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ABSTRACT 

Inflammation is one of the body's most important natural defense mechanisms 

involved in wound healing. It is usually triggered by a harmful event, such as physical 

trauma or exposure to external stimuli including bacteria, fungi, viruses, harmful 

chemicals, or environmental particulates. The inflammatory process brings blood 

containing inflammatory mediators consisting of leukocytes, hormones, and cytokines to 

the site of trauma to begin healing. However, the lack of a proper inflammatory response 

or an overactive response can lead to further progressive tissue damage resulting in 

chronic inflammatory conditions or death. The cytokine oncostatin M (OSM) is of 

particular interest due to the pivotal role it plays in chronic inflammatory diseases like 

rheumatoid arthritis, inflammatory bowel disease, and various forms of cancer. These 

diseases have a detrimental impact on a person’s quality of life and life expectancy, as 

well as the economy and health care system. 

There is currently no clinically approved treatment targeting OSM. Thus, we 

propose the development of a small molecule inhibitor (SMI) targeting OSM. Using the 

known crystal structure of OSM combined with computational methods, a sample of 

10,000 randomly selected molecules from online databases were docked in the OSM 

binding site 3, the site presumably responsible for binding to its receptor. The most 

energetically favorable binding poses were used to create a weighted density map 

(WDM) that shows the probability of aromatic carbons, hydrogen bond acceptors, and 

hydrogen bond donors to bind to OSM at particular locations in site 3. A 2,4-disubstituted 
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quinazoline SMI was rationally designed that constructively overlaid with the WDM and 

was predicted to bind with high affinity based on computational docking studies. 

The SMI and analogs thereof, termed the SMI-27 series, were synthesized using a 

4-step reaction sequence to create a small library to be tested against OSM. In order to 

evaluate the ability of the SMIs to inhibit OSM activity and to determine cytokine 

binding specificity, enzyme-linked immunosorbent assays (ELISAs) and western blot 

assays were performed. Fluorescence quenching experiments were used to determine the 

binding affinity of SMI analogs toward OSM. Finally, chemical shift perturbation NMR 

experiments were used to identify the important amino acids required for binding of the 

SMI to OSM.  

All of the SMI-27 analogs tested by ELISA inhibited OSM induced pSTAT3 

expression below the level of the control. Additionally, SMIs 27B3 and 27B5 showed 

specific binding to OSM, and not to leukemia inhibitory factor (LIF) or interleukin-6 (IL-

6), structurally related cytokines. The fluorescence quenching assays indicate that all 

SMIs exhibited direct binding to OSM, with 27B12 having a Kd of 5.1 ± 2.7 µM. Finally, 

the chemical shift perturbation assay identified several amino acids that appear to be 

involved in SMI binding. Importantly, three of these, tentatively assigned as Arg91, 

Leu92, and Gly166, are all located in OSM site 3. These experiments support our 

hypothesis that an SMI can be used to inhibit OSM activity and lay a solid foundation for 

the development of an SMI drug candidate that would provide a significant advancement 

in clinical treatments of OSM-related diseases. 
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CHAPTER ONE: INTRODUCTION TO THE INFLAMMATORY CYTOKINE 

ONCOSTATIN M 

Inflammation 

Introduction to Inflammation 

Inflammation is a non-specific immune response that plays a central role in the 

complex bodily response to various stimuli.1 It is usually triggered by some kind of 

harmful event, such as physical trauma, cellular damage, and exposure to irritants 

including bacteria, fungi, viruses, harmful chemicals or environmental particulates.1-3 

Inflammation will typically present itself on the surface of the skin in the form of 

swelling, redness, and heat near the site of the injury or irritation, causing pain and 

potential loss of function.2 Inflammation also occurs internally and the manifestation is 

often less apparent inside the joints, intestines, and breast tissue.4 

Inflammation has both positive and negative benefits for humans and other 

organisms. Inflammation is necessary for healing wounds, but the lack of a proper 

inflammatory response or an overactive response can lead to further progressive tissue 

damage resulting in chronic conditions or death.1 The inflammation process begins by 

increasing blood flow to the affected area, carrying and allowing the release of 

inflammatory mediators into the body at the site of trauma to begin the healing process. 

These mediators include leukocytes, hormones, pro- and anti-inflammatory cytokines, 
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and many others.2, 3, 5, 6 Since inflammation is usually associated with pain, swelling, 

injury, or disease, it is often viewed as detrimental. However, it is one of the body's most 

important natural defense mechanisms.1 The inflammation process helps the body to 

target and remove foreign or harmful stimuli. Additionally, swelling naturally stabilizes 

the injury and pain alerts the body to protect the injury in order to prevent any further 

damage. 

Acute vs. Chronic Inflammation 

There are two types of inflammation: acute and chronic.1, 3 Acute inflammation is 

a short-term inflammation that occurs as a result of tissue trauma and appears almost 

immediately, ranging from seconds to hours following exposure to harmful stimuli.3 A 

few examples of stimuli that induce an acute inflammatory response are minor scratches 

and cuts, exposure to irritating chemical agents, allergic reactions, lacerations, and blunt 

force trauma. Symptoms of acute inflammation are typically short-lived and generally 

last on the order of a few days to weeks.3  

While acute inflammation mediates the recovery of the body in response to injury, 

sustained inflammation may result in the onset of chronic inflammation that may have 

deleterious effects on one’s health if not properly treated.4 Chronic inflammation, 

frequently a causative factor in multiple disease types, is a long-term inflammation that 

can last for months, years, and in some cases a person’s entire life.2 Chronic 

inflammation can pose a serious health risk, as it is associated with the onset of 

cardiovascular diseases, diabetes, rheumatoid arthritis (RA), chronic obstructive 
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pulmonary disease, allergies, inflammatory bowel disease (IBD), ulcerative colitis, 

Crohn’s disease, and various forms of cancer, among others.1, 5  

Chronic inflammatory diseases can significantly increase the risk of certain 

cancers, which is also considered an inflammatory disease. For example, inflammation in 

the gastrointestinal tract, as in ulcerative colitis and Crohn’s disease, greatly increases the 

risk of a person developing colon or prostate cancer.7 Similarly, inflammation of the 

breasts due to traumatic injury or surgical modifications has also been associated with an 

increased risk of breast cancer.8 A cancerous tumor can be thought of as a wound that 

continuously tries to heal itself but fails to do so.9 This means that the attempted healing 

process continuously occurs and biological healing agents are sent to the site of the 

tumor, which leads to uncontrolled cell proliferation, and the cycle continues as the 

tumor/wound never actually heals. Such chronic conditions tend to frequently lead to 

early death, and mitigation of chronic inflammation is thought to be one of the primary 

reasons for an increase in life expectancy.10 

Economic Burden of Inflammatory Diseases 

Chronic inflammation affects more than a person’s quality of life and life 

expectancy; it also detrimentally impacts the economy and the health care system.11 It 

causes people to be unable to perform simple everyday tasks and go into work, leading to 

lost wages and economic production. Additionally, treating inflammatory diseases incurs 

excessive costs for the person affected, as well as the health care system. It is estimated 

that over 60% of Americans have at least one chronic condition, over 40% have at least 

two, and over 12% have five or more.12 Notably, Americans with five or more chronic 
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conditions account for over 40% of the total health care spending in the United States.12 

The overall financial burden attributed to chronic inflammatory diseases is difficult to 

estimate given their prevalence. However, for some conditions the cost incurred by 

patients is well-documented. For example, nearly 1.6 million Americans have rheumatoid 

arthritis, which costs approximately $6200 per patient each year.11 The average yearly 

expense to 1.3 million Americans with psoriatic arthritis is estimated to be $3600 per 

patient per year.11 Over 54 million Americans are affected by some form of arthritis, 

which is almost 25% of all Americans. At an estimated loss of $164 billion in yearly 

wages, arthritis is thought to be the leading cause of Americans missing work.13 The 

same study found that arthritis is responsible for over $140 billion per year in healthcare 

costs, indicating a total financial burden in the United States of over $300 billion per 

year. Cancer, the second leading cause of deaths of Americans, is estimated to cost over 

$170 billion per year for medical treatment.14 The number of deaths and the extraneous 

cost associated with chronic inflammatory-related diseases highlights a serious need for 

prevention and better treatment. 

The Inflammatory Cytokine Oncostatin M  

Introduction to Cytokines 

To better treat inflammatory diseases, the cause of the diseases must be further 

studied and understood. Cytokines are small proteins involved in cell signaling and have 

a role in inflammation.15 Specifically, The interlukin-6 (IL-6) family cytokines, 

sometimes referred to as the glycoprotein 130 (gp130) cytokine family, are associated 

with multiple inflammatory diseases including rheumatoid arthritis, inflammatory bowel 
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disease, and the progression of a variety of cancers.16-18 All IL-6 cytokines initiate cell 

signaling by forming a heterodimeric complex with gp130 as a common receptor and a 

second receptor that is selective for the given cytokine. The IL-6 family cytokine 

Oncostatin M (OSM) is of particular relevance as its activity has been directly linked to 

many of the previously mentioned diseases. OSM is found to be highly overexpressed in 

synovial tissue and fluids in RA patients, intestinal mucosa in IBD patients, and serum 

levels of breast cancer patients compared to healthy individuals.17, 19, 20 

Oncostatin M 

OSM was first identified and characterized using U937 macrophage cells in 1986 

and gained attention after showing antiproliferative effects among various human cancer 

cell lines, including the A375 melanoma and A549 lung carcinoma cell lines.21, 22 Since 

then, it has been shown to play a pleiotropic role in cell differentiation, bone and skeletal 

tissue metabolism, liver function, inflammatory responses, and many other biological 

functions.23-26 A variety of cell populations secrete OSM, including macrophages, 

monocytes, neutrophils, T cells, and a variety of cancer cells.27-30 Secreted OSM levels 

increase in the event of acute and chronic inflammation.17, 31 Despite all the attention 

OSM has received, much remains unclear as to how it binds to its receptor, OSMR, and 

its extensive role throughout the body.32 

OSM in Breast Cancer and Metastasis 

The role of OSM in facilitating breast cancer metastasis is a primary driver of the 

research described herein. While OSM was first shown to have antiproliferative effects 

against certain cancer cell lines, the Jorcyk lab have several reports that show that OSM 
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increases the metastatic potential of breast and other types of cancers.33, 34 They found, 

for example, that OSM initiates angiogenesis, tumor cell detachment, and correlates to an 

increased number of circulating tumor cells (CTCs).34-37 The migration of CTCs though 

the circulatory system allows for metastasis to occur in distant organs, such as the lungs 

and bones.35, 38 Recently, Tawara et al. found that high levels of OSM correlated with 

high levels of IL-6 in serum of breast cancer patients when compared to healthy 

patients.20 This is important because high levels of OSM and IL-6 in breast cancer 

patients is correlated with a reduction of patient survival and high levels of OSM were 

also shown to increase the potential for breast cancer metastasis.20   

Structure and Function of OSM and LIF 

The cytokine most closely related to OSM in structure and function is the IL-6 

family member leukemia inhibitory factor (LIF). Their commonality is believed to have 

arisen from a gene duplication event on human chromosome 22.39 OSM and LIF 

signaling cascades are remarkably similar but use slightly different receptors and 

oppositely recruits the receptors (Figure 1.1). LIF signals through heterodimeric LIFR-

gp130 complex by first binding to LIF receptor (LIFR) and then recruiting gp130.32, 40 

OSM, in contrast, first binds to gp130 and then OSMR is recruited to make a complete 

complex.41 After creating the ligand-receptor complex, various signaling cascades are 

activated by phosphorylation. Both LIF and OSM activate the Janus kinase/signal 

transduction and activator of transcription (JAK/STAT) pathway, resulting in the 

activation of STAT proteins, most notably STAT3, that are associated with a variety of 

immune responses.42 Both cytokines also activate the phosphoinositide 3-kinases/protein 
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kinase B (PI3K/AKT) and mitogen-activated protein kinase (MAPK) signaling pathways, 

crucial for cell survival and differentiation.42, 43  

 

Figure 1.1. Signaling cascade of OSM and LIF.  
OSM first binds to gp130 and recruits OSMR to create a complete receptor complex. LIF, 
in contrast, binds to LIFR and recruits gp130. Both activate similar pathways, including 

JAK/STAT, MAPK, and AKT pathways, that result in changes in gene expression. 
 

The redundancy in OSM and LIF signaling is explained by their similarity in 

structure. Both are composed of a four helical bundle (Figure 1.2).44, 45 Interestingly, 

while LIF can only bind to LIFR, OSM can bind to both OSMR and LIFR. All IL-6 

family cytokines that bind to LIFR contain a conserved phenylalanine and lysine amino 

acid residue pair.44 The conserved residues of OSM are Phe160 and Lys163, whereas in 

LIF they are Phe157 and Lys159 (Figure 1.3). Studies show that when either of these 

residues are mutated in OSM or LIF, cell signaling dramatically decreases.45 This 

suggests that targeting the domain around Phe160 and Lys163 in OSM with a therapeutic 
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would block it from binding to OSMR and inhibit its cell signaling ability. However, due 

to the close structural similarities, LIF must always be considered to ensure specific 

binding to OSM and not LIF.  

 

Figure 1.2.  LIF and OSM structures 
The four alpha helical bundles that compose LIF (left) and OSM (right).  
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Figure 1.3. Surface model of LIF and OSM. 
A surface model of LIF (left) and OSM (right) with phenylalanine and lysine residues 
(shown in red) thought to be responsible for binding to LIFR. The residues on LIF are 

Phe157 and Lys159. On OSM, they are Phe160 and Lys163. 

Inhibiting OSM: Targeting a Protein-Protein Interaction 

Introduction to Targeting Proteins  

 The field of targeting and disrupting protein-protein interactions (PPIs) is an 

interesting and challenging field, with the potential to create novel therapeutics for 

diseases previously thought to be untreatable or incurable. Protein-protein interactions 

account for a large portion of protein-based biology within and outside of cells and play a 

role in many diseases.46 Proteins such as OSM and LIF bind to their receptors located on 

the outside of the cell surface and have proven particularly difficult to disrupt.40 This is 

due in part to the crystal structure of OSMR being unknown, providing little to no 

information on how to best mimic the receptor to effectively compete with OSM binding 

to OSMR. In addition, OSM and LIF are very similar in structure, making it difficult to 
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design a therapeutic that will selectively bind to one and not the other. This section will 

discuss methods and examples of targeting proteins and disrupting PPIs. 

In theory, targeting a protein is as simple as the child’s game of placing the 

correct shape block into the correct shape hole (i.e., a square block into a square hole, a 

triangle block into a triangle hole, etc.), however, it is not always that simple. In most 

cases, before you can design the drug (the block), you must first identify the target 

protein active site (the hole). There has been a great success in the field of designing 

therapeutics that inhibit enzymes (i.e., proteins that catalyze biological chemical 

reactions). Enzymes are relatively easy to target due to the nature of their active site 

shape and activity, which is almost always a deep and well-defined pocket that is 

shielded from exposure to the surrounding solvent.47 The native substrate the enzyme 

performs its catalytic function on can often provide an excellent template for a drug.47 

Frequently, drugs can be designed to resemble the native substrate but are less easily 

metabolized, allowing for inhibition of the target enzyme.  

In contrast, designing therapeutics targeting proteins that participate in PPIs is not 

nearly as simple and has seen much less success due to several different factors. Most 

protein surfaces involved in PPIs are relatively featureless—flat and without deep, well-

defined binding pockets. Typically, there are no native substrates to build templates from, 

and the amino acid residues responsible for binding are frequently not identified. 

Furthermore, the region of the protein responsible for binding is often large and 

discontinuous and interacts with other large and discontinuous protein surfaces. These 

interactions often occur through multiple points of contact, rendering it difficult for a 

small molecule to disrupt.47  
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The functional epitope, or the active binding site of a protein responsible for 

binding to its receptor, is often referred to as a “hot spot”. A common method of 

revealing hot spots is through alanine scanning mutagenesis experiments that involve 

systematically replacing each amino acid in the protein with an alanine and observing the 

change in binding free energy or biological activity of each mutant structure.48, 49 A 

classic example of using this technique for identifying residues important for protein-

protein interactions was conducted in 1989 by Cunningham and Wells in their work with 

human growth hormone (hGH) and its receptor human growth hormone binding protein 

(hGHbp).48 It was found that of the 31 side chains on the binding surface, eight amino 

acid residues accounted for nearly 85% of the binding energy, and over half of the amino 

acid residues on the surface played no part in the binding interaction at all.49 This pivotal 

research shows that a relatively small set of residues are responsible for hGH-hGHbp 

binding, suggesting that the interaction could be disrupted using a small molecule that 

mimics the binding epitope of either the protein or its receptor.49, 50 Since then, many 

studies have used alanine scanning to identify protein hot spots, including OSM.32, 45, 51, 52 

Methods for Disrupting Protein-Protein Interactions 

Given the significant structural, topological, and functional differences of PPIs 

compared with other targets, disrupting PPIs requires a modified approach relative to 

traditional drug discovery and design. Some approaches that have proven successful in 

the past include the use of RNA aptamers, structures that mimic protein secondary 

structures, monoclonal antibodies, and synthetic small molecule inhibitors.53-55 Each of 

these methods are briefly described below. 
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The drug Pegaptanib is an example of an RNA aptamer that successfully blocked 

a PPI. Brought to market by Pfizer in 2004, it is the first RNA aptamer approved by the 

FDA for clinical use.53 Pegaptanib disrupts the protein vascular endothelial growth factor 

(VEGF) from binding to its receptors VEGFR1 and VEGFR2, which play a role in 

angiogenesis, age-related macular degeneration, and diabetic macular edema.56-58 RNA 

aptamers were first isolated in the early 1990s from randomized pools of RNA using a 

method called Systematic Evolution of Ligands by Exponential Enrichment, commonly 

referred to as SELEX.59, 60 They are composed of a chain of nucleic acids, usually 56-120 

nucleotides long, and typically contain a variable region and two constant regions. The 

variable region is located in the middle, and the constant regions are located at both 

ends.61 RNA aptamers bind with high affinity, high specificity, show relatively low 

immunogenicity, and have a long half-life, making them excellent candidates for drugs to 

target PPIs.61  

A protein mimetic has been used to disrupt the Bak/Bcl-xL complex that is highly 

overexpressed in many forms of cancer.54 This is important because this complex 

prevents mutated cells from undergoing apoptosis even when apoptotic signals are 

generated by chemotherapy.62 To determine the best secondary structure to mimic, a 

combination of the crystal structure of Bak/Bcl-xL complex along with alanine scanning 

experiments were performed.63 It was concluded that Val74, Leu78, Ile81, and Ile85 of 

Bak were involved in key binding interactions. Molecules that contained alkyl or aryl 

substituents such as isobutyl, isopropyl, and naphthalenemethylene were chosen to best 

mimic those hydrophobic residues of Bak (Figure 1.4). Suzuki-Miyaura coupling 

reactions were used to link together the individual molecules, creating a synthetic alpha 
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helix with carboxylic acids on both ends of the molecule.54 A Kd of 2.09 µM was 

obtained using only alkyl groups (Figure 1.4B). However, when the isopropyl group was 

changed to a naphthalenemethylene group binding affinity was dramatically improved 

and a Kd of 114 nM was obtained (Figure 1.4C). These results illustrate the impact minor 

changes to a molecule can significantly change its binding affinity.  

 

 

Figure 1.4. Protein mimitics to inhibit Bak/Bcl-xL complex formation. 
A) Helical structure that mimics the shape of a protein alpha helix. B) Synthetic protein 
alpha helix mimetic that contains only alkyl groups and has a Kd of 2.09 µM. C) Similar 

structure to compound “B” but replaces the isopropyl group with an aromatic naphthalene 
resulting in a 30-fold improvement of Kd to 114 nM. 

 
Monoclonal antibodies (mAbs) have also proven successful in disrupting PPIs. 

Typically, mAbs are derived from antibodies in rodents and then humanized.64 This 

process is performed by first taking the target protein and injecting it into a rodent. When 

the rodent has an immune response to the human antigen, its DNA is extracted. The 
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rodent complementarity-determining region loop is transplanted to a human antibody 

framework and cloned. The cloned DNA is commonly expressed using Chinese hamster 

ovary cells or E.coli to obtain the mAb.64, 65 The mAb can then be further engineered for 

higher specificity.66 An example of using a mAb to disrupt a PPI is “anti-Tac” developed 

by Biogen and Abbvie and sold under the trade name Daclizumab, which inhibits 

interleukin-2 (IL-2) from binding to one of its receptors (IL-2Rα).67 Anti-Tac has been 

used to treat adult T-cell leukemia in humans, providing a significant clinical 

advancement in the treatment of cancer.68  

 While mAbs can be beneficial for treating certain diseases, they also have their 

downsides. Daclizumab serves to illustrate the potential drawbacks of using mAbs as 

therapeutics. In March of 2018, Daclizumab was voluntarily withdrawn off the market 

due to immune-mediated disorders and the risk of liver injury.69 Many mAbs have shown 

to be immunosuppressive compounds and have a very long half-life.70 This could be 

problematic for a patient contracting an infection that requires an immediate immune 

response, as well as if a patient suffering an injury that requires an inflammatory response 

involving the targeted protein. Other disadvantages of mAbs include a short shelf-life 

(requiring refrigeration), not being orally bioavailable requiring parenteral administration, 

and high cost associated with development.71, 72 

Synthetic small molecules inhibitors (SMIs) serve as another method to disrupt 

PPIs. An SMI targeting the disruption of the IL-2/IL-2Rα complex was originally 

developed by Roche in 1997.55 The structure of IL-2 was elucidated by combining X-ray 

crystallography and NMR experiments. Next,  site-directed mutagenesis was used to 

identify the amino acid residues Lys35, Arg38, Thr41, Phe42, Lys43, Tyr45, Glu62, and 
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Leu72 that are responsible for binding interactions between IL-2 and its receptor IL-

2Rα.73 Using structure-based drug design mimicking the Arg38-Phe42 region, a first-

generation SMI was developed and had a Kd of 3 µM at biological pH (Figure 1.5A). 

This milestone study is the first example of an SMI that interrupts a cytokine/cytokine-

receptor interaction.55 

Attempts to make an even more potent second-generation SMI to disrupt IL-2/IL-

2Rα complex formation uses “tethering”, a fragment-based method.74 In this approach, 

fragments with low to mild binding affinities are tethered together to produce a 

compound with an even higher binding affinity than the individual fragments. Fragments 

are discovered using thiol containing molecules and introducing them to a modified 

protein structure containing cysteine under reductive conditions. If they come in contact 

with the protein surface and the cysteine, they form a disulfide bond with the protein. The 

fragments are then identified by obtaining a mass spectrum of the protein/fragment 

complex and subtracting the mass of the protein. It was found that small aromatic 

carboxylic acids were preferential.75 Twenty analogs containing aromatic carboxylic 

acids were synthesized and eight of them had nanomolar binding dissociation constants, 

with the best analog having a Kd of 60 nM (Figure 1.5B). This shows that SMIs with µM 

binding affinity can be modified to obtain optimized compounds with low nM binding 

affinity and effectively disrupt cytokine/cytokine receptor interactions. 
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Figure 1.5. Small molecule inhibitors of IL-2. 

A) The first-generation small molecule inhibitor of IL-2 with a 3 µM Kd. B) Second-
generation small molecule inhibitor of IL-2 developed using a fragment-based method 

and exhibited a Kd of 60 nM, showing a significant improvement from the first-
generation molecule. 

 

Summary 

Inflammatory diseases have a detrimental impact on both a person’s health and 

the economy, highlighting the need for the development of new therapeutics to treat these 

diseases. Several methods to develop therapeutics that disrupt PPIs have shown to be 

successful. Some PPIs, such as IL-2/IL2Rα, have been disrupted using both mAbs and 

SMIs. Inhibiting OSM is of particular relevance due to it playing a known role in 

inflammatory diseases such as IBD, RA, and various cancers. To date, there are no 

clinically approved therapeutics targeting OSM. A mAb developed by GlaxoSmithKline 

targeting OSM was studied but ended up failing in phase 2 trials due to poor binding 

affinity. 76, 77 A higher binding affinity mAb is currently undergoing phase 2 trials.78 

Given that no SMIs targeting OSM have been reported and because small molecules are 

expected to have longer shelf-lives, shorter half-lives, and are expected to be orally 
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bioavailable in comparison to mAbs, we sought to develop a novel SMI to inhibit OSM, 

as described in the next chapter.71, 72 
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CHAPTER TWO: DESIGN AND SYNTHESIS OF SMALL MOLECULES 

TARGETING OSM 

Overview of Chapter 

Given OSM’s significant role in various inflammatory diseases, and the fact that 

there is no clinically approved therapeutic targeting OSM, the goal of this research is to 

develop a novel SMI that inhibits OSM signaling. Studies in the literature to identify 

hotspots as probable sites for SMIs to bind and disrupt OSM/OSMR complex formation 

and signaling have been evaluated to guide the design of SMIs. Prior work within our 

collaborative research team comprised of Dr. Cheryl Jorcyk, Dr. Lisa Warner, Dr. Don 

Warner, Dr. Matt King, and Dr. Danny Xu (now at Idaho State University Meridian), and 

their students has been performed to develop SMIs for OSM. Using high-throughput 

virtual screenings, 26 potential SMIs of OSM were identified. Two of the potential SMIs, 

10 and 26, were chosen to be further optimized for increased activity and drug likeness. 

The focus of this research, however, differentiates from prior work done in our lab group 

and uses computational methods to rationally design a new potential SMI of OSM, called 

SMI-27. The design and the synthesis of SMI-27 analogs are described herein.  

Prior Work to Identify OSM Binding Sites 

A fundamental piece of literature that first elucidated the crystal structure of OSM 

and identified hotspots responsible for OSM binding to its receptors was published in 
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2000 by Deller et al.1 The crystal structure was determined by expressing OSM from 

E.coli, purifying it using high-resolution gel filtration, growing crystals by vapor 

diffusion from hanging drops, and then subjecting crystals to x-ray diffraction. The 

potential receptor binding sites of OSM, shown in Figure 2.1, were named based on 

analogy to the receptor binding sites in human growth hormone, which similar to OSM 

and other IL-6 family cytokines, is a four-helical bundle with two unique binding sites for 

both of its receptors.2 Site-directed alanine mutagenesis experiments investigated 

hotspots responsible for binding.1 When amino acid residues Phe160 and Lys163, located 

in “site 3”, were mutated, activity was dramatically decreased, as determined by a Ba/F3-

OSMR/gp130 assay. This assay relies upon Ba/F3 murine cells that have been transfected 

with hOSMR and hgp130 cDNA such that the cells co-express hOSMR and hgp130. The 

assay then evaluates the ability of the OSM mutants to facilitate proliferation of the 

Ba/F3 cells. Compared to native hOSM, a decrease in cell proliferation implies that the 

mutant OSM does not bind to its receptors. These results demonstrated that Phe160 and 

Lys163 are essential for the formation of the OSM/OSMR/gp130 heterodimeric complex 

and, importantly, identified potential binding sites that enabled future drug-discovery 

research focused on OSM.  
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Figure 2.1. OSM crystal structure and receptor binding sites. 
Surface model of OSM crystal structure (PDB: EV1S) with the receptor binding sites 1, 

2, and 3 shown. 
 
 It was not until the report of Adrian-Segarra et al. in 2018 that additional residues 

in site 3 responsible for OSM specifically binding to OSMR were determined.3 Similar to 

Deller et al., site-directed alanine mutagenesis experiments focused in site 3 confirmed 

the importance of Phe160 and Lys163 residues, termed the FXXK motif, for OSM biding 

to OSMR. Additionally, Tyr34, Gln38, Gly39, Leu45, and Pro153 were found to play an 

important role in OSM binding to OSMR but did not have a significant effect on OSM 

binding to LIFR, while mutations of Leu40 and Cys49 had a major impact on OSM 

binding to both OSMR and LIFR. It is hypothesized that mutation of Gly39 and Pro153, 

typically found in turns of protein secondary structures, causes the protein to undergo a 
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conformational change that renders it unable to bind to OSMR. These results were 

experimentally confirmed by an immunoblot assay in which the phosphorylation of 

Tyr705 on STAT3 was quantified after being electrophoresed in NuPAGE gel. These 

findings help to further the knowledge of amino acids responsible for OSM binding to 

OSMR.  

 Recently, in March 2020, Du et al. aimed to further elucidate residues involved in 

the binding of OSM to OSMR using computational methods.4 Per-residue binding free 

energy decomposition and computational alanine scanning experiments to predict hot-

spots were performed. The per-residue binding free energy decomposition experiments 

successfully predicted the residues previously mentioned by Adrian-Segarra et al., as well 

as seven new residues: Arg36, Asp41, Val42, Arg100, Leu103, Gln161, and Leu164. 

Given that the crystal structure of the OSM/OSMR complex remains unknown, a 

homology model of OSMR was constructed using LIFR. Next, computational methods 

were used to predict the binding free energy of amino acids at the OSM/OSMR interface. 

Based on the per-residue binding free energy decomposition results, all residues 

exhibiting more than 1 kcal/mol binding free energy were subjected to computational 

alanine scanning. The residues Arg100, Leu103, Phe160, and Gln161 all exhibited 

binding free energy of more than 2 kcal/mol, suggesting these amino acids are of 

significant importance in OSM/OSMR complex formation. This computational work in 

congruence with other previously mentioned experimental results clearly indicate which 

amino acid residues should be targeted for the development of therapeutics to treat OSM-

related diseases.  
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Within our collaborative research team, the potential ligand binding sites on OSM 

were predicted by Danny Xu and Matt King using ligand shape matching and the 

utilization of 3-dimensional templates coupled with site geometry searches for 

clefts/pockets. Using the human OSM crystal structure (PDB ID: 1EVS), the AutoLigand 

program5 scanned the protein surface for potential SMI binding sites.6, 7 Calculations 

produced three primary SMI binding sites on the OSM surface with favorable 

energy/volume ratios (Figure 2.2). The volume of site 3, on the order of molecular 

volumes of SMIs, indicated this region to be the preferred SMI binding site on OSM and 

should be targeted for the development of new SMI compounds. Importantly, the 

computational experiments agreed with the aforementioned literature reports that 

identified site 3 as a hot spot and important for OSM signaling.  
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Figure 2.2. In silico identification of ligand binding sites on OSM. 
Site 3 was found to have the largest pocket volume and greatest energy to volume ratio 

(E/V), indicating this the most likely spot for an SMI to bind. Volumes are in units of Å3, 
and E/V ratios in kcal mol-1 Å-3. (Image courtesy of Dr. Matt King) 

 
 

Prior Work to Identify and Develop SMIs for OSM 

 The literature evidence demonstrating the importance of site 3 for OSM binding 

to OSMR, in combination with work done by our collaborative research group suggesting 

that site 3 would be the optimal site for a SMI to bind, prompted us to identify possible 

SMIs that target site 3 and disrupt OSM from binding to its receptor. Using ~1.65 million 

compounds from online databases (ZINC15 and NIH NCBI), a high-throughput virtual 

screen (HTVS) was performed by Dr. Danny Xu and Dr. Matt King. From the screening 

results, 26 different lead compounds were identified and obtained from commercial 

sources. Next, the 26 lead compounds were subjected to an enzyme-linked 
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immunosorbent assay (ELISA) conducted by members of the Jorcyk lab (Figure 2.3). 

OSM turns on the JAK/STAT3 signaling pathway, wherein JAK phosphorylates STAT3 

to pSTAT3 that can be measured by ELISA. In this ELISA, T47D cells were treated with 

and without exogenous OSM. When OSM is present, the induced level of pSTAT3 is 

normalized to 1.0 and used as a positive control. Background level of pSTAT3 without 

any added OSM is used as a baseline value. Cells are then treated with OSM and SMIs to 

identify which compounds best inhibit OSM induced pSTAT3 expression below the 

baseline value. Although several compounds displayed promising activity, compounds 10 

and 26 have received the most attention due to their inhibitory activity, their synthetic 

accessibility, and the ease with which analogs could be generated. Currently, small 

libraries of each of these SMIs are being prepared and tested to increase potency and drug 

likeness.  
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Figure 2.3. ELISA results of the top 26 hits from the HTVS. 
The inhibition of OSM induced pSTAT3 expression of the top 26 hits from the HTVS. 

The two compounds, 10 and 26, were selected for optimization due to their ease of 
synthesis and diversification. 

 
Despite the parent structure of SMI-10 being a promising lead candidate, it 

possessed some problematic functional groups. Given that nitro-containing aromatic 

compounds are often carcinogenic and mutagenic,8 this functional group is not desirable. 

Dr. Don Warner’s lab found the phenylhydrazone group to be labile, and its 

decomposition generates a potentially reactive electrophile that would complicate 

biological activity. Fortunately, computational modeling of SMI-10 demonstrated that the 

nitro group is solvent exposed and served little to no role in binding to OSM, suggesting 

it could be removed without negatively impacting binding. It was also proposed that the 

phenylhydrazone group could be replaced with a more stable aryl amide or a propionic 
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acid. The general synthetic scheme of SMI-10 analogs, starting from commercially 

available materials, is shown in Figure 2.4.  

 

Figure 2.4. Synthesis of SMI-10 analogs 
General synthetic route of SMI-10 analogs starting with commercially available materials 

to form A) aryl amide and B) propionic acid analogs. 
 

The parent structure of SMI-26 did not possess any inherently toxic functional 

groups and also appeared to be a relatively stable molecule. Efforts to generate more 

potent analogs of SMI-26 relied on a “Topliss tree”9 analysis. This approach 

systematically optimizes drugs containing substituted benzene rings for maximum 

binding affinity by following patterns observed when the lipophilic, electrostatic, and 

steric properties of the benzene rings are changed. As shown in Figure 2.5, SMI-26 

analogs were synthesized using a 3-step general reaction sequence that started with a 

Pfitzinger reaction10 that was followed by an amidation reaction and then a saponification 

(in the case of final SMIs that contained a carboxylic acid in the R2 position). This short 

process allowed for a small library of analogs to be generated very quickly from 

commercial materials.  
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Figure 2.5 Synthesis of SMI-26 analogs. 
General synthetic route of SMI-26 analogs using commercially available materials. 

 
To test the binding affinity of the small library of the 10 and 26 analogs toward 

OSM, a fluorimetry quenching (FQ) assay was performed.11 The FQ assay works by 

exciting an exposed aromatic residue on a protein at a certain wavelength, then recording 

the intensity of the fluorescent wavelength emitted. This assay was chosen because OSM 

has an exposed tryptophan amino acid, Trp187, that will fluoresce at 350 nm when 

excited at 280 nm. Upon addition and binding of the SMI to OSM, a reduction in the 

fluorescence intensity of the emitted wavelength was observed. The signal intensity was 

plotted against the amount of SMI added and fit to Stern-Volmer equation to determine 

Kd of the SMI. All FQ assays were performed in triplicate. Several compounds showed 

Kd values of less than 10 µM, with the best being 2.5 µM (Figure 2.6). These results 

provide encouragement that with further optimization, an SMI can be developed with a 

binding affinity toward OSM in the nM range.  
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Figure 2.6. Structures and Kd values of the top SMI-10 and SMI-26 analogs. 
Top performing SMI-10 and SMI-26 analogs based of Kd values as determined by 

fluorescence quenching assays run in triplicate. 
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Computationally Aided Rational Design of SMI-27 

The research conducted as part of this project takes the computational approach 

one step further. Specifically, computational methods were used to aid in the rational 

design of a new candidate, SMI-27. To accomplish this, a subset of 10,000 small 

molecules randomly selected from a ~22M compound library (ZINC15) were docked in 

OSM site 3 using AutoDock 4.2.12 Using the resulting lowest-energy docking pose of 

each molecule, the spatial distributions of pharmacophore atom types, including aromatic 

carbons, hydrogen bond acceptors, and hydrogen bond donors were mapped with respect 

to OSM site 3. To construct weighted density maps (WDM) of the pharmacophore and to 

create a visual representation of important binding features, a 3-dimensional density grid 

was generated about the OSM site 3 binding pocket with a grid resolution of 0.1 Å cubed 

(Figure 2.7). The size of the “blobs” represents the probability of finding a specific atom 

type of an SMI bound in that location. For example, in Figure 2.7A there are large dark 

gray regions, which indicate a large number of aromatic hydrocarbons prefer to orient in 

those areas. The same process was repeated for hydrogen bond acceptors (blue: nitrogen, 

red: oxygen, yellow: sulfur, green: halogen) (Figure 2.7B), and hydrogen bond donors 

(OH, NH, SH) (Figure 2.7C).  



40 

 

 

 

 

Figure 2.7. Weighted density maps with respect to OSM site 3. 
Weighted density maps of pharmacophore features extracted from randomly selected 
docking results of 10,000 small-molecule ligands to OSM. The figures represent A) 

aromatic hydrocarbons, B) hydrogen bond acceptors (blue: nitrogen, red: oxygen, yellow: 
sulfur, green: halogen), and C) hydrogen bond donors (OH, NH, SH). (Image courtesy of 

Dr. Matt King). 
 

To help rationally design SMI-27, the WDM was then overlaid with site 3 of 

OSM, as shown in Figure 2.8. Using the visual representation, several molecules were 

designed so that the atoms of each SMI best overlaid with the WDM. This would, in 

theory, maximize stabilizing binding interactions between amino acid residues in the 

putative binding of OSM and the SMI. The designed compounds were prioritized based 

on how constructively they overlaid with the WDM and their ease of synthesis. After 

those factors were considered, a 2,4-disubstituted quinazoline core with a hydrophobic 

aryl group in the 2-position (referred to as R1) and an aryl group appended by an amide 

linker to the 4-position (referred to as R2) was selected for synthesis, shown in Table 2.1. 

Using various combinations of R1 and R2 groups, a small library of 24 potential inhibitors 

of OSM was synthesized.  
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Figure 2.8. Weighted density map and surface model of an SMI-27 analog docked 
in OSM site 3. 

A) Weighted probability map constructed from docking results of ~10,000 small 
molecules overlaid in OSM site 3. Colored regions show the probability of finding a 
specific atom type of a small molecule bound in that region. B) An SMI-27 analog 

docked against OSM site 3 visualizes its predicted binding pose. 
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Table 2.1. SMI-27 Generic structure and substituents 
SMI-27, consisting of a 2,4-disubstituted quinazoline core with a hydrophobic aryl group 
in the 2-position and an aryl or alkyl group appended to the 4-position by an amide 
linker, was selected for synthesis. A small library of 24 SMIs was constructed using 
various combinations of R1 and R2. 

 

R1 R2 

     

     

 
    

 

Before the small molecules were synthesized, they were computationally modeled 

and docked against OSM in site 3 to estimate their binding energy. Any binding score 

lower than -6.0 kcal/mol was selected for synthesis to be further tested in vitro. Docking 

studies were performed using UCSF Chimera molecular modeling software13 in 

combination with Autodock Vina.14 Images from the docking studies of rationally 

designed SMI-27 analogs were visually examined to predict amino acid residues involved 

in binding the SMI to OSM (Figure 2.9).  
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Figure 2.9. Amino acids predicted to be important for OSM/SMI binding. 
An SMI-27 analog docked in OSM site 3 with amino acid residues shown that are 

thought to play in important role in binding between the small molecule and the target 
protein. 

 

The most important predicted stabilizing binding interactions are depicted in 

Figure 2.10. Hydrogen bonding interactions were predicted to occur between the 

quinazoline nitrogen in the 1-position with Arg100 and Ser101, as well as between the 

quinazoline nitrogen in the 3-position and amide oxygen with Lys163. Hydrophobic 

interactions were expected to occur between the R1 aryl group and Leu103, while the 

aromatic carbons on the bottom of the quinazoline ring were predicted to fit into a 

hydrophobic groove and interact with Leu92, Leu98, and Leu108. The R2 aryl group was 

predicted to participate in cation-pi interactions with positively charged Arg93 and 
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Arg162 residues that reside deep in a hydrophobic pocket of OSM site 3. Similarly, the 

nitrogen atom of the picolyl group and electron withdrawing groups on R2 were predicted 

to have electrostatic/hydrogen bonding interactions with the same arginine residues. 

N

N
O

N
H

NH
H2N

H2N

HN

H2N NH2

OH

HN
NH2

NH2

NH3

Ser101

Arg100

Leu103
Lys163

Arg162

Arg91Leu92

Leu108
Leu98

N

CF3

2

N1

4
N
3 O

N
H

R2R1

 
Figure 2.10. Predicted OSM/SMI stabilizing binding interactions. 

The most important predicted stabilizing binding interactions between SMI-27 and OSM 
in site 3. Hydrogen bonds are shown by dashed lines. A hydrophobic groove is shown by 

the half-circle. 
 

The WDM computational predictions suggested that hydrophobic interactions 

were the most important for R1. So, the SMIs that were designed always consisted of an 

R1 phenyl ring that contained additional attached hydrophobic groups. When holding R2 

constant and changing R1, the binding studies suggested that the shorter and less 

hydrophobic 4-methylphenyl group would increase binding affinity by about -0.3 

kcal/mol over the longer and more hydrophobic 4-isobutylphenyl group, which also has 

additional sp3 character. While -0.3 kcal/mol is not a significant difference in binding 

affinity, the docking studies treated OSM as a rigid structure and did not take into 

account its dynamic flexibility.15 However, in reality, OSM might adapt and allow for 
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additional hydrophobic interactions to take place with the isobutyl group. Therefore, 4-

methylphenyl, 3,4-dimethylphenyl, and 4-isobutylphenyl were chosen for synthesis to 

assess the following questions: A) Does additional sp3 character of R1 increase flexibility 

and allow for more hydrophobic interactions to occur? and B) Does increasing the 

number of hydrophobic carbon atoms of R1 result in more hydrophobic interactions with 

OSM and result in a higher binding affinity? 

 Computational docking studies where R1 was held constant and R2 was changed 

produced differences in binding affinity of up to -2.6 kcal/mol. This suggests that the 

most important SMI/OSM interactions are due to the R2 group, which is predicted to stick 

deep within a pocket located in OSM’s binding site 3 and potentially participating in 

cation/pi stacking interactions with the positively charged Arg91 and Arg162 residues. 

As such, this portion of the scaffold was prioritized to introduce molecular diversity. The 

R2 groups varied in carbon chain length, hydrophobicity, electron withdrawing groups, 

and aromaticity to assess the following questions: A) Does a longer chain length allow R2 

too much flexibility and result in binding poses that do not inserted into the deep pocket 

or does a shorter, less flexible chain length force the R2 group into the pocket?, B) Does 

placing a heteroatom in the R2 aryl ring make it more soluble, and/or allow for a 

stabilizing hydrogen bonding interactions?, C) Does an electron withdrawing group on R2 

pull more electron density toward that side of the molecule and allow for stabilizing 

electrostatic interactions?, and D) Can a non-aromatic alkyl R2 group achieve the same 

binding affinity without the predicted cation-pi interactions? 
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Synthetic Route and Steps to Form SMI-27 Analogs 

Although a synthesis for the exact 2-arylquinazoline-4-carboxamide compounds 

was not present in the literature, a protocol for the preparation of closely related 

compounds with antiproliferative properties was present in the patent literature (WO 

2014143960).16 An adaptation of this protocol was chosen to access a carboxylic acid 

precursor that upon coupling with various amines would allow for convergent 

introduction of diverse amide groups (Figure 2.11). The first step of the synthesis 

converted commercially available alkyl-substituted benzoic acids to an acid chloride 

using thionyl chloride. Next, without any purification, the acid chloride was treated with 

aniline to yield a variety of N-phenyl benzamides. Next, the key reaction, a Meerwein 

cyclization,17 assembled the quinazoline core in a one-pot, two-step sequence. In this 

transformation, the amide moiety was converted to an imidoyl chloride using PCl5, which 

was then treated with ethyl cyanoformate and SnCl4. Acting as a Lewis acid, the SnCl4 

mediates the formation of the quinazoline core between the resulting acyl nitrilium ion 

and the aniline phenyl ring. The quinazoline ethyl ester product obtained from this 

sequence was smoothly saponified using 6M NaOH/ethanol at room temperature to 

afford the desired carboxylic acid precursor. Finally, similar to the first step, the resultant 

carboxylic acid was treated with thionyl chloride to form an acid chloride and various 

amines were introduced to achieve the desired diversity.  
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Figure 2.11. General synthesis of SMI-27 
General synthetic scheme of the 2,4-disubstituted quinazoline small molecule, SMI-27 

analogs.16 
 

The proposed mechanism for the key Meerwein cyclization step, shown in Figure 

2.12, is thought to proceed through a five-membered Lewis acid chelate that enhances the 

electrophilicity of the nitrilium carbon.17 The increased reactivity allows cyclization to 

occur in a favorable 6-endo-dig fashion that, upon re-aromatization, generates the final 

products in yields ranging from 22% to 30%. While somewhat disappointing, the low 

yields are acceptable given the significant structural changes that occurred in the one-pot 

transformation. Future work should include an effort to improve the yields of this 

transformation, especially considering the high reactivity of the imidoyl chloride, low 

nucleophilicity of the arene required for cyclization, and difficulty in isolating the 

product from the back tar produced following aqueous workup. Even though overall 

yields of the entire 7-step process were as low as 10%, a small library of 24 different 

compounds were produced using this general synthetic route. 
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Figure 2.12. Meerwein cyclization mechanism. 
Proposed mechanism for the Meerwein cyclization reaction to form the quinazoline core 

of SMI-27.17 

Summary 

Using computational methods, a WDM was generated using 10,000 randomly 

selected compounds docked in OSM site 3. Then, the WDM was used to create a visual 

representation, aiding in the rational design of new SMI candidates. A 2,4-disubstituted 

quinazoline small molecule, called SMI-27, overlaid well with the WDM and could be 

prepared by a short synthetic sequence. Thus, SMI-27 was selected for optimization via 

the synthesis of a small library of analogs. The synthesis involves four steps to access 

final analogs, involving a Meerwein cyclization in the second step that was key to 

affording the quinazoline core. Using various combinations of R1 and R2, the synthesized 

library consisted of 24 different analogs in total. As described in the next chapter, the 
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compounds were evaluated for their ability to inhibit OSM induced pSTAT3 expression, 

as well as binding affinity toward OSM.
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CHAPTER THREE: EVALUATION OF SMI-27 ANALOGS TARGETING OSM 

Overview of Chapter 

OSM has been shown to play a role in rheumatoid arthritis, inflammatory bowel 

disease, various forms of cancer, and other inflammatory diseases.1-4 OSM is responsible 

for initiating the activation of several cell signaling proteins.5-7 One of the first is STAT3, 

which is phosphorylated to pSTAT3 as part of the JAK/STAT signaling pathway. In 

order to assess SMI-27 analogs’ ability to inhibit OSM activity, we evaluated inhibition 

of OSM-induced pSTAT3 expression using an enzyme-linked immunosorbent assay 

(ELISA). To determine SMI binding specificity and cytokine cross-reactivity, western 

blot assays were also performed with multiple related cytokines. Fluorescence quenching 

assays were used to determine the binding affinity of SMI analogs toward OSM. Finally, 

NMR chemical shift perturbation (CSP) experiments were used to validate binding 

experiments and identify the important amino acids required for binding of the SMI to 

OSM.8  These experiments and their results, along with new and potentially improved 

SMIs and their proposed syntheses are described herein. 

Nomenclature of SMI-27 Analogs 

 A discussion of the biological activity of the SMI-27 analogs first requires an 

explanation of the systematic nomenclature of the analogs, which is based on the 

functional groups appended at two particular sites, referred to as R1 and R2, as shown in 
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Table 3.1. For example, in the case of 27A1, the first numeric indicator “27” refers to the 

quinazoline core with an amide at the 4-position, the alphabetical indicator “A” refers to 

a given aromatic group (R1) appended to the 2-position, and the second numerical 

indicator “1” refers to the group appended to the amide (R2) at the 4-position. In addition, 

when an analog is referred to as a member of the “A-series”, the R1 group is held constant 

while the R2 groups are changed. Likewise, when referring to the “1-series”, the R2 

substituent “1” (i.e., a benzyl group) is held constant while the substituents at R1 are 

changed. Lastly, SMI-27 analogs, such as 27A1, will often be shortened to just “A1”. A 

library of 24 SMI-27 analogs was synthesized using various combinations of R1 (A-C) 

and R2 (1-12), as denoted in Table 3.1.   
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Table 3.1. SMI-27 Nomenclature 
SMI-27 structures are named based on the R1 and R2 groups placed at the 2-position and 
4-position, respectively. The example of 27A1 is shown with R1 equaling “A” and R2 
equaling “1”. 

                   

                    Generic SMI-27                                          27A1 

R1 R2 

A 

 

1 

 

2 

 

3 

 

4 

 

B 

 

5 

 

6 

 

7 

 

8 

 

C 

 

9 

 

10 

 

11 

 

12 

 

 

Enzyme-Linked Immunosorbent Assay 

 Upon forming a complex with its receptors, OSM initiates a signaling cascade 

that induces the phosphorylation of several signaling proteins, one of which is STAT3.5 

Specifically, Tyr705 on STAT3 is phosphorylated by receptor-associated Janus kinases 

(JAK) to form phosphorylated STAT3 (pSTAT3). To assess SMI-27 analogs’ ability to 
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inhibit OSM cell signaling, a sandwich ELISA was performed by Cody Wolf, a doctoral 

graduate student in the Jorcyk lab (Figure 3.1). In short, T47D human breast cancer cells 

were treated with OSM and SMI, the cells were lysed, and then the cell lysates were 

treated with a "capture" antibody specific for binding to pSTAT3. A "detection" 

antibody, which is selective for the capture antibody, relies upon chemiluminescence and 

absorbance to quantify the extent of pSTAT3 expression. When there is no exogenous 

OSM present (no treatment, NT), the expression of pSTAT3 in the cell is minimal. When 

cells are treated with OSM (10 ng/mL), a significant amount of pSTAT3 is observed and 

this amount is used as a positive control and normalized to one (i.e., 1.0). To evaluate the 

inhibitory activity of each SMI, twenty-one of the SMI-27 analogs were pre-incubated 

with OSM before adding it to the cells. The resultant pSTAT3 expression is then 

compared to the positive control, where an optimal SMI would fully inhibit pSTAT3 

expression, returning expression to no treatment levels.  
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Figure 3.1. Enzyme-linked immunosorbent assay of SMI-27 analogs. 
A lower relative pSTAT3 expression level suggests that SMI-27 analogs bind to OSM 

and inhibit its ability to initiate cell signaling. All SMI-27 analogs tested inhibit pSTAT3 
expression below the control. SMI-8 and SMI-26, analogs discovered using a high-

throughput virtual screening, are shown for comparison. All experiments were run in 
triplicate (n = 3) (Data obtained by Cody Wolf, Jorcyk lab) 

 
The results obtained from the ELISA allow for preliminary structure-activity 

relationships to be determined. Regarding the R2 group, the 3-series, each with a 4-

trifluoromethylbenzyl group, were the best performers of each analog set (A, B, and C). 

The 4-series always performed worse than the 3-series, presumably due to the conversion 

of a CH group to an sp2 hybridized nitrogen atom in the R2 aryl ring (i.e., a picolyl group) 

given that this is the only difference between the two. Interestingly, this is in direct 

contrast to computational docking predictions, where the 4-series were predicted to be the 

best performers of all SMI-27 analogs. Similarly, in contrast to the computational 

prediction, the 2-series with an unsubstituted picolyl group at R2 always performed worse 

than the 1-series with an unsubstituted benzyl group at R2. Thus, incorporation of a 
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nitrogen into the R2 aryl ring reduces the ability of the SMI to inhibit OSM signaling. As 

such, no additional analogs containing a picolyl group were prepared.  

The ELISA experiments also suggest a trend with respect to the R1 group. 

Specifically, every B-series, which has an isobutylphenyl group at R1, performs better 

than the corresponding 4-methylphenyl A-series and 3,4-dimethylphenyl C-series. This 

suggests that molecules with more hydrophobic and rotationally flexible alkyl groups 

attached to the benzene ring at R1 better inhibit OSM induced pSTAT3 expression. While 

this was not predicted by the computational docking studies, it was speculated that the 

adaptive nature of the protein binding pocket combined with a more flexible SMI might 

allow more SMI-protein interactions to occur.9 The ELISA data show promising evidence 

that all the rationally designed SMI-27 analogs that were tested inhibit OSM cell 

signaling, as indicated by the decrease of induced pSTAT3 expression below the level of 

the control. 

Western Blot Assay 

Cytokines similar in structure to OSM, such as IL-6 and LIF, that bind to 

heterodimeric complexes of gp130 and their respective receptors can also induce 

pSTAT3 expression.6  In order to determine if inhibition of pSTAT3 expression is 

attributable to specific binding of SMIs to OSM and not related cytokines, a western blot 

assay was conducted by Cody Wolf (Jorcyk lab) using SMIs 27B3 and 27B5, two of the 

better performing analogs in the ELISA study. Similar to an ELISA, T47D human breast 

cancer cells were treated with OSM, IL-6, or LIF in the presence and absence of the 

SMIs. Next, the cells were lysed and electrophoresed on an SDS-PAGE gel. The gel was 
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then transferred to a nitrocellulose membrane and treated with pSTAT3 specific 

antibodies. One of the antibodies is fluorescently tagged that allows for quantification of 

pSTAT3 expression. If the signal (band color intensity) decreases, it demonstrates that 

the SMI is inhibiting the cell signaling induced by that particular cytokine.  

The western blot experiments, presented in Figure 3.2, show that both 27B3 and 

27B5 only decrease the signal of the OSM band to a great extent, meaning that they 

specifically bind to OSM, with reduced or no binding to IL-6 or LIF. These data also 

imply that SMIs 27B3 and 27B5 are not inhibiting pSTAT3 production through binding 

to receptors such as gp130 or LIFR, IL-6 and LIF still induce pSTAT3 expression in the 

presence of SMI. 

 

Figure 3.2. Western blot assays of SMI 27B3 and 27B5. 
The western blot assay shows that both 27B3 and 27B5 inhibit pSTAT3 expression 

induced by OSM, as indicated by the decreased band intensity. The SMIs do not 
significantly inhibit induction of pSTAT3 by IL-6 or LIF. (Data obtained from Cody 

Wolf, Jorcyk lab) 
 

Fluorescence Quenching Assay  

The ELISA results demonstrated that the SMI-27 analogs inhibit OSM-induced 

expression of pSTAT3. Further, the western blot assays suggested that the inhibition 
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occurred via disruption of the binding of OSM to its receptors. However, we desired to 

investigate the direct binding of SMI-27 analogs to OSM. To achieve this, fluorescence 

quenching (FQ) assays were employed, using an adaptation of a protocol previously 

described by Charlier and Plapp to investigate human liver alcohol dehydrogenase.10 This 

assay was chosen because OSM has a tryptophan amino acid residue, Trp187, that will 

fluoresce at 350 nm when excited at 280 nm. Upon binding of the SMI to OSM, a 

reduction, or quenching, of the fluorescence intensity of the emitted wavelength is 

observed (Figure 3.3A). The quantified signal is then plotted against SMI concentration 

and the data is fit to a modified Stern-Volmer function to calculate a dissociation 

constant, Kd (Figure 3.3B). 

 

Figure 3.3. Fluorescence quenching assay for Kd determination. 
A) Fluorescence signal intensity quenched with each addition of an SMI. B) Fluorescence 

signal intensity plotted against concentration of SMI-27A6, with a Stern-Vollmer 
function applied to determine a Kd of 19 ± 3.0 µM. Samples were run in triplicate along 

with a DMSO blank. 
 
 Data obtained from the FQ experiments provide important structure-activity 

relationships (SAR) for the SMIs based on how well they bind. In regard to changing the 
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R1 group and holding R2 constant, no clear and absolute trends in binding affinity are 

observed, as shown in Figure 3.4. This can potentially be explained by the fact that all the 

R1 groups are structurally very similar, with each being an alkyl-substituted benzene ring. 

This was expected because, as mentioned in chapter 2, the R1 groups were not 

computationally predicted to have a major impact on binding affinity. It is hypothesized 

that investigation of groups with varying steric, electron withdrawing, and electron 

donating properties would allow for further determination of SAR and improved binding 

affinity. 

 

Figure 3.4. Kd values of SMI-27 analogs. 
Kd values for SMI-27 analogs ranging from 29.3 to 5.1 µM obtained from fluorescence 

quenching assays. Each sample was run in triplicate along with a DMSO blank. 
 

Changing the R2 group was computationally predicted to have a greater effect on 

binding affinity, thus received more focus than R1 for introducing diversity to the SMI-27 

analogs and several trends are observed. When examining the effect a nitrogen 

heteroatom in the R2 aryl ring has on binding affinity, a clear trend occurs. First, the 1-

series that contained an unsubstituted benzyl group had an increased binding affinity over 
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the 2-series, which contained an unsubstituted picolyl group. Similarly, B3 which has a 4-

trifloromethylbenzyl group, performed better than B4, which differs only by the 

conversion of a CH group to an sp2 hybridized nitrogen atom in the R2 aryl ring. These 

results are is consistent with the ELISA data, but are inconsistent with computational 

predictions. Further, B4, with a binding energy of -8.7 kcal/mol, was predicted to be one 

of the best predicted analogs. In the FQ assay, it actually was the worst performing SMI-

27 analog, with a Kd of 29.3 ± 5.6 µM (Table 3.2). These discrepancies might be 

explained by the picolyl nitrogen and its increased electronegativity compared to the 

whole carbon analogs, which would decrease aromatic ring electron density and thus 

weaken potential cation/pi interactions with positively charged amino acids.  
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Table 3.2. SMI-27 binding data 
SMI-27 names, susbtituents, binding affinities, and predicted binding energies. 

    

 

27A1 27B1 27C1 

Kd = 24.4 ± 3.2 Kd = 18.3 ± 3.7 Kd = 27.0 ± 5.6 

Erel = -7.3 Erel = -7.0 Erel = -7.4 

 

27A2 27B2 Not synthesized 

Kd = 27.8 ± 4.3 Kd = 28.6 ± 6.1 

Erel = -7.5 Erel = -7.3 

 

27A3 27B3 27C3 

Kd = 25.1 ± 2.2 Kd = 26.8 ± 4.5 Kd = 27.8 ± 5.6 

Erel = -8.8 Erel = -8.4 Erel = -8.7 

 

27A4 27B4 Not synthesized 

 Kd = 24.1 ± 2.5 Kd = 29.3 ± 5.6 

Erel = -9.1 Erel = -8.7 

 

27A5 27B5 27C5 

Kd = 29.3 ± 4.9 Kd = 26.6 ± 3.0 Kd = 16.6 ± 3.5 

Erel = -7.5 Erel = -7.3 Erel = -7.6 

 

27A6 27B6 27C6 

Kd = 19.0 ± 3.0 Kd = 20.1 ± 2.3 Kd = 18.7 ± 3.5 

Erel = -6.9 Erel = -7.1 Erel = -7.2 

N

CF3

CF3

N

CF3
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Not synthesized 27B7 27C7 

Kd = 22.8 ± 4.8 Kd = 20.0 ± 2.7 

Erel = -7.2 Erel = -7.3 

 

Not synthesized 27B8 27C8 

Kd = 27.6 ± 6.7 Kd = 20.0 ± 3.4 

Erel = -8.3 Erel = -8.4 

 

Not synthesized 27B9 Not synthesized 

Kd = 21.8 ± 3.9 

Erel = -6.5 

 

Not synthesized 27B10 Not synthesized 

Kd = 24.4 ± 3.0 

Erel = -6.5 

 

Not synthesized 27B11 Not synthesized 

Kd = 26.6 ± 4.1 

Erel = -6.7 

 

Not synthesized 27B12 Not synthesized 

Kd = 5.1 ± 2.7 

Erel = -7.7 

Kd values are expressed in µM as determined by fluorescence quenching assays. 

Erel values are expressed in kcal/mol as predicted by computational docking studies. 

 
The chain length of the R2 group that links it to the amide presents another 

observable trend. The shorter aniline derivatives tend to have higher binding affinities for 

CF3

COOH
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every series (A, B, and C) compared to the longer benzyl and phenethyl groups at R2. 

Possibly, the shorter and less flexible bond linking the aniline to the amide might force 

the aniline group into the pocket of OSM site 3, which contains positively charged 

Arg91/Arg162 residues. These groups are predicted to be involved in cation/pi 

interactions and play a major factor in binding affinity. Benzyl and phenethyl groups 

have increased rotational freedom, allowing them to adopt different binding poses outside 

the pocket containing the Arg91/Arg162 residues critical for binding. Further, the 

aromatic rings of the aniline analogs are more electron rich due to direct conjugation with 

the amide nitrogen. This would allow for stronger cation/pi interactions, in contrast to the 

non-conjugated benzyl and phenethyl groups. 

Next, electron withdrawing groups were placed on the R2 aryl ring to investigate 

their effect on binding affinity. It can be observed that the 6-series, containing a 4-

triflouromethyl aniline, tend to perform better than the 5-series, containing a non-

substituted aniline. This trend compliments both the computational predictions and the 

ELISA results. It is hypothesized that placing an electron withdrawing group on the R2 

group pulls electron density towards that side of the molecule making it electron rich, 

allowing for electrostatic interactions with the positively charged Arg91/Arg162 residues 

deep in a pocket of OSM site 3. This hypothesis is further reinforced in light of the 

increased binding affinity of B12, a 3-carboxyaniline derivative with a Kd of 5.1 ± 2.7 

µM, that substantially outperforms all other SMI-27 analogs. This is likely due to the 

carboxylic acid having a formal negative charge at physiological pH that allows for 

strong interactions with the positively charged Arg91/Arg162 residues. However, having 

an electron withdrawing group on the R2 aryl ring does not always increase binding 
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affinity, as shown by a comparison of the 1-series to the 3-series. For these groups, the 

absence (1-series) or presence (3-series) of a 4-trifluoromethyl substituent on the benzyl 

group is the only difference. The minimal impact of the electron withdrawing group 

could be due to the benzyl group having an additional degree of rotational freedom. As 

previously described, this would allow for different binding poses to occur outside the 

deep binding pocket in OSM site 3 that would not participate in electrostatic interactions 

with the Arg91/Arg162 residues. 

To investigate the effect of cation/pi interaction between the positively charged 

Arg91/Arg162 residues and aromatic R2 groups, non-aromatic groups were introduced at 

R2. Analog B1, containing an aromatic benzyl group, binds with higher affinity than B11, 

which has a non-aromatic cyclohexylmethyl group. The improved affinity implies that 

cation/pi interactions are, in fact, important.  

In summary, the FQ assays demonstrated that all SMI-27 analogs exhibited direct 

binding to OSM, with Kd values ranging from 29.3 to 5.1 µM. The analog with the worst 

binding affinity is 27B4, which has a 4-triflouromethylpicolyl R2 group. The best 

performing analog is 27B12 that contains a 3-carboxylic aniline at R2. However, there are 

gaps in the analog library, so additional compounds must be synthesized and tested in 

order to obtain a complete SAR profile. 

A 2-way ANOVA statistical analysis was performed by Laura Bond on the Kd 

values obtained from the FQ assay to determine if any significant differences occurred. 

The analysis confirmed that B12, containing a 3-carboxylic acid aniline at R2, was in fact 

the best performing analog. All other R2 series values are not significantly different, 

where comparisons can be made. Also, when holding R2 constant and changing R1, the 
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C-series, on average, had improved Kd values compared to the A- and B-series. This 

result suggests that alkyl substitution at two positions on the R1 phenyl group, at positions 

3 and 4, affords extra stabilizing hydrophobic interactions since both the A-series and the 

B-series are only substituted at the 4 position. Thus, to a first approximation, the 

statistical analysis supports the generation of an analog that combines the 3,4-

dimethylphenyl group at R1 (the C-series) and a 3-carboxylic acid aniline at R2 (the 12-

series) for future analysis. 

NMR Chemical Shift Perturbation Assay 

Preliminary NMR experiments were conducted to determine residues involved in 

binding and the location in which SMIs bind to OSM. Specifically, chemical shift 

perturbation (CSP) assays were used to accomplish this goal.8 This experiment involves 

first recording a 15N/1H heteronuclear single quantum correlation (HSQC) NMR 

spectrum of isotopically enriched OSM and then obtaining another spectrum after 

addition of increasing concentration of SMI. If the SMI binds to OSM, the HSQC 

chemical shifts for the amino acid residues involved in binding to the SMI will be 

perturbed due to a change in the magnetic environment. This experiment relies upon 15N-

isotopically enriched OSM, which was obtained from the Boise State Biomolecular 

Research Center using a protocol developed by Dr. Lisa Warner and co-workers (data 

unpublished).  

SMI 27B5 was chosen for proof-of-concept CSP experiments since it showed a 

significant reduction of relative pSTAT3 expression in the ELISA, displayed specific 

binding to OSM by western blot, and had a moderate Kd value based on the fluorescence 
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quenching experiment. As shown in Figure 3.5, HSQC spectra were obtained upon 

addition of 1 or 2 µL increments of 20 mM SMI stock solution (corresponding to 20, 40, 

80, and 120 µM SMI) to 500 µL of a 100 µM solution of OSM. The signals for several 

residues, highlighted in boxes, shifted upon addition of increasing amounts of the SMI. 

The SMI-27 analog perturbed the chemical shift of three amino acids that are also 

perturbed by an SMI-10 analog. The three amino acids, with chemical shifts at (7.2, 115), 

(7.0, 122), and (7.7, 106) ppm, have been tentatively assigned as Arg91, Lue92, and 

Gly166, respectively, based on a minimal chemical shift displacement from previously 

published NMR chemical shift assignments of a different OSM construct.11 These results 

are significant because these three amino acids are all located in OSM site 3, the site at 

which OSM binds to OSMR. Importantly, SMI-27 and SMI-10 are structurally very 

different (see Figure 2.3 in Chapter 2 for SMI-10 structure) and were designed to target 

OSM site 3 using two different computational methods (SMI-10 via a high-throughput 

virtual screen and SMI-27 via a weighted probability map). Further, this result suggests 

that our weighted probability map to computationally design SMI-27 analogs that target 

OSM’s site III is a valid approach. Currently, our collaborative team is assigning 

chemical shifts of the amino acid backbone for this particular construct of OSM, which 

will allow for the unequivocal identification of the SMI/OSM binding site and will enable 

the identification of valuable SAR information to help guide the design of more potent 

analogs.    
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Figure 3.5. Chemical shift perturbation assay. 
Ten different residues that shift upon addition of increasing amounts of SMI-27B5 are 

highlighted by boxes. Notably, Arg91, Lue92, and Gly166, with chemical shifts of (7.2, 
115), (7.0, 122), and (7.7, 106) ppm, respectively, are found in OSM binding site 3, 

which is the targeted binding site. 
 

Conclusions and Future Directions 

The current approach used to synthesize SMI-27 analogs and their 2,4-

disubstituted quinazoline core has successfully generated a small library of compounds 

but has several flaws that must be overcome. Specifically, the synthesis is not convergent 

and amenable to generating diversity at R1. Currently, incorporation of different groups at 

this site must be accomplished in the very first step of the sequence, restricting the 

introduction of significant diversity in subsequent steps. This is problematic since the 

yield of the second step, involving the cyclization to form the quinazoline core, generates 
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product in particularly low yield, allowing for only a small handful of final analogs to be 

made due to material constraints. Therefore, new SMIs that are structurally related to 

SMI-27 but employ a different synthetic route must be designed, synthesized, and 

evaluated to allow more diversity and create potentially more potent compounds. For this 

reason, several alternative approaches are suggested below.  

 Palladium-catalyzed cross-coupling reactions using commercially available 2,4-

dichloroquinazoline offer a facile approach to generate a large library of compounds 

using a convergent synthetic route (Figure 3.6). This sequence relies upon preferential 

activation of the chlorine at the 4-position over that at the 2-position toward oxidative 

addition of a palladium (0) catalyst, which is often the rate-limiting step in Suzuki or 

Stille coupling reactions. Accordingly, literature precedent suggests that there is 

regioselectivity for coupling at the 4-position over the 2-position.12 The route proposed in 

Figure 3.6A provides entry to a variety of amides at R2 relying on a Stille cross-coupling 

reaction to install the ethyl ester that is subsequently converted to the R2-containing 

amide.13 Also, diversity at the R1 position is incorporated using commercially available 

boronic acids or esters in Suzuki cross-coupling reactions.  
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Figure 3.6. Alternative synthesis of 2,4-disubstituted quinazolines. 

 
From the Kd values obtained using FQ assays, increasing the hydrophobicity does 

not appear to have a significant effect on binding affinity. For that reason, aryl groups 

containing hetero atoms in the ring, and/or electron withdrawing and donating 

substituents should be investigated. Similarly, the same starting material will provide 

access to non-amide functional groups at R2, using the sequence depicted in Figure 3.6B. 

In addition to allowing for investigation of the importance of the amide functional group 

at this position, it will enable for investigation of the effect of heterocycles, aliphatic 

groups, and other previously inaccessible functional groups. Final compounds will be 

obtained quickly though a 2-step reaction sequence from commercially available starting 

materials.   

 The quinazoline core is rather planar and hydrophobic, which leads to poor 

solubility in aqueous media and could be problematic when developing a drug that is 

intended to be orally bioavailable. For this reason, it is also worth considering a 

pyrimidine core in place of the quinazoline that is present in the SMI-27 analogs. As 

shown in Figure 3.7, the pyrimidine lacks the bicyclic ring of the quinazoline, increasing 
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the ratio of heteroatoms and sp2 carbon atoms, which should render it less hydrophobic 

and more water soluble. Overall, to produce amide-containing (Figure 3.7A) and non-

amide containing compounds (Figure 3.7B), reactions previously proposed in Figure 3.6 

should be used. Importantly, the schemes presented in Figure 3.7 should produce final 

compounds in only 2 steps from commercially-available building blocks, allowing for a 

small library of compounds to be synthesized quickly.  

 

Figure 3.7. Synthesis of 2,4-disubstituted pyrimidines. 

 Finally, the synthesis of analogs containing a pyrazolo[3,4-d]pyrimidine core is 

proposed (Figure 3.8). While this moiety retains the bicyclic planar ring system similar to 

the quinazoline compounds, it increases the number of heteroatoms and a basic nitrogen 

atoms which should increase aqueous solubility and bioavailability. The compounds can 

be prepared by first protecting the pyrazole nitrogen and then performing sequential 

Suzuki coupling reactions as described previously.  
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Figure 3.8. Synthesis of 2,4-disubstituted pyrazolopyrimidines. 

 In summary, all rationally designed and synthesized SMI-27 analogs tested by 

ELISA exhibited inhibition of OSM signaling. SMIs 27B3 and 27B5 appear to be 

selective for OSM over the cytokines IL-6 and LIF, as evidenced by western blot assays. 

This is especially noteworthy given the structural similarity of OSM to LIF. The FQ 

assays demonstrated direct binding to OSM, with Kd values ranging from 29.3 to 5.1 

µM. The SMI 27B12, which contains a carboxylic acid on the R2 aryl group, has a Kd of 

5.1 ± 2.7 µM, which is the best value observed for all the SMI-27 analogs. CSP assays 

indicate that two structurally distinct SMIs, 27B5 and 10B, both bind in OSM site 3, 

which helps validate the computational model. This research lays a solid foundation that 

could help lead to the development of a SMI drug candidate, which would provide a 

significant advancement in clinical treatments of OSM related diseases. 
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Biological Evaluation  

General procedure for enzyme-linked immunosorbent assays: Inhibition of pSTAT3 

was determined by ELISA against T47D human breast cancer cell lines. Cells were 

serum starved for 4 hours. Small molecules (10 µM in DMSO) and human recombinant 

OSM (10 ng/mL) were incubated in serum-free RPMI-1640 medium at 37 °C and 5% 

CO2. After incubation, the SMI-27 analogs and OSM were added to the serum starved 

cells for 30 minutes. Cells were lysed using a 1x PathScan Sandwich ELISA Lysis buffer 

(CST #7018S) for 15 minutes after which the lysates were collected and stored at -20 °C. 

Lysates were analyzed for pSTAT3 expression using a PathScan Phospho-Stat3 (Tyr705) 

Sandwich ELISA Antibody Pair kit (CST #7146). pSTAT3 expression was measured 

with absorbance at 450nm and quantified by comparison relative to OSM-induced 

pSTAT3 expression. 

General procedure for western blot assays T47D cells were plated on 24-well plates at 

70-75% confluency and allowed to adhere overnight. Cells were serum starved with 

serum free RPMI media for 4 h, and subsequently treated with either commercially 

available OSM (Peprotech; Cat# 300-10T) or a co-incubated solution of OSM and small 

molecule (10 µM). Afterwards, cell lysates were collected with 1X Cell Lysis Buffer 

(Cell Signaling Technology; Cat# 7018). Lysates were run on an SDS-PAGE gel and 

transferred onto a nitrocellulose membrane via semi-dry transfer. Blots were rinsed with 

Milli-Q H2O and allowed to dry completely before being blocked with LiCor Odyssey 

PBS blocking buffer for 1 hour (LiCor; Cat# 927-4000). After blocking, primary 

antibodies (1:1000) suspended in blocking buffer were applied to the membrane, shaken 
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for 1hr at room temperature, and incubated overnight at 4 °C. Membranes were then 

washed 6 x 5 min with 1X PBS supplemented with 0.5% Tween and secondary 

antibodies (1:15,000) suspended in blocking buffer were applied for 45 min. A final wash 

step of 6 x 5 min with PBS-T, membranes were imaged at 700 nm using the LiCor 

Odyssey CLx imaging system. Antibodies: phospho-STAT3 (Y705) (Cell Signaling 

Technology; Cat# 9145), Beta-Actin (Cell Signaling Technologies; Cat# 3700), donkey 

anti-rabbit IRDye 800CW (LiCor; Cat# 925-32213).  

General procedure for fluorescence quenching assays: A solution of recombinant OSM 

(2 mL, 1 µM) in four separate polymethylmethacrylate cuvettes is prepared by dilution of 

a concentrated stock solution of recombinant OSM with buffer solution (100 mM sodium 

chloride, 50 mM sodium phosphate, 100 mM freshly added DTT, pH = 6.6). Three 

cuvettes are titrated in 10 µM increments using a 2 mM small molecule stock solution in 

DMSO, and the fourth cuvette is titrated with an equivalent volume of DMSO as a 

control. A total of 11 titration points are collected (including zero-point blank), not to 

exceed 5% (v/v) total concentration of DMSO. The fluorescence intensity is recorded at 

OSM’s emission maximum of 350 nm using an excitation wavelength of 280 nm (4 nm 

slit width) and PMT voltage of 700 V. Each titration point is normalized to OSM’s 

fluorescence intensity in the absence of small molecule and corrected by adding the 

decrease in fluorescence intensity caused by dilution with DMSO. The average value of 

the three independent replicates for each point is plotted against concentration of small 

molecule delivered, and fit to a modified Stern-Volmer function, 𝑓𝑓
𝑓𝑓0

=  𝑓𝑓1
1−[𝑋𝑋]

𝐾𝐾𝐾𝐾

+ (1 − 𝑓𝑓1), 

originally described by Charlier et al., where 𝑓𝑓
𝑓𝑓0

 is the fluorescence signal of the sample 
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with SMI divided by the fluorescence signal of the blank, 𝑓𝑓1 is the fluorescence signal of 

the sample with SMI, [X] is the concentration of the SMI, and Kd is the binding affinity 

of the SMI toward OSM.1 Kd values were obtained from the fitting routine and errors are 

reported as the standard error of the fit with a symmetrical 95% confidence interval. Raw 

data was analyzed using Microsoft Excel and all curve fitting analysis was performed in 

GraphPad Prism 8.2 

To conduct a statistical analysis of the dissociation constants, three separate Kd 

values were obtained from each individual replicate using Graphpad Prism 8. The 

resulting mean Kd values were subjected to a 2-way analysis of variance (ANOVA), 

providing model-based estimates of specific R1 and R2 combinations that were then 

explicitly compared to answer the questions of interest. Both raw Kd and logged Kd were 

evaluated for model fit. Based on residual plots, there was no benefit to using the logged 

data, so all results are based on the raw Kd values. The analysis of variance model has a 

highly significant R1 x R2 interaction (p = 0.0006). Because of the large number of 

pairwise comparisons (276 comparisons), all differences were adjusted for multiple 

comparisons using false discovery rate adjustment.3 All statistical analyses were 

conducted in SAS analytics software. 

General procedure for 15N/1H HSQC NMR Titrations: All protein NMR experiments 

were conducted in 50 mM sodium phosphate (pH 6.6), 100 mM sodium chloride, 5% 

D2O with 500 μL of sample in a 5 mm NMR tube unless otherwise noted. Spectra were 

recorded at 298 K on a Bruker AVANCE III 600 MHz spectrometer equipped with a 5 

mm TCI cryoprobe with z-axis gradients. 1H, 15N heteronuclear single quantum 
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correlation (HSQC) spectra were collected with the hsqcfpf3gpphwg Bruker sequence. 

Spectra were processed and plotted using Topspin 3.2. 

For titration studies, 500 µL of a 100 µM sample of recombinant 15N enriched OSM in 

NMR Buffer was titrated with a 20 mM stock solution of SMI in d6-dimethyl sulfoxide. 

The SMI stock solution was added in 1 or 2 µL increments corresponding to 20, 40, 80, 

and 120 µM SMI delivered. An additional 100 µM sample of 15N OSM was prepared 

with 8 µL d6-dimethyl sulfoxide as a control.  

Computational Studies 

General procedure for pharmacophore weighted density map: Using the human OSM 

crystal structure (PDB ID: 1EVS), the AutoLigand program was used to scan the protein 

surface for potential SMI binding sites and to calculate energy to volume ratios of 

binding sites.4-7 A subset of 10,000 small molecules randomly selected from a ~22M 

compound library were docked against OSM site 3 using AutoDock Vina 4.2.8 Using the 

resulting lowest-energy docking pose of each molecule, the spatial distributions of 

pharmacophore features, i.e. hydrogen bond acceptors/donors, aromatic carbons, and 

halogens, were mapped with respect to the OSM structure. To create the distribution 

density maps of pharmacophore features, a 3-dimensional density grid was generated 

about the OSM site 3 binding pocket, with a grid resolution of 0.1 Å (corresponding to 

10-3 Å3 volume elements).  

General procedure for computational docking: All molecular docking studies were 

performed using AutoDock Vina 4.2 and the visualized were visualized using UCSF 

Chimera.8, 9 SMILES codes of potential SMI candidates were generated using 
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PerkinElmer Chemdraw 16.0 and imported into the Chimera software. Small molecule 

energies were minimized and charges were added using the Amber Antechamber module 

utilizing the default ff14SB force field.10 Molecules were then docked into Site 3 of the 

human OSM crystal structure (PDB ID: 1EVS) (Center: [10, 35, 25]; Size: [30, 30, 30]) 

and the docking results were interpreted directly without further optimization of torsion 

angles and atomic positions. 

Chemistry 

General: Reagents were purchased at the highest commercial quality and used without 

further purification. Unless otherwise noted, reactions were conducted using oven-dried 

glassware under an inert atmosphere of N2 gas. Anhydrous reaction solvents were 

obtained via prolonged storage of commercially available solvent over 4Å Linde-type 

molecular sieves (ca. 20% v/v). Routine 1H and 13C NMR spectra were recorded on a 

Bruker AVANCE III 600 MHz spectrometer equipped with a 5 mm TCI cryoprobe with 

z-axis gradients or a Bruker AVANCE III 300 MHz spectrometer. Spectra were obtained 

at 298K using reagent grade CDCl3 (99.9 % D atom) stored over 4Å Linde-type 

molecular sieves as the solvent and the residual CHCl3 signal at δ(H) = 7.26 ppm and the 

central resonance of the CDCl3 triplet appearing at δ(C) = 77.16 ppm were used to 

reference 1H and 13C NMR spectra, respectively. 1H NMR data are recorded as follows: 

chemical shift (δ), multiplicity, coupling constant(s) J (Hz), relative integral] where 

multiplicity is denoted as: s = singlet; d = doublet; t = triplet; q = quartet; hept = heptet; 

sept = septet; m = multiplet or combinations thereof. NMR spectra were analyzed using 

Bruker TopSpin and plotted in MestreNova. All HPLC experiments were conducted 
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using an Agilent 1100 Series HPLC system with a Phenomenex Synergi Fusion reverse-

phased C18 column with polar endcapping as the stationary phase and 95:5 

acetonitrile/0.1% aqueous trifluoracetic acid as the mobile phase. All biologically 

evaluated compounds were determined to have a purity >95% as determined by HPLC 

peak area and 1H NMR analyses. Unless otherwise noted, reactions were monitored by 

TLC (glass-backed, 250 mm silica gel)using short-wave UV light as the visualizing 

agent, and aqueous KMnO4 with heat as the developing agent. Flash column 

chromatography was performed using 60 Å, 230-400 mesh silica gel. Melting points were 

recorded on a Vernier Melt Station MLT-BTA and are uncorrected. High resolution mass 

spectra were recorded on a Bruker Daltonics maXis Q-TOF Mass Spectrometer using 

positive ionization mode. 
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General procedure for amidation reactions: To a flask was added acid (1 eq) and 

dissolved in anhydrous dichloromethane (~0.5 M). The flask was sealed, purged with N2 

gas, and thionyl chloride (3 eq) was added under an inert atmosphere while stirring. The 

resulting solution was allowed to reflux at 80 °C for 2 hours. The reaction solution was 

cooled to room temperature and concentrated under reduced pressure, re-dissolved in 

anhydrous dichloromethane (~0.5 M), and cooled to 0 °C in an ice-water bath. To the 

reaction flask under a N2 atmosphere was added triethylamine (2 eq) and aniline (1 eq) 

dropwise. Following addition, the ice/water bath is removed and the reaction is allowed 

warm to room temperature and stir overnight. The reaction mixture was washed with D.I. 

water (25 mL) and extracted twice with dichloromethane (10 mL). The combined organic 

layers were then washed with 1M HCl (2 x 20 mL), 1M NaOH (2 x 20 mL), and brine (1 

x 25 mL), dried over MgSO4, filtered, and concentrated under reduced pressure to afford 

a solid. N-Phenylbenzamides were used directly in the next step without further 

purification. In the case of quinazoline-4-carboxamides, the resulting solid was then 

suspended in 1 mL of heptane and 1-2 drops of dichloromethane, and the suspension was 

filtered and the solids were collected to afford the purified amidation product.  
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General procedure for Meerwein quinazoline cyclization:11 N-Phenylbenzamide (1 eq) 

was added to an appropriately sized round bottom flask and dissolved in anhydrous 

toluene (~0.1 M), followed by the addition of phosphorus pentachloride (1.2 eq) while 

stirring. The reaction was maintained under a N2 atmosphere and was heated to 85 °C for 

4 hours. The reaction was then concentrated under reduced pressure, dissolved in 

chlorobenzene (~0.1 M), and purged with N2 gas. To the reaction flask was then added 

ethyl cyanoformate (2.0 eq) and tin (IV) chloride (1.7 eq) while stirring under a N2 

atmosphere. The reaction was heated to 125 °C overnight. The reaction was then cooled 

to room temperature, concentrated under reduced pressure, dissolved in ethyl acetate (25 

mL), and washed with D.I. water (2 x 25 mL) and brine (1 x 25 mL). The organic layer 

was dried over Na2SO4, filtered, and concentrated under reduced pressure. The thick 

black oil is then purified by flash column chromatography (SiO2, hexanes/ethyl acetate 

elution) and the appropriate fractions were combined and concentrated under reduced 

pressure to afford the purified cyclized product. 
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General procedure for saponification reactions: Ethyl ester (1 eq) was added to an 

appropriately sized round bottom flask and dissolved in ethanol (~0.05 M), followed by 

the addition of 6M NaOH (5 eq) in one portion. The reaction was allowed to stir at room 

temperature for 45 minutes, upon which the reaction mixture was concentrated under 

reduced pressure, re-dissolved in 15 mL of D.I. water, and adjusted to a pH of 2-3 using 

6M HCl. The precipitated solids were then collected and dried by vacuum filtration to 

afford the saponified product.  
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4-methyl-N-phenylbenzamide 

Prepared according to the general amidation procedure to afford a shiny tan solid 
(80% yield). 1H NMR (300 MHz, CDCl3) δ 7.85 (s, 1H), 7.83 – 7.74 (m, 2H), 7.72 – 7.61 
(m, 2H), 7.45 – 7.34 (m, 2H), 7.34 – 7.26 (m, 2H), 7.23 – 7.11 (m, 1H), 2.45 (s, 3H).  
 

 

ethyl 2-(p-tolyl)quinazoline-4-carboxylate 

Prepared according to the general Meerwein quinazoline cyclization procedure to 
afford an orange solid (30% yield). 1H NMR (300 MHz, CDCl3) δ 8.58 – 8.49 (m, 2H), 
8.43 (ddd, J = 8.5, 1.4, 0.7 Hz, 1H), 8.12 (ddd, J = 8.6, 1.3, 0.7 Hz, 1H), 7.92 (ddd, J = 
8.5, 6.9, 1.4 Hz, 1H), 7.63 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.39 – 7.29 (m, 2H), 4.63 (q, J 
= 7.1 Hz, 2H), 2.45 (s, 3H), 1.54 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 
165.49, 160.49, 157.82, 152.58, 141.36, 134.83, 134.45, 129.57, 129.30, 128.83, 128.07, 
125.97, 62.69, 21.72, 14.45. MP: 90.8 - 93.1 °C.  

 

27A0 

2-(p-tolyl)quinazoline-4-carboxylic acid 

Prepared according to the general saponification procedure to afford a pale yellow 
solid (98% yield). 1H NMR (300 MHz, CDCl3) δ 9.31 (d, J = 8.6 Hz, 1H), 8.36 (s, 1H), 
8.33 (s, 1H), 8.13 (d, J = 8.6 Hz, 1H), 7.98 (t, J = 8.5 Hz, 1H), 7.71 (, J = 8.3, 1H), 7.29 
(d, J = 7.8 Hz, 2H), 2.42 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 158.57, 153.75, 141.93, 
135.40, 133.22, 129.64, 129.37, 128.94, 128.25, 127.10, 120.60. MP: 139.3 -142.4 °C. 
HRMS m/z: [M + H]+ Calcd. for C16H12N2O2 265.0972; Found 265.0978, Error 2.40 
ppm. HPLC: TR = 3.062 min, peak area = 91.5%. 

O
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27A1 

N-benzyl-2-(p-tolyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(69% yield). 1H NMR (600 MHz, CDCl3) δ 9.49 (dd, J = 8.6, 1.3 Hz, 1H), 8.66 (t, J = 6.1 
Hz, 1H), 8.46 (d, J = 8.0 Hz, 2H), 8.12 (dd, J = 8.5, 1.1 Hz, 1H), 7.94 (ddt, J = 8.4, 6.8, 
1.1 Hz, 1H), 7.68 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.50 – 7.40 (m, 4H), 7.40 – 7.33 (m, 
3H), 4.82 (d, J = 6.1 Hz, 2H), 2.47 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 164.96, 
159.03, 155.38, 153.37, 141.23, 137.99, 134.41, 128.86, 128.79, 128.36, 128.28, 128.24, 
127.98, 127.74, 127.74, 127.63, 77.24, 77.03, 76.82, 43.56, 21.53. MP: 185.8-188.3 °C. 
HRMS m/z: [M + H]+ Calcd. for C23H19N3O 354.1615; Found 354.1615, Error 3.99 ppm. 
HPLC: TR = 3.756 min, peak area = 99.6%. 
 

 

27A2 

N-(pyridin-3-ylmethyl)-2-(p-tolyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a beige solid 
(68% yield). 1H NMR (600 MHz, CDCl3) δ 9.42 (d, J = 10.0 Hz, 1H), 8.76 – 8.67 (m, 
2H), 8.57 (dd, J = 4.7, 1.6 Hz, 1H), 8.45 – 8.40 (m, 2H), 8.10 (dd, J = 8.5, 1.2 Hz, 1H), 
7.92 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.79 (dt, J = 7.9, 2.0 Hz, 1H), 7.66 (ddd, J = 8.4, 6.8, 
1.2 Hz, 1H), 7.35 – 7.29 (m, 3H), 4.79 (d, J = 6.3 Hz, 2H), 2.44 (s, 3H). 13C NMR (151 
MHz, CDCl3) δ 165.29, 153.50, 149.36, 149.26, 141.47, 135.65, 135.64, 134.67, 134.47, 
133.77, 129.63, 128.95, 128.44, 127.67, 123.86, 121.13, 41.20, 21.68. MP: 191.4 - 194.5 
°C. HRMS m/z: [M + H]+ Calcd. for C22H18N4O 355.1553; Found 355.1569, Error 4.37 
ppm. HPLC: TR = 4.266 min, peak area = 39.8% 
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27A3 

2-(p-tolyl)-N-(4-(trifluoromethyl)benzyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(69% yield). 1H NMR (600 MHz, CDCl3) δ 9.44 (dd, J = 8.6, 1.4 Hz, 1H), 8.75 (t, J = 6.2 
Hz, 1H), 8.46 – 8.42 (m, 2H), 8.11 (dd, J = 8.5, 1.2 Hz, 1H), 7.93 (ddd, J = 8.4, 6.8, 1.4 
Hz, 1H), 7.70 – 7.62 (m, 3H), 7.56 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.84 (d, J 
= 6.3 Hz, 2H), 2.45 (s, 3H).  13C NMR (151 MHz, CDCl3) δ 165.16, 159.04, 154.97, 
153.44, 141.34, 134.52, 134.44, 129.51, 128.85, 128.38, 128.34, 127.81, 127.60, 125.83, 
125.80, 125.78, 121.05, 43.07, 21.52. MP: 208.9 – 210.5 °C. HRMS m/z: [M + H]+ 
Calcd. for C24H18F3N3O 422.1475; Found 422.1484, Error 2.29 ppm. HPLC: TR = 3.714 
min, peak area = 98.8%. 

 

 

27A4 

2-(p-tolyl)-N-((6-(trifluoromethyl)pyridin-3-yl)methyl)quinazoline-4-

carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(75% yield). 1H NMR (600 MHz, CDCl3) δ 9.44 (d, J = 8.6 Hz, 1H), 8.86 (s, 2H), 8.47 
(d, J = 7.7 Hz, 2H), 8.15 (d, J = 8.5 Hz, 1H), 8.01 (d, J = 8.1 Hz, 1H), 7.97 (t, J = 7.7 Hz, 
1H), 7.75 – 7.67 (m, 2H), 7.38 (d, J = 7.8 Hz, 2H), 4.90 (d, J = 6.3 Hz, 2H), 2.48 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 165.38, 159.07, 154.59, 153.48, 149.35, 147.73, 147.50, 
147.27, 141.43, 137.05, 136.69, 134.63, 129.53, 128.91, 128.34, 127.43,120.98, 121.51 
(q, JC,F = 273.4 Hz), 120.54 (q, JC,F = 2.8 Hz), 40.76, 21.52. MP: 215.1 – 217.8 °. HRMS 
m/z: [M + H]+ Calcd. for C23H17F3N4O 423.1427; Found 423.1427, Error 0 ppm. HPLC: 
TR = 3.376 min, peak area = 96.4%. 
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27A5 

N-phenyl-2-(p-tolyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a light yellow 
solid (76% yield). 1H NMR (600 MHz, CDCl3) δ 10.29 (s, 1H), 9.53 (dd, J = 8.6, 1.4 Hz, 
1H), 8.52 – 8.47 (m, 2H), 8.12 (dt, J = 8.4, 0.9 Hz, 1H), 7.94 (ddd, J = 8.4, 6.8, 1.4 Hz, 
1H), 7.87 – 7.82 (m, 2H), 7.68 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.49 – 7.43 (m, 2H), 7.38 
(d, J = 7.9 Hz, 2H), 7.23 (tt, J = 7.4, 1.2 Hz, 1H), 2.47 (s, 3H). 13C NMR (151 MHz, 
CDCl3) δ 162.59, 158.78, 154.97, 153.61, 141.45, 137.35, 134.63, 134.35, 129.62, 
129.27, 128.92, 128.50, 128.34, 127.65, 124.99, 121.17, 120.14, 21.61. MP: 166.7-168.5 
°C. HRMS m/z: [M + H]+ Calcd. for C22H17N3O 340.1444; Found 340.1458, Error 3.91 
ppm. HPLC: TR = 4.283 min, peak area = 97.3%. 
 

 

27A6 

2-(p-tolyl)-N-(4-(trifluoromethyl)phenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(67% yield). 1H NMR (600 MHz, CDCl3) δ 10.47 (s, 1H), 9.48 (d, J = 8.4 Hz, 1H), 8.48 
(d, J = 7.9 Hz, 2H), 8.13 (d, J = 8.5 Hz, 1H), 7.98 (s, 1H), 7.98 – 7.93 (m, 2H), 7.73 – 
7.66 (m, 3H), 7.38 (d, J = 7.8 Hz, 2H), 2.48 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 
162.82, 158.77, 154.24, 153.70, 141.60, 140.34, 134.80, 134.17, 129.66, 129.02, 128.75, 
128.31, 127.40, 126.96, 126.79, 126.75, 126.55, 126.52, 126.50, 126.47, 126.31, 124.99, 
123.19, 121.06, 119.75, 21.62. MP: 218.5 – 219.7 °C. HRMS m/z: [M + H]+ Calcd. for 
C23H16F3N3O 408.1318; Found 408.1318, Error 0 ppm. HPLC: TR = 4.442 min, peak area 
= 97.6%. 
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4-isobutyl-N-phenylbenzamide 

Prepared according to the general amidation procedure to afford a shiny light 
brown solid (88% yield). 1H NMR (600 MHz, CDCl3) δ 7.92 (s, 1H), 7.78 (d, J = 8.0 Hz, 
2H), 7.64 (d, J = 8.0 Hz, 2H), 7.36 (t, J = 7.8 Hz, 2H), 7.24 (d, J = 7.9 Hz, 2H), 7.14 (t, J 
= 7.4 Hz, 1H), 2.54 (d, J = 7.2 Hz, 2H), 1.90 (sept, J = 6.8 Hz, 1H), 0.92 (d, J = 6.7 Hz, 
6H). 13C NMR (151 MHz, CDCl3) δ 165.95, 146.22, 138.17, 132.50, 129.61, 129.60, 
129.34, 129.18, 127.05, 124.53, 120.30, 45.36, 30.30, 22.44. MP: 139.3 – 144.3 °C.  
 

 

Ethyl 2-(4-isobutylphenyl)quinazoline-4-carboxylate 

Prepared according to the general Meerwein quinazoline cyclization procedure to 
afford a yellow oil (26% yield). 1H NMR (600 MHz, CDCl3) δ 8.55 – 8.51 (m, 2H), 8.44 
(dd, J = 8.4, 1.6 Hz, 1H), 8.15 – 8.10 (m, 1H), 7.93 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.64 
(ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 7.31 (d, J = 7.9 Hz, 2H), 4.62 (q, J = 7.3 Hz, 2H), 2.57 (d, 
J = 7.2 Hz, 2H), 1.93 (hept, J = 6.8 Hz, 1H), 1.54 (t, J = 7.2 Hz, 3H), 0.93 (dd, J = 6.6, 1.6 
Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 165.35, 152.46, 145.03, 134.98, 134.36, 131.99, 
129.86, 129.54, 129.17, 128.56, 127.98, 125.86, 120.27, 62.59, 45.43, 30.30, 22.40, 
22.27, 14.33. MP: N/A  
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27B0 

2-(4-isobutylphenyl)quinazoline-4-carboxylic acid 

Prepared according to the general saponification procedure to afford an 
orange/brown solid (81% yield). 1H NMR (600 MHz, CDCl3) δ 11.82 (s, 1H), 9.37 (d, J 
= 8.5 Hz, 1H), 8.45 (d, J = 7.8 Hz, 2H), 8.17 (d, J = 8.4 Hz, 1H), 8.00 (t, J = 7.7 Hz, 1H), 
7.74 (t, J = 7.3 Hz, 1H), 7.34 (d, J = 7.5 Hz, 2H), 2.59 (d, J = 7.4 Hz, 2H), 1.95 (sept, J = 
6.7 Hz, 1H), 0.95 (d, J = 6.7 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 163.82, 158.89, 
153.95, 145.87, 135.57, 133.74, 132.11, 129.98, 129.87, 129.54, 129.16, 129.11, 128.34, 
127.28, 124.64, 120.74, 45.47, 30.37, 22.39. MP: 119.7 – 122.3 °C. HRMS m/z: [M + 
H]+ Calcd. for C19H18N2O2 307.1441; Found 307.1451, Error 3.30 ppm. HPLC: TR = 
3.546 min, peak area = 89.1%. 
 

 

27B1 

N-benzyl-2-(4-isobutylphenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(88% yield). 1H NMR (600 MHz, CDCl3) δ 9.40 (dd, J = 8.6, 1.4 Hz, 1H), 8.63 (t, J = 6.1 
Hz, 1H), 8.41 – 8.37 (m, 2H), 8.04 (d, J = 8.5 Hz, 1H), 7.85 (ddd, J = 8.4, 6.8, 1.5 Hz, 
1H), 7.58 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.40 (d, J = 7.1 Hz, 2H), 7.34 (t, J = 7.7 Hz, 
2H), 7.27 (t, J = 7.3 Hz, 1H), 7.24 (s, 1H), 7.23 (s, 1H), 4.73 (d, J = 6.2 Hz, 2H), 2.51 (d, 
J = 7.3 Hz, 2H), 1.89 (sept, J = 6.8 Hz, 1H), 0.89 (d, J = 6.7 Hz, 6H). 13C NMR (151 
MHz, CDCl3) δ 164.98, 159.09, 155.37, 153.33, 138.00, 134.76, 134.43, 129.57, 128.80, 
128.26, 127.72, 127.70, 127.65, 121.07, 45.39, 43.56, 30.29, 30.29, 22.44. MP: 141.2 – 
143.5 °C. HRMS m/z: [M + H]+ Calcd. for C26H25N3O 396.2070; Found 396.2074, Error 
0.97 ppm. HPLC: TR = 4.611 min, peak area = 93.0%. 
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27B2 

2-(4-isobutylphenyl)-N-(pyridin-3-ylmethyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a pale orange 
solid (74% yield). 1H NMR (600 MHz, CDCl3) δ 9.38 (d, J = 8.7 Hz, 1H), 8.77 (t, J = 6.3 
Hz, 1H), 8.69 (d, J = 2.4 Hz, 1H), 8.57 – 8.53 (m, 1H), 8.41 (d, J = 7.9 Hz, 2H), 8.07 (d, J 
= 8.5 Hz, 1H), 7.89 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.76 (dt, J = 8.0, 2.1 Hz, 1H), 7.65 – 
7.59 (m, 1H), 7.28 (t, J = 8.9 Hz, 3H), 4.76 (d, J = 6.3 Hz, 2H), 2.54 (d, J = 7.3 Hz, 2H), 
1.91 (septet, J = 6.7 Hz, 1H), 0.92 (d, J = 6.6 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 
165.24, 159.15, 155.08, 153.40, 149.32, 149.19, 145.18, 135.55, 134.70, 134.58, 133.73, 
129.63, 128.89, 128.88, 128.42, 128.28, 127.57, 123.77, 121.01, 45.41, 41.13, 30.32, 
30.31, 22.46. MP: 130.7 – 132.3 °C. MP: 130.7 - 132.3 °C. HRMS m/z: [M + H]+ Calcd. 
for C25H24N4O 397.2023; Found 397.2028, Error 1.31 ppm. HPLC: TR = 7.105 min, peak 
area = 98.6%. 
 

 

27B3 

2-(4-isobutylphenyl)-N-(4-(trifluoromethyl)benzyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(67% yield). 1H NMR (600 MHz, CDCl3) δ 9.45 (d, J = 8.6 Hz, 1H), 8.78 (t, J = 6.4 Hz, 
1H), 8.45 (d, J = 8.0 Hz, 2H), 8.12 (d, J = 8.5 Hz, 1H), 7.94 (ddd, J = 8.5, 6.8, 1.5 Hz, 
1H), 7.70 – 7.64 (m, 2H), 7.64 (s, 1H), 7.56 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 
4.84 (d, J = 6.3 Hz, 2H), 2.57 (d, J = 7.2 Hz, 2H), 1.94 (sept, J = 6.8 Hz, 1H), 0.94 (d, J = 
6.6 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 165.31, 165.29, 159.24, 155.04, 153.57, 
145.30, 142.19, 134.81, 134.71, 130.34, 130.13, 129.91, 129.74, 128.99, 128.56, 128.34, 
127.94, 127.72, 126.92, 125.97, 125.94, 125.91, 125.89, 125.12, 123.32, 121.16, 45.49, 
45.48, 43.18, 30.40, 22.51. MP: 165.4 – 168.3 °C. HRMS m/z: [M + H]+ Calcd. for 
C27H24F3N3O 464.1944; Found 464.1924, Error 4.42 ppm. HPLC: TR = 4.576 min, peak 
area = 99.4%. 
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27B4 

2-(4-isobutylphenyl)-N-((6-(trifluoromethyl)pyridin-3-yl)methyl)quinazoline-4-

carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(72% yield). 1H NMR (600 MHz, CDCl3) δ 9.42 (d, J = 8.5 Hz, 1H), 8.84 (d, J = 8.1 Hz, 
2H), 8.45 (d, J = 7.7 Hz, 2H), 8.13 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 8.1 Hz, 1H), 7.97 – 
7.92 (m, 1H), 7.73 – 7.65 (m, 2H), 7.32 (d, J = 7.8 Hz, 2H), 4.87 (d, J = 6.3 Hz, 2H), 2.58 
(d, J = 7.2 Hz, 2H), 1.94 (hept, J = 6.7 Hz, 1H), 0.94 (d, J = 6.8 Hz, 6H). 13C NMR (151 
MHz, CDCl3) δ 165.51, 154.71, 149.49, 145.38, 137.19, 137.18, 136.85, 134.79, 134.74, 
129.75, 129.05, 128.67, 128.35, 127.56, 121.08, 120.71, 120.67, 45.50, 40.88, 30.39, 
22.51. MP: 163.3 – 166.8 °C. HRMS m/z: [M + H]+ Calcd. for C26H23F3N4O 465.1897; 
Found 465. 1879, Error 3.88 ppm. HPLC: TR = 4.059 min, peak area = 98.3%. 
 

 

27B5 

2-(4-isobutylphenyl)-N-phenylquinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(70% yield). 1H NMR (600 MHz, CDCl3) δ 10.32 (s, 1H), 9.54 (d, J = 8.6 Hz, 1H), 8.52 
(d, J = 7.8 Hz, 2H), 8.14 (d, J = 8.5 Hz, 1H), 7.95 (t, J = 7.7 Hz, 1H), 7.85 (d, J = 7.9 Hz, 
2H), 7.69 (t, J = 7.7 Hz, 1H), 7.46 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 7.23 (t, J = 
7.4 Hz, 1H), 2.60 (d, J = 7.2 Hz, 2H), 1.97 (hept, J = 6.8 Hz, 1H), 0.97 (d, J = 6.6 Hz, 
6H). 13C NMR (151 MHz, CDCl3) δ 162.59, 158.90, 154.98, 153.65, 145.25, 137.35, 
134.65, 129.71, 129.27, 128.95, 128.53, 128.24, 127.66, 124.99, 121.17, 120.14, 45.41, 
30.31, 22.43, 22.43. MP: 132.2 – 133.5 °C. HRMS m/z: [M + H]+ Calcd. for C25H23N3O 
382.1914; Found 382.1903, Error 2.79 ppm. HPLC: TR = 5.585 min, peak area = 94.2%. 
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27B6 

2-(4-isobutylphenyl)-N-(4-(trifluoromethyl)phenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a light orange 
solid (73% yield). 1H NMR (600 MHz, CDCl3) δ 10.48 (s, 1H), 9.48 (d, J = 8.5 Hz, 1H), 
8.49 (dd, J = 8.2, 1.8 Hz, 2H), 8.12 (d, J = 8.5 Hz, 1H), 7.97 (s, 1H), 7.97 – 7.92 (m, 2H), 
7.71 (s, 1H), 7.71 – 7.65 (m, 2H), 7.36 (dd, J = 8.2, 1.8 Hz, 2H), 2.60 (dd, J = 7.3, 1.6 Hz, 
2H), 1.97 (hept, J = 6.7 Hz, 1H), 0.97 (dd, J = 6.7, 1.7 Hz, 6H). 13C NMR (151 MHz, 
CDCl3) δ 162.92, 158.97, 154.33, 153.81, 145.50, 140.46, 134.91, 134.57, 129.85, 
129.14, 128.86, 128.32, 127.50, 127.06, 126.90, 126.84, 126.65, 126.63, 126.60, 126.58, 
126.41, 125.11, 123.30, 121.14, 119.84, 114.28, 45.52, 30.42, 22.54. MP: 173.5 – 176.0 
°C. HRMS m/z: [M + H]+ Calcd. for C26H22F3N3O 450.1788; Found 450.1767, Error 
4.57 ppm. HPLC: TR = 5.844 min, peak area = 99.0%. 
 

 

27B7 

2-(4-isobutylphenyl)-N-phenethylquinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a light orange 
solid (67% yield). 1H NMR (600 MHz, CDCl3) δ 9.44 (dd, J = 8.6, 1.4 Hz, 1H), 8.39 (t, J 
= 6.1 Hz, 1H), 8.35 (d, J = 7.9 Hz, 2H), 8.09 (d, J = 8.5 Hz, 1H), 7.91 (ddd, J = 8.4, 6.8, 
1.4 Hz, 1H), 7.65 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H), 7.43 – 7.28 (m, 7H), 3.85 (q, J = 6.6 Hz, 
2H), 3.03 (t, J = 6.8 Hz, 2H), 2.59 (d, J = 7.2 Hz, 2H), 1.96 (hept, J = 6.7 Hz, 1H), 0.96 
(d, J = 6.6 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 164.96, 159.10, 155.44, 153.49, 
145.16, 138.94, 134.86, 134.52, 129.64, 129.15, 129.01, 128.89, 128.36, 128.34, 127.82, 
126.84, 121.15, 45.52, 40.72, 35.83, 30.44, 22.54. MP: 123.2 – 125.6 °C. HRMS m/z: [M 
+ H]+ Calcd. for C27H27N3O 410.2227; Found 410.2214, Error 3.23 ppm. HPLC: TR = 
5.355 min, peak area = 98.3%. 
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27B8 

2-(4-isobutylphenyl)-N-(4-(trifluoromethyl)phenethyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a light orange 
solid (72% yield). 1H NMR (600 MHz, CDCl3) δ 9.42 (dd, J = 8.6, 1.4 Hz, 1H), 8.41 – 
8.35 (m, 3H), 8.12 (dd, J = 8.4, 1.1 Hz, 1H), 7.94 (ddd, J = 8.4, 6.7, 1.4 Hz, 1H), 7.70 – 
7.64 (m, 3H), 7.49 (d, J = 7.9 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 3.89 (q, J = 6.6 Hz, 2H), 
3.12 (t, J = 6.8 Hz, 2H), 2.61 (d, J = 7.2 Hz, 2H), 1.98 (hept, J =  6.8 Hz, 1H), 0.99 (d, J = 
6.6 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 165.09, 159.17, 155.37, 153.55, 145.31, 
143.18, 134.83, 134.58, 129.67, 129.53, 129.44, 129.22, 129.01, 128.97, 128.40, 128.28, 
127.72, 127.12, 125.92, 125.90, 125.87, 125.85, 125.32, 123.52, 77.37, 77.16, 76.95, 
40.48, 35.83, 30.34, 22.49. MP: 148.7 – 149.7 °C. HRMS m/z: [M + H]+ Calcd. for 
C28H26F3N3O 478.2128; Found: TBD. HPLC: TR = 5.156 min, peak area = 76.9%. 

 

 

27B9 

N-butyl-2-(4-isobutylphenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(78% yield). 1H NMR (600 MHz, CDCl3) δ 9.45 (ddd, J = 8.6, 1.5, 0.7 Hz, 1H), 8.50 – 
8.45 (m, 2H), 8.32 (t, J = 6.1 Hz, 1H), 8.09 (dt, J = 8.5, 1.0 Hz, 1H), 7.91 (ddd, J = 8.4, 
6.8, 1.5 Hz, 1H), 7.64 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H), 7.36 – 7.31 (m, 2H), 3.58 (q, J = 7.2 
Hz, 2H), 2.59 (d, J = 7.2 Hz, 2H), 1.95 (p, J = 6.8 Hz, 1H), 1.76 – 1.68 (m, 2H), 1.51 (h, J 
= 7.4 Hz, 2H), 1.02 (t, J = 7.4 Hz, 3H), 0.95 (d, J = 6.6 Hz, 6H). 13C NMR (151 MHz, 
CDCl3) δ 165.03, 155.76, 153.45, 134.49, 129.71, 128.86, 128.33, 128.30, 127.93, 
121.18, 45.51, 39.51, 31.80, 30.41, 22.53, 20.40, 13.98, 13.97. MP: 116.9 – 118.0 °C. 
HRMS m/z: [M + H]+ Calcd. for C23H27N3O 362.2254; Found: TBD. HPLC: TR = 2.037 
min, peak area = 99.9%. 
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27B10 

N-(cyclopropylmethyl)-2-(4-isobutylphenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(69% yield). 1H NMR (600 MHz, CDCl3) δ 9.42 (dd, J = 8.7, 1.4 Hz, 1H), 8.51 – 8.47 
(m, 2H), 8.39 (t, J = 5.8 Hz, 1H), 8.09 (dt, J = 8.4, 0.9 Hz, 1H), 7.90 (ddd, J = 8.4, 6.8, 
1.4 Hz, 1H), 7.63 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.36 – 7.32 (m, 2H), 3.45 (dd, J = 7.2, 
5.8 Hz, 2H), 2.59 (d, J = 7.2 Hz, 2H), 1.96 (sept, J = 6.8 Hz, 1H), 1.18 (dddd, J = 15.1, 
10.3, 5.2, 2.6 Hz, 1H), 0.95 (d, J = 6.7 Hz, 6H), 0.67 – 0.59 (m, 2H), 0.38 (dt, J = 6.1, 4.6 
Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 164.95, 159.18, 155.81, 153.40, 145.13, 134.99, 
134.47, 129.70, 128.85, 128.33, 128.27, 127.87, 121.16, 45.50, 44.47, 30.40, 22.52, 
10.90, 10.84, 3.68. MP: 132.2 – 134.2 °C. HRMS m/z: [M + H]+ Calcd. for C23H25N3O 
360.2098; Found: TBD. HPLC: TR = 2.024 min, peak area = 99.9%. 
 

 

 

27B11 

N-(cyclohexylmethyl)-2-(4-isobutylphenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(71% yield). 1H NMR (600 MHz, CDCl3) δ 9.45 (ddd, J = 8.6, 1.5, 0.7 Hz, 1H), 8.50 – 
8.45 (m, 2H), 8.40 (t, J = 6.4 Hz, 1H), 8.09 (dt, J = 8.5, 1.1 Hz, 1H), 7.91 (ddd, J = 8.4, 
6.8, 1.5 Hz, 1H), 7.64 (ddd, J = 8.3, 6.8, 1.2 Hz, 1H), 7.36 – 7.31 (m, 2H), 3.42 (t, J = 6.6 
Hz, 2H), 2.59 (d, J = 7.2 Hz, 2H), 1.95 (sept, J = 6.8 Hz, 1H), 1.91 – 1.84 (m, 2H), 1.78 
(dt, J = 12.7, 3.5 Hz, 2H), 1.75 – 1.67 (m, 1H), 1.30 (qt, J = 12.5, 3.3 Hz, 2H), 1.21 (qt, J 
= 12.6, 3.2 Hz, 1H), 1.15 – 1.05 (m, 2H), 0.95 (d, J = 6.6 Hz, 6H). 13C NMR (151 MHz, 
CDCl3) δ 165.07, 159.12, 155.78, 153.45, 145.14, 141.95, 135.00, 134.49, 129.72, 
128.85, 128.31, 128.29, 127.95, 121.20, 45.93, 45.50, 38.28, 31.11, 26.54, 26.44, 26.00, 
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22.53. MP: 134.8 – 136.3 °C. HRMS m/z: [M + H]+ Calcd. for C26H31N3O 402.2567; 
Found: TBD. HPLC: TR = 2.714 min, peak area = 99.9%. 
 

 

27B12 

3-(2-(4-isobutylphenyl)quinazoline-4-carboxamido)benzoic acid 

Prepared according to the general amidation procedure directly followed by the 
general saponification procedure to afford a beige solid (79% yield). 1H NMR (600 MHz, 
DMSO) δ 13.06 (s, 1H), 11.19 (s, 1H), 8.66 – 8.61 (m, 1H), 8.60 – 8.55 (m, 2H), 8.55 (t, 
J = 1.9 Hz, 1H), 8.17 – 8.05 (m, 3H), 7.82 – 7.75 (m, 2H), 7.57 (t, J = 7.9 Hz, 1H), 7.40 – 
7.36 (m, 2H), 2.56 (d, J = 7.2 Hz, 2H), 1.91 (dq, J = 13.5, 6.8 Hz, 1H), 0.90 (d, J = 6.6 
Hz, 6H).13C NMR (151 MHz, DMSO) δ 167.08, 163.73, 159.85, 159.00, 151.71, 144.72, 
138.51, 135.20, 131.52, 129.41, 129.18, 128.55, 128.50, 128.41, 126.36, 125.31, 124.63, 
121.22, 119.60, 44.49, 39.94, 39.80, 39.66, 39.52, 39.38, 39.24, 39.10, 29.62, 22.15. MP: 
TBD. HRMS m/z: [M + H]+ Calcd. for C26H23N3O3 426.1839; Found: TBD. HPLC: TR = 
2.333 min, peak area = 81.2%. 
 

 

3,4-dimethyl-N-phenylbenzamide 

Prepared according to the general amidation procedure to afford a shiny light 
yellow solid (91% yield). 1H NMR (300 MHz, CDCl3) δ 7.84 (s, 1H), 7.70 – 7.54 (m, 
4H), 7.42 – 7.30 (m, 2H), 7.22 (d, J = 7.8 Hz, 1H), 7.21 – 7.08 (m, 1H), 2.32 (s, 6H). 13C 
NMR (75 MHz, CDCl3) δ 165.95, 141.16, 138.25, 137.36, 132.62, 130.06, 129.19, 
128.47, 124.48, 124.46, 120.25, 19.99, 19.94. MP: 107.4 – 111.7 °C. 
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ethyl 2-(3,4-dimethylphenyl)quinazoline-4-carboxylate 

Prepared according to the general Meerwein quinazoline cyclization procedure to 
afford a yellow solid (22% yield). 1H NMR (600 MHz, CDCl3) δ 8.44 – 8.40 (m, 2H), 
8.38 (dd, J = 7.8, 1.9 Hz, 1H), 8.12 (dt, J = 8.6, 1.0 Hz, 1H), 7.90 (ddd, J = 8.4, 6.8, 1.4 
Hz, 1H), 7.61 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.30 (d, J = 7.9 Hz, 1H), 4.63 (q, J = 7.2 Hz, 
2H), 2.40 (s, 3H), 2.35 (s, 3H), 1.54 (t, J = 7.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 
165.44, 160.55, 157.76, 152.48, 140.06, 136.97, 135.04, 134.38, 132.90, 130.34, 130.14, 
130.13, 129.74, 129.72, 129.18, 126.42, 126.42, 125.89, 125.89, 120.30, 62.66, 20.22, 
20.03, 14.41. MP: 88.4 – 90.1 °C. 
 

 

 

27C0 

2-(3,4-dimethylphenyl)quinazoline-4-carboxylic acid 

Prepared according to the general saponification procedure to afford yellow solid 
(89% yield). 1H NMR (600 MHz, CDCl3) δ 11.80 (s, 1H), 9.38 (d, J = 8.5 Hz, 1H), 8.30 
(s, 1H), 8.25 (dd, J = 7.9, 1.9 Hz, 1H), 8.17 (d, J = 8.6 Hz, 1H), 8.03 – 7.97 (m, 1H), 7.74 
(td, J = 7.8, 7.2, 1.8 Hz, 1H), 7.31 (d, J = 7.9 Hz, 1H), 2.41 (s, 3H), 2.37 (s, 3H). 13C 
NMR (151 MHz, CDCl3) δ 163.38, 158.73, 153.88, 151.02, 140.72, 137.28, 135.40, 
133.58, 130.27, 129.35, 128.97, 127.13, 125.92, 120.63, 19.92, 19.90. MP: 146.7 - 152.6 
°C. HRMS m/z: [M + H]+ Calcd. for C17H14N2O2 279.1128; Found 279.1130, Error 0.69 
ppm. HPLC: TR = 3.157 min, peak area = 93.0% 
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27C1 

N-benzyl-2-(3,4-dimethylphenyl)quinazoline-4-carboxamide

Prepared according to the general amidation procedure to afford a white solid 
(70% yield). 1H NMR (600 MHz, CDCl3) δ 9.46 (d, J = 8.5 Hz, 1H), 8.66 (t, J = 6.2 Hz, 
1H), 8.32 (s, 1H), 8.26 (dd, J = 7.8, 1.9 Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.92 (ddd, J = 
8.4, 6.8, 1.4 Hz, 1H), 7.68 – 7.63 (m, 1H), 7.46 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 
2H), 7.31 (dd, J = 32.4, 7.6 Hz, 2H), 4.80 (d, J = 6.1 Hz, 2H), 2.39 (s, 3H), 2.35 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 165.11, 159.28, 155.45, 153.47, 140.14, 138.10, 137.15, 
134.91, 134.55, 130.20, 129.51, 128.98, 128.87, 128.33, 127.83, 127.76, 126.08, 121.19, 
43.65, 20.11, 20.05. MP: 191.8 – 193.7 °C. HRMS m/z: [M + H]+ Calcd. for C24H21N3O 
368.1757; Found 368.1759, Error 0.38 ppm. HPLC: TR = 3.949 min, peak area = 97.1%. 

27C3 

2-(3,4-dimethylphenyl)-N-(4-(trifluoromethyl)benzyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(67% yield). 1H NMR (600 MHz, CDCl3) δ 9.43 (dd, J = 8.6, 1.4 Hz, 1H), 8.77 (t, J = 6.3 
Hz, 1H), 8.32 (d, J = 1.9 Hz, 1H), 8.26 (dd, J = 7.9, 2.0 Hz, 1H), 8.12 (d, J = 8.5 Hz, 1H), 
7.93 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.69 – 7.62 (m, 3H), 7.56 (d, J = 8.0 Hz, 2H), 7.29 
(d, J = 7.8 Hz, 1H), 4.84 (d, J = 6.3 Hz, 2H), 2.39 (s, 3H), 2.36 (s, 3H). 13C NMR (151 
MHz, CDCl3) δ 165.33, 159.31, 155.06, 142.23, 142.22, 140.25, 137.22, 134.85, 134.67, 
130.33, 130.22, 130.11, 129.90, 129.68, 129.49, 128.93, 128.48, 127.91, 127.70, 126.92, 
126.07, 125.95, 125.92, 125.90, 125.87, 125.12, 123.31, 121.51, 121.14, 43.18, 20.13, 
20.06. MP: 194.4 – 196.6 °C. HRMS m/z: [M + H]+ Calcd. for C25H20F3N3O 436.1631; 
Found 436.1621, Error 2.46 ppm. HPLC: TR = 3.910 min, peak area = 98.0% 
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27C5 

2-(3,4-dimethylphenyl)-N-phenylquinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a pale yellow 
solid (80% yield). 1H NMR (600 MHz, CDCl3) δ 10.49 (s, 1H), 9.50 (d, J = 8.5 Hz, 1H), 
8.39 (s, 1H), 8.32 (dd, J = 7.8, 1.9 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 8.01 – 7.95 (m, 3H), 
7.74 (s, 1H), 7.74 – 7.69 (m, 2H), 7.36 (d, J = 7.9 Hz, 1H), 2.45 (s, 3H), 2.41 (s, 3H).13C 
NMR (151 MHz, CDCl3) δ 162.74, 159.07, 155.10, 153.74, 140.27, 137.23, 134.83, 
134.65, 130.30, 129.57, 129.37, 129.02, 128.49, 127.77, 126.07, 125.08, 121.27, 120.29, 
77.37, 77.16, 76.95, 20.15, 20.04, 0.14. MP: TBD. HRMS m/z: [M + H]+ Calcd. for 
C23H19N3O 354.1628; Found: TBD. HPLC: TR = 2.075 min, peak area = 99.9%.  

27C6 

2-(3,4-dimethylphenyl)-N-(4-(trifluoromethyl)phenyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(76% yield). 1H NMR (600 MHz, CDCl3) δ 10.49 (s, 1H), 9.50 (d, J = 8.5 Hz, 1H), 8.39 
(s, 1H), 8.32 (dd, J = 7.8, 1.9 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 8.01 – 7.95 (m, 3H), 7.74 
(s, 1H), 7.74 – 7.69 (m, 2H), 7.36 (d, J = 7.9 Hz, 1H), 2.45 (s, 3H), 2.41 (s, 3H). 13C 
NMR (151 MHz, CDCl3) δ 163.00, 159.12, 154.42, 153.87, 140.55, 140.46, 137.34, 
134.87, 134.70, 130.37, 129.59, 129.15, 128.79, 127.55, 126.93, 126.66, 126.64, 126.61, 
126.06, 125.14, 123.34, 121.19, 119.91, 77.37, 77.16, 76.95, 20.19, 20.06, 0.14. MP: 
220.0 – 222.3 °C. HRMS m/z: [M + H]+ Calcd. for C24H18F3N3O 422.1502; Found: 
TBD. HPLC: TR = 2.124 min, peak area = 99.8%. 
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27C7 

2-(3,4-dimethylphenyl)-N-phenethylquinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(66% yield). 1H NMR (600 MHz, CDCl3) δ 9.43 (dt, J = 8.6, 0.9 Hz, 1H), 8.35 (t, J = 6.2 
Hz, 1H), 8.29 – 8.25 (m, 1H), 8.16 (dd, J = 7.9, 1.9 Hz, 1H), 8.09 (dt, J = 8.4, 0.9 Hz, 
1H), 7.90 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.64 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.41 – 7.26 
(m, 6H), 3.86 (q, J = 6.6 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H), 2.40 (s, 3H), 2.38 (s, 3H). 13C 
NMR (151 MHz, CDCl3) δ 165.05, 159.23, 155.55, 153.48, 140.07, 139.00, 137.10, 
134.98, 134.45, 130.15, 129.47, 129.10, 128.99, 128.87, 128.23, 127.86, 126.87, 126.18, 
121.17, 40.80, 35.86, 20.09, 20.04. MP: 151.3 – 152.1 °C. HRMS m/z: [M + H]+ Calcd. 
for C25H23N3O 382.1914; Found 382.1908, Error 1.65 ppm. HPLC: TR = 4.371 min, peak 
area = 97.3%. 
 

 

27C8 

2-(3,4-dimethylphenyl)-N-(4-(trifluoromethyl)phenethyl)quinazoline-4-carboxamide 

Prepared according to the general amidation procedure to afford a white solid 
(68% yield). 1H NMR (600 MHz, CDCl3) δ 9.39 (dd, J = 8.7, 1.4 Hz, 1H), 8.38 (t, J = 6.3 
Hz, 1H), 8.28 (d, J = 1.9 Hz, 1H), 8.14 (dd, J = 7.8, 1.9 Hz, 1H), 8.10 (d, J = 8.3 Hz, 1H), 
7.92 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.65 (td, J = 8.3, 1.5 Hz, 3H), 7.46 (d, J = 7.9 Hz, 
2H), 7.27 (d, J = 7.8 Hz, 1H), 3.87 (q, J = 6.7 Hz, 2H), 3.10 (t, J = 6.9 Hz, 2H), 2.39 (s, 
3H), 2.37 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 165.14, 159.21, 155.33, 153.47, 
143.18, 134.85, 134.57, 130.15, 129.55, 129.46, 129.39, 129.34, 129.12, 128.89, 128.35, 
127.69, 127.08, 126.01, 125.89, 125.86, 125.83, 125.81, 125.28, 123.48, 121.67, 121.08, 
40.55, 35.82, 20.11, 20.07, 0.14. MP: 192.5 – 194.3 °C. HRMS m/z: [M + H]+ Calcd. for 
C26H22F3N3O 450.1788; Found 450.1787, Error 0.24 ppm. HPLC: TR = 4.220 min, peak 
area = 97.1%.  
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APPENDIX B 

 1H and 13C spectra and HPLC Chromatograms 
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