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ABSTRACT 

The Design and Development of Dual MCL-1/BCL-2 and HDM2/Bcl-2 Protein Family 

Inhibitors Using a Polypharmacology Approach 

Brandon J. Drennen, Doctor of Philosophy, 2019 

Dissertation Directed by: Dr. Steven Fletcher 

Apoptosis, a cellular process that leads to cell death, is a vital signaling pathway 

for maintaining homeostasis. Intracellular-activated apoptosis is regulated by the B-cell 

lymphoma 2 (BCL-2) family of proteins, which encompasses two classes of proteins: the 

pro-apoptotic and anti-apoptotic members. Apoptosis is controlled by a protein-protein 

interaction (PPI) between the two members. Specifically, the anti-apoptotic proteins’ 

surface hydrophobic binding groove binds to the α-helical Bcl-2 homology 3 (BH3) 

domain of the pro-apoptotic proteins, thus inhibiting apoptosis. During apoptotic 

conditions, BH3 activator proteins are expressed and disrupt the PPI, initiating apoptosis. 

During tumorigenesis, the anti-apoptotic proteins are overexpressed and capture the 

activator proteins before they can act, progressing tumor development. A strategy 

developed to overcome this oncogenic transformation is BH3 mimicry, the design of 

small molecules that behave like BH3 activators to free the pro-apoptotic proteins. 

Though potent BH3 mimetics have been synthesized, cytotoxic and resistance issues have 

arisen. Specifically, BCL-XL inhibition causes thrombocytopenia within patients and 

BCL-2 inhibition causes resistance mechanisms to emerge that involve the upregulation 

of MCL-1. Presently, there are no potent dual inhibitors of BCL-2 and MCL-1 to 

overcome these issues. Additionally, p53 has been shown to regulate apoptosis through 

the Bcl-2 family by either direct interactions or increasing their expression. P53 is rapidly 



 

 

degraded due to the overexpression of HDM2, a ubiquitin ligase, within cancer cells. The 

PPI between p53 and HDM2 resembles the PPI between the members of the Bcl-2 

family. Also, Venetoclax (BCL-2 inhibitor) and idasanutlin (HDM2 inhibitor) act 

synergistically in combination therapies. Thus, we followed a polypharmacology 

approach to synthesize dual BCL-2/MCL-1 and dual HDM2/Bcl-2 family inhibitors. We 

were able to create potent dual MCL-1/BCL-2 indazole inhibitors (Ki MCL-1 < 1.50 µM, 

BCL-2 < 0.050 µM, BCL-XL > 10.00 µM), dual HDM2/Bcl-2 family pyrazole and 

imidazole inhibitors (Ki MCL-1 < 0.050 µM, HDM2 < 25.00 µM), HSQC-confirmed 

nicotinate-based MCL-1 inhibitors (Ki MCL-1 < 3.00 µM) and a new alpha-helix 

mimetic scaffold for disrupting PPIs. Further optimization of these inhibitors is planned, 

along with cell viability studies. Overall, these inhibitors can serve as starting points for 

future experiments and polypharmacology designs.   
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CHAPTER 1: Introduction 
1.1 Thesis Background 

The occurrence of cancer within society still remains a major health threat to the 

human population. In the United States alone, cancer is the second leading cause of death 

among the population; whereas on a global scale cancer was estimated to claim the lives 

of 9.6 million people in 2018.1 Furthermore, the estimated number of cancer deaths in the 

United States during 2018 was 1.7 million people, 17% of the expected number of cancer 

deaths globally.2 Though the prevalence of cancer is higher in first-world countries, a 

majority of the global population still resides in areas with high rates of cancer 

development, justifying the need to create therapies against this disease.2  

The onset of cancer within the human body is not a rapid process and involves the 

accumulation of mutations to occur over time within cells. These oncogenic mutations 

are referred to as “hallmark mutations”, those that promote the progression of 

tumorigenicity within the body by dysregulating vital signaling pathways with cells. 

3Examples of hallmark mutations include: the de-sensitization of cells to growth 

suppression, the overexpression of growth factors, the ability to replicate indefinitely, the 

promotion of angiogenesis and the establishment of metastasis.3 Another hallmark which 

has been the focus of many established and evolving therapies is the evasion of cell death 

or apoptosis.3 

Apoptosis is regulated by two major pathways within the cell, the extrinsic and 

intrinsic.4,5 The extrinsic pathway involves death receptors (Fas receptors, TNF receptors, 

TRAIL receptors) located on the cellular membrane, that when bound to their respective 

ligands elicit a signaling cascade that ultimately induces apoptosis via caspase activation. 
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4, 5 The intrinsic pathway involves the balance of intracellular protein levels that shift in 

response to cellular damage or mutations, thus resulting in the disruption of the 

mitochondrial membrane and releasing cytochrome c to induce apoptosis via caspase 

activation as well.6 Among the intracellular proteins, the members of the B-cell 

lymphoma 2 (Bcl-2) protein family are key regulators of the initiation of intrinsic 

apoptosis.6,7 

The Bcl-2 family can be divided into two classes of members: the pro-apoptotic 

(BAX, BAK) and the anti-apoptotic proteins (BCL-2, BCL-XL, MCL-1).6,7,8 The 

members of this protein family control apoptosis through a protein – protein interaction 

between themselves.8 Specifically, the anti-apoptotic proteins contain a hydrophobic 

binding groove on their surfaces that accommodates an α-helical Bcl-2 homology 3 

(BH3) domain of the pro-apoptotic proteins, resulting in inhibition of apoptosis.8 Once 

fatal damage or mutations have occurred within the cell, it begins expressing BH3-only 

activators (BIM, BAD, PUMA, BID, NOXA), proteins solely containing the BH3 

domain, to displace the pro-apoptotic proteins from the anti-apoptotic proteins.8 The pro-

apoptotic proteins then oligomerize on the mitochondrial outer membrane to form pores 

that release cytochrome c, initiating apoptosis.8 Unfortunately, this pathway is exploited 

in cancer cells through the overexpression of the anti-apoptotic proteins.9,10 Large 

concentrations of anti-apoptotic Bcl-2 proteins within the cell sequester the BH3-only 

activators before they can displace the pro-apoptotic proteins, shifting the cell to 

immortality and further tumorigenesis.9,10  

Fortunately, a therapeutic strategy has been devised to combat this oncogenic 

mutation: BH3 mimetics, small molecules that mimic the binding of the BH3 domain 
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within the hydrophobic binding grooves of the Bcl-2 anti-apoptotic proteins.11,12 The 

mechanism of action of these molecules is that they competitively bind to the Bcl-2 anti-

apoptotic proteins which not only decreases their unbound or “free” concentration, but 

also displaces bound BH3-only activators and pro-apoptotic proteins to restore 

apoptosis.11,12 Indeed, BH3 mimetics have not only been successful in halting tumor 

growth within preclinical studies but have also been approved for use within clinics to 

treat hematologic malignancies.11,12 

1.2 Problem Statement 

Though BH3 mimetics have been successful in the laboratory and clinic initially, 

drawbacks have been identified. BH3 mimetics displaying pan-inhibitor properties, those 

that target multiple Bcl-2 anti-apoptotic proteins, have been shown to induce a cytotoxic 

effect known as thrombocytopenia if they target BCL-XL.13,14 Platelet cells within the 

circulatory system require BCL-XL to function properly, thus treatment with BCL-XL 

inhibitors causes their premature death and can lead to anemic-like conditions.14 The 

problem was addressed through the creation of selective inhibitors for the other anti-

apoptotic proteins, specifically BCL-2 since its overexpression was common in a 

multitude of cancers.15,16 Initially, BCL-2 selective inhibitors displayed promising results 

during development and in clinical trials; however, prolonged exposure resulted in 

decreased efficacy due to the onset of acquired resistance mechanisms.16,17 For example, 

other anti-apoptotic proteins became overexpressed in response to the lowered levels of 

BCL-2, most commonly MCL-1.17 Though presently there are selective MCL-1 inhibitors 

being developed, not one has been approved for clinical use.18,19 Additionally, it has 

recently been shown that co-treatment with both an MCL-1 and BCL-2 inhibitor 
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successfully re-sensitizes resistant cancer cells to BH3 mimetic treatment; however, there 

is always the potential issue of detrimental drug – drug interactions when performing 

combination therapy.18,19 Combination therapy also possesses other drawbacks such as: 

difficulty establishing dosing regimens for patients, the onset of delayed toxicities due to 

multiple drug exposure, challenging PK profiles for predicting efficacy and safety, delay 

of clinical testing due to regulatory and intellectual property issues, and the need for all 

the components of the combination to be present within a cell simultaneously.20,21  

Thus, to solve the problem of acquired resistance involved in selective BH3 mimetics 

for cancer treatments while avoiding potential cytotoxic effects, adverse drug – drug 

interactions and drawbacks from combination therapy, I purpose to synthesize BH3 with 

activity against both MCL-1 and BCL-2. Overall, a successful dual MCL-1/BCL-2 

inhibitor will combat the acquired resistance mechanism and leave cancer cells sensitized 

to chemotherapeutic treatments while avoiding the promotion of thrombocytopenia 

caused by BCL-XL inhibition. Additionally, to aid in the pursuit of developing an MCL-1 

selective BH3 mimetic for clinical use, I will functionalize known MCL-1 inhibitors to 

contain more favorable properties for drug development. The success of this work will 

further deepen the understanding behind the binding mechanisms, structural differences 

and selectivity profiles for the BCL-2 anti-apoptotic proteins, hence influencing future 

BH3 mimetic drug design.  

1.3 Objectives of Study 

• Review all synthesized BH3 mimetics and analyze their structures for 

common motifs that facilitate potent binding into the Bcl-2 anti-apoptotic 

proteins’ hydrophobic grooves. 
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• Discern which structural motifs in each BH3 mimetic influence its binding 

selectivity towards the Bcl-2 anti-apoptotic proteins. 

•  Synthesize potent BH3 mimetics with favorable properties for drug 

development from previously identified structures. 

• Incorporate structural motifs that impart dual selectivity for MCL-1 and 

BCL-2 onto a core scaffold to create potent dual MCL-1/BCL-2 BH3 

mimetics.  

• Determine the inhibitory constants (Ki’s) of all newly synthesized BH3 

mimetics against BCL-2, BCL-XL and MCL-1 via a fluorescence polarization 

competition assay (FPCA). 

• Provide future directions in regards to BH3 mimetic design and development 

from the gathered results of this study to influence next generation BH3 

mimetics.       

1.4 Limitations of Study 

The success of this study is highly influenced by previously identified BH3 

mimetics. A majority of these BH3 mimetics had their inhibitory properties evaluated 

with fluorescent techniques such as time-resolved fluorescence resonance energy transfer 

(TR-FRET) and FPCA. Since both of these techniques measure the change in 

fluorescence emission to determine the degree of inhibition, innately fluorescent BH3 

mimetics can negatively impact the accuracy of the results from these assays when they 

share emission spectra with the used fluorescent probes.22 This can be remedied through 

changing the fluorescent probes used in the assays, however this method can be costly 

and time consuming.22 Another potential caveat of this study is that the designs of the 
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proposed BH3 mimetics originate from crystal structures, computational modeling and 

NMR studies of previously synthesized BH3 mimetics. Though these methods impart a 

clear perception of the binding mechanisms, it should be noted that these methods do not 

entirely account for protein flexibility, which highly influences the protein’s ability to 

accommodate a diverse array of molecules within its binding site and can lead to the 

development of inactive or weak BH3 mimetics. Therefore, I will remedy these setbacks 

with assay optimization, rigorous structure-activity relationship (SAR) experiments and 

implementation of drug-binding assays.           
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CHAPTER 2: Literature Review 

2.1 Introduction 

 

 This chapter encompasses various summaries of scientific articles and reviews 

covering the Bcl-2 protein family and BH3 mimetic designs. Though the literature is rich 

with selective BH3 mimetics, there continues to be a scarce amount of information 

pertaining to the design of dual MCL-1/BCL-2 BH3 mimetics. Additionally, compounds 

that have been identified to have dual MCL-1/BCL-2 activity display weak affinity with 

no explanation on their binding mechanisms. A thorough examination of the published 

literature will deepen my understanding of which functional groups on certain BH3 

mimetics impart selectivity towards specific Bcl-2 anti-apoptotic proteins. Additionally, I 

will determine how to implement those functional groups onto my BH3 mimetic designs, 

thus synthesizing potent dual MCL-1/BCL-2 BH3 mimetics. Additionally, I will also 

apply my understanding of BH3 mimetic design and drug development to modify 

previously synthesized Bcl-2 anti-apoptotic protein inhibitors into BH3 mimetics with 

favorable drug properties. 

2.2.1 The Bcl-2 Protein Family: Members, Structure and Localization 

 

The Bcl-2 protein family, as previously stated, can be separated into two classes: 

the pro-apoptotic and anti-apoptotic members; however, the pro-apoptotic proteins can be 

further divided into two subgroups: the multi-domain and BH3-only proteins.1 The anti-

apoptotic members include BCL-2, BCL-XL, MCL-1, BCL-W, BCLB and A1.1 The 

multi-domain pro-apoptotic members consist of BAX, BAK and possibly BOK; whereas 

the BH3-only pro-apoptotic members are BID, BIM, BAD, NOXA, PUMA BIK, BMF 

and HRK.1 The anti-apoptotic proteins BCL-2, BCL-XL and BCL-W contain four BH 

domains (BH1-BH4), whereas MCL-1 contains three BH domains (BH1-BH3) and A1 
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only contains two (BH1-BH2).1 The multi-domain pro-apoptotic proteins contain three 

BH domains (BH1-BH3), whereas the BH3-only proteins solely contain the BH3 

domain.1 Additionally, all members possess a high degree of alpha-helical structure, 

specifically within the BH domains.1 Another key characteristic among the multi-domain 

proteins is the presence of a C-terminal transmembrane domain which localizes them to 

the mitochondrial outer membrane.1   

 

2.2.2 The Bcl-2 Family Protein – Protein Interaction 

 

 The primary role of this protein family is the control of intrinsic apoptosis within 

the cell. Apoptotic regulation is dependent upon the formation of a protein – protein 

interaction between the anti-apoptotic proteins’ hydrophobic binding groove and the 

alpha-helical BH3 domain of the multi-domain pro-apoptotic proteins (Fig. 2.2.2).2 

Explicitly, the hydrophobic binding groove contains for hydrophobic pockets (p1-p4) that 

are able to accommodate conserved hydrophobic residues on one face of the BH3 alpha-

helical domain at positions i, i+3/4, i+7 and i+11 which are typically isoleucine, leucine, 

valine or phenylalanine.2 Additionally, the hydrophobic binding grooves contain a 

conserved arginine residue that is able to interact with an aspartate residue on the other 

face of the BH3 alpha-helical domain, thus forming a salt bridge to further strengthen the 

binding interaction.2 Once bound to the anti-apoptotic proteins the ability of the pro-

apoptotic proteins to initiate apoptosis becomes blocked and allows the cell to thrive.2  
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2.2.3 The Bcl-2 Family’s Regulation of Apoptosis 

 

 Under homeostatic conditions within the cell, the pro-apoptotic proteins remain 

inactive since they are bound to the anti-apoptotic proteins.3 Once apoptotic conditions 

arise from either cellular damage or harmful mutations, the cell begins expressing the 

BH3-only proteins.3 The BH3-only proteins then orchestrate the activation of apoptosis 

through the activation of BAK and BAX, allowing them to oligomerize within the 

mitochondrial outer membrane to form pores.3 Permeabilization of the membrane arises 

after prolonged pore formation, causing the release of cytochrome c and SMAC.3 

Cytochrome c interacts with the protein APAF1 to form a caspase cleaving complex 

while SMAC inhibits the protein XIAP to allow binding of procaspase 9 to the caspase 

cleaving complex, activating it to caspase 9 which begins a caspase cascade that 

ultimately kills the cell in a controlled fashion.3   

 

 
 

Figure 2.2.2:  A.) Structure of the protein – protein interaction 
between MCL-1 and the BIM-BH3 domain (PDB ID: 4HW416). 

 B.) BIM’s Amphipathic BH3 domain 
 

Drennen et al, ChemMedChem., 2016 
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2.2.4 The BH3-only Proteins and Their Activation of Apoptosis     

 

 Once the BH3-only proteins are expressed at high enough concentrations they 

begin competing off bound pro-apoptotic proteins to initiate apoptosis.2,3 Interestingly, 

some BH3-only proteins have been shown to also bind to the multi-domain pro-apoptotic 

to trigger apoptosis, allowing further classification of these members as direct activators 

or sensitizers.2,3 Direct activators are BH3-only proteins that are able to bind to BAK or 

BAX to begin apoptosis; whereas sensitizers are those that bind to the anti-apoptotic 

proteins to displace BAK or BAX, promoting their oligomerization and initiation of 

apoptosis 3. BID, BIM, PUMA, NOXA, BIK, BMF and HRK have been identified as 

direct activators while BAD is the only pure sensitizer.3 BH3-only proteins do not only 

differ in their ability to bind BAK and BAX, but also in their binding selectivities 

towards the anti-apoptotic proteins.3 BIM, PUMA and BID are the only three that display 

high binding affinities for all the anti-apoptotic proteins while BAD and BMF are more 

selective towards BCL-2, BCL-XL and BCL-W.3 NOXA has been shown to prefer MCL-

1 and A1, whereas BIK and HRK prefer binding to BCL-XL, BCL-W and A1.3  

    The conclusion that the BH3-only proteins promote apoptosis has been heavily 

supported with extensive scientific research, however the mechanism for apoptotic 

activation is not uniform among the members. Presently, there are four major proposed 

mechanisms for BH3-only protein-mediated apoptosis: direct activation, displacement, 

embedded and unified.4 The direct activation model, which established the classification 

system of direct activator or sensitizer, overall states that direct activators must bind to 

BAK and BAX to start apoptosis.4 Another aspect of this model is that sensitizer proteins 

promote the release of direct activators bound by the anti-apoptotic proteins, thus 
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allowing them to bind to BAK or BAX to promote MOMP 4. The displacement model 

states that BAK and BAX are constituently active, thus requiring binding to anti-

apoptotic proteins to block spontaneous apoptosis.4 The BH3-only proteins then displace 

BAK/BAX through competitively binding to the anti-apoptotic proteins, thus allowing 

BAK/BAX to promote MOMP to begin apoptosis.4 The embedded model focuses on the 

role of the MOM as the site of action for apoptosis activation and the conformational 

changes the Bcl-2 proteins undergo within the membrane due to binding.4 Specifically, 

once BH3-only sensitizers interact with the anti-apoptotic proteins embedded within the 

mitochondria they promote the release of both BH3-only activators and BAK/BAX, 

freeing the activators while allowing BAK/BAX to move within the membrane to 

oligomerize with each other. 4 In addition, once the BH3 activators are free they can bind 

to BAK/BAX, thus promoting their insertion into the mitochondrial membrane and 

apoptosis activation.4 Overall this model combines the direct activation and displacement 

model while also stating that all the proteins need to be localized within the membrane to 

initiate apoptosis.4 The unified model builds upon the embedded model but splits the anti-

apoptotic proteins role into two modes: mode 1 pertains to the sequestration of BH3 

activators while mode 2 involves the sequestration of BAK/BAX.4 Mode 2 is believed to 

be dominant since it is resistant to BH3 sensitizers, however the dominant mode shifts in 

response to differing cellular stresses, thus once mode 1 becomes dominant the cell can 

more easily undergo apoptosis.4 In conclusion, I believe that the activation of apoptosis 

by the BH3-only proteins is a combination of all four mechanism models where one most 

likely becomes dominant over the others in certain cell states.  

 



 

 14

2.2.5 The Bcl-2 Family’s Role in Tumorigenesis 

 

One of the hallmarks of cancer involves the development of resistance to death 

stimuli.5 It has been previously shown that cancerous cells are able to achieve this 

property through the overexpression of the anti-apoptotic Bcl-2 proteins.6 This 

overexpression increases the amount of “free” or unbound concentration of anti-apoptotic 

proteins, thus allowing them to bind to the newly expressed BH3-only proteins before 

they can displace either the BH3 activators or BAK/BAX.6 Indeed, Bcl-2 anti-apoptotic 

protein overexpression has been identified in a variety of cancers such as leukemia, 

myeloma, lymphomas, carcinomas, glioblastomas and solid tumors within the intestine, 

head and neck.6,7 Specifically, chronic lymphoblastic leukemia and acute myeloid 

leukemia, two cancers possessing poor prognosis for long-term survival, typically 

overexpress the Bcl-2 anti-apoptotic proteins.7 

2.3 BH3 Mimetics: Combating Bcl-2 Protein Overexpression 

 

 Since the BH3-only proteins are the master regulators of apoptosis activation, it is 

easily theorized that molecules sharing structural similarity with them also possess the 

ability to influence that intrinsic apoptotic pathway. Such molecules are known as BH3 

mimetics and though their chemical structures are diverse amongst each other, they all 

share the ability to mimic the binding of the BH3 domain within the hydrophobic groove. 

8,9 Some BH3 mimetics stem from a broader class of molecules known as alpha-helix 

mimetics 9. These compounds mimic a protein alpha-helix through the spatial orientation 

or projection of their functional groups in a similar manner as amino acid side-chains 

within an alpha helix, not because they share peptide structure. 9 In fact, a vast majority 

of BH3 mimetics exists as small molecules that typically contain a hydrophobic core that 
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is functionalized to optimize binding within the four hydrophobic pockets of the binding 

groove and with polar residues around the groove to solidify binding, such as arginines. 

8,9 It should be noted that peptides have been developed or modified from full-length Bcl-

2 proteins to act as inhibitors against the anti-apoptotic members, however these peptides 

are outside the scope of this study since the primary focus is the development of new, 

novel BH3-mimetics and not biologics.10  

 The remainder of this review will focus on previously developed BH3 mimetics 

with an in-depth examination of their binding mechanisms to their respective anti-

apoptotic Bcl-2 proteins. These BH3 mimetics will be separated based on their 

selectivities: pan-selective, BCL-2 selective, BCL-XL selective and then MCL-1 

selective. These three anti-apoptotic proteins are the focus within this study since they are 

most commonly overexpressed in a wide variety of cancers. 8,9 The end of this review 

will include a summary involving the structural motifs or characteristics within each class 

that imparted selectivity and potent binding affinity, which will then be implemented 

within my BH3 mimetic designs to achieve the first potent dual MCL-1/BCL-2 BH3 

mimetics.  

2.4.1 Pan-selective BH3 Mimetics 

 

  BH3-mimetics possessing pan-inhibitory properties against the Bcl-2 anti-

apoptotic proteins initially were favored since they have the ability to combat the 

acquired resistance mechanism that involved the upregulation of off-target anti-apoptotic 

Bcl-2 proteins. 11,12 Unfortunately, certain cell types require active members of the anti-

apoptotic proteins, specifically platelets, to function properly and survive within the cell. 

12 As previously stated, pan-selective BH3 mimetics that target BCL-XL have been shown 
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to cause thrombocytopenia in in vivo models since platelets require active BCL-XL to 

survive within the body.12 Nevertheless, these BH3 mimetics possess key design features 

that impart dual selectivity, thus they will be reviewed and their structural features 

applied to the design of my dual MCL-1/BCL-2 BH3 mimetics.  

2.4.2 ABT-737 and ABT-263 

 

 Abbott Laboratories, a major pharmaceutical company, decided to begin 

synthesizing its own potent BH3 mimetic against BCL-XL, before the thrombocytopenia 

effect was discovered, due to its upregulation and high degree of homology with the other 

anti-apoptotic Bcl-2 proteins.13 The method that Abbott used to create their BH3 mimetic 

was known as “SAR by NMR”, a technique that involved screening a chemical library 

for compounds that bound within the hydrophobic binding groove of BCL-XL.13 Positive 

hits were identified by examining significant chemical shift differences for the amino 

acids located within or near the binding groove in the absence and presence of the 

screened compounds.13 4’-Fluoro-biphenyl-4-carboxylic acid (Kd = 0.30 ± 0.03 mM) was 

identified as a positive hit and its binding mechanism involves its carbonyl group 

interacting with BCL-XL’s Arg139 residue, while its biphenyl moiety bound near 

residues Tyr101, Leu108, Val126 and Phe146 (all residues encompassing the p2 pocket) 

(Fig. 2.4.2.1).13 Another hit was 5,6,7,8-tetrahydro-naphthalen-1-ol (Kd = 4.3 ± 1.6 mM), 

which was shown to occupy the p3/4 pocket of BCL-XL (Fig. 2.4.2.1).13 Abbott then 

linked together and modified these fragments to better occupy the hydrophobic binding 

groove.13 First, the biphenyl moiety of the carboxylic acid hit was replaced with an acyl 

sulfonamide, allowing the compound to still possess an acidic proton for interaction with 

Arg139 while also providing an improved projection into the p2 pocket, due to removal 
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of steric hinderance with Phe97, for future SAR studies.13 Additionally, the napthalenol 

moiety was replaced by the functional group 3-nitro-4-(2-phenylthioethyl) aminophenyl 

due to its higher affinity towards the binding groove and ability to reach further into the 

p4 pocket where it engages pi-pi stacking interactions.13 Together, these modifications 

gave rise to Abbott’s first lead compound against BCL-XL (Kd = 36 ± 1.6 nM) (Fig. 

2.4.2.1), however its affinity was drastically decreased in the presence of human serum 

albumin (HSA) due to high binding affinity towards HSA’s domain III.13 These results 

led Abbott to begin additional SAR studies that began with NMR experiments to identify 

which regions of their lead bound into HSA’s domain III.13 It was shown that their lead 

compound contained regions that were solvent exposed when bound to BCL-XL but 

surrounded by lipophilic residues when bound to HSA.13 Thus, Abbott began 

incorporating polar residues onto the solvent exposed regions of their lead to decrease 

hydrophobic interactions with the lipophilic residues of HSA, overall lowering affinity.13 

Overall, a basic 2-dimethylaminoethyl group was added to the 1-position of the 

thioethylamino motif to deter HSA binding and the 4’-fluoro-biphenyl moiety was 

replaced by a substituted piperazine containing a bicyclic lipophilic group to improve 

affinity towards BCL-2, ultimately resulting in the synthesis of ABT-737 (Fig. 2.4.2.1).13  

 

 
Figure 2.4.2.1: Discovery route of ABT-737 
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 ABT-737 possessed low nanomolar binding (Ki < 1 nM) for BCL-2, BCL-XL, 

and BCL-W.13 Even in the presence of 10% HAS, low nanomolar affinity was still 

observed (IC50 = 35 ± 1 nM for BCL-XL, IC50 = 103 ± 2 nM for BCL-2).13 X-ray crystal 

structure data confirmed that the biphenyl region of ABT-737 bound into the p2 pocket of 

BCL-XL and the thiophenyl within the p4 pocket (Fig. 2.4.2.2).13 Interestingly, ABT-737 

was shown to display BH3 sensitizer properties when exposed to purified mitochondria in 

that it was not able to directly promote cytochrome c release but displaced direct 

activators from Bcl-2 anti-apoptotic proteins to activate cytochrome c release.13 ABT-737 

was also shown to work synergistically with other chemotherapeutic treatments 

(radiation, etoposide, doxorubicin, cisplatin, paclitaxel), leading to lower EC50 values and 

more potent activities.13 Additionally, ABT-737 exhibited chemotherapeutic activity as a 

single-agent in small-cell lung cancer (SCLC) and follicular lymphoma cell lines.13 Also, 

tumor xenograft models of SCLC in mice demonstrated size regression and low 

cytotoxicity when exposed to ABT-737.13  
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Unfortunately, ABT-737 possessed poor oral bioavailability and low aqueous 

solubility which hindered its use as a therapeutic agent.11,13 To further complicate 

matters, the regions of ABT-737 that promote poor therapeutic properties are necessary 

for binding with BCL-XL and BCL-2.11 Nevertheless, Abbott began modifications of 

ABT-737 at three different sites: the aryl nitro group of the acyl sulfonamide linker, the 

dimethyl amino region of the p4 pharmacophore and the bicyclic moiety of the p2 

pharmacophore.11 Overall, the aryl nitro was replaced with an aryl 

trifluoro(methylsulfonyl) group to lower metabolic liability, the dimethyl amino was 

replaced with a morpholine to increase aqueous solubility and the bicyclic group was 

replaced with a biphenyl moiety to improve cell permeability (Fig 2.4.2.3).11 Overall all 

of these modifications to ABT-737 improved its pharmacokinetic and pharmacodynamic 

profile, thus creating ABT-263 (Navitoclax).11 Also, the X-ray crystal structure of 

Navitoclax with BCL-XL revealed that it participated in similar binding interactions when 

compared to ABT-737 (Fig 2.4.2.4).11 

   

 

 
Figure 2.4.2.3: Discovery of ABT-263 
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Navitoclax still possesses poor aqueous solubility and oral bioavailability, 

however lipid-based formulation of the drug improved bioavailability to 50% and oral 

elimination half-life to 8.9 hours in dogs.11 As in ABT-737, Navitoclax was shown to 

bind to BCL-2, BCL-XL and BCL-W with high affinity (Ki < 1 nM) and displace the pro-

apoptotic proteins from the Bcl-2 anti-apoptotic proteins in overexpression, knock-out 

and coimmunoprecipitation studies.11 Tumor xenograft models of SCLC and acute 

lymphocytic leukemia (ALL) were shown to be sensitive to Navitoclax at 100 mg/kg, 

resulting in complete tumor responses for several weeks.11 As with ABT-737, Navitoclax 

also possesses synergism with other chemotherapeutics such as rituximab, R-CHOP 

(rituximab, cyclophosphamide, doxorubicin, vincristine and prednisolone) therapy and 

bortezomib to elicit complete tumor responses.11 The drawback of Navitoclax, as seen 
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with ABT-737, is that it induces rapid but reversible thrombocytopenia within animal 

models due to its BCL-XL inhibition.12  

 Overall, the chemical structures of ABT-737 and Navitoclax inspired the design 

of other BH3 mimetics, later discussed within this review, while providing an idea into 

the types of structural motifs that are well-tolerated with the hydrophobic pockets of the 

Bcl-2 anti-apoptotic proteins’ binding grooves.      

2.4.3 (-)-Gossypol and Derivatives 

 

 After the development of ABT-737, a plethora of pan-BH3 mimetics began to 

surface once other laboratories implemented Abbott’s drug discovery assays. However, a 

recent review examining the mechanism of action of these reported BH3 mimetics found 

that some actually elicit their chemotherapeutic effect by upregulating NOXA instead of 

disrupting the Bcl-2 family PPI, terming these compounds putative BH3-mimetics.14 This 

class of BH3 mimetics still offer insight into key binding interactions within the 

hydrophobic groove since they exhibited activity during binding studies. 

 Among the identified putative BH3 mimetics is a class of molecules designed 

after (-)-Gossypol (Fig 2.4.3.1).15 Gossypol was first isolated from cottonseed and was 

initially involved in treating malaria or male contraception.15 Gossypol was later 

identified to possess chemotherapeutic properties against breast, prostate, cervix and 

pancreas cell lines, sparking further studies into its mechanism of action.15 Binding 

studies involving the displacement of a BH3 peptide from BCL-XL reveled that Gossypol 

interacts with the Bcl-2 anti-apoptotic proteins to elicit its therapeutic effects.15 

Interestingly, the compound Purpurogallin was also identified within these studies to bind 

to BCL-XL (IC50 = 2.2 µM).15 The binding mechanisms of these two compounds was 
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studied using NMR-based studies and revealed that they do bind into the hydrophobic 

groove; however, the affinities of the compounds were too low to produce high resolution 

spectra for identification of specific binding interactions.15 

 

  Docking studies with BCL-XL predicted that the naphthalene groups acted as 

scaffolds to position thed isopropyl groups onto key hydrophobic pockets around residues 

Ala200, Tyr195, Val126 and Tyr101 (Fig 2.4.3.1).15 Additionally, modeling data 

predicted that the aldehyde groups form hydrogen bonding networks with Arg139 and 

potentially Arg100; whereas the phenol groups interact with residues Leu130 and Glu96 

(Fig 2.4.3.1).15 Gossypol’s (-)-enantiomer was found to bind to BCL-XL and BCL-2 more 

potently than its (+)-enantiomer, thus moving it forward as a potential BH3 mimetic 

treatment.15 (-)-Gossypol was found to be cytotoxic to MCF-7 and ZR75-1 cancer cells 

(IC50 = 13.2 µM and 8.4 µM), whereas Purpurogallin showed to cytotoxic activity.15 

Later it was found that the R-(-)-atropisomer of gossypol, AT-101, exhibited potent 
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activity against MCL-1, BCL-2, and BCL-XL with Ki’s of 180 nM, 320 nM, and 480 nM 

respectively.16 Though (-)-Gossypol showed promising results in clinical studies as a 

mon-therapy against advanced malignancies, it also possesses a high degree of toxicity 

due to its reactive aldehyde groups.15  

Due to the cytotoxicity of the aldehyde groups, analogues of (-)-Gossypol were 

developed where the aldehydes were either removed or replaced by other functional 

groups.17 Apogossypolone, an analog of (-)-Gossypol were the toxic aldehyde groups are 

removed, possessed higher affinity for BCL-2 (Ki = 35 ± 14 nM), MCL-1 (Ki = 25 ± 10 

nM) and BCL-XL (Ki = 660 ± 62 nM) then (-)-Gossypol (Fig 2.4.3.2).17Also, when 

exposed to mice Apogossypolone was more tolerated with less cytotoxic side-effects.17 

According to docking simulations between BCL-2 and Apogossypolone (Fig 2.4.3.2) the 

hydroxyl groups partake in hydrogen bonding interactions with Arg143, Tyr105, Trp141 

and Tyr199 while the isopropyl groups bind into the p1 and p2 hydrophobic pockets, 

similar to (-)-Gossypol’s predicted binding interactions (Fig 2.4.3.2).17 Additional BCL-

XL modeling studies with Apogossypol, a close derivative of Apogossypolone, predicted 

that its phenols on the right naphthalene ring partake in hydrogen bonding interactions 

with residues Arg139 and Tyr195; the isopropyl group on the left naphthalene ring binds 

into the p1 pocket; whereas the methyl and isopropyl group on the right naphthalene ring 

bind into the p2 and p3 pocket (Fig 2.4.3.2).17 These two molecular docking experiments 

thus provide evidence that these analogues engage in similar binding interactions within 

the Bcl-2 anti-apoptotic proteins.17 Apogossypolone was then subject to further SAR 

studies examining the placement of different functional groups at the 5 and 5’ positions.18 

Overall, the replacement of the isopropyl groups with larger, cyclic hydrophobic moieties 
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increased binding affinity, where the incorporation of a benzyl ketone (BI-79D10) 

displayed a potent binding affinity to BCL-XL (IC50 = 0.19 µM).18 Further modifications 

created compound (-) BI97D6 (Fig 2.4.3.3), where the isopropyl groups were replaced by 

benzyls, thus creating an even more potent pan-Bcl-2 BH3 mimetic (IC50’s <130 nM for 

BCL-2, BCL-XL and MCL-1).19 (-) BI97D6 inhibited cell growth in prostate and lung 

cancer cell lines (EC50 = 0.22 ± 0.08 and 0.14 ± 0.02 µM) while also promoting apoptosis 

in lymphoma cells.19 In in vivo studies, (-) BI97D6 was shown to be effective in reducing 

tumor growth in BCL-2 transgenic mice.19 Also, (-) BI97D6 was reported to overcome 

the resistance mechanism of MCL-1 upregulation during ABT-737 treatments in acute 

myeloid leukemia cells.19   
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Figure 2.4.3.3: (-) BI97D6 
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The (-)-Gossypol derivative Sabutoclax (Fig 2.4.3.4), which contains amide 

linkages to aryl groups instead of aldehydes, also possesses favorable inhibition against 

BCL-XL (IC50 = 0.76 µM), BCL-2 (IC50 = 0.32 µM), and MCL-1 (IC50 = 0.28 µM) with 

similar docking simulations as Apogossypolone.20 However, docking simulations of 

Sabutoclax revealed that the carbonyl group of the amide linkages could engage with the 

hydrogen bonding interactions that the phenols have been predicted to mediate.20 

Sabutoclax was also found to have an improved PK profile when compared to 

Apogossypolone.20 This improvement stems from the addition of the amide bonds since 

Apogossypolone was found to induce mild gastrointestinal tract toxicity due to its 

reactive ketone groups.20   

 

 Overall, these (-)-Gossypol derivatives provide additional evidence that the 

hydrophobic groove readily accommodates compounds containing aromatic scaffolds 

functionalized with hydrophobic groups in positions that can occupy the binding pockets 

within the groove.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4.3.4: Structure of Sabutoclax  
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2.4.4 Obatoclax 

 

The discovery of Obatoclax originated from a study examining whether the pro-

apoptotic BH3 domains could be therapeutically modified to act as potent inhibitors 

against the anti-apoptotic Bcl-2 proteins.21 Obatoclax’s structure involves an indole 

bonded to a functionalized bi-pyrrole motif, providing sites that can partake in hydrogen 

bonding interactions on an overall hydrophobic aromatic core (Fig. 2.4.4.1).21 Obatoclax 

has been shown to mildly inhibit the Bcl-2 anti-apoptotic proteins with Ki values ranging 

from 1-7 µM; however, its chemotherapeutic activity has been attributed to its ability to 

induce mitochondria damage and swelling, thus classifying the compound as a putative 

BH3 mimetic.21 Nevertheless, docking simulations of Obatoclax to BCL-2 predicted its 

ability to occupy a hydrophobic pocket that’s distal from the ABT-737 accessed pockets 

and in close proximity to the lipid bilayer, hinting at a potential relationship between 

Obatoclax’s hydrophobicity and activity.21 Additionally, it has been shown that 

Obatoclax can directly activate Bax, induce NOXA and overcome resistance in cancer 

cell lines treated with ABT-737, prompting its inclusion in clinical trials.21 Unfortunately, 

Obatoclax caused neurological toxicities and failed to cause an objective response in 

Phase II clinical trials, ultimately leading to its discontinuation.21 
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2.4.5 S1 and Derivatives 

 

 Originally, S1 was designed to be used as a DNA intercalating agent but then the   

Song research group revised the structure to create a pan-BH3 mimetic.22 The 

replacement of the 8-oxo-8H-acenaphtho[1,2-b]pyrrole-9-carbonitrile with a 1-oxo-1H-

phenalene-2,3-dicarbonitrile core imparted the pan-Bcl-2 activity.22 After subjection to a 

variety of binding affinity assays, Song’s S1 compound displayed potent affinities against 

BCL-2 (KD = 310 nM) and MCL-1 (KD = 58 nM) (Fig 2.4.5.1); however, once it 

underwent various cellular pull-down assays it was observed that the mechanism of 

action is NOXA and Bim upregulation, not disruption of the Bcl-2 family PPI.22 Though 

Song’s S1 compound did not directly inhibit the PPI, it still underwent derivatization into 

second generation inhibitors that possessed more potent activity for BCL-2, BCL-XL and 

MCL-1 with IC50’s between 10-20 nM.22 Modeling and docking studies of S1 and its 

derivatives predicted that its carbonyl groups engaged in hydrogen bonding networks 

with key arginine residues, while the thiomorpholine or thioaryl moieties bond into the p2 

pocket.22 During in vitro studies, S1 was shown to produce cytotoxic effects in acute 

myeloid leukemia cells (IC50 = 1.3 µM) and primary ALL cells (IC50 < 1 µM).22 Liver 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4.4.1: Structure of Obatoclax 
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carcinoma xenograft models demonstrated that S1 could reduce tumor growth by 45% 

when administered at 0.3 mgs/kg.22  

 

2.4.6 TW-37 

 

 The design of TW-37 by the Wang research group was inspired by the structural 

and binding data of (-)-Gossypol.23 TW-37’s initial design possessed a polyphenol ring to 

form hydrogen bonding networks with key residues in BCL-2 (Arg146 and Asn143). 23 

The other domain involved an aniline motif to promote binding into a hydrophobic 

pocket (Leu137 and Phe153).23 The design later evolved to include the incorporation of a 

benzyl group in place of an isopropyl on the polyphenol ring to enhance hydrophobic 

interactions within another hydrophobic pocket (Phe104 and Tyr202).23 Further 

enhancing BCL-2 affinity, the aniline ring region was extended to possess another phenyl 

ring attached via a sulfonyl linkage at the para-position of the aniline, promoting greater 

occupation of the p3 pocket.23 Lastly, the incorporation of an isopropyl and tert-butyl 

group at the ortho-positions of the terminal phenyl groups yielded TW-37 (Fig 2.4.6.1).23 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4.5.1:  Structure of S1  
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TW-37 was found to bind to BCL-XL and MCL-1 at Ki’s of 1100nM and 260nM, 

respectively.23 Computational docking studies placed TW-37 within the BCL-2 

hydrophobic groove to where it could participate in the key binding interactions it was 

designed to target.23 Proceeding in vitro studies revealed that TW-37 was effective at 

producing cytotoxic effects in PC-3 cancer cells (IC50 = 200 nM) through induction of the 

apoptotic pathway.23  

 

2.4.7 Phenylacylsulfonamide Pyrazoles and Aminopyridines 

 

 The pharmaceutical company Bristol-Myers Squibb identified a series of dual 

BCL-2/BCL-XL BH3 mimetics based on phenylacylsulfonamides pyrazoles.24 The design 

of these BH3 mimetics is a marriage of a previously reported BCL-2 selective 

phenylpyrazole with their lead chemotype discovered from an HTS against BCL-2.24 The 

initial design contained an acidic hydroxyphenylsulfonamide linkage to participate in 

hydrogen bonding interactions with conserved arginines and a tetrahydroisoquinoline 

(THIQ) moiety, which were later modified in SAR experiments.24 The SAR studies 

indicated that replacement of the hydroxyphenylsulfonamide linkage to just an 

acylsulfonamide increased affinity for both BCL-2 and BCL-XL; whereas 

 

 

 

 

 

 

 

 

 

 
Figure 2.4.6.1: Structure of TW-37 
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functionalization of the THIQ group at the 3-position, along with heteroatom substitution 

within the heterocycle, also improved dual affinity.24 X-ray crystallography data with 

BCL-2 bound to an analogue within this SAR study, compound 18 (Fig 2.4.7.1), revealed 

that the THIQ region occupies an unique pocket associated with Ile95 of Bim and that the 

alkyl side chains of the pyrazole-amide bond bind near the p3/p4 pockets.24 Interestingly, 

the acylsulfonamide region does not interact with any adjacent arginine residues but 

engages in hydrogen bonding networks with Glu58 and Tyr67.24 Additionally, the 

naphthyl group was shown to interact with residues near the p2 pocket.24 Overall, the 

most potent BH3 mimetic within this study displayed subnanomolar IC50’s (<40 nM) for 

both BCL-2 and BCL-XL while also demonstrating in vitro apoptotic activity in SU-

DHL-4 cells; however, the solubility of these compounds was later determined to 

significantly hinder their efficacy in BCL-2/BCL-XL overexpressing cell lines.24 Also, 

this series of BH3 mimetics suffer an additional loss in efficacy when exposed to 10% 

FBS, resulting in no activity.24  
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Further optimization of this series birthed a new class of dual BCL-2/BCL-XL 

BH3 mimetics possessing an aminopyrimidine core with previous functionalities.25 

Indeed, binding affinity of the aminopyrimidines improved when subjected to identical 

SAR experiments as the phenylacylsulfonamides pyrazoles, additionally substitution at 

the C-5 position of the pyrimidine ring with either a chlorine or methyl group increased 

dual affinity.26 The most potent aminopyrimidine (Fig 2.4.7.2) within this SAR study 

possessed subnanomolar IC50 values for both BCL-2 and BCL-XL (9 nM for both).25 

Overall, this series possesses equipotent activity as its predecessors and retains it in the 

presence of 10% FBS.25 It should be noted that the therapeutic mechanism of these series 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

Figure 2.4.7.1: X-ray crystal structure of compound 18 bound into BCL-2 
(PDB ID: 4AQ3). Reference 24: Perez, H. et al. Bioorg. Med. 2012, 22,12, 

pp. 3946-3950. 
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has not been accurately validated, thus leaving the classification of these compounds as 

either sensitizer or activator unknown.25  

 

2.4.8 Takeda Pharmaceutical Hybrids 

 

 Following the discovery of Navitoclax and elucidation of its binding mechanism 

with BCL-XL, other research groups began to use Navitoclax’s structure as the 

foundation for future designs of pan-Bcl-2 BH3 mimetics. Specifically, Takeda 

Pharmaceuticals employed a hybridization strategy that involved combining fragments 

from Navitoclax and a patented Mcl-1 inhibitor from Abbott, WO2008131000, to create 

potent MCL-1/BCL-XL selective BH3 mimetics.26 Takeda Pharmaceuticals first aimed to 

determine which functional groups in Navitoclax are responsible for enhancing BCL-XL 

affinity.26 Fragmentation studies of Navitoclax revealed that its aryl acylsulfonamide 

portion imparts BCL-XL selectivity due to its ability to form intramolecular pi-pi 

interactions that form an unique U-shaped conformation which potently occupies the p4 

pocket.26 Takeda then further pursued their strategy by linking Navitoclax’s aryl 

acylsulfonamide motif to a pyrazolo[1,5-a] pyridine core functionalized similarly to 

 

 
 

 
Figure 2.4.7.2: Most potent aminopyridine analogue 
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WO2008131000 in order to improved binding affinity towards the p2/p3 pockets.26 

Takeda chose to have a methylated aryl linker between the two motifs since modeling 

experiments predicated that the region would be solvent exposed, thus providing a handle 

to contort the conformation into a firm twist needed for MCL-1 binding.26 They 

ultimately synthesized potent dual-selective MCL-1/BCL-XL BH3 mimetics the most 

potent eliciting an MCL-1 IC50 of 88 nM and BCL-XL IC50 of 37 nM (Fig 2.4.8.1).26 X-

ray crystal structures with MCL-1 and BCL-XL were obtained with one of their 

hybridization analogues, compound 10 (Fig 2.4.8.2) and revealed that the 

pyrazolopyridine region bound within the p3/p2 pocket with its naphthyl group projecting 

deep into the p2 pocket.26 The Navitoclax portion of the compound was shown to engage 

in binding interactions that were previously reported within BCL-XL’s p3 and p4 

pockets.26 Overall Takeda developed an effective strategy for discovery pan-selective 

BH3 mimetics by fusing two potent BH3 mimetics to each other.26 It should be noted that 

no in vitro data was given within this design study, leaving the cell permeability of these 

compounds to be determined.26 

 

 

 
 

Figure 2.4.8.1: Most potent MCL-1/BCL-XL hybrid 
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2.4.9: Quinazoline Sulfonamides 

 

 Following the trend of designing new BH3 mimetics based of the structure of 

ABT-737, the Baell research group created another class of BCL-2 and BCL-XL dual 

BH3 mimetics, the quinazolines.27 The Baell research group wanted to improve the PK 

profile of ABT-737 by replacing its metabolically labile acylsulfonamide region with a 

more stable bioisostere, thus a quinazoline sulfonamide core was chosen since it 

possessed similar topography.27 Generally, these BH3 mimetics possess a quinazoline 

core that are functionalized with a sulfonamide linkage at the 4-position, mimicking the 

projection of the p4 binding group in ABT-737, and an aryl group at the 7-position to 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

Figure 2.4.8.2: X-ray crystal structures of compound 10 bound to MCL-1 (A) and BCL-X
L
 (B). 

Reference 26: Tanaka, Y. et al. J. Med. Chem. 2013, 56, 23. 
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increase binding interactions within the p2 pocket.27 The first quinazoline synthesized 

possessed an acylsulfonamide moiety closely mimicking the one present in Navitoclax, 

except the dimethylaminoethyl group was absent, and a 4-fluorophenyl group at the 2-

position.27 The binding affinity of their first quinazoline against BCL-XL was determined 

with an amplified luminescent proximity homogenous (AlphaSCREEN) competition 

assay with BIM, resulting in an IC50 of 1.5 µM.27 With this promising data, the Baell 

research group began synthesis of second generation quinazolines, one of which was 

functionalized like ABT-737 but with the phenyl acylsulfonamide replaced with a 

quinazoline acylsulfonamide (QABT-737).27 After successful synthesis of the QABT-737 

series, the most potent analogue possessed an IC50 value of 3 nM to BCL-XL, almost 

identical to ABT-737 (IC50 = 1 nM).27 Once additional selectivity experiments were 

conducted using a surface plasmon resonance (SPR) competition assay, the QABT-737 

series was shown to also elicit high BCL-2 affinity, the most potent analogues possessing 

IC50 values less than 20 nM, thus classifying these compounds as a dual BCL-2/BCL-XL 

BH3 mimetic.27 An X-ray crystal structure was acquired with an analogue within this 

series, compound 21, and BCL-XL (Fig 2.4.9.1) revealed a binding pattern highly similar 

to ABT-737, but with the presence of an additional hydrogen bonding interaction 

between the quinazoline’s nitrogen at position 1 and the hydroxyl group of Tyr101.27 The 

QABT-737 series was also able to promote cell death in cancer cell lines deficient in 

MCL-1 expression while also in the presence of 10% FBS and their EC50 values were 

determined to be less than 200nM.27 During the course of this study, Abbott Laboratories 

published Navitoclax, thus sparking the Baell group to create another generation of 

quinazolines resembling the structural modifications in Navitoclax.27 Overall, the 
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Navitoclax-inspired generation possessed subnanomolar affinity towards BCL-XL and 

BCL-2 (IC50’s < 80 nM) while also maintaining their ability to promote cell death in 

cancer cell lines, specifically SCLC lines (EC50 < 4 µM).27 Crystal structures of this 

generation were not mentioned within the study but I strongly believe that the binding 

mechanisms of this generation mirror those observed in Navitoclax.27  

 

2.4.10 4,5-Diphenyl-1H-pyrrole-3-carboxylic acids   

 

 After the publication of Navitoclax and its quinazoline analogues, the Wang 

research group synthesized a new class of BCL-2/BCL-XL BH3 mimetics containing a 

functionalized pyrrole motif.28 More specifically, the functionalization of the pyrrole ring 

involved: an alkylhydroxyl group bonded to the pyrrole nitrogen, a 4-chlorophenyl at the 

3-postion, a phenyl ring at the 4-position and an amide linkage containing a piperazine at 

the 5-positon (Fig 2.4.10.1).28 This lead compound formed a crystal structure with BCL-

  
  
  
  
  
  
  
  
  
  
  
  
  
  

Figure 2.4.9.1: X-ray crystal structure of compound 21 bound into BCL-X
L
  

(PDB: 3QKD). Reference 27: Sleebs, B. E. et al. J. Med. Chem. 2011, 54, 6, pp. 1914-1926. 
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XL and revealed that the compound predominately occupied the p2 pocket.28 Further 

modifications of their lead involved replacing the 4,5-diphenylpyrrole with a 3,4-

diphenyl pyrrole to further improve binding within the p2 pocket and the removal of the 

alkylhydroxyl group bonded to the pyrrole nitrogen, which was replaced with a methyl, 

due to no identified favorable interactions of this group with BCL-XL.28 These 

modifications produced their second lead compound which was shown to possess Ki 

values of 38 µM and 88 µM for BCL-2 and BCL-X (Fig 2.4.10.1).28 

 

Due to its deep occupation of the p2 pocket, the Wang research group decided to 

synthesize a molecule, compound 9, similar to ABT-737 but with the functionalized 

pyrrole replacing the 4-chlorophenyl of the p2 pharmacophore (Fig 2.4.10.2).28 The 

inhibitory constants of this ABT-737 inspired pyrrole for BCL-2 and BCL-XL were 

determined to be 7 nM and 1.3 nM, a significant improvement.28 Additional SAR studies 

revealed that changing the acylsulfonamide linker within this compound to a 

  
  
  
  
 

 

 

 

 

 

 

Figure 2.4.10.1: (A) Structure of the 1
st
 pyrrole lead.  (B) Structure of 2

nd
 pyrrole lead 
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sulfonamide, as in compound 12 (Fig 2.4.10.2), increased affinity for both BCL-2 (Ki <1 

nM) and BCL-XL (Ki = 2.4 nM) while also improving cell permeability.28 

  

This ABT-737 inspired generation of compounds elicited potent EC50 values 

when tested against SCLC cell lines (EC50 < 260 nM).28 Additionally, these compounds 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Figure 2.4.10.2: (A) Synthetic route from the ABT-737 pyrrole lead (compound 9) to 
compound 12. (B) X-ray crystal structure of compound 12 bound to BCL-X

L 
 

(PDB: 3SP7). Reference 28: Zhou, H. et al. J. Med. Chem. 2012, 55, 13, pp. 6149-
6161. 
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were shown to induce cytochrome c release in cell-free functional assays under 

conditions that required active BCL-2 or BCL-XL, however they were not as potent as 

ABT-737 in inhibiting BCL-2 activity.28 To further improve binding affinities towards 

BCL-2 and BCL-XL, additional modifications and SAR experiments were performed on 

the pyrrole ring.28 Truncation of the amide bond or incorporation of a carboxylic acid 

improved affinities to BCL-2 and BCL-XL while their removal caused 100x decrease, 

suggesting that the carbonyl group was necessary for binding.28 A crystal structure of 

compound 12 with BCL-XL was obtained (Fig 2.4.10.2) and showed that the pyrrole 

motif bound within the p2 pocket while the remainder of the molecule followed the 

binding pattern observed in ABT-737.28 Interestingly, the N-methyl group was predicted 

to occupy a small amount of an additional hydrophobic pocket, containing residues 

Leu108, Val126, Phe146, Leu112 and Leu150, around the p2 pocket.28 This led to further 

optimization where the methyl group was replaced with larger hydrophobic moieties, the 

most beneficial being an isopropyl group (Ki for BCL-2 and BCL-XL < 1 nM).28 Also, 

the N-isopropyl-3-carboxylic acid pyrrole analogue, which is still bonded to the structure 

of ABT-737 at the 4-position, possessed subnanomolar EC50 values when tested against 

SCLC cell lines (EC50’s < 4 nM) while also significantly reducing tumor size in 

xenograft models.28  
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2.4.11 BM-957, BM-1074 and BM-1197 

 

 Following the synthesis of their pyrrole-based BCL-2/BCL-XL BH3 mimetics, the 

Wang research group embarked on another study focusing on the creation and design of 

other novel Bcl-2 family inhibitors. Though the Wang research group was able to create 

highly potent BH3 mimetics in their pyrrole study, their compounds encountered 

problems in their in vivo studies where their BH3 mimetics were shown to possess poor 

long-term tumor regression.28,29 Thus, further optimization of their pyrrole BH3 mimetics 

was performed. Crystal structures of their pyrrole compounds revealed that the nitro 

group of ABT-737’s acylsulfonamide linkage partially occupies a hydrophobic region 

within BCL-XL’s binding groove.28,29 After SAR studies involving the replacement of the 

nitro group with halogens, small alkyl groups, hydrogen, small alkoxyl groups and 

alkylsulfonyl groups, it was determined that the incorporation of a 

trifluoromethylsulfonyl in the place of the nitro yielded an equally potent compound (Ki 

values for BCL-2 and BCL-XL = 2.1 nM and <1 nM, respectively).29 This 

trifluoromethylsulfonyl analogue also inhibited cell growth in SCLC cell lines (IC50 = 

151 nM and 98 nM), however efficacy could still be improved.29 To further improve 

affinity, subsequent SAR studies focused on the modification of the dimethylamino group 

to better capture hydrogen bonding networks with residues Glu96 and Tyr195.29 

Ultimately the dimethylamino group was replaced with a piperidinol motif, promoting 

effective tumor inhibition in SCLC lines.29 Afterwards, the N-methyl group of the pyrrole 

ring was also shown to partially occupy a hydrophobic pocket in crystal structures, 

leading to its replacement with larger hydrophobic groups in order to maximize that 

interaction.29 Incorporation of an N-ethyl group produced a potent BCL-2, BCL-XL 
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inhibitor (Ki = 1.2 nM and <1 nM), BM-957 (Fig 2.4.11.1), that was 5x more efficient in 

inhibiting cancer cell growth.29 BM-957 was found to induce apoptosis both in vitro and 

in vivo while also achieving complete tumor regression in xenograft models.29    

 

 BM-957 underwent further SAR studies on its pyrrole motif to further increase 

binding interactions within the BCL-2 and BCL-XL binding grooves.30 In summary, the 

carboxylic acid was changed to an methylacylsulfonamide group to maintain the presence 

of an electron withdrawing group and hydrogen bond acceptor while also improving 

cellular permeability.30 Also, the N-ethyl alkyl group was replaced with an isopropyl 

group to further capture hydrophobic interactions within the p2 pocket, ultimately 

yielding BM-1074 (Fig 2.4.11.1).30 It should be noted that the trifluoromethylsulfonyl 

group was converted back into the nitro group on the sulfonamide phenyl ring, though 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4.11.1: (A) Structure of BM-957. (B) Structure of BM-1074 
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reasoning for this modification was not specified.30 BM-1074 was found to be more 

potent at inducing apoptosis in xenograft models and possess persistent tumor inhibition 

after treatment with no elicited toxicity to the animal.30 BM-1074 was also shown to 

potently inhibit SCLC lines growth at IC50’s < 2.5 nM.30 BM-1074 was further modified 

to improve its PK and solubility profiles for its potential use as a drug.31 To obtain this 

goal, the methylacylsulfonamide group was changed to a methylsulfonyl group, a 

fluorine was added to the aromatic ring connecting the pyrrole section to the ABT-737 

section and the restoration of the trifluoromethylsulfonyl over the nitro group was 

performed to ultimately produce compound BM-1197.31 BM-1197 induces apoptosis in 7 

out of 12 SCLC lines with IC50’s <100 nM and induced rapid, complete tumor regression 

in xenograft models with no severe toxicity beside thrombocytopenia.31  

 

 

 
 

Figure 2.4.11.2: Structure of BM-1197 
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2.4.12 BH3-M6 

 

 Along with implementing fragment-based SAR techniques to discover novel BH3 

mimetics, other research laboratories employed the use of synthetic, non-peptidic alpha-

helix mimetics in their pursuit. The field of synthetic, non-peptidic alpha-helix mimicry 

was pioneered by Alexander Hamilton when he discovered that molecules possessing a 

terphenyl core spatially arrange themselves in a similar fashion as a peptidic alpha-

helix.32 Hence, the investigation of whether terphenyl systems functionalized to resemble 

the BIM BH3 domain could act as potent and selective pan-BH3 mimetics.32 

 Researchers at Moffitt Cancer Center and their collaborators decided to pursue 

this hypothesis, yielding the novel pan-BH3 mimetic BH3-M6 (Fig 2.4.12.1).32 The 

design of BH3-M6 consists of a terphenyl core decorated with two isobutyl groups and a 

benzyl group lying between them to mimic BIM’s key binding residues for MCL-1, 

BCL-2, and BCL-XL. 32 Additionally, BH3-M6 contains terminal carboxylate groups to 

promote hydrogen bonding with conserved arginine residues.32 Docking simulations of 

BH3-M6 with all three anti-apoptotic proteins predicted favorable binding conformations 

with relative binding energies of -11.3 kcal/mol (MCL-1), -10.4 kcal/mol (BCL-XL) and -

6.3 kcal/mol (BCL-2).32 
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These differences in binding energies are the result of BH3-M6’s inability to 

occupy all of the binding pockets on each protein during modeling simulations.32 

Modeling of BH3-M6 with MCL-1 predicted that the head carboxylate group of BH3-M6 

formed a hydrogen bond with Arg263 of MCL-1 but was unable to occupy a hydrophobic 

pocket in MCL-1 that the BIM residues Ile65 and Phe69 have been reported to bind.32 

One of BH3-M6’s isobutyl groups was also predicted to mimic BIM residue Leu62 and 

bind into a hydrophobic pocket, though not as deep as the BIM residue, encompassing the 

residues Met231, Val253, Leu267 and Phe270 of MCL-1.32 The other isobutyl group was 

shown to possibly participate in hydrophobic interactions with Leu235 and Val249 of 

MCL-1 while the terminal carboxylate group formed hydrogen bonding networks with 

Ser245 and Arg248.32 

Docking simulations with BCL-XL followed similar patterns seen with MCL-1.32 

The head carboxylate group was predicted to interact with Arg139 and Asn136.32 BH3-

M6 was also predicted to not partake in bonding interactions within the hydrophobic 

  
  

  
  
  
  
  
  

  
  
  
  
  
  
  

Figure 2.4.12.1: Structure of BH3-M6. 
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pocket that binds BIM residue Phe101.32 Following modeling data: the first isobutyl 

group interacts with a hydrophobic pocket consisting of BCL-XL residues Phe97 and 

Tyr101; the benzyl group binds into a pocket formed by the residues Phe-97, Tyr101 and 

Ala104; the other isopropyl group interacts within a pocket containing the residues 

Phe105, Val126 and Phe146; and the terminal carboxylate is located near residues 

Leu108 and Leu1112.32 In regards to modeling data for BCL-2: the head carboxylate 

group binds near Arg104 but is too far away to initiate hydrogen bonding interactions; the 

first isobutyl group binds into a pocket surrounded by residues Ala97, Trp141 and 

Tyr199; the benzyl groups binds near residues Asn140 and Trp141; the other isobutyl 

group occupies a pocket containing residues Phe109, Val130, Leu134 and Phe150; and 

the terminal carboxylate lies near residues Met112 and Glu133.32    

The modeling predictions translated well into in vitro binding assays since BH3-

M6 was shown to displace a FITC-BIM peptide from MCL-1 (IC50 = 4.9 µM) and FITC-

Bak from Bcl-XL (IC50 = 1.5 µM).32 Additional in vitro studies revealed that BH3-M6 

also disrupted the Bcl-2 family PPI within COS-7, HEK293T, MDA-MB-468, H1299 

and A549 cancer cell lines, causing apoptosis via cytochrome c release.32 Fluorescence 

microscopy reveled that BH3-M6 behaves like a sensitizer BH3 mimetic since it was 

shown to disrupt the interaction between a FITC-BAD peptide and BCL-XL.32 To further 

support BH3-M6’s classification of a sensitizer BH3 mimetic, co-immunoprecipitation 

studies indicated that BH3-M6 could disrupt the interaction of BIM with MCL-1, BCL-2 

and BCL-XL.32 Final experiments within this study also revealed that BH3-M6 could 

sensitizer cancer cells to other forms of chemotherapy, such as the proteasome inhibitor 

CEP-1612.32  
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2.4.13 JY-1-106 

 

BH3-M6 was the first α-helix mimetic functionalized into a BH3-mimetic, 

solidifying its design strategy and influencing the creation of other similar BH3 mimetics, 

such as JY-1-106 (Fig 2.4.13.1).33 The design of JY-1-106 involves a trisarylamide core 

that is functionalized like an amphipathic α-helix, where one face of the molecule is 

hydrophobic and the other is hydrophilic, accurately mimicking the BH3 domain.33 

Similar to BH3-M6’s structure, JY-1-106 contains three isopropyl groups projecting from 

one face of the molecule for hydrophobic pocket interactions and a terminal carboxylic 

acid for hydrogen bonding with conserved arginine residues.33 According to modeling 

studies, JY-1-106 displays favorable ligand and grid free energy scores for BCL-XL 

(LGFE = -10 kcal/mol) and MCL-1 (LGFE = -7 kcal/mol).33 In concurrence with the 

favorable LGFE scores, JY-1-106 was shown to disrupt the PPI in a FPCA between a 

FITC-BAK-BH3 peptide with BCL-XL (Ki = 179 ± 24 nM) and MCL-1 (Ki = 1.79 ± 0.15 

µM), thus classifying it as a BCL-XL and MCL-1 dual selective BH3 mimetic.33 JY-1-106 

also demonstrated cytotoxic activity in resistant cancer cell lines with high MCL-1 

expression; offering a promising solution to the acquired resistance mechanism.33 

Additionally, JY-1-106 was found to promote cell death in cancer cells via the intrinsic 

apoptosis pathway through the support of JC-1 staining, TUNEL staining and 

determining the degree of PARP cleavage after exposure.33 Similar to many other BH3 

mimetics, JY-1-106 was shown to sensitize resistant cancer cells to other chemotherapies, 

such as Taxol, and metabolic stress by reducing ATP production.33 Lung carcinoma 

xenograft models also showed sensitivity to JY-1-106 when administered at 25 mg/kg, 
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overall resulting in a significant decrease in tumor weight and growth without causing 

toxicity.33  

 

It should be noted that tough these alpha-helix based compounds have 

demonstrated promising results in in vitro and in vivo assays, they still possess a large 

molecular weight and hydrophobic structure that could deteriorate their efficacy in 

clinical trials due to poor permeability or high plasma protein binding.  

 

2.4.14 1-Phenyl-1H-Indole Derivatives 

 

 In 2017 the Fang research group synthesized 1-phenyl-1H-indole derivatives that 

possessed dual selectivity for MCL-1 and BCL-2.34 The lead indole was discovered 

during SAR studies that involved replacing the core of the BCL-2 selective BH3 mimetic 

WL-276 (Fig 2.4.14.1).34 The lead indole was shown to promote 71% inhibition of BCL-

2 activity at 100 µM and 54% inhibition of MCL-1 at 50 µM.34 With this data, the Fang 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.4.13.1: Structure of JY-1-106.  
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research group began SAR studies that focused on incorporating phenylacylsulfonamide 

amino acids at the 3-position of the indole core and various aromatic systems alkylated to 

the indole nitrogen.34 Overall, structural trends that were shown to increase BCL-2 

affinity were N-alkylated biphenyl systems, aromatic amino acid side chains and small 

hydrophobic substituents on the phenylacylsulfonamide ring.34 The most potent analogue 

synthesized within this study against BCL-2, compound 9c (Fig 2.4.14.1), was found to 

possess a Ki of 350 nM but only 960 nM against MCL-1.34 Compound 9h (Fig 2.4.14.1) 

possessed similar affinity for both BCL-2 and MCL-1 (Ki = 580 nM and 480 nM, 

respectively) while demonstrating no inhibitory activity against BCL-XL when compared 

to WL-276.34 Docking simulations with compound 9c were performed to determine 

possible binding interactions with BCL-2 and indicated that the carbonyl of the amide 

linkage between the indole core and amino acid side chain formed hydrogen bonding 

interaction with Arg143.34 Additionally, the aromatic amino acid side chains were 

predicted to participate in hydrophobic interactions with residues Met112 and Phe101.34 

Interestingly, the methoxy group of the indole core also interacted with Phe101 while the 

biaryl motif occupied the p2 pocket.34 As for the phenyl ring of the acylsulfonamide, it 

was shown to occupy a hydrophobic pocket close to the p4 pocket and potentially interact 

with residues Asp108 and Glu133.34 These compounds were also shown to inhibit cell 

growth in breast, prostate and leukemia cancer cell lines with IC50 values above 10 µM.34 

Overall these compounds appear to be selective against both BCL-2 and MCL-1; 

however, more binding and SAR studies need to be performed to accurately determine 

which structural motifs are responsible for promoting the observed dual selectivity.  
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2.5.1 BCL-2 Selective BH3 Mimetics 

 

 The early design periods of BH3 mimetics focused on creating molecules that 

possessed pan-activity since it was known that many of the anti-apoptotic Bcl-2 proteins 

were overexpressed in various cancers. Indeed, potent pan-BH3 mimetics were 

synthesized and displayed promising results in preclinical trials; however, it was later 

discovered that inhibition of BCL-XL promoted thrombocytopenia within animal models, 

a toxic side-effect that could not be overlooked. To address this problem, pharmaceutical 

companies and research groups began focusing on more selective BH3 mimetics, 

specifically against BCL-2 due to its common overexpression. Thus, this review section 

will cover the design and activity of reported BCL-2 selective BH3 mimetics, overall 

providing insight into obtaining BCL-2 selectivity within my designs.  

 

 
 

Figure 2.4.14.1: Structures of indole lead, compound 9c and compound 9h.  
Reference 34: Xu, G. et al. Bioorg. Med. 2017, 25, 20, pp. 5548-5556.  
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2.5.2 ABT-199 (Venetoclax) 

 

 Though the discovery of Navitoclax inspired a whole generation of pan-selective 

BH3 mimetics, it still elicited a significant toxic side-effect associated with the targeting 

of BCL-XL. Thus, Abbott Laboratories began their search for Bcl-XL non-selective BH3 

mimetics through the reverse engineering of Navitoclax.35 This process involved 

removing or exchanging Navitoclax’s key binding elements and observing how those 

modifications influenced binding to BCL-2 and BCL-XL.35 BCL-2 selectivity was first 

observed when the thiophenyl motif of Navitoclax was removed, resulting in an 

unoccupied p4 pocket (Fig 2.5.2.1).35 Surprisingly, the X-ray crystal structure of the 

thiophenyl-absent analogue showed that another BCL-2 protein was able to intercalate 

and dimerize into the unoccupied p4 pocket with its Trp30 side chain (Fig 2.5.2.1).35 The 

tryptophan residue was found to participate in an intermolecular π-stacking interaction 

  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  

  Figure 2.5.2.1: (A) Chemical structure of thiophenyl-absent 
analogue and X-ray crystal structure of that analogue bound into BCL-

2 (PDB: 4LXD).   
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with the nitroaryl region of the analogue, reminiscent of how the thiophenyl motif 

interacts in Navitoclax.35 

Given this data, Abbott decided to introduce an indole moiety onto the aryl ring 

connecting the p2 and p4 targeting moieties in Navitoclax in order to mimic the Trp30-

nitroaryl π-π stacking interaction (Fig 2.5.2.2).35 This modification increased BCL-2 

selectivity and an X-ray crystal structure of the indole-analogue with BCL-2 revealed that 

the indole nitrogen forms a hydrogen bond with Asp103 in BCL-2, one of the few amino 

acid differences between BCL-2 and BCL-XL (Glu96) (Fig 2.5.2.2).35 Additionally, a 

second potential hydrogen bonding residue was observed in the vicinity of the indole 

ring, Arg107.35 To further enhance BCL-2 selectivity, Abbott replaced the indole ring 

with an azaindole ring, which possesses the ability to hydrogen bond with both Asp103 

and Arg107.35 The result of this modification was a potent BCL-2 selective BH3 

mimetic, ABT-199 (Venetoclax) (Ki < 0.010 nM) (Fig 2.5.2.3).35  

 

 

  
  
  
  

  
  
  
  
  
  
  
  
  

Figure 2.5.2.2: Chemical structure of the indole analogue and its crystal structure with 
BCL-2 (PDB: 4MAN) 
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In vitro experiments revealed that Venetoclax was able to effectively kill cancer 

cells reliant of BCL-2 expression (EC50 = 4 nM), whereas cells overexpressing BCL-XL 

were resistant (EC50 = 261 nM).35 Venetoclax was also shown to promote cytochrome c 

release in BCL-2 reliant cell lines and its cytotoxic effect was found to be caspase-

dependent, justifying its mechanism of action as induction of apoptosis.35 Additionally, 

Venetoclax was shown to behave like a direct activator BH3 mimetic, similar to its pan-

selective precursors.35 During in vivo studies, Venetoclax was shown to promote tumor 

growth inhibition of hematological tumors in xenograft models with a rate of 95% and 

improve tumor growth delay rates by more than 150%.35 Venetoclax was also shown to 

synergize with rituximab in improving tumor growth delay rates to 408%.35 Perhaps the 

most promising result of the in vivo studies was that Venetoclax did not induce 

thrombocytopenia within the animal models, thus removing the toxicity issue in 

Navitoclax.35 Presently, Venetoclax is approved for treatment of chronic lymphoblastic 

  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.2.3 Venetoclax bound into BCL-2 (PTB: 6O0k) 
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leukemia and is implemented in an array of combination therapies undergoing clinical 

trials.36 Overall the discovery of Venetoclax not only provided a potent, BCL-2 selective 

BH3 mimetic but also provided a clue into reducing BCL-XL affinity in future BH3 

mimetic designs. 

2.5.3 Tetrahydroisoquinoline Amide Substituted Phenyl Pyrazoles 

 

 Before the discovery and synthesis of ABT-199, the Stubberfield research group 

created BCL-2 selective BH3 mimetics possessing a functionalized pyrazole core.37 The 

identification of the functionalized pyrazoles as BCL-2 selective BH3 mimetics began 

after a high-throughput screen (HTS).37 A lead phenylpyrazole possessing two 

tetrahydroisoquinoline (THIQ) amide bonds (one on the core and the other on a phenyl 

substituent at the N-1 position) was found to bind to BCL-2 (IC50 = 1.5 µM) over BCL-

XL (IC50 = 16.6 µM) (Fig 2.5.3.1).37 Subsequent NMR binding studies on this lead were 

performed and revealed that its binding interactions to BCL-2 were similar to ABT-737.37 

Following drug metabolism and PK experiments showed that the THIQ motifs were 

rapidly metabolized; however, only one of the THIQ bonds were necessary for BCL-2 

binding (the one on the phenyl substituent).37 Thus, SAR studies were preformed that 

focused on the replacement of the THIQ group on the amide bond with other groups, 

specifically aromatic moieties.37 Overall, the results of these SAR studies indicated that 

the presence of two phenyl groups bonded to the amide nitrogen enhanced BCL-2 

binding affinity (IC50 = 0.8 µM).37 Delving further into the SAR results, the reversal of 

the amide abolished binding activity to BCL-2, along with replacing the amide bond with 

a sulfonamide, carbamate, ester and other carbonyls.37 After examining the effect of 

altering the THIQ amide bond on the pyrazole core, the Stubberfield research group then 
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shifted focus onto the other THIQ amide bond.37 The incorporation of isosteres of the 

THIQ group proved unfavorable, but the addition of a methanol group on the 3-position 

of the THIQ group improved potency (IC50 = 0.19 µM), whereas carboxylates and esters 

did not (possibly through hindered interactions involving the carbonyl group of the amide 

linkage).37  

 

The results of the second SAR studies hinted at the notion that the size, charge 

and hydrogen bonding potential of the substituents at the 3-position on the THIQ moiety 

  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

Figure 2.5.3.1: (A) Chemical structure of pyrazole THIQ lead. (B) 
Chemical structure of compound 31. (C) X-ray crystal structure of 
compound 31 bound to a chimeric BCL-2/BCL-X

L
 protein (PDB: 2W3L).

 

Reference 37: Porter, J. et al. Bioorg. Med. 2009, 19, 1, pp. 230-233. 
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did not influence BCL-2 binding, but it was their ability to restrict the THIQ group into 

an unfavored pseudo-axial conformation that enhanced BCL-2 affinity.37 It should be 

noted that the enantiomers of all the analogues involved in the second SAR studies had to 

be separated to accurately determine which conformations influenced the pseudo-axial 

structure of the THIQ group and the binding data indicated that the (S)-enantiomers were 

favored.37 Further modifications to the pyrazole core demonstrated that addition of a 

bromine in the 4-position also improved affinity for BCL-2 (IC50 = 0.04 µM), thus 

initiating a third set of SAR experiments.37 Not only was the 4-position examined in these 

studies, but the pyrazole amide bond was revisited as well.37 The results of these studies 

showed that replacement of the diphenyls with di-n-butyls on the amide bond and a 

chlorine at the 4-position on the pyrazole significantly enhanced BCL-2 affinity (IC50 = 

0.02 µM).37 An X-ray crystal structure was obtained with one of these analogues, 

compound 31 (Fig 2.5.3.1) and a chimeric BCL-2/BCL-XL protein.37 Overall the binding 

pattern resembled the natural binding pattern of the BH3-only proteins since the pyrazole 

core and the diphenylamide occupied the p2 and p3 pockets.37 However, the THIQ group 

was found to occupy its own unique hydrophobic pocket underneath the p2 pocket.37 This 

discovery led the Stubberfield group to begin modifying the 3-position of the THIQ motif 

to enhance occupation of the unique pocket.37 Addition of a hydrophobic carbonyl was 

found to enhance binding but cause poor solubility.37 3-aminomethyl THIQ analogues 

were then pursued and included modifications at the 4-position on the phenyl ring of the 

THIQ amide bond.37 Overall the most potent BCL-2 selective pyrazole, compound 42, of 

these studies possessed a phenyl ether amide linkage at the 4-position of the phenyl ring 
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(IC50 = 0.03 µM) (Fig 2.5.3.2).37 No in vitro or in vivo experiments were performed 

within this study.37  

 

2.5.4 S55746 (BCL201) 

 

 With the approval of Venetoclax by the FDA and the data published on the THIQ 

pyrazoles, a collaborative BCL-2 selective BH3 mimetic design study began and resulted 

in the creation of S55746 or BCL201.38 The overall structure of this compound resembles 

the THIQ pyrazoles but differs in some aspects: a N-ethylmorpholine motif is present at 

the 3-position of the THIQ group; the phenyl ring is replaced by a benzo[d][1,3]dioxole; 

the pyrazole core is now a 5,6,7,8-tetrahydroindolizine; and one of the amide phenyls has 

become a phenol (Fig 2.5.4.1).38 FPCA data provided evidence that S55746 was a potent 

BCL-2 BH3 mimetic (Ki. = 1.3 nM) and its selectivity over BCL-XL is between 70-400-

fold 38. Modeling data where the structure of S55746 is superimposed with Venetoclax in 
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Figure 2.5.3.2: Chemical structure of compound 42. 
Reference 37: Porter, J. et al. Bioorg. Med. 2009, 19, 1, 
pp. 230-233.  
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BCL-2 predicted that S55746 primarily occupies the p1/p2/p3 pockets and is not able to 

reach into the p4 pocket like Venetoclax.38 To go into further detail, the diphenylamide 

region is predicted to occupy the p1 and p2 pockets; whereas the THIQ moiety is shown 

to occupy its previously reported unique hydrophobic pocket under the p2 pocket.38  

 

Exposure of acute lymphoblastic leukemia (ALL) cells, high BCL-2 expression, 

to S55746 induced cell death after 3 days (EC50 = 71.6 nM), whereas S55746 was less 

effective in killing cancer cells that possessed low expression of BCL-XL.38 Co-

immunoprecipitation experiments revealed that S55746 disrupted the BCL-2/BAX 

interaction, suggesting it could behave like a direct activator since it directly targets BAX 

and not a BH3-only protein.38 Later ex vivo experiments involving chronic lymphocytic 

leukemia cells from patients were found to be highly sensitive to S55746 (EC50 = 47.2 

nM) after four hours of treatment.38 In vivo experiments measuring the growth of 

xenografted ALL cells after S55746 treatment resulted in a dose-dependent growth 

inhibition were a daily dosage of 100 mg/kg for a week provided complete tumor 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5.4.1: Chemical structure of 

S55746 
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regression within the animal model.38 Toledo xenograft models were also shown to be 

sensitive to S55746 treatment but not to the degree of ALL xenograft models.38 

Additionally, Venetoclax demonstrate similar results as S55746 in all in vivo, ex vivo and 

in vitro experiments, further validating S55746 as a potent, BCL-2 selective BH3 

mimetic.38 

2.5.5 Thiazolidinones 

 

Modifying known potent BH3 mimetics to achieve BCL-2 selectivity did not only 

occur during the development of Venetoclax, but also led to the synthesis of 2-thioxo-4-

thiazolidinones from the BCL-XL selective BH3 mimetic WL-276 (Section 2.6.6).39 The 

overall structure of these compounds includes a thioxothiazolidinone core where the N-3 

position is bonded to amino acids containing phenylsulfonamides and the 5-position is 

connected to biphenyl systems through an alkene bond (Fig 2.5.5.1).39 The three regions 

of this chemical structure that underwent SAR studies to enhance BCL-2 selectivity 

where the amino acid side chain, the biphenyl group and the sulfonamide phenyl ring 

(Fig 2.5.5.1).39 The results from these SAR studies indicated that: branched amino acid 

side chains enhanced BCL-2 affinity more than linear side chains; that incorporation of 

either a nitro, chlorine or methyl ester at the terminal para-position of the biphenyl 

system also increased BCL-2 affinity; and the presence of electron-withdrawing groups at 

the para-position on the sulfonamide phenyl strengthened BCL-2 binding.39  
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Among the synthesized analogues, compound 31, was found to possess a 2-fold 

selectivity towards BCL-2 over BCL-XL (Fig 2.5.5.2).39 This compound possessed a 4-

bromophenyl amino acid side chain with a nitro group at the para-position of both the 

biphenyl system and sulfonamide phenyl ring.39 Computational modeling of compound 

31 in BCL-2’s binding groove predicts that the sulfonyl group and the rhodanine 

participate in hydrogen bonding interactions with Arg143.39 The 4-nitrophenyl group of 

the sulfonamide appears to bind into the p3 pocket whereas the biphenyl system is 

projected into the p2 pocket.39  Interestingly, additional binding data involving MCL-1 

and BCL-XL revealed that these compounds possess higher affinity towards MCL-1 than 

BCL-2; however, no binding interaction data has been generated with MCL-1, thus these 

compounds are included within this section.39 In vitro experiments involving leukemia 

cell lines showed that those overexpressing the anti-apoptotic Bcl-2 proteins were more 

sensitive to treatment with the thiazolidinones than those possessing low expression.39 

  
  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.5.1: General chemical structure of thiazolidinones with 
SAR hotspots highlighted.  
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Overall, more in vitro and binding studies need to be conducted to accurately validate 

these compounds as potent MCL-1 and BCL-2 inhibitors. 

 

2.5.6 YC-137 

 

 The creation of YC-137, a BCL-2 selective BH3 mimetic, began with a structure-

based computer screen of compounds that could fit within the BCL-2 binding groove.40 A 

lead was discovered and subject to rigorous SAR studies that eventually resulted in the 

synthesis of YC-137 (Fig 2.5.6.1).40 YC-137 was shown to possess a Ki of 1.3 µM 

against BCL-2 and greater than 100 µM against BCL-XL.40 Modeling data complexing 

YC-137 into BCL-2’s binding groove predicted that its tricyclic moiety bound into two 

hydrophobic pockets (most likely the p3 and p4 pockets) and participates in hydrogen 

bonding interactions with residues Arg107 and Tyr202.40 The carbonyl of the ester 

appears to interact with Tyr108 while the aniline nitrogen interacts with Arg146.40 In 

vitro experiments showed that YC-137 can induce apoptosis in BCL-2 overexpressing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5.5.2: Chemical structure of compound 31. 
Reference 39: Wan, Y. et al. Bioorg. Med. 2015, 23, 

9, pp. 1994-2003. 
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cells, such as MB435B and SUM159 breast cancer cells.40 YC-137 was also shown to 

exert no apoptotic effect on normal cell lines.40 It should be noted though that YC-137 

suffers the same resistance mechanism as Venetoclax.40 MB435B cells that display YC-

137 resistance have lower levels of BCL-2 and HER2 expression.40  

 

2.5.7 Diphenylmethanes 

 

 With the cytotoxicity of Navitoclax known and before the synthesis of 

Venetoclax, Abbott identified a series of diphenylmethanes that possessed selectivity for 

BCL-2.41 The diphenylmethanes were first identified as potential BCL-2 selective BH3 

mimetics during an NMR-based chemical screen.41 The chemical structure of the lead 

contains two chlorinated phenyl rings bound to carbon possessing an alcohol and 

propylamine group (Fig 2.5.7.1).41 The lead possessed a KD of 20 µM and a 20-fold 

selectivity for BCL-2 over MCL-1.41 NMR supported docking simulations of the lead 

compound into BCL-2 predicted that the phenyl groups occupy a hydrophobic pocket 

encompassing residues Leu116, Val130, Met112 and Leu134 (p2 and p3 pocket).41 The 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5.6.1: Chemical structure of YC-137  
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methane core projects towards residues Glu111, Asp108 and Glu133, partaking in 

possible hydrogen bonding interactions.41  

 

SAR experiments revealed that the removal of the chlorines from the phenyl rings 

decreased BCL-2 affinity, most likely due to lower occupation of the hydrophobic 

pockets, and that neither the alcohol nor amine group had a significant effect on 

affinity.41 Bi-aryl acids were then coupled to the diphenylmethane core to promote 

greater occupation of the binding groove, resulting in compound 6 (Fig 2.5.7.2).41 

According to NMR-guided BCL-2 docking simulations with compound 6 and an 

analogue of the lead compound, compound 5, the two codmpounds bound in different 

areas of the binding groove, overall leading to their hybridization.41  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5.7.1: Chemical structure of the lead 

diphenylmethane 
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Abbott decided to explore the linker between the two compounds to determine 

what length is optimal for BCL-2 binding.41 SAR studies concluded that linking the two 

compounds with either a two-atom or three-atom linker produced BH3 mimetics with low 

micromolar affinity.41 To further improve affinity, Abbott began performing SAR 

experiments on the diphenylmethane core.41 Overall, the removal of the chlorines from 

the phenyl rings dramatically decreases affinity.41 Also, the replacement of one of the 

phenyl chlorines with larger hydrophobic groups (isobutyl) significantly increased BCL-2 

binding affinity.41 Overall the most potent compound from this research study, compound 

29 (Fig 2.5.7.3) possessed a 40 nM Ki for BCL-2 and killed BCL-2 dependent cancer 

cells with an EC50 of 16 uM.41 Additionally, NMR-guided docking of an analogue of 

compound 29, compound 27 (Fig 2.5.7.3), further supported the claim that their 

hybridization and SAR modifications enhanced BCL-2 binding affinity since significant 

chemical shifts were still observed in residues located within the hydrophobic pockets 

that compounds 5 and 6 occupied.41    

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5.7.2: (A) Chemical structure of compound 6. (B) Chemical structure of 
compound 5. Reference 41: Petros, A. M. et al. Bioorg. Med. 2010, 20, 22, pp. 
6587-6591. 
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2.5.8 AbbVie Inspired Acylsulfonamides 

 

Last year the Zhang research group in Shanghai pursued a study to identify and 

synthesize BCL-2 selective BH3 mimetics using the chemical structure of Navitoclax to 

guide their designs.42 Since AbbVie was able to discover Venetoclax from Navitoclax’s 

design, the Zhang group decided to follow that discovery route and began fusing the 

piperazinyl-phenyl group of Navitoclax to various bicycles.42 This hybridization 

experiment produced a THIQ ring analogue, compound 13 (Fig 2.5.8.1) that was found to 

be equally potent in binding to BCL-2 as Venetoclax, however it was not as selective.42 

Computational docking experiments were performed with a non-fluorinated derivative of 

this analogue, compound 13b (Fig. 2.5.8.1), in order to determine key binding 

interactions.42 Overall, docking studies predicted that the binding mode of the non-

fluorinated THIQ derivative was similar to Venetoclax.42  

  
  
  
  

  
  
  
  
  
  
  

  
  
  
  

Figure 2.5.7.3: (A) Chemical structure of compound 27. (B) Chemical structure of 
compound 29.  Reference 41: Petros, A. M. et al. Bioorg. Med. 2010, 20, 22, pp. 6587-6591. 
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However, since the THIQ core was not enough to achieve potent BCL-2 affinity 

and selectivity, the Zhang group shifted their focus to optimizing p4 pocket interactions.42 

In general, the p4 pocket SAR studies involved incorporating various substituents, such 

as simple alkyl groups and heterocycles, at the para-position of the 

phenylacylsulfonamide ring of Navitoclax.42 The most potent derivatives from these 

experiments possessed Ki’s between 46-65 nM with a greater than 15-fold selectivity for 

BCL-2 over BCL-XL.42 Next the dialkylamino group was replaced with various 

heterocycle-substituted alkylamino moieties to further enhance interactions within the p4 

pocket.42 These SAR experiments concluded that a difluoroazetidine group at that 

position, compound 55 (Fig 2.5.8.2) improved BCL-2 selectivity when compared to 

Venetoclax (SF of 6.0 vs. 0.8) but slightly reduced affinity (IC50 = 17.3 nM vs. 10.3 

nM).42 Though these acylsulfonamides possess equipotent affinity towards BCL-2 as 

  
  
  
  

  
  
  
  
  

  
  

  
  

  
  
  
  
  
  
 

Figure 2.5.8.1: Modification of compound 13 to compound 13b for docking studies.  
Reference 42: Liu, X. et al. Bioorg. Med. 2018, 26, 2, pp. 443-454. 
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Venetoclax, their in vitro efficacy needs to be evaluated along with their serum binding 

affinity.42 However, these acylsulfonamides provide key insights into which p4 

pharmacophores optimally occupy the pocket and provide BCL-2 selectivity over BCL-

XL.42 

  

 

 Overall, though these BCL-2 selective BH3 mimetics will become less effective 

due to resistance mechanisms, they do provide insight into the development of potent 

MCL-1/BCL-2 inhibitors.  

2.6.1 BCL-XL Selective BH3 Mimetics 

 

 Before the discovery that BCL-XL inhibition caused thrombocytopenia, research 

groups pursued the development of BCL-XL selective BH3 mimetics. At the time it was 

well known that BCL-XL overexpression occurred within cancerous cells and this 

 

 
Compound 55 42 

 
 

Figure 2.5.8.2: Chemical structure of compound 55.  
Reference 42: Liu, X. et al. Bioorg. Med. 2018, 16, 2, pp. 443-454. 
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discovery led drug developers to start designing compounds that could bind into BCL-

XL’s groove.  Afterward, various BCL-XL selective BH3 mimetics were created and 

possessed promising chemotherapeutic properties. Their design also, as mentioned in the 

previous section, inspired the discovery of future BCL-2 selective BH3 mimetics. 

Overall, this section of the review will cover the discovery and designs of known BCL-

XL selective BH3 mimetics. It is important to review these types of BH3 mimetics since 

they contain key design elements that establish BCL-XL selectivity and need to be 

avoided in my MCL-1/BCL-2 selective BH3 mimetics.  

 

2.6.2 WEHI-539, A-1155463 and A-1331852 

 

The development of WEHI-539 occurred after the discovery of Navitoclax, 

raising the question of why its development progressed after knowing that BCL-XL 

inhibition caused thrombocytopenia.43 The answer is that the creation of a BCL-XL 

selective BH3 mimetic further adds to the data of structural motifs that impart selectivity, 

overall influencing future BH3 mimetic designs.43 WEHI-539’s creation began with the 

screening of a chemical library against BCL-W.43 Screening hits were then further 

validated in a competition assay against a BIM peptide and BCL-XL, resulting in a lead 

compound possessing a benzothiazole-hydrazone core (IC50 = 7.7 µM).43 A proposed 

binding method of this lead compound was that the benzothiazole core was able to switch 

between binding into the p2 and p4 pocket while maintaining a hydrogen bonding 

network with Arg139, much like a pendulum in motion.43 Following this binding theory, 

modifications involving the addition of acylsulfonamides towards a second binding 

pocket were explored and resulted in an analogue that formed a crystal structure with 
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BCL-XL .43 The crystal structure revealed that the acylsulfonamide projected hydrophobic 

groups into the p4 pocket of neighboring BCL-XL proteins.43 The benzothiazole bound 

tightly into the p2 pocket by hydrogen bonding with residues Ser106 and Leu108.43 The 

acylsulfonamide linkage was also shown to achieve a hydrogen bonding network with 

Arg139.43  Later modifications to the benzothiazoles were the replacement of the furan 

ring with a phenyl and attaching either a picolinic or thiazole acid onto that phenyl ring, 

further enhancing BCL-XL binding affinity (Fig 2.6.2.1).43 X-ray structures of these 

analogues showed the picolinic or thiazole acid ring nitrogens were able to partake in 

additional hydrogen bonding interactions with Arg139, aiding to their reported affinity 

increase.43 Phenoxyalkyl extensions at the ortho-position of these acid rings improved 

affinity at least four-fold.43 Finally, SAR experiments occurred at the para-position on the 

phenyl ring of the phenoxyalkyl linkage to further improve binding within the p4 

pocket.43 The installment of benzylamine instead a phenyl ring on the phenoxyalkyl 

linker resulted in the creation of the BCL-XL selective BH3 mimetic WEHI-539 (IC50 = 

1.1 nM) (Fig 2.6.2.1).43 In a crystal structure, WEHI-539 bound in a similar fashion as its 

predecessors, only more tightly, and was shown to possess two binding modes: one with 

a hydrogen bond between the benzylamine and ethylene glycol; the other has the amino 

group of the benzylamine forming a hydrogen bond with Glu96 (Fig 2.6.2.1).43 

Selectivity and binding were further examined in SPR studies, which further validated 

that WEHI-539 binds within the binding groove of BCL-XL with a 1:1 ratio.43 WEHI-539 

was shown to kill fibroblasts absent of MCL-1in an apoptosis dependent manner.43 

Additionally, the presence of serum binding proteins decreased the efficacy of WEHI-539 
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43. WEHI-539, like Navitoclax, was shown to be highly toxic to platelet survival, further 

validating it as a BCL-XL selective BH3 mimetic 43.  

 

WEHI-539 was later subjected to additional SAR studies due to its toxic 

hydrazine group, which overall resulted in compound A-1155463 (Fig 2.6.2.2).44 Key 

structural differences between these two BCL-XL selective BH3 mimetics are that A-

1155463 contains an amide linkage where the hydrazone is in WEHI-539, contains a 

tetrahydroisoquinoline bicycle instead of a tetrahydronaphthalene and possesses a 2-

fluorophenylpropyne amine instead of a benzylamine.44 A-1155463 was shown to 

  
  
  
  

  
  
  
  
  
  
  
  

  
  

  
  
  
  

  
  

  
  
  
  
   
  
 

Figure 2.6.2.1: (A) Discovery route to WEHI-539 (B) X-ray crystal structure WEHI-539 bound 
into BCL-X

L 
(PDB: 3ZLR) 
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potently bind to BCL-XL (Ki < 0.01 nM) and X-ray crystal structures showed A-1155463 

binding to BCL-XL like WEHI-539 but with the 2-fluoro substituent engaging residues 

Val141 and Phe97 (Fig 2.6.2.2).44 Like WEHI-539, A-1155463 was shown to be toxic to 

platelets and BCL-XL dependent cell lines.44 In BCL-XL dependent H146 tumor xenograft 

models A-1155463 produced a tumor growth inhibition of 44% at 5 mg/kg.44  

 

Another WEHI-539 analogue, A-1331852 (Fig 2.6.2.3), was also created and 

differs from A-1155463 in that it possesses a picolinic acid bonded to a pyrazole motif.45 
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Figure 2.6.2.2: Chemical structure of A-1155463 with its BCL-X
L
 X-ray crystal structure 

(PDB: 4QVX). 
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A-1331852 was shown to be as potent as A-1155463 in binding to BCL-XL.45 It was also 

shown to be cytotoxic to BCL-XL dependent Molt-4 cells and xenograft models.45 Also, 

A-1331852 works synergistically with docetaxel to inhibit tumor growth in solid tumor 

xenograft models.45   

 

2.6.3 Antimycin A 

 

   During the time when chemotherapeutics began diverging into more than just 

DNA damagers, it was discovered that an inhibitor of mitochondrial respiration, 

Antimycin A (Fig 2.6.3.1), possessed the ability behave like a BCL-XL selective BH3 

mimetic.46 Antimycin A was identified as a potential BH3 mimic through a chemical 

screen that involved measuring the ability of the library compounds to induce cell death 

in BCL-XL overexpressing TABX2S cells.46 Antimycin A and other known 

mitochondrial respiration inhibitors were screened but only Antimycin A produced a 

potent LD50 value (1.2 µM) against the TABX2S cells.46 Control experiments were 

performed to provide evidence that Antimycin A is killing these cancer cells via 

 

 

 
 

 
 

Figure 2.6.2.3: Chemical structure of A-1331852 
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induction of apoptosis and not through inhibition of the electron transport chain.46 It was 

shown that cellular respiration rates, ROS generation and lowered ATP levels had no 

effect on cell survival during Antimycin A treatment, further supporting the theory that it 

possesses BCL-XL inhibitory properties.46  

 

Additional mitochondria structure studies revealed that Antimycin A treatment 

disrupts the mitochondria membrane and causes mitochondrial swelling in addition to the 

release of signaling molecules to promote apoptosis.46 Computational docking 

experiments of Antimycin A binding into BCL-XL’s hydrophobic groove predicted that 

Antimycin A’s central cyclic structure rests within the p2/p3 pocket with its flexible alkyl 

region binding deeper into the p2 pocket and its aryl region binding towards the p4 

pocket.46 Interestingly, fluorescence spectroscopy was used to determine Antimycin A’s 

affinity to BCL-2 (IC50 = 1.98 µM) and not BCL-XL.46 However, Antimycin A was found 

to inhibit BCL-XL-dependent pore formation in vitro.46 Later SAR studies revealed that a 

methoxy analogue of Antimycin A also possessed the ability to kill BCL-XL-dependent 

cell lines and bound to BCL-2.46 Following experiments found that treatment with the 

 

 
 

 

Figure 2.6.3.1: Chemical structure of Antimycin A 
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methoxy analogue in BCL-XL overexpressing cells caused a shift in their cellular 

metabolism from aerobic glycolysis to oxidative phosphorylation, hinting at a possible 

metabolic-driven cytotoxicity mechanism.46 Further selectivity studies need to be 

performed to accurately classify Antimycin A as BCL-XL selective; however, since BCL-

XL binding data exists Antimycin A is included with this review section. 

2.6.4 Phenanthridines 

 

 The development of the phenanthridine BCL-XL selective BH3 mimetics began 

with the discovery that the natural product chelerythrine (Fig 2.6.4.1) possessed BCL-XL 

binding capabilities (IC50 = 1.5 µM).47 Later NMR experiments with N15-BCL-XL 

revealed that chelerythrine does not occupy the BH3 binding groove like ABT-737, but 

binds within a site in close proximity to the groove.47 To further understand 

chelerythrine’s binding mechanisms, SAR experiments were conducted on 

phenanthridine-based compounds.47 The results of these SAR studies concluded that the 

incorporation of methoxy groups at the 7- and 8-positions of phenanthridine ring did not 

produce potent BCL-XL affinity, but the presence of hydroxy groups at the 7- and 8-

positions of the phenanthridine ring showed the greatest improvement in activity (IC50 = 

18 µM).47 Sanguinarine (Fig 2.6.4.1), an analogue of chelerythrine, also underwent 

modifications to enhance its BCL-XL selectivity.47 The findings from these SAR studies 

include: that the benzodioxole region is not necessary for BCL-XL binding; the presence 

of ethylhydroxy or ethylmethoxy groups at the 7- and 8-positions of the phenanthridine 

ring increased affinity 2-4 times; N-5 methylated phenanthridine rings increased binding 

affinity; and having a dimethyldioxolo linkage between the 7-and 8-positions of the 

phenanthridine ring causes a loss in binding.47 Overall, the presence of a quaternary 
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nitrogen to engage in cationic interactions and a constrained ring linked at the 7- and 8-

postions of the phenanthridine ring to occupy a hydrophobic pocket are necessary binding 

elements to promote BCL-XL affinity.47 

 

Later NMR studies and docking simulations with compounds 35 and 42 (Fig 

2.6.4.2) predicted that they interact with residues L99, R132 and L178.47 Additionally, 

these analogues are shown to bind into a region that encompasses part of the BH3 

binding groove and chelerythine’s novel binding pocket.47 The hydroxy groups on the 

phenanthridine ring were predicted to interact with residues H177 and Y173; whereas 

E129 lies in close proximity to the cationic nitrogen, possibly engaging in hydrogen 

bonding interactions.47 Mutation experiments of BCL-XL indicated that residues V135, 

Y137 and E184 were necessary for BCL-XL binding.47 The most potent phenanthridine, 

compound 35, possessed an IC50 of 3 µM and though these compounds do not entirely 

bind into the BH3 binding groove, they still offer insight into which design elements to 

exclude from my BH3 mimetic designs to lessen BCL-XL selectivity.47 

 

 
 

 

Figure 2.6.4.1: Chemical structures of chelerythrine and sanguinarine 
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2.6.5 BH3I Compounds 

 

 The identification of the BH3I series of BCL-XL inhibitors began with a chemical 

library screen using an FPCA using a bound fluorescent BAK peptide and BCL-XL.48 

The leads identified from this screen where BH3I-1, BH3I-1’ and BH3I-2, all of which 

possess low micromolar affinities to BCL-XL (Ki’s < 5 µM).48 The structures of BH3I-1 

and BH3I-1’ are functionalized 5-benzylidene-α-isopropyl-4-oxo-2-thioxo-3-

thiozolidineacetic acids whereas the structure of BH3I-2 is a 3-bromo-5-chloro-N-(2-

chloro-5-[{4-chloro-phenyl}sulphonyl]phenyl)-2-hydroxybenzamide (Fig 2.6.5.1).48 

These lead compounds were shown to displace BID from BCL-XL in pulldown assays, 

while also promoting apoptosis in JK cells, cytochrome c release in mitochondria and 

caspase activation in treated JK cells.48 After extensive binding and apoptosis 

experiments, NMR studies were preformed to determine the binding mode of these BH3I 

compounds.48 2D NMR experiments showed significant chemical shift changes in 

residues along the p1, p2 and p3 pockets of BCL-XL’s hydrophobic groove when the 

BH3I compounds were present.48 Additionally, BH3I-2 displayed slower dissociation 

 
 
 

 

 

 

 

 

 

 
 

Figure 2.6.4.2: Chemical structures of compound 35 and 42.  
Reference 47: Bernardo, P. H. et al. J. Med. Chem. 2008, 51, 21, pp. 6699-6710. 
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rates than the other two leads.48 Binding differences between BH3I-1 and BH3I-1’ were 

observed within the p2 pocket and at residue R55, hinting at potential SAR sites for 

improving affinity.48 The binding of the BH3I-1 compounds occurred in the lower 

binding region of BCL-XL’s groove (p1, p2) while the BH3I-2 compounds bound in more 

upstream regions (p3, p4).48 Nuclear Overhauser effects were also observed between 

BH3I-1’s benzene protons and the amide protons of Y65 and F107, hinting at another 

potential binding site SAR experiments could target to improve affinity.48 Overall, the 

BH3I compounds possess fair binding affinity to BCL-XL, trigger apoptosis in cancerous 

cells and serve as templates for future BH3 mimetic designs.48 

 

2.6.6 WL-276 

 

 Following the success of the BH3I series of BCL-XL selective BH3 mimetics 

came the synthesis of WL-276.49 The chemical structure of WL-276 (Fig 2.6.6.1) 

possesses a thiazolidinone core with a 3-phenyl-N-tosylpropanamide moiety bound to the 

core nitrogen and biphenyl group attached at the 5-position of the core.49 WL-276 was 

 

 
 

 

Figure 2.6.5.1: Chemical structures of BH3I-1, BH3I-1’ and BH3I-2 
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found to disrupt the BAK:BCL-2 (Ki = 22.8 µM) and BAK:BCL-XL (Ki = 1.2 µM) 

interactions and induced apoptosis in PC-3 cancer cells.49 Combination therapy 

experiments with WL-276 and other chemotherapeutics (cisplatin, doxorubicin, Taxol) 

resulted in WL-276 working synergistically with the chemotherapeutics to kill drug-

resistant PC-3 cells.49 WL-276’s efficacy was then examined in PC-3 xenograft models, 

where at a dose of 100 mg/kg it was nearly able to induce complete tumor growth 

inhibition.49 Additionally, no animal toxicity was observed during WL-276 treatment and 

it was found to be stable in mouse serum.49 No binding or docking simulations were 

preformed within this study, however I believe that WL-276 follows similar binding 

interactions found within the BCL-2 selective thiazolidinones.  

 

 

 

 

 

 
 

 

Figure 2.6.6.1: Chemical structures of WL-276. 
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2.6.7 Meiogynin A Derivatives 

 

 Meiogynin A (Fig 2.6.7.1) was found to antagonize the BAK:BCL-XL interaction 

during a screen of Malaysian plant extracts (Ki = 9.0 ± 0.4 µM).50 SAR experiments were 

then performed on meiogynin A to further enhance BCL-XL affinity and the most potent 

analogue synthesized possessed a Ki of 4.6 ± 1.5 µM.50 Trends observed during the SAR 

studies were that the inclusion of benzoic acids in place of the cyclohexane carboxylic 

acids and the absolute configuration of the analogue influenced BCL-XL
 affinity.50 In 

vitro testing in Burkitt lymphoma (BL) cells revealed that the most potent compound 

possessed cytotoxic properties (IC50 = 8.5 µM), whereas the other analogues failed to 

elicit a cytotoxic response.50 Annexin-V and propidium iodide staining revealed that the 

meiogynin A analogues induced apoptosis in the BL cells for their cytotoxicity.50 Final 

docking studies with BCL-XL and the most potent analogue, compound 6 (Fig 2.6.7.1) 

predicted that the benzoic acid motif bound into the p2 pocket with the bicyclic region 

occupying the p2/p3 pockets.50 Additionally, the flexible alkyl chains are predicted to 

bind into the p4 pocket.50 It should be noted that these compounds also possessed similar 

affinity to MCL-1, however no docking data has been generated with MCL-1 and thus 

these compounds are included within this section of the review.50  
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2.7.1 MCL-1 Selective BH3 Mimetics 

 

 As previously mentioned within this thesis, the selective inhibition of BCL-XL 

causes thrombocytopenia within animal models and inhibition of BCL-2 triggers an 

acquired resistance mechanism in cancer cells to begin overexpressing MCL-1. Thus, to 

combat this resistance mechanism many research groups began synthesizing MCL-1 

selective BH3 mimetics. MCL-1 has been difficult target due to its short half-life within 

the cell and the need for highly potent compounds to elicit a biological effect.51 

Fortunately, various MCL-1 selective BH3 mimetics have been synthesized and some are 

even in clinical trials. Hence, this section of the review will cover those BH3 mimetics 

and cover the structural elements within their designs that imparts MCL-1 selectivity.  

2.7.2 S63845 

 

 The discovery of S63845 occurred after usual drug lead identification methods: an 

NMR-based fragment screen followed by SAR studies.52 The structure of S63845 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.6.7.1: Chemical structures of Meiogynin A1 and compound 6.  
Reference 50: Desrat, S. et al. Bioorg. Med. 2014, 24, 21, pp. 5086-5088. 
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includes a thienopyrimidine core that is bonded to an acidic pyrazole motif at the 4-

position, a chlorophenyl group at the 5-position and a furan at the 6-position (Fig 

2.7.2.1).52 According to SPR binding data, S63845 possesses high affinity and selectivity 

for MCL-1 (Ki = 0.19 nM) when compared to fluorescence polarization binding data for 

BCL-2 (Ki > 10,000 nM) and BCL-XL (Ki > 10,000 nM).52 The X-ray crystal structure of 

S63845 with MCL-1 revealed that the carboxylic acid participates in hydrogen bonding 

interactions with Arg263, the furan and chlorophenyl rings occupy the p2 pocket, the 

phenyl ring attached to the pyrazole binds into the p3 pocket and the pyrazole ring 

interacts with the p4 pocket (Fig 2.7.2.1).52 In vitro experiments showed that S63845 was 

able to kill MCL-1 overexpressing H929 multiple myeloma cells while not affecting 

BCL-2 or BCL-XL overexpressing H929 cells.52 Additionally, S63845’s cytotoxic ability 

was not affected by the presence of serum proteins and co-immunoprecipitation studies 

showed S63845 was able to displace both BAK and BAX from MCL-1, overall 

promoting apoptotic cell death.52 In multiple myeloma xenograft models, S63845 

displayed a maximum tumor growth inhibition above 100% and at 25 mg/kg it was able 

to achieve complete regression after 100 days of treatment with no significant weight 

loss.52 S63845 also elicited promising chemotherapeutic effects in an array of lymphoma, 

chronic myeloid leukemia (CML) and AML cancer cell lines.52 In solid tumors S63845 

did not produce potent cytotoxic activities on its own, but when combined with kinase 

inhibitors its potency was enhanced due to synergistic mechanisms.52 Finally, S63845 

was found to not cause significant toxicities in other organs within animal models at 

doses under 60 mg/kg and is presently in Phase I clinical trials.52  
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2.7.3 A-1210477 

 

 The design of A-1210477 contains an indole-2-carboxylic acid core that is 

functionalized with a naphthalene motif at the 3-position and a pyrazole motif at the 7-

position while the indole nitrogen is bonded to a morpholine group (Fig 2.7.3.1).53 A-

1210477 was found to potently bind to MCL-1 (Ki < 1.0 nM), however no docking 

simulations or crystal structures with MCL-1 were obtained within the study.53 Co-

immunoprecipitation studies in MCL-1 expressing H929 cells showed that A-1210477 

displaced BIM from MCL-1 and did not affect NOXA levels.53 Following in vitro 

experiments with H929 cells being treated with A-1210477 resulted in apoptotic cell 

death due to the release of cytochrome c, caspase activation and externalization of 

phosphatidylserine.53 When A-1210477 was exposed to solid NSCLC tumor cell lines 

  
  
  

  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

Figure 2.7.2.1: Chemical structure of S63845 and the X-ray crystal structure of 
S63845 bound into MCL-1 (PDB: 5LOF).  
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(H2110 and H23) it caused cytotoxic effects (IC50 < 10 µM).53 Similar to other BH3 

mimetics, A-1210477 acts synergistically with other Bcl-2 selective inhibitors (ABT-737 

and Navitoclax) to promote apoptotic cell death in a variety of cancer cell models.53 

Though no binding data is available for A-1210477 its binding interactions can be 

estimated based on structurally similar MCL-1 BH3 mimetics (Section 2.7.5).  

 

2.7.4 MIM1 

 

 After the discovery that MCL-1 overexpression was common among a variety of 

cancers, research groups began designing and discovering potent MCL-1 inhibitors. The 

Cohen research group pursued this research goal and ultimately discovered the MCL-1 

selective BH3 mimetic MIM1 (Fig 2.7.4.1).54 MIM1 was identified after multiple 

screenings using FPCAs that resulted in MIM1 possessing affinity towards MCL-1 (IC50 

= 4.7 µM) but not BCL-XL (IC50 > 50 µM).54 The chemical structure of MIM1 

encompasses a thiazolyl core with pyrogallol and cyclohexyl motifs.54 Following NMR-

based binding studies with MCL-1 revealed that significant chemical shift changes occur 

in the amide backbone of the BH3 binding groove when MIM1 is triturated into solution, 

providing evidence that MIM1 targets the MCL-1 binding groove.54 Molecular docking 

 
 

Figure 2.7.3.1: Chemical structure of A-1210477 
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of MIM1 into MCL-1 was then performed and predicted that the cyclohexane ring binds 

deep into the p2 pocket whereas the thiazolyl core binds shallowly into the p2/p3 

pocket.54 As for the pyrogallol motif, it was predicted to participate in hydrogen bonding 

networks with residues D256 and R263 of MCL-1.54 MIM1 then demonstrated that it 

inhibits BAX suppression by MCL-1 in a liposomal release assay and causes MCL-1 

dependent apoptotic cell death in an MCL-1 dependent leukemia cell line (p185+Arf-/- B-

ALL) (IC50 = 4.2 µM).54 MIM1 was also found to work synergistically with ABT-737 in 

MCL-1 and BCL-XL expressing leukemia cells (IC50 = 1.4 µM) but MIM1 addition had 

little effect on BCL-XL reconstituted cells.54 Overall MIM1 offers structural insights into 

obtaining MCL-1 selectivity but is not potent enough to progress through clinical trials.54  

 

2.7.5 Fesik’s Indoles 

 

 During the pursuit towards the discovery of selective MCL-1 BH3 mimetics, the 

Fesik research group identified a potent series of indole-based compounds.55 Initially, the 

Fesik research group performed a fragment-based chemical library screen coupled to 

 
 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.7.4.1: Chemical structure of MIM1 
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NMR to identify small molecules that bound into the hydrophobic groove of MCL-1.55 

Two classes of fragments were identified as potential MCL-1 binders: 6,5-fused 

heterocyclic carboxylic acids (class I) and hydrophobic aromatic systems tethered by an 

alkyl linker to polar functional groups or aromatic bicycles (class II).55 Class I fragments 

contained indole-, benzothiophene- or benzofuran-based heterocycles.55 Additionally, 

these fragments possessed substitutions at either the 3-,4- or 6-positions of their rings and 

a carboxylic acid at the 2-position.55 As for the class II fragments, these contained either 

a 4-chloro-3,5-dimethylphenol, naphthyl or other aromatic motifs linked to either a 

carboxylic acid or aromatic bicycle via an alkyl chain.55 Fesik’s research group then 

performed NOE-guided fragment docking simulations to determine the binding mode of 

each class of fragments (Fig 2.7.5.1).55 Class I fragments were predicted to bind into the 

p3 pocket with shallow interactions in the p2 pocket; whereas class II fragments are 

reported to occupy deep into the p2 pocket, a unique binding interaction belonging to 

MCL-1.55 Given this data, Fesik’s research group linked the two fragments together, 

resulting in potent MCL-1 selective BH3 mimetics.55 The most potent MCL-1 selective 

indole, compound 53 (Fig 2.7.5.2) contained an indole core with a carboxylic acid at the 

2-position, a propyl chain ether-linked to a 4-chloro-3,5-dimethylphenyl group at the 3-

position and a chlorine at the 6-postion (Ki = 0.055 µM).55 Additionally, the 

benzothiophene analogue, compound 60 (Fig 2.7.5.2), possessed similar substitution 

patterns and displayed potent affinity towards MCL-1 (Ki = 0.32 µM).55 Crystal 

structures of both the indole and benzothiophene analogues with MCL-1 had similar 

binding pattern results from the NMR studies, the molecules bound within the p2/p3 
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pockets and the carboxylic acids formed hydrogen bonds with Arg263 (Fig 2.7.5.2).55 No 

in vitro data was collected within this study.55  

 

 

 
 
 

 

 

 

 

 

 

 
 

Figure 2.7.5.1: Chemical structure of class I and class II fragments.  
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Figure 2.7.5.2: (A) Chemical structure of compound 53 and 60. (B) X-ray crystal 
structures of compound 60 and compound 53 bound into MCL-1.  

Reference 55: Friberg, A. et al. J. Med. Chem. 2013, 56, pp. 15-30. 
 
 

N
H

OH

O

O

Cl

Cl

S

OH

O

O

Cl

Compound 53 Compound 60

A 

B 
  

Compound 53 (PDB: 4HW2) 

P2 Pocket 

Compound 60 (PDB: 4HW#) 

P2 Pocket 

Compound 53 55 Compound 60 55 



 

 87

 The fragment-based screen also revealed another fragment lead, a tricyclic 

indole-2-carboxylic acid (Ki = 35 µM) (Fig 2.7.5.3).56 The general structure of these 

fragments consisted of an indole ring that formed a thiomorpholine ring at its N- and 7-

positions.56 SAR experiments focused on replacing the heteroatom of the thiomorpholine 

ring and introducing functional groups at the 3-postion of the indole ring or the 2-position 

of the thiomorpholine.56 The most potent analogues from these SAR experiments 

possessed methyl groups at the 3-position of the indole and retained the thiomorpholine 

ring or replaced it with a morpholine (Ki’s = 18 µM).56 NMR binding studies with the 

initial lead fragment (thiomorpholine) resulted in NOE signals between the indole ring 

and residues within the p2 pocket (Ala227, Met231 and Phe270).56 Weaker NOE signals 

were detected between the thiomorpholine ring and residue Thr266 within the p3 

pocket.56 Further modeling of the fragment lead in the MCL-1 binding groove positioned 

the carboxylic acid group next to Arg263 and the 3-position towards the p2 pocket, 

prompting additional SAR studies at that position to enhance occupation of the p2 

pocket.56 

 

  
  
  
 

 

 

 

 

 

 

Figure 2.7.5.3: Chemical structure of lead tricyclic indole. 
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As in their previous reported indoles, Fesik’s research group incorporated motifs 

possessing either a naphthyl or 4-chloro-3,5-dimethyl phenyl structures at the 3-position 

with varying linker lengths.56 Overall, the optimal linker length between the p2 aromatic 

pharmacophores and the tricyclic core is four atoms and both aromatic groups are well 

tolerated in the p2 pocket (Ki’s < 100 nM).56 The most potent analogue of these SAR 

studies possessed a chlorine at the 6-position, a 4-chloro-3,5-dimethylphenyl p2 

pharmacophore attached to a four-atom linker and a piperidine heterocycle (Ki = 3 nM 

for MCL-1, 5.2 µM for BCL-XL and 770 nM for BCL-2).56 X-ray crystal structures were 

acquired with some of the naphthyl analogues within this SAR study, compounds 17 and 

24 (Fig 2.7.5.4), revealing binding interactions that occurred with their indole-based BH3 

mimetics.56 To clarify, the naphthyl group was anchored into the p2 pocket while the 

heterocyclic ring and chlorine occupied the neighboring p3 pocket.56 Later pulldown 

experiments in leukemia cell lysates showed that the tricyclic indoles disrupt the 

interaction between MCL-1 and MS-1, a peptide selective for MCL-1, further supporting 

their claim as potent, MCL-1 selective BH3 mimetics.56 
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After the enhancement and synthesis of these two indole-containing MCL-1 

selective BH3 mimetics, the Fesik research group revisited their indole-based compounds 

to determine if they could further strengthen MCL-1 affinity by reaching into the p4 

pocket.57 To identify chemical structures that occupy the p4 pocket, Fesik’s group 

performed additional fragment-based NMR screens where the p2 pocket of MCL-1 was 

saturated with one of their reported indoles to block unwanted p2 pocket binding.57 

Fragments possessing either an indole, pyrazole, pyrrole or imidazole ring were found to 

bind into the p4 pocket with weak affinity; however, Fesik’s group believed that affinity 

  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

Figure 2.7.5.4: (A) Chemical structures of compounds 17 and 24. (B) X-
ray crystal structures of compounds 17 and 24 bound into MCL-1. 

Reference 56: Burke, J. P. et al. J. Med. Chem. 2015, 58, 9, pp. 3794-3805. 
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of these fragments could greatly improve if they were bonded to their reported indole 

cores.57 Fesik’s group decided to use an acylsulfonamide linker to attach the p4 

pharmacophores to their indole cores since it is a bioisostere of a carboxylic acid, thus 

maintaining the hydrogen bonding network with Arg263, and it is a synthetic handle for 

rapid SAR experiments.57  Indeed, crystal structures of a methylacylsulfonamide 

derivative, compound 9 (Fig 2.7.5.5), with MCL-1 showed that one of the sulfonyl 

oxygens bonded with Arg263 and the methyl group projected into the p4 pocket.57  

 

Following ternary X-ray crystal structures with the methylacylsulfonamide 

analogue and two p4 fragment hits informed Fesik’s group that the addition of a three-to-

four atom linker between the two molecules was necessary for improved MCL-1 

binding.57 Thus, SAR experiments were performed that focused on varying the linker 

length and the p4 binding group.57 The results indicated that a three-atom linker from the 

  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.5.5: Chemical structure of compound 9 and its X-ray crystal 
structure with MCL-1 (PDB: 5FC4).  

Reference 57: Pelz, N. F. et al. J. Med. Chem. 2016, 59, 5, pp. 2054-2066. 
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methyl of the acylsulfonamide is preferred for optimally reaching into the p4 pocket and 

the incorporation of basic groups, but not amide bonds, on the linker reduced binding 

affinity.57 Additionally, a cyclohexane ring amide-bonded at the end of the three-atom 

linker was well tolerated in the p4 pocket and the presence of a chlorine at the 6-position 

of the indole ring further improved MCL-1 affinity.57 After determining the optimal 

linker to reach into the p4 pocket, Fesik’s group then began incorporating their p4 

fragment hits onto their indole acylsulfonamide core.57 MCL-1 binding data revealed that 

smaller aromatic rings (phenyl, furan, pyrrole) improved binding affinity over their 

bicyclic counterparts (indoles, benzofurans) when used as p4 pharmacophores.57 In 

contrast, larger alkyl groups (isobutyl, 3-pentyl) were preferred in the p4 pocket over 

their smaller counterparts (methyl).57 The presence of a chlorine at the 6-position of the 

indole ring was shown to improve binding affinity of all analogues.57 Also, an ortho-

fluorinated phenyl ring was a more potent p4 pharmacophore that its meta- and para-

isomers.57 The most potent analogue of this SAR experiment, compound 47 (Fig 2.7.5.6) 

possessed a Ki of 10 nM and had an isobutyl group as its p4 pharmacophore.57 Re-

visiting crystal structure data hinted at the possibility of a cyclic group being well 

tolerated over the ethylene in the acylsulfonamide linker, overall decreasing rotatable 

bonds and potentially increasing permeability of the compounds.57 Aromatic linkers were 

shown to improve MCL-1 affinity over their alkyl counterparts and not disrupt the 

hydrogen bonding network between Arg263 and the acylsulfonamide.57 Aromatic groups 

were also examined at the 7-position of the indole core to determine their affect towards 

MCL-1 affinity.57 Overall the incorporation of methylated pyrazoles at the 7-position of 

2-phenylacylsulfonamide indoles afforded potent MCL-1 binders (Ki < 10 nM).57 Further 
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SAR experiments were performed with polar linking groups to achieve binding 

interactions with residue Asn260.57 The incorporation of furan-5-carboxylic acid linkers 

improved binding affinity beyond the limits of their FP assay but caused poor 

permeability due to the presence of two acidic groups.57 Fesik’s research group then 

developed a more sensitive fluorescent probe for their FP assay based off compound 60 

(Fig 2.5.7.6) and then undertook one last SAR experiment.57  

 

Within this experiment, the indole core possessed a chlorine at the 6-position, a 

tri-methylated pyrazole at the 7-position, their 4-chloro-3,5-dimethylphenyl p2 

pharmacophore at the 3-position and focused on determining the best polar linker to 

  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  

  
  
  
 

Figure 2.7.5.6: (A) Chemical structures of compounds 47 and 60. (B) X-
ray crystal structure of compound 60 bound into MCL-1 (PDB: 5FDR). 

Reference 57: Pelz, N. F. et al. J. Med. Chem. 2016, 59, 5, pp. 2054-2066. 
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reach into the p4 pocket.57 The most potent analogue of this study, compound 75 (Fig 

2.7.5.7) possessed a Ki of 1 nM when competing off the new FP probe and possessed a 

N-(2,3-dihydro-1H-inden-2-yl)pyridin-2-amine group as its p4 pharmacophore.57 Overall 

these indole acylsulfonamides possess high affinity for MCL-1 but still suffer from poor 

permeability and high serum protein binding, thus causing high micromolar EC50 values 

in cell viability experiments.57 

 

 To further improve the cellular potency of their indole-based MCL-1 selective 

BH3 mimetics, Fesik’s research group performed another SAR study.58  The lead 

compound used within this study, compound 2 (Fig 2.7.5.8), was an indole that followed 

the functionalization of their acylsulfonamide series except the acylsulfonamide linker 

was replaced with an amide bonded benzoic acid motif.58 It should be noted that removal 

of the acylsulfonyl motif caused a decrease in MCL-1 affinity due to the abrogation of 

the hydrogen bonding network with Arg263; however, incorporation of the benzoic acid 

 
 

Figure 2.7.5.7: Chemical structure of compound 75.  
Reference 57:  Pelz, N. F. et al. J. Med. Chem. 2016, 59, 5, pp. 2054-2066. 
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group onto the amide bond restored MCL-1 affinity.58 X-ray crystal structures were 

obtained with their lead 2-amide indole bound to MCL-1 and revealed that the benzoic 

acid motif bound in two different conformations.58 One conformation showed the 

carboxylate of the carboxylic acid above the guanidium group of Arg263 participated in 

hydrogen bonding interactions; whereas the other conformation had the carboxylate 

flipped and hydrogen bonded with Asn260.58 Another important result from the X-ray 

structures was that NH’s from both the amide and indole core projected in the same 

direction, thus prompting Fesik’s group to link the two nitrogens in a cyclic fashion.58  

 

The newly synthesized indole lactam possessed a 10-fold improvement in affinity 

when compared to the lead 2-amide indole and enhanced permeability due to the removal 

of two hydrogen bond donors.58 Also, the indole lactam had reduced affinity towards 

serum proteins and possibly improved bioavailability due to increased stability from the 

modification of the amide bond.58 The indole lactam then progressed to further SAR 

studies involving the replacement of the benzoic acid with indole acids.58 The reasoning 

  
  
  
  
  
  
  
  
  
  
  
  

  
Figure 2.7.5.8: Chemical structure of compound 2 
Reference 58:  Lee, T. et al. FEBS Lett., 2017, 591, 

1, pp. 240-251. 
 
 

H
NCl

NN

O

Cl

HN

O

OH
O

Compound 2
Compound 2 58 



 

 95

behind this SAR study was that the benzoic acid only occupied a small portion of a 

hydrophobic pocket, thus replacement with larger aromatic systems could cause greater 

occupation of the pocket and improve affinity.58 In fact, the indole acid analogues possess 

picomolar affinities to MCL-1 (Ki < 1 nM) in FP assays and maintained low nanomolar 

affinities when in the presence of 1% FBS.58 Further supporting their SAR results, a 

crystal structure of one of the indole acid analogues, compound 5 (Fig 2.7.5.9) revealed 

identical binding interactions observed in the first conformation of the benzoic acid 

lead.58 However, the pyrrole rings of the indole acid moieties better occupied the 

hydrophobic pocket and projected toward residue Asn260, thus displacing Arg263’s 

propylene chain out of the pocket.58 With the conclusion of their SAR experiments, 

Fesik’s group then began testing their indole lactams in H929 (MCL-1 dependent) and 

K562 (MCL-1 independent) cells.58 Co-immunoprecipitation experiments demonstrated 

that the indole lactams efficiently displace both BIM and NOXA from MCL-1 at low 

micromolar dosages (4.0 – 6.0 µM) in H929 cells.58 Cytochrome c release and caspase 

activation was also detected in H929 cells treated with the indole lactams, providing 

evidence that these compounds elicit their cytotoxicity via induction of apoptotic cell 

death.58 Additionally, these compounds at low micromolar concentration caused primary 

patient samples of MM and AML to apoptosis.58 Though these indole lactams possess 
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picomolar affinity to MCL-1 in FP assays, their in vitro activity needs to be further 

improved to better overcome the rapid turnover of MCL-1.58  

 

2.7.6 Maritoclax 

 

 The MCL-1 selective BH3 mimetic Maritoclax (Fig 2.7.6.1) is the isolated natural 

product marinopyrrole A that is produced within a species of murine streptomycetes.59 

Originally, marinopyrrole A was known to possess anti-microbial properties against 

resistant S. aureus strands.59 Maritoclax was later identified as a selective MCL-1 BH3 

mimetic in a library screen that measured a compound’s ability to displace BIM from 

MCL-1 using a FP assay (IC50 = 10.1 µM).59 NMR titrations with Maritoclax and MCL-1 

produced significant chemical shift changes in residues along the binding groove.59 

Docking simulations predicted that one of Maitoclax’s pyrrole groups bind into the p4 

pocket and its connecting phenol group engages in hydrogen bonding interactions with 

  
  
  
  
  
  
  
  
  
  
  
  

  
 

 

 

 

Figure 2.7.5.9: Chemical structure of compound 5 and its X-ray 
crystal structure overlaid with compound 2 (PDB: 6BW8). 

Reference 58: Lee, T. et al. FEBS Lett., 2017, 591, 1, pp. 240-
251. 
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Gly308.59 The other pyrrole ring is solvent exposed with its connecting phenol projecting 

into the p3 pocket and forming hydrogen bonding networks with residues Asn204 and 

Thr247.59 In vitro experiments with an MCL-1 dependent leukemia cell line (transfected 

K562 cells) showed that Maritoclax produces cytotoxic effects upon treatment with an 

EC50 of 1.6 µM and possessed lower efficacy in BCL-2 or BCL-XL overexpressing cells 

(EC50’s > 60 µM).59 Like many other BH3 mimetics, Maritoclax was shown to induce 

apoptotic cell death in MCL-1 dependent cell lines on its own and work synergistically 

with other chemotherapeutics in resistant cancer cells.59 It was later discovered that 

Maritoclax’s apoptotic abilities came from its promotion of MCL-1 degradation via the 

proteasome system, thus classifying it as more of a putative BH3 mimetic.59    

 

2.7.7 3-Subsitutued-N-(4-Hydroxynaphthalen-1-yl)Arylsulfonamides 

 

 Contributing to the growing pool of MCL-1 selective BH3 mimetics, the 

Nikolovska-Coleska research group at the University of Michigan identified a series of 3-

subsitutued-N-(4-hydroxynaphthalen-1-yl)arylsulfonamides  that possessed potent 

affinity and selectivity towards MCL-1.60 The lead compound, UMI-59 (Fig 2.7.7.1) (Ki 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 2.7.6.1: Chemical structure of Maritoclax  
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= 1.55 ± 0.18 µM for MCL-1) was discovered via a FP-based high-throughput screen that 

measured the detected a compound’s ability to displace BID from MCL-1.60 Docking 

simulations with UMI-59 bound to MCL-1’s binding groove predicted that the thiophene 

and naphthalene groups occupied the p2 and p3 pockets, respectively.60 Additionally, the 

carboxylic acid group is shown participating in hydrogen bonding interactions with 

Arg263 and Asn260, while the phenolic group may form a hydrogen bond with His224 in 

the p3 pocket.60 2D HSQC NMR experiments were then carried out to validate the 

accuracy of the computational modeling.60 The results showed significant chemical shift 

changes in residues lining and within the hydrophobic binding groove of MCL-1 when 

the lead compound was present, supporting their computational data.60  

 

Next, SAR experiments began that first focused on the replacement of the 

thiophene ring with other aromatic systems to overall optimize binding within the p2 

pocket.60 It was found that replacement with smaller, hydrophobic moieties (methyl) 

decreased MCL-1 affinity; however, para-substituted phenyls elicited increased affinity, 

which was shown to be dependent on the size of the substituent.60 Ortho- and meta-

 
 

 

 

 

 

 

 

 

 

 

 
Figure 2.7.7.1: Chemical structure of UMI-59  
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substitution possessed lower affinity when compared to para-analogues, the most potent 

being the para-bromine analogue, UMI-77 (Ki = 0.49 µM) (Fig. 2.7.7.2).60 Following 

SAR experiments examined what effect bi-phenyl systems would have on MCL-1 

affinity at the thiophene position.60 Biphenyl systems were shown to improved binding 

affinity, the most potent containing either a para-chlorine motif on the distal ring or an 

either linkage between the two rings (Ki = 0.17 and 0.18 µM, respectively).60 

Computational docking simulations with the biphenyl ether linkage derivative, compound 

21, predicted binding interactions similar to that of UMI-59 only the p2 pocket had a 

greater degree of occupation from the biphenyl motif.60 The incorporation of a para-

phenylpiperazine to increase solubility caused a significant loss in affinity.60 Next, the 

replacement of the acylsulfonamide linker with other functional groups was performed 

since it was shown to not partake in any key binding interactions within the binding 

data.60 Replacement with a carbamide or methylene linker decreased MCL-1 affinity, 

hence hinting at the importance of linker flexibility in establishing potent binding.60 The 

carboxylic acid functionality was also subjected to SAR experiments and revealed that 

removal or esterification of the acid significantly decreased affinity 3- to 10-fold.60 

Additionally, replacement with bioisosteres or homologation of the carboxylic acid motif 

had no effect on binding affinity.60 The removal of the phenoxy moiety that forms 

hydrogen bond interactions with His224 also decreased affinity.60 NOXA pull-down 

experiments indicated that the naphthalene-based compounds disrupted that 

NOXA:MCL-1 protein interaction in whole breast cancer cell lysates.60 These 

compounds also possessed low micromolar EC50 values in leukemia and lymphoma cell 

lines, offering promising results.60 Overall, the cellular activity of these compounds needs 
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to be improved before clinical trials; however, these compounds still possess beneficial 

binding data that will be implemented into my BH3 mimetic designs. 

 

2.7.8 ML311 (EU-5346) 

 

 Eutropics Pharmaceuticals also joined in the race towards the development of 

MCL-1 selective BH3 mimetics and successfully synthesized a potent MCL-1 selective 

BH3 mimetic, ML311.61 ML311’s lead was first identified through a ultrahigh-

throughput screen against the MCL-1:BIM protein interaction and later against BCL-

XL:BIM.61 Hits that displaced BIM from MCL-1, but not BCL-XL, were then advanced to 

dose response studies to further condense the pool of potential drug candidates.61 After 

the completion of their screening assays, 7-hydroxyquinolines were chosen as drug leads 

due to their favorable drug properties and MCL-1 affinity (IC50 = 2.4 µM) (Fig 2.7.8.1).61 

These hydroxyquinolines possessed two functional groups that were ideal for SAR 

studies: a carboxylic acid, leads to poor permeability, and a chlorine at the 4-position on 

the hydroxyquinoline ring, promotes poor water solubility.61 Removal of these groups 

maintained MCL-1 affinity of the lead, whereas removal of the quinoline nitrogen and 

  
  
  
  
  
  
  
  
  
  

 Figure 2.7.7.2:  Chemical structures of UMI-77 and 
compound 21. Reference 60: Abulwerdi, F. A. et al. J. Med. 

Chem. 2014, 57, 10, pp. 4111-4133. 
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hydroxyl group drastically decreased affinity.61 Replacement of the carboxylic acid 

functionality with para-substituted phenyls or 5-membered heterocycles increased MCL-

1 affinity (IC50 < 0.5 µM).61 Later SAR experiments focused on the replacement of the 

pyridine ring with other basic modalities.61 Overall, the replacement of the pyridine with 

either a piperidine, morpholine or piperazine significantly improved affinity.61 Thus, the 

most potent compound synthesized after their SAR experiments was ML311.61  

 

Computational docking simulations predicted that ML311 binds into the 

hydrophobic groove with the hydroxyquinoline core interacting with Asn260.61 Also, the 

piperazine motif is shown binding into the p2 pocket with the trifluoromethane phenyl 

ring binding shallowly in the p3 pocket.61 ML311 has been shown to be 100-fold more 

selective towards MCL-1 than the other anti-apoptotic Bcl-2 proteins in FP assays (IC50 = 

0.31 µM for MCL-1 vs. > 40 µM for BCL-XL).61 Additionally, ML311 possesses potent 

activity in MCL-1 overexpressing cell lines (EC50 = 0.3 µM) and nanomolar GI50 values 

in multiple leukemia, NSLCC, colon, CNS and prostate cancer cell lines.61 ML311’s 

  
  
  
  
  
  
  
  
  
  
  
 

 Figure 2.7.8.1: Chemical structures of 7-
hydroxyquinoline lead and ML311. 
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proposed function is to act as a probe in MCL-1-based assays over use as a 

chemotherapeutic.61 Though it possesses high affinity for MCL-1, binding mode and 

docking experiments to be performed to accurately classify ML311 as a BH3 mimetic, 

however at this time it will be assumed that this compound binds into the hydrophobic 

groove.   

2.7.9 AZD5991 

 

 In 2018 AstraZeneca developed one of the most potent and MCL-1 selective BH3 

mimetics, AZD5991.62 AstraZeneca employed a variety of lead generation strategies, 

ranging from fragment-based screening to structure-based drug design, to identify a novel 

lead compound; however, the only potent hits detected were indole-2-carboxylic acid 

compounds previously discovered by Fesik’s research group.62 Nevertheless, 

AstraZeneca decided to use these indoles as lead compounds and began their drug 

development route with the validation of their leads’ binding mode to MCL-1.62 X-ray 

crystal structures of their indole leads with MCL-1 possessed similar binding interactions 

observed with Fesik’s indoles; however, the stoichiometry of compound-to-protein was 

2:1 instead of 1:1 (Fig 2.7.9.1).62 Further examination of the crystal structure revealed 

that the p2 pocket expanded to accommodate the second, less potent compound after 

binding of the first.62 AstraZeneca then began designing hybrid compounds to take 

advantage of the fluidity of the p2 pocket.62 The hybrid compounds initially possessed a 

two-atom linker between the two leads due to their close binding proximity on MCL-1.62 

The first hybrid compound was a dimer of their less potent lead, which was chosen over 
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the more potent lead due to favorable solubility, and yielded no improvement in activity 

over its monomer.62  

 

During the synthesis of their first hybrid dimer, AstraZeneca isolated a byproduct 

the contained the less potent lead bonded to an additional pyrazole ring (Fig 2.7.9.2).62 It 

was believed that the additional pyrazole ring could reach into the p4 pocket and engage 

in favorable binding interactions, thus AstraZeneca decided to obtain a crystal structure 

with it bound to MCL-1 (Fig 2.7.9.2).62 Indeed, the crystal structure revealed the p2 

pocket expanding to accommodate the extra pyrazole ring with its linker, overall 

adopting a U-shaped conformation within the pocket and bringing the pyrazole ring 3.6Å 

from the naphthalene ring.62  

 

 

 

  
  
  
  
  
  
  
  
  
  
  

  
Figure 2.7.9.1: X-ray crystal structure of AstraZeneca’s lead indole bound into 

MCL-1 at a 2:1 stoichiometry (PDB: 6FS2). 
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This discovery led AstraZeneca to design molecules that had the pyrazole and 

naphthalene rings linked together, overall forming macrocyclic compounds.62 Their 

initial macrocycle possessed increased affinity over the non-cyclic derivative (IC50 = 19 

nM over 42 nM) and further modifications yielded a 6-chloro analogue that ultimately 

became AZD5991 (Fig 2.7.9.3) (IC50 < 3 nM).62 Interestingly, only the R-enantiomer of 

AZD5991 bound to MCL-1 (Fig 2.7.9.3).62 Crystal structure data with AZD5991 

revealed that the 6-chloro and N-methyl groups caused restricted rotation around the 

biaryl bond and forced the carboxylic acid to be orthogonal to the indole core, improving 

its interaction with Arg263.62 NMR solution structure experiments demonstrated that 

AZD5991 adopts a free-ligand conformation similar to its bioactive conformation, 

promoting its potent affinity for MCL-1.62 Selectivity experiments resulted in AZD5991 

possessing greater than 10,000-fold selectivity for MCL-1 (IC50 = 0.72 nM) over BCL-2 

(IC50 = 20 µM) and BCL-XL (IC50 = 36 µM).62 Following in vitro cell toxicity 

  
  
  
  
  
  
  
  
  
  
  

  
 

 

 

Figure 2.7.9.2: X-ray crystal structure of AstraZeneca’s pyrazole analogue 
bound into MCL-1. 
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experiments concluded that AZD5991 killed MCL-1 overexpressing cancer cells (EC50 < 

0.19 µM) but was shown to possess high serum binding.62 Additionally, AZD5991 was 

shown to cause apoptotic cell death in treated cancer cells and reduced MCL-1 levels.62 

AZD5991 also promoted apoptotic cell death in hematological patient-derived cancer 

cells and tumor regression in in vivo models of MM at a dose of 60 mg/kg after ten days 

(TR = 99%).62 Interestingly, cancer cell populations that were allowed to grow back after 

the first dose of AZD5991 were still sensitive to treatment after 36 days.62 AZD5991 also 

worked synergistically with bortezomib and Venetoclax in overcoming resistant cancer 

cell populations.62 Currently, AZD5991 is in phase I clinical trials for the treatment of 

relapsed or refractory haematologic malignancies.62  

 

  

 

 

  
  
  
  
  
  
  
  
  
  
  

  
 

Figure 2.7.9.3: X-ray crystal structure of AZD5991 bound into MCL-1. 
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AZD5991 was not the only macrocyclic MCL-1 selective BH3 mimetic 

discovered by AstraZeneca, they also discovered lead compounds (Fig 2.7.9.4) from a 

library screen of tripeptide DNA-linked compounds.63 These leads possessed low 

micromolar affinity towards MCL-1 (IC50 < 2 µM) and following SAR experiments 

involving these leads revealed that the removal of their aromatic halogens significantly 

lowered binding affinity.63 An X-ray crystal structure with one of the leads, compound 1, 

bound into MCL-1 revealed that binding occurred within the hydrophobic groove with no 

detectable hydrogen bonding interactions with Arg263 (Fig 2.7.9.4).63 However, the 

bromophenyl ring was shown to participate in van der Waals interactions with Arg263.63 

Additionally, Arg263 was shown to form a salt bridge with the residue Asp256.63 Other 

observed binding interactions were the carbonyl group of the bromo-homophenylalanine 

hydrogen binding to the NH of a glycine and the primary amine hydrogen bonding to 

Ser255.63 Interestingly, the dichlorophenyl ring bound into the p2 pocket but was unable 

to optimally occupy its hydrophobic space, thus additional SAR experiments were 

performed to introduce larger hydrophobic groups at that position to promote better 

occupation of the p2 pocket.63 
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Overall, the inclusion of a phenyl ring ethyl-linked to the phenyl ring achieved 

optimal reach towards and occupation of the p2 pocket.63 Also, the presence of a 

methylsulfonyl group in the para-position of the phenyl ring next to the primary amine 

also increased MCL-1 binding affinity.63 Upon further examination of the X-ray crystal 

structure with compound 1, AstraZeneca noticed that the two homophenylalanine groups 

bound to MCL-1 in close proximity, thus sparking the idea to link the two groups 

together to form a macrocyclic structure.63 The initial macrocycle was found to display a 

lower potency than AstraZeneca had expected.63 Following NOE data revealed that the 

  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

Figure 2.7.9.4: (A) Initial lead compounds 1 and 2. (B) X-ray crystal structure of compound 1 
bound into MCL-1. Reference 63: Johannes, J. W. et al. ACS Med. Chem. Lett. 2017, 8, 2, pp. 

239-244. 
 
 

  

A 
  

B 
  

Compound 1 (PDB: 5KU9) 

Compound 1 63 Compound 1 63 Compound 2 63 



 

 108

initial macrocycle bound with a trans-conformation within the hydrophobic groove, 

whereas their initial leads adopted a cis-conformation.63 To promote the cis-conformation 

of the macrocycle, AstraZeneca methylated the amide NH within the alkyl linkage, 

resulting in the potent macrocycle compound 13 (Fig 2.7.9.5) (IC50 = 155 nM).63 

Additional SAR experiments focusing on the alkyl-linker length that fused the ends of the 

compound together were also performed and indicated that 4- or 5-atom linker had no 

significant improvement in binding affinity when compared to the 3-atom linker.63 

Unfortunately, these initial macrocycles displayed high cLogP values (cLogP > 7), 

prompting AstraZeneca to add more hydrophilic groups into their macrocycles.63 

Addition of a methylsulfone off the distal phenyl ring in place of the chlorine in 

compound 13 produced a potent MCL-1 BH3 mimetic, compound 21 (Fig 2.7.9.5) with a 

favorable cLogP of 4.7.63 X-ray crystal structures of compound 21 bound to MCL-1 

revealed similar binding interactions and orientations that were observed with compound 

1.63 However, a major difference between the two crystal structures is that compound 21 

was able to hydrogen bond with Arg263 through its sulfone motif.63  
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After achieving favorable cLogP values, AstraZeneca was able to revisit the p2 

pocket to further improve binding affinity.63 The most potent compound from their re-

visited p2 pocket SAR experiments, compound 26 (Fig 2.7.9.6), possessed an IC50 value 

less than 3 nM.63 Compound 26 was later subjected to selectivity studies where it was 

found to bind to BCL-2 with an IC50 of 5.5 µM and >99 µM with BCL-XL.63 Following 

in vitro studies with MV4-11 cells indicated that compound 26 possessed an EC50 value 

of 3.78 µM and prompted apoptotic cell death.63 Overall, these studies reveal that the 

  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Figure 2.7.9.5: (A) Initial macrocycle and compound 13. (B) X-ray crystal structure of 
compound 21 bound into MCL-1 (PDB: 5MEV). Reference 63: Johannes, J. W. et al. 

ACS Med. Chem. Lett. 2017, 8, 2, pp. 239-244. 
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binding groove of MCL-1 is able to accommodate large, macrocyclic compounds and 

hints at possible design elements that could promote MCL-1 selectivity.63        

 

  2.7.10 Pyrrolidines 

 

 After the discovery of WL-276, the Fang research group decided to further 

modify its chemical structure in order to create an MCL-1 selective BH3 mimetic.64 Their 

analogues were screened against MCL-1 and the results identified pyrrolidine derivatives 

as potential leads (Ki = 8.4 µM) (Fig 2.7.10.1).64 Initial SAR experiments revealed that 

inclusion of biphenyl motifs at the 4-position and aromatic acids attached to the 2-

position of the pyrrolidine ring improved MCL-1 affinity.64 Additionally, benzene 

sulfonamides also increased affinity when bonded to the carboxylic acid of the amino 

acid motif.64 The most potent compound within the first series of SAR modifications, 

compound 21 (Fig 2.7.10.1), possessed a Ki of 530 nM against MCL-1.64 Docking 

 

 
 

Figure 2.7.9.6: Compound 26.  
Reference 63: Johannes, J. W. et al. ACS Med. Chem. Lett. 2017, 8, 

2, pp. 239-244. 
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simulations with compound 21 predicted that the sulfonyl group participated in hydrogen 

bonding with Arg263 and Asn260’ whereas the biphenyl motif occupied the p2 pocket.64 

Also, the carbonyl from the pyrrolidine ring is shown interacting with Thr266.64 Further 

selectivity experiments revealed that the most potent pyrrolidine for MCL-1 did not 

possess the highest selectivity; however, simple modifications to the biphenyl and 

sulfonamide motifs resulted in an equipotent pyrrolidine, compound 28 (Fig. 2.7.10.2) 

with an 8-fold selectivity towards MCL-1 (Ki = 560 nM) over BCL-2 (Ki = 4.6 µM) and 

15-fold over BCL-XL (Ki = 8.7 µM).64 These compounds were also shown to be effective 

at killing breast, prostate and leukemia cancer cell lines (IC50’s < 20 µM).64  

 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 2.7.10.1: Chemical structures of the initial lead compound and compound 21. 
Reference 64: Wan, Y. et al. Bioorg. Med. 2017, 25, 1, pp. 138-152. 
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These pyrrolidine compounds were further subjected to SAR studies to enhance 

their affinity for MCL-1.64 An interesting trend observed within these experiments is that 

analogues that did not possess the Boc protecting group possessed significantly lower 

affinity towards MCL-1 than their protected counterparts.64 Overall, the most potent 

analogue from this study, compound 18 (Fig. 2.7.10.3), possessed a Ki of 77 nM against 

MCL-1, 930 nM against BCL-2 and 1.3 µM against BCL-XL.64 Docking studies with 

compound 18 bound into MCL-1 predicted similar binding interactions observed in their 

previous docking studies with their initial pyrrolidines.64  When tested in MDA-MB-231, 

PC-3 and K562 cells, compound 18 was shown to possess EC50 values of 23.4 µM, 10.2 

µM and 17.3 µM. respectively.64 Though these compounds have been shown promote 

cytotoxic responses in cancer cells, additional studies need to be performed to assess their 

toxicity against normal cell lines and identify which mechanism they induce to promote 

cell death.64  

 

 
 

Figure 2.7.10.2: Chemical structure of compound 28. 
Reference 64: Wan, Y. et al. Bioorg. Med. 2017, 25, 1, pp. 

138-152. 
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2.7.11 5-phenylsalicylates and 2-(Arylsulfonamido) Benzoates 

 

 AbbVie, the successor of Abbott Laboratories, decided to embark on their own 

journey to discover and synthesize potent MCL-1 BH3-mimetics.65 AbbVie began by 

subjecting 17,000 potential MCL-1 binders to a high-throughput 2D NMR screen that 

measured their ability to induce significant chemical shift changes in residues within 

MCL-1’s binding groove.65 The top hits from the NMR screen were then subjected to an 

FPCA to further validate and measure their affinity for MCL-1.65 Aryl sulfonamides 

(compound 1) (Fig 2.7.11.1) and salicylic acid (compound 2) (Fig 2.7.11.1) containing 

compounds were identified as potential MCL-1 binders.65 AbbVie attempted to obtain X-

ray crystal structures of these fragments to help guide their future SAR experiments, but 

found that none of their hits were potent enough to form crystals with MCL-1; thus, they 

performed NOE-guided molecular docking of one of their aryl sulfonamide hits, 

compound 1 into MCL-1 to establish a basis for their SAR experiments.65 The docking 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7.10.3: Chemical structure of compound 18. 
Reference 64: Wan, Y. et al. Bioorg. Med. 2017, 25, 1, 

pp. 138-152. 
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model predicted that the aryl sulfonamide bound into the p2/p3 pocket space of MCL-1 

with the alkene moiety projecting into the p2 pocket.65  

 

Thus, AbbVie began performing SAR experiments involving the replacement of 

the alkene with larger, hydrophobic groups to better occupy the p2 pocket.65 The most 

potent analogue from this SAR study, compound 15 (Fig 2.7.11.2) possessed a 4-methyl 

napthyl ring motif at the alkene position (IC50 = 400 nM).65 The next position of the aryl 

sulfonamide lead to undergo SAR experiments was the sulfonamide moiety since it was 

solvent exposed and parallel with the groove.65 Keeping the 4-methyl naphthyl ring in the 

alkene position, sulfonamide analogues were created and the results indicated that 

presence of a pyrazole ring ether linked to the para-position of a phenyl sulfonamide 

provided the strongest binding affinity (IC50 = 30 nM).65 The crystal structure of a 4-

phenoxybenzenesulfonamide analogue, compound 17 showed that the carboxylic acid 

 
 

 

 

 

 

 

 

 

 

 
Figure 2.7.11.1: (A) Chemical structures of lead 

compounds 1 and 2. Reference 65: Petros, A. M. et al. 
Bioorg. Med. 2014, 24, 6, pp. 1484-1488.  
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interacted with Arg263, the naphthyl ring bound deep into the p2 pocket and the biphenyl 

ring motif bound into the p1 pocket.65  

 

With a potent aryl sulfonamide and crystal structure binding data, AbbVie then 

shifted their focus onto performing SAR experiments on their salicylic acid hit.65 The 

computational docking of the salicylic acid hit, compound 2, into MCL-1 positioned the 

carboxylic acid next to Arg263, providing favorable hydrogen bonding interactions, with 

the aryl sulfane reaching towards the p2 pocket.65  

Following the initial SAR experiments performed with the aryl sulfonamides, 

AbbVie focused on replacing the sulfane with larger aromatic motifs to increase p2 

pocket binding.65 The most potent analogue from these studies, compound 44 (Fig 

2.7.11.3) possessed a benzyloxynapthalene moiety at the 5-position (IC50 = 570 nM).65 

Crystal structure data of another structurally similar derivative, compound 36 (Fig 

2.7.11.3) indicated that the salicylic acid core bound in the p2 pocket while the aromatic 

  
  
  
  
  
  
  
  
  
  
   
  

Figure 2.7.11.2: (A) Chemical structures of 
compounds 15 and 17.  Reference 65: Petros, A. M. 

et al. Bioorg. Med. 2014, 24, 6, pp. 1484-1488. 
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groups at the 5-position bound into the p1 pocket (Fig 2.7.11.4).65 No in vitro data was 

provided within the scientific study, prompting the need to determine how efficacious 

these compounds are in MCL-1 overexpressing cells.65 Additionally, no binding data was 

presented with these compounds and other Bcl-2 anti-apoptotic proteins, thus providing 

no evidence that these compounds are MCL-1 selective.65  

 

2.7.12 N-Substituted 1-Hydroxy-4-Sulfamoyl-2-Naphthoates 

 

 With the chemical structures of the indoles from Fesik and 5-phenyl salicylates 

from AbbVie, the Fletcher research group designed potent MCL-1 selective BH3 

mimetics based on a naphthoate core.66 The initial design strategy for this study was to 

hybridize the two different classes of BH3 mimetics to afford a potent MCL-1 selective 

inhibitor that could engage in hydrogen bonding interactions with Arg263 and promote 

deep occupation of the p2 pocket (Fig 2.7.12.1).66  

 

  
  

  
  

  
  
  
  
  
  
  
  
  

Figure 2.7.11.3: (A) Structures of compounds 36 and 44. (B) Crystal structure of 
compound 36 bound into MCL-1 (PDB: 4OQ6). Reference 65: Petros, A. M. et al. 

Bioorg. Med. 2014, 24, 6, pp. 1484-1488. 
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The naphthoate core was chosen due to its novelty, potential to interact with the 

p3 pocket and ready functionalization.66 To guide their SAR studies, the Fletcher group 

implemented the SILCS method with MCL-1 to identify the types of groups that would 

best accommodate the different binding regions of its hydrophobic groove.66 The 

generated FragMaps were then validated through docking of Fesik’s lead indole into the 

them and then overlaying the docked structure with the crystal structure, overall resulting 

in similar binding patterns.66 The lead naphthoate, compound 3a (Fig 2.7.12.2) was 

predicted by SILCS to have its carboxylic acid group interact with Arg263, its aniline 

ring bind into the p2 pocket and its naphthoate distal ring bind into the p3 pocket.66 Given 

the adequate binding affinity of the lead (Ki = 2.76 µM), SAR experiments were then 

performed to improve affinity.66  

  
  

  
 

 

 

 

 

 

 

 

 

Figure 2.7.12.1: General structure for the naphthoate-based 
MCL-1 BH3 mimetics. 
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Observed trends within these SAR experiments were that the inclusion of 

substituted benzylic amines in place of the sulfonamide NH2 group, additional 

bromination of the aniline ring and further functionalization of the aniline ring with other 

aromatic groups improved MCL-1 binding affinity through greater occupation of the p2 

pocket.66 The most potent analogue from this SAR study, compound 3bg (Fig 2.7.12.3) 

possessed a 2,4-dichlorophenyl ring at the para-position of the aniline ring (Ki = 79 

nM).66 Further SAR studies involving the replacement of the sulfonamide NH group with 

N-aryl groups were later performed and the results indicated that replacement with either 

a benzyl or cyclopentyl group significantly increased MCL-1 affinity.66 Overall the most 

potent naphthoate from this study, compound 3bl (Fig 2.7.12.3) possessed a 4-chloro-3,5-

dimethylphenyl ring at the para-position of the aniline ring and a benzyl ring attached to 

the sulfonamide nitrogen (MCL-1 Ki = 31 nM).66 Additionally, this compound was 

shown to be 11-fold more selective for MCL-1 over BCL-XL (Ki = 340 nM).66 The 

presence of the carboxylic acid and hydroxyl group on the naphthoate ring were shown to 

be necessary for achieving potent MCL-1 binding since removal or modification of these 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7.12.2: Chemical structure of compound 3a. Reference 66: 

Lanning, M. E. et al. Eur. J. Med. Chem. 2016, 113, pp. 273-292.   
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groups caused a 40-fold reduction in affinity.66 2D NMR experiments with these 

compounds in the presence of MCL-1 resulted in significant chemical shift changes for 

residues located within the binding groove, specifically Arg263, Asn260 and those within 

the p2/p3 pocket, thus providing evidence that these compounds behave like BH3 

mimetics.66 SILCS modeling of compound 3bl predicted that it participates in hydrogen 

bonding interactions with Arg263 through its carboxylic acid, the hydroxyl group forms 

hydrogen bonding interactions with Thr266, the aniline region occupies the p2 pocket 

and the naphthoate core binds within both the p2 and p3 pockets.66 Unfortunately, these 

compounds performed poorly in in vitro experiments with melanoma cell lines (IC50 > 50 

µM), which is most likely due to the presence of their carboxylic acids.66 Cellular activity 

was improved with the acetoxymethyl ester derivative of one of their potent binders due 

to increased cell permeability followed by possible metabolism into the active 

molecule.66 Though these compounds possess high affinity and selectivity for MCL-1, 

their physiochemical properties need to be further improved before in vivo experiments 

can be performed.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7.12.3: Chemical structures of compounds 3bg 

and 3bl. Reference 66: Lanning, M. E. et al. Eur. J. 

Med. Chem. 2016, 113, pp. 273-292.   
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2.7.13 2,6,9-Substituted Purines 

 

 In addition to the naphthoate-based MCL-1 selective BH3 mimetics, the Fletcher 

research group also designed purine-based α-helix mimetics functionalized to target 

MCL-1.67 The 2-,6-, and 9-positions of the purine core were chosen to undergo SAR 

experiments since those positions would best mimic the spatial orientation of the i, i + 3/4 

and i + 2 side chains of an α-helix.67 It was also theorized that the purine scaffold would 

lower the cLogP of the compounds, improving their physiochemical properties.67 The 

motifs that were chosen to decorate the purine core at the 2- and 9-positions were those 

the mimicked the side chains of BAK that bound into MCL-1, specifically mimetics of 

Leu78, Ile81 and Ile85.67 At the 6-postion were functional groups that mimicked BAK’s 

conserved aspartic acid residue, allowing the molecules to capture the critical hydrogen 

bonding interaction with Arg263.67 The most potent purine, compound 5db (Fig 2.7.13.1) 

possessed a low affinity for MCL-1 (IC50 = 72.3 µM) and 2.8-fold more selective when 

compared to BCL-XL (IC50 = 201 µM).67 However, these compounds possessed favorable 

molecular weights and cLogD values when compared to terphenyl-based α-helix mimetic 

cores, thus progressing the development of α-helix mimetics to contain improved drug-

like properties.67 GOLD docking simulations with compound 5db bound in MCL-1’s 

hydrophobic groove revealed that its naphthyl group at the 9-position bound into the p2 

pocket, its benzyl group at the 2-position interacted with the p3 pocket and the carboxylic 

acid motif at the 6-position participated in hydrogen bonding with Arg263.67 Those these 

compounds have significantly weaker binding affinities to MCL-1 than previously 

reported BH3 mimetics, they still support reported trends in obtaining MCL-1 selectivity 

and offer a potential route to create more drug-like α-helix mimetics.67 
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2.7.14 S1 Derivatives 

 

 As previously mentioned in an earlier section of this review (2.4.5), the 

compound S1 possessed pan-activity for the Bcl-2 anti-apoptotic proteins. The Chen 

research group decided to use S1’s structure to create more potent, MCL-1 selective and 

soluble BH3 mimetics.68 To achieve this goal, Chen’s research group performed 

fragment-based approach that involved splitting S1 into smaller fractions and measured 

their affinities for MCL-1 through isothermal titration calorimetry (ITC).68 The 8-oxo-

8H-acenaphtho [1,2-b] pyrrole-9-carbonitrile fragment of S1, compound 2 (Fig 2.7.14.1), 

demonstrated favorable MCL-1 affinity (Kd = 1.83 µM) and was further split into 

additional fragments, which unfortunately displayed weaker binding affinities (Kd > 10 

µM).68 One of the fragments, cyanoacetamide (Fig 2.7.14.1), was later found to possess 

the highest ligand efficiency score (LE = 1.12) and bind specifically into MCL-1’s 

hydrophobic groove, thus it progressed towards SAR experiments.68 The cyano and 

amino groups were the focus of these SAR experiments since the cyano was predicted to 

project into the p2 pocket, whereas the amino group pointed toward the p4 pocket.68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.7.13.1: Compound 5db. Reference 67: Lanning, M. E. 

et al. Org. Biomol. Chem. 2015, 13, 32, pp. 8642-8646.  
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When larger hydrophobic groups were incorporated at the 2-position of the alkyl chain 

and at the amino portion of cyanoacetamide binding affinity improved.68 The most potent 

analogue synthesized during these SAR experiments, compound 4g (Fig 2.7.14.1) 

possessed a benzyl group bonded to the amino nitrogen and an (E)-buta-1,3-dien-1-

ylbenzene group at the 2-position (Kd = 0.16 µM).68  

 

Additional SAR experiments were performed on another hit fragment, 2-[2-oxo-

2H-acenaphthylen-1-ylidene]-malononitrile, but the analogues of these experiments did 

not obtain the potency of the cyanoacetamide series (most potent analogue Kd = 1.45 

µM).68 Following NMR binding studies with compound 4g showed significant chemical 

shift changes in residues along the p2 pocket, p4 pocket and Arg263.68 Docking 

simulations predicted that the carbonyl participated in hydrogen bonding interactions 

with Arg263 and the (E)-buta-1,3-dien-1-ylbenzene bound into the p2 pocket, whereas 

the amino-benzyl group occupied the p4 pocket.68 Selectivity studies with the 

cyanoacetamide analogue resulted in complete loss of BCL-2 affinity.68 Also, the 

cyanoacetamide analogue promoted apoptotic cell death in MCL-1 overexpressing cells 

 

 
 

 
 

Figure 2.7.14.1: Chemical structures of lead compound 2, cyanoacetamide and compound 
4g. Reference 68: Zhang, Z. et al. Eur. J. Med. Chem. 2013, 59, pp. 141-149. 
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(IC50 = 0.38 µM) and elicited weaker efficacy in BCL-2 dependent cell lines (IC50 = 47.2 

µM), further supporting its MCL-1 selectivity.68  Though these compounds possess 

adequate affinity and selectivity towards MCL-1, due to their highly hydrophobic nature 

their efficacy needs to be determined in the presence of serum proteins.68 Also, to reach 

optimal clinical performance their affinities need to be improved to picomolar or 

subnanomolar affinity.68 

 In addition to the cyanoacetamides that were identified through S1 fragmentation, 

the Chen research group also identified 2-hydroxynicotinonitriles as selective BH3 

mimetics.69 Their fragment lead, a 2-hydroxynicotinonitrile (Fig 2.7.14.2), was 

determined to have the highest LE score (0.60) and although it possessed a large Ki value 

(113 µM), it did have a small molecular weight and cLogP, thus progressing it into SAR 

studies.69 The 5-position was shown to be the most favored for SAR experiments and the 

incorporation of aromatic groups at this position improved MCL-1 affinity 10-to-20 

fold.69 Since all these analogues had similar LE scores (0.4), an additional scoring 

function was implemented, fit quality (FQ), to determine which analogue was the best to 

progress forward.69 It was found that compound 6e (Fig 2.7.14.2), which possesses a 

phenyl ring attached to the 5-positon via a sulfur linker, displayed one of the highest FQ 

scores (0.85) and thus was subject to additional modifications.69 Overall, hydrophobic 

substituents at the para-position of the phenyl ring were shown to improve affinity; 

however, large of groups like a t-amyl caused increase steric hinderance and reduced 

binding affinity.69 An isopropyl group was shown to elicit the highest potency at this 

position (Ki = 0.86 µM).69 The cyano group was later replaced with an amide linkage to 

remove potential toxicity issues and provide better projection into a potential 
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hydrophobic pocket.69 The most potent analogue after these SAR experiments, compound 

12c (Fig 2.7.14.2), was shown to be potent against MCL-1 (IC50 = 0.054 µM) while still 

maintaining favorable drug properties.69 This compound also did not elicit any binding 

affinity towards BCL-2 and induced apoptotic cell death in MCL-1 overexpressing cells 

(IC50 = 0.84 µM) with lowered efficacy in BCL-2 dependent cells (IC50 = 24.5 µM), thus 

providing evidence that this compound is MCL-1 selective.69 Unfortunately, no binding 

mode data was produced during this study, thus hampering the ability to determine which 

residues within MCL-1 are interacting with the different moieties of the compound.69 As 

stated with the cyanoacetamide compounds, further testing in the presence of serum 

proteins needs to be performed to determine how these compounds could be affected in 

live animals.      

 

2.7.15 Benzylpiperazines 

 

 In 2013 the Wang research group undertook a discovery and design study to 

synthesize MCL-1 selective BH3 mimetics.70 At the time not many selective MCL-1 

inhibitors were known or identified, thus the Wang group performed a computational 

fragment-based screen against 25,000 reported protein-ligand complexes in order to 

 

 
 
Figure 2.7.14.2: Chemical structures of 2-hydroxynicotinonitrile lead, 
compound 6e and compound 12c. Reference 69: Zhang, Z. et al. Eur. J. 

Med. Chem. 2013, 60, pp. 410-420. 
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identify potential fragments that could bind into MCL-1’s hydrophobic groove.70 Delving 

more in depth into their discovery method, MCL-1’s binding groove was separated into 

three different sites: the P-site (resiues Met231, Leu235 and Val249), the Q-site (residues 

His224, Asn260 and Phe319) and the L-site (region between P- and Q-site).70 Overall, 

hydrophobic groups were chosen to bind into the P-site while phenyl rings containing 

polar substituents were chosen for the Q-site.70 As for linkers that could occupy the L-

site, pyrazoles and benzamide motifs were chosen.70 Assembly of all the different 

fragments together produced four series of benzylpiperazines (Fig 2.7.15.1) that were 

later tested in FP binding assays to determine their affinities towards the Bcl-2 anti-

apoptotic proteins.70 

 

  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.15.1: The four series of benzylpiperazines that target site P 
(red), site L (blue) and site Q (green). 
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Benzylpiperazines in series A displayed Ki values less than 15 µM in regards to 

MCL-1, the most potent of which possessing a Ki value of 180 nM.70 Within this series 

the ortho-biphenyl group was discovered to significantly affect MCL-1 binding affinity 

since its relocation along the phenyl ring and halogenation reduced MCL-1 binding 

affinity.70 The Wang group believed that this moiety occupied the hydrophobic P-site of 

MCL-1 and thus they replaced it with other aromatic ring systems (naphthyl and 

trimethoxybenzyl), resulting in an increase in affinity.70 Fragments shown to interact with 

the Q-site in this series were aromatic systems containing hydrogen bond acceptors 

(acetic(trimethoxyphenyl) and carboxylbenzyl groups), thus possibly forming hydrogen 

bonds with Arg263 or Asn260 to gain their affinity.70 The most MCL-1 selective 

benzylpiperazine within this series, compound A1 (Fig 2.7.15.2) (MCL-1 Ki = 180 nM) 

displayed no affinity towards neither BCL-2 nor BCL-XL.70 As for series B and C, no 

analogues where shown to selectively bind to MCL-1 after SAR experiments from series 

A were performed; thus, signifying that a pyrazole or aminobenzyl linker is not well 

tolerated within MCL-1’s binding groove.70 Finally, series D was shown to possess 

selectivity for MCL-1 after being subjected to similar SAR experiments as in series A.70 

Series D contains an alkyl linker instead of the phenyl linker in series A, which causes a 

slight decrease in MCL-1 affinity (most potent is compound D14, Fig 2.7.15.2, which 

possesses a Ki of 320 nM).70 Additionally, most of the analogues within series D do not 

elicit any binding affinity towards BCL-2 or BCL-XL.70  
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Computational modeling with compounds A1 and D12 bound into MCL-1 

predicted that their biphenyl groups interact within the p2 pocket.70 Also, their piperazine 

cores were predicted to shallowly bind into the p2 pocket with their carbonyl groups 

forming hydrogen bonding interactions with Arg263.70 As for the substituted phenyl 

rings, they were shown binding into the p4 pocket and possibly engaging in hydrophobic 

interactions with residue Phe319.70 Unfortunately, no in vitro data was provided within 

this study, leaving the cellular efficacy of these compounds a mystery.70 Additionally, 

binding experiments with serum proteins, which have been known to dramatically 

decrease BH3 mimetic binding affinities, were also not performed.70 Nevertheless, these 

compounds aid in the identification of pharmacophores that can optimally bind into 

MCL-1 hydrophobic groove.70  
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Figure 2.7.15.2: Chemical structures of compounds A1 and D14. 
Reference 70: Ding, X. et al. ChemMedChem. 2015, 58, 5, pp. 2180-2194. 
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2.7.16 Abbvie Indoles 

 

 Later following the success of Navitoclax and Venetoclax, AbbVie began 

performing high-throughput screens to aid in the discovery of potent MCL-1 selective 

BH3 mimetics.71 The initial lead, compound 1 (Fig 2.7.16.1) identified from these 

screens possessed a highly similar chemical when compared to Fesik’s initial indole lead 

expect the ether-linked phenyl ring was replaced with an alkyl-linked cyclohexane.71 

Once AbbVie replaced the cyclohexane with a naphthyl ring, as in Fesik’s indoles, the 

binding affinity improved 10-fold and X-ray crystal structures with this analogue bound 

to MCL-1 revealed the same binding interactions seen within Fesik’s crystal structures.71  

 

AbbVie noted that the 7-position of the indole core could be further 

functionalized to promote occupation of a nearby hydrophobic pocket, thus SAR 

experiments were performed to determine the best substituent to capture key hydrophobic 

interactions within that pocket.71 A phenyl ring possessing a methyl group in either the 

meta- or para-positions was shown to increase affinity 2-fold when compared to the 

unsubstituted indole core.71 Unfortunately, these compounds were shown to be 

 

 
 

Figure 2.7.16.1: AbbVie initial indole lead 
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significantly affected by serum binding proteins due to their hydrophobic and acidic 

natures being preferred substrates for HSA’s binding site III.71 The incorporation of a 

morpholine group at the N1 position of the indole core significantly lessened the 

reduction in affinity observed when in the presence of serum proteins, overall improving 

binding affinity 10-fold when compared to the non-N-substituted indoles.71 X-ray crystal 

structures of the morpholine indole derivative, compound 14 (Fig 2.7.16.2), bound to 

MCL-1 revealed that the naphthyl ring still bound into the p2 pocket while the tosyl ring 

bound between the p3/p4 pockets and the p1 pocket.71  

 

This discovery led AbbVie to replace the methyl phenyl ring with a trimethylated 

pyrazole ring to better capture hydrophobic interactions within the p1 pocket.71 Indeed, 

the inclusion of the pyrazole ring further increased MCL-1 affinity 10-fold when 

compared to compound 14 when in the presence of serum binding proteins.71 In order to 

capture binding interactions within the p3/p4 pockets, AbbVie functionalized the 

  
  
  
  
  
  
  
  
  
  
  
  

  
 

Figure 2.7.16.2: X-ray crystal structure of compound 14 bound into MCL-1  
(PDB: 6B4U). Reference 71: Bruncko, M. et al. J. Med. Chem. 2015, 58, 5, pp. 

2180-2194. 
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pyrazole ring to possess phenolic motifs which further enhanced binding affinity 10-

fold.71 A crystal structure with one of their substituted pyrazole derivatives, compound 33 

(Fig 2.7.16.3), bound to MCL-1 revealed that the piperazine ring reaches into the p4 

pocket with the phenyl linker occupying the p3 pocket.71 

 

 Interestingly, an acylated piperazine motif is more potent than its un-acylated 

counterparts in the presence of 10% HSA, thus signifying a preference for neutral 

functional groups within the p4 pocket.71 Following SAR studies involving the addition 

of sulfonyl groups onto the piperazine ring resulted in equipotent compounds when 

compared to the acylated piperazine derivative.71 Analogues of compound 33 were later 

tested against the other Bcl-2 anti-apoptotic proteins and displayed Ki values > 660 nM, 

supporting the conclusion that these compounds are MCL-1 selective.71 Multiple 

myeloma cells were later shown to be sensitive to these analogues and underwent 

  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  

Figure 2.7.16.3: X-ray crystal structure of compound 33 bound into MCL-1. Reference 
71: Bruncko, M. et al. J. Med. Chem. 2015, 58, 5, pp. 2180-2194. 
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apoptotic cell death 4 hrs. after treatment.71 Additionally, these compounds were shown 

to help overcome Navitoclax resistance in pancreatic tumor cell lines and improved 

Navitoclax’s EC50 value 45-fold.71 It should be noted that even though these compounds 

possess subnanomolar affinity for MCL-1, they still needed to be administered in 

micromolar concentrations to elicit cytotoxic effects.71 

2.7.17 AMG 176 

 

 In late 2018, a team of oncology researchers at Amgen in collaboration with a 

diverse team of medical researchers synthesized AMG 176, a selective MCL-1 BH3 

mimetic.72 AMG 176’s discovery began similarly to many other BH3 mimetics, a 

compound library screen that detected molecules which could disrupt the PPI between 

MCL-1 and BIM.72 An initial hit was a racemate that possessed an IC50 of 3.4 µM (Fig. 

2.7.17.1) and subsequent separation of the enantiomers, along with expansion of the 

heterocyclic ring, provided lead compound 4 (Fig. 2.7.17.1).72 An X-ray crystal structure 

with compound 4 and MCL-1 revealed an obscure binding pocket that was not present 

during MCL-1’s binding to BIM.72 The binding pocket was located near the stereogenic 

hydrogen and ortho-chlorine of the aromatic ring, which did not fully engage with the 

binding pocket.72 Hence, the incorporation of larger, more rigid motifs at the stereogenic 

position commenced to promote optimal binding into the obscure pocket.72 The 

spirocycle analogue compound 5 (Fig 2.7.17.1) was synthesized and displayed improved 

binding affinity (IC50 = 0.04 µM) over compound 4, validating Amgen’s design 

hypothesis.72 
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Amgen also wanted to maintain the hydrogen bonding network between MCL-1’s 

Arg263 residue and the carboxylic acid of their lead compounds while also providing a 

synthetic handle for further derivatization, hence compound 6 was created (Fig 

2.7.17.1).72 NMR-guided binding experiments with MCL-1 and compound 6 revealed 

that the acyl sulfonamide maintained ionic interactions with Arg263.72 Additionally, the 

phenyl ring of compound 6 was shown to binding in close proximity to the cyclobutane 

ring, thus offering a means to synthesize the macrocyclic analogue compound 7 (Fig. 

  
  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.17.1: AMG 176 drug discovery route. All compounds are from reference 72: 
Caenepeel, S. et al. Cancer Discov. 2018, 8, 12, pp. 1582-1597.  
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2.7.17.1) to introduce conformational restriction for improved binding affinity.72  

Compound 7 displayed improved MCL-1 binding affinity over compound 5 (IC50 = 0.01 

µM) and when their binding conformations were overlaid with each other, Amgen 

noticed that the combination of the trans-cyclobutane ring with the macrocycle would 

produce additional hydrophobic binding interactions with MCL-1.72 Thus, compound 8 

(Fig. 2.7.17.1) was created and was shown to possess potent binding affinity (Ki = 0.14 

nM).72 Further analysis of compound 8’s binding with MCL-1 provided another means 

for introducing further conformational restriction via the installment of a trans-olefin, 

overall leading to compound 9 (AM-8621) (Fig 2.7.17.1).72 Compound 9 displayed 

highly potent binding affinities towards MCL-1 (Ki = 0.04 nM), but possessed a short 

half-life, along with poor bioavailability.72 Methylation of the alcohol provided an 

improvement in PK properties and overall lead to the development of AMG 176 (Fig. 

2.7.17.1).72 AMG 176 not only possesses highly potent affinity and selectivity for MCL-1 

(MCL-1 Ki = 0.06 nM, BCL-XL Ki = 700 nM, BCL-2 Ki = 950 nM), but is also the first 

orally bioavailable MCL-1 inhibitor.72               

 During in vitro evaluation of their MCL-1 selective BH3 mimetics, Amgen 

employed compound AM-8621 instead of AMG 176 do to their shared structural 

similarity and potent binding affinities.72 AM-8621 demonstrated chemotherapeutic 

properties in HEK293M, A427, OPM-2, MV-4-11, MOLM13 and Ramos cell lines via 

disruption of the PPI between MCL-1 and BAK, along with the activation of intrinsic 

apoptosis.72 AMG 176 was employed during in vivo studies and demonstrated 

chemotherapeutic properties in multiple myeloma, along with AML, xenograft models.72 

AMG 176 induced apoptosis in xenograft models after 2 hours from administration and 
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sustained its activity for more than 12 hours.72 Additionally, no systemic toxicity was 

detected during AMG 176 treatments.72 AMG 176 also enhanced the chemotherapeutic 

effects of carfilzomib and Venetoclax during combination therapy experiments.72 

Overall, the inclusion of large macrocyclic motifs, such as in AZD5991, have been 

shown to greatly increase MCL-1 selectivity and offer a potential design method for 

obtaining potent MCL-1 binding affinity for future BH3 mimetics.     

2.8 Designing for Dual Selectivity and Potency 

 

 As mentioned previously within this chapter, the advantages of a BH3 mimetic 

possessing selectivity for both MCL-1 and BCL-2 will overcome common resistance 

mechanisms in cancer cells while also avoiding toxicity associated with BCL-XL 

inhibition. However, the Bcl-2 anti-apoptotic proteins contain a high degree of homology 

which complicates the design of selective BH3 mimetics. Fortunately, the keys into 

obtaining dual MCL-1 and BCL-2 selectivity can be found within the BH3 mimetics 

mentioned within this chapter. Evidently, the answer to dual inhibition lies within 

optimizing interactions within the p2 and p4 pockets of these proteins.  

The p2 pocket is presently known as the hotspot to influence MCL-1 selectivity 

and affinity. As shown in various MCL-1 selective BH3 mimetics, the p2 pocket is able 

to enlarge and dramatically shift conformations to accommodate either large aromatic 

groups or macrocyclic compounds. Indeed, the most potent of all MCL-1 BH3 mimetics, 

AZD5991, was shown to dramatically enlarge MCL-1’s p2 pocket to allow binding of 

both its naphthyl and pyrazole rings. Additionally, regions surrounding the p2 pocket 

were also identified to influence BCL-2 selectivity. Specifically, the THIQ BH3 mimetics 

(Section 2.5.3) occupied an additional hydrophobic pocket near BCL-2’s p2 pocket to 
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gain selectivity, thus potentially hinting at the ability to increase dual selectivity within 

the p2 pocket.  

 According to published BCL-2 selective BH3 mimetics, the p4 pocket is the 

gateway towards promoting BCL-2 selectivity and eroding BCL-XL affinity. Venetoclax 

provided significant insight into obtaining BCL-2 selectivity over BCL-XL through its p4 

pharmacophore. The azaindole not only is capable of forming pi-pi stacking with the 

nitroaryl ring in Venetoclax, but also forms a hydrogen bonding network with Asp103, 

one of the few residue differences when compared to BCL-XL (Glu96), providing a 

means to impart BCL-2 selectivity. Additionally, the azaindole potentially engages in 

another hydrogen bonding interaction with Arg107 of BCL-2, further increasing binding 

affinity. Not only does Venetoclax offer a route to BCL-2 selectivity, but this past year a 

research group in Shanghai reported a new generation of acyl sulfonamides that achieved 

potent Bcl-2 selective inhibition. A variety of p4 targeting groups ranging from simple 

pyrazoles to complex cyclic systems containing amide bioisosteres demonstrated potent 

and selective BCL-2 inhibition. Overall, the optimal route towards promoting BCL-2 

selectivity involves exploiting the unique amino acid residues of the p4 pocket and 

potentially occupying specific hydrophobic pockets near the p2 pocket.  

 Not only is obtaining favorable interactions within the p2 and p4 pocket crucial 

for gaining dual MCL-1 and BCL-2 selectivity, but the scaffold that supports the desired 

pharmacophores also needs to bind into their hydrophobic grooves. As seen within this 

review chapter, the binding grooves tend to prefer hydrophobic heterocyclic cores, such 

as indoles and pyrazoles. Additionally, heterocycles possessing polar functional groups 

have also been favored within the hydrophobic binding grooves since they can partake in 
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hydrogen bonding interactions with neighboring residues. Thus, my BH3 mimetic 

designs will also include heterocyclic scaffolds, preferably those not already employed in 

previous BH3 mimetics as to promote both novelty and binding affinity. 

 One final design parameter that needs to be addressed is the inclusion of an acidic 

functional group to mimic the conserved aspartic acid residues within the BH3 domains. 

The establishment of hydrogen bonding interactions with arginine residues in the binding 

groove has been shown to be necessary for obtaining potent binding affinities. Though 

many BH3 mimetics possess carboxylic acid functional groups to engage in hydrogen 

bonding interactions with the arginine residues, they unfortunately also decrease the cell 

permeability of those compounds. Other research groups overcame this issue with the 

incorporation of carboxylic bioisosteres, such as acylsulfonamides, or other HBA groups 

like carbonyls.  Hence, my BH3 mimetic designs will follow suite and possess carboxylic 

acid bioisosteres or HBA groups, thus providing an acidic functionality with improved 

cLogP values and cell permeability.      

 Though designing BH3 mimetics to possess potent dual affinity for both MCL-1 

and BCL-2 is the primary goal of my dissertation, there are other design elements that 

must also be considered. It has been shown that many BH3 mimetics suffer reduced 

efficacy and affinity when in the presence of serum proteins, specifically human serum 

albumin (HSA). This reduction in affinity is due to BH3 mimetics binding into site III of 

HSA, which has been known to accommodate large hydrophobic compounds with acidic 

functionalities. Fortunately, high HSA binding can be remedied with the incorporation of 

basic motifs, such as morpholines or tertiary amines. Not only will these functional 
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groups aid in deterring HSA binding, but they may also promote favorable solubility, 

thus improving the PK/PD properties of my BH3 mimetics.  
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CHAPTER 3: Methods 

3.1 Introduction 

 

 This chapter of my thesis will cover the mechanistics and applications of the 

different methods implemented within my experiments for determining the efficacy of 

my inhibitors. To specify, the concepts behind the FPCA will be reviewed, along with 

cell cytotoxicity studies (such as MTT staining and apoptosis assays) and 2D NMR 

experiments (HSQC). Additionally, I will review the concept of flash column 

chromatography since this purification method is frequently employed within my 

research for isolating products from organic reactions. The synthesis and characterization 

of my inhibitors will be covered in their preceding related chapters. Additionally, the 

detailed procedures for each of the reviewed methods within this chapter will be covered 

in later chapters where they were appropriately implemented.  

3.2 Fluorescence Polarization Competition Assay (FPCA) 

 

 FPCA is a common method performed among drug discovery research groups.1 

The assay relies on the principles of fluorescence polarization and anisotropy to 

determine the binding affinities of various test compounds to a target of interest, usually a 

protein.1,2 The theory of fluorescence polarization was first identified by Francis Perrin 

when he observed a relationship between a fluorescent molecule’s molecular weight and 

its degree polarization when exposed to a plane of polarized light in solution.1 Overall, 

smaller fluorescent molecules tend to become more depolarized in solution when exposed 

to a plane of polarized light. Perrin rationalized that this phenomenon was related to the 

rotational diffusion of the molecule and devised a formula to predict a fluorescent 

molecule’s polarization (Fig 3.2.1).1  
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 It was later discovered that fluorescence polarization is also related to the 

rotational correlation time (Fig 3.2.2) of a fluorescent molecule since one tends to 

increase when the other also increases.1 Rotation correlation time is the time it takes a 

molecule to rotate 1 radian in solution.1  

 

George Weber later developed the first instrument to measure a compound’s 

fluorescent polarization (Fig 3.2.3).2 In general, the fluorescent molecule is solubilized 

into a solution and placed in a cuvette.2 The cuvette is then positioned within a reference 

frame within the instrument and exposed to a plane of polarized light.2 The fluorescent 

molecule then absorbs the energy from the polarized light once it inhabits the same plane 

as the polarized light and emits fluorescent energy in a multitude of directions.2 The 

fluorescent emissions then detected by an analyzer 90° from the polarizer and converted 

into fluorescence polarization values.2 It should be noted that the analyzer only detected 

emission wavelengths that are either parallel or perpendicular to the cuvette.2       

 

 
 

Figure 3.2.1: Perrin’s equation for determining the fluorescence polarization value of a 
fluorescent molecule within solution. FP = observed polarization, R = universal gas 
constant (8.314 J/mol•K), T = absolute temperature, η = solution viscosity, FP0 = 
intrinsic polarization, V = molar volume, τ = lifetime of excited state of fluorescent 
molecule.  

 

 
Figure 3.2.2: Formula for rotation correlation time (θ). 
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The recorded fluorescent intensities are then used to calculate the fluorescence 

polarization or anisotropy values for the molecule (Fig 3.2.4).1 The fluorescence 

polarization value is the difference between the emission intensity in the parallel plane 

from the perpendicular plane divided by the total emission intensity.1 For anisotropy, the 

only difference is that it includes an additional perpendicular emission plane within its 

total emission intensity term, thus favoring it as the more accurate measurement (Fig 

3.2.4).1, 3 The inclusion of the secondary perpendicular emission plane also provides a 

means to detect auto-fluorescent compounds since the total fluorescence with the 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.3: Instrument schematic for detecting fluorescent polarization of a molecule. O = 
origin of the reference frame (where cuvette is placed in relation to polarizer (P) and analyzer 
(A). Z

L
 is the axis or plane at which the polarized light travels to interact with the sample. X

L
 

is the plane perpendicular to the sample that the analyzer detects, whereas Z
L
 is the parallel 

plane. Y
L
 is the plane at which the analyzer is positioned to capture the parallel and 

perpendicular fluorescent emissions. 
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experimental compound will increase when compared to control compounds.1,3 Though 

anisotropy is more accurate, the difference between absolute polarization and anisotropy 

values is minor. Also, the FPCA measures the changes in fluorescence and not the 

absolute fluorescent emissions, rendering both values equally as accurate when 

performing data analysis.1,3 

 

Since fluorescence polarization values depend on the molecular weight of the 

fluorescent molecule, this technique is used to monitor changes in the weight and size of 

a proteins, thus favoring its application in drug discovery screens.1,3 However, since drug 

discovery screens involve examining a large number of compounds to identify drug 

leads, the use of cuvettes have become too costly and time consuming.1,2,4 Thus, this 

method has been modified to screen compounds in a microplate format.4 Initially, 

microplates were not able to be used for fluorescent polarization experiments since they 

possessed the improper geometry to have their fluorescent emissions detected at a 90° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2.4: (A) Formula for calculating fluorescence polarization. (B) 
Formula for calculating fluorescence anisotropy. Ill = parallel emission 
intensity, I ⊥ = perpendicular emission intensity. 
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angle, unlike cuvettes.4 To overcome this problem, microplate readers were created that 

allowed the emission signals to be split into two separate channels after excitation of the 

sample within a microplate well.4 These two emission channels pass through a filter and 

then polarizing beamsplitters to reach two different detectors within the microplate 

reader: one that detects the parallel emission signal and the other that detects the 

perpendicular emission signal.4    

In the case of my thesis project, the targets of interest are the Bcl-2 anti-apoptotic 

proteins. Since these anti-apoptotic proteins are known to bind to specific domains of the 

pro-apoptotic proteins, their BH3 domains, it can be reasoned that fluorescently labeled 

BH3-only peptides can serve as indicators, when fluorescently labeled, for identifying 

compounds with the ability to inhibit the Bcl-2 family PPI. To elaborate, when the small 

fluorescently labeled BH3-only peptides are bound to the Bcl-2 anti-apoptotic proteins, 

they exist as a larger multi-protein complex and causes their rotation within solution to 

decrease. The lowered rotation allows these fluorescently labeled peptides to become 

exposed to the plane of polarized light for an increased duration, overall causing a strong 

fluorescent signal to become emitted. However, when a compound possessing the ability 

to bind within the anti-apoptotic proteins’ hydrophobic grooves is introduced into the 

solution, it competes with the fluorescent BH3-only peptides for binding. If the 

compound possesses high affinity it outcompetes the BH3-only peptides. Since these 

peptides are significantly smaller when not bound to the anti-apoptotic proteins, they 

rotate faster within solution and are exposed to the plane of polarized light to a lesser 

extent. The overall effect is a decrease in the detected fluorescent signal emitted from the 

solution. This change in fluorescent signal can then be recorded and later plotted to create 
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a binding curve that can be used to calculate IC50 values (Fig 3.2.5).1,2 Typically, the 

tested compounds are exposed to the target of interest with different concentrations to 

produce an accurate binding curve.1,2   

 

Though the FPCA is commonly performed for drug discovery, it does still possess 

some drawbacks and limitations like many other assays.5 One limitation is that if they 

experimental compounds are inherently fluorescent they can interfere with the emission 

energy from light source and cause some compounds to be read as false negatives.5 

Additionally, the fluorescent probe or molecule used within these assays may not possess 

Figure 3.2.5: FPCA schematic diagram and binding curve. (A) The protein of interest is 
bound to a fluorescently labeled binding partner or peptide, overall increasing the size of the 
fluorescent species and lowering its rotation rate in solution, thus producing a strong 
fluorescent signal due to increased exposure to the plane of polarized light. (B) After 
establishment of strong fluorescent signal, experimental compounds are titrated into solution 
to where high enough concentrations are obtained to begin competing off the fluorescent 
species from the protein of interest and lower the fluorescent signal. (C) High enough 
concentrations of experimental compound are reached to compete off most of the fluorescent 
species to where it no longer is part of a larger complex, thus increasing its rotation rate and 
lowering its exposure to the plane of polarized light, ultimately producing lowered to 
undetectable fluorescent signal.     
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a high degree of affinity for the target of interest.5 This is troublesome due to the fact that 

if an experimental compound is orders of magnitude more potent than the probe than its 

reported IC50 value will be significantly higher than its actual value.5 Typically, the 

probe’s affinity for the target of interest is first deduced to establish the range at which 

potent binders can be accurately determined, thus if a compound’s affinity is outside of 

this range than no accurate measurement can be obtained.1,5 Other interferences that can 

occur within this method are: where additional light penetrates into the sample and causes 

a high background noise which can mute the fluorescent signal, chemical quenching 

(where the test compound may bind to the fluorescent probe and nullify its fluorescent 

properties, overall lowering the fluorescent signal), and light scattering (high light 

leakage and scattering can increase the intensity of polarized light the sample is exposed 

to, thus leading to inaccurate readings).5,6  

 Overall, this method is widely incorporated into drug discovery screens and used 

to evaluate the affinities of test compounds against their targets after SAR 

experiments.1,2,5,6 Due to its common usage and ability to screen multiple compounds in a 

short duration of time, I have decided to employ this method to evaluate my inhibitors.  

3.3 Heteronuclear Single-Quantum Correlation (HSQC) 2D NMR 

 

 Whereas 1D NMR experiments examine the chemical environment of one species 

of NMR-active nuclei to characterize a molecule, 2D NMR experiments are able to 

examine two NMR-active nuclei concurrently.7 The advantage of 2D NMR over 1D 

NMR is apparent when applying both methods to determine protein structure.8 Since 

proteins are composed of sequences of amino acids, they contain a plethora of NMR-

active nuclei that overall significantly decrease the resolution of the 1D NMR spectra, 
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thus increasing the difficulty in peak identification.8 Fortunately, 2D NMR is able to 

more accurately clarify the NMR-active nuclei within a protein by relating their position 

and chemical environment with other NMR-active nuclei.8,9  

 The pulse sequence for a 2D NMR experiment is composed of four stages: 

preparation, evolution, mixing and detection (Fig 3.3.1).7 Once the protein sample is 

placed within the NMR instrument it is subjected to a 90° radio wave pulse, thus causing 

specific NMR-active nuclei (HA) to enter the excited state.7,10 Once excited, the HA nuclei 

are then allowed time to evolve or precess freely until equilibrium is restored.7,10 During 

this time (T1), HA nuclei are able to transfer their energy or magnetization to other J-

coupled NMR-active nuclei (HB) within their chemical environment, overall affecting 

their chemical shifts.7,10 No signals are observed within the evolution phase and another 

radio pulse is applied to the HB nuclei and their relaxation time (T2) is Fourier 

transformed into an NMR spectrum.7,10 Since both the HA and HB nuclei are J-coupled, 

the HA nuclei’s magnetization frequency is indirectly captured with the HB nuclei’s 

frequency.7,10 Overall, the NMR instrument is able to detect the magnetization transfer 

between the two nuclei and plot their relationship on a 2D NMR spectrum.7,10 However, 

the magnetization is not 100% transferred and to increase the resolution of the 2D 

spectrum a mixing phase is implemented within the pulse sequence.7,10 This phase allows 

the excited HA nuclei more time to maximize their magnetization transfer to the HB nuclei 

to improve resolution.7,10  
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2D NMR experiments can be divided into two detection methods: homonuclear, 

where signals of the same NMR-active nuclei are acquired during the evolution and 

mixing phases, and heteronuclear, where the signals of two distinct NMR-active nuclei 

are acquired.10 Typically, heteronuclear 2D NMR experiments are predominately applied 

for protein structure studies since proteins can be isotopically labeled with C13 or N15 

isotopes.10 Thus, the incorporation of NMR-active N15 nuclei into proteins allows for 

specific amino acid residues to be distinguished from other residues due to the unique 

chemical environments of their amide bonds.10 HSQC NMR experiments excel at these 

types of identification studies since this method relates the chemical shift signals of 

protons and NMR-active nitrogens that are directly bonded.10 Hence, a HSQC 2D NMR 

spectra is displays the proton chemical shifts on one axis and the nitrogen chemical shifts 

on another axis with the amino acid residues appearing as dots or circles within the 

spectra (Fig 3.3.2).11  

In regards to drug discovery studies, HSQC 2D NMR experiments prove 

beneficial since it can detect changes in the amide backbone of a protein when its 

exposed to potential inhibitors (Fig 3.3.2).8,9,10,11 Specifically, the HSQC spectrum of a 

  
  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1: Pulse sequence of a 2D NMR experiment. 
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protein in the absence of potential inhibitors is compared to spectrum that include the 

protein exposed to the inhibitors.10,11 The chemical shift differences of specific amino 

acid residues are then compared between the two states and residues displaying a shift 

change greater than 0.3 ppm are theorized to interact with the small molecules.9,10,11 

Thus, this method is beneficial for identifying potential binding sites on proteins if the 

compound is known to inhibit its activity. Additionally, if the binding site is known on 

the protein then potential inhibitors can be identified if they promote significant chemical 

shift changes in residues within the binding site.11 Overall, this 2D NMR method will be 

implemented within my thesis project to aid in the evaluation and binding mode of my 

inhibitors.     

 
 

Figure 3.3.2: HSQC NMR data of N15-labeled MCL-1 alone (black) and in the presence of a 
potential inhibitor (red). Amino acid residues located within the MCL-1 binding site are 

highlighted within the upper left region of the image. Residues possessing poor overlap with their 
recorded chemical shifts in the absence of the inhibitor are theorized to interact with the inhibitor, 

thus significantly altering their chemical environments and chemical shifts.  

 
Drennen et al. ChemMedChem., 2016 
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3.4 Cell Viability Assays 

 

 Though small molecule inhibitors display potent binding affinities for their 

protein targets in solution, their efficacy does not always translate well during cell 

exposure.12. Cells possess a plasma membrane that small molecules must traverse 

through to reach their cytoplasmic targets, along with a multitude of catabolic processes 

that promote macromolecule degradation, which could hinder an inhibitor’s ability to 

reach its target and induce a biological effect.12 Hence, cellular studies are performed 

with newly synthesized inhibitors to determine the degree of their permeability into cells, 

their metabolic stability within the cytoplasm, their efficacy within cells and their 

likelihood to cause adaptive mutations.12  

In the case of chemotherapeutics, cell viability is the biological effect commonly 

observed and measured to determine an inhibitor’s cellular efficacy. Though various cell 

viability assays have been developed, the one that will be implemented into my thesis 

project is the AlamarBlue assay.13 AlamarBlue (Fig 3.4.1) quantifies a cell’s ability to 

grow and proliferate via a fluorometric/colorimetric indicator.13 Specifically, the 

indicator is sensitive to the redox conditions within the cell.13 Healthy cells that are 

metabolically active contain reducing cellular environments which change the oxidized 

form of AlamarBlue, a non-fluorescent blue, to a fluorescent red color.13 This 

characteristic of AlamarBlue allows for easy quantification of cell viability through both 

absorbance and fluorescence detection methods.13 Additionally, AlamarBlue was shown 

to elicit low cytotoxicity in living cells with no indication of possessing carcinogenic 

properties and display favorable solubility.13    
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To further support the results from AlamarBlue staining, we will also perform a 7-

Aminoacitinomycin D (7-AAD) stain (Fig 3.4.2).14 7-AAD is a DNA intercalator that 

preferably binds to GC rich regions and undergoes a spectral shift once bound to DNA.14 

Specifically, cells that have undergone 7-AAD DNA incorporation are excited with a 488 

nm laser, which is absorbed by 7-AAD, and have their fluorescence emission measured at 

the 647nm wavelength.14 Thus, cells with higher fluorescence emission signals have a 

greater amount of DNA bound 7-AAD.14 Additionally, 7-AAD is a cell-impermeant 

molecule and is unable to cross the plasma membrane of healthy cells.14 However, once a 

cell becomes damaged or begins to apoptosis, the plasma membrane becomes more 

permeable and 7-AAD is able to enter into the cell.14   
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3.5 Apoptosis Assays 

 

 Even though cell viability assays determine whether new chemotherapeutics are 

effective at causing cancer cell death, they are not able to accurately distinguish the 

cellular pathway that was initiated to promote cell death. Hence, apoptosis assays will be 

performed within my thesis project in order to accurately determine that cancer cells 

undergo apoptosis after treatment with my inhibitors and no other death pathways, such 

as necrosis. The apoptosis assay chosen for my thesis project was Annexin V staining 

(Fig 3.5.1).15 Normally, the phospholipid phosphatidylserine (PS) is located within the 

cytoplasmic layer of the plasma membrane.15 However, once apoptosis is activated the 

plasma membrane begins to become more fluid and translocates PS onto the extracellular 

lipid layer.15 Annexin V then binds to extracellular PS, forming fluorescent conjugates on 

the surface of apoptotic cells that allow for accurate detection and quantification of the 

apoptotic pathway.15  

 

 
 

Figure 3.4.2: 7-Aminoactinomycin D 
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3.6 Flow Cytometry 

 

 Not only is determining whether the activation of apoptosis occurs after 

compound treatment pertinent to my thesis project, but quantifying the amount of the 

cancer cell population that undergoes apoptosis also provides valuable insight into the 

efficacy of my inhibitors. Since cell death will be detected with fluorescent dyes, the 

implementation of flow cytometry to examine apoptotic cells with a population is the 

logical choice.15,16,17 Flow cytometry examines the expression of fluorescent molecules 

either bound to cellular membranes or located intracellularly and separates 

subpopulations based on their detected emission intensities.16,17 Hence, flow cytometry is 

commonly coupled to Annexin V and 7-AAD staining.14,15,16,17 Generally, cells are 

individually passed through a channel that is exposed to a laser light source.16,17 The 

wavelength of the laser is predetermined based on the fluorescent molecule being 

measured and once a cell labeled with the fluorophore is exposed to the laser its emission 

intensities are recorded.16,17 The fluorescence emissions are detected with 

photomultiplying tubes (PMTs) and converted into voltage pulses that are measured over 

  
  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.1: Mechanism behind Annexin V staining. 
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time.16,17 The fluorescent intensities of all the cells within the population are determined 

and then incorporated into a graph that separates the population based on emission 

intensity.16,17 Overall, determining the percentage of the cancer cell population that 

undergoes apoptosis after treatment with my inhibitors will provide a more accurate 

determination of their efficacy. 

 

3.7 Flash Column Chromatography  

 

 Before my inhibitors have their affinity and efficacy evaluated in the previously 

described assays, they need to be purified. Compounds possessing a high degree of 

impurities cannot accurately be stated as eliciting their biological responses due to the 

potential that the impurity may be the active compound, thus compound purification is 

crucial for drawing accurate conclusions. A common purification method performed by 

organic chemists is flash column chromatography (Fig 3.7.1), a technique that separates 

the products from an organic reaction based on their polarity.18 
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Figure 3.7.1: Schematic of flash column chromatography. The mobile 
phase (solvent) travels through the column and interacts with the crude 

product. In the case of a nonpolar mobile phase, the more nonpolar 
products travel through the column faster due to increased interaction 

with the mobile phase. The different products are the collected in 
separate fractions and later characterized.  
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Generally, a column is packed with silica gel, a mildly acidic residue, and the 

crude reaction mixture is either directly loaded or dry loaded onto silica and place at the 

top of the column.18 Thus, the silica gel serves as a stationary phase or a material that 

does not move through the column.18 Next, the crude reaction mixture is exposed to a 

mobile phase or a solvent system that flows through the column.18 Typically, the mobile 

phase is composed of a mixture of nonpolar solvents, such as hexane and ethyl acetate, 

that interact with the different products within the crude reaction mixture.18 The more 

nonpolar products will interact with the mobile phase more often than the polar stationary 

phase, causing them to be retained less on the column faster.18 Hence, knowing the 

chemical structure of the desired product from a chemical reaction provides an insight 

into its polarity and how easily it will traverse through the column under different solvent 

conditions.18 However, if the product of a chemical reaction possesses a polar functional 

group, more polar solvent systems are needed to promote the it’s disassociation from the 

stationary phase so it can travel down the column.18 Table 3.7.1 lists the various solvent 

systems employed within my thesis project and includes their solvent ratios, along with 

which functional groups each system is optimized to purify. For example, a product 

containing a primary amine, a basic functional group, can be purified with either the 

Titanic, Ultra, October or Lucy solvent systems. Likewise, a product containing a 

carboxylic acid, an acidic functional group, can be purified with the Ultra, October, 

Major Tom or Marie Celeste solvent systems. Additionally, the polarities of these 

systems can be further weakened with the addition of more dichloromethane if adequate 

product separation is not obtained (product Rf value too close to byproduct’s Rf value). 
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Nonpolar compounds were subjected to increasing concentrations of ethyl acetate to 

further increase their Rf values and to hasten their elution off the column. 

After purification, the products are then characterized with 1D NMR, a technique 

that follows a similar strategy as 2D NMR but without the need to detect two NMR-

active nuclei at once (thus no t2 phase, relaxation rate is detected directly after excitation 

without an evolution phase).     

 

 

 

Solvent System Solvent Ratios 
Functional Group 

Purification 

Ultra 

Dichloromethane (25%) 
Methanol (7%) 

Ammonium Hydroxide 
(1%) 

Basic  

Titanic 

Dichloromethane (92%) 
Methanol (7%) 

Ammonium Hydroxide 
(1%) 

Basic 

October 
Dichloromethane (79%) 

Methanol (9%) 
Water (1%) 

Basic and Acidic 

Lucy 
Dichloromethane (65%) 

Methanol (25%) 
Water (4%) 

Basic and Acidic 

Marie Celeste 
Dichloromethane (92%) 

Methanol (7%) 
Acetic Acid (1%) 

Acidic 

Major Tom 
Dichloromethane (25%) 

Methanol (7%) 
Acetic Acid (1%) 

Acidic 

Magic 
Dichloromethane (48%) 

Hexane (48%) 
Ethyl Acetate (4%) 

Nonpolar/Hydrophobic 

Hex/EtOAc 

Gradient of Hexane and 
Ethyl Acetate (10% Ethyl 

Acetate to 80% Ethyl 
Acetate) 

Nonpolar/Hydrophobic 

 
Table 3.7.1: Solvent Systems for Flash Column Chromatography.  
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CHAPTER 4: Expedient Access to Pre-organized Alpha-helix Mimetics 

Based on an Isocinchomeronic Acid Core 

Published in Tetrahedron Letters, 2015, Vol. 56, Issue 49, pp. 6819-6822  

4.1 Introduction 

 

The disruption of protein–protein interactions (PPIs) with synthetic agents remains a 

challenging, but tractable, goal.1,2,3 Although the number of identified clinical candidates 

remains low, the notable success stories of navitoclax (ABT-263) and nutlin-3, which 

inhibit the oncoproteins BCL-XL and MDM2, offers an air of optimism that clinical 

candidates capable of disrupting aberrant PPIs will continue to be discovered.1,2,3 A 

significant challenge in the successful disruption of PPIs is the lack of a template from 

which an inhibitor may be fashioned, although some PPIs feature protein secondary 

structural elements that could be imitated.1,2,3 Indeed, as a strategy to inhibit dysregulated 

helix-mediated PPIs, Hamilton has pioneered the field of alpha-helix mimicry, which 

began with 3,2’,2”-trisubtituted terphenyls that mimic the i, i + 3/4 and i + 7 side chains 

found on one face of an alpha-helix.4,5 Alpha-helix mimicry is now an area of intense 

research, and has led to the discovery of agents that are active in cells.4-9 Recently, two-

faced helix mimetics have begun to emerge, which are poised to be more potent and more 

selective than their single-faced counterparts.6,7,10-15 Another strategy by which improved 

recognition properties might be acquired is through reducing conformational 

heterogeneity.16 The terphenyl-based helix mimetics exhibit largely unrestricted rotation 

about the two aryl–aryl bonds, resulting in each phenyl ring’s side chain being displayed 
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from the same face or multiple faces at any given time.16 On the other hand, bifurcated 

hydrogen bonds in the trispicolinamide family of helix mimetics promote projection of all 

side-chains from the same face of the scaffold.17 Hamilton and Yin previously prepared 

synthetic α-helix mimetics based on a terephthalamide scaffold, such as 1 (Fig 4.1.1).18,19 

An intramolecular hydrogen bond between the amide NH and ether O encourages 

projection of the secondary amide’s side chain from the same face as the aryl ether’s side 

chain. However, although efforts were undertaken to enforce a Z-conformation of the 

tertiary amide, free rotation about the aryl-CO bond means that this side chain could be 

projected from the opposing face. We hypothesize that a second-generation derivative of 1 

wherein the introduction of a pyridine nitrogen atom will further influence the projection 

of side chains from the same face through a second intramolecular hydrogen bond, overall 

granting a low molecular weight core for the development of future alpha-helix mimetics. 

 

  
  
  
  
  
  
  
  
  

 

 

 

 

 
Fig. 4.1.1:  An example of a previously-reported terephthalamide-based α-helix 
mimetic (1) and a second generation derivative wherein a pyridine nitrogen atom 
further promotes the preorganization of the mimetic ((S)-2). Arrow indicates 
unrestricted rotation; dashed lines = hydrogen bonds. 
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4.2 Design Rationale 

 Covalently preorganized systems are predicted to exhibit greater free energies of 

binding, which has largely been attributed to a reduced entropic penalty.20 Whilst 

some doubt has been cast on this widely held notion, non-covalent interactions that 

can influence desired conformations of the ligand whilst still allowing induced fit 

events to occur at the protein surface are expected to deliver potent ligands.21 

Towards this end, and inspired by Hamilton’s terephthalamide design, we devised 

molecule (S)-2 (Fig. 4.1.1) based on an isocinchomeronic acid core. Key distinctions 

between our design and the terephthalamide 1 include a pyridine nitrogen and the 

replacement of the tertiary amide with a secondary amide together to furnish an 

additional intramolecular hydrogen bond to influence projection of all three side 

chains from the same face of the scaffold. As in 1, a carboxylic acid was incorporated 

into the design as a solubilizing group. The i, i + 3/4 and i + 7 side chains of an α-

helix are staggered rather than eclipsed. It should be emphasized that the hydrogen 

bonds predicted in (S)-2 are not intended as rigid surrogates for covalent bonds, as 

this would result in an eclipse, rather than a staggered, configuration of side chains. 

Instead, they are designed to encourage the projection of all three side chains from 

the same face. MM2 energy minimization studies indicated the three side chains in 

(S)-2 are projected from the same face (Fig. 4.2.1) and overlay well with the 

corresponding i, i + 3/4 and i + 7 side chains in a poly-alanine α-helix (Fig. 4.2.1). 
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For comparison, a similarly energy-minimized conformation of the (R)-enantiomer 

of 2 is provided in Figure 2C, which demonstrates similar mimicry of the i, i + 3/4 

and i + 7 side chains. 

 

4.3 Chemistry 

 Initially, we attempted to synthesize compound (S)-2 through the chemistry 

depicted in Scheme 1 (Fig.4.3.1). However, enlisting various reagents and 

conditions to oxidize the aromatic methyl group of 5, which included KMnO4, 

Jones’s reagent and SeO2 at room temperature to reflux in solvents such as dioxane 

and pyridine, were to no avail. We revised our synthetic plan, and an alternative, 

expedient and efficient synthesis of 2 was developed beginning with inexpensive 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 

 
Fig. 4.2.1: A. An MM2 energy-minimized conformation of (S)-2 (left; cyan, coloured 
by atom type (red = oxygen; blue = nitrogen; white = polar hydrogens)) in which two 
intramolecular hydrogen bonds encourage projection of all side chains from the same 
face of the mimetic. B. (S)-2 overlaid with a poly-alanine a-helix (key side-chains 
highlighted). C. Overlay of (S)-2, its enantiomer (R)-2 (yellow, coloured by atom 
type) and a poly-alanine a-helix. Images generated with PyMOL. 
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2,6-dichloronicotinic acid (7), as shown in Scheme 2 (Fig.4.3.2). Ortho-selective 

SNAr of 7 with isopropanol and NaH through an intramolecular six-membered 

transition state involving the sodium salt of the carboxylic acid, furnished 8.22 

Amidation of the carboxylic acid under standard conditions followed by a Stille 

coupling delivered 10. Oxidative cleavage of the vinyl group in 10 was affected with 

KMnO4 to give 6. The resulting carboxylic acid of 6 was coupled to L-leucine 

methyl ester to afford (S)-11, which was subsequently saponified to yield the target 

molecule (S)-2. 

 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 
Fig. 4.3.1 Scheme 1: (a) isopropanol, NaH, toluene, 95 °C, 16 h; (b) isobutylamine, 
HBTU, DIPEA, DMF, RT, 16 h. 
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4.4 Detecting the Presence of Intramolecular Hydrogen Bonding Via NMR 

 With compound (S)-11 in hand, 1H NMR experiments were conducted in order 

to verify the presence of the two engineered intramolecular hydrogen bonds. α-Helix 

mimetic (S)-2 was not selected for NMR experiments because the carboxylic acid 

proton would be expected to protonate the pyridine nitrogen, complicating the study. 

In biological systems, the carboxylic acid of (S)-2 would be ionized, and so unable 

to interfere with the formation of an intramolecular hydrogen bond. Thus, the methyl 

ester (S)-11 was a suitable surrogate for this study. First, dilution experiments in 

CDCl3 revealed that the chemical shifts of the two amide NHs were unchanged (ΔδH 

< 0.002 ppm over 100-fold dilution), indicating intramolecular hydrogen bonding, 

rather than intermolecular hydrogen bonding (data not shown). Analogous NMR 

experiments with control compounds 12 and (S)-13 revealed subtle but distinct 
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changes in the chemical shifts of the NH protons (ΔδH = 0.036 ppm over 10-fold 

dilution), whilst other chemical shifts, such as those of the benzoyl group, remained 

constant, corroborating the deduction that the hydrogen bonding in (S)-11 was 

intramolecular. More conclusive proof of the intramolecular hydrogen bonds in (S)-

11 was acquired by titration of d6-DMSO into a CDCl3 solution of (S)-11 (Fig.4.4.1). 

DMSO is a hydrogen bond acceptor and it causes the chemical shifts of 

exchangeable NH protons to move downfield.23 The two NHs of (S)-11 appeared at 

almost the same chemical shift – for the purposes of this experiment, the midpoint 

of the merged NH signals was selected and is indicated as the black line in Figure 

4.4.1. The chemical shift decreased marginally over the course of the titration but an 

increase (downfield shift), rather than a decrease (upfield shift), would be indicative 

of hydrogen bonding with DMSO.23 Thus, we surmise that this change in chemical 

shift is insignificant and provides no information on the hydrogen bonding status of 

(S)-11. This conclusion was further supported by the observation that the non-

exchangeable aromatic C3-H of (S)-11 (blue line) also shifted upfield to the same 

degree. In sharp contrast, the NHs of control compounds 12 (red line) and (S)-13 

(green line) experienced a downfield shift of just over 1 ppm upon titrating 12.7% 

d6-DMSO into their CDCl3 solutions. Taken together, these NMR experiments 

established that both NHs in (S)-11 were engaged in intramolecular hydrogen 

bonding, thus confirming that non-covalent interactions within this 

isocinchomeronic acid derivative can influence the projection of all three side-

chains from the same face, providing good mimicry of the i, i + 3/4 and i + 7 side 

chains of an α-helix. 
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4.5 Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations using the program CHARMM with the 

CHARMM General Force Field were next employed to determine the likelihood of 

intramolecular hydrogen bond formation under non-polar (chloroform) and aqueous 

conditions.24,25 Experiments in chloroform (Fig.4.5.1) indicated the presence of both 

hydrogen bonds in (S)-11, corroborating the NMR data. Although the NH…N hydrogen 

bond was significantly longer than the NH…O hydrogen bond (2.44 Å versus 1.91 Å), this 

was anticipated owing to the greater distance between proton donor and acceptor. For the 

analysis in water, both the methyl ester (S)-11 and carboxylic acid (S)-2 were studied. As 

Figure 4.5.1 shows, the hydrogen bonds were still present but sampled a wider range of 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.4.1: NMR titration of d

6
-DMSO in CDCl

3
 reveals two 

intramolecular hydrogen bonds in compound (S)-11. 
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distances, presumably owing to competing intermolecular hydrogen bonds with water 

molecules. Thus, MD simulations suggest that both intramolecular hydrogen bonds in (S)-

2 and derivatives are present under aqueous and non-polar environments, the latter of 

which may approximate to the hydrophobic binding surface found at a PPI. 

 

 

 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.5.1: Hydrogen bond distance probability distribution for A) 
(S)-11 in chloroform and B) (S)-11 and (S)-2 in water. 
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4.6 Conclusions 

 In conclusion, we have developed a new synthetic α-helix mimetic based on 

an isocinchomeronic acid core. Two intramolecular hydrogen bonds, confirmed by 

1H NMR studies, influence projection of the i, i + 3/4 and i + 7 mimicking groups 

from the same face of the scaffold. MD simulations supported the existence of both 

hydrogen bonds under aqueous conditions. With the design now validated 

structurally, a library of congeners of (S)-2, including enantiomers to explore the 

effect of the chiral centre, is currently being prepared, and these compounds will be 

evaluated in a fluorescence polarization competition assay for their abilities to 

disrupt the MCL-1–BAK PPI.10 

4.7 Materials and Methods 

MD Simulation Methods: Simulations were performed using the program CHARMM 

with the CHARMM General Force Field (CGenFF) for the ligands, the DH chloroform 

model and the CHARMM TIP3 water model.  Simulation set up involved overlaying the 

gas phase minimized compounds with cubic solvent boxes with an edge length of ~36 Å.  

In the presence of periodic boundary conditions and with SHAKE of covalent bonds 

involving hydrogens and to chloroform the compound non-hydrogen atoms were 

subjected to harmonic restraints of 100 kcal/mol/Å and the entire system minimized for 

3000 steepest descent steps.  In the absence of any harmonic restraints the system, 

including the solvent box edge length was subjected to 1000 Adopted-Basis Newton 

Raphson steps followed by a 10 ps equilibration.  This was followed by 20 ns MD 

simulations of all four systems with coordinates saved every 10 ps for analysis.  Nonbond 

interactions were treated using the particle mesh Ewald method with a real space cutoff 
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of 12 Å, a grid size of ~1 Å and a 4-th order cubic spline while Lennard-Jones 

interactions were treated with force switching from 10 to 12 Å with an isotropic long-

range correction beyond 12 Å.  Simulations were performed in using a 1 fs integration 

time step in the NPT ensemble using a Nosé Hoover thermostat at 298K and the 

Langevin Piston for pressure control with a piston mass of 1000 amu and a friction 

coefficient of 25 ps-1 for the equilibration only.   

Chemistry: General 

All reactions were performed using anhydrous solvents under an inert atmosphere in 

oven-dried glassware. Solvents used in the following reactions were reagent grade and 

purchased from Sigma-Aldrich, Alfa Aesar, Oakwood and TCI America. Reactions were 

monitored for completion by TLC using a UV lamp and KMnO4 stain for visualization. 

Flash chromatography was carried out with silica gel 60 using a gradient of Hexane/Ethyl 

Acetate (EtOAc) on a Biotage Isolera. 1H NMR and 13C NMR were recorded on a Varian 

INOVA 400 MHz NMR spectrometer at 25 °C and the chemical shifts are recorded in 

parts per million (ppm). 1H NMRs are reported accordingly: chemical shift, multiplicity, 

coupling constant, and integration. Multiplicity identifications: s = singlet, m = multiplet, 

d = doublet, dd = doublet of doublet, t = triplet. 13C NMRs were reported using their 

chemical shifts. Residual solvent peaks were used as reference points for all 1H NMRs. 

Mass spectroscopy data was obtained using an electrospray TOF (ESI-TOF) mass 

spectrometer (BrukerAmaZon X). Melting points were obtained with closed melting 

point tubes and using a Mel-Temp heating apparatus.       
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6-chloro-2-isopropoxynicotinic acid (8). Isopropanol (3.00 mL, 39.1 mmol, 5 eq.) was 

added to a solution of dry toluene (80 mL). NaH (60% dispersion in mineral oil; 1.56 g, 

39.1 mmol, 5 eq.) was added at 0 °C, and, after 30 min, 2,6-dichloronicotinic acid (1.50 

g, 7.81 mmol, 1 eq.) was gradually added. The reaction mixture was heated overnight at 

60 °C. The next day, the reaction was quenched by the addition of brine (5 mL) at 0 °C, 

concentrated to ca. 15 mL, then partitioned between DCM (150 mL) and 1 M HCl (150 

mL). The organic layer was collected, dried with Na2SO4 and concentrated to yield the 

title compound as a pale yellow solid (1.55 g, 92%): 1H NMR (400 MHz, CDCl3): δ 8.40 

(d, J = 7.6 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 5.66-5.63 (m, 1H), 1.50 (d, J = 6.0 Hz, 6H); 

13C NMR (100 MHz, CDCl3): δ 163.9, 160.1, 153.5, 145.2, 118.3, 111.0, 73.4, 21.9; 

Calcd (M+): 215.0, Found: 216.0 ([M+H]+); mp: 99–101°C. 

 

6-chloro-N-isobutyl-2-isopropoxynicotinamide (9). 8 (1.00 g, 4.63 mmol, 1 eq.) and 

HBTU (2.11 g, 5.56 mmol, 1.2 eq.) were dissolved in anhydrous DMF (46 mL). 

Isobutylamine (0.92 mL, 9.26 mmol, 2 eq.) was added, followed by DIPEA (2.42 mL, 

13.9 mmol, 3 eq.). The reaction mixture was stirred at room temperature overnight then 

partitioned between EtOAc (100 mL) and H2O (100 mL). The organic layer was washed 

with H2O repeatedly (100 mL x 5), dried with Na2SO4, then concentrated produce a white 

solid (1.17 g, 93%): 1H NMR (400 MHz, CDCl3): δ 8.46 (d, J = 8.4 Hz, 1H), 7.98 (s, 1H), 

7.01 (d, J = 7.6 Hz, 1H), 5.58-5.52 (m, 1H), 3.29 (t, J = 5.8 Hz, 2H), 1.91-1.85 (m, 1H), 

1.44 (d, J = 6.4 Hz, 6H), 0.99 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 163.1, 

159.3, 150.5, 144.0, 117.3, 114.8, 71.2, 47.1, 28.3, 22.1, 20.2; Calcd (M+): 270.1, Found: 

271.1 ([M+H]+); mp: 78–81°C. 
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N-isobutyl-2-isopropoxy-6-vinylnicotinamide (10). 9 (500 mg, 1.84 mmol, 1 eq.), copper 

iodide (70 mg, 0.37 mmol, 0.2 eq.), cesium fluoride (560 mg, 3.68 mmol, 2. eq.), and 

tetrakis(triphenylphosphine)palladium(0) (213 mg, 0.18 mmol, 0.1 eq.) were placed in a 

round bottom flask under an N2 atmosphere. Anhydrous DMF (20 mL) was added and 

the reaction stirred for 15 minutes at room temperature during which time N2 was 

bubbled through the reaction mixture. Tri-n-butyl(vinyl)tin (0.81 ml, 2.76 mmol, 1.5 eq.) 

was added, and then the reaction was stirred at 100 °C overnight. The reaction mixture 

was filtered over Celite with EtOAc (ca. 300 mL). The EtOAc was washed with H2O 

repeatedly (150 mL x 5), dried (Na2SO4) and concentrated in vacuo. The crude product 

was adsorbed onto silica gel, then purified using column chromatography under a 

gradient of Hexane/EtOAc to deliver the title compound as a yellow oil (311 mg, 64%): 

1H NMR (400 MHz, CDCl3): δ 8.46 (d, J = 8.0 Hz, 1H), 8.167 (s, 1H), 6.95 (d, J = 7.2 

Hz, 1H), 6.74-6.67 (dd, JL = 17.6 Hz, Js = 11.2 Hz, 1H), 6.30 (d, J = 17.2 Hz, 1H), 5.66-

5.61 (m, 1H), 5.49 (d, J = 10 Hz, 1H), 3.30 (t, J = 6.2 Hz, 2H), 1.92-1.86 (m, 1H), 1.45 

(d, J = 6.0 Hz, 6H), 1.00 (d, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 164.0, 

159.4, 155.1, 142.2, 135.7, 119.8, 115.5, 115.1, 69.6, 47.1, 28.4, 22.2, 20.2; Calcd (M+): 

262.2, Found: 263.2 ([M+H]+).   

 

 5-(isobutylcarbamoyl)-6-isopropoxypicolinic acid (6). 10 (300 mg, 1.14 mmol, 1. eq.) 

was dissolved in acetone (12 mL). NaHCO3 (48 mg, 0.57 mmol, 0.5 eq.) was next added. 

Finally, KMnO4 (542 mg, 3.42 mmol, 3.00 eq.) was added portion-wise over 8 h. The 

reaction was stirred at room temperature overnight. The next day, the reaction mixture 
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was partitioned between ether and 0.1 M KOH. The water layer was isolated, acidified to 

pH 2 with 1 M HCl, then the product was extracted into CH2Cl2 (2 x 100 mL). The 

CH2Cl2 layers were combined, dried over Na2SO4, then concentrated to furnish the title 

compound as a beige solid (279 mg, 87%): 1H NMR (400 MHz, CDCl3): δ 8.75 (d, J = 

8.0 Hz, 1H), 8.04 (s, 1H), 7.92 (d, J = 7.2 Hz, 1H), 5.60-5.57 (m, 1H), 3.33 (t, J = 5.8 Hz, 

2H), 1.93-1.89 (m, 1H), 1.50 (d, J = 6.0 Hz, 6H), 1.01 (d, J = 6.4 Hz, 6H); 13C NMR (100 

MHz, CDCl3): δ 159.3, 143.5, 120.2, 118.5, 71.1, 47.3, 28.2, 22.1, 20.1; Calcd (M+): 

280.1, Found: 281.1 ([M+H]+); mp: 107–110°C.  

 

2-isopropoxy-6-((1-methoxy-3-methyl-1-oxobutan-2-yl)carbamoyl)nicotinic acid (11). 6 

(100 mg, 0.36 mmol, 1 eq.), HBTU (162 mg, 0.43 mmol, 1.20 eq.) and L-leucine methyl 

ester (130 mg, 0.71 mmol, 2.00 eq.) were dissolved in anhydrous DMF (4 mL). Upon 

complete dissolution, DIPEA (0.10 ml, 1.07 mmol, 1.5 eq.) was added. The reaction 

mixture was stirred at room temperature overnight, then partitioned between EtOAc (75 

mL) and H2O (75 mL). The organic layer was washed with H2O repeatedly (100 mL x 5), 

dried over Na2SO4 then concentrated to produce the title compound as an orange oil (126 

mg, 90%): 1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 7.6 Hz, 1H), 8.09 (d, J = 7.2 Hz, 

2H), 7.88 (d, J = 8.0 Hz, 1H), 5.56-5.52 (m, 1H), 4.83-4.81 (m, 1H), 3.77 (s, 3H), 3.34 (t, 

J = 6.2 Hz, 2H), 1.92-1.67 (m, 4H), 1.52 (t, J = 6.8 Hz, 6H), 1.02-0.96 (m, 12H); 13C 

NMR (100 MHz, CDCl3): δ 173.3, 163.0, 158.7, 148.3, 143.4, 119.3, 116.1, 70.9, 52.4, 

50.8, 47.2, 41.9, 28.3, 25.1, 22.9, 22.1, 20.2; Calcd (M+): 407.2, Found: 408.2 ([M+H]+). 
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6-((1-carboxy-2-methylpropyl)carbamoyl)-2-isopropoxynicotinic acid (2). 11 (80 mg, 

0.20 mmol, 1 eq.) was dissolved in a 3:1:1 solution of THF/MeOH/H2O (3 mL). Lithium 

hydroxide monohydrate (10 mg, 0.25 mmol, 1.25 eq.) was added, and the reaction 

mixture was stirred at room temperature for 3 h. The reaction mixture was partitioned 

between ether (30 mL) and 0.1 M NaOH (30 mL). The aqueous layer was then acidified 

with 1 M HCl, and the product was extracted into CH2Cl2 (30 mL x 2). The CH2Cl2 

layers were combined, dried with Na2SO4, filtered and concentrated to provide the title 

compound as a yellow solid (66 mg, 86%): 1H NMR (400 MHz, CDCl3): δ 8.67 (d, J = 

7.6 Hz, 1H), 8.14 (t, J = 8.6 Hz, 2H), 7.88 (d, J = 8.0 Hz, 1H), 5.54-5.51 (m ,1H), 4.82-

4.81 (m, 1H), 3.32 (t, J = 6.0 Hz, 2H), 1.91-1.84 (m, 1H), 1.79-1.73 (m, 1H), 1.51-1.48 

(m, 6H), 1.00 (d, J = 6.0 Hz, 12H); 13C NMR (100 MHz, CDCl3): δ 175.9, 163.3, 158.7, 

148.2, 143.5, 119.0, 116.1, 71.0, 50.9, 47.3, 41.6, 28.2, 25.1, 22.9, 22.1, 20.2; Calcd 

(M+): 393.1, Found: 394.1 ([M+H]+); mp: 155–158°C.  

 

N-Isobutylnicotinamide (12). Nicotinic acid (200 mg, 1.62 mmol, 1 eq.) and HBTU (739 

mg, 1.94 mmol, 1.2 eq.) were dissolved in DMF (8 mL). Isobutylamine (0.32 mL, 3.25 

mmol, 2 eq.) was added to the reaction followed by DIPEA (0.85 mL, 4.86 mmol, 3 eq.). 

The reaction mixture was stirred at room temperature overnight, then partitioned between 

EtOAc (75 mL) and H2O (75 mL). The organic layer was washed with H2O repeatedly 

(75 mL x 5). The organic layer was then collected, dried with Na2SO4, and concentrated 

to afford the title compound as an off-white solid (243 mg, 84%): 1H NMR (400MHz, 

CDCl3): δ 8.94 (s, 1H), 8.62 (s, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.30 (s, 1H), 3.21 (t, J = 6.6 
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Hz, 2H), 1.89-1.82 (m, 1H), 0.91 (d, J = 6.4 Hz, 6H); 13C NMR (100MHz, CDCl3): δ 

165.8, 151.8, 147.8, 135.2, 130.7, 123.5, 47.4, 28.5, 20.1. 

 

Methyl benzoylleucinate (13). Benzoic acid (150 mg, 1.23 mmol, 1 eq.) and HBTU (559 

mg, 1.48 mmol, 1.2 eq.) were dissolved in DMF (12 mL). L-Leucine methyl ester (356 

mg, 2.46 mmol, 2 eq.) was added to the reaction followed by DIPEA (0.43 ml, 2.46 

mmol, 2 eq.). The reaction mixture was stirred at room temperature overnight, then 

partitioned between EtOAc (75 mL) and H2O (75 mL). The organic layer was washed 

with H2O repeatedly (75 mL x 5). The organic layer was then collected, dried with 

Na2SO4, and concentrated to afford the title compound as an off-white solid (260 mg, 

85%): 1H NMR (400 MHz, CDCl3): δ 7.80 (d, J = 6.78 Hz, 2H), 7.52 (t, J = 7.0 Hz, 1H), 

7.45 (t, J = 7.4 Hz, 2H), 6.53 (d, J = 8.0 Hz, 1H), 4.90-4.85 (m, 1H), 3.77 (s, 3H), 1.79-

1.65 (m, 3H), 0.98 (d, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 173.7, 167.2, 

133.9, 131.8, 128.6, 127.0, 52.4, 51.1, 41.9, 25.0, 22.8, 22.0; Calcd (M+): 249.2, Found: 

250.2 ([M+H]+); mp: 95–98°C. 
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CHAPTER 5: Structural Re-Engineering of the Alpha-Helix Mimetic 

JY-1-106 into Small-Molecules: Disruption of the Mcl-1–Bak-BH3 

Protein–Protein Interaction with 2,6-Di-Substituted Nicotinates 

Published in ChemMedChem, 2016, Vol. 11, Issue 8, pp. 827-833 
 

5.1 Introduction 

 

 Apoptosis, or programmed cell death, ensures normal tissue homeostasis, and its 

dysregulation can lead to several human pathologies, including cancer.1,2 Whilst the 

extrinsic apoptosis pathway is initiated through the activation of cell surface receptors, the 

intrinsic apoptosis pathway occurs at the mitochondrial outer membrane, and is governed 

by the binding interactions between pro- and anti-apoptotic Bcl-2 family proteins.3 The 

anti-apoptotic proteins, which include BCL-2, BCL-XL, BCL-W, BCL-A1 and MCL-1, 

bind to the alpha-helical Bcl-2 homology-3 (BH3) domains of pro-apoptotic proteins, 

which include Bax, Bak and Bim, effectively neutralizing them and inhibiting apoptosis.4,5 

In many cancers, the anti-apoptotic Bcl-2 proteins are upregulated and in this way the 

cancer cells can evade apoptosis.2 Accordingly, synthetic strategies to inhibit the Bcl-2 

proteins has been adopted as a new avenue for cancer therapy.6  

The Mcl-1 gene is frequently overexpressed in human cancers, including lung, breast, 

pancreatic, cervical cancers as well as leukemia.7-12 Importantly, genetic mouse models 

have shown that Mcl-1 is involved in tumour initiation and development.13 Thus, for these 

reasons, Mcl-1 has emerged as an attractive target for anti-cancer therapy. Indeed, in the 

last few years, several groups, including ours, have developed inhibitors of MCL-1, which 

span a variety of scaffolds such as indoles, 5-phenylsalicylates, 1-hydroxynaphthalenes, 1-

hydroxy-2-naphthoates and tetrahydroquinolines, all of which share a carboxylic acid to 



 

 191

bind R263.14-21 In addition, the neutral pyrogallol MIM1 and an 8-hydroxyquinoline 

derivative have also been described as MCL-1 inhibitors, and it is possible these neutral 

agents still engage R263 through hydrogen bond(s).22,23 However, no MCL-1 inhibitor has 

advanced to the clinic. Finally, it is especially noteworthy that Leverson and colleagues 

recently reported that their highly potent and selective MCL-1 inhibitor A-1210477 

demonstrates on-target cellular effects, thus establishing for the first time that MCL-1 is a 

viable cell target for the development of novel anti-cancer therapies.24  

In addition to conventional small-molecule strategies, MCL-1 inhibitors have been 

fashioned through the structural mimicry of BH3 alpha-helical domains.25-31 However, 

such “alpha-helix mimetics” targeting the Bcl-2 proteins have not advanced to the clinic, 

not for this nor any other targeted PPIs, and this may be due to their high molecular weights 

(MWs), which contravene Lipinski’s rule as they are typically in excess of 500, and/or a 

lack of specificity.32,33,34 Alpha-helix mimetics typically reproduce functionality on only 

one face of the alpha-helix, specifically the i, i+3/4 and i+7 positions. These are often rather 

hydrophobic molecules and their inhibitory activities might stem from the hydrophobic 

effect, at least in part. We believe that the recognition properties of an alpha-helix mimetic 

can be enhanced by mimicking additional faces of the alpha-helix.28,31,35 On the other hand, 

a successful alpha-helix mimetic might be used as the inspiration from which a more 

traditional small-molecule could be realized. Hence, we employed a structural re-

engineering study on the alpha-helix mimetic JY-1-106 in order to reduce its MW while 

increasing its selectivity for MCL-1 over BCL-XL.26,27 

 

 



 

 192

5.2 Design 

 BH3 alpha-helices recognize MCL-1 through binding four hydrophobic sub-

pockets p1-p4 via conserved hydrophobic residues at the i, i+3/4 and i+7 and i+11 positions 

along one face of the alpha-helix. Additionally, a conserved aspartate on the opposing face 

of the alpha-helix binds R263. As an example, the co-crystal structure of MCL-1–BIM-

BH3 is given in Figure 5.2.1, and the key residues of the BIM-BH3 alpha-helix are also 

clearly shown. We recently reported on the discovery of the BH3 alpha-helix mimetic JY-

1-106 , which is a dual BCL-XL/MCL-1 inhibitor (BCL-XL: Ki = 179 ± 24 nM; MCL-1: Ki 

= 1.79 ± 0.15 µM).26,27 The isopropyl groups of JY-1-106 are believed to target the p2, p3 

and p4 pockets of MCL-1, whilst the role of the carboxylic acid group was to enhance 

compound solubility rather than target any residue in particular. 

 

 

 

 

 

 

 

 

 

 

 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 
Fig. 5.2.1: A. Structure of MCL-1–BIM-BH3 (PDB ID: 4HW4). MCL-1 
coloured by atom type: carbon = grey; blue = nitrogen; red = oxygen; yellow = 
sulfur. BIM-BH3 a-helix coloured in green. Key residues and binding pockets 
on MCL-1 shown in black. B. Key residues of the BIM-BH3 a-helix. C. The a-
helix mimetic JY-1-106. 
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 We hypothesized that the central picolinamide subunit of JY-1-106 could serve as 

a scaffold to generate synthetically-accessible, small-molecule inhibitors of MCL-1. We 

postulated that retaining but modifying the substitution at both positions flanking the 

pyridine nitrogen of the picolinamide fragment might still permit binding to both the p2 

and p3 pockets, whilst relocation of the carboxylic acid meta to the nitrogen atom might 

also allow the formation of a salt bridge with R263. One such simple molecule, 1a, is 

shown in Figure 5.2.2. Computational modeling of 1a with MCL-1 (after ligand extraction, 

MCL-1 coordinates from PDB ID: 4HW2) was conducted with GOLD, and a low energy 

docked solution is given in Figure 5.2.3. The small-molecule–MCL-1 crystal structure 

4HW2 was selected for docking studies because our synthetic ligand is now more akin to 

a traditional small-molecule rather than an alpha-helix or an alpha-helix mimetic. The 

phenyl ring snuggly fits into the p2 pocket (partially obscured) and the isobutyl group is 

pointed towards the p3 pocket, docking nicely into a new pocket bounded by A227 and 

M231 not found in crystal structures of MCL-1 with BH3 ligands.16 A weak salt bridge 

(3.9 A) is detected between the carboxylic acid and R263, although given the plasticity of 

the hydrophobic groove of MCL-1, as revealed by multiple crystal structures (e.g. PDB 

IDs: 4HW2, 4HW3, 4HW4, 3WIX), we envisage stronger interactions between the acid 

and R263 may be possible.16 With this modeling data in hand, we then prepared a library 

of analogs of 1a in which we modified the alkoxy (R1O) and aryloxy (R2O) groups. 
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5.3 Chemistry 

 Accordingly, 2,6-dichloronicotinic acid (2) was regioselectively alkoxylated ortho 

to the acid with various R1OH alcohols to afford 3 using chemistry recently developed in 

our laboratory (Fig. 5.3.1).36 Incidentally, the ability to selectively control the displacement 

  
  
  
  
  
  
  
  
  

 

 

 

 

 
Fig. 5.2.2: Reduction of the a-helix mimetic JY-1-106 into the small-molecule 
1a. Labels in half-bubbles refer to MCL-1 residues and sub-pockets. 

  

  
  
  
  
  
  
  
  
  

 

 

 

 
Fig. 5.2.3: Low energy GOLD docking solution of 1a bound to 
MCL-1 (coordinates from PDB ID: 4HW2). 
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of the two chlorines in 2,6-dichloronicotinic acid directly facilitated the development of a 

new alpha-helix mimetic.37 Subsequent esterification of 3 was accomplished with thionyl 

chloride and methanol to yield methyl esters 4. A second SNAr reaction was performed 

with phenols R2OH to deliver compounds 5, or thiophenols R2SH to yield compounds 6, 

which were finally saponified to furnish the target molecules 1a–1r and 7a–7d, 

respectively, in just four steps. 

 

5.4 Results 

 In order to quantify the abilities of compounds to inhibit MCL-1, a fluorescence 

polarization competition (FPC) assay was employed in which the compounds competed 

with an FITC-labeled BAK-BH3 peptide for binding to MCL-1172-327. IC50 data resulting 

from the analysis were converted to Ki values using the Nikolovska-Coleska equation.38 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 

Fig. 5.3.1 Scheme 1: (a) R
1
OH, NaH, THF, 60 ºC, 16 h; (b) SOCl

2
, MeOH, 60 

ºC, 3 h; (c) R
2
OH or R

2
SH, K

2
CO

3
, DMF, 100 ºC, 72 h; (d) LiOH•H

2
O, THF–

MeOH–H
2
O, 3:1:1, RT, 3 h. 
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For further details, see the Experimental Section. The simplest compound 1a exhibited the 

weakest binding to MCL-1 with a Ki of 260 µM. However, the introduction of halogens 

into the phenyl R2 group resulted in improved inhibition, and the effect was cumulative, 

which can be seen by comparing the data for 1c and 1e with that for 1f. Indeed, 1f (Ki = 

6.69 µM) was almost 40-fold more potent than parent compound 1a. Naphthyl R2 

derivatives also proved better inhibitors of MCL-1 over 1a with the 1-naphthyl derivative 

1b superior to its regioisomer 1g. Whilst substitution off the phenyl R2 moiety with 

hydrophobic groups always enhanced the inhibitory activity over the parent compound 1a, 

para-substitution led to the greatest increases in inhibition. For example, compare the data 

for 2-chlorophenyl (1c) with 4-chlorophenyl (1e) derivatives, and 3,5-dimethylphenyl (1k) 

with 4-methylphenyl (1h) derivatives. In every case, replacement of the R2 ether oxygen 

(X group) with a sulfur atom (compounds 7a–7d) resulted in an improvement in inhibitory 

activity of between 2.5-fold and 12-fold. 7c was the most potent of the thioether series with 

a Ki of 3.69 µM. Finally, we examined the effect of varying the R1 group. As the size of 

the hydrophobic R1 group was increased, the resulting inhibitor generally became more 

potent. In fact, 1r was the most potent compound of the entire series: Ki = 2.90 µM. All of 

the FPC data is presented in Table 1. 
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Table 5.4.1: MCL-1 structure–activity relationships of 2,6-di-substituted nicotinates. IC50 

data from a fluorescence polarization competition assay with MCL-1172-371 and FITC-

labeled BAK were converted to Ki values using the Nikolovska- Coleska equation 38. Data 

represent an average of at least two biological replicates and errors represent standard 

deviations. 
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Evidence for the direct binding of 1r to MCL-1 was provided by heteronuclear NMR 

studies. 2D 1H–15N heteronuclear single quantum coherence (HSQC) spectra of 15N-MCL-

1 were collected in the absence and presence of 1r. An overlay of the two spectra 

(Fig.5.4.1: black = MCL-1 alone; red = MCL-1 + 1r) revealed significant chemical shift 

changes, particularly for R263 and those residues located around the p2 pocket; those ≥ 0.3 

ppm have been mapped onto the MCL-1 crystal structure 4HW2 and shown in red in 

Figure 5.4.2. 

 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 

 

Fig. 5.4.1 
1
H–

15
N HSQC spectra overlay of apo-Mcl-1 (black) and 1r-bound Mcl-

1 (red).   
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5.5 Discussion 

 Overall, larger and more hydrophobic R1 and R2 groups afforded greater inhibition 

of MCL-1. This finding may be due to more efficient interactions with the hydrophobic p2 

pocket, which is supported by the HSQC NMR data. The inhibitory activity was enhanced 

further still by replacing the R2 phenyl ether oxygen with a sulfur atom, which can be 

rationalized by the greater hydrophobicity of sulfur over oxygen coupled with the idea that 

the R2 group is directed into the hydrophobic p2 pocket. In addition, the carboxylic acid of 

the inhibitors was critical to activity since the methyl ester derivative of 1r exhibited no 

effect on the MCL-1–BAK-BH3 PPI, which is consistent with the design rationale wherein 

the carboxylic acid was proposed to form a salt bridge with R263. 

Many of the inhibitors described in the present work exhibited similar Ki values to the 

alpha-helix mimetic JY-1-106 (Ki = 1.79 µM), yet they have much lower MWs. Indeed, 

the two most potent compounds 7c and 1r are about two-thirds the mass of JY-1-106, 

  
  
  
  
  
  
  
  
  

 

 

 

Fig. 5.4.2 
1
H–

15
N MCL-1 Chemical shift perturbations ≥ 0.3 ppm 

in the presence of 1r mapped onto the MCL-1 crystal structure 
4HW2 are shown in red. 
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bringing their MWs within the threshold proposed by Lipinski (MW < 500). Furthermore, 

their lipophilicities are also significantly reduced. For example, cLogP and cLogD (pH 7.4) 

for JY-1-106 are 7.37 and 4.32, respectively, whilst the corresponding values for 1r are 

6.11 and 2.98, respectively. Finally, we evaluated the selectivity profile of 1r for Bcl-2 

family members. As shown in Figure 5.5.1, the IC50 values for 1r against MCL-1 and 

BCL-XL were 11.35 ± 4.85 µM and 31.53 ± 6.19 µM, respectively, which correspond to 

Ki values of 2.87 ± 1.24 µM and 2.04 ± 0.40 µM, respectively. It is noteworthy that the 10-

fold BCL-XL-selectivity of JY-1-106 has been almost completely eroded upon its 

transformation into small-molecule nicotinates; future work will focus on the acquisition 

of crystal structures of 1r with MCL-1 and BCL-XL to assist in further enhancement in 

affinity and selectivity for MCL-1.  

 

  
  
  
  
  
  
  
  
 

 

 

 

 

 

  
Fig. 5.5.1 Inhibition of Mcl-1 and Bcl-x

L
 by compound 1r, as 

determined by a FPC assay with FITC-Bak. Errors represent 
standard deviations of three  biological replicates performed in 
triplicate .  
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5.6 Conclusion 

 In summary, using our previously reported alpha-helix mimetic JY-1-106 as a 

starting point, we have developed a new family of readily accessible MCL-1 selective 

inhibitors based on a 2,6-di- substituted nicotinic acid core. HSQC NMR data supported 

the hypothesis that the R1 group and/or the R2 group probe(s) into the p2 pocket, whilst the 

carboxylic acid likely engages R263 through a salt bridge, although the exact binding mode 

remains unknown at this time. It is noteworthy that our most potent compounds are about 

as potent as the alpha-helix mimetic JY-1-106 yet exhibit significantly reduced MWs and 

cLogDs. Additional structure–activity studies are currently underway, which, as well as 

enhancing compound affinity, will include further investigation into a better understanding 

of the specific binding mode and how this can be exploited towards achieving selectivity 

for specific Bcl-2 family members of anti-apoptotic proteins. 

 

5.7 Materials and Methods 

GOLD Molecular Docking. Compound 1a was first MM2 energy minimized in 

ChemDraw3D. The 4HW2 pdb file was uploaded into GOLD, all the appropriate 

hydrogens were added, waters were removed and then the ligand was extracted. The 

binding site was defined as 10 Å about the side chain sulfur of Met231; no further 

constraints were used. 

 

General Chemistry: All reactions were performed in oven-dried glassware under a N2 

atmosphere. Anhydrous solvents were used as supplied without further purification. 1H and 

13C NMR spectra were recorded on a Varian 400 MHz NMR spectrometer at 298K. 
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Chemical shifts are reported in parts per million (ppm) and are referenced to residual non-

deuterated solvent peak (CHCl3: δH 7.26, δC 77.2; DMSO: δH 2.50, δC 39.5). Mass spectra 

were recorded on a Bruker AmaZon X mass spectrometer using atmospheric pressure 

chemical ionization (APCI). All final molecules were confirmed to be >95% pure by HPLC 

prior to biological testing using a Waters 1525 analytical/preparative HPLC equipped with 

a Atlantis T3 C18 reversed phase column according to one of the following gradients: (I) 

50% solvent (A) to 100% solvent (B) over 22 min at 1 ml min-1; (II) 100% solvent (B) 

isocratic over 22 min at 1 ml min-1, where solvent (A) is H2O with 0.1% TFA and solvent 

(B) is CH3CN-H2O, 9:1 with 0.1% TFA.  

General Procedure A: First SNAr. Alcohol R1OH (5 eq.) was added to a solution of 

anhydrous THF (0.10 M). The reaction was then cooled to 0 ºC then NaH (5 eq.) was 

slowly added to the solution. The reaction mixture was stirred for 30 min. before 2,6-

dichloronicotinic acid (1 eq.) was added portionwise, and then the mixture was heated 

overnight at 60 °C in an oil bath. The next day, the reaction was quenched with brine (1 

mL), then concentrated to ca 10 mL. The reaction mixture was partitioned between CH2Cl2 

and 0.1 M HCl. The organic layer was collected, and the aqueous layer was extracted with 

CH2Cl2 twice further. The organic layers were combined, dried with Na2SO4, concentrated 

to yield the crude ortho-substituted nicotinic acid.  

General Procedure B: Esterification. The ortho-substituted nicotinic acid (1 eq.) from 

General Procedure A was dissolved in MeOH (0.10 M), Thionyl chloride (3 eq.) was 

slowly added to the reaction mixture 0 ºC, and then the mixture was refluxed for 3 h. The 
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reaction mixture was concentrated to dryness. The crude material was adsorbed onto silica 

gel, then purified by flash column chromatography (eluent: Hex/EtOAc, 4:1). 

General Procedure C: Second SNAr. The methyl ester (1 eq.) from General Procedure B 

was dissolved in DMF (0.10 M). The appropriate phenol (R2OH) or thiophenol (R2SH) (4 

eq.) was added to the reaction followed by K2CO3 (3 eq.). The reaction was heated at 100 

ºC for 72 h. The reaction was partitioned between EtOAc and H2O. The organic layer was 

isolated and washed repeatedly (5x) with H2O. The organic layer was then collected, dried 

with Na2SO4 and concentrated under vacuum. The crude material was adsorbed onto silica 

gel, then purified by flash column chromatography (eluent: Hex/EtOAc, 4:1). 

General Procedure D: Saponification. The o,p-disubstituted nicotinate (1 eq.) from 

General Procedure C was dissolved in a 3:1:1 solution of THF/MeOH/H2O (0.10 M). 

LiOH•H2O (4 eq.) was added, and the reaction mixture was stirred at RT for 3 h. If 

necessary, the reaction volume was reduced to ca 10 mL, then partitioned between ether 

and H2O. The ethereal layer was discarded, the aqueous layer was acidified with 0.1 M 

HCl, then extracted with CH2Cl2. The organic layer was collected, the aqueous layer was 

extracted once more with CH2Cl2, then the organic extractions were combined, dried with 

Na2SO4, filtered and concentrated to produce the o,p-disubstituted nicotinic acid.  

Protein Production: A His6-MBP tagged recombinant human MCL-1 residues 172 to 327 

was produced in E. coli in either LB or minimal media supplemented with 15NH4Cl to 

produce unlabeled or 15N-labeled MCL-1. The tagged protein was initially purified from 

the crude cell lysate by IMAC chromatography (GE Healthcare Life Sciences), and after 
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dialysis to remove the imidazole the affinity tag was cleaved using PreScission Protease 

(GE Healthcare Life Sciences). A Sephacryl S-200 size exclusion column was used as a 

final purification step before the protein was concentrated with a 10,000 MWCO centifugal 

filter concentrator (Millipore). The protein purity was shown to be >98% by Coomassie 

Brilliant Blue (Bio-Rad) stained SDS-PAGE gel and the final concentration was 

determined using the Bradford protein assay (Bio-Rad) with BSA standards (Pierce). 

 

Peptide: A 6-aminohexanoic acid linker was conjugated to the N-terminus of the BAK 

BH3 peptide (GQVGRQLAIIGDDINR), capped with fluorescein (on the amino group of 

the linker), and the peptide was amidated on the C-terminus to give FITC-Ahx-

GQVGRQLAIIGDDINR-CONH2, hereafter referred to as “FITC-BAK” (synthesized by 

Neo BioScience in >95% purity).  

Fluorescence polarization experiments. Fluorescence polarization experiments were 

conducted using a BMG PHERAstar FS multimode microplate reader equipped with two 

PMTs for simultaneous measurements of the perpendicular and parallel fluorescence 

emission. For the competition assay, inhibitors were titrated into a solution of MCL-1172-

327 (or BCL-XL
2-212) and the fluorescently-labeled BAK-BH3 peptide FITC-Ahx-

GQVGRQLAIIGDDINR-CONH2 (hereafter “FITC-BAK”), where FITC = fluorescein 

isocyanate; Ahx = 6-aminohexanoyl linker. Regression analysis was carried out using 

Origin (OriginLab, Northampton, MA) to fit the data to the Hill equation to determine the 

initial binding affinity (Kd) and the IC50 in the FPC assay. Kds for the FITC-BAK peptide 

to MCL-1 and BCL-XL were 33.8 ± 0.50 nM and 6.67 ± 0.05 nM, respectively. For the 

fluorescence polarization competition titrations, an equation derived by Nikolovska-
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Coleska et al. was used to calculate the Ki values from the IC50 data.[38] All experiments 

were run in three biological replicates, each in triplicate. 

NMR Spectroscopy. 2D HSQC (heteronuclear single quantum coherence) NMR spectra 

were collected at 25 °C with a Bruker AVANCE 800 NMR spectrometer (800.27 MHz for 

protons) equipped with pulsed-field gradients, four frequency channels, and triple 

resonance, z-axis gradient cryogenic probes. A one-second relaxation delay was used, and 

quadrature detection in the indirect dimensions was obtained with states-TPPI phase 

cycling; initial delays in the indirect dimensions were set to give zero- and first-order phase 

corrections of 90° and –180°, respectively. Data were processed using the processing 

program nmrPipe on Linux workstations. All proton chemical shifts are reported with 

respect to the H2O or HDO signal, taken to be 4.658 ppm relative to external TSP (0.0 

ppm) at 37 °C. The 15N chemical shifts were indirectly referenced using the zero-point 

frequency at 37 °C of 0.10132905 for 1H–15N, as previously described. Uniformly 15N-

labeled Mcl-1 was used to collect two-dimensional 1H–15N-fast HSQC spectra of MCL-1 

with and without compound to detect changes in the backbone 15N and 1H resonances of 

MCL-1 due to the direct interaction with compound 1r, which itself was initially dissolved 

in 100% d6-DMSO. The NMR samples contained 61.9 μM 15N-labeled MCL-1, 20 mM 

HEPES, pH 6.8, 36.4 mM NaCl, 0.20 mM NaN3, 2.2 mM DTT, 4.2% DMSO, 20% D2O. 

Concentrated 1r was added in excess to a final protein:ligand ratio of 1:2 (i.e. 123.8 

microM). NMR datasets were acquired with 200 indirect points and 32 scans at 299K on a 

Bruker Avance 800 MHz spectrometer equipped with a z-gradient cryogenic probe. 
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6-Chloro-2-isobutoxynicotinic acid (3a). Prepared according to General Procedure A on a 

5.21 mmol scale with isobutanol (2.41 mL, 26.04 mmol, 5 eq): yellow solid (yield = 75%). 

 

 6-Chloro-2-methoxynicotinic acid (3b). Prepared according to General Procedure A on a 

2.60 mmol scale with methanol (0.53 mL, 13.0 mmol, 5 eq): yellow solid (yield = 75%). 

 

6-Chloro-2-isopropoxynicotinic acid (3c). Prepared according to General Procedure A on 

a 15.63 mmol scale with isopropanol (5.98 mL, 78.13 mmol, 5 eq.) in a 0.10 M solution of 

CH2Cl2:dioxane (1:1) at RT: yellow solid (yield =  94%).  

 

2-(sec-Butoxy)-6-chloronicotinic acid (3d). Prepared according to General Procedure A 

on a 2.60 mmol scale and sec-butanol (1.19 mL, 13.02 mmol, 5 eq.): yellow oil (yield = 

87%). 

 

6-Chloro-2-(cyclohexylmethoxy)nicotinic acid (3e). Prepared according to General 

Procedure A on a 2.60 mmol scale with cyclohexane methanol (1.60 mL, 13.0 mmol, 5 

eq.): orange solid (yield = 75%).  

 

2-(Benzyloxy)-6-chloronicotinic acid (3f). Prepared according to General Procedure A on 

a 5.20 mmol scale with phenylmethanol (2.70 mL, 26.0 mmol, 5 eq.): yellow oil (yield = 

75%). 
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 Methyl 6-chloro-2-isobutoxynicotinate (4a). Prepared according to General Procedure B 

with 3a on a 8.71 mmol scale: yellow oil (yield = 79%). 1H NMR (400 MHz, CDCl3): δ 

8.09 (d, J = 8.0 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 4.15 (d, J = 6.4 Hz, 2H), 3.87 (s, 3H), 

2.12-2.09 (m,1H), 1.03 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 160.1, 157.3, 

147.4, 138.7, 111.1, 107.4, 68.9, 47.4, 23.2, 14.3; Calcd (M+): 243.2, Found: 282.2 

([M+K]+). 

 

Methyl 6-chloro-2-methoxynicotinate (4b). Prepared according to General Procedure B 

with 3b on a 2.66 mmol scale: clear oil (yield = 95%). 1H NMR (400 MHz, CDCl3): δ 8.07 

(d, J = 7.6 Hz, 1H), 6.92 (d, J = 8.0, 1H), 4.01 (s, 3H), 3.85 (s, 3H); 13C NMR (100 MHz, 

CDCl3): δ 159.79, 157.4, 147.5, 138.7, 111.5, 107.4, 50.1, 47.5; Calcd (M+): 201.2, Found: 

202.2 ([M+H]+).   

 

Methyl 6-chloro-2-isopropoxynicotinate (4c). Prepared according to General Procedure B 

with 3c on a 1.39 mmol scale: yellow oil (yield = 97%).1H NMR (400 MHz, CDCl3): δ 

8.00 (d, J = 8.0 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 5.35-5.32 (m, 1H), 3.80 (s, 3H), 1.32 (d, 

J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 159.9, 156.7, 147.2, 138.6, 110.7, 107.6, 

65.7, 47.2, 17.0; Calcd (M+): 229.1, Found: 230.1 ([M+H]+).    

 

Methyl 2-(sec-butoxy)-6-chloronicotinate (4d). Prepared according to General Procedure 

B with 3d on a 4.36 mmol scale: yellow oil (yield = 69%). 1H NMR (400 MHz, CDCl3): δ 

8.02 (d, J = 8.0 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 5.19-5.17 (m, 1H), 3.81 (s, 3H), 1.73-

1.63 (m, 2H), 1.30 (d, J = 6.4 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, 



 

 208

CDCl3): δ 160.2, 157.0, 147.3, 138.6, 110.8, 107.7, 70.4, 47.3, 24.6, 14.3, 4.7; Calcd (M+): 

243.2, Found: 282.2 ([M+K]+).    

 

Methyl 6-chloro-2-(cyclohexylmethoxy)nicotinate (4e). Prepared according to General 

Procedure B with 3e on a 1.85 mmol scale: clear oil (yield = 97%). 1H NMR (400 MHz, 

CDCl3): δ 8.11 (d, J = 8.0 Hz, 1H), 6.92 (d, J = 7.6 Hz, 1H), 4.20 (d, J = 6.0 Hz, 2H), 3.89 

(s, 3H), 1.89-1.63 (m, 6H), 1.28-1.08 (m, 5H);  13C NMR (100 MHz, CDCl3): δ 160.1, 

157.4, 147.4, 138.7, 111.1, 107.4, 68.0, 47.5, 32.5, 24.9, 21.7, 21.0; Calcd (M+): 283.1, 

Found: 284.1 ([M+H]+). 

 

Methyl 2-(benzyloxy)-6-chloronicotinate (4f). Prepared according to General Procedure B 

with 3f on a 6.80 mmol scale: clear oil (yield = 51%). 1H NMR (400 MHz, d-DMSO): δ 

8.22 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.41 (t, J = 7.6 Hz, 2H), 7.33 (t, J = 7.6 

Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 5.45 (s, 2H), 3.83 ( s, 3H); 13C NMR (100 MHz, d-

DMSO): δ 164.3, 161.1, 151.1, 144.6, 136.8, 128.8, 128.2, 127.8, 117.4, 113.1, 68.7, 52.7. 

 

Methyl 2-isobutoxy-6-phenoxynicotinate (5a). Prepared according to General Procedure C 

with 4a on a 1.00 mmol scale and phenol (282 mg, 3.00 mmol, 3 eq.): clear oil (yield = 

58%). 1H NMR (400 MHz, CDCl3):  δ 8.17 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 7.8 Hz, 2H), 

7.24-7.19 (m,1H), 7.13 (d, J = 7.6 Hz, 2H), 6.33 (d, J= 8.0 Hz, 1H), 3.96 (d, J = 6.4 Hz, 

2H), 3.84 (s, 3H), 2.02-1.95 (m, 1H), 0.92 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 165.2, 164.6, 162.4, 153.3, 145.0, 129.5, 125.2, 121.6, 107.1, 101.2, 73.0, 51.8, 

27.8, 19.1; Calcd (M+): 301.1, Found: 302.1 ([M+H]+). 
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Methyl 2-isobutoxy-6-(naphthalen-1-yloxy)nicotinate (5b). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 1- naphthol (433 mg, 3.00 mmol, 3 eq.): 

yellow oil (yield = 42%). 1H NMR (400 MHz, CDCl3): δ 8.19 (d, J = 8.4 Hz, 1H), 7.89 (d, 

J = 8.8 Hz, 2H), 7.76 (d, J = 8.4 Hz, 1H), 7.53-7.43 (m, 3H), 7.27 (d, J = 8 Hz, 1H), 6.36 

(d, J = 8.4 Hz, 1H), 3.84 (t, J = 5.6 Hz, 5H), 1.87-1.80 (m, 1H), 0.83 (d, J = 6.8 Hz, 6H); 

13C NMR (100 MHz, CDCl3): δ 165.2, 165.1, 162.5, 149.3, 145.1, 134.9, 127.9, 127.4, 

126.4, 126.2, 125.6, 121.9, 117.8, 107.2, 100.8, 72.9, 51.8, 27.6, 18.9; Calcd (M+): 351.1, 

Found: 352.1 ([M+H]+).    

 

Methyl 6-(2-chlorophenoxy)-2-isobutoxynicotinate (5c). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 2-chlorophenol (0.31 mL, 3.00 mmol, 3 

eq.): yellow oil (yield = 48%). 1H NMR (400 MHz, CDCl3): δ 8.23 (d, J = 8.8 Hz, 1H), 

7.47 (d, J = 9.6 Hz, 1H), 7.31 (t, J = 7.0 Hz, 1H), 7.21-7.15 (m, 2H), 6.45 (d, J = 8.8 Hz, 

1H), 3.85 (d, J = 6.8 Hz, 5H), 1.94-1.91 (m, 1H), 0.87 (d, J = 7.2 Hz, 6H); 13C NMR (100 

MHz, CDCl3): δ 165.2, 163.6, 162.2, 149.3, 145.1, 130.4, 129.0, 128.3, 127.7, 127.6, 126.4, 

124.0, 121.3, 116.3, 107.2, 101.0, 72.9, 51.8, 27.6, 19.0; Calcd (M+): 335.0, Found: 336.0 

([M+H]+).  

 

Methyl 6-(3-bromophenoxy)-2-isobutoxynicotinate (5d). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 3-bromophenol (519 mg, 3.00 mmol, 3 

eq.): clear oil (yield = 46%). 1H NMR (400 MHz, CDCl3): δ 8.21 (d, J = 8.4 Hz, 1H), 7.36 

(d, J = 9.2 Hz, 2H), 7.26 (t, J = 8.2 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.42 (d, J = 8.4 Hz, 
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1H), 3.95 (d, J = 6.8 Hz, 2H), 3.87 (s, 3H), 2.03-1.96 (m, 1H), 0.94 (d, J = 7.2 Hz, 6H); 13C 

NMR (100 MHz, CDCl3): δ 165.1, 163.7, 162.3, 153.9, 145.2, 130.4, 128.1, 125.1, 122.2, 

120.3, 107.6, 101.6, 73.1, 51.9, 27.8, 19.0; Calcd (M+): 379.0, Found: 380.0 ([M+H]+).   

 

Methyl 6-(4-chlorophenoxy)-2-isobutoxynicotinate (5e). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 4-chlorophenol (386 mg, 3.00 mmol, 3 

eq.): clear oil (yield = 53%). 1H NMR (400 MHz, CDCl3): δ 8.21 (d, J = 8.4 Hz, 1H), 7.36 

(d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.8 Hz, 2H), 6.40 (d, J = 8.8 Hz, 1H), 3.94 (d, J = 6.8 Hz, 

2H), 3.97 (s, 3H), 2.02-1.96 (m, 1H), 0.95 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 165.1, 164.1, 162.3, 151.8, 145.1, 130.3, 129.5, 122.9, 107.5, 101.4, 73.0, 51.8, 

27.8, 19.1; Calcd (M+): 335.0, Found: 336.0 ([M+H]+). 

 

Methyl 6-(2,4-dichlorophenoxy)-2-isobutoxynicotinate (5f). Prepared according to 

General Procedure C with 4a on a 1.00 mmol scale and 2,4-dichlorophenol (489 mg, 3.00 

mmol, 3 eq.): clear oil (yield = 47%). 1H NMR (400 MHz, CDCl3): δ 8.22 (d, J = 8.0 Hz, 

1H), 7.46 (d, J = 2.4 Hz, 1H), 7.28-7.24 (m, 1H), 7.13 (d, J = 8.4 Hz, 1H), 6.47 (d, J = 8 

Hz, 1H), 3.83 (t, J = 6.0 Hz, 5H), 1.93-1.87 (m, 1H), 0.87 (d, J = 6.8 Hz, 6H); 13C NMR 

(100 MHz, CDCl3): δ 165.1, 163.2, 162.2, 148.1, 145.3, 131.1, 130.1, 128.5, 127.8, 124.9, 

107.6, 101.1, 73.0, 51.9, 27.7, 19.0; Calcd (M+): 369.0, Found: 370.0 ([M+H]+).   

 

Methyl 2-isobutoxy-6-(naphthalen-2-yloxy)nicotinate (5g). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 2- naphthol (433 mg, 3.00 mmol, 3 eq.): 

yellow oil (yield = 40%). 1H NMR (400 MHz, CDCl3): δ 8.22 (d, J = 8.4 Hz, 1H), 7.88 (d, 
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J = 9.2 Hz, 2H), 7.70 (d, J = 6.8 Hz, 1H), 7.61 (s, 1H), 7.53-7.47 (m, 2H), 7.32 (d, J = 10.4 

Hz, 1H), 6.41 (d, J = 8.8 Hz, 1H), 3.97 (d, J = 6.4 Hz, 2H), 3.88 (s, 3H), 2.03-1.96 (m, 1H), 

0.91 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 165.2, 164.6, 151.0, 145.0, 134.0, 

131.1, 129.4, 127.4, 127.8, 127.5, 126.5, 125.5, 121.4, 118.0, 107.3, 101.3, 73.0, 51.8, 27.8, 

19.0; Calcd (M+): 351.1, Found: 352.1 ([M+H]+).  

   

Methyl 2-isobutoxy-6-(p-tolyloxy)nicotinate (5h). Prepared according to General 

Procedure C with 4a on a 1.03 mmol scale and p-cresol (444 mg, 4.11 mmol, 4 eq.): clear 

oil (yield = 49%). 1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 7.6 Hz, 1H), 7.20 (d, J = 8.4 

Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 6.30 (d, J = 8.8 Hz, 1H), 4.01 (d, J = 7.2 Hz, 2H), 3.86 

(s, 3H), 2.37 (s, 3H), 2.06-1.99 (m, 1H), 0.96 (d, J = 7.2 Hz, 6H);  13C NMR (100 MHz, 

CDCl3): δ 165.3, 164.9, 162.5, 151.0, 144.9, 134.8, 130.0, 121.3, 106.9, 100.9, 73.0, 51.8, 

27.8, 20.8, 19.1; Calcd (M+): 315.1, Found: 316.1 ([M+H]+).   

 

Methyl 2-isobutoxy-6-(4-isopropylphenoxy)nicotinate (5i). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and 4-isopropylphenol (409 mg, 3.00 mmol, 3 

eq.): yellow oil (yield = 45%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 8.4 Hz, 1H), 

7.25 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 7.6 Hz, 2H), 6.32 (d, J = 8.0 Hz, 1H), 4.00 (d, J = 7.2 

Hz, 2H), 3.86 (s, 3H), 2.97-2.90 (m, 1H), 2.04-1.98 (m, 1H), 1.27 (d, J = 6.8 Hz, 6H), 0.94 

(d, J = 6.0 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 165.3, 165.0, 162.4, 151.2, 145.8, 

144.9, 127.4, 121.3, 106.9, 100.9, 73.0, 51.8, 33.6, 27.8, 24.1, 19.1; Calcd (M+): 343.1, 

Found: 344.1 ([M+H]+).   
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Methyl 6-(4-(sec-butyl)phenoxy)-2-isobutoxynicotinate (5j). Prepared according to 

General Procedure C with 4a on a 1.00 mmol scale and 4-sec-butylphenol (451 mg, 3.00 

mmol, 3 eq.): clear oil (yield = 37%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 8.0 Hz, 

1H), 7.20 (d, J = 7.6 Hz, 2H), 7.06 (d, J = 7.6 Hz, 2H), 6.34 (d, J = 8.4 Hz, 1H), 3.97 (d, J 

= 7.2 Hz, 2H), 3.86 (s, 3H), 2.66-2.60 (m, 1H), 2.02-2.00 (m, 1H), 1.64-1.57 (m, 2H), 1.26 

(d, J = 7.2 Hz, 3H), 0.94 (d, J = 6.8 Hz, 6H), 0.83 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 

CDCl3): δ 151.2, 144.9, 144.6, 128.0, 121.3, 106.8, 101.0, 95.7, 72.9, 51.8, 41.1, 31.3, 27.8, 

21.9, 19.1, 12.2; Calcd (M+): 357.1, Found: 358.1 ([M+H]+).     

 

Methyl 6-(3,5-dimethylphenoxy)-2-isobutoxynicotinate (5k). Prepared according to 

General Procedure C with 4a on a 1.03 mmol scale and 3,5-dimethylphenol (502 mg, 4.11 

mmol, 4 eq.): clear oil (yield = 38%). 1H NMR (400 MHz, CDCl3): δ 8.15 (d,  J = 8.0 Hz, 

1H), 6.85 (s, 1H), 6.75 (s, 2H), 6.27 (d, J = 8.8 Hz, 1H), 4.02 (d, J = 6.4 Hz, 2H), 3.85 (s, 

3H) 2.30 (s, 6H), 2.06-1.99 (m, 1H), 0.95 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): 

δ 165.3, 164.9, 162.5, 153.2, 144.9, 139.4, 126.8, 119.0, 106.9, 101.0, 73.0, 51.8, 27.8, 

21.2, 19.1; Calcd (M+): 329.1, Found: 330.1 ([M+H]+).    

 

Methyl 6-(4-(tert-butyl)phenoxy)-2-isobutoxynicotinate (5l). Prepared according to 

General Procedure C with 4a on a 1.00 mmol scale and 4-tert-butylphenol (451 mg, 3.00 

mmol, 4 eq.): clear oil (yield = 75%). 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 8.4 Hz, 

1H), 7.41 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.4 Hz, 2H), 6.32 (d, J = 8.4 Hz, 1H), 3.99 (d, J 

= 7.2 Hz, 2H), 3.86 (s, 3H), 2.04-1.98 (m, 1H), 1.34 (s, 9H), 0.94 (d, J = 7.2 Hz, 6H); 13C 
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NMR (100 MHz, CDCl3): δ 165.3, 165.0, 162.4, 150.9, 148.1, 144.9, 126.4, 121.0, 106.9, 

100.9, 73.0, 51.8, 34.4, 31.4, 27.7, 19.1; Calcd (M+): 357.2, Found: 358.2 ([M+H]+).    

 

Methyl 6-(4-chloro-3,5-dimethylphenoxy)-2-methoxynicotinate (5m). Prepared according 

to General Procedure C with 4b on a 2.48 mmol scale and 4-chloro-3,5-dimethylphenol 

(1.59 g, 9.92 mmol, 4 eq.): white solid (yield = 66%). 1H NMR (400 MHz, CDCl3): δ 8.19 

(d, J = 7.6 Hz, 1H), 6.90 (s, 2H), 6.36 (d, J = 8.4 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 2.37 

(s, 6H); Calcd (M+): 321.1, Found: 322.2 ([M+H]+).    

 

Methyl 6-(4-chloro-3,5-dimethylphenoxy)-2-isopropoxynicotinate (5n). Prepared 

according to General Procedure C with 4c on a 1.30 mmol scale and 4-chloro-3,5-

dimethylphenol (838 mg, 5.20 mmol, 4 eq.): yellow oil (yield = 37%). 1H NMR (400 MHz, 

CDCl3): δ 8.16 (d, J = 8.8 Hz, 1H), 6.87 (s, 2H), 6.34 (d, J = 8.4 Hz, 1H), 5.03-5.00 (m,1H), 

3.83 (s, 3H), 2.36 (s, 6H), 1.26 (d, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 160.4, 

159.5, 157.2, 146.2, 140.2, 132.6, 125.9, 116.6, 102.6, 96.5, 65.1, 47.0, 17.0, 16.0; Calcd 

(M+): 349.0, Found: 350.0 ([M+H]+).   

 

Methyl 2-(sec-butoxy)-6-(4-chloro-3,5-dimethylphenoxy)nicotinate (5o). Prepared 

according to General Procedure C with 4d on a 2.00 mmol scale and 4-chloro-3,5-

dimethylphenol (830 mg, 8.00 mmol, 4 eq.): yellow oil (yield = 36%). 1H NMR (400 MHz, 

CDCl3): δ 8.16 (d, J = 8.4 Hz, 1H), 6.87 (s, 2H), 6.35 (d, J = 8.0 Hz, 1H), 4.85-4.81 (m, 

1H), 3.83 (s, 3H), 2.35 (s, 6H), 1.69-1.56 (m, 2H), 1.22 (t, J = 7.8 Hz, 3H), 0.86 (t, J = 7.4 

Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 159.9, 159.0, 156.9, 145.8, 139.7, 132.0, 125.4, 
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116.2, 102.1, 96.0, 69.3, 46.4, 23.6, 15.5, 13.8, 4.2; Calcd (M+): 363.0, Found: 364.0 

([M+H]+).    

 

Methyl 6-(4-chloro-3,5-dimethylphenoxy)-2-(cyclohexylmethoxy)nicotinate (5p).  

Prepared according to General Procedure C with 4f on a 1.76 mmol scale and 4-chloro-

3,5-dimethylphenol (1.13 g, 7.04 mmol, 4 eq.): yellow oil (yield = 46%). 1H NMR (400 

MHz, CDCl3): δ 8.16 (d, J = 8.0 Hz, 1H), 6.88 (s, 2H), 6.31 (d, J = 8.8 Hz, 1H), 4.01 (d, J 

= 6.0 Hz, 2H), 3.84 (s, 3H), 2.36 (s, 6H), 1.73-1.64 (m, 3H), 1.24-1.15 (m, 3H), 0.98-0.95 

(m, 2H); 13C NMR (100 MHz, CDCl3): δ 165.1, 164.4, 162.5, 151.0, 145.0, 137.4, 130.8, 

121.3, 107.2, 101.1, 72.1, 51.8, 37.1, 29.6, 26.5, 25.8, 20.8; Calcd (M+): 403.1, Found: 

404.1 ([M+H]+).    

 

Methyl 2-(benzyloxy)-6-(4-chloro-3,5-dimethylphenoxy)nicotinate (5q). Prepared 

according to General Procedure C with 4e on a 3.23 mmol scale and 4-chloro-3,5-

dimethylphenol (1.50 g, 9.69 mmol, 3 eq.): clear oil (yield = 80%). 1H NMR (400 MHz, 

CDCl3): δ 8.21 (d, J = 8.4 Hz, 1H), 7.26 (t, J = 6.2 Hz, 5H), 6.86 (s, 2H), 6.41 (d, J = 8.0 

Hz, 1H), 5.29 (s, 2H), 3.88 (s, 3H), 2.38 (s, 6H); 13C NMR (100 MHz, CDCl3): δ 164.9, 

164.3, 161.8, 150.9, 145.1, 137.5, 136.9, 130.9, 128.2, 127.5, 127.3, 121.5, 107.4, 102.1, 

68.0, 51.9, 20.8. 

 

Methyl 2-isobutoxy-6-(phenylthio)nicotinate (6a). Prepared according to General 

Procedure C with 4a on a 1.00 mmol scale and thiophenol (0.31 mL, 3.00 mmol, 3 eq.): 

clear oil (yield = 63%). 1H NMR (400 MHz, CDCl3): δ 7.95 (d, J = 8.0 Hz, 1H), 7.61 (t, J 
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= 3.6 Hz, 2H), 7.45 (t, J = 2.8 Hz, 3H), 6.49 (d, J = 8 Hz, 1H), 3.99 (d, J = 7.2 Hz, 2H), 

3.85 (s, 3H), 2.05-1.98 (m, 1H), 0.97 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 

165.5, 164.1, 161.7, 141.6, 135.8, 129.5, 129.4, 112.2, 108.9, 72.9, 51.9, 27.8, 19.1; Calcd 

(M+): 317.1, Found: 318.1 ([M+H]+).    

 

Methyl 2-isobutoxy-6-(p-tolylthio)nicotinate (6b). Prepared according to General 

Procedure C with 4a on a 1.03 mmol scale and 4-methylbenzenethiol (510 mg, 4.11 mmol, 

4 eq.): white solid (yield = 38%). 1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 7.6 Hz, 1H), 

7.46 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.42 (d, J = 8.0 Hz, 1H), 4.00 (d, J = 6.0 

Hz, 2H), 3.82 (s, 3H), 2.40 (s, 3H), 2,02-1.97 (m ,1H), 0.95 (d, J = 6.4 Hz, 6H); 13C NMR 

(100 MHz, CDCl3): δ 165.6, 164.8, 161.7, 141.6, 139.9, 135.8, 130.3, 125.9, 112.0, 108.6, 

72.9, 51.9, 27.8, 21.3, 19.1; Calcd (M+): 331.1, Found: 332.1 ([M+H]+). 

 

Methyl 2-isobutoxy-6-((4-isopropylphenyl)thio)nicotinate (6c). Prepared according to 

General Procedure C with 4a on a 2.05 mmol scale and 4-isopropylbenzenethiol (830 mg, 

6.15 mmol, 3 eq.): orange oil (yield = 37%). 1H NMR (400 MHz, CDCl3): δ 7.93 (d, J = 

8.0 Hz, 1H), 7.50 (d, J = 7.6 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 6.45 (d, J = 8.0 Hz, 1H), 

3.98 (d, J = 7.2 Hz, 2H), 3.82 (s, 3H), 2.96-2.92 (m, 1H), 2.04-1.97 (m, 1H), 1.26 (d, J = 

7.2 Hz, 6H), 0.95 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 165.6, 164.7, 161.7, 

150.7, 141.6, 135.9, 127.6, 126.2, 112.1, 108.6, 72.8, 51.9, 34.0, 27.8, 23.8, 19.2; Calcd 

(M+): 359.1, Found: 360.1 ([M+H]+).   
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Methyl 6-((3,5-dimethylphenyl)thio)-2-isobutoxynicotinate (6d). Prepared according to 

General Procedure C with 4a on a 1.03 mmol scale and 3,5-dimethylthiophenol (0.56 mL, 

4.11 mmol, 4 eq.): yellow oil (yield = 65%).  1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 

8.4 Hz, 1H), 7.23 (s, 2H), 7.07 (s, 1H), 6.48 (d, J = 8.0 Hz, 1H), 4.04 (d, J = 6.4 Hz, 2H), 

3.85 (s, 3H), 2.34 (s, 6H), 2.06-2.03 (m, 1H), 0.99 (d, J = 6.0 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 160.8, 159.9, 156.9, 136.8, 134.4, 128.4, 126.5, 124.1, 114.2, 107.5, 103.9, 68.1, 

47.1, 23.1, 16.4, 14.5, 14.3; Calcd (M+): 345.1, Found: 346.1 ([M+H]+).  

 

2-Isobutoxy-6-phenoxynicotinic acid (1a). Prepared according to General Procedure D 

with 5a on a 0.50 mmol scale: yellow solid (yield = 75%). 1H NMR (400 MHz, CDCl3): δ 

8.42 (d, J = 8.4 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.27 (t, J = 5.2 Hz, 2H), 7.14 (d, J = 7.6 

Hz, 2H), 6.56 (d, J = 8.8 Hz, 1H), 4.13 (d, J = 6.8 Hz, 2H), 2.07-2.00 (m, 1H), 0.93 (d, J = 

6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 165.3, 164.4, 160.8, 152.9, 146.3, 129.6, 

125.6, 121.6, 105.7, 103.9, 74.3, 27.6, 18.9, Calcd (M+): 287.1, Found: 288.1 ([M+H]+); tR 

= 3.0 (99.1%, I). 

 

2-Isobutoxy-6-(naphthalen-1-yloxy)nicotinic acid (1b). Prepared according to General 

Procedure D with 5b on a 0.34 mmol scale: yellow solid (yield = 77%). 1H NMR (400 

MHz, CDCl3): δ 8.42 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 

7.79 (d, J = 7.6 Hz, 1H), 7.54-7.44 (m, 3H), 7.27 (d, J = 6.4 Hz, 1H), 6.60 (d, J = 8.4 Hz, 

1H), 3.93 (d, J = 6.0 Hz, 2H), 1.83-1.77 (m, 1H), 0.77 (d, J = 6.4 Hz, 6H); 13C NMR (100 

MHz, CDCl3): δ 165.8, 164.5, 160.9, 149.0, 146.4, 134.9, 128.0, 127.2, 126.6, 126.4, 125.9, 
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125.6, 121.7, 117.8, 105.8, 103.5, 74.2, 27.4, 18.8; Calcd (M+): 337.1, Found: 338.1 

([M+H]+); tR = 16.0 (100%, I).   

 

6-(2-Chlorophenoxy)-2-isobutoxynicotinic acid (1c). Prepared according to General 

Procedure D with 5c on a 0.45 mmol scale: yellow oil (yield = 67%). 1H NMR (400 MHz, 

CDCl3): δ 8.43 (d, J = 8.8 Hz, 1H), 7.47 (d, J = 8.0 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 7.27-

7.18 (m, 2H), 6.64 (d, J = 8.8 Hz, 1H), 3.99 (d, J = 6.4 Hz, 2H), 1.97-1.91 (m,1H), 0.85 (d, 

J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 164.3, 164.2, 160.6, 149.0, 146.5, 130.5, 

127.9, 127.5, 126.8, 123.9, 106.0, 103.8, 74.3, 27.4, 18.8; Calcd (M+): 321.0, Found: 322.0 

([M+H]+); tR = 3.6 (100%, I).    

 

6-(3-Bromophenoxy)-2-isobutoxynicotinic acid (1d). Prepared according to General 

Procedure D with 5d on a 0.39 mmol scale: yellow solid (yield = 49%). 1H NMR (400 

MHz, CDCl3): δ 10.59 (s, 1H), 8.43 (d, J = 8.4 Hz, 1H), 7.39 (t, J = 7.4 Hz, 2H), 7.31-7.26 

(m, 1H), 7.10 (d, J = 6.8 Hz, 1H), 6.61 (d, J = 8.8 Hz, 1H), 4.10 (d, J = 6.4 Hz, 2H), 2.07-

2.00 (m, 1H), 0.94 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 164.5, 160.7, 153.4, 

146.5, 130.6, 128.6, 125.2, 122.4, 120.3, 106.2, 104.2, 74.4, 29.7, 27.6, 18.9; Calcd (M+): 

366.9, Found: 367.9 ([M+H]+); tR = 9.2 (100%, I).    

 

6-(4-Chlorophenoxy)-2-isobutoxynicotinic acid (1e). Prepared according to General 

Procedure D with 5e on a 0.46 mmol scale: white solid (yield = 77%). 1H NMR (400 MHz, 

CDCl3): δ 10.48 (s, 1H), 8.44 (d, J = 8.4 Hz, 1H), 7.39 (d, J = 8.4 Hz, 2H), 7.10 (d, J = 8.0 

Hz, 2H), 6.61 (d, J = 8.4 Hz, 1H), 4.10 (d, J = 6.4 Hz, 2H), 2.05-2.01 (m, 1H), 0.94 (d, J = 
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6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 164.8, 164.1, 151.4, 146.5, 130.9, 129.6, 

123.0, 106.1, 104.2, 74.4, 27.6, 18.9; Calcd (M+): 321.0, Found: 322.0 ([M+H]+); tR = 3.5 

(95.3%, II).     

 

6-(2,4-Dichlorophenoxy)-2-isobutoxynicotinic acid (1f). Prepared according to General 

Procedure D with 5f on a 0.40 mmol scale: yellow solid (yield = 73%). 1H NMR (400 

MHz, CDCl3): δ 8.47 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 2.4 Hz, 1H), 7.33-7.30 (m, 1H), 7.15 

(d, J = 8.4 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 4.02 (d, J = 6.0 Hz, 2H), 2.00-1.94 (m, 1H), 

0.89 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 163.9, 147.8, 146.7, 131.7, 130.2, 

128.5, 128.0, 124.7, 106.3, 104.0, 98.6, 74.4, 27.5, 18.9; Calcd (M+): 355.0, Found: 356.0 

([M+H]+); tR = 11.4 (100%, I).    

 

2-Isobutoxy-6-(naphthalen-2-yloxy)nicotinic acid (1g). Prepared according to General 

Procedure D with 5g on a 0.33 mmol scale: yellow solid (yield = 88%). 1H NMR (400 

MHz, CDCl3): δ 10.53 (s, 1H), 8.44 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 6.6 Hz, 2H), 7.82 (d, J 

= 8.0 Hz, 1H), 7.61 (s, 1H), 7.55-7.49 (m, 2H), 7.32-7.27 (m, 1H), 6.62 (d, J = 8.8 Hz, 1H), 

4.10 (d, J = 6.4 Hz, 2H), 2.03-1.98 (m, 1H), 0.88 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 165.3, 164.2, 150.6, 146.4, 134.0, 131.3, 129.6, 127.8, 127.5, 126.7, 125.8, 

121.2, 118.2, 105.9, 104.1, 74.4, 27.5, 18.9;  Calcd (M+): 337.1, Found: 338.1 ([M+H]+); 

tR = 3.7 (96.7%, II).    

 

2-Isobutoxy-6-(p-tolyloxy)nicotinic acid (1h). Prepared according to General Procedure D 

with 5h on a 0.41 mmol scale: orange solid (yield = 72%).1H NMR (400 MHz, CDCl3): δ 
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8.40 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.52 (d, J = 8.4 

Hz, 1H), 4.16 (d, J = 6.0 Hz, 2H), 2.38 (s, 3H), 2.09-2.02 (m,1H), 0.95 (d, J = 6.8 Hz, 6H); 

13C NMR (100 MHz, CDCl3): δ 165.6, 164.9, 161.0, 150.7, 146.2, 135.2, 130.1, 121.2, 

105.6, 103.5, 74.2, 27.6, 20.8, 19.0;  Calcd (M+): 301.1, Found: 302.1 ([M+H]+); tR = 3.32 

(100%, I).    

 

2-Isobutoxy-6-(4-isopropylphenoxy)nicotinic acid (1i). Prepared according to General 

Procedure D with 5i on a 0.38 mmol scale: orange solid (yield = 70%). 1H NMR (400 

MHz, CDCl3): δ 10.49 (s, 1H), 8.37 (d, J = 8.4 Hz, 1H), 7.25 (d, J = 8.0 Hz, 2H), 7.03 (d, 

J = 8.4 Hz, 2H), 6.51 (d, J = 8.0 Hz, 1H), 4.12 (d, J = 6.4 Hz, 2H), 2.94-2.91 (m, 1H), 2.05-

1.99 (m, 1H), 1.25 (d, J = 7.2 Hz, 6H), 0.90 (d, J = 7.2 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 165.6, 164.2, 160.7, 150.8, 146.3, 146.2, 127.5, 121.3, 105.5, 103.8, 74.3, 33.6, 

29.7, 27.5, 24.1, 18.9; Calcd (M+): 329.1, Found: 330.1 ([M+H]+); tR = 14.0 (95.5%, I).  

    

6-(4-(sec-Butyl)phenoxy)-2-isobutoxynicotinic acid (1j). Prepared according to General 

Procedure D with 5j on a 0.18 mmol scale: yellow solid (yield = 65%). 1H NMR (400 

MHz, CDCl3): δ 10.48 (s, 1H), 8.40 (d, J = 8.4 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.05 (d, 

J = 8.8 Hz, 2H), 6.55 (d, J = 8.8 Hz, 1H), 4.12 (d, J = 6.0 Hz, 2H), 2.67-2.62 (m,1H), 2.08-

2.01 (m,1H), 1.65-1.57 (m,2H), 1.26 (d, J = 6.8 Hz, 3H), 0.93 (d, J = 7.2 Hz, 6H), 0.83 (t, 

J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 165.6, 164.1, 160.7, 150.9, 146.2, 128.1, 

121.3, 105.5, 103.9, 74.3, 41.2, 31.2, 29.7, 27.5, 21.9, 18.9, 12.2;  Calcd (M+): 343.1, 

Found: 344.1 ([M+H]+); tR = 17.7 (95.0%, I).    
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6-(3,5-Dimethylphenoxy)-2-isobutoxynicotinic acid (1k). Prepared according to General 

Procedure D with 5k on a 0.30 mmol scale: yellow solid (yield = 70%). 1H NMR (400 

MHz, CDCl3): δ 8.38 (d, J = 8.8 Hz, 1H), 6.89 (s, 1H), 6.76 (s,2H), 6.48 (d, J = 8.8 Hz, 

1H), 4.17 (d, J = 6.0 Hz, 2H), 2.33 (s, 6H), 2.09-2.06 (m,1H), 0.96 (d, J= 6.4 Hz, 6H); 13C 

NMR (100 MHz, CDCl3): δ 160.8, 159.9, 156.2, 148.1, 141.4, 134.8, 122.5, 114.2, 100.8, 

98.9, 69.5, 22.8, 16.5, 14.3, 14.2; Calcd (M+): 315.1, Found: 316.1 ([M+H]+); tR = 9.7 

(100%, I).     

 

6-(4-(tert-Butyl)phenoxy)-2-isobutoxynicotinic acid (1l). Prepared according to General 

Procedure D with 5l on a 0.28 mmol scale: white solid (yield = 37%). 1H NMR (400 MHz, 

CDCl3): δ 8.39 (d, J = 7.6 Hz, 1H), 7.42 (d, J = 8.4 Hz, 2H), 7.05 (d, J = 8.4 Hz, 2H), 6.53 

(d, J = 8.8 Hz, 1H), 4.14 (d, J = 7.2 Hz, 2H), 2.05-2.00 (m, 1H), 1.34 (s, 9H), 0.92 (d, J = 

7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 165.6, 165.2, 161.1, 150.6, 148.5, 146.1, 

126.5, 121.0, 105.5, 103.4, 74.1, 34.5, 31.4, 27.5, 18.9; Calcd (M+): 343.1, Found: 344.1 

([M+H]+); tR = 15.7 (97.0%, I).    

 

6-(4-Chloro-3,5-dimethylphenoxy)-2-methoxynicotinic acid (1m). Prepared according to 

General Procedure D with 5m on a 1.55 mmol scale. The product was vacuum filtered 

with ether after the work-up to remove excess 4-chloro-3,5-dimethylphenol: white solid 

(yield = 37%). 1H NMR (400 MHz, CDCl3): δ 8.40 (d, J = 7.2 Hz, 1H), 6.89 (s, 2H), 6.52 

(d, J = 7.6 Hz, 1H), 3.97 (s, 3H), 2.38 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 160.5, 159.9, 

156.4, 145.8, 141.6, 133.0, 126.5, 116.4, 101.1, 99.0, 50.2, 16.1; Calcd (M+): 307.0, Found: 

308.0 ([M+H]+); tR = 3.2 (100%, I).    
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6-(4-Chloro-3,5-dimethylphenoxy)-2-isopropoxynicotinic acid (1n). Prepared according to 

General Procedure D with 5n on a 0.20 mmol scale: white solid (yield = 98%). 1H NMR 

(400 MHz, CDCl3): δ 8.40 (d, J = 8.8 Hz, 1H), 6.87 (s, 2H), 6.54 (d, J = 8.8 Hz, 1H), 5.22-

5.19 (m,1H), 2.37 (s, 6H), 1.35 (d, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3): δ 160.3, 

159.2, 155.3, 145.8, 141.6, 132.9, 126.4, 116.5, 101.3, 99.4, 68.0, 17.1, 16.1; Calcd (M+): 

335.0, Found: 336.0 ([M+H]+); tR = 12.6 (97.8%, I).    

 

2-(sec-Butoxy)-6-(4-chloro-3,5-dimethylphenoxy)nicotinic acid (1o). Prepared according 

to General Procedure D with 5o on a 0.64 mmol scale: yellow solid (yield = 37%). 1H 

NMR (400 MHz, CDCl3): δ 8.35 (d, J = 8.4 Hz, 1H), 6.82 (s, 2H), 6.49 (d, J = 8.8 Hz, 1H), 

5.01-4.96 (m, 1H), 2.32 (s, 6H), 1.72-1.54 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H), 0.81 (t, J = 

7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 160.3, 159.3, 155.6, 145.8, 141.6, 132.8, 

126.4, 116.5, 101.2, 99.3, 23.9, 16.1, 14.4, 4.6, -1.0; Calcd (M+): 349.1, Found: 350.1 

([M+H]+); tR = 15.4 (100%, I).    

 

6-(4-Chloro-3,5-dimethylphenoxy)-2-isobutoxynicotinic acid (1p).  Prepared according to 

General Procedure D with methyl 6-(4-chloro-3,5-dimethylphenoxy)-2-

isobutoxynicotinate on a 0.77 mmol scale: white solid (yield = 93%). 1H NMR (400 MHz, 

CDCl3): δ 8.40 (d, J = 8.4 Hz, 1H), 6.90 (s, 2H), 6.53 (d, J = 8.8 Hz, 1H), 4.15 (d, J = 7.2 

Hz, 2H), 2.39 (s, 6H), 2.08-2.04 (m, 1H), 0.95 (d, J = 6.4 Hz, 6H); 13C NMR (100 MHz, 

CDCl3): δ 160.4, 159.5, 156.0, 145.8, 141.6, 132.9, 116.5, 101.1, 99.1, 69.6, 22.8, 16.1, 

14.2.  
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6-(4-Chloro-3,5-dimethylphenoxy)-2-(cyclohexylmethoxy)nicotinic acid (1q). Prepared 

according to General Procedure D with 5p on a 0.74 mmol scale: white solid (yield = 

49%). 1H NMR (400 MHz, CDCl3): δ 8.39 (d, J = 8.8 Hz, 1H), 6.88 (s, 2H), 6.53 (d, J = 

7.6 Hz, 1H), 4.17 (d, J = 6.4 Hz, 2H), 2.38 (s, 6H), 1.74-1.64 (m, 6H), 1.25-1.17 (m, 3H), 

0.98-0.89 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 160.4, 159.2, 156.0, 145.8, 141.6, 

133.0, 126.6, 116.6, 101.0, 99.2, 68.8, 32.2, 24.8, 21.4, 20.8, 16.1; Calcd (M+): 389.0, 

Found: 390.0 ([M+H]+); tR = 7.6 (100%, III).     

 

 2-(Benzyloxy)-6-(4-chloro-3,5-dimethylphenoxy)nicotinic acid (1r). Prepared according 

to General Procedure D with 5q on a 2.34 mmol scale: white solid (yield = 94%). 1H NMR 

(400 MHz, CDCl3): δ 8.40 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 2.4 Hz, 3H), 7.21 (d, J = 3.2 

Hz, 2H), 6.88 (s, 2H), 6.57 (d, J = 7.6 Hz, 1H), 5.35 (s, 2H), 2.40 (s, 6H); 13C NMR (100 

MHz, CDCl3): δ 165.3, 165.2, 160.8, 150.8, 146.6, 137.9, 135.3, 131.5, 128.8, 128.7, 128.4, 

121.6, 106.3, 104.3, 69.5, 21.0. 

 

2-Isobutoxy-6-(phenylthio)nicotinic acid (7a). Prepared according to General Procedure 

D with 6a on a 0.55 mmol scale: yellow solid (yield = 60%). 1H NMR (400 MHz, CDCl3): 

δ 10.56 (s, 1H), 8.18 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 8.0 Hz, 2 H), 7.48 (d, J = 6.0 Hz, 2H), 

6.67 (d, J = 8.0 Hz, 1H), 4.16 (d, J = 6.8 Hz, 2H), 2.08-2.03 (m, 1H), 0.97 (d, J = 7.2 Hz, 

6H); 13C NMR (100 MHz, CDCl3): δ 166.1, 164.3, 160.2, 142.8, 135.9, 129.9, 129.6, 128.7, 

114.6, 107.3, 74.2, 27.5, 19.0; Calcd (M+): 303.1, Found: 304.1 ([M+H]+); tR = 3.7 (100%, 

II).     
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2-Isobutoxy-6-(p-tolylthio)nicotinic acid (7b). Prepared according to General Procedure 

D with 6b on a 0.30 mmol scale: white solid (yield = 86%). 1H NMR (400 MHz, CDCl3): 

δ 8.15 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 7.6 Hz, 2H), 7.26 (d, J = 10.0 Hz, 2H), 6.60 (d, J = 

8.8 Hz, 1H), 4.18 (d, J = 6.8 Hz, 2H), 2.40 (s, 3H), 2.07-2.04 (m, 1H), 0.96 (d, J = 6.8 Hz, 

6H); 13C NMR (100 MHz, CDCl3): δ 166.7, 165.2, 160.4, 142.7, 140.3, 135.8, 130.4, 125.2, 

114.1, 107.1, 74.0, 27.5, 21.3, 19.0; Calcd (M+): 317.1, Found: 318.1 ([M+H]+); tR = 12.0 

(100%, I).  

 

 2-Isobutoxy-6-((4-isopropylphenyl)thio)nicotinic acid (7c). Prepared according to 

General Procedure D with 6c on a 0.56 mmol scale: orange solid (yield = 82%). 1H NMR 

(400 MHz, CDCl3): δ 8.13 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 7.6 

Hz, 2H), 6.62 (d, J = 8.0 Hz, 1H), 4.14 (d, J = 7.2 Hz, 2H), 2.97-2.93 (m, 1H), 2.08-2.02 

(m, 1H), 1.27 (d, J = 6.0 Hz, 6H), 0.95 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3): 

δ 161.8, 160.7, 155.8, 146.3, 137.9, 131.1, 123.0, 120.7, 109.3, 102.4, 69.2, 29.2, 22.8, 

19.1, 14.3; Calcd (M+): 345.1, Found: 346.1 ([M+H]+); tR = 17.7 (99.0%, I).    

 

6-((3,5-Dimethylphenyl)thio)-2-isobutoxynicotinic acid (7d). Prepared according to 

General Procedure D with 6d on a 0.58 mmol scale: orange solid (yield = 38%). 1H NMR 

(400 MHz, CDCl3): δ 8.15 (d, J = 7.6 Hz, 1H), 7.20 (s, 2H), 7.09 (s, 1H), 6.62 (d, J = 7.6 

Hz, 1H), 4.20 (d, J = 6.4 Hz, 2H), 2.34 (s, 6H), 2.11-2.04 (m, 1H), 0.97 (d, J = 6.4 Hz, 6H); 

13C NMR (100 MHz, CDCl3): δ 162.0, 160.0, 155.5, 138.0, 134.7, 128.5, 126.9, 123.3, 

109.7, 102.3, 69.4, 22.9, 16.4, 14.4, 14.2; Calcd (M+): 331.1, Found: 332.1 ([M+H]+); tR = 

15.3 (98.4%, I).    
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CHAPTER 6: Synthesis of a Dual MCL-1/BCL-2 Inhibitor via a 

Hybridization Strategy 
 

6.1 Introduction and Design 

 

As previously stated in Chapter 2, researchers at Takeda Pharmaceuticals 

synthesized a dual MCL-1/BCL-XL BH3 mimetic through a hybridization strategy.1 

Specifically, motifs from ABT-737 and Abbott’s MCL-1 selective BH3 mimetic, 

WO2008131000, were fused to a heterocyclic core and ultimately produced a potent 

MCL-1/BCL-XL BH3 mimetic, T10 (IC50 = 610 nM for MCL-1, 4.4 nM for BCL-XL) 

(Fig. 6.1.1).1 The p4 pharmacophore of ABT-737 was attached to the pyrazolo[1,5-

a]pyridine core at the 7-position to promote BCL-XL affinity; whereas the p2 

pharmacophore of WO2008131000 was linked at the 3-position to promote MCL-1 

affinity.1 The pyrazolo[1,5-a]pyridine core also possessed a carboxylic acid motif at the 

2-position to mimic the carboxylic acid in WO2008131000 (Fig. 6.1.1), which allowed 

WO2008131000 to engage in hydrogen bonding interactions with conserved arginine 

residues in MCL-1, thus increasing binding affinity.1  
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Indeed, X-ray crystal structures of T10 (Fig. 6.1.2) revealed that the carboxylic 

acid engaged in hydrogen bonding interactions with conserved arginine residues in both 

MCL-1 and BCL-XL.1 Additionally, when bound to MCL-1 the p2 pharmacophore of 

T10 was shown to interact with residues encompassing the p2 pocket; whereas the p4 

pharmacophore was solvent exposed.1 When bound to BCL-XL, T10’s p4 pharmacophore 

was shown to interact with resides located within the p4 pocket, instead of being solvent 

exposed, and the p2 pharmacophore was shown to still occupy BCL-XL’s p2 pocket, thus 

providing an explanation for the higher affinity T10 has towards BCL-XL over MCL-1.1  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 
Fig. 6.1.1: Takeda Pharmaceutical’s Hybridization Strategy 
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Hence, since Takeda Pharmaceuticals was able to obtain a potent dual MCL-

1/BCL-XL BH3 mimetic through the hybridization of ABT-737 and WO2008131000, we 

hypothesized that the hybridization of ABT-199 with T10 will provide a potent dual 

MCL-1/BCL-2 inhibitor (Fig. 6.1.3). The dual MCL-1/BCL-2 inhibitor possess a 4-

chloro-3,5-dimethylphenyl group instead of the naphthyl since it has also been shown to 

bind into MCL-1’s p2 pocket to promote potent affinity.3-6  

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1.2: A.) X-ray crystal structures of T10 with MCL-1.  
B.) X-ray crystal structure of T10 with MCL-1.  
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The p4 pharmacophore of ABT-199 was implemented within our design since it 

was the key design element that imparted BCL-2 selectivity.2 Specifically, both the 

acylsulfonamide linkage and the azaindole motif are crucial for selectivity. The azaindole 

motif participates in �‐ � stacking interactions with the nitroaryl ring of ABT-199 and 

captures key hydrogen bonding interactions with residues Asp103 and Arg107, some of 

the few amino acid differences between BCL-2 and BCL-XL, in BCL-2’s p4 pocket.2  

The acylsulfonamide linkage in ABT-199’s p4 pharmacophore is also important 

for potent BCL-2 affinity since it binds into the p4 pocket and is capable of placing the 

nitroaryl ring within that pocket to participate in �‐ � stacking interactions.2 

Additionally, since the azaindole motif is attached to a phenyl linker in ABT-199 and a 

phenyl linker was used to link the p2 and p4 pharmacophores together in T10, we decided 

to implement a phenyl linker, with an attached azaindole motif, between the 

pyrazolo[1,5-a]pyridine core and ABT-199’s p4 pharmacophore.1,2 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Fig. 6.1.3: Hybridization strategy for creating our dual BCL-2/MCL-1 inhibitor  
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We decided to retain the pyrazolo[1,5-a]pyridine core within our initial design 

since T10 was able to achieve potent dual affinities with the same core.1 A carboxylic 

acid was kept at the 2-position of the core in our design to capture the key hydrogen 

bonding interactions with conserved arginine residues that were seen with T10.1 Not only 

can we follow the synthetic procedure employed by Takeda to create the pyrazolo[1,5-

a]pyridine core, but we can also accurately determine whether the dual MCL-1/BCL-2 

affinity of the inhibitor arises from the incorporation of ABT-199’s p4 pharmacophore 

onto the core and not from the presence of a different heterocyclic core.  

The synthesis of our dual MCL-1/BCL-2 inhibitor will consist of synthesizing 

three fragments: the heterocyclic core with the p2 pharmacophore attached, the phenyl 

linker and ABT-199’s p4 pharmacophore. Once all three fragments are synthesized, they 

will then be linked together via coupling reactions to produce our desired dual MCL-

1/BCL-2 inhibitor (Fig. 6.1.4).    
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6.2 Synthesis of the Pyrazolo[1,5-a]pyridine Core: Fragment 1 

 

The synthesis of the pyrazolo[1,5-a] pyridine core (fragment 1) is outlined in 

Scheme 1 (Fig. 6.2.1). First, we reacted 2-bromopyridine-2-carbaldehyde with ethyl 

azidoacetate and sodium methoxide in anhydrous methanol to produce an azidoacryalte 

(1), which was then refluxed in toluene to produce the pyrazolo[1,5-a] pyridine core (2) 

(Fig. 6.2.2). Interestingly, during initial reaction conditions on a 500 mg scale the 

azidoacryalte (1) yield was 42%; however, when the reaction was scaled to a 1.50 g scale 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1.4: Synthesis strategy for the creation of our dual MCL-1/BCL-2 
inhibitor  
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the yield drastically decreased to 4% due to increased by-product production and difficult 

purification, thus the pyrazolo[1,5-a] pyridine core synthesis was restricted to the 

milligram scale for optimal yields.  

 

 

 

6.3 Installment of the P2 Pharmacophore: Fragment 1  

 

 The synthetic route for installing the p2 pharmacophore onto the core (fragment 

1) is outlined in Scheme 2 (Fig. 6.3.1). The pyrazolo[1,5-a]pyridine core (2) underwent a 

  
  
  
  
  
  
  

Fig. 6.2.1: Scheme 1 
Synthetic route for the pyrazolo[1,5-a] pyridine core 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

Fig 6.2.2: Mechanism for the synthesis of the pyrazolo[1,5-a] pyridine core 
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Vilsmeier-Haack reaction to install an aldehyde at the 3-position (3). Following the 

Vilsmeier-Haack, the resulting intermediate (3) reacted with trimethylphosphonoacetate 

and sodium hydride to produce a unsaturated α,β-carbonyl (4), which was then subjected 

to an alkene reduction reaction with benzenesulfonohydrazide to yield intermediate (5). 

Intermediate (5) was then reduced to produce the alcohol intermediate (6), which was 

then subjected to a Mitsunobu reaction to finish the installment of the MCL-1 

pharmacophore (7).  

 

 

 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Fig. 6.3.1: Scheme 2  
Synthetic route for the installation of the p2 pharmacophore 
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6.4 Replacement of the Pyrazolo[1,5-a]pyridine Core with an Indole Core 

 

Due to the severity of the decrease in yield when we tried to scale up the reaction 

to create 1 and the number of steps required to install the p2 pharmacophore, we replaced 

the pyrazolo[1,5-a] pyridine core with an indole. An indole core possesses structural 

similarity with the pyrazolo[1,5-a]pyridine core and is present in many MCL-1 selective 

inhibitors, overall increasing the likelihood that the hybrid compound will possess potent 

MCL-1 binding affinity.2-5 The synthesis of the indole core with the p2 pharmacophore 

installed is shown in Scheme 3 (Fig. 6.4.1). First, 2-bromo-3-chloroaniline underwent a 

Japp-Klingemann reaction to create the imine intermediate 8, which was then cyclized 

under acidic conditions to create the indole ethyl ester 9. 2-bromo-3-chloroaniline was 

used as the starting material to place a chlorine at the 6-position of the indole core, which 

has been shown to further increase MCL-1 binding affinity.2-5 The indole ethyl ester then 

underwent a selective reduction with borane in THF (1M) to produce the alcohol 10. The 

alcohol was then subjected to a Mitsunobu reaction with 4-chloro-3,5-dimethylphenol to 

produce the indole core with the p2 pharmacophore 11.  
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The mechanism for the indole ring formation is detailed in Fig. 6.4.2. Overall, the 

synthesis of the indole core with the p2 pharmacophore is less time consuming since only 

4 steps are required to create fragment 1, whereas the synthesis of the pyrazolo[1,5-a] 

pyridine core with the p2 pharmacophore has 7 steps. Also, the synthesis of the indole 

core did not encounter scale up issues that were seen with the pyrazolo[1,5-a]pyridine 

core. 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.4.1: Scheme 3 

Synthetic route for indazole core with the p2 pharmacophore 
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Fig. 6.4.2: Mechanism for the formation of the indole ring 
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6.5 Synthesis of the Phenyl Linker: Fragment 2 

 

 Once the indole core with the p2 pharmacophore fragment was synthesized, we 

began synthesizing the phenyl linker (fragment 2). We decided that the installment of the 

azaindole motif onto the phenyl linker would occur after linking both fragments together 

since the presence of un-protected nitrogens can negatively impact the yields of 

palladium couplings. Hence, the synthetic route for creating and installing the phenyl 

linker (fragment 2) onto fragment 1 is in Scheme 4 (Fig. 6.5.1).  First, 2-fluoro-4-

hydroxybenzoic acid underwent a Steglich esterification to create the tert-butyl ester 

intermediate 12, which then was subjected to a triflation with N-phenyl-

bis(trifluoromethane sulfonimide) to produce intermediate 13. Creation of the tert-butyl 

ester was performed to allow for selective ester hydrolysis for a future coupling reaction 

and to simplify purification. The triflated intermediate was then used in a borylation to 

create the arylboronic ester 14, which was subsequently used in a Suzuki reaction with 

fragment 1 (11) to produce 15, thus linking the fragments together.  
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6.6 Installing the Azaindole Motif and Coupling on the Sulfonamide: Fragment 3 

 

After we successfully linked both fragment 1 and 2, we began installing the 

azaindole motif onto the phenyl linker. Unfortunately, once we tried to install the 

azaindole motif via a SNAr reaction we encountered issues. The reaction resulted in the 

formation of various by-products that were difficult to separate from each other, also the 

poor solubility of pyrrolo[2,3b]pyridine-5-ol in non-polar solvents lead to difficult work-

ups since DMF was used and the separatory funnel turned dark brown, which 

complicated the collection of the organic layer. Also, these reactions were performed on 

small scales due to the cost of pyrrolo[2,3b]pyridine-5-ol, which negatively impacted the 

progression of our synthetic route since only small amounts (< 10 mgs) could be 

recovered. Hence, due to the issues and complications from the SNAr reaction, further 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

Fig. 6.5.1: Scheme 4 
Synthetic route for the creation of the phenyl fragment and its linking to fragment 1 (11) 
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progression of our synthetic route was not performed. If the SNAr did not cause these 

issues then the completion of the dual MCL-1/BCL-2 inhibitor would have followed    

Scheme 5 (Fig. 6.6.1).  After compound 15 underwent an SNAr reaction with 1-H 

pyrrolo[2,3b]pyridine-5-ol and the azaindole intermediate 16 would have been 

successfully isolated, then 16 would have undergone a selective ester hydrolysis to create 

carboxylic acid 17. The resulting carboxylic acid would have then been coupled to the 

sulfonamide (fragment 3) via an EDCI-coupling reaction to yield fully constructed dual 

MCL-1/BCL-2 inhibitor 18. Finally, a saponification would have created the final 

carboxylic acid 19, thus allowing the compound to engage in hydrogen bonding 

interactions with the conserved arginine residues.  

 



 

 244

 

6.7 Discussion 

 

Though we successfully synthesized the pyrazolo[1,5-a]pyridine core and 

installed the p2 pharmacophore, we decided to pursue an indole core instead due to its 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

Fig. 6.6.1: Scheme 5 
Synthetic route for the installment of the azaindole and the p4 pharmacophore 
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faster synthesis, greater yields when synthesized on a large scale and its prevalence is 

previous MCL-1 inhibitors.2-5 Also, we were unable to synthesize both fragment 1 (the 

core with the p2 pharamcophore, 11) and the fragment 2 (the phenyl linker without the 

azaindole motif, 15). Unfortunately, the installation of the azaindole motif onto the 

phenyl linker resulted in difficult purifications and low yields. The difficult purification 

of the product (16) could have been due to the poor solubility of the azaindole, thus 

causing the product and unreacted 1-H pyrrolo[2,3b]pyridine-5-ol to be present in both 

the aqueous and organic layers during reaction work-up. The poor solubility of the 

azaindole could have also impacted the yield of the SNAr reaction since 1-H 

pyrrolo[2,3b]pyridine-5-ol was not able to fully solubilize into the solvent and interact 

with the other reagents.    

 Overall, the successful development of a dual MCL-1/BCL-2 inhibitor via a 

hybridization strategy was not able to be completed due to the low yields and difficult 

purification of the azaindole SNAr reaction. If our research group decides to continue this 

project, I highly suggest in investing time to improve the yields of the borylation and 

triflation reactions (yields < 36%). Also, I would suggest attempting to install the 

azaindole onto the sulfonamide fragment instead of the phenyl linker so the azaindole 

could potentially participate in �-� stacking interactions with the nitroaryl ring in the p4 

pocket, further enhancing BCL-2 affinity. Also, the SNAr reaction on the phenyl linker 

would not be needed and progression of the synthetic route could resume. Also, I would 

recommend installing other aromatic p4 pharmacophores that possess improved solubility 

over the azaindole motif and are capable of engaging in hydrogen bonding interactions 

with Asp103 and Arg107 onto the nitroaryl ring, thus potentially improving yields and 
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purification. Finally, I would recommend attempting to include other MCL-1 

pharmacophores into the design such as benzyl linkers and macrocycles to examine their 

effects on both MCL-1 and BCL-2 affinity. For example, I would suggest attempting to 

fuse AZD5991 with ABT-199’s p4 pharmacophore to examine how well BCL-2’s p2 

pocket can accommodate the large macrocycle when its p4 pocket is optimally occupied.7   

 

6.8 Materials and Methods 

 

Synthesis of methyl (Z)-2-azido-3-(6-bromopyridin-2-yl)acrylate (1): Sodium methoxide 

(2.5 eq.) was added dropwise to a solution of 6-bromopyridine-2-caraldehyde (1.0 eq.) 

and ethyl azidoacetate (2.5 eq.) in anhydrous methanol (0.1M) at -30°C. The reaction was 

stirred at -30°C for 30 minutes and placed at 0°C for 16 hours. Completion of the reaction 

was observed via TLC in 9:1 Hexanes/Ethyl Acetate. The crude mixture was partitioned 

between Brine and Ethyl Acetate. The organic layer was collected, dried with Na2SO4, 

filtered and concentrated down. The crude product was solubilized in DCM and dry 

loaded onto silica gel. The loaded crude product was then purified via flash column 

chromatography with a gradient of 9:1 Hexanes/Ethyl Acetate. The fractions containing 

the desired product were collected, concentrated down and azeotroped with CHCl3 to 

yield the pure product (yield = 44%). 1H NMR (400MHz, CDCl3): δ 8.23 (d, J = 8.0 Hz, 

1H), 7.59 (t, J = 8.0 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H), 7.03 (s, 1H), 3.92 (s, 3H). 

 

Synthesis of methyl 7-bromopyrazolo[1,5-a]pyridine-2-carboxylate (2): Compound 1 (1.0 

eq.) was dissolved in toluene (0.1 M) and refluxed for 16 hours at 120°C. Completion of 

the reaction was observed via TLC in 1:1 Hexanes/Ethyl Acetate. The crude mixture was 
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partitioned between Brine and Ethyl Acetate. The organic layer was collected, dried with 

Na2SO4, filtered and concentrated down. The crude product was solubilized in DCM and 

dry loaded onto silica gel. The loaded crude product was then purified via flash column 

chromatography with a gradient of 1:1 Hexanes/Ethyl Acetate. The fractions containing 

the desired product were collected, concentrated down and azeotroped with CHCl3 to 

yield the pure product (yield = 78%). 1H NMR (400MHz, CDCl3): δ 7.56 (d, J = 8.8 Hz, 

1H), 7.19 (s, 1H), 7.16 (d, J = 6.8 Hz, 1H), 7.01 (t, J = 8.8 Hz, 1H), 3.95 (s, 3H). 

 

Synthesis of methyl 7-bromo-3-formylpyrazolo[1,5-a]pyridine-2-carboxylate (3): 

Compound 2 (1.0 eq.) was dissolved in anhydrous DMF (0.4M) and then POCl3 (5.0 eq.) 

was slowly added to the reaction mixture. The reaction was heated to 100°C for 1 hr. 

Completion of the reaction was observed via TLC in 4:1 Hexanes/Ethyl Acetate. The 

crude mixture was placed on ice to cool to 0°C. Saturated NH4Cl was added to the 

reaction mixture to quench the excess POCl3. The resulting mixture was partitioned 

between saturated NH4Cl and Ethyl Acetate. The organic layer was collected, dried with 

Na2SO4, filtered, concentrated down and azeotroped with CHCl3 to yield the pure product 

(yield = 60%).1H NMR (400MHz, CDCl3): δ 10.63 (s, 1H), 8.50 (dd, J = 8.0, 2.4 Hz, 

1H), 7.48-7.45 (m, 2H), 4.10 (s, 3H). 

 

Synthesis of methyl (E)-7-bromo-3-(3-ethoxy-3-oxoprop-1-en-1-yl)pyrazolo[1,5-

a]pyridine-2-carboxylate (4): Anhydrous THF (0.1M) was added to a flask at 0°C under 

nitrogen gas. Sodium hydride (1.1 eq.) was then slowly added to the reaction mixture. 

Trimethyl phosphonoacetate (1.5 eq.) was then added and the mixture stirred for 30 
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minutes. Compound 3 (1.0 eq.) was dissolved in anhydrous THF and slowly added to the 

reaction mixture. The reaction was warmed to room temperature and stirred for 1 hr.  

Completion of the reaction was observed via TLC in 4:1 Hexanes/Ethyl Acetate. The 

crude mixture was placed on ice to cool to 0°C. Saturated NH4Cl was added to the 

reaction mixture to quench the excess sodium hydride. The resulting mixture was 

partitioned between saturated NH4Cl and Ethyl Acetate. The organic layer was collected, 

dried with Na2SO4, filtered and concentrated down. The crude product was solubilized in 

DCM and dry loaded onto silica gel. The loaded crude product was then purified via flash 

column chromatography with a gradient of 1:1 Hexanes/Ethyl Acetate. The fractions 

containing the desired product were collected, concentrated down and azeotroped with 

CHCl3 to yield the pure product (yield = 54%).1H NMR (400MHz, CDCl3): δ 8.40 (d, J = 

16.4 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.37 (d, J = 7.2 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 

6.50 (d, J = 16.4 Hz, 1H), 4.05 (s, 3H), 3.84 (s, 3H). 

 

Synthesis of methyl 7-bromo-3-(3-ethoxy-3-oxopropyl)pyrazolo[1,5-a]pyridine-2-

carboxylate (5): Compound 4 (1.0 eq.) was added to a reaction flask followed by toluene 

(0.1 M).  Benzenesulfonohydrazide (7.0 eq.) was then added to the reaction mixture. The 

reaction was heated to 100°C and stirred for 16 hrs. Completion of the reaction was 

observed via TLC in 1:1 Hexanes/Ethyl Acetate. The crude mixture was partitioned 

between saturated NaHCO3 and Ethyl Acetate. The organic layer was collected, dried 

with Na2SO4, filtered and concentrated down. The crude product was solubilized in DCM 

and dry loaded onto silica gel. The loaded crude product was then purified via flash 

column chromatography with a gradient of 2:1 Hexanes/Ethyl Acetate. The fractions 
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containing the desired product were collected, concentrated down and azeotroped with 

CHCl3 to yield the product (63%). Excess benzenesulfonohydrazide was detected in 

isolated product. Crude material was moved forward onto subsequent reaction.  

 

Synthesis of methyl 7-bromo-3-(3-hydroxypropyl)pyrazolo[1,5-a]pyridine-2-carboxylate 

(6): Compound 5 (1.0 eq.) was dissolved in 1M borane・THF (5.0 eq.) at 0°C. The 

reaction was warmed to room temperature and stirred overnight. Completion of the 

reaction was observed via TLC in 2:1 Hexanes/Ethyl Acetate. The crude mixture was 

partitioned between saturated NaHCO3 and Ethyl Acetate. The organic layer was 

collected, dried with Na2SO4, filtered and concentrated down. The crude product was 

solubilized in DCM and dry loaded onto silica gel. The loaded crude product was then 

purified via flash column chromatography with a gradient of 2:1 Hexanes/Ethyl Acetate. 

The fractions containing the desired product were collected, concentrated down and 

azeotroped with CHCl3 to yield the pure product (yield = 77%). 1H NMR (400MHz, 

CDCl3): δ 7.56 (d, J = 9.2 Hz, 1H), 7.17 (d, J = 7.2 Hz, 1H), 6.99 (t, J = 8.0 Hz, 1H), 3.95 

(s, 3H), 3.50 (t, J = 5.6 Hz, 2H), 3.11 (t, J = 7.0 Hz, 2H), 2.65 (bs, 1H), 1.87-1.81 (m, 

2H).  

 

Synthesis of methyl 7-bromo-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)pyrazolo[1,5-

a]pyridine-2-carboxylate (7): Compound 6 (1.0 eq.) was added to a reaction flask 

followed by toluene (0.1 M). 4-chloro-3,5-dimethylphenol (1.1 eq.) was added to the 

reaction flask, followed by PPh3 (1.1 eq.). DIAD (1.1 eq.) was then added to the reaction. 

The reaction stirred at room temperature for 16 hr. Completion of the reaction was 
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observed via TLC in 1:1 Hexanes/Ethyl Acetate. The crude mixture was partitioned 

between Brine and Ethyl Acetate. The organic layer was collected, dried with Na2SO4, 

filtered and concentrated down. The crude product was solubilized in DCM and dry 

loaded onto silica gel. The loaded crude product was then purified via flash column 

chromatography with a gradient of 1:1 Hexanes/Ethyl Acetate. The fractions containing 

the desired product were collected, concentrated down and azeotroped with CHCl3 to 

yield the product (yield = 45%). Excess phenol was present within the purified sample. 

 

Synthesis of (E)-5-(2-(2-bromo-3-chlorophenyl)hydrazineylidene)-6-ethoxy-6-

oxohexanoic acid (8): 2-bromo-3-chloroaniline (1.0 eq.) was added to a reaction flask and 

solubilized in 1M HCl (2.0 eq.). The flask was cooled to 0℃ and NaNO2 (1.0 eq.) in H2O 

(1.5 M) was slowly added to the reaction. The reaction stirred at 0℃ for 10 minutes and 

then NaOAc (5.5 eq.) in H2O (0.5 M) and ethyl-2-oxocyclopentane carboxylate (1.0 eq.) 

were added slowly to the reaction. The reaction was warmed to room temperature and 

stirred for 2 hours. Completion of the reaction was determined via TLC in a gradient of 

4:1 Hexanes/Ethyl Acetate. Once complete, the reaction was partitioned between DCM 

and Brine. The organic layer was collected and aqueous layer was washed with DCM 

twice. The organic layers were collected, dried with Na2SO4, filtered and concentrated 

down. The crude material was brought forward to the next synthetic step without further 

purification. 

 

Synthesis of ethyl 7-bromo-6-chloro-3-(3-ethoxy-3-oxopropyl)-1H-indole-2-carboxylate 

(9): Crude compound 8 (1.0 eq.) was solubilized in EtOH (0.1 M) and H2SO4 (2.0 eq.) 
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was added to the reaction flask. P-toluenesulfonic acid (5.0 eq.) was then added to the 

reaction. The reaction was heated at 100℃ for 16 hrs. Completion of the reaction was 

determined via TLC in a gradient of 4:1 Hexanes/Ethyl Acetate. Once complete, the 

EtOH was concentrated down and the crude material was partitioned between Ethyl 

Acetate and Brine. The organic layer was washed three times with Brine, collected, dried 

with Na2SO4, filtered and concentrated down. The crude material was then dry loaded 

onto silica gel and purified via column chromatography in a gradient of 4:1 

Hexanes/Ethyl Acetate. The product fractions were collected, combined, concentrated 

down and azeotroped with CHCl3 to yield the desired product (yield = 55%). 1H NMR 

(400MHz, CDCl3): δ 8.85 (s, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 4.43 

(q, J = 6.8 Hz, 2H), 4.08 (q, J = 6.8 Hz, 2H), 3.33 (t, J = 7.8 Hz, 2H), 2.65 (t, J = 7.4 Hz, 

2H), 1.43 (t, J = 7.0 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H).  

 

Synthesis of ethyl 7-bromo-6-chloro-3-(3-hydroxypropyl)-1H-indole-2-carboxylate (10): 

Compound 9 (1.0 eq.) was placed in a reaction flask and cooled to 0℃. 1M borane in 

THF (2.0 eq.) was then added to the flask. The reaction was slowly warmed to room 

temperature and stirred for 16 hours. Completion of the reaction was determined via TLC 

in a gradient of 2:1 Hexanes/Ethyl Acetate. Once completed, the reaction was quenched 

with H2O. The quenched reaction was then partitioned between Ethyl Acetate and Brine. 

The organic layer was collected, dried with Na2SO4, filtered and concentrated down. The 

crude material was dry loaded onto silica gel and purified via column chromatography in 

a gradient of 2:1 Hexanes/Ethyl Acetate. The product fractions were collected, combined, 

concentrated down and azeotroped with CHCl3 to produce the desired product (yield = 
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87%).  1H NMR (400MHz, CDCl3): δ 8.74 (s, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.23 (d, J = 

8.8 Hz, 1H), 4.46 (q, J = 7.2 Hz, 2H), 3.57 (t, J = 5.8 Hz, 2H), 3.21 (t, J = 7.0 Hz, 2H), 

1.96-1.90 (m, 2H), 1.67 (bs, 1H), 1.45 (t, J = 7.0 Hz, 3H). 

 

Synthesis of ethyl 7-bromo-6-chloro-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-

indole-2-carboxylate (11): Compound 10 (1.0 eq.) was added to a reaction flask and 

solubilized in toluene (0.1 M). Next, PPh3 (1.1 eq.) and 4-chloro-3,5-dimethylphenol (1.1 

eq.) was added to the reaction mixture. DIAD (1.1 eq.) was then added and the reaction 

stirred at room temperature for 16 hours. Completion of the reaction was determined via 

TLC in a gradient of 1:1 Hexanes/Ethyl Acetate. Once complete, the reaction mixture 

was partitioned between Ethyl Acetate and Brine. The organic layer was collected, dried 

with Na2SO4, filtered and concentrated down. The crude material was then dry loaded 

onto silica gel and purified via column chromatography in a gradient of 1:1 

Hexanes/Ethyl Acetate. The product fractions were collected, combined, concentrated 

down and azeotroped with CHCl3 to yield the desired product (yield = 78%). 1H NMR 

(400MHz, CDCl3): δ 8.82 (s, 1H), 7.53 (d, J = 7.6 Hz, 1H), 7.16 (d, J = 8.4 Hz, 1H), 6.59 

(s, 2H), 4.43 (q, J = 7.2 Hz, 2H), 3.91 (t, J = 6.4 Hz, 2H), 3.24 (t, J = 7.4 Hz, 2H), 2.34 (s, 

6H), 2.14-2.10 (m, 2H), 1.44 (t, J = 7.0 Hz, 3H). 

 

Synthesis of tert-butyl 2-fluoro-4-hydroxybenzoate (12): Under nitrogen gas, 2-fluoro-4-

hydroxybezoic acid (1.0 eq.) was added to a reaction flask, followed by anhydrous THF. 

Tert-butanol (10.0 eq.) and DMAP (0.1 eq.) were added to the reaction flask, followed by 

DCC (1.2 eq.). The reaction stirred at room temperature for 16 hrs. Completion of the 
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reaction was observed via TLC in Marie Celeste (92:7:1 DCM/MeOH/Acetic acid). The 

crude mixture was partitioned between saturated NH4Cl and Ethyl Acetate. The organic 

layer was collected, dried with Na2SO4, filtered and concentrated down. The crude 

product was solubilized in dichloromethane and dry loaded onto silica gel. The loaded 

crude product was then purified via flash column chromatography with a gradient of 2:1 

Hexanes/Ethyl Acetate. The fractions containing the desired product were collected, 

concentrated down and azeotroped with CHCl3 to yield the pure product (yield = 75%). 

1H NMR (400MHz, CDCl3): δ 7.76 (t, J = 8.6 Hz, 1H), 6.62 (dd, J = 9.6, 2.4 Hz, 1H), 

6.56 (dd, J = 11.6, 1.6 Hz, 1H), 5.32 (bs, 1H), 1.58 (s, 9H). 

 

Synthesis of tert-butyl 2-fluoro-4-(((trifluoromethyl)sulfonyl)oxy)benzoate (13): 

Compound 8 (1.0 eq.) was added to a reaction flask and solubilized in DMF (0.1 M). 

Triethylamine (3.0 eq.) and N-phenyl-bis-(trifluoromethanesulfonamide) (1.2 eq.) were 

added to the reaction mixture. The reaction stirred at room temperature for 16 hrs. 

Completion of the reaction was observed via TLC in 2:1 Hexanes/Ethyl Acetate. The 

crude mixture was partitioned between saturated Brine and Ethyl Acetate. The organic 

layer was washed 5 times with Brine, collected, dried with Na2SO4, filtered and 

concentrated down. The crude product was solubilized in dichloromethane and dry 

loaded onto silica gel. The loaded crude product was then purified via flash column 

chromatography with a gradient of Magic (3:3:0.1 DCM/Hexanes/Ethyl Acetate). The 

fractions containing the desired product were collected, concentrated down and 

azeotroped with CHCl3 to yield the product (yield = 31%). Excess trifilating reagent was 

present in a 1:1 ratio. The crude product was carried forward into the next reaction. 
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Synthesis of tert-butyl 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate 

(14): Under nitrogen gas, compound 9 (1.0 eq.) was added to a microwave vial and 

anhydrous dioxane (0.1 M) was added. Potassium acetate (3.0 eq.) and 4,4,4',4',5,5,5',5'-

octamethyl-2,2'-bi(1,3,2-dioxaborolane) (1.5 eq.) were added to the vial. Nitrogen gas 

was then bubbled through the reaction mixture for 5 minutes. Dichloroferrecene tetrakis 

(0.1 eq.) was then added to the vial. The microwave vial was place in the microwave and 

heated at 95°C for 4 hr. Completion of the reaction was observed via TLC in Magic 

(3:3:0.1 DCM/Hexanes/Ethyl Acetate). The crude mixture was partitioned between 

saturated Brine and ethyl acetate. The organic layer was collected, dried with Na2SO4, 

filtered and concentrated down. The crude product was solubilized in dichloromethane 

and dry loaded onto silica gel. The loaded crude product was then purified via flash 

column chromatography with a gradient of 4:1 Hexanes/Ethyl Acetate. The fractions 

containing the desired product were collected, concentrated down and azeotroped with 

CHCl3 to yield the product with excess 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-

dioxaborolane) present (yield = 35%). 1H NMR (400MHz, CDCl3): δ 7.81 (t, J = 7.4 Hz, 

1H), 7.56 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 11.2 Hz, 1H), 1.34 (s, 12 H).  

 

Synthesis of ethyl 7-(4-(tert-butoxycarbonyl)-3-fluorophenyl)-6-chloro-3-(3-(4-chloro-

3,5-dimethylphenoxy)propyl)-1H-indole-2-carboxylate (15): Under nitrogen gas, 

compound 10 (1.0 eq.) was placed in a microwave vial and anhydrous DMF (0.1 M) was 

added. Compound 7 (1.2 eq.) and potassium carbonate (2.5 eq.) were added to the vial. 

Nitrogen gas was bubbled trough the reaction mixture for 5 minutes. Pd(PPh3)4 (0.1 eq.) 
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was then added to the vial. The vial was placed in the microwave and heated for 1 hour at 

150°C. Completion of the reaction was observed via TLC in 9:1 Hexanes/Ethyl Acetate. 

The crude mixture was partitioned between saturated Brine and Ethyl Acetate. The 

organic layer was washed 5 times with Brine, collected, dried with Na2SO4, filtered and 

concentrated down. The crude product was solubilized in DCM and dry loaded onto silica 

gel. The loaded crude product was then purified via flash column chromatography with a 

gradient of 9:1 Hexanes/Ethyl Acetate. The fractions containing the desired product were 

collected, concentrated down and azeotroped with CHCl3 to yield the pure product (yield 

= 63%). 1H NMR (400MHz, CDCl3): δ 8.40 (s, 1H), 8.04 (t, J = 7.4 Hz, 1H), 7.62 (d, J = 

8.4 Hz, 1H), 7.33-7.21 (m, 3H), 6.62 (s, 2H), 4.38 (q, J = 7.2 Hz, 2H), 3.95 (t, J = 6.2 Hz, 

2H), 3.27 (t, J = 7.2 Hz, 2H), 2.34 (s, 6H), 2.17-2.13 (m, 2H), 1.65 (s, 9H), 1.41 (t, J = 5.8 

Hz, 3H). 

 

Synthesis of ethyl 7-(3-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(tert-

butoxycarbonyl)phenyl)-6-chloro-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-

indole-2-carboxylate (16): Compound 15 (1.0 eq.) and 1H-pyrrolo[2,3-b]pyridine-5-ol 

(1.1 eq.) were placed in a flask. Anhydrous DMF (0.1 M) was added and the reaction was 

cooled to 0°C. Sodium tert-butoxide (1.2 eq.) was then added to the reaction mixture. The 

reaction was heated at 45°C for 16 hr. Completion of the reaction was observed via TLC 

in 1:1 Hexanes/Ethyl Acetate. The crude mixture was partitioned between saturated Brine 

and Ethyl Acetate. The organic layer was collected, dried with Na2SO4, filtered and 

concentrated down. The crude product was solubilized in dichloromethane and dry 

loaded onto silica gel. The loaded crude product was then purified via flash column 
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chromatography with a gradient of 92:7:1 DCM/MeOH/H2O. Column chromatography 

purification yielded little to no pure fractions. 
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CHAPTER 7:  Synthesis of Dual Inhibitors Against both the Bcl-2 

Antiapoptotic Proteins and the p53 Ubiquitin Ligase HDM2 

7.1 The role of p53 in Tumorigenesis and its Relationship with the Bcl-2 Protein 

Family 

 

The Bcl-2 family’s role in the regulation of apoptosis and the mechanisms that 

tumorigenic cells employ to exploit this family of proteins to progress tumorigenesis have 

already been extensively stated within the previous chapters. Interestingly, the Bcl-2 

family’s regulation of apoptosis has been shown to be influenced by the presence of p53 

within cells.1 The p53 protein is a transactivation factor that regulates a plethora of 

cellular pathways and is  key tumor suppressor (Fig. 7.1.1).1,2 One of p53’s major roles is 

to serve as a regulator for cell cycle arrest under stressful conditions, overall halting the 

progression of the cycle once the cell is exposed to either mechanical or genetic stresses.2 

Other roles of p53 are the regulation of cellular metabolism, protecting the genome via 

controlling the expression of DNA repair proteins, along with promoting cell death.2 

Since p53 possesses an array of functions that aid in the combat of the progression of 

tumorigenesis, a majority of cancerous cells suppress or silence the expression of p53 to 

more easily advance into the later stages of tumorigenesis.3 Indeed, p53’s key role in the 

suppression of tumorigenesis was further demonstrated once p53-deficent cancer cells 

and tumors were reintroduced to active p53, which caused those tumorigenic populations 

to undergo programmed cell death at an increased rate.1,2   
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The increase in programmed cell death of cancerous tissue was also seen in 

experiments where p53 knockout mice demonstrated an enhanced sensitivity towards 

radiation treatment once they were treated with active p53, overall causing tumor 

shrinkage.1,2 Interestingly, some tumors that developed in p53 knockout mice where 

shown to rely more on their ability to evade cell death than their ability to progress 

through the cell cycle.1,2 Additional evidence was further discovered in tumors of p53 

mutants where cell cycle arrest was still active but the initiation of programmed cell death 

was impaired.1,2 These relationships between the presence of p53 and the increased rate 

of programmed cell death in cancer cells led researchers to examine whether p53 directly 

activated apoptosis. Further research discovered that p53 was able to directly interact 

with or regulate the expression of members of the Bcl-2 protein family to control the 

activation of the apoptotic pathway (Fig. 7.1.2).1,4  
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One route p53 utilizes to promote the activation of the intrinsic apoptotic pathway 

involves increasing the transcription of the pro-apoptotic protein BAX.4 The promoter 

region of the Bax gene contains binding motifs that are commonly found in p53 binding 

sites, hence when p53 concentration levels increase the transcription of Bax also 

increases, thereby shifting the balance of the Bcl-2 proteins in the cell to favor apoptotic 

conditions.4 Not only is p53 able to influence the transcription of the pro-apoptotic 

protein BAX, it is also capable of promoting the transcription of the Bcl-2 activator 

proteins.4 Specifically, the activator proteins PUMA, NOXA and potentially BID have 

been shown to be directly induced by p53.4 Active p53 also represses the expression of 

BCL-2 at the transcription level since the promoter region of the Bcl-2 gene contains a 

p53-negative response element, hence when active p53 enters into p53-knockout cancer 

cells it causes BCL-2 protein levels to decrease.4 A transcription-independent route for 

the regulation of apoptosis has also been observed with p53.4 The cytoplasmic form of 
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p53 is capable of binding to both Bcl-2 activator and effector proteins, further inducing 

the intrinsic apoptotic pathway.4  

Due to p53’s anti-proliferative and pro-apoptotic functions, non-tumorigenic cells 

need to express proteins that lower its concentration levels after stressful conditions are 

alleviated or else the cells cannot normally progress through the cell cycle. One key 

protein that cells express is human double minute 2 (HDM2) E3 ubiquitin ligase, which 

ubiquitinates active p53 within the cell to promote its degradation via the proteasome.5 

The protein–protein interaction between HDM2 and p53’s involves the amino terminal 

domain of HDM2 binding to an alpha-helical region of p53’s amino terminal 

transactivation domain (TAD).5,6 A crystal structure of this binding interaction was 

obtained with p53 and the mouse homologue of HDM2, MDM2 (Fig. 7.1.3), which 

showed key hydrophobic residues (Phe19, Trp23 and Leu26) on the p53 alpha-helix 

bound into the hydrophobic pockets within MDM2’s amino terminal region.6 

Unfortunately, cancer cells have taken advantage of HDM2’s role in the regulation of p53 

and have overexpressed the ubiquitin ligase to maintain low levels of active p53 within 

their cytoplasms to further advance tumorigenesis.7,8 Due to the oncogenic 

overexpression of HDM2, research groups have developed and designed potential 

inhibitors to target the p53-binding domain of HDM2 to increase the levels of active p53 

within cancer cells.9  
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7.2 The Development of Dual HDM2 and Bcl-2 Inhibitors 

 

The binding mode of p53 into HDM2 is reminiscent of the binding mode 

observed between the Bcl-2 pro-apoptotic and anti-apoptotic proteins, that is an alpha-

helical domain of one binding partner binds into a hydrophobic groove of the other 

partner.6 Indeed, both the BIM BH3 domain and the p53TAD have similar binding 

residues on one face of their alpha-helical domains (Fig. 7.2.1).9 Additionally, both 

alpha-helical domains also possess an aspartate residue on the opposite face.9 The Zhang 

et al research group took notice of these similarities between the two alpha-helical 

domains, along with their binding modes, and designed alpha-helical mimetics that are 

capable of competitively binding into both the Bcl-2 anti-apoptotic proteins’ and 

HDM2’s hydrophobic grooves.9 Inhibitors possessing dual HDM2 and Bcl-2 affinities 

possess the benefits of polypharmacology since they can trigger apoptosis within cancer 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

Fig. 7.1.3. Protein– protein interaction between p53TAD and MDM2. (PDB: 
1YCR) 
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cells through two different pathways, overall decreasing the chance for cancer cells to 

become resistant to them, thus increasing their clinical success 9.  

 

The Zhang research group identified that a functionalized pyrazole core, 1 (Fig. 

7.2.2), was able to provide the necessary conformation to mimic both the alpha-helical 

binding domains of p53 and the BH3 domains 9. The carboxylic acid is needed to engage 

in key hydrogen bonding interactions, while the benzamide linkage allowed the inhibitor 

to mimic a two-turn alpha helix that could project binding motifs into an additional 

hydrophobic pocket and be further modulated to adjust the helicity of the inhibitor 9.   

After the scaffold was designed, SAR experiments were performed to determine 

the optimal substitution pattern to promote potent binding affinities against their targets.9 

The binding affinities of their SAR analogues were evaluated with a fluorescence 

polarization competition assay (FPCA).9 The SAR studies revealed that nanomolar 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

Fig. 7.2.1. Structures of the p53TAD and the BIM BH3 domain 
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affinities were achieved for the desired proteins when the R1 group was a phenoxy group 

and the R2 group was either an ethoxy or isopropoxy group.9 The R2 position mimics the 

residues Ile65 in BIM or Trp23 in p53, whereas the R1 position mimics Phe69 in BIM or 

Phe19 in p53.9 When a benzoxy group was introduced into the R2 position binding 

affinity diminished due to the group’s steric bulk.9 The R3 position, which mimicked the 

residues Leu62 in BIM and Leu26 in p53, was explored to capture additional binding 

interactions 9. The most potent compound against MDM2 and the Bcl-2 anti-apoptotic 

proteins (2) possessed an isopropoxy group at the R2 and R3 position, with a phenyl at the 

R1 position (Ki’s = 161 nM for MCL-1, 140 nM for BCL-2 and 107 nM for MDM2) (Fig. 

7.2.3).9  

 

Docking simulations of 2 predicted that all the binding motifs occupied their 

respective hotspots within the hydrophobic grooves while the carboxylic acid either 

engaged in hydrogen bonding interactions with the anti-apoptotic Bcl-2 proteins or was 

solvent exposed when bound to MDM2.9 The carboxylic acid was shown to be necessary 

for binding to the Bcl-2 proteins since mutating Asp67 of BIM to Ala67 drastically 

  
 

 

 

 

 

 

 

 

 
Fig. 7.2.2. Dual HDM2 and Bcl-2 inhibitor scaffold design. The R 
groups are mimetics of the binding residues present on both the BIM 

BH3 domain and p53TAD. R
1
 mimics Phe69 (BIM) or Phe19 (p53), 

R
2
 mimics Ile65 (BIM) or Trp23 (p53) and R

3
 mimics Leu62 (BIM) 

or Leu26 (p53). 
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eroded affinity; whereas mutating Asp21 in p53 had little effect on MDM2 binding.9 

Hence, the carboxylic acid motif in 2 was further evaluated to determine the degree of its 

contribution in the promotion of the observed binding affinities.9 Conversion of the 

carboxylic acid group to a methyl ester exhibited poor binding affinity towards the Bcl-2 

proteins and surprisingly, MDM2.9 These results hint to the possibility that the carboxylic 

acid motif in 2 serves more of a structural purpose, thus promoting an optimal 

conformation for MDM2 binding.9 The affinities and binding mode of 2 were further 

examined and validated through ITC and 2D NMR.9 Tumor cells that overexpressed both 

the Bcl-2 proteins and MDM2 were also shown to be sensitive 2 (IC50 = 5-7 µM), which 

provided evidence that these compounds were capable of crossing the plasma 

membrane.9  

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.2.3. A.) Chemical structure of compound 2. B.) Compound 2 AutoDocked 
into MCL-1 (PDB: 2NLA). C.) Compound 2 AutoDocked into MDM2 (PDB: 

1YCR). 
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7.3 The Design and Synthesis of Pyrazole Acylsulfonamides as Dual HDM2 and Bcl-

2 Inhibitors 

 

 Since functionalized pyrazoles have displayed potent affinities for MDM2 and the 

Bcl-2 proteins and the presence of an acidic group is necessary for activity with both 

protein targets, we decided to further explore the pyrazole scaffold in our dual Bcl-

2/HDM2 inhibitor designs. Our inhibitor designs (Fig. 7.3.1) closely resemble the 

functionalization of 2 since the N-1 and 3-positions will possess similar binding motifs in 

2; however, the 4-position does not possess a benzamide linkage. Instead, the carboxylic 

acid at the 3-position has been replaced with functionalized acylsulfonamide groups (Fig. 

7.3.1). The acylsulfonamide functional group maintains the necessary acidic group that 

captures hydrogen bonding interactions in the Bcl-2 proteins and promotes the necessary 

conformation for binding to HDM2. Also, the flexibility of the acylsulfonamide can 

promote projection of its functional groups into the binding pocket that the R3 groups of 2 

occupy. The R1 pharmacophores will mimic Ile65 in BIM or Trp23 in p53, the R2 

pharmacophores will mimic Phe69 in BIM or Phe19 in p53, while the R3 

pharmacophores will mimic Leu62 in BIM and Leu26 in p53. To further support our 

hypothesis that our acylsulfonamide pyrazoles will mimic the alpha-helical domains of 

BIM/p53, an acylsulfonamide pyrazole was energy minimized and overlaid with both 

domains (Fig. 7.3.1). The substituents of the pyrazole acylsulfonamide were predicted to 

mimic the projection of the amino acid residues of the two alpha-helical domains. Also, 

the acylsulfonamide was predicted to possess the desired flexibility for reaching the R3 

binding pocket. The acylsulfonamide was predicted to not overlay well with Asp21 in the 
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p53TAD; however, since the carboxylic acid serves more of a structural role for HDM2 

binding, an exact overlap may not be needed to achieve potent affinities.      

 

 

 

 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3.1. A.) General structure of the acylsulfonamide pyrazole inhibitors. R1 mimics 
Trp23 (p53) or Ile65 (BIM), R2 mimics Phe19 (p53) or Phe69 (BIM) and R3 mimics Leu26 
(p53) or Leu62 (BIM). B.) A acylsulfonamide pyrazole overlaid with the p53TAD (left) and 
the BH3 domain of BIM (right). 
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The synthesis of the 3-acylsulfonamide pyrazoles is outlined within Scheme 1 

(Fig. 7.3.2). First, functionalized anilines underwent a diazotization and reduction to 

create an arylhydrazine salts (3a-3d) (Fig. 7.3.3). Ketones were then subjected to an aldol 

addition with diethyl oxalate to create compounds 4a-4d. Compounds 3a-3d and 4a-4d 

were then refluxed together in methanol to create the functionalized pyrazole ethyl esters 

(5a-5d). The ethyl esters were then saponified to the carboxylic acids (6-9). Finally, the 

carboxylic acids were coupled to functionalized sulfonamides (10a-10e) with EDCI to 

produce the final 3-acylsulfonamide pyrazoles (11-18).  

 

  

 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Fig. 7.3.2. Scheme 1 
 Synthetic route of the 3-acylsulfonamide pyrazoles 
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The structures of compounds 3a-3d, 4a-4d, 5a-5d and 10a-10e are presented in 

Fig. 7.3.3 and the pyrazole cyclization mechanism is presented in Fig. 7.3.4. 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.3.3. Structures for compounds 3a-3d, 4a-4d, 5a-5d, and 10a-10e 
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The synthesized 3-acylsulfonamide pyrazoles and their binding affinities are 

provided in Fig. 7.3.5. Unfortunately, many of the analogues have not been tested against 

HDM2 (TBD = to be disclosed) due to shortage of active protein and difficulty in 

expressing more active HDM2.  

 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

Fig. 7.3.4. Mechanism for the formation of the pyrazole core  
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Table 7.3.5. 3-acylsulfonamide pyrazole analogues. (TBD = to be disclosed) 
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The preliminary screens of the 3-acylsulfonamide pyrazoles focused on the 

determination of their affinities against MCL-1 instead of all the Bcl-2 anti-apoptotic 

proteins due to MCL-1’s overexpression in a variety of cancers and association with 

acquired resistance in chemotherapy treatments. The first analogues tested against MCL-

1 and HDM2 within the 3-acylsulfonamide pyrazole series were the carboxylic acid 

precursors (6-9) to determine the effect that the removal the pharmacophore at the 4-

position had on MCL-1 affinity. MCL-1 affinity was retained within the carboxylic acid 

precursors but their affinities were only in the sub-micromolar range. Analogue 6’s 

affinity for HDM2 was reported to be 8-fold higher than its MCL-1 affinity. In addition 

to the functional groups used by Wang et al., an indole group was also explored at the 5-

position position to serve as a W23 mimetic. Interestingly, analogue 8 possessed similar 

MCL-1 affinity when compared to 6, signifying that MCL-1 affinity is not affected by the 

presence of an indole group at the 5-position. The acylsulfonamides (11-15,17) possessed 

improved MCL-1 binding affinities when compared to their carboxylic acid precursors. 

However, analogues 11 and 12 were the only acylsulfonamide analogues with improved 

HDM2 affinities. The morpholine acylsulfonamide analogues 16 and 18 possessed even 

weaker binding affinities towards MCL-1 than their acid precursors; however, the 4-

chlorophenyl acylsulfonamide 17 demonstrated an improved MCL-1 affinity over its 

morpholine analogue 18, thus signifying that the morpholine sulfonamide may be too 

large or polar for binding to MCL-1. The analogues that possessed the most potent MCL-

1 binding affinities were 12 and 14, which signified that rigid, aromatic groups attached 

to the acylsulfonamide are favored over two aromatic groups joined by a flexible linker 

(13). It should be noted that although HDM2 affinity was shown to improve with select 
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3-acylsulfonamides, the confidence intervals for the binding data are high and need to be 

re-evaluated.  

7.4 The Design and Development of Imidazole Acylsulfonamides as Dual HDM2 and 

Bcl-2 Inhibitors 

 

 Since the pyrazole core was shown to achieve favorable binding affinities for both 

MCL-1 and HDM2, we decided to explore the binding potential of an imidazole core as 

well due to the structural similarity it shares with the pyrazole core. The imidazoles will 

follow a similar functionalization pattern to the pyrazoles since both the R1 and R2 groups 

are adjacent to each other while the acylsulfonamides are bonded on the other face of the 

imidazole core (Fig 7.4.1). The R1, R2 and R3 groups will be the same substituents 

employed in the pyrazole analogues to mimic the binding residues of the BIM BH3 

domain and the p53TAD. 

 

 

  
  
  
  
  
  
  
  
  
  
  
 

 

 

 

Fig. 7.4.1. Design for the imidazole-based HDM2 and Bcl-2 proteins inhibitors (right) compared 
to the design of the pyrazole-based dual inhibitors (left).  



 

 274

The synthesis of the imidazole derivatives is shown in Scheme 2 (Fig. 7.4.2). 

First, 4-fluorobenzonitrile underwent a SNAr reaction with a desired alcohol to create a 

R1-functionalized benzonitrile (19). Next, 19 reacted with an aniline and 

trimethylaluminum to produce an imine intermediate (20). The imine intermediate then 

cyclized with ethyl 3-bromo-2-oxopropanoate to create the imidazole ethyl ester core 

(21). The ethyl ester was then saponified to create a carboxylic acid (22), which were 

then coupled to sulfonamides to yield the final 4-acylsulfonamide imidazoles (23,24).  

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

Fig. 7.4.2. Scheme 2 
Synthesis of the 4-acylsulfonamide imidazole analogues  
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The imidazole core cyclization mechanism is shown in Fig. 7.4.3.  

 

 

The preliminary 4-acysulfonamide imidazole analogues (Table 7.4.4) were also 

shown to be capable of binding to both MCL-1 and HDM2. Though only three analogues 

were synthesized in this SAR study, analogue 22 was shown to elicit a similar MCL-1 

binding affinity when compared to its pyrazole analogue 7; however, the HDM2 binding 

affinity of 22 was 5-fold weaker when compared to 7. 4-acylsulfonamide imidazole 

analogue 23 possessed a 4-fold weaker MCL-1 binding affinity when compared to its 

pyrazole counterpart 14 and possessed >100 µM binding activity against HDM2. 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Fig. 7.4.3. Mechanism for the formation of the imidazole core 
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Interestingly, analogue 27 possessed >100 µM for both MCL-1 and HDM2. Overall, the 

preliminary imidazole SAR studies indicate that both MCL-1 and HDM2 prefer to bind 

to the 3-acylsulfonamide pyrazoles instead of the 4-acylsulfonamide imidazoles.     

 

7.5 Discussion and Future Directions 

 

Based on the binding data gathered during the preliminary SAR experiments, the 

3-acylsulfonamide pyrazoles possessed greater binding affinities for MCL-1 and HDM2 

over the 4-acylsulfonamide imidazoles. Though some pyrazole analogues are capable of 

achieving nanomolar affinities for MCL-1, none were able to reach the potency of Wang 

et al’s lead pyrazole. Additionally, a majority of these preliminary analogues have not 

been tested against HDM2. Some of the 4-acylsulfonamide imidazoles were also shown 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 7.4.4.  4-acylsulfonamide imidazole analogues 
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to be capable of binding to MCL-1, whereas 22 was the only analogue that possessed a Ki 

< 100 µM for HDM2.   

 Future directions that need to performed within this study are that all the 

preliminary analogues need to be evaluated against HDM2 in order to plan proceeding 

SAR experiments for the enhancement of binding affinities. Additionally, more 4-

acylsulfonamide imidazoles need to be synthesized to accurately determine if an 

imidazole core is not as potent as a pyrazole core for binding into the MCL-1 and HDM2 

binding grooves. Another member of our research group, Ivie Conlon, is currently 

exploring these directions by purifying more HDM2 protein and performing additional 

SAR studies with imidazole, pyrazole and isoxazole cores. Following the completion of 

more thorough SAR studies, binding mode experiments such as X-ray crystallography or 

2D NMR need to be performed to identify which hydrophobic pockets, in both MCL-1 

and HDM2, are being occupied by the substituents on the heterocyclic cores. Once 

binding mode data is obtained, future SAR experiments can be performed to further 

optimize the binding affinities for the two proteins. When analogues possessing sub-

nanomolar potency for both MCL-1 and HDM2 are synthesized, those analogues need to 

be evaluated against the other Bcl-2 anti-apoptotic proteins to fully characterize their 

inhibition profiles. Additionally, cell model experiments should be performed to confirm 

that the compounds are passing the plasma membrane and initiating apoptosis.  
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7.6 Materials and Methods 

 

Materials: All chemical reagents were ACS grade or higher unless otherwise indicated. 

The D2O, D6-DMSO, and 15NH4Cl were purchased from Cambridge Isotope 

Laboratories, Inc. (Andover, MA). All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO). 

 

Protein purification:  We regularly express and purify recombinant human Mcl-1 residues 172 to 

327 (MCL1172-327) protein in E. coli of high purity (>95% pure) and milligram quantity for use in 

all the applications proposed including FPCA and stable isotopically labeled (15N) protein for 

NMR studies.  The pLM302 expression vector was constructed to produce His6-MBP (maltose 

binding protein) tagged recombinant human Mcl-1 residues 172 to 327 (MCL1172-327) in 

HMS174 (DE3) cells (EMD Millipore) using either LB or minimal media supplemented with 

15NH4Cl to produce unlabeled or 15N-labeled MCL1, respectively. The tagged protein was 

initially purified from the crude cell lysate by IMAC chromatography (GE Healthcare Life 

Sciences), and after dialysis to remove the imidazole the affinity tag was cleaved using 

PreScission Protease (GE Healthcare Life Sciences). A Sephacryl S-200 size exclusion column 

was used as a final purification step before the protein was concentrated with a 10,000 MWCO 

centrifugal filter concentrator (EMD Millipore). The concentrations of the proteins were 

determined using the Bio-Rad Protein Assay (Bio-Rad Inc., Hercules, CA) using BSA of a 

known concentration as the standard (Pierce). The purity of the protein was confirmed using 
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SDS-PAGE analysis and NMR HSQC experiments were done to confirm the protein was 

properly folded. 

Peptides: A 6-aminohexanoic acid linker was conjugated to the N-terminus of the Bak BH3 

peptide amino acids 71 to 89 (GQVGRQLAIIGDDINR), capped with fluorescein (on the amino 

group of the linker), and the peptide was amidated on the C-terminus to give FITC-Ahx-

GQVGRQLAIIGDDINR-CONH2, hereafter referred to as “FITC-Bak” was synthesized and 

purity determined to be >95% (Neo BioScience).  In addition, 5-Carboxytetramethylrhodamine 

(5-TAMRA) labeled version was purchase, 5-TAMRA-GQVGRQLAIIGDDINR-COH, hereafter 

“TAMRA-Bak” (Anaspec, Fremont, CA). The concentrated peptide stocks were prepared in 

DMSO and the concentration of the peptide was determined in water at pH 8.0 using the 

extinction coefficient for amide-linked FITC and for TAMRA of �494 = 68,000 cm-1M-1, and �547 

= 65,000 cm-1M-1, respectively. 

 

Fluorescence polarization competition assay (FPCA):  Fluorescence polarization experiments 

were conducted using a BMG PHERAstar FS multimode microplate reader equipped with two 

PMTs for simultaneous measurements of the perpendicular and parallel fluorescence emission. 

The assays were performed in black polypropylene 384-well microplate (Costar) with a final 

volume of 20 µL at room temperature with a 485 nm excitation while monitoring the 

perpendicular and parallel fluorescence emission at 520 nm.  Using the FITC-Bak peptide, the 

fluorescence polarization competition assay (FPCA) was performed using 100 nM MCL1172-

327,10 nM FITC-Bak peptide, 20 mM HEPES, pH 6.8, 50 mM NaCl, 0.01% Triton X-100 and 

2.5% DMSO with varying concentrations of compound.  Using the TAMRA-Bak peptide, the 

FPCA was performed using 800 nM MCL1172-327,10 nM TAMRA-Bak peptide, 20 mM HEPES, 
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pH 6.8, 50 mM NaCl, 0.01% Triton X-100 and 2.5% DMSO with varying concentrations of 

compound.  Curve fitting was carried out using Origin (OriginLab, Northampton, MA) to 

determine the IC50.  The Ki was determined from the IC50 using the Nikolovska-Coleska 

equation. The affinity (KD) of FITC-Bak and TAMRA-Bak for MCL1172-327 were previously 

determined to be 33.8 ± 0.50 nM and 852.3 ± 10.4 nM in the assay conditions used. 

 

General Procedure 1: Synthesis of the arylhydrazines: An aniline (1.0 eq.) was added to a 

reaction flask followed by the addition of 1M HCl (0.1 M) and stirred at 0°C. The 

reactions stirred for 5 minutes and then was brought to room temperature. The reaction 

stirred for 20 minutes and then was cooled to -5°C. NaNO2 (1.05 eq.) dissolved in H2O 

was added dropwise to reaction. The reaction stirred for 15 minutes and then SnCl2 (4.0 

eq.) was added to the reaction. The reaction stirred at room temperature for 3 hours and a 

precipitate formed. The precipitate was filtered out of the reaction and washed with cold 

H2O to isolate the desired arylhydrazine (yield 60-70%).  

 

General Procedure 2: Synthesis of the 2,4-dioxobutanoates: A ketone (1.0 eq.) was added 

to a reaction flask and solubilized in a mixture of 5:1 anhydrous toluene/anhydrous THF 

(0.1 M). The reaction was cooled to 0°C and NaH (60% mineral oil) (2.0 eq.) was then 

added to the reaction. The reactions stirred for 10 minutes and then diethyl oxalate (1.2 

eq.) was added. The reaction was then heated to 60°C and stirred for 2 hours. Completion 

of the reaction was monitored via TLC in a gradient of Hexanes/Ethyl Acetate. Once 

complete, the crude mixture was partitioned between 1M HCl and Ethyl Acetate. The 

organic layer was extracted, dried with Na2SO4, filtered and concentrated down. The 
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crude material was then dry loaded onto silica gel and purified via column 

chromatography. The fractions containing the product were combined, concentrated 

down and azeotroped with CHCl3 to yield the 2,4-dioxobutanoates (yield = 60-85%).  

 

General Procedure 3: Synthesis of pyrazole ethyl esters: An arylhydrazine (1.0 eq.) and 

2,4-dioxobutanoate (1.2 eq.) were added into a reaction flask and solubilized in MeOH 

(0.1 M). The reaction was refluxed for 3 hours at 65°C. Completion of the reaction was 

monitored via TLC in a gradient of Hexanes/Ethyl Acetate. Once complete, the crude 

mixture was partitioned between 1M NaOH and Ethyl Acetate. The organic layer was 

extracted, dried with Na2SO4, filtered and concentrated down. The crude material was 

then dry loaded onto silica gel and purified via column. The fractions containing the 

product were collected, combined, concentrated down and azeotroped with CHCl3 to 

yield the pyrazole ethyl esters (yield = 80-90%).  

 

General Procedure 4:  Synthesis of pyrazole carboxylic acids: A pyrazole ethyl ester (1.0 

eq.) was placed into a reaction flask and solubilized in a 3:1:1 mixture of 

THF/H2O/MeOH (0.1 M). LiOH monohydrate (3.0 eq.) was then added and the reaction 

stirred at room temperature for 3 hours. Additional MeOH and THF were added when 

needed to homogenize the reaction mixture. Completion of the reaction was monitored 

via TLC in a gradient of 92:7:1 DCM/MeOH/Acetic acid. Once complete, the crude 

mixture was partitioned between 1M NaOH and Ethyl Acetate. The aqueous layer was 

collected and then acidified to a pH of 3. Ethyl acetate was added to the acidified aqueous 

layer. The organic layer was then extracted, dried with Na2SO4, filtered, concentrated 
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down and azeotroped with CHCl3 to yield the pyrazole carboxylic acids (yield = 90-

95%).  

 

General Procedure 5: Synthesis of 3-acylsulfonamide pyrazoles:  A pyrazole carboxylic 

acid (1.0 eq.) was placed into a reaction flask and solubilized in SOCl2 (0.3 M). The 

reaction was refluxed for 3 hours to create the acid chloride. Formation of acid chloride 

was determined via TLC in a gradient of 92:7:1 DCM/MeOH/Acetic acid by performing 

a mini-workup in MeOH. Once all the starting acid had become the acid chloride, the 

SOCl2 was vacuum evaporated and the acid chloride was re-solubilized in anhydrous 

DCE (0.3 M). Sulfonamides (1.2 eq.) were then added to the reaction followed by DMAP 

(0.5 eq.). The reaction stirred at room temperature for 16 hours.  Completion of the 

reaction was monitored via TLC in a gradient of 92:7:1 DCM/MeOH/H2O. Once 

complete, the DCE was evaporated and the crude mixture was dry loaded onto silica gel. 

The product was purified via column chromatography in a gradient of 92:7:1 

DCM/MeOH/H2O. The product fractions were collected, combined, concentrated down 

and azeotroped with CHCl3 to yield the 3-acylsulfonamide pyrazoles (yield = 40-65%).  

 

General Procedure 6: Synthesis of functionalized sulfonamides: The sulfonyl chloride 

(1.0 eq.) was added to a reaction flask and dissolved in dioxane (0.1M). The reaction was 

cooled to 0°C and NH4OH (10 eq.) was added slowly to the reaction mixture. The 

reaction was heated to room temperature and stirred for 1 hour. Completion of the 

reaction was monitored via TLC with a gradient of Hexanes/Ethyl Acetate. Once 

completed, the solvent was evaporated off and the crude material was dissolved in Ethyl 
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Acetate. The organic layer was washed 1M HCl three times and collected, dried with 

Na2SO4, filtered, concentrated down and azeotroped with CHCl3 to yield the 

functionalized sulfonamides (yield = 80-90%). 

 

Synthesis of (4-isopropoxyphenyl)hydrazine (3a): Followed General Procedure 1 with 4-

isopropoxyaniline (yield = 65%). 1H NMR (400MHz, d6-DMSO): δ 10.00 (s, 2H), 6.97 

(d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 4.55-4.49 (m, 1H), 1.23 (d, J = 5.6 Hz, 6H). 

 

Synthesis of (3,4-dichlorophenyl)hydrazine (3b): Followed General Procedure 1 with 

3,4-dichloroaniline (yield = 68%). 1H NMR (400MHz, d6-DMSO): δ 10.30 (bs, 2H), 8.66 

(bs, 1H), 7.54 (d, J = 8.8 Hz, 1H), 7.23 (s, 1H), 6.95 (d, J = 8.8 Hz, 1H). 

 

Synthesis of (4-(3-chlorophenoxy)phenyl)hydrazine (3c): Followed General Procedure 1 

with 4-(3-chlorophenoxy)aniline (yield = 65%). 1H NMR (400MHz, CDCl3): δ 7.19 (t, J 

= 8.2 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.88 (d, J = 8.4 Hz, 3H), 6.83 (d, J = 7.6 Hz, 1H), 

6.73 (d, J = 8.8 Hz, 2H), 3.77 (bs, 2H). 

 

Synthesis of ethyl 4-(4-isopropoxyphenyl)-2,4-dioxobutanoate (4a): Followed General 

Procedure 2 with 1-(4-isopropoxyphenyl)ethan-1-one and purified via column 

chromatography in a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 72%). 1H NMR 

(400MHz, CDCl3): δ 7.97 (d, J = 8.8 Hz, 2H), 7.03 (s, 1H), 6.94 (d, J = 8.8 Hz, 2H), 

4.69-4.66 (m, 1H), 4.39 (q, J = 6.8 Hz, 2H), 1.43-1.37 (m, 9H). 

 



 

 284

Synthesis of ethyl 2,4-dioxo-4-(4-phenoxyphenyl)butanoate (4b):  Followed General 

Procedure 2 with 1-(4-phenoxyphenyl)ethan-1-one and purified via column 

chromatography in a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 85%). 1H NMR 

(400MHz, CDCl3): δ 7.99 (d, J = 6.8 Hz, 2H), 7.42 (bs, 2H), 7.27-7.23 (m, 1H), 7.09 (d, J 

= 7.2 Hz, 2H), 7.04 (bs, 3H), 4.38 (q, J = 6.4 Hz, 2H), 1.41 (t, J = 6.2 Hz, 3H).  

 

Synthesis of ethyl 4-(6-chloro-1H-indol-3-yl)-2,4-dioxobutanoate (4c): Followed General 

Procedure 2 with 1-(6-chloro-1H-indol-3-yl)ethan-1-one and purified via column 

chromatography in a gradient of 4:1 Hexanes/Ethyl Acetate (yield = 65%).1H NMR 

(400MHz, d6-DMSO): δ 12.54 (s, 1H), 8.81 (s, 1H), 8.21 (d, J = 8.4 Hz, 1H), 7.57 (s, 

1H), 7.30 (d, J = 7.6 Hz, 1H), 7.05 (s, 1H), 4.32 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 7.0 Hz, 

3H). 

 

Synthesis of ethyl 4-(3,4-dichlorophenyl)-2,4-dioxobutanoate (4d): Followed General 

Procedure 2 with 1-(2,3-dichlorophenyl)ethan-1-one and purified via column 

chromatography in a gradient of 4:1 Hexanes/Ethyl Acetate (yield = 75%). 1H NMR 

(400MHz, CDCl3): δ 8.08 (s, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.01 

(s, 1H), 4.42 (q, J = 8.4 Hz, 2H), 1.42 (t, J = 6.8 Hz, 3H). 

 

Synthesis of ethyl 1,5-bis(4-isopropoxyphenyl)-1H-pyrazole-3-carboxylate (5a): Followed 

General Procedure 3 with 3a and 4a. Purified product via column chromatography in a 

gradient of 2:1 Hexanes/Ethyl Acetate (yield = 80%). 1H NMR (400MHz, CDCl3): δ 7.15 

(d, J = 8.4 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.4 Hz, 
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2H), 4.47-4.42 (m, 2H), 4.35 (q, J = 6.8 Hz, 2H), 1.32 (t, J = 7.0 Hz, 3H), 1.24-1.22 (m, 

12H). 

 

Synthesis of ethyl 1-(4-isopropoxyphenyl)-5-(4-phenoxyphenyl)-1H-pyrazole-3-

carboxylate (5b): Followed General Procedure 3 with 3a and 4b. Purified product via 

column chromatography in a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 83%).1H 

NMR (400MHz, CDCl3): δ 7.35 (t, J = 7.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 7.18-7.12 

(m, 3H), 7.03-7.00 (m, 3H), 6.90 (d, J = 8.0 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 4.58-4.52 

(m, 1H), 4.46 (q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.0 Hz, 3H), 1.33 (d, J = 5.6 Hz, 6H). 

 

Synthesis of ethyl 5-(6-chloro-1H-indol-3-yl)-1-(3,4-dichlorophenyl)-1H-pyrazole-3-

carboxylate (5c): Followed General Procedure 3 with 3b and 4c. Purified product via 

column chromatography in a gradient of 4:1 Hexanes/Ethyl Acetate (yield = 87%).1H 

NMR (400MHz, CDCl3): δ 8.65 (s, 1H), 7.65 (s, 1H), 7.34-7.33 (m, 3H), 7.18-7.10 (m, 

3H), 6.96 (s, 1H), 4.48 (q, J = 7.2 Hz, 2H), 1.45 (t, J = 7.0 Hz, 3H). 

 

Synthesis of ethyl 1-(4-(3-chlorophenoxy)phenyl)-5-(3,4-dichlorophenyl)-1H-pyrazole-3-

carboxylate (5d): Followed General Procedure 3 with 3c and 4d. Purified product via 

column chromatography in a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 90%). 1H 

NMR (400MHz, CDCl3): δ 7.41 (d, J = 8.8 Hz, 1H), 7.35 (s, 1H), 7.30 (t, J = 7.8 Hz, 3H), 

7.12 (d, J = 8.0 Hz, 1H), 7.07-7.00 (m, 5H), 6.90 (d, J = 8.8 Hz, 1H), 4.46 (q, J = 7.2 Hz, 

2H), 1.43 (t, J = 7.2 Hz, 3H).  
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Synthesis of 1,5-bis(4-isopropoxyphenyl)-1H-pyrazole-3-carboxylic acid (6): Followed 

General Procedure 4 with 5a (yield = 92%). 1H NMR (400 MHz, d6-DMSO): δ 7.19 (d, J 

= 8.8 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 

6.71 (s, 1H), 4.66-4.58 (m, 2H), 1.26 (t, J = 7 Hz, 12H). 

 

Synthesis of 1-(4-isopropoxyphenyl)-5-(4-phenoxyphenyl)-1H-pyrazole-3-carboxylic acid 

(7): Followed General Procedure 4 with 5b (yield = 97%). 1H NMR (400MHz, d6-

DMSO): δ 7.42 (t, J = 7.8 Hz, 2H), 7.24-7.16 (m, 5H), 7.05 (d, J = 7.6 Hz, 2H), 6.95-6.93 

(m, 4H), 6.74 (s, 1H), 4.66-4.60 (m, 1H), 1.27 (d, J = 5.2 Hz, 6H).  

 

Synthesis of 5-(6-chloro-1H-indol-3-yl)-1-(4-(3-chlorophenoxy)phenyl)-1H-pyrazole-3-

carboxylic acid (8): Followed General Procedure 4 with 5c (yield = 93%). 1H NMR 

(400MHz, d6-DMSO): δ 11.67 (s, 1H), 7.79 (d, J = 2.4 Hz, 1H), 7.66 (d, J = 8.4 Hz, 1H), 

7.50 (d, J = 1.6 Hz, 1H), 7.40 (d, J = 2.4 Hz, 1H), 7.35-7.28 (m, 2H), 7.02 (t, J = 4.6 Hz, 

2H). 

 

Synthesis of 1-(4-(3-chlorophenoxy)phenyl)-5-(3,4-dichlorophenyl)-1H-pyrazole-3-

carboxylic acid (9): Followed General Procedure 4 with 5d (yield = 95%). 1H NMR 

(400MHz, CDCl3): δ 7.43 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 1.6 Hz, 1H), 7.31 (t, J = 8.0 

Hz, 3H), 7.14 (d, J = 5.6 Hz, 2H), 7.07-7.02 (m, 4H), 6.92 (d, J = 8.4 Hz, 1H).  
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Synthesis of 4-(trifluoromethyl)benzenesulfonamide (10a): Followed General Procedure 

6 with 4-(trifluoromethyl)benzenesulfonyl chloride (yield = 83%). 1H NMR (400MHz, 

d6-DMSO): δ 7.97 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H), 7.53 (s, 2H). 

 

Synthesis of 4-phenoxybenzenesulfonamide (10b): Followed General Procedure 6 with 4-

phenoxybenzenesulfonyl chloride (yield = 90%). 1H NMR (400MHz, CDCl3): δ 7.88 (d, 

J = 8.8 Hz, 2H), 7.42 (t, J = 7.8 Hz, 2H), 7.23 (t, J = 7.4 Hz, 1H), 7.06 (t, J = 9.0 Hz, 4H), 

4.83 (s, 2H). 

 

Synthesis of naphthalene-2-sulfonamide (10c): Followed General Procedure 6 with 4-

phenoxybenzenesulfonyl chloride (yield = 90%). 1H NMR was consistent with the 

literature 10. 

 

Synthesis of 4-chlorobenzenesulfonamide (10d): Followed General Procedure 6 with 4- 

4-chlorobenzenesulfonyl chloride (yield = 86%). 1H NMR was consistent with the 

literature 11. 

 

Synthesis of 4-((2-morpholinoethyl)amino)-3-nitrobenzenesulfonamide (10e): 4-fluoro-3-

nitrobenzenesulfonamide (1.0 eq.) was added to a reaction flask and solubilized in DMF 

(0.1 M). K2CO3 (2.0 eq.) and 2-morpholinoethan-1-amine (1.2 eq.) were added to the 

reaction. The reaction stirred at room temperature for 16 hours. Completion of the 

reaction was monitored via TLC in a gradient of 1:1 Hexanes/Ethyl Acetate. Once 

completed, the reaction was partitioned between Ethyl Acetate and Brine. The organic 
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layer was washed 5 times with Brine, collected, dried with Na2SO4, filtered, concentrated 

down and azeotroped with CHCl3 to yield the product (yield = 83%). 1H NMR (400MHz, 

d6-DMSO): δ 8.78 (bs, 1H), 8.49 (s, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.35 (s, 2H), 7.23 (d, J 

= 9.6 Hz, 1H), 3.61 (t, J = 3.8 Hz, 4H), 3.50 (q, J = 5.6 Hz, 2H), 2.64 (t, J = 6.2 Hz, 2H), 

2.47 (bs, 4H).  

 

Synthesis of 1,5-bis(4-isopropoxyphenyl)-N-((4-(trifluoromethoxy)phenyl)sulfonyl)-1H-

pyrazole-3-carboxamide (11): Followed General Procedure 5 with 6 and 10a (yield = 

54%). 1H NMR (400MHz, CDCl3): δ 9.43 (s, 1H), 8.23 (d, J = 8.8 Hz, 2H), 7.37 (d, J = 

8.8 Hz, 2H), 7.17 (d, J = 9.6 Hz, 2H), 7.06 (d, J = 8.4 Hz, 2H), 6.92 (s, 1H), 6.87 (d, J = 

9.2 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 4.58-4.51 (m, 2H), 1.34 (q, J1 = 14.8 Hz, J2 = 6.0 

Hz, 12H). 

  

Synthesis of 1-(4-isopropoxyphenyl)-5-(4-phenoxyphenyl)-N-((4-

(trifluoromethoxy)phenyl)sulfonyl)-1H-pyrazole-3-carboxamide (12): Followed General 

Procedure 5 with 7 and 10a (yield = 65%). 1H NMR (400MHz, CDCl3): δ 9.41 (s, 1H), 

8.23 (d, J = 8.8 Hz, 2H), 7.36 (t, J = 7.8 Hz, 4H), 7.17 (t, J = 7.0 Hz, 3H), 7.11 (d, J = 8.4 

Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.95 (s, 1H), 6.90-6.87 (m, 4H), 4.58-4.56 (m, 1H), 

1.36 (d, J = 6.0 Hz, 6H). 

 

Synthesis of 1-(4-isopropoxyphenyl)-5-(4-phenoxyphenyl)-N-((4-

phenoxyphenyl)sulfonyl)-1H-pyrazole-3-carboxamide (13): Followed General Procedure 

5 with 7 and 10b (yield = 58%). 1H NMR (400MHz, DMSO): δ 12.33 (s, 1H), 8.01 (d, J 
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= 8.8 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.30-7.23 (m, 5H), 7.16 

(t, J = 8.6 Hz, 4H), 7.07 (t, J = 10.2 Hz, 3H), 6.97 (t, J = 10.2 Hz, 4H), 4.68-4.64 (m, 1H), 

1.28 (d, J = 6.4 Hz, 6H). 

 

Synthesis of 1-(4-isopropoxyphenyl)-N-(naphthalen-2-ylsulfonyl)-5-(4-phenoxyphenyl)-

1H-pyrazole-3-carboxamide (14): Followed General Procedure 5 with 7 and 10c (yield = 

49%). 1H NMR (400MHz, DMSO): δ 8.15 (d, J = 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 1H), 

7.67 (d, J = 7.6 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.51 (s, 1H), 7.42 (t, J = 7.8 Hz, 2H), 

7.28-7.17 (m, 5H), 7.10-7.04 (m, 3H), 7.02-6.94 (m, 4H), 4.68-4.64 (m, 1H), 1.28 (d, J = 

5.6 Hz, 6H).  

 

Synthesis of 5-(6-chloro-1H-indol-3-yl)-N-((4-chlorophenyl)sulfonyl)-1-(3,4-

dichlorophenyl)-1H-pyrazole-3-carboxamide (15): Followed General Procedure 5 with 8 

and 10d (yield = 53%). 1H NMR (400MHz, DMSO): δ 11.68 (s, 1H), 8.04 (d, J = 8.8 Hz, 

2H), 7.91 (d, J = 2.4 Hz, 1H), 7.77 (d, J = 8.8 Hz, 2H), 7.67 (d, J = 8.4 Hz, 1H), 7.51 (s, 

1H), 7.36-7.30 (m, 3H), 7.15 (s, 1H), 7.04 (d, J = 8.8 Hz, 1H).  

 

Synthesis of 5-(6-chloro-1H-indol-3-yl)-1-(3,4-dichlorophenyl)-N-((4-((2-

morpholinoethyl)amino)-3-nitrophenyl)sulfonyl)-1H-pyrazole-3-carboxamide (16): 

Followed General Procedure 5 with 8 and 10e (yield = 61%). 1H NMR (400MHz, 

CDCl3): δ 9.03 (s, 1H), 8.96 (s, 1H), 8.47 (s, 1H), 8.20 (dd, J1 = 9.6 Hz, J2 = 1.6 Hz, 1H), 

7.59 (s, 1H), 7.40 (d, J = 12.0 Hz, 2H), 7.25 (s, 4H), 7.15 (dd, J1 = 8.4 Hz, J2 = 6.0 Hz, 

1H), 7.10 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 7.05 (s, 1H), 6.97 (s, 1H), 6.92 (d, J = 9.2 
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Hz, 1H), 3.76 (t, J = 4.2 Hz, 4H), 3.44-3.40 (m, 2H), 2.75 (t, J = 5.8 Hz, 2H), 2.54 (br s, 

4H).   

 

Synthesis of 1-(4-(3-chlorophenoxy)phenyl)-N-((4-chlorophenyl)sulfonyl)-5-(3,4-

dichlorophenyl)-1H-pyrazole-3-carboxamide (17): Followed General Procedure 5 with 9 

and 10d (yield = 54%). 1H NMR (400MHz, CDCl3): δ 9.47 (s, 1H), 8.11 (d, J = 8.8 Hz, 

2H), 7.52 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.8 Hz, 1H), 7.33-7.24 (m, 5H), 7.15 (d, J = 8.0 

Hz, 1H), 7.05-6.98 (m, 5H), 6.94 (d, J = 8.0 Hz, 1H).  

 

Synthesis of 1-(4-(3-chlorophenoxy)phenyl)-5-(3,4-dichlorophenyl)-N-((4-((2-

morpholinoethyl)amino)-3-nitrophenyl)sulfonyl)-1H-pyrazole-3-carboxamide (18): 

Followed General Procedure 5 with 9 and 10e (yield = 40%). 1H NMR (400MHz, 

CDCl3): δ 9.00 (s, 1H), 8.93 (s, 1H), 8.18 (d, J = 9.2 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 

7.33-7.24 (m, 5H), 7.15 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 8.8 Hz, 3H), 7.00-6.93 (m, 4H), 

3.78 (br s, 4H), 3.47 (br s, 2H), 2.79 (br s, 2H), 2.58 (br s, 4H). 

 

Synthesis of 4-phenoxybenzonitrile (19): 4-fluorobenzonitrile (1.0 eq.) was placed into a 

reaction flask and solubilized in DMSO (0.1 M). Potassium carbonate (2.0 eq.) and 

phenol (1.1 eq.) were then added to the reaction. The reaction was heated at 100°C 

overnight. Completion was monitored via TLC with a gradient of 9:1 Hexanes/Ethyl 

Acetate. After completion, the reaction was partitioned between Ethyl Acetate and H2O. 

The organic layer was isolated, dried with Na2SO4, filtered, and concentrated down. The 

crude product was then dried loaded onto silica gel and purified via column 
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chromatography using a gradient of 9:1 Hexanes/Ethyl Acetate. The product fractions 

were collected, combined, concentrated down and azeotroped with CHCl3 to yield the 

product (yield = 95%). 1H NMR (400MHz, CDCl3): δ 7.60 (d, J = 9.6 Hz, 2H), 7.42 (t, J 

= 7.8 Hz, 2H), 7.24 (t, J = 7.4 Hz, 1H), 7.07 (d, J = 7.6 Hz, 2H), 7.01 (d, J = 9.6 Hz, 2H) 

 

Synthesis of N-(4-isopropoxyphenyl)-4-phenoxybenzimidamide (20): 4-isopropoxyaniline 

(1.0 eq.) was added to a cooled reaction flask at 0°C and solubilized in dry toluene (0.1 

M). Me3Al (1.3 eq.) was then added to the reaction slowly. The reaction warmed to room 

temperature and stirred for 3.5 hours. 19 (1.3 eq.) was then added to the reaction. The 

reaction was heated to 70°C and stirred for 16 hours. Completion was monitored via TLC 

using a gradient of DCM/MeOH/NH4OH (92:7:1). After completion, the reaction was 

cooled to room temperature. Silica gel in a mixture of CHCl3/MeOH (2:1) was added to 

the reaction until a slurry formed. The slurry was filtered and the precipitate was washed 

with a mixture of DCM/MeOH (2:1). The filtrates were combined, concentrated down, 

and then triturated with a 1:1 mixture of Hexanes and ether. The precipitate was filtered 

off and placed in a vacuum oven to dry overnight to yield the product (yield = 55%). 1H 

NMR (400MHz, d6-DMSO): δ 7.98 (d, J = 8.4 Hz, 2H), 7.44 (t, J = 7.8 Hz, 2H), 7.20 (t, J 

= 7.4 Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 

6.79 (bs, 2H), 6.25 (bs, 1H), 4.55-4.49 (m, 1H), 1.27 (d, J = 6.0 Hz, 6H). 

  

Synthesis of ethyl 2-(4-(4-chloro-3,5-dimethylphenoxy)phenyl)-1-(4-isopropoxyphenyl)-

1H-imidazole-4-carboxylate (21): 20 (1.0 eq.) was added to a reaction flask and 

solubilized in isopropanol (0.1 M). NaHCO3 (2.0 eq.) was then added and the reaction 
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was heated to 40°C. Ethyl-bromopyruvate (1.4 eq.) was then slowly added to the 

reaction. The reaction was heated further to 70°C and stirred for 16 hours. Completion 

was monitored via TLC in a gradient of DCM/MeOH/NH4OH (92:7:1). After 

completion, the reaction was partitioned between Ethyl Acetate and H2O. The organic 

layer was isolated, dried with Na2SO4, filtered, and concentrated down. The crude 

product was dry loaded onto silica gel and purified via column chromatography with a 

gradient of 1:1 Hexanes/Ethyl Acetate. The product fractions were collected, combined, 

concentrated down and azeotroped with CHCl3 to produce the product (yield = 50%).1H 

NMR (400MHz, CDCl3): δ 7.72 (s, 1H), 7.36 (d, J = 9.6 Hz, 2H), 7.26 (t, J = 7.8 Hz, 1H), 

7.07 (t, J = 6.6 Hz, 3H), 6.94 (d, J = 7.6 Hz, 2H), 6.86-6.80 (m, 4H), 4.53-4.49 (m, 1H), 

4.36 (q, J = 6.8 Hz, 2H), 1.36-1.29 (m, 9H).  

 

Synthesis of 2-(4-(4-chloro-3,5-dimethylphenoxy)phenyl)-1-(4-isopropoxyphenyl)-1H-

imidazole-4-carboxylic acid (22): Compound 21 (1.0 eq.) was added to a reaction flask 

and solubilized in a mixture of THF/H2O/MeOH (3:1:1). NaOH (3.0 eq.) was then added 

to the reaction. The reaction stirred at room temperature for 16 hours. Completion was 

monitored via TLC in a gradient of DCM/MeOH/Acetic acid (92:7:1). After completion, 

the reaction was partitioned between Ethyl Acetate and 1M NaOH. The aqueous layer 

was collected and acidified to a pH of 3. Ethyl Acetate was then added to the acidified 

aqueous layer. The organic layer was then isolated, dried with Na2SO4, filtered, 

concentrated down and azeotroped with CHCl3 to yield the product (yield = 99%). 1H 

NMR (400MHz, d6-DMSO): δ 7.90 (s, 1H), 7.42 (t, J = 7.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 
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2H), 7.26 (d, J = 8.8 Hz, 2H), 7.19 (t, J = 7.0 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 7.00 (d, J 

= 8.8 Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 4.68-4.65 (m, 1H), 1.28 (d, J = 6.4 Hz, 6H). 

 

Synthesis of 2-(4-(4-chloro-3,5-dimethylphenoxy)phenyl)-1-(4-isopropoxyphenyl)-N-

(naphthalen-2-ylsulfonyl)-1H-imidazole-4-carboxamide (23): 22 (1.0 eq.) was added to a 

dry flask and solubilized in SOCl2 (0.1 M). The reaction was heated to reflux and stirred 

for 2 hours. Formation of acid chloride was determined via TLC DCM/MeOH/Acetic 

acid (92:7:1) by performing a mini-workup in MeOH. After formation of the acid 

chloride, the SOCl2 was evaporated off. The crude acid chloride was then solubilized in 

dry DCE (0.1 M). DMAP (0.5 eq.) and 10c (1.2 eq.) was then added to the reaction 

mixture. The reaction was heated to reflux and stirred for 16 hours. Completion was 

monitored via TLC in a gradient of DCM/MeOH/H2O (92:7:1). After completion, the 

DCE was evaporated off and the crude product was then dry loaded onto silica. The 

product was purified via column chromatography in a gradient of DCM/MeOH/H2O 

(92:7:1). The product fractions were collected, combined, concentrated down and 

azeotroped with CHCl3 to provide the product (yield 40%). 1H NMR (400MHz, CDCl3): 

δ 8.75 (s, 1H), 8.10 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.95 (d, J = 7.6 Hz, 1H), 

7.88 (d, J = 7.2 Hz, 1H), 7.70 (s, 1H), 7.65-7.57 (m, 2H), 7.35 (d, J = 7.6 Hz, 4H), 7.15 (t, 

J = 7.0 Hz, 1H), 7.08-7.01 (m, 4H), 6.94-6.86 (m, 5H), 4.56-4.53 (m, 1H), 1.35 (d, J = 6.4 

Hz, 6H). 

 

Synthesis of 2-(4-(4-chloro-3,5-dimethylphenoxy)phenyl)-1-(4-isopropoxyphenyl)-N-

(naphthalen-2-ylsulfonyl)-1H-imidazole-4-carboxamide (24): 22 (1.0 eq.) was added to a 
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dry flask and solubilized in SOCl2 (0.1 M). The reaction was heated to reflux and stirred 

for 2 hours. Formation of acid chloride was determined via TLC DCM/MeOH/Acetic 

acid (92:7:1) by performing a mini-workup in MeOH. After formation of the acid 

chloride, the SOCl2 was evaporated off. The crude acid chloride was then solubilized in 

dry DCE (0.1 M). DMAP (0.5 eq.) and 10b (1.2 eq.) was then added to the reaction 

mixture. The reaction was heated to reflux and stirred for 16 hours. Completion was 

monitored via TLC in a gradient of DCM/MeOH/H2O (92:7:1). After completion, the 

DCE was evaporated off and the crude product was then dry loaded onto silica. The 

product was purified via column chromatography in a gradient of DCM/MeOH/H2O 

(92:7:1). The product fractions were collected, combined, concentrated down and 

azeotroped with CHCl3 to provide the product (yield 55%). 1H NMR (400MHz, CDCl3): 

δ 8.12 (t, J = 7.0 Hz, 2H), 7.73 (s, 1H), 7.42-7.31 (m, 6H), 7.22 (t, J = 7.2 Hz, 1H), 7.15 

(t, J = 7.0 Hz, 1H), 7.08-7.03 (m, 8H), 7.01-6.86 (m, 4H), 4.58-4.54 (m, 1H), 1.36 (d, J = 

5.2 Hz, 6H). 
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CHAPTER 8: The Use of Polypharmacology to Design and Synthesize 

Dual MCL-1 and BCL-2 Inhibitors 

8.1 Introduction 

 

 The role of the Bcl-2 family in the development of tumorigenesis has been 

emphasized within previous chapters of this thesis. To review, the anti-apoptotic proteins 

have been shown to be overexpressed in cancer cell populations to combat the initiation 

of apoptosis, thus promoting the progression of tumorigenesis.1,2,3 A successful strategy 

for overcoming this tumorigenic effect is BH3 mimicry, or the design of small molecule 

inhibitors that can mimic the binding interactions of the BH3 domain within the 

hydrophobic binding grooves of the anti-apoptotic proteins.4,5 Navitoclax was among the 

first potent BH3 mimetics to enter clinical trials due to its pan-inhibitor properties against 

the different anti-apoptotic proteins.6 Unfortunately, navitoclax was shown to produce a 

toxic side effect, thrombocytopenia, that involved the pre-mature death of platelet cells in 

animals and patients due to the inhibition of BCL-XL.7 The development of venetoclax, a 

BCL-2 selective inhibitor, overcame the toxicity of navitoclax and has been FDA 

approved for chronic lymphocytic leukemia.8,9 Unfortunately, during clinical trials where 

venetoclax was administered as a mono-therapy cancer cells began developing resistance 

to the treatment through overexpression of MCL-1, igniting the pursuit towards the 

development of MCL-1 selective inhibitors.10 Presently, there is a wide array of MCL-1 

selective inhibitors within the literature, such as AZD5991 and AMG 176, which are 

currently undergoing clinical trials.11,12,13 Additionally, combination therapies employing 

both MCL-1 and BCL-2 selective inhibitors have demonstrated promising results.14,15  
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 Combination therapies offer substantial advantages in regards to treating diseases, 

such as cancer, by targeting different signaling pathways that promote progression and 

resistance development, which monotherapies are inefficient in overcoming.16 

Additionally, combination therapies are also employed to reduce cytotoxic effects of the 

active drug via inflammation reduction or neuroprotection.16 However, though 

combination therapies possess significant advantages over monotherapies, there are still 

drawbacks to this treatment method. Drug combination therapies have a higher chance of 

inducing acute and delayed toxicities due to adverse drug-drug interactions within the 

body, which can lead to complex dosing regimens that are not optimal for patient 

administration.16 Chemotherapies employing combination therapies that administer 

multiple single-target drugs also have the chance at becoming ineffective due to the 

development of resistance mechanisms against one of those drugs, promoting further 

tumorigenesis.16 Another caveat in combination therapies is that their efficacy relies upon 

all the drugs having an even distribution within the body and be present within the cell 

simultaneously, which is a challenging task if not all the drugs possess similar 

administration routes, metabolic profiles, cellular permeability or half-lives.16 Properly 

demonstrating drug safety in combination therapies is also problematic since the drugs 

within the treatment must be shown to be safe on their own and then in combination with 

others, thus hindering the assessment of the therapy.16 

 The use of polypharmacology, the design of a single molecule that selectively 

targets multiple proteins or signaling pathways, is a method in drug design that 

overcomes the drawbacks of combination therapies.17 Compounds possessing selectivity 

for multiple targets are more difficult for cancer cells to acquire resistance against due to 
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the need to modify multiple pathways or proteins.17 Additionally, molecules that are 

polypharmacological tend to display more favorable pharmacokinetic and safety profiles 

when compared to combination therapies since only a single molecule is administered 

instead of multiple compounds which can interact with each other.17 Also, developing a 

dosing schedule for a single molecule is less complex than preparing and modifying 

dosing schedules for combination therapies.17 The administration of a single agent also 

alleviates the concerns of unequal distribution within the body since a 

polypharmacological agent does not require another drug to be present within a cell to be 

efficacous.17 Regulatory requirements are also less challenging to address for a single 

agent than with combination therapies, promoting quick assessment of the molecule’s 

therapeutic potential.17  

 Hence, to benefit from the advantages of polypharmacology while addressing the 

resistance mechanisms towards selective BCL-2 inhibitors in cancer cells, we will design 

and synthesize dual BCL-2 and MCL-1 inhibitors. These inhibitors will also possess low 

selectivity towards BCL-XL to lessen the onset of thrombocytopenia during in vivo 

studies and clinical trials. Within this chapter, I will describe the design, synthesis and 

evaluation of our dual BCL-2/MCL-1 inhibitors, while also discussing design elements or 

strategies that can enhance MCL-1 affinity.  

8.2 Design 

 

    The overall design for our dual BCL-2/MCL-1 inhibitors was adapted from 

previously identified selective MCL-1 and BCL-2 inhibitors (Fig 8.2.1). Specifically, we 

incorporated design elements present in venetoclax and Fesik et al’s MCL-1 selective 

indole inhibitors 8,18.  
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The inhibitor venetoclax achieved its BCL-2 selectivity over the other anti-

apoptotic proteins through its azaindole motif. During the development of venetoclax an 

indole precursor was shown to impart BCL-2 selectivity through hydrogen bonding 

interactions with the residue Asp103 in BCL-2’s p4 pocket.8 Interestingly, the BCL-XL 

affinity of the indole precursor was more than 100-fold lower than its BCL-2 affinity.8 

  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fig. 8.2.1: Design for the dual MCL-1/BCL-2 inhibitors.  A heterocyclic core (R

1
) will serve as a 

scaffold for attaching p2 pharmacophores (green) and p4 pharmacophores (blue) that have been 
shown to impart the desired affinities. The p4 pharmacophores will possess aromatic groups (R

2
) 

that are capable of hydrogen bonding with Asp103 and Arg107 in BCL-2. The acylsulfonamide 
(red) serves as an acidic group that can hydrogen bond with conserved arginine residues and a 
flexible linker for reaching the p4 pocket. The p2 pharmacophores (green) will promote deep 
binding of the p2 pocket to further enhance MCL-1affinity. 
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The significant difference in affinities is due to BCL-XL possessing a Glu96 residue at 

the location of Asp103 in BCL-2, which the indole core cannot reach to engage in 

hydrogen bonding interactions.8 Also, the indole ring was located near another residue in 

BCL-2’s p4 pocket, Arg107, that also had the potential to participate in hydrogen 

bonding interactions.8 Hence, the indole ring was replaced with an azaindole, which 

further increased BCL-2 binding affinity, and created venetoclax8. The X-ray crystal 

structure of venetoclax bound into BCL-2 showed that the azaindole motif participated in 

hydrogen bonding interactions with both Asp103 and Arg107.8 Thus, we implemented 

pharmacophores within our designs that could also capture hydrogen bonding interactions 

with Asp103 and Arg107 in BCL-2’s p4 pocket order to achieve BCL-2 selectivity (Fig. 

8.2.2)  



 

 302

 

 In order to obtain MCL-1 selectivity within our dual inhibitors, we examined 

Fesik et al’s MCL-1 selective indole inhibitors.18 These inhibitors were designed after an 

NMR-guided fragment-based screen identified two classes of fragments that bound into 

MCL-1’s binding groove.18 One class consisted of aromatic carboxylic acids, which were 

shown to shallowly bind into MCL-1’s p2 pocket; whereas the other class consisted of 

substituted aromatic rings ether-linked to carboxylic acid alkyl chains that were capable 

of binding deeply into MCL-1’s p2 pocket.18 Fesik et al. then fused the two fragment 

classes together to create an MCL-1 selective inhibitor (Fig. 8.2.3): an indole possessing 

a carboxylic acid at the 2-position, a propyl chain ether-linked to a 4-chloro-3,5-

  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
Fig. 8.2.2: Pharmacophores that are capable of mimicking the azaindole motif by engaging in 
hydrogen bonding interactions with Asp103 and Arg107 of BCL-2 to promote potent BCL-2 

affinity and selectivity.   
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dimethylphenyl ring at the 3-position and a chlorine at the 6-position.18 The X-ray crystal 

structure of this inhibitor bound to MCL-1 revealed that the carboxylic acid formed 

hydrogen bonding interactions with Arg263, the 4-chloro-3,5-dimethylphenyl motif 

bound deep into the p2 pocket and the chlorine further optimized the binding of the core 

within the shallow p2 pocket region, all of which significantly contributed to the 

compound’s affinity.18 Hence, to achieve potent MCL-1 affinity, along with selectivity, 

we have incorporated heterocyclic cores that are structurally similar to an indole within 

our designs. The functionalization of these cores will resemble Fesik et al’s indoles, such 

that a chlorine will be present in an anti-relationship with the pharmacophore that binds 

deeply into the p2 pocket and an acidic group will neighbor said pharmacophore to 

promote hydrogen bonding interactions with Arg263.  

 

  
  
  
  
  
  
  
  

  
  
  
  
  
 

 

 

 

 

Fig. 8.2.3: Structure of Fesik et al’s MCL-1 selective indole inhibitor with its X-ray crystal 
structure (PDB: 4HW2) 

p2 pocket (deep) 
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The heterocyclic cores that were chosen for our designs were a benzimidazole and 

indazole ring. Both cores provide a degree of novelty to our designs, while the 

benzimidazole core can also potentially participate in additional hydrogen bonding 

interactions with arginine residues through its un-alkylated nitrogen to further improve 

binding affinity. The N-2 substituted indazole was pursued over the N-1 isomer to 

maintain the “neighboring” relationship between the p2 pharmacophore and the acidic 

group (Fig. 8.2.1). Also, a chlorine was attached at the 5-position of the indazole core to 

mimic the anti-relationship between the chlorine and p2 pharmacophore seen within the 

indoles, whereas the benzimidazole ring was not chlorinated due to the challenges it 

would have introduced in the purification of the isomers after the alkylation reaction.18 

Manual docking was performed on an N-2 alkylated indazole acid, that mimicked the 

functionalization of Fesik et al’s indole, bound into MCL-1 (Fig. 8.2.4). The indazole 

core was chosen over the benzimidazole core since it was chlorinated and allowed us to 

determine if chlorination at the 5-position was optimal for binding. The docking model 

showed that pharmacophore attached to the N-2 position of the core projected deep into 

MCL-1’s p2 pocket, while the carboxylic acid reached towards the p4 pocket. Also, the 

chlorine was shown to project into a hydrophobic pocket within the shallow region of the 

p2 pocket; however, the 6-position of the indazole ring was predicted to project into an 

even larger hydrophobic pocket that could more readily accommodate a chlorine. 

Overall, the docking model predicted that the indazole core bound into MCL-1’s binding 

groove in a similar fashion to Fesik et al’s indole.  

 

  



 

 305

 

We incorporated an acylsulfonamide linkage within our designs since it provided 

an acidic group to engage in hydrogen bonding interactions with the conserved arginine 

residues and possessed the flexibility needed to reach the p4 pocket, as seen with 

Venetoclax.8 Fesik et al also grafted an acylsulfonamide linkage onto their indole 

inhibitors, which was shown to reach into MCL-1’s p4 pocket and hydrogen bond with 

Arg263.19 Since our docking binding model predicted that our N-2 alkylated indazole 

core mimicked the binding mode of Fesik et al’s indole with MCL-1, we hypothesized 

that the replacement of the carboxylic acid with an acylsulfonamide linkage in our 

inhibitors could also lead to an enhancement in MCL-1 affinity through the same 

interactions seen with the indole acylsulfonamides.19 Interestingly, though MCL-1 

affinity improves through occupation of its p4 pocket, the pocket is more solvent 

accessible and able to accommodate various amino acid residues without significantly 

affecting binding affinity.20 Hence, pursuing p4 pharmacophores that are functionalized 

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
   

Fig. 8.2.4: Structure of N-2 alkylated indazole carboxylic acid manual docked into MCL-1 with 
PyMOL 
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to strengthen BCL-2 affinity may have an insignificant effect on MCL-1 affinity due to 

the non-selective nature of MCL-1’s p4 pocket.   

The overall designs for the benzimidazole and indazole cores are displayed in Fig. 

8.2.5. Both cores possess: an acylsulfonamide linker to engage in hydrogen bonding 

interactions and reach the p4 pocket, a pharmacophore that is capable of binding deep 

into the p2 pocket and pharmacophores that are capable of binding into the p4 pocket to 

engage in hydrogen bonding interactions with Asp103 and Arg107 of BCL-2.       
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8.3 Synthesis of the Indazole and Benzimidazole Cores 

 

 The synthesis of the functionalized benzimidazole core is outlined in Scheme 1 

(Fig. 8.3.1). The synthesis consists of three steps: first 1H-benzimidazole-2-carboxylic 

acid underwent an esterification with thionyl chloride in methanol to create the methyl 

  
  
  
  
  
  
  
  
  

  
  
  
  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.2.5: General designs for the benzimidazole and N-2 alkylated indazole cores that 
resemble Fesik et al’s indole ihibitors. R = p4 pharmacophores that are capable of hydrogen 

bonding with Asp103 and Arg107 in the BCL-2 p4 pocket. 
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ester (1), then the methyl ester underwent an SN2 reaction with 5-(3-bromopropoxy)-2-

chloro-1,3-dimethylbenzene to create the N-alkylated benzimidazole (2), which was 

saponified with NaOH to produce the N-alkylated-benzimidazole-2-carboxylic acid final 

molecule (3).  

 

The synthesis of the functionalized N-2 indazoles is outlined in Scheme 2 (Fig. 

8.3.2). Initially, 5-chloroisatin was hydrolyzed open, subjected to a diazotization and then 

reduced with tin (II) chloride to form the hydrazine, which then intramolecularly attacked 

the aryl ketone to afford the indazole carboxylic acid (4). The indazole carboxylic acid 

then underwent a methyl esterification with thionyl chloride (5), followed by a SN2 

reaction with alkyl bromides to produce the alkylated indazole isomers. The N-2 isomers 

(6a, 6b, 6c) were purified and then saponified to create the carboxylic acids (7, 10, 11), 

  
  
  
  
  
  
  
  
  

 

 

 

 

 

 

 

 

 
Fig. 8.3.1: Scheme 1  

 Synthesis of the N-alkylated benzimidazole core 
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which were then subjected to coupling reactions with various sulfonamides (8a-8r) to 

produce the fully functionalized acylsulfonamide indazoles.  

 

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.3.2: Scheme 2  

Synthesis of the N-2 alkylated indazole core  
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The mechanism for the cyclization of the indazole ring (4) is shown in Fig. 8.3.3. 

Alkylating an indazole core under the conditions presented within Scheme 2 produces 

both the N-1 and N-2 alkylated isomers. The successful separation of these isomers has 

been reported in the literature due to their different polarities.21,22 The N-2 alkylated 

isomer has been shown to possess a notably higher Rf value than its N-1 alkylated 

isomer, which allowed the two to be separated and purified by column 

chromatography.21,22 Also, the isomers can be distinguished from each other based on 

their NMR chemical shifts.21,22 When alkylated, the N-2 isomer’s N-CH2-R peak was 0.5 

ppm more downfield than the N-1 isomer.21, 22 Indeed, we observed similar Rf and 

chemical shift differences (∆ppm = 0.39) between the two isomers we collected and were 

able to accurately identify the N2-alkylated isomer (Fig. 8.3.4).  

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.3.3: Mechanism for the formation of the indazole ring  
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8.4 Results of the MCL-1 and BCL-2 Dual-Selectivity SAR Studies 

 

The binding affinities of the compounds synthesized within the proceeding SAR 

experiments were determined by a fluorescence polarization competition assay (FPCA) 

with a fluorescently-labeled BAK peptide (FITC-Bak). Control compounds S-63845, 

ABT-737 and one of Fesik et al’s indoles (9) were used to validate our FPCA conditions, 

all of which displayed binding affinities consistent with the literature (Table 8.4.1).6, 18, 23  

 

  
  
  
  
  
  
  
  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 8.3.4: NMR spectra of the N-1 and N-2 alkylated indazole isomers.  
Spectra was calibrated according to the solvent (d6-DMSO) 
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Initial SAR experiments focused on determining whether the heterocyclic cores 

within our designs displayed either improved or similar MCL-1 binding affinities when 

compared to Fesik et al’s indoles (Table 8.4.2). MCL-1 binding affinity was chosen to be 

the focus within these initial studies since it requires more potent inhibitors than the other 

Bcl-2 anti-apoptotic proteins to elicit a cytotoxic response in cancer cells.11, 24  

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 8.4.1: FPCA data for control compounds 

Compound 
MCL-1 
K

i 
(µM) 

BCL-2 
K

i 
(µM) 

BCL-X
L
 

K
i 
(µM) 

S-63845 

ABT-737 

0.039 ± 0.01 

NA 

0.247 ± 0.03  > 10.00  1.202 ± 0.16  

< 0.04 

NA 

< 0.04 

NA 
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We first examined the binding affinity of the benzimidazole core. The 

benzimidazole carboxylic acid (3) was shown to possess poor affinity for MCL-1 (Ki 

>10.00 µM) according to our FPCA conditions. We then examined the potency of the N-

2 alkylated indazole core (7). The FPCA also concluded that 7 also displayed poor MCL-

1 binding affinity (Ki > 10.00 µM). Given the poor affinities of both the N-2 alkylated 

indazole and benzimidazole core, we then explored linkers other than a propyl chain to 

improve MCL-1 binding affinity. The N-2 alkylated indazole core was chosen for these 

linker studies due to its accessible synthesis and easier purification, when chlorinated, 

over the benzimidazole. First, the alkyl linker was replaced with an ethyl chain (10) to 

determine if MCL-1 affinity could be improved with a shortened alkyl linker. Similar to 

the propyl analogue, 10 also possessed poor affinity for MCL-1 (Ki > 10.00 µM). This 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 
Table 8.4.2: MCL-1 FPCA data for alkylated heteroaromatic cores  

0.247 ± 0.03  

Structure 
MCL-1 
K

i 
(µM) I.D 

9 

3 

7 

> 10.00  

> 10.00  

> 10.00  10 

11 2.36 ± 0.29  

12 1.755 ± 0.55 

Structure 
MCL-1 
K

i 
(µM) I.D 
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loss in MCL-1 affinity was also observed in Fesik et al’s indole SAR studies, hence other 

alkyl chain lengths were not pursued.18 The incorporation of phenyl linkers onto p2 

pharmacophores have been shown to be successful in the promotion of potent MCL-1 

binding affinities within our research group, hence we began to explore them within our 

SAR studies.25,26 Once we incorporated a benzyl linker (11), MCL-1 affinity was 

improved to the low-micromolar range (Ki = 2.36 ± 0.29 µM). In order to rationalize how 

a benzyl linker improved MCL-1 affinity, a docking model of 11 bound into the 

hydrophobic groove of MCL-1 was developed (Fig. 8.4.3). The docking model predicted 

that 11’s core bound into the shallow region of MCL-1’s p2 pocket while the benzyl 

pharmacophore reached deep into the p2 pocket. The carboxylic acid was predicted to 

project towards the p4 pocket, while the chlorine at the 5-position was bound into a small 

hydrophobic pocket within the groove. Similar to our previous docking model (Fig. 

8.2.4), the 6-position projected towards a larger pocket within the binding groove that 

could more readily accommodate a chlorine. We then explored whether the placement of 

the chlorine in the 6-position may further enhance MCL-1 affinity. A 6-chloroindazole 

analogue (12) was synthesized and elicited a slight improvement in MCL-1 affinity (Ki = 

1.76 ± 0.55 µM) when compared to the 11. Since 12 did not possess a significant 

improvement over 11 and suffered from lower yields during its synthesis (yield < 32% 

after cyclization), 11 was chosen to serve as the starting material in proceeding SAR 

studies.  
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Following the design rationale, acylsulfonamides were installed at the 3-position 

of the N-2 alkylated indazole core to determine if the p4 pocket can be reached, as seen in 

venetoclax and Fesik et al’s indole acylsulfonamides (Table 8.4.4). The first analogue 

within this study (13) was synthesized to both validate our docking models’ predictions 

that the 3-positon of the indazole core projected towards the p4 pocket and support our 

hypothesis that occupation of the p4 pocket would lead to enhanced BCL-2 affinity. 

Indeed, when compared to 11 (MCL-1 Ki = 2.36 ± 0.29 µM, BCL-2 Ki = 1.448 ± 0.075 

µM), 13 possessed an improved affinity for MCL-1 (Ki = 1.12 ± 0.17 µM) and BCL-2 (Ki 

= 0.51 ± 0.10 µM). Analogue 13 also possessed a weaker affinity for BCL-XL (Ki > 10.00 

µM). With the improvement in BCL-2 and MCL-1 affinity from the installment of an 

acylsulfonamide group at the 3-postion, replacement of the 4-chlorophenyl motif with 

various substituted-nitroaryl rings was pursued in order to capture the key binding 

  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
   

 

 

 

Fig. 8.4.3: Compound 11 manually docked into MCL-1’s binding groove with PyMOL 

11 
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interactions with Asp103 and Arg107 in BCL-2’s p4 pocket to further enhance BCL-2 

affinity. Nitroaryl rings were implemented with our p4 pharmacophore designs since they 

have been shown to bind into BCL-2’s p4 pocket, as seen in venetoclax, when attached to 

acylsulfonamide linkers.8 Also, fluorinated nitroaryl rings readily undergo 

functionalization reactions under SNAr conditions when the nitro-group is either ortho or 

para to the fluorine due to the nitro-group’s strong electron-withdrawing property, thus 

allowing the quick generation of our p4 pharmacophores.      
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Fig. 8.4.4: FPCA binding data for the 3-acylsuylfonamide SAR studies.  

NA = No activity 

 

R
1
 

MCL-1 
K

i 
(µM) 

BCL-2 
K

i 
(µM) 

BCL-X
L
 

K
i
 (µM) I.D 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

1.20 ± 0.17 0.51 ± 0.10 > 10.00 

1.32 ± 0.16 0.53 ± 0.09  7.99 ± 2.43 

1.61 ± 0.10 0.42 ± 0.16 NA 

1.30 ± 0.11 0.57 ± 0.05 > 10.00 

1.28 ± 0.15 0.62 ± 0.14 3.40 ± 1.19 

1.57 ± 0.14 0.60 ± 0.11 3.85 ± 0.73 

1.12 ± 0.07 1.18 ± 0.14 4.42 ± 0.53 

1.46 ± 0.13 0.46 ± 0.05 > 10.00 

1.65 ± 0.18 1.52 ± 0.31 > 10.00 

1.77 ± 0.29 0.66 ± 0.18 > 10.00 
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The p4 pharmacophores were first attached to the nitroaryl rings, via methyl or 

ethyl alkyl chains, at the para-position to determine that position’s affinity and the 

optimal alkyl chain for binding into the p4 pocket (Table 8.4.4). Morpholine analogues 

14 (MCL-1 Ki = 1.32 ± 0.16 µM, BCL-2 Ki = 0.53 ± 0.09 µM, BCL-XL = 7.99 ± 2.43 

µM) and 15 (MCL-1 Ki = 1.61 ± 0.10 µM, BCL-2 Ki = 0.42 ± 0.16 µM, BCL-XL > 10.00 

µM) possessed similar degrees of MCL-1 and BCL-2 affinities in regards to 13. Furan 

analogues 16 and 17 also demonstrated MCL-1 and BCL-2 affinities that were seen in the 

previous analogues (MCL-1 Ki’s ~1.30 µM and BCL-2 Ki’s ~0.60 µM), with 17 

possessing a greater affinity for BCL-XL (Ki = 3.40 ± 1.20 µM) than 16 (Ki > 10.00 µM). 

A pyrazole derivative, 18, displayed binding affinities for all three proteins that were 

similar to 17. Pyridine analogues 19 (MCL-1 Ki = 1.12 ± 0.07 µM, BCL-2 Ki = 1.18 ± 

0.14 µM) and 20 (MCL-1 Ki = 1.46 ± 0.13 µM, BCL-2 Ki = 0.46 ± 0.05 µM) were also 

synthesized. Though both analogues retained MCL-1 affinities that resembled the other 

analogues within this study, 19 displayed a 2.5-fold weaker affinity for BCL-2. 

Additionally, pyridine analogues where the nitrogen was in the para-position of the 

pyridine ring, 21 and 22, were also synthesized to examine whether the position of the 

nitrogen had a significant effect on BCL-2 affinity. Both compounds produced BCL-2 

and MCL-1 binding affinities that were similar to their meta-pyridine counterparts.  

Proceeding SAR examined how the attachment of the p4 pharmacophores at the 

meta-position of the nitroaryl rings effected BCL-2 binding affinity (Table 8.4.5). 

Overall, most of the meta-analogues possessed similar binding affinities when compared 

to their para-counterparts. One notable difference was that the meta-pyrazole analogue 

26 demonstrated a slightly weaker affinity to BCL-XL (Ki = 7.41 ± 2.56 µM) when 
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compared to its para-counterpart 18. Additionally, analogues 25, 26 and 28 possessed 

weaker affinities towards BCL-XL than their para-counterparts. Overall, enhanced MCL-

1 and BCL-2 binding affinities were achieved through the occupation of both the p4 and 

p2 pockets, while BCL-XL affinity remained low or undetectable.  

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 8.4.5: FPCA binding data for the SAR studies with the para-

nitrophenylacylsulfonamides. NA = No activity 

 

R
1
 

MCL-1 
K

i
 

BCL-2 
K

i
 

BCL-X
L
 

K
i
 ID 

23 

24 

25 

26 

27 

28 

29 

30 

2.30 ± 0.17 0.90 ± 0.25 6.66 ± 3.14 

1.68 ± 0.33 0.96 ± 0.08 > 10.00 

2.16 ± 0.61 0.84 ± 0.23 > 10.00 

1.95 ± 0.18 0.71 ± 0.11 7.41 ± 2.56 

1.00 ± 0.10 1.22 ± 0.50 > 10.00 

1.46 ± 0.13 0.46 ± 0.05 > 10.00 

1.36 ± 0.21 0.71 ± 0.25 > 10.00 

1.42 ± 0.11 0.77 ± 0.18 NA 
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Once the binding data for the N-2 alkylated indazoles was obtained we decided to 

determine if the N-1 alkylated isomers possessed similar or improved affinities. The N1-

alkylated isomers possess more potent binding affinities since the lone pair of electrons 

on N-2 nitrogen can coordinate with the acidic functional group to form stronger 

hydrogen bonding networks with conserved arginine residues along the binding groove, 

as seen in WEHI-539.27 According to a small SAR study (Table 8.4.6), the N-1 alkylated 

indazole acid (31) possessed an improved affinity for MCL-1 when compared to the N-2 

isomer 11. However, once acylsulfonamides were grafted onto the 3-position of 31, 

MCL-1 affinity decreased. Although 32 possessed a slight decrease in MCL-1 affinity 

when compared to 14, analogue 33 suffered a substantial loss when compared to 19. 

Interestingly, the BCL-2 binding affinities for both 32 and 33 were within the nanomolar 

range and did not offer any notable improvement when compared to their N-2 

counterparts. Both 32 and 33 also possessed no affinity for BCL-XL, thus signifying that 

changing the alkylation position between the two core nitrogens had no effect on BCL-XL 

affinity.  
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8.5 Identifying Design Elements that Influence MCL-1 Selectivity  

 

 Though the indazole compounds possessed dual affinities for both MCL-1 and 

BCL-2, their MCL-1 affinities were more than 10-fold lower than their indole 

predecessors.18 A potential reason for the loss in affinity is that the indazole core 

possesses a higher polarity than the indole core and may not bind as well into the 

hydrophobic groove. Also, the indazole core could engage in additional hydrogen 

bonding interactions within the binding groove, through its un-alkylated core nitrogen, 

and alter its binding orientation to where the pharmacophores are no longer optimally 

positioned to bind into their respective pockets. Also, the N-1 alkylated acid 31 displayed 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 8.4.6: MCL-1 FPCA data for the N-1alkylated isomers 

R
1
 

MCL-1 
K

i 
(µM) 

BCL-2 
K

i 
(µM) 

BCL-X
L
 

K
i
 (µM) I.D 

31 

32 

33 

1.58 ± 0.36 ------ ------ 

2.219 ± 0.20 0.62 ± 0.12 NA 

> 10.00 0.69 ± 0.11 NA 

OH 
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a more potent MCL-1 binding affinity than 11 even though 31 possessed a 1,3-

relationship between the carboxylic acid and p2 pharmacophore instead of the 1,2-

relationship found in the indoles.18 Interestingly, the 1,3-relationship’s effect on MCL-1 

affinity has not been fully explored on an indole core.18,19,24 Hence, to determine the 

cause of the lowered MCL-1 affinity of the indazoles and the impact that a 1,3-

relationship has on MCL-1 affinity when presented on an indole core, we pursued another 

SAR study that involved the synthesis of  indole analogues that mimicked the substitution 

patterns of our indazoles. Not only will this SAR study provide information on design 

elements that influence MCL-1 affinity; but it will also offer insight into whether the 

indazole core, and not its substitution pattern, is the primary cause of the lowered MCL-1 

affinity.  

 

8.6 Indole Analogue Syntheses 

 

 The synthetic routes for the various indole analogues are described in the 

following schemes. Fesik et al’s control indoles were synthesized according to Scheme 3 

(Fig. 8.6.1). First, 3-chloroaniline underwent a Japp-Klingemann reaction to create an 

imine intermediate, which was then subjected to acidic conditions to promote cyclization 

into the indole ethyl ester (34). The indole ethyl ester then underwent a selective 

reduction with borane in THF to produce the alcohol 35. The alcohol was then N-

methylated with iodomethane (36) and underwent an Mitsunobu reaction with either 4-

chloro-3,5-dimethylphenol (37a) or 1-naphthol (37b) to produce the functionalized indole 

ethyl esters. The ethyl esters are then saponified with NaOH to produce the final 

functionalized indole carboxylic acids (9, 38).  
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 Scheme 4 (Fig. 8.6.2) outlines the synthesis of the 3-methyl indole analogues. 

First, 4-chlorophenylhydrazine underwent a Fisher indole reaction with 2-oxobutanoic 

acid to create the indole core 39. The indole then underwent an SN2 reaction with either 

5-(3-bromopropoxy)-2-chloro-1,3-dimethylbenzene (40a) or 1-(3-

bromopropoxy)naphthalene (40b) to produce the alkylated indole, which was then 

saponified to create the final indole carboxylic acids (41a, 41b). Scheme 5 (Fig. 8.6.2) 

outlines the synthesis of the 2-carboxylic acid, N-alkylated indole analogues. First, ethyl 

6-chloro-1H-indole-2-carboxylate underwent an SN2 reaction with 5-(3-bromopropoxy)-

2-chloro-1,3-dimethylbenzene to produce the alkylated indole (42). The alkylated indole 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 
Fig. 8.6.1: Scheme 3 

Synthesis of the indole controls 
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was then saponified with NaOH to create the final indole carboxylic acid (43). The 

mechanism for the Fisher indole synthesis is outlined in Fig. 8.6.3.  

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8.6.2: Scheme 4 and Scheme 5 
 

Synthesis of the 3-methyl indole analogues (Scheme 4) and the 2-carboxylic acid, N-
alkylated indole (Scheme 5) 
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Scheme 6 (Fig. 8.6.4) outlines the synthesis of the 5-chloroindole analogue. First, 

5-chloro-1H-indole-2-carboxylic acid underwent an esterification with SOCl2 and MeOH 

to create the indole methyl ester 44. The methyl ester was then subjected to a SN2 

reaction with 5-(3-bromopropoxy)-2-chloro-1,3-dimethylbenzene to create the alkylated 

indole 45, which was then saponified with NaOH to produce the final indole carboxylic 

acid 46.  

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.6.3: Mechanism for the Fisher indole synthesis 



 

 326

 

 

Scheme 7 (Fig. 8.6.5) outlines the synthesis of the 3-carboxylic acid indole 

analogues. First, 6-chloroindole or 5-chloroindole was alkylated with 5-(3-

bromopropoxy)-2-chloro-1,3-dimethylbenzene to create 47 or 50. A 1,1,1-

trifluoropropan-2-one group was then installed at the 3-postion using 2,2,2-trifluoroacetic 

anhydride to produce 48 and 51. The 1,1,1-trifluoropropan-2-one group was then 

hydrolyzed with NaOH and H2O to produce the final indole carboxylic acids 49 and 52. 

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 
Fig. 8.6.4: Scheme 6 

Synthesis of the 5-chloroindole analogue 
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8.7 Indole Analogue Results 

 

 We began the SAR experiments with the synthesis of two of the MCL-1 selective 

indole inhibitors 38 and 9, which were subsequently evaluated in our FPC assay for their 

affinities towards MCL-1 (Table 8.7.1). The results of the FPC assays indicated that 

these compounds possessed similar binding affinities that were previously reported, thus 

strengthening the validity of the binding assay 18.  

 

 

 

  
  
  
  
  
  
  
  
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.6.5: Scheme 7 

Synthesis of the 3-carboxylic acid indole analogues 
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Table 8.7.1: MCL-1 FPCA data for the indole analogues 

R
2
 

MCL-1 
K

i
 (µM) ID 

39 

9 

41b 

41a 

49 

46 

52 

43 

0.09 ± 0.01 

0.25 ± 0.03 

R
1
 R

3
 R

4
 

CH
3
 COOH 6-Cl 

CH
3
 COOH 6-Cl 

COOH CH
3
 5-Cl 

COOH CH
3
 5-Cl 

COOH H 5-Cl 

H COOH 6-Cl 

COOH 

H COOH 

H 

5-Cl 

6-Cl 

0.39 ± 0.05 

0.24 ± 0.05 

0.18 ± 0.02 

NA 

3.44 ± 0.97 

NA 



 

 329

Indole analogues 41a and 41b were examined to determine what effect the p2 

pharmacophore had on MCL-1 affinity when it was attached onto the core nitrogen, 

similar to the indazoles, when the indole core possessed a chlorine at the 5-position. The 

chlorine was attached to the 5-position within these analogues to preserve the anti-

relationship between the chlorine and the p2 pharmacophore in 9 and 38. Also, the 

methyl group linked to the core nitrogen in 9 and 38 was relocated to the 3-position in 

41a and 41b to further retain the binding motifs of 9 and 38. Interestingly, the MCL-1 

binding affinities between 41b and 9 were similar (Ki = 0.24 ± 0.05 µM and 0.25 ± 0.03 

µM, respectively); however, 41a possessed a 4-fold reduction in MCL-1 binding affinity 

when compared to 38. Next, the indole analogues 46 and 52 were examined to determine 

what the effect of a 1,3-relationship between the acidic group and p2 pharmacophore had 

on MCL-1 affinity. MCL-1 binding affinity was shown to be severely impacted by the 

position of the acidic group on the indole core since 52 possessed no inhibitory activity 

when compared to 46 (Ki = 0.18 ± 0.02 µM). Next, we examined if changing the chlorine 

to the 6-position increased MCL-1 affinity if the carboxylic acid was placed at both the 2- 

and 3-positions. Analogue 49 elicited no activity towards MCL-1 while 43 demonstrated 

more than an 8-fold reduction when compared to previous indole analogues. The reduced 

MCL-1 affinity of 43 may potentially be caused by the formation of a syn-type of 

relationship between the chlorine and the p2 pharmacophore. Overall, the chlorine’s 

position on the indole ring influenced MCL-1 binding affinity, but not to the degree of 

the acidic group’s position since affinity was lost when the acidic group and p2 

pharmacophore had a 1,3-relationship. Also, the attachment of the p2 pharmacophore on 



 

 330

either the core nitrogen or C-3 carbon had an insignificant effect on MCL-1 binding 

affinity. 

8.8 Discussion and Conclusion 

 

 The results of the SAR studies that involved the indazole inhibitors, when 

compared to the indole precursors, showed that the indazoles possessed a lower binding 

affinity towards MCL-1 while some demonstrated a slight improvement in BCL-2 

affinity.18 Additionally, the indazole inhibitors possessed either no affinity or a 

significantly lowered affinity towards BCL-XL when compared to MCL-1 and BCL-2. 

The improved BCL-2 affinity could arise from the p4 pharmacophores capturing key 

hydrogen bonding interactions within the MCL-1 and BCL-2 binding grooves. The 

improved MCL-1 affinity from the benzyl linker over the alkyl linkers could be due to 

the plasticity of MCL-1’s binding groove since MCL-1’s p2 pocket has been shown to 

tolerate large, hydrophobic groups 23. Also, the benzyl linker may be tolerated by both 

MCL-1 and BCL-2 due to its less degrees of freedom over the alkyl linkers. Future SAR 

experiments will examine how well the N-1 alkylated isomer of 7 (propyl linker) binds to 

MCL-1 since the benzyl pharmacophore further increased MCL-1 affinity when attached 

at the N-1 over the N-2 position. Overall, further binding mode experiments, such as X-

ray crystallography or 2D NMR, need to be performed to in order to support these 

binding theories.  

The installation of the p4 pharmacophores further improved the indazoles’ 

affinities for both MCL-1 and BCL-2. Among the p4 pharmacophore SAR studies, a 

slight increase in MCL-1 and BCL-2 binding affinity was observed among the indazole 

analogues that possessed the p4 pharmacophores at the para-position of the nitroaryl ring 
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when compared to their meta-counterparts. Hence, the para-p4 pharmacophores were 

pursued in the N-1 alkylated indazole SAR study. The N-1 alkylated indazole acid (31) 

possessed a slightly increased affinity towards MCL-1 when compared to 11; however, 

once acylsulfonamides were introduced onto the N-1 alkylated indazoles (32,33), MCL-1 

affinity was decreased below their N-2 counterparts (14,19). Interestingly, BCL-2 affinity 

did not suffer among the N-1 alkylated indazole acylsulfonamides. A possible 

explanation for these results is that the N-1 alkylated indazoles need to re-orientate 

themselves to bind into MCL-1’s groove, thus shifting the p4 pharmacophores further 

away from the p4 pocket. Additional SAR studies with the meta-pharmacophores need to 

be performed to investigate this rationale since the meta-position may still be able to bind 

into MCL-1’s p4 pocket when the p2 pharmacophore is attached to the N-1 position. The 

synthesis of ortho-analogues was not completed due to low or no yields and difficult 

purifications. BCL-XL affinity was either not observed or lower when compared to both 

MCL-1 and BCL-2 among all the acylsulfonamide indazole analogues. Future directions 

for the indazoles involve testing the efficacy in a variety of leukemia and melanoma 

cancer cell lines.  

 The MCL-1 affinities of the indazoles are more than 10-fold lower than the indole 

precursors. Additional SAR studies on an indole core were performed to investigate if the 

substitution pattern of the indazoles or the indazole core itself were the cause of the 

lowered affinity. Additionally, the N-1 alkylated indazoles possessed a 1,3-relationship 

between the acidic function group and the p2 pharmacophore, which was shown to 

improve MCL-1 affinity over a 1,2-relationship. The indole precursors did not explore 

this 1,3-relationship; hence the effect that this relationship had on MCL-1 binding affinity 
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when present on an indole core was also explored. The results of those studies indicated 

that MCL-1 affinity was strongly influenced by the relationship between the p2 

pharmacophore and the carboxylic acid. Analogues that possessed a 1,2-relationship 

(9,39,41a,41b,43,46) demonstrated potent MCL-1 binding affinity; whereas those that 

possessed a 1,3-relationship (49,52) did not exhibit any activity. The relationship between 

the chlorine and the p2 pharmacophore also had an impact on MCL-1 affinity since an 

anti-relationship maintained potent MCL-1 affinity (46); whereas a syn-relationship 

caused a notable decrease (43). Also, the linkage of the p2 pharmacophore either at the 

C3-positon or on the core nitrogen, in the presence of a chlorine at the 5-position, on the 

indole core promoted potent MCL-1 affinity when neighboring the carboxylic acid (9, 

41a). This result provides evidence that the indazoles’ reduced MCL-1 affinities are not 

caused by the p2 pharmacophore being N-alkylated onto the core but from the core itself.  

Though the 1,3-relationship of the p2 pharmacophore and carboxylic acid on the 

indole core abolished MCL-1 affinity, the N-1 alkylated 3-acylsulfonamide indazoles 

were able to retain MCL-1 affinity. Retention of MCL-1 affinity is possibly caused by the 

presence of the un-alkylated nitrogen within the core participating in additional hydrogen 

bonding interactions within the binding groove, thus allowing the indazole core to pivot 

into an optimal position for binding without sacrificing key binding interactions. As 

previously stated, binding mode experiments, such as X-ray crystallography, will need to 

be performed to accurately determine the indazoles’ binding mechanisms.  

Overall, the indazoles were able to demonstrate enhanced MCL-1 and BCL-2 

affinities over BCL-XL. Unfortunately, the potency of the indazoles is not at the 

necessary level to be efficacious in in vivo models since low nanomolar to picomolar 
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MCL-1 binding affinity is required to promote significant efficacy. The need for highly 

potent MCL-1 inhibitors is due to not only the short half-life of MCL-1, but also due to 

the strong binding affinity between MCL-1 and the pro-apoptotic proteins. However, the 

successful synthesis of the indazoles further provides evidence that dual selectivity for 

MCL-1 and BCL-2 can be achieved. Once the binding mechanisms behind the indazoles 

are identified, future dual inhibitors can then be synthesized that possess the necessary 

pharmacophores to enhance potency against MCL-1 and BCL-2 for in vivo testing.   

 

 

8.9 Materials and Methods 

 
Materials: All chemical reagents were ACS grade or higher unless otherwise indicated. 

The D2O, D6-DMSO, and 15NH4Cl were purchased from Cambridge Isotope 

Laboratories, Inc. (Andover, MA). All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO). 

 

Protein purification:  We regularly express and purify recombinant human Mcl-1 residues 172 to 

327 (MCL1172-327) protein in E. coli of high purity (>95% pure) and milligram quantity for use in 

all the applications proposed including FPCA and stable isotopically labeled (15N) protein for 

NMR studies.  The pLM302 expression vector was constructed to produce His6-MBP (maltose 

binding protein) tagged recombinant human Mcl-1 residues 172 to 327 (MCL1172-327) in 

HMS174 (DE3) cells (EMD Millipore) using either LB or minimal media supplemented with 

15NH4Cl to produce unlabeled or 15N-labeled MCL1, respectively. The tagged protein was 

initially purified from the crude cell lysate by IMAC chromatography (GE Healthcare Life 
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Sciences), and after dialysis to remove the imidazole the affinity tag was cleaved using 

PreScission Protease (GE Healthcare Life Sciences). A Sephacryl S-200 size exclusion column 

was used as a final purification step before the protein was concentrated with a 10,000 MWCO 

centrifugal filter concentrator (EMD Millipore). The concentrations of the proteins were 

determined using the Bio-Rad Protein Assay (Bio-Rad Inc., Hercules, CA) using BSA of a 

known concentration as the standard (Pierce). The purity of the protein was confirmed using 

SDS-PAGE analysis and NMR HSQC experiments were done to confirm the protein was 

properly folded. 

 

Peptides: A 6-aminohexanoic acid linker was conjugated to the N-terminus of the Bak BH3 

peptide amino acids 71 to 89 (GQVGRQLAIIGDDINR), capped with fluorescein (on the amino 

group of the linker), and the peptide was amidated on the C-terminus to give FITC-Ahx-

GQVGRQLAIIGDDINR-CONH2, hereafter referred to as “FITC-Bak” was synthesized and 

purity determined to be >95% (Neo BioScience).  The concentrated peptide stocks were prepared 

in DMSO and the concentration of the peptide was determined in water at pH 8.0 using the 

extinction coefficient for amide-linked FITC of �494 = 68,000 cm-1M-1. 

 
General Procedures 

 
General Procedure 1: Synthesis of functionalized sulfonamides (8b-8r): Either 4-fluoro-

3-nitrobenzenesulfonamide or 3-fluoro-4-nitrobenzenesulfonamide (1.0 mmol) was 

placed in a reaction flask and solubilized in DMF (0.1 M). Selected amines (1.1 mmol) 

and K2CO3 (2.0 mmol) were added to the reaction mixture. The reaction stirred at room 

temperature for 16 hrs. Reaction completion was monitored via TLC in a 92:7:1 

DCM/MeOH/NH4OH solvent system. Upon completion, the reaction was partitioned 
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between Ethyl Acetate and Brine. The organic layer was washed five times with Brine to 

remove the DMF. The organic layer was then collected, dried with Na2SO4, filtered, 

concentrated down and azeotroped three times with CHCl3 to produce the desired 

functionalized sulfonamides. 

 
General Procedure 2: Sulfonamide coupling of N-alkylated indazole carboxylic acids:  

An alkylated indazole (1.0 mmol) was added to a reaction flask, followed by the addition 

of anhydrous DMF (0.1 M). DMAP (0.5 mmol) and EDCI (1.2 mmol) were added to the 

reaction flask. The reaction stirred at room temperature for 10 minutes before the addition 

of the desired sulfonamide (1.1 mmol). The reaction was stirred at room temperature for 

16 hr. Completion of the reaction was monitored via TLC. The reaction was partitioned 

between Brine and Ethyl Acetate. The organic layer was washed 5 times with Brine, 

collected, dried with Na2SO4, filtered and concentrated down. The crude material was 

redistributed in DCM and dry loaded onto silica gel. Flash column chromatography was 

then performed to purify the desired product. The product fractions were collected, 

concentrated down and azeotroped with CHCl3 to yield the purified product.  

 
General Procedure 3: Methylesterfication of carboxylic acids:  
 
A carboxylic acid (1.0 mmol) was dissolved in MeOH (0.1 M) and SOCl2 (3.0 mmol) 

was slowly added to the reaction. The reaction stirred at 65℃ for 16 hrs. Completion of 

the reaction was monitored via TLC with a gradient of 92:7:1 DCM/MeOH/Acetic acid. 

The reaction was concentrated down and then partitioned between sat. Na2CO3 and Ethyl 

Acetate. The organic layer was collected, dried with Na2SO4, filtered, concentrated down 

and azeotroped with CHCl3 to yield the purified product 
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General Procedure 4: N-Alkylation of the heterocyclic cores: 

A heterocyclic core (1.0 mmol) was added to a reaction flask, followed by the addition of 

DMF (0.1M). A desired alkyl bromide (1.1 mmol) and K2CO3 (2.0 mmol) are then added 

to the reaction mixture. The reaction stirred for 16 hr at a given temperature. Completion 

of the reaction was monitored via TLC in 2:1 Hexanes/Ethyl Acetate. The reaction was 

partitioned between Brine and Ethyl Acetate. The organic layer was washed 5 times with 

Brine, collected, dried with Na2SO4, filtered and concentrated down. The crude material 

dry loaded onto silica gel and purified via flash column chromatography. The product 

fractions were collected, concentrated down and azeotroped with CHCl3 to yield the 

purified product. 

 

General Procedure 5: Saponification of methyl and ethyl esters: 

An ester (1.0 mmol) was added to a reaction flask, followed by the addition of NaOH 

(3.0 mmol). A 3:1:1 mixture of THF/H2O/MeOH (0.1M) was added to the reaction flask. 

If the reaction did not consist of one phase then additional THF and MeOH were added. 

Once the reaction was one phase, it was stirred at room temperature for 16 hr. 

Completion of the reaction was monitored via TLC in 92:7:1 DCM/MeOH/Acetic Acid 

solvent system. The reaction mixture was partitioned between 1M HCl and Ethyl Acetate. 

The organic layer was collected, dried with Na2SO4, filtered, concentrated down and 

azeotroped with CHCl3 to yield the purified product. 
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Synthesis of methyl 1H-benzo[d]imidazole-2-carboxylate (1): Follow General Procedure 

3 with 1H-benzo[d]imidazole-2-carboxylic acid (yield = 78%). 1H NMR (400 MHz, d6-

DMSO) δ = 13.55 (s, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.40 (t, J = 

7.8 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 3.97 (s, 3H). 

 

Synthesis of methyl 1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-benzo[d]imidazole-

2-carboxylate (2):  Follow General Procedure 4 with 1 and 5-(3-bromopropoxy)-2-

chloro-1,3-dimethylbenzene. Heat the reaction at 45℃ for 16 hr. Flash column 

chromatography was performed using a gradient of 1:1 Hexanes/Ethyl Acetate (yield = 

83%). 1H NMR (400 MHz, CDCl3) δ = 7.90 (d, J = 7.2 Hz, 1H), 7.47 (d, J = 7.6 Hz, 1H), 

7.36-7.34 (m, 2H), 6.58 (s, 2H), 4.85 (t, J = 7.0 Hz, 4.00 (s, 3H), 3.91 (t, J = 5.6, 2H), 

2.35-2.33 (m, 8H). 13C NMR (400 MHz, CDCl3) δ = 158.7, 154.6, 140.0, 138.7, 135.5, 

134.6, 124.8, 124.1, 122.2, 120.3, 112.8, 109.0, 63.0, 51.2, 40.8, 28.4, 19.3. 

 

Synthesis of 1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-benzo[d]imidazole-2-

carboxylic acid (3): Follow General Procedure 5 with 2 (yield = 95%). 1H NMR (400 

MHz, d6-DMSO) δ = 9.61 (s, 1H), 8.02 (m, 1H), 7.90 (m, 1H), 7.60 (m, 2H), 6.67 (s, 

2H), 4.67 (t, J = 6.6 Hz, 2H), 4.05 (t, J = 5.6 Hz, 2H), 2.38 (t, J = 5.8 Hz, 2H), 2.28 (s, 

6H).  13C NMR (400 MHz, CDCl3) δ = 161.3, 147.1, 141.6, 137.2, 136.6, 131.1, 130.8, 

130.3, 120.5, 119.8, 118.2, 70.1, 48.9, 33.4, 25.6. 

 

Synthesis of 5-chloroindazole-3-carboxylic acid (4): 5-chloroisatin (1.0 mmol) was added 

to a reaction flask, followed by the addition of H2O (0.1M) and NaOH (1.1 mmol). The 
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reaction was heated to 45℃ and stirred for 30 minutes or until all the starting material 

was solubilized. The reaction mixture was then cooled to 0℃. NaNO2 (1.0 mmol) was 

dissolved in H2O and slowly added to the reaction. The reaction stirred for 10 minutes 

and then H2SO4 (2.5 mmol) was added to the reaction. After 30 minutes of stirring, SnCl2 

was dissolved in concentrated HCl and slowly added to the reaction mixture. The reaction 

was stirred at 0℃ for 16 hr. The resulting precipitate was filtered from the reaction 

mixture and carried forwarded to the next reaction.  

 

Synthesis of methyl 5-chloro-1H-indazole-3-carboxylate (5):  Crude 4 (1.0 mmol) was 

dissolved in MeOH (0.1 M) and SOCl2 (3.0 mmol) was slowly added to the reaction. The 

reaction stirred at 65℃ for 16 hrs. Completion of the reaction was monitored via TLC in 

1:1 Hexanes/Ethyl Acetate. The reaction was concentrated down and then partitioned 

between Brine and ethyl acetate. The organic layer was collected, dried with Na2SO4, 

filtered and concentrated down. The crude material was redistributed in DCM and dry 

loaded onto silica gel. Flash column chromatography was then performed to purify the 

desired product using a gradient of 1:1 Hexanes/Ethyl Acetate. The product fractions 

were collected, concentrated down and azeotroped with CHCl3 to yield the purified 

product (yield = 53%). 1H NMR (400 MHz, d6-DMSO) δ = 8.06 (s, 1H), 7.73 (d, J = 9.6 

Hz, 1H), 7.49 (d, J = 8.8 Hz, 1H), 3.94 (s, 3H). 

 

Synthesis of methyl 5-chloro-2-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-2H-indazole-3-

carboxylate (6a): Follow General Procedure 4 with 5 and 5-(3-bromopropoxy)-2-chloro-

1,3-dimethylbenzene. Heat the reaction at 45℃ for 16 hr. Flash column chromatography 
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was performed using a gradient of 4:1 Hexanes/Ethyl Acetate (yield = 48%). 1H NMR 

(400 MHz, CDCl3) δ = 7.95 (s, 1H), 7.66 (d, J = 9.2 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 

6.51 (s, 2H), 5.06 (t, J = 7.2 Hz, 2H), 3.95 (m, 5H), 2.45-2.40 (m, 2H), 2.28 (s, 6H).  

 

Synthesis of methyl 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-2H-indazole-3-

carboxylate (6b): Follow General Procedure 4 with 5 and 5-(4-(bromomethyl)phenoxy)-

2-chloro-1,3-dimethylbenzene. The reaction stirred at room temperature for 16 hr. Flash 

column chromatography was performed using a gradient of 4:1 Hexanes/Ethyl Acetate 

(yield = 44%). 1H NMR (400 MHz, CDCl3) δ = 8.00 (s, 1H), 7.74 (d, J = 8.8 Hz, 1H), 

7.36 (d, J = 8.8 Hz, 2H), 7.30-7.26 (m, 1H), 6.90 (d, J = 8.8 Hz, 2H), 6.70 (s, 2H), 6.05 

(s, 2H), 4.03 (s, 3H), 2.31 (s, 6H).  

 

Synthesis of 5-chloro-2-(2-(4-chloro-3,5-dimethylphenoxy)ethyl)-2H-indazole-3-

carboxylic acid (6c): Follow General Procedure 4 with 5 and 5-(2-bromoethoxy)-2-

chloro-1,3-dimethylbenzene. The reaction stirred at room temperature for 16 hr. Flash 

column chromatography was performed using a gradient of 4:1 Hexanes/Ethyl Acetate 

(yield = 45%). 1H NMR (400 MHz, CDCl3) δ = 7.96 (s, 1H), 7.70 (d, J = 8.4 Hz, 1H), 

7.27 (d, J = 8.8 Hz, 1H), 6.55 (s, 2H), 5.26 (t, J = 5.8 Hz, 2H), 4.43 (t, J = 6.0 Hz, 2H), 

4.03 (s, 3H), 2.26 (s, 6H). 

 

Synthesis of 5-chloro-2-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-2H-indazole-3-

carboxylic acid (7): Follow General Procedure 5 with 6a (yield = 95%). 1H NMR (400 

MHz, d6-DMSO) δ = 7.99 (s, 1H), 7.82 (d, J = 9.6 Hz, 1H), 7.37 (d, J = 7.2 Hz, 1H), 6.65 
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(s, 2H), 5.02 (t, J = 6.8 Hz, 2H), 3.98 (t, J = 5.8 Hz, 2H), 2.35 (t, J = 6.0 Hz, 2H), 2.25 (s, 

6H). 

 

Synthesis of 4-chlorobenzenesulfonamide (8a): 4-chlorobenzenesufonyl chloride (1.0 

mmol) was dissolved in dioxane (0.1 M) and cooled to 0℃. NH4OH (5.0 mmol) was 

added dropwise to the reaction. The reaction stirred at 0℃ for 30 minutes. Completion of 

the reaction was monitored via TLC with a 1:1 gradient of Hexanes/Ethyl Acetate. The 

reaction was partitioned between Ethyl Acetate and Brine. The organic layer was 

collected, dried with Na2SO4, filtered, concentrated down and azeotroped with CHCl3 to 

produce the desired product (yield = 88%). 1H and 13C spectra were consistent with the 

literature 25. 

 

Synthesis of 4-morpholino-3-nitrobenzenesulfonamide (8b): Follow General Procedure 1 

using 4-fluoro-3-nitrobenzenesulfonamide and morpholine (yield = 77%). 1H (400MHz, 

DMSO) δ=8.22 (s, 1H), 7.92 (d, J=7.4Hz, 1H), 7.46 (d, J=8Hz, 2H), 3.72 (t, J=6.8Hz, 4H), 

3.14 (t, J=6.8Hz, 4H), 2.00 (s, 1H). 13C NMR (400 MHz, DMSO) δ= 152.3, 144.1, 140.2, 

136.1, 129.5, 126.2, 71.0, 55.8, 51.0.  

 

Synthesis of 4-((2-morpholinoethyl)amino)-3-nitrobenzenesulfonamide (8c): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-morpholinoethan-

1-amine (yield = 65%).1H (400MHz, DMSO) δ= 8.78 (t, J=7Hz, 1H), 8.48 (s, 1H), 7.85 

(d, J=7.4Hz, 1H), 7.35 (s, 2H), 7.23 (d, J=7.4Hz, 1H), 3.61 (m, 4H), 3.50 (q, J=6.8Hz, 
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2H), 2.64 (t, J=6.8Hz, 2H), 2.46 (s, 4H). 13C NMR (400 MHz, DMSO) δ= 151.6, 138.0, 

135.3, 134.6, 129.8, 121.1, 71.5, 60.5, 58.0, 45.3. 

 

Synthesis of 4-((furan-2-ylmethyl)amino)-3-nitrobenzenesulfonamide (8d): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and furan-2-

ylmethanamine (yield = 73%). 1H (400MHz, DMSO) δ=8.89 (t, J = 7.4 Hz, 1H), 8.49 (s, 

1H), 7.83 (d, J = 7 Hz, 1H), 7.62 (s, 1H), 7.31-7.33 (m, 2H), 6.41 (s, 2H), 4.71 (d, J = 6.8 

Hz, 2H). 13C NMR (400 MHz, DMSO) δ= 156.1, 151.3, 147.9, 137.8, 135.8, 129.8, 121.0, 

115.7, 113.1, 45.1.  

 

Synthesis of 4-((2-(furan-2-yl)ethyl)amino)-3-nitrobenzenesulfonamide (8e): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(furan-2-yl)ethan-

1-amine (yield = 74%).1H NMR (400 MHz, d6-DMSO) δ = 8.58 (t, J = 5.4 Hz, 1H), 8.50 

(d, J = 2.4 Hz, 2H), 7.86 (d, J = 9.6 Hz, 1H), 7.59 (s, 1H), 7.38 (s, 2H), 7.25 (d, J = 9.2 

Hz, 1H), 6.41 (s, 1H), 6.28 (d, J = 2.8 Hz, 1H), 3.72 (q, J = 6.4 Hz, 2H), 3.03 (t, J = 7.0 

Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 157.5, 151.5, 147.2, 138.0, 135.5, 134.7, 

129.9, 120.6, 115.8, 111.9, 46.5, 32.1.  

 

Synthesis of 4-(((1-methyl-1H-pyrazol-3-yl)methyl)amino)-3-nitrobenzenesulfonamide 

(8f): Follow General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and (1-

methyl-1H-pyrazol-3-yl)methanamine (yield = 63%).13C NMR (400 MHz, d6-DMSO) δ 

= 149.6, 141.5, 136.2, 133.7, 133.1, 128.2, 120.9, 119.3, 43.7, 40.6. 
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Synthesis of 3-nitro-4-((pyridin-3-ylmethyl)amino)benzenesulfonamide (8g): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and pyridin-3-

ylmethanamine (yield = 69%). 1H (400MHz, DMSO) δ= 9.11 (t, J = 7.8 Hz, 1H), 8.64 (s, 

1H), 8.47-8.50 (m, 2H), 7.77 (m, 2H), 7.35-7.38 (m, 1H), 7.31 (s, 2H), 7.11 (d, J = 8.4 Hz, 

1H), 4.75 (d, J = 8.4 Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 149.0, 148.8, 146.5, 

135.3, 134.1, 133.2, 131.0, 130.6, 125.2, 124.1, 116.1, 43.8. 

 

Synthesis of 3-nitro-4-((2-(pyridin-3-yl)ethyl)amino)benzenesulfonamide (8h): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(pyridin-3-

yl)ethan-1-amine (yield = 64%).1H NMR (400 MHz, d6-DMSO) δ = 8.56 (d, J = 7.2 Hz, 

2H), 8.50 (s, 1H), 8.47 (d, J = 4.0 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.76 (d, J = 7.6 Hz, 

1H), 7.37 (d, J = 12.0 Hz, 4H), 3.74 (q, J = 6.4 Hz, 2H), 3.00 (t, J = 7.2 Hz, 2H). 13C 

NMR (400 MHz, d6-DMSO) δ = 150.4, 148.1, 146.7, 136.9, 134.6, 133.3, 130.7, 129.9, 

125.2, 123.9, 116.0, 43.9, 31.8. 

 

Synthesis of 3-nitro-4-((pyridin-4-ylmethyl)amino)benzenesulfonamide (8i): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and pyridin-4-

ylmethanamine (yield = 58%).1H NMR (400 MHz, d6-DMSO) δ = 9.13 (t, J = 6.2 Hz, 

1H), 8.52 (d, J = 2.4 Hz, 3H), 7.75 (d, J = 7.6 Hz, 1H), 7.35-7.33 (m, 4H), 6.97 (d, J = 8.4 

Hz, 1H), 4.77 (d, J = 6.0 Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 155.0, 154.9, 

152.2, 151.7, 148.2, 135.8, 130.0, 129.9, 127.1, 127.0, 120.8, 49.9. 
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Synthesis of 3-nitro-4-((2-(pyridin-4-yl)ethyl)amino)benzenesulfonamide (8j): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(pyridin-4-

yl)ethan-1-amine (yield = 55%).1H NMR (400 MHz, d6-DMSO) δ = 8.54 (bs, 2H), 8.26 

(d, J = 8.4 Hz, 2H), 7.67 (s, 2H), 7.51 (s, 1H), 7.37 (bs, 2H), 7.08 (d, J = 8.8 Hz, 1H), 

3.69 (t, J = 5.8 Hz, 2H), 3.03 (t, J = 6.6 Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 

155.7, 154.8, 153.0, 149.6, 137.5, 133.1, 129.5, 116.9, 116.7, 48.0, 38.5. 

 

Synthesis of 3-nitro-4-((2-(pyridin-4-yl)ethyl)amino)benzenesulfonamide (8k): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and morpholine (yield = 

75%).1H NMR (400 MHz, DMSO) δ= 8.02 (d, J = 8.8 Hz, 1H), 7.68 (s, 1H), 7.62 (s, 2H), 

7.51 (d, J = 8.8 Hz), 3.72 (t, J = 4.4 Hz, 4H), 3.05 (t, J = 4.4 Hz, 4H). 13C NMR (400 

MHz, d6-DMSO) δ = 148.7, 145.5, 144.0, 127.1, 118.9, 118.6, 66.4, 51.5. 

 

Synthesis of 3-((furan-2-ylmethyl)amino)-4-nitrobenzenesulfonamide (8l): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and furan-2-

ylmethanamine (yield = 70%). 1H NMR (400 MHz, DMSO) δ= 8.64 (t, J = 5.8 Hz, 1H), 

8.26 (d, J = 8.4 Hz, 1H), 7.64 (s, 3H), 7.54 (s, 1H), 7.09 (d, J = 8.8 Hz, 1H), 6.41 (d, J = 

16.4 Hz, 2H), 4.66 (d, J = 6.4 Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 151.4, 150.7, 

144.7, 143.2, 133.0, 128.2, 112.4, 112.3, 111.1, 108.3. 

 

Synthesis of 3-((2-(furan-2-yl)ethyl)amino)-4-nitrobenzenesulfonamide (8m): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(furan-2-yl)ethan-

1-amine (yield = 78%).1H NMR (400 MHz, d6-DMSO) δ = 8.30 (t, J = 5.4 Hz, 1H), 8.26 
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(d, J = 8.4 Hz, 1H), 7.65 (s, 2H), 7.59 (s, 1H), 7.47 (s, 1H), 7.08 (d, 9.6 Hz, 1H), 6.41 (t, J 

= 2.4 Hz, 1H), 6.28 (d, J = 2.8 Hz, 1H), 3.68 (q, J = 6.4 Hz, 2H), 3.05 (t, J = 7.0 Hz, 2H). 

13C NMR (400 MHz, d6-DMSO) δ = 157.5, 155.7, 149.6, 147.2, 137.4, 133.0, 116.8, 

116.7, 115.7, 111.8, 46.4, 32.0. 

 

Synthesis of 3-(((1-methyl-1H-pyrazol-3-yl)methyl)amino)-4-nitrobenzenesulfonamide 

(8n): Follow General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and (1-

methyl-1H-pyrazol-3-yl)methanamine (yield = 68%). 1H NMR (400 MHz, d6-DMSO) δ 

= 8.54 (t, J = 5.4 Hz, 1H), 8.27 (d, J = 9.2 Hz, 1H), 7.71 (s, 1H), 7.68 (s, 2H), 7.52 (s, 

1H), 7.47 (s, 1H), 7.07 (d, J = 9.2 Hz, 1H), 4.48 (d, J = 5.6 Hz, 2H), 3.81 (s, 3H). 13C 

NMR (400 MHz, d6-DMSO) δ = 153.8, 147.9, 141.5, 135.8, 133.2, 120.9, 115.5, 114.9, 

43.7, 40.6.  

 

Synthesis of 4-nitro-3-((pyridin-3-ylmethyl)amino)benzenesulfonamide (8o): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and pyridin-3-

ylmethanamine (yield = 60%).1H NMR (400 MHz, DMSO) δ= 8.84 (t, J = 6.2 Hz, 1H), 

8.63 (s, 1H), 8.49 (d, J = 3.6 Hz, 1H), 8.28 (d, J = 8.8 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 

7.61 (s, 2H), 7.40-7.37 (m, 1H), 7.33 (s, 1H), 7.07 (d, J = 8.4 Hz, 1H), 4.70 (d, J = 6.4 

Hz, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 150.7, 149.0, 144.7, 135.3, 134.1, 133.1, 

128.3, 124.2, 112.21, 112.16, 44.0. 

 

Synthesis of 4-nitro-3-((2-(pyridin-3-yl)ethyl)amino)benzenesulfonamide (8p): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(pyridin-3-
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yl)ethan-1-amine (yield = 64%).1H NMR (400 MHz, d6-DMSO) δ = 8.56 (s, 1H), 8.48 (s, 

1H), 8.27 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 8.0 Hz, 1H), 7.67 (s, 2H), 7.51 (s, 1H), 7.40 (t, 

J = 6.2 Hz, 1H), 7.08 (d, J = 9.6 Hz, 1H), 3.68 (q, J = 6.8 Hz, 2H), 3.03 (t, J = 7.0 Hz, 

2H). 13C NMR (400 MHz, d6-DMSO) δ = 150.9, 150.2, 148.1, 144.8, 137.0, 134.7, 132.7, 

128.3, 124.1, 112.2, 111.9, 44.0, 31.6.  

 

Synthesis of 4-nitro-3-((pyridin-4-ylmethyl)amino)benzenesulfonamide (8q): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and pyridin-4-

ylmethanamine (yield = 55%). 1H NMR (400 MHz, d6-DMSO) δ = 8.89 (t, J = 5.8 Hz, 

1H), 8.55 (d, J = 5.6 Hz, 2H), 8.31 (d, J = 9.2 Hz, 1H), 7.60 (s, 1H), 7.39 (d, J = 4.4 Hz, 

2H), 7.22 (s, 1H), 7.09 (d, J = 9.6 Hz, 1H), 4.73 (d, J = 6.4 Hz, 2H). 13C NMR (400 MHz, 

d6-DMSO) δ = 155.5, 155.0, 152.5, 149.5, 137.9, 133.1, 127.1, 125.7, 117., 116.9, 50.1.  

 

Synthesis of 4-nitro-3-((2-(pyridin-4-yl)ethyl)amino)benzenesulfonamide (8r): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(pyridin-4-

yl)ethan-1-amine (yield = 58%).1H NMR (400 MHz, d6-DMSO) δ = 8.57-8.50 (m, 4H), 

7.88 (d, J = 8.8 Hz, 1H), 7.39-7.36 (m, 5H), 3.78-3.73 (m, 2H), 3.00 (t, J = 7.4 Hz, 2H). 

13C NMR (400 MHz, d6-DMSO) δ = 154.8, 152.9, 151.4, 138.1, 135.5, 134.7, 129.9, 

129.6, 120.8, 47.9, 38.6.  

    

Synthesis of 5-chloro-2-(2-(4-chloro-3,5-dimethylphenoxy)ethyl)-2H-indazole-3-

carboxylic acid (10): Follow General Procedure 5 with 6c (yield = 93%). 1H NMR (400 
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MHz, d6-DMSO) δ = 7.99 (s, 1H), 7.84 (d, J = 9.2 Hz, 1H), 7.38 (d, J = 9.2 Hz, 1H), 6.73 

(s, 2H), 5.25 (t, J = 5.2 Hz, 2H), 4.50 (t, J = 5.4 Hz, 2H), 2.24 (s, 6H). 

 

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-2H-indazole-3-

carboxylic acid (11): Follow General Procedure 5 with 6b (yield = 92%).  1H NMR (400 

MHz, d6-DMSO) δ = 7.96 (s, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 7.2 Hz, 1H), 7.26 

(d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 6.83 (s, 2H), 6.02 (s, 2H), 2.24 (s, 6H). 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-2H-indazole-3-

carboxylic acid (12):  6-chloro-1H-indazole-3-carboxylic acid underwent General 

Procedure 1 and General Procedure 2 to create methyl 6-chloro-2-(4-(4-chloro-3,5-

dimethylphenoxy)benzyl)-2H-indazole-3-carboxylate. The resulting product was purified 

in a gradient of 2:1 Hexanes/Ethyl Acetate and then used in General Procedure 3 to yield 

the purified product (yield = 95%).  1H NMR (400 MHz, d6-DMSO) δ = 8.07 (d, J = 9.2 

Hz, 1H), 7.91 (s, 1H), 7.34 (d, J = 8.8 Hz, 3H), 6.98 (d, J = 8.4 Hz, 2H), 6.88 (s, 2H), 

6.09 (s, 2H), 2.30 (6H).  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-

chlorophenyl)sulfonyl)-2H-indazole-3-carboxamide (13): Follow General Procedure 2 

with 11 and 8a. The product was purified via flash column chromatography in a gradient 

of 92:7:1 DCM/MeOH/H2O (yield = 55%). 1H NMR (400 MHz, DMSO) δ = 8.21 (s, 

1H), 7.89 (d, J = 8.4, 2H), 7.69 (d, J = 9.6, 1H), 7.51 (d, J = 8.4, 2H), 7.27 (dd, J = 9.6, 

1.6, 1H), 7.19 (d, J = 8.8, 2H), 6.86-6.82 (m, 4H), 6.03 (s, 2H), 2.29 (s, 6H); 13C NMR 
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(400 MHz, DMSO) δ = 156.7, 154.6, 145.5, 137.9, 132.6, 130.3, 129.6, 128.7, 128.5, 

127.1, 122.9, 119.8, 119.5, 118.4, 55.7, 20.8.  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-morpholino-3-

nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14): Follow General Procedure 2 

with 11 and 8b. The product was purified via flash column chromatography in a gradient 

of 92:7:1 DCM/MeOH/H2O (yield = 42%). 1H NMR (400 MHz, DMSO) δ = 8.27 (d, J = 

8.0, 2H), 8.00 (d, J = 8.8, 1H), 7.67 (d, J = 9.2, 1H), 7.31 (d, J = 8.8, 1H), 7.26-7.23 (m, 

3H), 6.85-6.84 (m, 4H), 6.08 (s, 2H), 3.66 (s, 4H), 3.03 (s, 4H), 2.29 (s, 6H). 13C NMR 

(400 MHz, DMSO) δ = 156.5, 154.8, 146.8, 145.5, 139.5, 139.8, 137.8, 132.9, 130.4, 

128.6, 127.5, 126.9, 125.8, 123.0, 122.4, 120.4, 119.7, 119.3, 118.6, 66.3, 51.3, 20.7. 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-

((morpholinomethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (15): 

Follow General Procedure 2 with 11 and 8c. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/H2O (yield = 44%). 1H NMR (400 

MHz, DMSO) δ = 8.64 (s, br, 1H), 8.58 (s, 1H), 8.29 (s, 1H), 8.97 (d, J = 8.0, 1H), 7.64 

(d, J = 9.6, 1H), 7.27-7.22 (m, 3H), 7.07 (d, J = 7.6, 1H), 6.85-6.83 (m, 4H), 6.11 (s, 2H), 

3.58 (s, br, 4H), 3.42 (s, br, 2H), 2.60 (s, br, 2H), 2.42 (s, br, 4H), 2.28 (s, 6H). 13C NMR 

(400 MHz, DMSO) δ = 163.7, 156.4, 154.8, 146.2, 145.5, 137.8, 135.3, 133.1, 132.7, 

132.0, 130.4, 128.6, 127.3, 126.9, 126.1, 123.0, 122.6, 119.6, 119.2, 118.6, 114.6, 66.5, 

55.6, 54.6, 53.0, 20.7. 
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-((furan-2-

ylmethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (16): Follow 

General Procedure 2 with 11 and 8d. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/H2O (yield = 56%). 1H NMR (400 

MHz, DMSO) δ = 8.73 (m, 1H), 8.58 (s, 1H), 8.25 (s, 1H), 7.94 (d, J = 8.4, 1H), 7.66 (d, 

J = 8.4, 1H), 7.58 (s, 1H), 7.26-7.24 (m, 3H), 7.19 (d, J = 9.6, 1H), 6.84-6.83 (4H), 6.38 

(s, 2H), 6.08 (s, 2H), 4.65 (d, J = 6.4, 2H), 2.28 (s, 6H). 13C NMR (400 MHz, DMSO) δ = 

163.3, 156.5, 154.8, 151.5, 146.0, 145.5, 143.1, 137.8, 135.0, 133.0, 132.5, 130.3, 128.6, 

127.5, 127.0, 126.2, 123.0, 122.4, 119.7, 119.3, 118.6, 118.2, 114.7, 110.9, 108.2, 54.6, 

20.7. 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-((2-(furan-2-

yl)ethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (17): Follow 

General Procedure 2 with 11 and 8e. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/H2O (yield = 54%).1H NMR (400 

MHz, d6-DMSO) δ = 8.64 (s, 1H), 8.61 (br, 1H), 8.03 (s, 1H), 7.98 (d, J = 9.2 Hz, 1H), 

7.79 (d, J = 8.4 Hz, 1H), 7.56 (s, 1H), 7.36 (d, J = 9.6 Hz, 1H), 7.21 (d, J = 9.2 Hz, 1H), 

7.15 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.0 Hz, 5H), 6.37 (s, 1H), 6.24 (d, J = 3.2 Hz, 1H), 

5.93 (s, 2H), 3.68 (q, J = 6.4 Hz, 2H), 2.99 (t, J = 7.2 Hz, 2H), 2.29 (s, 6H). 13C NMR 

(400 MHz, DMSO) δ = 161.2, 156.6, 154.7, 152.7, 146.9, 145.5, 142.4, 137.8, 135.0, 

133.5, 132.4, 130.2, 127.4, 127.2, 122.7, 121.3, 120.1, 119.2, 118.6, 114.8, 112.0, 111.0, 

107.1, 55.0, 41.7, 27.3, 20.7.  
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-(((1-methyl-1H-

pyrazol-3-yl)methyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (18): 

Follow General Procedure 2 with 11 and 8f. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/NH4OH (yield = 44%).1H NMR 

(400 MHz, d6-DMSO) δ = 8.69 (t, J = 5.6 Hz, 1H), 8.61 (s, 1H), 8.21 (s, 1H), 7.97 (d, J = 

9.6 Hz, 1H), 7.71 (s, 1H), 7.69 (s, 1H), 7.45 (s, 1H), 7.31 (s, 2H), 7.24 (d, J = 8.4 Hz, 

2H), 7.18 (t, J = 4.0 Hz, 2H), 7.05 (s, 1H), 6.84 (d, J = 7.2 Hz, 4H), 6.06 (s, 2H), 4.46 (d, 

J = 5.6 Hz, 2H), 3.78 (s, 3H), 2.29 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 156.5, 

154.8, 146.2, 145.5, 138.4, 137.8, 135.1, 132.8, 130.3, 130.0, 128.6, 127.7, 127.1, 126.5, 

122.9, 122.1, 119.8, 119.3, 118.6, 117.8, 114.8, 54.7, 46.2, 41.8, 40.6, 37.4, 20.7. 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-

((pyridin-3-ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (19): Follow 

General Procedure 2 with 11 and 8g. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/H2O (yield = 39%). 1H NMR (400 

MHz, DMSO) δ = 8.94 (t, J = 6.2, 1H), 8.64 (s, br, 1H), 8.59 (s, 1H), 8.45 (s, br, 1H), 

8.23 (s, 1H), 7.89 (d, J = 8.4, 1H), 7.78 (d, J = 8.0, 1H), 7.64 (d, J = 9.6, 1H), 7.34 (m, 

1H), 7.26-7.22 (m, 3H), 7.00 (d, J = 9.6, 1H), 6.85-6.83 (m, 4H), 6.09 (S, 2H), 4.69 (d, J 

= 6.4, 2H), 2.28 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 184.9, 163.7, 156.4, 154.8, 

148.8, 148.5, 145.9, 145.5, 137.8, 135.5, 135.1, 133.1, 133.0, 131.9, 130.4, 128.6, 127.3, 

126.9, 126.1, 124.0, 123.0, 122.6, 119.6, 119.3, 118.6, 114.5, 43.8, 20.7. 
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-((2-

(pyridin-3-yl)ethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (20): Follow 

General Procedure 2 with 11 and 8h. The product was purified via flash column 

chromatography in a gradient of 1:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 

35%).1H NMR (400 MHz, d6-DMSO) δ = 8.63 (s, 1H), 8.60 (s, 1H), 8.55 (d, J = 4.0 Hz, 

1H), 8.44 (t, J = 5.8 Hz, 1H), 8.29 (s, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 7.6 Hz, 

1H), 7.67 (d, J = 8.4 Hz, 1H), 7.52 (t, J = 6.2 Hz, 1H), 7.37 (1H), 7.29-7.23 (m, 4H), 7.12 

(s, 1H), 6.86 (d, J = 8.8 Hz, 2H), 6.82 (s, 2H), 6.11 (s, 2H), 3.69 (q, J = 6.4 Hz, 2H), 3.01 

(t, J = 7.4 Hz, 2H), 2.27 (s, 6H).  13C NMR (400 MHz, d6-DMSO) δ = 168.1, 161.2, 

159.6, 153.0, 150.9, 150.8, 150.2, 144.2, 142.5, 140.7, 140.1, 137.8, 137.2, 136.5, 135.1, 

132.1, 131.7, 131.1, 129.5, 127.7, 127.2, 124.4, 123.9, 123.4, 119.2, 59.3, 48.4, 36.5, 

25.5.  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-

((pyridin-4-ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (21): Follow 

General Procedure 2 with 11 and 8i. The product was purified via flash column 

chromatography in a gradient of 2:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 

37%).1H NMR (400 MHz, d6-DMSO) δ = 9.06 (bs, 1H), 8.70 (bs, 1H), 8.67 (d, J = 18.0 

Hz, 2H), 8.22 (s, 1H), 7.89 (d, J = 9.2 Hz, 1H), 7.74 (bs, 2H), 7.68 (d, J = 8.8 Hz, 1H), 

7.26 (d, J = 8.8 Hz, 3H), 6.86 (d, J = 3.2 Hz, 5H), 6.08 (s, 2H), 4.89 (d, J = 4.8 Hz, 2H), 

2.30 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 163.0, 156.5, 155.9, 154.8, 145.9, 

145.5, 144.9, 137.8, 135.1, 132.9, 132.5, 131.1, 130.9, 130.3, 128.6, 127.6, 127.0, 126.5, 

124.3, 122.9, 122.2, 119.8, 119.3, 118.6, 114.6, 71.5, 45.6, 20.8.  
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-((2-

(pyridin-4-yl)ethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (22): Follow 

General Procedure 2 with 11 and 8j. The product was purified via flash column 

chromatography in a gradient of 1:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 

39%).1H NMR (400 MHz, d6-DMSO) δ = 8.66 (d, J = 4.8 Hz, 2H), 8.30 (s, 1H), 8.24 (t, J 

= 6.0 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 7.73 (d, J = 5.6 Hz, 2H), 7.68 (d, J = 9.6 Hz, 2H), 

7.31-7.23 (m, 4H), 7.11 (d, J = 8.4 Hz, 1H), 6.84 (t, J = 3.8 Hz, 4H), 6.11 (s, 2H), 3.75 (q, 

J = 6.0 Hz, 2H), 3.20 (t, J = 7.0 Hz, 2H), 2.29 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ 

= 168.6, 161.2, 160.4, 159.5, 157.3, 150.3, 149.7, 149.1, 142.6, 137.7, 136.8, 136.5, 

134.9, 132.2, 131.8, 131.7, 131.3, 127.8, 127.3, 124.5, 124.1, 123.3, 118.5, 59.4, 47.7, 

39.0, 25.5.  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-morpholino-4-

nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (23): Follow General Procedure 2 

with 11 and 8k. The product was purified via flash column chromatography in a gradient 

of 92:7:1 DCM/MeOH/NH4OH (yield = 57%).1H NMR (400 MHz, DMSO) δ= 8.29 (s, 

1H), 7.86 (d, J = 8.8 Hz, 1H), 7.76 (s, 1H), 7.67 (d, J = 9.2 Hz, 1H), 7.57 (d, J = 9.2 Hz, 

1H), 7.25 (d, J = 9.2 Hz, 3H), 6.87 (d, J = 11.2 Hz, 4H), 6.09 (s, 2H), 3.66 (bs, 4H), 2.98 

(bs, 4H), 2.28 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 168.0, 163.9, 156.6, 154.7, 

150.5, 145.6, 144.9, 143.7, 137.9, 133.0, 131.6, 130.3, 128.7, 127.5, 127.0, 125.9, 123.0, 

122.5, 120.7, 119.7, 119.4, 118.5, 66.4, 51.8, 20.7. 
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-((furan-2-

ylmethyl)amino)-4-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (24): Follow 

General Procedure 2 with 11 and 8l. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/NH4OH (yield = 50%).1H NMR 

(400 MHz, DMSO) δ= 8.53 (t, J = 5.8 Hz, 1H), 8.31 (s, 1H), 8.10 (d, J = 8.8 Hz, 1H), 

7.67 (d, J = 9.2 Hz, 1H), 7.61 (s, 1H), 7.48 (s, 1H), 7.27 (d, J = 8.0 Hz, 3H), 7.11 (d, J = 

9.2 Hz, 1H), 6.86 (t, J = 8.0 Hz, 4H), 6.29 (d, J = 2.4 Hz, 1H), 6.19 (s, 1H), 6.10 (s, 2H), 

4.60 (d, J = 5.6 Hz, 2H), 2.28 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 163.8, 156.5, 

154.8, 152.9, 151.5, 145.5, 144.6, 142.9, 137.8, 133.1, 132.2, 131.7, 130.2, 128.6, 127.4, 

126.94, 126.89, 123.1, 122.6, 119.7, 119.3, 118.6, 114.1, 113.3, 110.8, 108.2, 40.6, 20.7.  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-((2-(furan-2-

yl)ethyl)amino)-4-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (25): Follow 

General Procedure 2 with 11 and 8m. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/H2O (yield = 52%).1H NMR (400 

MHz, d6-DMSO) δ = 8.27 (br, 1H), 8.24 (s, 1H), 8.14 (d, J = 9.6 Hz, 1H), 7.72 (d, J = 8.8 

Hz, 1H), 7.62 (s, 1H), 7.51 (s, 1H), 7.30 (d, J = 10.0 Hz, 1H), 7.27 (s, 1H), 7.23 (d, J = 

8.8 Hz, 2H), 7.10 (d, J = 9.2 Hz, 1H), 6.84 (d, J = 6.0 Hz, 4H), 6.34 (s, 1H), 6.21 (d, J = 

3.2 Hz, 1H), 6.05 (s, 2H), 3.66 (q, J = 4.4 Hz, 2H), 3.05 (t, J = 6.6 Hz, 2H), 2.23 (s, 6H). 

13C NMR (400 MHz, d6-DMSO) δ = 161.3, 159.5, 150.3, 149.3, 147.1, 142.6, 134.9, 

131.9, 127.7, 126.8, 124.6, 124.1, 123.3, 118.4, 115.6, 111.7, 60.9, 46.4, 31.9, 25.5.  
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Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-(((1-methyl-1H-

pyrazol-3-yl)methyl)amino)-4-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (26): 

Follow General Procedure 2 with 11 and 8n. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/NH4OH (yield = 47%).1H NMR 

(400 MHz, d6-DMSO) δ = 8.42 (t, J = 5.6 Hz, 1H), 8.33 (s, 1H), 8.11 (d, J = 9.6 Hz, 1H), 

7.67 (t, J = 11.8 Hz, 3H), 7.45 (s, 1H), 7.28 (t, J = 7.0 Hz, 3H), 7.08 (d, J = 8.8 Hz, 1H), 

6.88 (d, J = 8.4 Hz, 2H), 6.85 (s, 2H), 6.14 (s, 2H), 4.44 (d, J = 4.4 Hz, 2H), 3.71 (s, 3H), 

2.29 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 163.8, 156.5, 152.9, 145.5, 144.6, 

138.5, 137.8, 133.1, 131.8, 130.2, 130.0, 128.6, 127.4, 126.9, 123.1, 122.6, 119.7, 119.3, 

118.6, 118.0, 113.7, 113.5, 54.6, 37.4, 20.7. 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-

((pyridin-3-ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (27): Follow 

General Procedure 2 with 11 and 8o. The product was purified via flash column 

chromatography in a gradient of 92:7:1 DCM/MeOH/NH4OH (yield = 40%).1H NMR 

(400 MHz, DMSO) δ= 8.72 (s, 1H), 8.25 (s, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.74 (bs, 2H), 

7.68 (d, J = 8.4 Hz, 1H), 7.45 (s, 1H), 7.25 (d, J = 7.6 Hz, 4H), 7.08 (d, J = 8.8 Hz, 1H), 

6.85 (t, J = 7.2 Hz, 4H), 6.07 (s, 2H), 4.66 (s, 2H), 2.27 (s, 6H). 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-((2-

(pyridin-3-yl)ethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (28): Follow 

General Procedure 2 with 11 and 8p. The product was purified via flash column 

chromatography in a gradient of 1:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 
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38%).1H NMR (400 MHz, d6-DMSO) δ = 8.31 (s, 1H), 8.23 (t, J = 5.6 Hz, 1H), 8.11 (d, J 

= 8.4 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.72 (s, 1H), 7.67 (d, J = 9.2 Hz, 1H), 7.46 (s, 

1H), 7.33 (s, 1H), 7.25 (d, J = 10.8 Hz, 3H), 7.21 (s, 1H), 7.11 (d, J = 9.2 Hz, 1H), 6.83 

(d, J = 8.4 Hz, 4H), 6.10 (s, 2H), 3.68 (q, J = 7.2 Hz, 2H), 3.07 (t, J = 7.0 Hz, 2H), 2.29 

(s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 168.6, 162.7, 161.2, 159.5, 157.4, 153.0, 

150.8, 150.3, 149.3, 143.9, 142.6, 137.7, 136.7, 136.5, 134.9, 133.4, 132.2, 131.8, 131.7, 

129.6, 127.8, 127.3, 124.5, 124.1, 123.2, 118.5, 118.4, 76.1, 59.4, 48.5, 36.3, 25.5. 

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-

((pyridin-4-ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (29): Follow 

General Procedure 2 with 11 and 8q. The product was purified via flash column 

chromatography in a gradient of 2:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 

35%).1H NMR (400 MHz, d6-DMSO) δ = 8.83 (t, J = 6.2 Hz, 1H), 8.63 (d, J = 5.2 Hz, 

2H), 8.24 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 5.6 Hz, 2H), 7.69 (d, J = 8.8 Hz, 

1H), 7.30-7.23 (m, 4H), 7.14 (d, J = 8.0 Hz, 1H), 6.90-6.86 (m, 4H), 6.04 (s, 2H), 4.88 (d, 

J = 6.4 Hz, 2H), 2.30 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 168.35, 161.25, 

159.51, 157. 59, 150.24, 149.84, 148.93, 142.59, 137.76, 136.30, 134.94, 132.17, 131.89, 

131.71, 128.92, 127.69, 127.28, 124.45, 124.09, 123.57, 123.35, 119.14, 117.95, 59.29, 

50.41, 25.50.  

 

Synthesis of 6-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-((2-

(pyridin-4-yl)ethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (30): Follow 

General Procedure 2 with 11 and 8r. The product was purified via flash column 
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chromatography in a gradient of 1:1 Ultra (25:7:1 DCM/MeOH/NH4OH)/DCM (yield = 

36%).1H NMR (400 MHz, d6-DMSO) δ = 8.65 (d, J = 4.0 Hz, 2H), 8.61 (s, 1H), 8.43 (t, J 

= 5.4 Hz, 1H), 8.29 (s, 1H), 8.02 (d, J =9.6 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.64 (d, J = 

4.8 Hz, 2H), 7.30-7.24 (m, 5H), 6.73 (d, J = 8.8 Hz, 2H), 6.82 (s, 2H), 6.12 (s, 2H), 3.73 

(q, J = 6.4 Hz, 2H), 3.09 (t, J = 7.2 Hz, 2H), 2.27 (s, 6H). 13C NMR (400 MHz, d6-

DMSO) δ = 168.1, 161.2.159.6,158.3,151.1,150.8, 150.2, 142.6, 140.1, 137.8, 137.2, 

136.4, 135.1, 134.8, 132.1, 131.7, 131.1, 130.9, 127.7, 127.3, 124.4, 123.9, 123.4, 119.2, 

59.3, 47.6, 39.0, 25.5. 

 

Synthesis of 5-chloro-1-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-1H-indazole-3-

carboxylic acid (31): Follow General Procedure 4 with 6b expect isolate the N1-

alkylated isomer (yield = 53%). The N1-alkylated isomer was then used in General 

Procedure 3 to yield the purified product (yield = 94%). 1H NMR (400 MHz, d6-DMSO) 

δ = 13.32 (s, 1H), 8.08 (s, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 9.6 Hz, 1H), 7.33 (d, 

J = 8.4 Hz, 2H), 6.98 (d, J = 7.6 Hz, 2H), 6.87 (s, 2H), 5.78 (s, 2H), 2.29 (s, 6H). 13C 

NMR (400 MHz, d6-DMSO) δ = 168.2, 161.6, 159.4, 144.2, 142.6, 140.0, 136.5, 134.7, 

133.5, 133.0, 132.4, 129.2, 125.6, 124.2, 123.7, 118.0, 57.3, 25.5.  

 

Synthesis of 5-chloro-1-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-morpholino-3-

nitrophenyl)sulfonyl)-1H-indazole-3-carboxamide (32): Follow General Procedure 2 

with 31 and 8b (yield = 53%). 1H NMR (400 MHz, d6-DMSO) δ = 8.34 (s, 1H), 8.27 (s, 

1H), 8.05 (d, J = 8.8 Hz, 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.36 (d, J 

= 9.6 Hz, 1H), 7.29 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.86 (s, 2H), 5.68 (s, 
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2H), 3.71 (bs, 4H), 3.11 (bs, 4H), 2.29 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 

177.3, 156.7, 154.7, 147.1, 139.7, 139.3, 137.9, 135.6, 133.0, 132.3, 129.8, 128.7, 127.0, 

126.1, 124.2, 122.3, 120.5, 119.4, 118.9, 112.5, 66.3, 52.2, 51.3, 20.7. 

 

Synthesis of 5-chloro-1-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-

((pyridin-3-ylmethyl)amino)phenyl)sulfonyl)-1H-indazole-3-carboxamide (33): Follow 

General Procedure 2 with 31 and 8g (yield = 62%). 1H NMR (400 MHz, d6-DMSO) δ = 

9.15 (bs, 1H), 8.71 (s, 1H), 8.67 (s, 1H), 8.48 (s, 1H), 8.10 (s, 1H), 7.96 (d, J = 8.8 Hz, 

1H), 7.89 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 7.2 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.34 (d, J 

= 7.6 Hz, 3H), 7.10 (d, J = 9.2 Hz, 1H), 6.95 (d, J = 8.0 Hz, 2H), 6.86 (s, 2H), 5.73 (s, 

2H), 4.85 (s, 1H), 4.76 (s, 2H), 2.29 (s, 6H). 13C NMR (400 MHz, d6-DMSO) δ = 167.4, 

161.6, 159.4, 153.7, 153.5, 151.7, 144.2, 142.6, 140.2, 139.6, 138.8, 136.5, 135.5, 134.7, 

133.5, 132.7, 132.4, 128.8, 126.0, 124.2, 123.6, 120.1, 117.8, 76.3, 57.3, 48.6, 25.5.  

 

Synthesis of ethyl 6-chloro-3-(3-ethoxy-3-oxopropyl)-1H-indole-2-carboxylate (34): 3-

chloroaniline (1.0 mmol) was added to a reaction flask, followed by the addition of H2O 

and 1M HCl (0.1 M). The reaction was cooled to 0℃. NaNO2 (1.0 mmol) was added to 

the reaction mixture, followed by NaOAc (5.5 mmol) and ethyl-2-oxocyclopentane 

carboxylate (1.0 mmol). The reaction mixture was warmed to room temperature and 

stirred for 2 hr. Completion of the reaction was monitored via TLC in a gradient of 4:1 

Hexanes/Ethyl Acetate. The reaction mixture was distributed between H2O and DCM. 

The organic layer was collected, dried with Na2SO4, filtered and concentrated down. The 

crude product was then redistributed in ethanol (0.1 M). P-toluenesulfonic acid 
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monohydrate (2.5 mmol) and H2SO4 (0.02 M) were added to the reaction mixture. The 

reaction stirred at 85℃ for 16 hr. Completion of the reaction was monitored via TLC in a 

gradient of 4:1 Hexanes/Ethyl Acetate. Once complete, the reaction mixture was 

partitioned between saturated NaCHO3 and ethyl acetate. The organic layer was washed 5 

times with Brine, collected, dried with Na2SO4, filtered and concentrated down. The 

crude product was redistributed in DCM and dry loaded onto silica gel. Flash column 

chromatography was then performed to isolate the desired product using a gradient of 4:1 

Hexanes/Ethyl Acetate. The product fractions were collected, concentrated down and 

azeotroped with CHCl3 to yield the purified product (yield = 45%). NMR spectra agreed 

with previously reported literature.18  

 

Synthesis of ethyl 6-chloro-3-(3-hydroxypropyl)-1H-indole-2-carboxylate (35): 34 (1.0 

mmol) was added to a reaction flask, followed by the addition of 1M borane in THF (2.0 

mmol). The reaction was stirred at room temperature for 16 hr. Completion of the 

reaction was monitored via TLC in a gradient of 2:1 Ethyl Acetate/Hexanes. The reaction 

was then concentrated down and the crude product was dry loaded onto silica gel. Flash 

column chromatography was then performed to isolate the desired product using a 

gradient of 2:1 Ethyl Acetate/Hexanes. The product fractions were collected, 

concentrated down and azeotroped with CHCl3 to yield the purified product (yield = 

83%). NMR spectra agreed with previously reported literature.18  
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 Synthesis of ethyl 6-chloro-3-(3-hydroxypropyl)-1-methyl-1H-indole-2-carboxylate (36): 

35 (1.0 mmol) was added to a reaction flask, followed by the addition of K2CO3 (2.0 

mmol). Acetone (0.1 M) was then added to the reaction mixture, followed by methyl 

iodide (1.0 mmol). The reaction stirred at room temperature for 16 hr. Completion of the 

reaction was monitored via TLC in a solvent system of 97:2:1 DCM/MeOH/NH4OH. 

Once completed, the reaction mixture was partitioned between Brine and ethyl acetate. 

The organic layer was collected, dried with Na2SO4, filtered, concentrated down and 

azeotroped with CHCl3 to yield the purified product (yield = 88%). 1H NMR (400 MHz, 

CDCl3) δ = 7.57 (d, J = 8.4 Hz, 1H), 7.31 (s, 1H), 7.05 (d, J = 8.8 Hz, 1H), 4.40 (q, J = 

6.8 Hz, 2H), 3.90 (s, 3H), 3.58 (t, J = 6.2 Hz, 2H), 3.13 (t, J = 7.6 Hz, 2H), 1.89 (t, J = 6.4 

Hz, 2H), 1.42 (t, J = 7.4 Hz, 3H). NMR spectra agreed with previously reported 

literature.18  

 

Synthesis of ethyl 6-chloro-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-methyl-1H-

indole-2-carboxylate (37a): 36 (1.0 mmol) was added to a reaction flask, followed by the 

addition of PPh3 (1.5 mmol) and DCM (0.1 M). 4-chloro-3,5-dimethylphenol (1.1 mmol) 

was then added, followed by the addition of DIAD (1.5 mmol). The reaction stirred at 

room temperature for 16 hr. Completion of the reaction was monitored via TLC in a 

gradient of 2:1 Hexanes/Ethyl Acetate. Once complete, the reaction mixture was 

concentrated down. The crude product was redistributed in DCM and dry loaded onto 

silica gel. Flash column chromatography was then performed to isolate the desired 

product using a gradient of 9:1 Hexanes/Ethyl Acetate. The product fractions were 

collected, concentrated down and azeotroped with CHCl3 to yield the purified product 
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(yield = 77%). 1H NMR (400 MHz, CDCl3) δ = 7.58 (d, J = 8.4 Hz, 1H), 7.35 (s, 1H), 

7.06 (d, J = 8.4 Hz, 1H), 6.61 (s, 2H), 4.40 (q, J = 6.8 Hz, 2H), 3.98 (s, 3H), 3.92 (t, J = 

6.4 Hz, 2H), 3.22 (t, J = 7.2 Hz, 2H), 2.33 (s, 6H), 2.10 (t, J = 7.0 Hz, 2H), 1.44 (t, J = 7.0 

Hz, 3H). 

 

Synthesis of ethyl 6-chloro-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-methyl-1H-

indole-2-carboxylate (37b): 36 (1.0 mmol) was added to a reaction flask, followed by the 

addition of PPh3 (1.5 mmol) and DCM (0.1 M). 1-Naphthol (1.1 mmol) was then added, 

followed by the addition of DIAD (1.5 mmol). The reaction stirred at room temperature 

for 16 hr. Completion of the reaction was monitored via TLC in a gradient of 2:1 

Hexanes/Ethyl Acetate. Once complete, the reaction mixture was concentrated down. The 

crude product was redistributed in DCM and dry loaded onto silica gel. Flash column 

chromatography was then performed to isolate the desired product using a gradient of 9:1 

Hexanes/Ethyl Acetate. The product fractions were collected, concentrated down and 

azeotroped with CHCl3 to yield the purified product (yield = 71%). 1H NMR (400 MHz, 

CDCl3) δ = 8.33 (d, J = 9.6 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.60 (d, J = 8.8 Hz, 1H), 

7.54-7.49 (m, 2H), 7.43 (d, J = 8.4 Hz, 1H), 7.37-7.33 (m, 2H), 7.01 (d, J = 8.4 Hz, 1H), 

6.74 (d, J = 7.6 Hz, 1H), 4.39 (q, J = 6.8 Hz, 2H), 4.17 (t, J = 5.8 Hz, 2H), 3.37 (t, J = 7.4 

Hz, 2H), 2.30 (t, J = 6.8 Hz, 2H), 1.41 (t, J = 7.0 Hz, 3H). 13C NMR (400 MHz, CDCl3) δ 

= 157.7, 149.9, 134.2, 129.7, 126.6, 122.7, 121.6, 121.2, 120.9, 120.5, 120.3, 119.7, 

117.2, 116.9, 116.1, 115.3, 105.3, 99.8, 62.6, 55.9, 27.5, 26.0, 17.3, 9.6. 
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Synthesis of 6-chloro-3-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1-methyl-1H-indole-2-

carboxylic acid (9): Follow General Procedure 5 with 37a (yield = 95%). 1H NMR (400 

MHz, d6-DMSO) δ 7.69 (d, J = 5.6 Hz, 2H), 7.07 (d, J = 8.4 Hz, 1H), 6.74 (s, 2H), 3.94-

3.90 (m, 5H), 3.15 (t, J = 7.0 2H), 2.28 (s, 6H), 2.01-1.98 (m, 2H). 13C NMR (400 MHz, 

CDCl3) δ = 166.6, 157.6, 154.1, 139.1, 137.8, 133.8, 129.9, 129.5, 129.0, 128.1, 125.1, 

121.6, 119.1, 118.7, 111.3, 54.0, 29.7, 20.8. 

 

Synthesis of 6-chloro-1-methyl-3-(3-(naphthalen-1-yloxy)propyl)-1H-indole-2-carboxylic 

acid (38): Follow General Procedure 5 with 37b (yield = 92%). 1H NMR (400 MHz, 

CDCl3) δ = 8.17 (d, J = 7.6 Hz, 1H), 7.87 (d, J = 7.2 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 

7.69 (s, 1H), 7.55-7.49 (m, 2H), 7.46 (d, J = 8.8 Hz, 1H), 7.38 (t, J = 7.8 Hz, 1H), 7.01 (d, 

J = 8.0 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 4.16 (t, J = 5.8 Hz, 2H), 3.95 (s, 3H), 2.19 (t, J 

= 6.6 Hz, 2H). 

 

Synthesis of ethyl 5-chloro-3-methyl-1H-indole-2-carboxylate (39):  4-chlorophenyl 

hydrazine (1.0 mmol) was added to a reaction flask, followed by the addition of acetic 

acid (0.02 M) and ethanol (0.08 M). 2-oxobutanoic acid (1.1 mmol) was then added to 

the reaction mixture. The reaction stirred at 85℃ for 16 hr. Completion of the reaction 

mixture was monitored via TLC in 1:1 Hexanes/Ethyl Acetate. After completion, the 

reaction mixture was partitioned between Brine and ethyl acetate. The organic layer was 

collected, dried with Na2SO4, filtered and concentrated down. The crude material was 

redistributed in DCM and dry loaded onto silica gel. Flash column chromatography was 

then performed to isolate the desired product using a gradient of 9:1 Hexanes/Ethyl 
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Acetate. The product fractions were collected, concentrated down and azeotroped with 

CHCl3 to yield the purified product (yield = 75%). 1H NMR (400 MHz, CDCl3) δ = 8.89 

(s, 1H), 7.62 (s, 1H), 7.30-7.24 (m, 3H), 4.43 (q, J = 7.2 Hz, 2H), 2.56 (s, 3H), 1.44 (t, J = 

7.0 Hz, 3H). 

 

Synthesis of ethyl 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-methyl-1H-

indole-2-carboxylate (40a): Follow General Procedure 4 with 39 and 5-(3-

bromopropoxy)-2-chloro-1,3-dimethylbenzene. The reaction stirred at 80℃ for 16 hr. 

Flash column chromatography was not needed (yield = 84%). 1H NMR (400 MHz, 

CDCl3) δ= 7.62 (s, 1H), 7.31 (d, J = 9.2 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 6.59 (s, 2H), 

4.68 (t, J = 7.0 Hz, 2H), 4.39 (q, J = 6.8 Hz, 2H), 3.85 (t, J = 5.8 Hz, 2H), 2.55 (s, 3H), 

2.34 (s, 6H), 2.23 (t, J = 5.8 Hz, 2H), 1.44 (t, J = 7.4 Hz, 3H). 13C NMR (400 MHz, 

CDCl3) δ = 162.6, 156.4, 137.0, 136.6, 128.0, 126.3, 125.7, 125.5, 125.4, 120.3, 120.0, 

114.5, 111.4, 64.9, 60.6, 41.9, 30.5, 20.9, 14.3, 10.9. 

 

Synthesis of ethyl 5-chloro-3-methyl-1-(3-(naphthalen-1-yloxy)propyl)-1H-indole-2-

carboxylate (40b): Follow General Procedure 4 with 39 and 1-(3-

bromopropoxy)naphthalene. The reaction stirred at 80℃ for 16 hr. Flash column 

chromatography was not needed (yield = 79%). 1H NMR (400 MHz, CDCl3) δ = 8.33-

8.30 (m, 1H), 7.84-7.80 (m, 1H), 7.63 (s, 1H), 7.54-7.50 (m, 2H), 7.44 (d, J = 8.4 Hz, 

1H), 7.33 (t, J = 8.6 Hz, 2H), 7.12 (d, J = 7.6 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 4.82 (t, J 

= 6.6 Hz, 2H), 4.35 (q, J = 6.8 Hz, 2H), 4.09 (t, J = 5.4 Hz, 2H), 2.54 (s, 3H), 2.44-2.38 

(m, 2H), 1.39 (t, J = 7.0 Hz, 3H). 13C NMR (400 MHz, CDCl3) δ = 162.6, 154.3, 136.7, 
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136.2, 134.5, 128.1, 127.5, 126.4, 125.8, 125.6, 125.5, 125.2, 121.8, 120.3, 120.0, 111.3, 

104.6, 65.0, 60.6, 42.2, 30.6, 14.3, 10.9. 

 

Synthesis of 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-3-methyl-1H-indole-2-

carboxylic acid (41a): Follow General Procedure 5 with 40a (yield = 94%). 1H NMR 

(400 MHz, d6-DMSO) δ = 7.69 (d, J = 6.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 1H), 6.74 (s, 2H), 

3.95-3.91 (m, 5H), 3.16 (t, J = 7.0 Hz, 2H), 2.28 (s, 6H), 2.00 (t, J = 6.6 Hz, 2H). 

 

Synthesis of 5-chloro-3-methyl-1-(3-(naphthalen-1-yloxy)propyl)-1H-indole-2-carboxylic 

acid (41b): Follow General Procedure 5 with 40b (yield = 91%). 1H NMR (400 MHz, 

d6-DMSO) δ = 8.22 (d, J = 6.8 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.61 (s, 1H), 7.54-7.44 

(m, 5H), 7.37 (t, J = 8.0 Hz, 1H), 7.04 (d, J = 9.6 Hz, 1H), 6.83 (d, J = 6.8 Hz, 1H), 4.82 

(t, J = 6.6 Hz, 2H), 4.09 (t, J = 6.0 Hz, 2H), 2.46 (s, 3H), 2.28 (t, J = 6.6 Hz, 2H). 13C 

NMR (400 MHz, d6-DMSO) δ = 164.7, 154.4, 136.1, 134.4, 129.1, 128.4, 127.8, 126.8, 

126.7, 126.6, 125.7, 125.4, 124.4, 122.1, 122.0, 120.3, 119.8, 117.6, 112.3, 105.3, 65.7, 

42.1, 30.6. 

 

Synthesis of ethyl 6-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-2-

carboxylate (42): Follow General Procedure 4 with Ethyl 6-chloro-1H-indole-2-

carboxylate and 5-(3-bromopropoxy)-2-chloro-1,3-dimethylbenzene. The reaction stirred 

at room temperature for 16 hours. Flash column chromatography was performed using a 

gradient of 2:1 Hexanes/Ethyl Acetate (yield = 86%). 1H NMR (400 MHz, CDCl3) δ = 

7.56 (d, J = 8.4 Hz, 1H), 7.43 (s, 1H), 7.29 (s, 1H), 7.08 (d, J = 9.6 Hz, 1H), 6.62 (s, 2H), 



 

 363

4.72 (t, J = 7.0 Hz, 2H), 4.36 (q, J = 7.2 Hz, 2H), 3.87 (t, J = 6.0 Hz, 2H), 2.34 (s, 6H), 

1.39 (t, J = 6.0 Hz, 3H). 

 

Synthesis of 6-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-2-

carboxylic acid (43): Follow General Procedure 5 with 42 (yield = 93%). NMR spectra 

agreed with previously reported literature.18 

 

Synthesis of methyl 5-chloro-1H-indole-2-carboxylate (44):  Follow General Procedure 3 

with 5-chloro-1H-indole-2-carboxylic acid (yield = 98%). 1H NMR (400 MHz, d6-

DMSO) δ = 7.75 (s, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.16 (s, 1H), 

3.90 (s, 3H). 

 

Synthesis of methyl 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-2-

carboxylate (45): Follow General Procedure 4 with 44 and 5-(3-bromopropoxy)-2-

chloro-1,3-dimethylbenzene. The reaction stirred at 50℃ for 16 hours. Flash column 

chromatography was performed using a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 

84%). 1H NMR (400 MHz, CDCl3) δ = 7.64 (s, 1H), 7.36 (d, J = 8.8 Hz, 1H), 7.23 (d, J = 

9.6 Hz, 2H), 6.61 (s, 2H), 4.75 (t, J = 6.8 Hz, 2H), 3.92 (s, 3H), 3.88 (t, J = 5.4 Hz, 2H), 

2.36 (s, 6H), 2.28 (t, J = 6.2 Hz, 2H). 

 

Synthesis of 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-2-

carboxylic acid (46): Follow General Procedure 5 with 45 (yield = 96%). 1H NMR (400 

MHz, d6-DMSO) δ =7.74 (s, 1H), 7.61 (d, J = 9.2 Hz, 1H), 7.25 (d, J = 8.8 Hz, 1H), 7.21 
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(s, 1H), 6.70 (s, 2H), 4.74 (t, J = 6.8 Hz, 2H), 3.88 (t, J = 5.8 Hz, 2H), 2.28 (s, 6H), 2.17-

2.14 (m, 2H). 13C NMR (400 MHz, d6-DMSO) δ = 163.2, 156.8, 137.4, 136.8, 131.0, 

126.9, 125.4, 125.1, 124.7, 121.5, 115.1, 113.0, 109.4, 65.3, 41.7, 30.3, 20.9. 

 

Synthesis of methyl 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-2-

carboxylate (47): Follow General Procedure 4 with 6-chloro-1H-indole and 5-(3-

bromopropoxy)-2-chloro-1,3-dimethylbenzene. The reaction stirred at 50℃ for 16 hours. 

Flash column chromatography was performed using a gradient of 2:1 Hexanes/Ethyl 

Acetate (yield = 84%). NMR spectra agreed with previously reported literature.18 

 

Synthesis of 1-(6-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indol-3-yl)-

2,2,2-trifluoroethan-1-one (48): 47 (1.0 mmol) was added to a reaction flask and 

solubilized in DMF (0.1 M).  The reaction was cooled to 0℃ and trifluoroacetic acid (1.2 

mmol) was added dropwise. The reaction stirred at 0℃ for 16 hrs. Completion of the 

reaction mixture was monitored via TLC in 2:1 Hexanes/Ethyl Acetate. After completion, 

the reaction mixture was partitioned between Brine and ethyl acetate. The organic layer 

was washed with Brine 5 times, collected, dried with Na2SO4, filtered, concentrated down 

and azeotroped with CHCl3 to yield the purified product (yield = 78%). 1H NMR (400 

MHz, CDCl3) δ = 7.54 (s, 1H), 7.25 (d, J = 9.2 Hz, 1H), 7.16 (d, J = 9.2 Hz, 1H), 7.13 (s, 

1H), 6.60 (s, 2H), 4.32 (t, J = 6.6 Hz, 2H), 3.83 (t, J = 5.6 Hz, 2H), 2.34 (s, 6H), 2.23 (t, J 

= 5.8 Hz, 2H).  
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Synthesis of 6-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-3-

carboxylic acid (49): 48 (1.0 mmol) was added to a reaction flask and solubilized in H2O 

(0.1 M). NaOH (5.0 mmol) was added to the reaction and the reaction was refluxed at 

100℃ for 16 hours. Completion of the reaction mixture was monitored via TLC in a 

gradient of 92:7:1 DCM/MeOH/Acetic acid. After completion, the reaction mixture was 

partitioned between 1M HCl and Ethyl Acetate. The organic layer was collected, dried 

with Na2SO4, filtered, concentrated down and azeotroped with CHCl3 to yield the 

purified product (yield = 90%). 1H NMR (400 MHz, CDCl3) δ = 7.54 (s, 1H), 7.25 (d, J = 

9.2 Hz, 1H), 7.16 (d, J = 9.2 Hz, 1H), 7.13 (s, 1H), 6.60 (s, 2H), 4.32 (t, J = 6.6 Hz, 2H), 

3.83 (t, J = 5.6 Hz, 2H), 2.34 (s, 6H), 2.23 (t, J = 5.8 Hz, 2H). 

 

Synthesis of 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole (50): 

Follow General Procedure 4 with 5-chloro-1H-indole and 5-(3-bromopropoxy)-2-

chloro-1,3-dimethylbenzene. The reaction stirred at 50℃ for 16 hours. Flash column 

chromatography was performed using a gradient of 2:1 Hexanes/Ethyl Acetate (yield = 

87%). NMR spectra agreed with previously reported literature.18 

 

Synthesis of 1-(5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indol-3-yl)-

2,2,2-trifluoroethan-1-one (51): 50 (1.0 mmol) was added to a reaction flask and 

solubilized in DMF (0.1 M).  The reaction was cooled to 0℃ and trifluoroacetic acid (1.2 

mmol) was added dropwise. The reaction stirred at 0℃ for 16 hrs. Completion of the 

reaction mixture was monitored via TLC in 2:1 Hexanes/Ethyl Acetate. After completion, 

the reaction mixture was partitioned between Brine and ethyl acetate. The organic layer 
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was washed with Brine 5 times, collected, dried with Na2SO4, filtered, concentrated down 

and azeotroped with CHCl3 to yield the purified product (yield = 81%). 1H NMR (400 

MHz, CDCl3) δ = 7.54 (s, 1H), 7.25 (d, J = 9.2 Hz, 1H), 7.16 (d, J = 9.2 Hz, 1H), 7.13 (s, 

1H), 6.60 (s, 2H), 4.32 (t, J = 6.6 Hz, 2H), 3.83 (t, J = 5.6 Hz, 2H), 2.34 (s, 6H), 2.23 (t, J 

= 5.8 Hz, 2H).  

 

Synthesis of 5-chloro-1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1H-indole-3-

carboxylic acid (52): 51 (1.0 mmol) was added to a reaction flask and solubilized in H2O 

(0.1 M). NaOH (5.0 mmol) was added to the reaction and the reaction was refluxed at 

100℃ for 16 hours. Completion of the reaction mixture was monitored via TLC in a 

gradient of 92:7:1 DCM/MeOH/Acetic acid. After completion, the reaction mixture was 

partitioned between 1M HCl and Ethyl Acetate. The organic layer was collected, dried 

with Na2SO4, filtered, concentrated down and azeotroped with CHCl3 to yield the 

purified product (yield = 95%). 1H NMR (400 MHz, d6-DMSO) δ = 8.13 (s, 1H), 8.00 (d, 

J = 8.0 Hz, 1H), 7.72 (d, J = 10.0 Hz, 1H), 7.21 (d, J = 8.4 Hz, 1H), 6.75 (s, 2H), 4.42 (t, J 

= 6.2 Hz, 2H), 3.90 (t, J = 5.4 Hz, 2H), 2.29 (s, 6H), 2.22 (t, J = 5.2 Hz, 2H).  

  

Fluorescence Polarization Competition Assay 

The fluorescence polarization assays were performed in 96 well polypropylene F-bottom 

black microplates (Greiner Bio-One) with a final volume of 100 µL. During the 

competition assay, a fluorescently-labeled Bak-BH3 peptide (FITC-Ahx-

GQVGRQLAIIGDDINR-CONH2, hereafter “FITC-Bak”, where FITC = fluorescein 

isocyanate; Ahx = 6-aminohexanoyl linker) was competed off of either MCL-1172-327, 
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BCL-XL
1-212 or BCL-21-211 with the synthesized inhibitors. The binding affinities of 

FITC-Bak to MCL-1, BCL-XL and BCL-2 were determined via a fluorescence 

polarization assay where various concentrations of the selected proteins were titrated into 

solutions of 10nM FITC-Bak in 20 mM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 

0.01% Triton X-100 and 5% DMSO at room temperature. The changes in the 

fluorescence polarization were then measured using a BMG PHERAstar FS multimode 

microplate reader equipped with two PMTs for simultaneous measurements of both the 

perpendicular and parallel fluorescence emission at a 485 nm excitation and 520 nm 

emission filter. Regression analysis was then performed on the polarization data using 

Origin (OriginLab, Northampton, MA) and the data was fitted to the Hill equation, thus 

producing binding curves for FITC-Bak with MCL-1, BCL-XL and BCL-2. FITC-Bak’s 

Kd’s were then determined to be 42 nM for MCL-1, 6 nM for BCL-XL and 33 nM for 

BCL-2.  

 

The fluorescence polarization competition assays were setup using a Biomek FXP 

Automated Liquid Handling System. Protein concentrations of either 100nM of MCL-1, 

15 nM of BCL-XL or 75 nM of BCL-2 with 10 nM of FITC-Bak (in 20 mM HEPES, pH 

6.8, 50 mM NaCl, 3 mM DTT, 0.01% Triton X-100 and 1% DMSO) were chosen and 

various concentrations of the inhibitors were titrated into the solutions. Wells possessing 

only the peptide, only the desired protein and both the peptide plus the desired protein 

without inhibitor were used as controls. Changes in fluorescence polarization were 

measured after 4 hours of incubation at room temperature using the BMG PHERAstar FS 

multimode plate reader previously mentioned and regression analysis was performed 
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using Prism 8 (Graphpad) with the data fitted to a sigmoidal curve to determine inhibitor 

IC50 values. The IC50 values were then converted to Ki values using an equation derived 

by Nikolovska-Coleska et al. All inhibitors were tested in triplicate.   
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Chapter 9: Conclusion 

9.1 Project Overviews 

 

It has been frequently emphasized throughout the chapters of this thesis that the 

Bcl-2 anti-apoptotic proteins play a pivotal role in the progression of tumorigenesis 1,2. 

Though there have been impactful strides in the development of selective inhibitors 

against the members of the Bcl-2 anti-apoptotic proteins, a potent, dual inhibitor against 

both MCL-1 and BCL-2 has not been developed 3,4,5. The need for a dual inhibitor of this 

nature stems from the ability of cancer cells acquiring resistance mechanisms to selective 

BCL-2 inhibitors, such as Venetoclax, through the overexpression of MCL-1 6. 

Additionally, BCL-2 is more commonly overexpressed in a variety of cancers than the 

other Bcl-2 anti-apoptotic proteins and BCL-XL inhibition has been shown to elicit a 

toxic side-effect within patients 7, 8. Though there has been success with combination 

therapies with the co-treatment of patients with both a BCL-2 selective inhibitor and 

MCL-1 selective inhibitor, the development of a dual inhibitor allows for simpler 

treatment regimens, less taxing PK/PD studies and lower occurrences of acquired 

resistance 9, 10, 11. Hence, the main focus of the research projects presented within this 

thesis covered the design of dual-selective BCL-2 and MCL-1 inhibitors (Ch. 6 and 8). 

During the beginning of my doctoral research, there were few potent and selective 

MCL-1 inhibitors developed or entering clinical trials. MCL-1 became a “hot target” for 

research groups and pharmaceutical companies since its overexpression was present in 

chemotherapeutic-resistant cancers 6, 12. Additionally, MCL-1 overexpression was 

common in aggressive cancers such as chronic lymphocytic leukemia, non-Hodgkin’s 

lymphoma and multiple myeloma 12, 13. At the time, the Fletcher research group designed 

an alpha-helix mimetic that possessed dual-selectivity for MCL-1 and BCL-XL (JY-1-
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106), which possessed a high molecular weight that could hinder its pharmacokinetic 

properties 14, 15 . Due to the low prevalence of MCL-1 selective inhibitors and the high 

molecular weight of alpha-helix mimetic scaffolds, some chapters within this thesis (Ch. 

4 and 5) focused on creating low molecular weight cores that could be functionalized to 

selectively target MCL-1.   

Not only is the overexpression of the anti-apoptotic Bcl-2 proteins employed by 

cancer cells to promote their tumorigenesis, but they also exploit the expression of 

HDM2 16. The ubiquitin ligase HDM2 normally regulates the concentration of the tumor 

suppressor protein p53 via degradation by the proteasome; however, cancer cells have 

undergone mutations the increase its expression to overcome p53’s tumor suppressing 

effects 16, 17. Interestingly, p53 can promote the expression of Bcl-2 pro-apoptotic 

proteins or directly interact with the Bcl-2 anti-apoptotic proteins to initiate apoptosis 

within the cell 18, 19, 20. Also, the binding of the p53TAD to HDM2 resembles the binding 

of the BH3 domain of the Bcl-2 pro-apoptotic proteins to the anti-apoptotic proteins, in 

that an alpha-helical domain binds into a hydrophobic groove on its binding partner’s 

surface 21. Thus, taking advantage of the similar binding modes between the two PPIs and 

the synergistic effect of increasing the concentration of p53 while inhibiting the Bcl-2 

anti-apoptotic proteins, a chapter of my thesis (Ch. 7) focused on the design of dual 

HDM2/Bcl-2 anti-apoptotic protein inhibitors. 

 

9.2 Results Overview 

 

 During my doctoral research, I was able to design and synthesize dual MCL-1 and 

BCL-2 inhibitors containing an indazole core. However, the potencies of these dual 

inhibitors need to be further improved before they can be evaluated in in vivo models. 
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Though the dual inhibitors possess low micomolar affinities for MCL-1 and nanomolar 

affinities for BCL-2, it has been shown that sub nanomolar or picomolar affinities for 

MCL-1 are required to elicit therapeutic responses in in vivo models and clinical trials 22. 

In addition to the indazole SAR studies, we uncovered design elements that promote 

MCL-1 selectivity during our indole SAR experiments. Overall, MCL-1 affinity increases 

when the p2 pharmacophore and acidic motif are neighboring each other on an indole 

core. Additionally, MCL-1 affinity also increases when a chlorine in an anti-relationship 

with the p2 pharmacophore, regardless if the p2 pharmacophore is attached to the core’s 

nitrogen. Interestingly though, MCL-1 affinity is abolished when the p2 pharmacophore 

and acidic motif are in a 1,3 relationship on an indole core; whereas when present on an 

indazole core the affinity is retained at lower potencies. The indazole core could 

potentially compensate for the unfavorable relationship between the p2 pharmacophore 

and acidic motif by participating in additional hydrogen bonding interactions within the 

hydrophobic groove through its un-alkylated nitrogen.  

 In regards to synthesizing new scaffolds for low molecular weight alpha-helix 

mimetics, I was able to reduce the trisarylamide core of JY-1-106 into nicotinate cores 

that possessed similar affinities towards MCL-1 as JY-1-106 with lowered affinities for 

BCL-XL. Additionally, I was able to synthesize an isocinchomeronic acid core that could 

be functionalized to resemble an alpha-helix and project the desired substituents in a way 

that mimics one face of an alpha-helix through the incorporation of intra-molecular 

hydrogen bonds. Though the pursuit of alpha-helix mimetics is not as “hot” as the 

development of BH3 mimetics, these cores offer a valuable reference point for the 

synthesis of future alpha-helix mimetics with favorable drug properties. 
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 As for the dual HDM2 and Bcl-2 inhibitors, we were able to synthesize inhibitors 

that possessed nanomolar affinities for MCL-1; however, their affinities for HDM2 were 

shown to be in the double-digit micromolar range with high degrees of variability 

between each tested replicate. Additionally, not all of the first-generation SAR analogues 

have been tested against HDM2, specifically those containing the indole moiety to mimic 

the tryptophan residue in the p53TAD.  

 

9.3 Future Directions and Closing Remarks 

 

 Overall, I believe that the HDM2 and Bcl-2 dual inhibitor project needs to 

undergo further testing and evaluations. All the analogues need to be tested against 

HDM2 to determine if the indole analogues significantly increase the affinity towards 

HDM2. Additionally, I recommend further SAR experiments looking into examining 

macrocyclic analogues of the pyrazoles and isoxazoles. Macrocycles have recently been 

shown to produce potent affinities against MCL-1 inhibition that are needed to elicit 

therapeutic effects, so if HDM2 can also accommodate macrocyclic compounds then 

future designs should focus on installing HDM2 binding affinity into current macrocyclic 

MCL-1 inhibitors or creating macrocyclic analogues of HDM2 inhibitors. Additionally, if 

acquiring potent MCL-1 affinity proves to be challenging, then focusing on obtaining 

potent HDM2 affinity while later improving BCL-2 affinity is still a valuable route since 

BCL-2 is also commonly overexpressed in several cancers and the development of dual-

selective HDM2/BCL-2 inhibitors is scarce within the scientific literature.  

As for the low molecular weight alpha-helix mimetic scaffolds, these compounds 

could serve as starting points for future projects involving neurodegenerative diseases, 



 

 377

such as Alzheimer’s. A current theory involving the onset of Alzheimer’s is that the 

disease is caused by transient alpha-helical intermediates oligomerizing within the plasma 

membrane and disrupting the calcium flux of the cell 23, 24. If these cores could be 

functionalized to interact with the transient alpha-helices and block their oligomerization 

within the plasma membrane, then the progression of Alzheimer’s could be significantly 

lowered. Additionally, since these cores possess low molecular weights, they have a 

higher chance of translocating through the blood-brain barrier than their larger 

counterparts.  

Focusing now on the dual MCL-1 and BCL-2 inhibitor project, I believe the best 

option for the research group is to focus on a hybridization strategy to achieve this 

research goal. Since it is difficult to design new compounds against both MCL-1 and 

BCL-2, along with identifying the new compounds binding mechanisms for the two 

proteins, modifying inhibitors that already possess potent binding affinities and have their 

binding mode identified offer a better starting point for synthesizing a dual inhibitor. 

Currently, MCL-1 inhibitors undergoing clinical trials involve macrocyclic structures 

within their designs 25, 26. Hence, if the research group does wish to further pursue this 

project, then I would suggest following the hybridization strategy again to install the p4 

pharmacophore of ABT-199 onto one of the macrocyclic MCL-1 inhibitors to see if both 

the proteins can accommodate the hybrid compound. 

In the end I believe that the research presented within this thesis will contribute to 

the growing field of BH3 and alpha-helix mimetic designs. I also believe that future 

MCL-1 selective inhibitors will be able to use the data I have gathered during my indole 

SAR studies to produce more potent inhibitors. The data presented within this thesis will 
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also further aid in the advancement of implementing polypharmacology into the design 

and development of future inhibitors.        
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