. Support for this hypothesis is also
provided with dipyrimidine amine attachments to the dual pyrimidinyl class of molecules with
different functional groups like methoxy and morpholine showing potent inhibition, and one
compound displayed promising properties in three mouse models to block CXR4.54

To synthesize asymmetrical pyridine-based and thiophene-based compounds, the central

phenyl ring of WZ811 is replaced with a pyridine or thiophene ring since it is a common motif



for therapeutic purposes and has a lower cLog P value than benzene. The central pyridine ring is
modified through stepwise reactions leading to two different functional group attachments using
reductive amination (Figure 6). Our first goal was to accomplish the synthesis of the precursor
for the overall synthesis of our target compounds. The analogues will be verified with mass
spectrometry (MS) and proton nuclear magnetic resonance (*H NMR). Once successful, the
synthesized analogues with different subsequent functional group attachments on each side will
undergo binding affinity assay and Matrigel invasion assay. The compounds will proceed to the
Matrigel invasion assay if the effective concentration is 100 nM or less. These biological assays
are conducted to test how well the compounds bind to the CXCR4 receptor and the inhibiting
effectiveness.” Analogues with the best results from the invasion assay will be tested using the
Carrageenan paw edema test to assess the anti-inflammatory activity of the compounds. Dr.
Hyunsuk Shim’s laboratory at Emory University School of Medicine will conduct these

biological assays.
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Figure 6. Progression of CXCR4 antagonists leading up to current work in our group
RESULTS and DISCUSSIONS

6.1 Chemistry

6.1.1 2,6-pyridine analogues

The design of these asymmetrical pyridine analogues involved conversion of one ester to an

alcohol to an aldehyde and protection of the aldehyde with ethylene glycol. The other ester was

then converted to an aldehyde followed by reductive amination for the first substituent

attachment. Finally, deprotection of the ethylene glycol and the final reductive amination

attachment to the last aldehyde would yield the asymmetrical pyridine-based modulator. The

reactions are shown in Scheme 1. One of the esters on dimethyl pyridine-2,5-dicarboxylate (1)



was reduced to an alcohol using sodium borohydride (2). This alcohol was oxidized with Dess-
Martin Periodinane to form an aldehyde as seen on 3. An ethylene glycol group was attached to
protect this aldehyde through the Dean-Stark reaction (4). The other ester was treated with
DIBAL-H to form another aldehyde (5). These steps were to synthesize the precursor molecule.
Our design involved reductive amination as a point of attachment of a hit functional group in the
last three steps from 6 to 8. Care had to be taken with the reductive amination so that the
ethylene glycol protected aldehyde would remain intact through the reaction. A strong acid
would deprotect and return the original aldehyde (7) for the final amine attachment (8). The
substituted amines were chosen based on the results from Dr. Theresa Gaines’ and Francisco
Garcia’s synthesized analogues; substituents with high affinity in the binding assay and
demonstrated reduction in inflammation during the paw edema test were to be used.

The first three steps to synthesize the precursor compound were successful. In the fourth
and final step with DIBAL-H, the reduction of the ester reacted completely to an alcohol instead
of the aldehyde desired. This alcohol can then be oxidized to the aldehyde. However, successful
completion of this series was not finished, and a new approach was tested to reduce complexity

in steps.



Dess-Martin
NaBH, (2 eq) Periodinane OH
CaCIz (4 eq) (1 3eq) / ~
THF EtOH DCM "
0°C, 90 min 0°C,6h HO
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Scheme 1. Synthesis of 2,6-pyridine analogues from the 2,6-pyridine precursor molecules

6.1.2 2,5-thiophene analogues

In our next approach, we started over with 2,5-thiophenedicarboxaldehyde because of its
availability in the laboratory. If the thiophene synthesis is successful, this route will also be
extended to pyridine-based compounds as originally planned. We continue to use the protection
step with ethylene glycol but start off with an aldehyde already part of the compound. Using 0.3
equivalence of a catalyst and the starting compound (1), we were able to isolate 40% of 2 after
column chromatography. We hoped that by using a lower equivalence of ethylene glycol, less
would become bis-substituted and more would remain mono-substituted, leaving one side
available for a hit functional group. Protecting one side should have made the exposed aldehyde
more reactive for the amine attachment. The resulting mono-protected compound underwent

reductive amination with a hit functional group, 4-methoxy (3). The deprotection was completed



with citrate ammonium nitrate (4). After the deprotection, the final reductive amination would
take place with a different hit aniline (5). Following the completed synthesis and analytical
verification by *H NMR and MS of these analogues, they will be sent to Dr. Shim’s lab for

further biological testing.

p -TsOH (0.3 eq)
Dean Stark 24h \
HO (1eq) Yield: 40%

R;——NH; (1.1 eq) | zncl,
NaCNBHj3 (1.5 eq) | Methanol
Yield: 32.3%

/\E>—\ B 15 o) 1 < MHCeNODs s /\E>’< j
e, /\E>’/< npunted ot 5.5
Scheme 2. Synthesis of 2,5-thiophene analogues from 2,5-thiophene precursor molecules
6.1.3. Challenges
Throughout the synthesis process, several challenges were encountered. The need for a more
simplistic synthetic route due to the stepwise nature of reactions that builds upon the last
molecule was recognized. An important lesson learned with the first synthetic route is the need
for analytical verification with both MS and NMR following the completion of a reaction before
moving on to the next step. With the switch to 2,5-thiophenedicarboxaldehyde, an equivalence
amount of ethylene glycol was considered thoroughly to produce enough of the mono-protected
compound. Thus, many of these procedures were continuously modified to maximize yield and
give the desired product.

In the first reductive amination with 4-methoxy (3), which is one of the hit functional
groups chosen to be attached, purification of the product was difficult. The excess amine and

product have similar retention factors (R values), and the column chromatography required at



least 6 hours of time to develop enough separation between the two compounds despite using a
solvent system in which the compound of interest has a retention factor of 0.2. Therefore, there
was not enough time to run the column while also managing other class times. To prevent excess
amine, the 2.3 equivalence was reduced to 1.1 in the reductive amination reactions. However, to
further reduce the excess amine obtained, it is suggested that the amine be added slowly and in
smaller increments at a time while monitoring the progress of the reaction. It was also found that
zinc chloride was a necessary reagent in the reductive amination reaction because it worked as a
catalyst.

In the next step of deprotection, the original procedure that was used was 37%
hydrochloric acid (HC1). However, surprisingly, the analytical analysis with H'NMR revealed
that the compound had three aldehyde signals, and the 4-methoxy substituent was no longer
attached to the thiophene ring. It appears that the compound may be acid sensitive. The
mechanism of action is still unclear. Alternatively, citrate ammonium nitrate was used to
deprotect the ethylene glycol®, and this reaction worked better though there continues to be two
aldehyde peak signals. It is unknown currently what could be causing two aldehyde signals. The
rest of the H'NMR showed that the 4-methoxy substituent remains attached to the thiophene
ring. However, since this deprotected compound was not completely purified before NMR
analysis, impurities were noted. The final reductive amination attachment (5) is currently being
worked on.

CONCLUSIONS
The CXCR4 small molecule antagonist synthesis is currently 75% completed with one last step
to a final asymmetrical compound pending. The methods to synthesize the precursor were

modified continuously through trial and error in order to synthesize our target compounds and



maximize yield of products; hence, an extended duration of time was devoted on the design of
the asymmetrical 2,5-thiophene and 2,6-pyridine analogues. Work is currently being expanded to
2,6-pyridinedicarboxyaldehyde using the modeled synthetic route with 2,5-thiophene. With
promising results in the current synthesis design, we hope to expand upon the library of CXCR4
antagonists with these asymmetrical small molecules and analyze their efficacy as CXCR4
antagonists.

EXPERIMENTAL DETAILS
7.1 Chemistry
The *H NMR (400 MHz) spectra were recorded on a Bruker Ac 400 FT NMR spectrometer in
deuterated chloroform (CDCI3). Mass spectra were recorded on a JEOL spectrometer at Georgia
State University Mass Spectrometry Center.
7.1.1 General Procedures’® for the Synthesis of the methyl 6-(hydroxymethyl) nicotinate
Analogues
To a stirring mixture of 500 mg of dimethyl pyridine-2,5-dicarboxylate, THF, ethanol, and 1.13
g of calcium chloride (CaCly), was added and cooled to 0°C. The mixture was maintained for 15
minutes, and sodium borohydride (NaBH4) was added slowly. After being stirred for another 90
minutes while keeping the temperature constant, the bulk of ethanol was removed in vacuo. The
resulting mixture was extracted with ethyl acetate, and the organic layer was dried and

concentrated in vacuo. This procedure was used to synthesize 2.

Methyl 6-(hydroxymethyl) nicotinate (2) MS ESI+: MW 167.17, found 168.0



7.1.1.2 General Procedures’’ for the Synthesis of the 3-pyridinecarboxylic acid, 6-formyl-,
methyl ester Analogues

Crude methyl 6-(hydroxymethyl) nicotinate was dissolved in DCM, after which Dess-Martin
periodinane was added portion-wise with stirring on ice. After 6 hours, the reaction was
quenched by the dropwise addition of a solution of 5% w/w sodium thiosulfate in half saturated
sodium bicarbonate. The aqueous layer was extracted with DCM, and the combined organic
extracts were dried over sodium sulfate and concentrated under reduced pressure. This procedure

was used to synthesize 3.

3-Pyridinecarboxylic acid, 6-formyl-, methyl ester (3) MS ESI+: MW 165.15, found 166.0

7.1.1.3 General Procedures’® for the Synthesis of the 3-pyridinecarboxylic acid, 6-(1,3-
dioxolan-2-yl)-, methyl ester Analogues

In 10 milliliters of toluene, 3-pyridinecarboxylic acid, 6-formyl-, methyl ester (3) was added
followed by ethylene glycol. p-Toluenesulfonic acid was added lastly. This reaction was refluxed
using the Dean-Stark apparatus overnight. Sodium bicarbonate was added for the reaction work-
up. Brine was added in the very last step of extraction, and the top layer was saved and

concentrated under rotovap. This procedure was used to synthesize 4.

3-pyridinecarboxylic acid, 6-(1,3-dioxolan-2-yl)- (4) MS ESI+: MW 209.20, found 210.0

7.1.1.4 General Procedures’ for the Synthesis of the 3-pyridinecarboxaldehyde, 6-(1,3-

dioxolan-2-yl)- Analogues



Toluene was added in a round bottom flask with 3-pyridinecarboxylic acid, 6-(1,3-dioxolan-2-
yl)-, methyl ester. The round bottom flask was placed into a container with dry ice and acetone.
The contents were stirred constantly with a stirring bar. DIBAL-H was added last. Once the
reaction was finished in 30 minutes, the reaction was quenched with sodium bicarbonate, and

brine was used for the work-up. This procedure was used to synthesize 5.

7.1.1.5 General Procedures for the Synthesis of mono-aniline 2,6 Pyridine Analogues

To a solution of methanol, 100 mg of 3-pyridinecarboxaldehyde, 6-(1,3-dioxolan-2-yl)- (5) was
combined in a dry vial with the aniline derivative, sodium cyanoborohydride, and zinc chloride.
The solution was stirred for 2 hours and 5 minutes to overnight depending on the aniline. This

procedure was used to synthesize 6 and 8 and used in Saniya Virani’s thesis”.

7.1.2. General Procedures for the Synthesis of the mono-protected 2,5-thiophene Analogues
Using a Dean-Stark Apparatus, 2-5-dicarboxyaldehyde (1) was dissolved in p-TsOH. To the
stirring mixture, 1 equivalence of ethylene glycol was added dropwise. The completed reaction

would yield compound 2 after column chromatography separation (15:1 hexane, ethyl acetate).
2-Thiophenecarboxaldehyde, 5-(1,3-dioxolan-2-yl)- (2) 40% as a yellow oil. *H NMR (400
MHz): 9.90 (s, 1H), 7.68 (d, 2H), 7.24 (d, 2H), 6.14 (s, 1H), 4.09 (m, 2H). MS EPI+: MW of

compound 184.21, found, 185.0.

7.1.2.1 General Procedures for the Synthesis of the mono-aniline 2,5-thiophene Analogues



To a solution of methanol, 80 mg of monoprotected 2,5-thiophene (2) was combined with the
aniline derivative of choice (1.1 eq) and zinc chloride (1 equivalence). The solution was stirred at
room temperature for 5 min, and then treated with 1.5 equivalence of sodium cyanoborohydride
(NaCNBHz). The solution was then stirred for 5 h to overnight depending on the amine. The
product was purified via flash column chromatography (5:1 DCM to hexane). This was used to

synthesize 3.

2-Thiophene-methoxyaniline, 5-(1,3-dioxolan-2-yl)- (3) Yellow oil. *H NMR (400 MHz): 7.26
(s, 1H), 7.01 (d, 2H), 6.87 (d, 2H), 6.78 (d, 2H), 6.63 (d, 2H), 6.04 (s, 1H), 4.11 (d, 2H), 4.01 (d,

2H), 3.98 (s, 1H). MS EPI+: MW of compound 291.37.21, found, 292.0.

7.1.2.2 General Procedures for the Synthesis of the deprotected 2,5-thiophene Analogues
17 mg of compound 3 (0.058 mmol) was dissolved in about half a milliliter of acetonitrile.
Citrate ammonium nitrate (2.5 equivalence, 0.145 mmol, 79.5 mg) was dissolved in about half a
milliliter of water and added to compound 3. The reaction was stirred for several hours. This was

used to synthesize 4.
2-Thiophene-methoxyaniline, 5-carboxyaldehyde (4) Not completely purified. Yellow oil. *H
NMR (400 MHz): 9.51 (s, 1H), 8.619-6.628 (m, 2H), 4.58 (s, 1H), 3.82 (s, 1H). MS EPI+: MW

of compound 247.07, found, 248.0.

7.1.2.3 General Procedures for the Synthesis of the di-amino 2,5-thiophene Analogues



To a solution of methanol, the unprotected 2,5-thiophene (4) was combined with the aniline

derivative of choice (1.1 eq) and zinc chloride (1 equivalence). The solution was stirred at room

temperature for 5 min, and then treated with 1.5 equivalence of sodium cyanoborohydride

(NaCNBHz). The solution was then stirred for 5 h to overnight depending on the amine. The

product was purified via flash column chromatography (5:1 DCM to hexane or 15:1 hexane,

ethyl acetate). This was used to synthesize 5.
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