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Abstract: 

Title of Dissertation: Molecular Strategies to Combat Acquired Resistance to the Anti-

Leukemic Drug Venetoclax 

Christopher C. Goodis, Doctor of Philosophy, 2024 

Dissertation Directed by: Dr. Steven Fletcher, Associate Professor and Director of MS in 

Pharmaceutical Sciences Program, Department of Pharmaceutical Sciences 

 A key hallmark of cancer is the ability to manipulate homeostatic 

pathways within cells to promote tumor growth. A significant example of this is intrinsic 

apoptotic pathway, which is regulated by members of the B-cell lymphoma 2 (BCL-2) 

protein family, that comprises two sub-populations of anti-apoptotic proteins (i.e. BCL-2, 

MCL-1, BCL-xL, BFL-1 and BCL-w) and pro-apoptotic proteins (which are further 

divided into BH3-only proteins, such as BIM and PUMA, and effector proteins, e.g. BAK 

and BAX). Under normal conditions, these proteins exist in similar ratios, interacting 

with one another via an a-helical BH3 ñdeathò domain on the pro-apoptotic protein and a 

conserved BH3-binding groove on the surface of the anti-apoptotic proteins. In this state 

of affairs, homodimerization of the effector proteins is not possible, and apoptosis is 

prevented. However, when stress occurs in the cell, pro-apoptotic proteins are 

upregulated. This shift further activates BAK and BAX causing apoptosis. In BCL-2-

dependent cancers, one or several of the anti-apoptotic BCL-2 proteins are overexpressed 

resulting in the sequestration and neutralization of pro-apoptotic proteins bound, 

disabling the ability to induce apoptosis. Inhibitors seeking to restore apoptotic function 

are designed to target the BH3 binding groove by mimicking the BH3 ñdeathò domain. 



 

 

These inhibitors, dubbed ñBH3 mimeticsò, function by masquerading as pro-apoptotic 

BCL-2 proteins, which themselves become bound by the anti-apoptotic proteins thereby 

releasing the bona fide pro-apoptotic proteins, and restoring apoptosis in cancerous cells. 

A breakthrough utilizing BH3 mimicry came with the development of the BCL-2 

selective inhibitor venetoclax (VEN). Gaining FDA approval in 2016 for patients with 

chronic lymphocytic leukemia (CLL), and then later for acute myeloid leukemia (AML), 

VEN has cemented itself as the current standard-of-care drug for treating these diseases. 

Unfortunately, patients administered VEN develop resistance to the therapeutic after ~17 

months of treatment. While these resistances can manifest in multiple ways, the focus of 

this dissertation was to tackle the compensatory upregulations of sister anti-apoptotic 

BCL-2 proteins, particularly BCL-xL, MCL-1, and BFL-1. However, targeting these 

sister anti-apoptotic proteins presents their own challenges. Direct inhibition of BCL-xL 

causes thrombocytopenia, while multiple clinical trials for MCL-1 inhibitors have been 

halted or terminated due to cardiotoxicity, leading to the deaths of at least two patients. It 

has been stated that BFL-1 is the underdog of the BCL-2 family, having received 

comparatively far less attention than its sister proteins towards the discovery of new anti-

cancer drugs. Although herein we have not identified any potent BFL-1 inhibitors, we 

anticipate our foundational work will provide a springboard for future work.  
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Chapter 1: Targeting BCL-2 Anti-apoptotic Proteins 

1.1 Intrinsic Cellular Apoptosis Pathway and BCL-2 Apoptotic Protein Members 

Cells contain numerous systems and signaling cascades to maintain homeostasis. When 

that balance is severely disrupted, the cell must initiate apoptosis, or cell death, in order 

to maintain the overall balance within the biological system.1,2 One key pathway to 

initiate apoptosis is the intrinsic mitochondrial-mediated apoptotic pathway governed by 

the BCL-2 family of proteins.3,4,5,6 

1.1.1 BCL-2 Protein Family: Members and Structures 

The BCL-2 protein family is divided between two members: pro-apoptotic proteins (e.g. 

BIM, BAD, PUMA, BAX, BAK) and anti-apoptotic proteins (e.g. BCL-2, MCL-1, BCL-

xL, and BFL-1).4,6 Pro-apoptotic proteins are further divided into two sub members: the 

effectors (e.g. BAX, BAK) and BH3-only proteins (e.g. BIM, BAD, PUMA).4 This 

distinction is due to these proteins containing a certain number of BH domains.3,4,5,6 The 

BH3-only proteins are classified because of their structure being comprised of only the 

BH3 homology domain. 4,6 Whereas the effector pro-apoptotic proteins contain the BH1-3 

domains.4,6 Anti-apoptotic proteins are defined by their conserved solvent-exposed 

binding groove which recognizes the BH3 domain of all pro-apoptotic proteins (Figure 

1.1.1.1).3,4,5,6 This conserved binding groove is comprised of multiple shallow 

hydrophobic pockets denoted as ñp-pocketsò and are labeled p1-p4.3,4,5,6 The pro-

apoptotic proteins recognize the binding groove by undergoing a conformational change 

of their BH3 domain into an a-helical conformation.4,6 Once in this conformation, the 

BH3 domain protrudes multiple hydrophobic residues off one face of the protein in an Ri, 
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Ri+3/4, and Ri+7 orientation.7 These hydrophobic residues then interact with the p-

pockets on the anti-apoptotic protein and engage with the protein.3,4,5,6 Additionally, an 

acidic residue on the opposite face of the helix forms a salt bridge with the anti-apoptotic 

protein conserved basic residue.8 

 

Figure 1.1.1.1: Crystal structure of pro-apoptotic protein PUMA bound to anti-apoptotic 

protein BFL-1 (PDB ID: 5UUL). Hydrophobic residues and the aspartic acid residue are 

labeled on PUMA protein. Hydrophobic p-pockets, solvent exposed cysteine residue, and 

arginine residue on BFL-1 are labeled. 
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1.1.2 BCL-2 Protein Family: Activating and Initiating Apoptosis 

Within cells, anti-apoptotic proteins prevent apoptosis initiation by sequestering pro-

apoptotic members via their conserved PPI site that recognizes the BH3 domain.3,4,5,6 

When a cellular stress occurs and the cell needs to undergo apoptosis, pro-apoptotic BH3-

only proteins are upregulated (Figure 1.1.2.1).3,4,5,6 There are two classes of BH3-only 

proteins with distinct functions.3,4,5,6 De-repressor proteins have the sole function of 

preventing the anti-apoptotic proteins from sequestering any other pro-apoptotic 

proteins.5,6 Activator proteins start the pathway towards apoptosis by activating the 

effector proteins via binding either to the N-terminus or a hydrophobic core formed by 

the BH1-3 domains.5,6 Once activated, the effector proteins oligomerize and initiate 

MOMP.9,10 After forming these pores, the mitochondria releases Cytc which interacts 

with APAF-1 to induce caspase activation which ultimately starts the controlled 

destruction of cellular components.9,10 
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Figure 1.1.2.1: Representation of BCL-2 family of proteins initiating intrinsic cellular 

apoptosis. Intracellular stress initiates the upregulation of activator & de-repressor 

proteins which ultimately activate the effector proteins BAX & BAK. BAX & BAK 

dimerize causing mitochondrial outer membrane permeabilization (MOMP) which 

releases cytochrome c starting the controlled destruction of the cell. 

Created in BioRender.com 

 

1.1.3 BCL-2 Protein Family: Manipulation by Cancer and Role in Tumorigenesis 

Multiple types of cancer manipulate the BCL-2 family of proteins to promote 

tumorigenesis.5 Cancer has this ability because of the numerous cancer associated mi-

RNAs that regulate the BCL-2 family.11 The two primary cancer types that engage in this 

function are AML and CLL.12,13 Both being leukemias, these cancers target the 

production of infant white blood cells which prevents the formation of mature white 

blood cells.14,15 In healthy bone marrow, blood stem cells differentiate into myeloid stem 

cells, which further develop into red blood cells, granulocytes, and plasma cells, or they 

can differentiate into lymphoid stems cells that develop into multiple lymphocytic white 

blood cells.14,15 AML overproduces damaged myeloblasts which are the precursor stem 

cells to granulocyte white blood cells.14 CLL is defined as the overproduction of 
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abnormal lymphoblasts which are precursor stem cells of lymphocytic white blood 

cells.15 In both cases, this overproduction causes multiple complications in patients due to 

the absence of mature white blood cells including fatigue, ease of bleeding or bruising, 

and will escalate to fatality of the patient.14,15 These severe symptoms are reflected in the 

5-year survival rate of AML being an abysmal 32% while the 10-year survival rate of 

CLL sits at 65%.16,17  New cases of AML and CLL total roughly 40,000 per year in the 

United States and both are the cause of approximately 15,000 death in the U.S. as 

well.16,18 Adding to this, AML accounts for approximately 15% of all childhood leukemia 

cases.19 

Both leukemias frequently manipulate the BCL-2 family by upregulating the anti-

apoptotic members within the family.3,4,5,6  The BCL-2 anti-apoptotic protein specifically 

is upregulated commonly in these leukemias to such a degree that all pro-apoptotic are 

sequestered and the intrinsic apoptotic pathway is nullified (Figure 1.1.3.1).3,4,5,6  Since 

all pro-apoptotic proteins contain a BH3 binding domain, this means that all effectors, 

activators, and de-repressor proteins have their function neutralized.3,4,5,6  This allows the 

tumor blood cells to propagate within the bone marrow while also circulating throughout 

the body where tumor cells can coagulate and initiate tumorigenesis distal to the 

source.3,4,5,6 
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Figure 1.1.3.1: Representation of BCL-2 anti-apoptotic protein being overexpressed in 

cancer cells. Overexpressed BCL-2 sequesters all pro-apoptotic proteins preventing 

MOMP and apoptosis from occurring. 

Created in BioRender.com 

 

1.2 Development of BCL-2 Anti-apoptotic Protein Inhibitors 

To counter the upregulation of BCL-2 protein, efforts have focused on developing 

competitive inhibitors for the protein to release the sequestered pro-apoptotic proteins 

and restore function to the apoptotic pathway.20 However, the challenge with developing 

inhibitors for the anti-apoptotic proteins is due to the lack of any deep pockets or catalytic 

residues on the conserved BH3 binding groove.21 Despite this, inhibitors have been 

created that utilize multiple hydrophobic motifs attached to a large connecting backbone 

to target the p-pockets within the BH3 binding groove (Figure 1.2.1).22 
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Figure 1.2.1: Structures of prominent BCL-2 / BCL-xL inhibitors 

 

1.2.1 Navitoclax: a Dual BCL-2/BCL-xL inhibitor 

Beginning in 2008, Abbott began publishing on a novel BCL-2 inhibitor named ABT-

263, or navitoclax (Figure 1.2.1.1), which demonstrated an inhibitory effect on anti-

apoptotic proteins.23 This work revealed that the compound had a high affinity towards 

BCL-2 and BCL-xL while avoiding MCL-1 binding.23 Navitoclax was then shown to 

weakly induce apoptosis in BCL-2-deficient cells via the reactivation of BAX and release 

of Cytc.23  In addition, navitoclax was effective in SCLC xenograft models and found that 

daily oral treatment attenuated tumor growth.23 However, clinical trials for the therapeutic 

have been unsuccessful due to the adverse side effects.24 The most severe effect of the 

drug is thrombocytopenia which is a disease caused by a low number of platelet cells in 

the body.24 This causes excessive bleeding from the gums, nose, and excretory tracts 
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while also causing blood vessels to leak blood underneath the skin causing purpura 

rashes.25 These symptoms have been linked to BCL-xL inhibition as the function of the 

protein is essential for platelet health.26 Because of these adverse effects, Navitoclax has 

yet to obtain FDA approval for treating AML and CLL. However, the development of this 

therapeutic is a milestone in BCL-2 inhibitor development, showcasing the ability to 

interact with the BH3 binding groove of anti-apoptotic proteins. 

 

Figure 1.2.1.1: Structure of Navitoclax 

 

1.2.2 Venetoclax: a Selective BCL-2 inhibitor 

Even after the adverse side effects of Navitoclax became well known, researchers were 

still focused on creating an inhibitor that can restore the intrinsic apoptotic pathway while 

avoiding BCL-xL inhibition and by extension thrombocytopenia. This culminated in 

2013 with the development of ABT-199, or venetoclax (Figure 1.2.2.1), which utilized 

the same mechanism of binding as navitoclax wherein venetoclax bindings to the BH3 

binding groove of BCL-2.27 Venetoclax differs in that it contains an azaindole motif to 

form a salt bridge between the Asp103 residue on BCL-2 which corresponds to Glu96 in 

the BCL-xL offering a unique residue between the two proteins.27 This additional 
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interactions pushed venetoclax towards being a selective picomolar inhibitor for BCL-2 

protein over the other anti-apoptotic proteins.27 Pre-clinical studies demonstrated 

venetoclax to have antitumor activity against CLL and AML in vitro as well as in vivo 

with mouse xenograft studies against AML.27 Following this, venetoclax quickly gained 

approval for use in patients suffering from CLL in 2016 and additional approval was 

granted in 2018 for use in patients suffering from AML.28,29 

 

Figure 1.2.2.1: Structure of venetoclax (left) and crystal structure of venetoclax bound to 

BCL-2 anti-apoptotic protein (PDB ID: 6O0O) 

 

1.3 Development of MCL-1 Anti-apoptotic Protein Inhibitors 

Another key anti-apoptotic protein is the MCL-1 protein that functions similarly to BCL-

2 and BCL-xL wherein the protein recognizes pro-apoptotic proteins to prevent 

apoptosis.30 MCL-1 is also a highly oncogenic protein and has been shown to cause many 

types of solid tumor cancers and hematological malignancies due to the protein being 
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upregulated.30,31 In addition to causing different types of cancer, MCL-1 has also been 

shown to cause resistance to certain therapeutics.32,33 A notable case occurs in patients 

prescribed venetoclax for treatment of AML or CLL. 33 Patients given this treatment only 

see an effect for roughly 17 months, after which they develop resistance due to the 

upregulation of MCL-1.33 There are currently no FDA-approved inhibitors for MCL-1, 

however research is still ongoing for an effective antileukemic therapy for MCL-1 

upregulated cancers. 

1.3.1 Direct MCL-1 Inhibitors 

Multiple groups have attempted to create MCL-1 inhibitors by binding directly to the 

BH3 binding groove. One of the pioneering MCL-1 inhibitors, S63845 (Figure 1.3.1.1) 

was developed by Walter and Eliza Hall Institute of Medical Research in 2016 via an 

NMR-based fragment screen followed by SAR studies.34 S63845 demonstrated a Kd of 

0.19 nM against MCL-1 with no binding against BCL-2 or BCL-xL. S63845 performed 

well in killing MCL1-dependent cancer cells including multiple myeloma, leukemia and 

lymphoma cells by reinitiating the intracellular apoptotic pathway.34 In vivo studies also 

showcased potent anti-tumour activity against multiple cancers.34 In 2016, phase I 

clinical trials for S63845 both as a single agent and combination therapy were initiated, 

but since then these trials have been completed with no clear result posted.35,36 
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Figure 1.3.1.1: Structure of S63845 

 

During the development of S63845, the Fesik research group were also at work to 

synthesize MCL-1 inhibitors and identified a series of indole-based inhibitors.37,38,39 This 

group initially performed a fragment-based chemical library screen using NMR to 

identify small molecules that interacted with the PPI site of MCL-1.37 Two lead 

compounds were identified to be effective MCL-1 binders.37 Class II fragments contained 

indole-, benzothiphene-, or benzofuran-based heterocycles that were substituted at the 3-, 

4-, or 6- positions and contained a carboxylic acid motif at the 2- position of the ring.37 

Class II fragments contained various aromatic motifs linked to a carboxylic acid or 

aromatic bicycle via an alkyl chain (Figure 1.3.1.2).37 Next, the Fesik group conducted 

NOE-guided fragment docking simulations between both compound classes and MCL 

which predicted that class I compounds bind to the p3 pocket with slight interactions with 

the p2 pocket while class II compounds were predicted to bind deep within the p2 

pocket.37 Combining these two class compounds resulted in their two potent MCL-1 

inhibitors compounds 52 (Ki = 0.055 mM) and 60 (Ki = 0.32 mM) (Figure 1.3.1.3).37  
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Figure 1.3.1.2: Structures of Class I and Class II fragments 

 

Figure 1.3.1.3: Structures of Compound 53 & 60 

 

To optimize their previous compounds, the Fesik group expanded upon their indole-based 

MCL-1 inhibitor 53 by grafting on additional hydrophobic groups to engage with the p4 

pocket on MCL-1.39 Additional fragment-based NMR screens where conducted with the 

p2 pocket saturated with a reported indole and determined that various heterocycles 

weakly interacted with the p4 pocket.39 The Fesik group utilized an acylsulfonamide bond 

to engage with the p4 pocket due to this motif being a bioisostere of carboxylic acids.39 

Compound 9 (Figure 1.3.1.4) was developed to test this theory that p4 binding can be 

achieved, which was confirmed via a crystal structure of 9 binding to MCL-1.39 
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Compound 9 was optimized via SAR studies to create compound 47 (Ki = 10 nM) 

(Figure 1.3.1.5) which contained an isobutyl group connected to an amide group.39 

 

Figure 1.3.1.4: Structure of Compound 9 

 

Figure 1.3.1.5: Structure of Compound 47 

 

Taking inspiration from the work in the Fesik lab, AstraZeneca developed the most 

selective MCL-1 inhibitor in AZD5991.40 From a 2018 publication, AZD5991 (Figure 

1.3.1.6) was shown to have a Ki = 0.2 nM to MCL-1 while only demonstrating mM 

affinity towards the other anti-apoptotic proteins.40 AZD5991 showcased the ability to 

reinitiate apoptosis in MOLP-8 multiple myeloma cells, preferably killed hematological 
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cells over solid tumors, and drove tumor regression in AML models.40 Despite this, a 

phase 1 clinical trial using AZD5991 was closed due to low overall response rate and a 

high rate of cardiotoxicity.41 This has been attributed to MCL-1 function being crucial for 

the survival of cardiomyocytes.41 

 

Figure 1.3.1.6.: Structure of AZD5991 

 

1.3.2 Allosteric MCL-1 Inhibitors 

Another avenue for inhibiting MCL-1 has been targeting a distal binding site to confer a 

conformation change to the MCL-1 binding groove. In 2016, the Walensky group 

published their findings on the MAIM1 (Figure 1.3.2.1) compound and demonstrated 

that the compound was responsible for impairing the binding between MCL-1 and BAX 

both in vitro and in mouse cells.42 MAIM1, which has a IC50 value of 450 nM to MCL-1, 

accomplishes this by binding to an allosteric site on the back side of the MCL-1 protein 

and forming a covalent bond with the Cys286 residue.42 Once bound, MAIM1 influences 

the conformation of the BH3 binding groove on MCL-1 and this has an approximate 10-

fold decrease in binding between MCL-1-MAIM1 and BID BH3 protein.42 
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Figure 1.3.2.1: Structure of MAIM1 

 

1.4 Development of BFL-1 Anti-apoptotic Protein Inhibitors  

Similar to the other anti-apoptotic proteins, BFL-1 is responsible for preventing pro-

apoptotic proteins from initiating cell death.43,44 In addition, BFL-1 dependence has been 

shown in various leukemias, lymphomas, and melanomas.43,44 Despite this fact, research 

geared towards creating a selective BFL-1 inhibitor has been sparce. BFL-1 has a 

hydrophobic groove like the sister proteins in the family, however BFL-1 contains a 

unique solvent exposed cysteine residue Cys55.44 This cysteine is the focus of most of the 

BFL-1 inhibitor designs due to the reactivity demonstrated and the lack of any deep 

pockets within the binding groove. 

1.4.1 Direct BFL-1 Inhibitors 

In a similar manner to the other anti-apoptotic proteins, targeting the BH3 binding groove 

is a distinct challenge due to the lack of deep pockets or catalytic residues.43 The 

Walensky group circumvented this challenge by creating a stapled peptide based of the 

NOXA BH3 protein that also contained an acrylamide motif to form an irreversible 

covalent bond with Cys55.45,46 
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Another group advancing the field of BFL-1 inhibitors is the Nikolovska-Coleska group 

who were responsible for publishing a dual MCL-1 / BFL-1 inhibitor.47 From their 

starting point of 2,5-Substituted Benzoic Acid, multiple NMR and crystallography 

experiments culminated in compound 24 (Figure 1.4.1.1). This compound demonstrated 

a Ki = 100 nM for both MCL-1 and BFL-1.47 

 

 

Figure 1.4.1.1: Structure of Compound 24 

 

The next advancement came from the Zhao group, when they published their indole 

based covalent BFL-1 inhibitor compound 12 (Figure 1.4.1.2) which demonstrated a 

BFL-1 Ki of 410 nM.
48 The compound was also tested against the full gambit of anti-

apoptotic proteins and was selective for BFL-1.48 Additionally, covalent adduct formation 

was confirmed via intact mass spectrometry in which an adduct corresponding to BFL-1 

+ 12 was detected.48 To further support the idea that compound 12 inhibited BFL-1 via 

covalent bond formation, a negative control compound of 12 was created that had the 

acrylamide double bond reduced and this compound 23 had a BFL-1 Ki of 24 mM.
48 
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Finally, 12 initiated apoptosis in myeloid leukemia U937 cells which was confirmed by 

flow cytometry and annexin V staining.48 

 

Figure 1.4.1.2: Structure of Compound 12 and 23  
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Chapter 2: Targeting Non-BCL-2 Family Anti-Leukemic Targets 

2.1 Alternative targets to combat hematological malignancies 

As was outlined earlier, BCL-2 anti-apoptotic proteins are upregulated in several 

hematological malignancies to promote tumorigenesis.3,4,5,6 As discussed previously, 

multiple research groups have focused on creating inhibitors for these proteins that halt 

this tumor growth. However, several issues related to the direct inhibition of these anti-

apoptotic proteins have been identified including resistance via counter upregulation of 

sister anti-apoptotic proteins, the development of thrombocytopenia due to BCL-xL 

inhibition, and cardiotoxicity due to MCL-1 inhibition.24,33,41 

 For MCL-1 inhibition specifically, there are two distinct challenges that could 

explain the absence of any clinically relevant MCL-1 inhibitors. Firstly, designing 

inhibitors for the BCL-2 anti-apoptotic proteins is a difficult task due to the lack of any 

deep pockets with catalytic residues to target, and because the affinity between the anti-

apoptotic members and pro-apoptotic members is measured to be in the pM range.49 

Because most MCL-1 inhibitors are directly targeting the BH3 binding groove to 

outcompete the pro-apoptotic members, this pM limit restricts the chemical motifs med 

chemists can use since the barrier for biological inhibition is so high. In addition to this, it 

is unclear if the cardiotoxic side effects demonstrated in clinical trials for MCL-1 

inhibitors are attributed to inhibiting the MCL-1 protein itself, or if this is due to the 

specific structures of the inhibitors.50,51 While there is an increasing volume of studies 

focused on measuring the health of cardiomyocytes during MCL-1 deletion / inhibition, it 

remains unclear what exactly is causing the observed cardiotoxicity in clinical 

studies.50,51 



 

19 
 

Because of these issues, developing a single agent anti-apoptotic protein inhibitor 

might not be the most effective strategy to combat these hematological malignancies. 

Towards broadening our approach, we explored different oncogenes that are upregulated 

in hematological malignancies that also play a role in upregulating anti-apoptotic 

proteins. Two oncoproteins that fit this criteria are the tyrosine receptor kinase FLT3 and 

the cyclin-dependent kinase CDK9. Each of these proteins have been implicated in 

promoting hematological malignancies while also promoting the upregulation of MCL-1 

anti-apoptotic protein.52,53 Inhibiting these oncoproteins as an additional approach 

directly targets the cancers they promote while also offering an avenue to regulate the 

BCL-2 anti-apoptotic family of proteins to initiate apoptosis in cancerous cells. 

2.2 Fms related receptor tyrosine kinase 3 (FLT3) 

FLT3 is an important regulator of cell proliferation that is expressed in immature 

hematopoietic cells, the placenta, the gonads, and the brain.54 The protein is a 

transmembrane protein that comprises a C terminal domain, a JM domain, a TK domain 

in the intracellular region, and five immunoglobulin like domains in the extracellular 

region.54 Activation is initiated by binding FL that is expressed in a membrane-bound 

form or as a soluble form by bone marrow stoma cells.54 Once the FL is bound the FLT3, 

the kinase undergoes a conformational change to a dimer state.54 FLT3 in this state 

initiates multiple intracellular signaling pathways, mainly MAPK and AKT signals, 

promoting hematopoietic cell proliferation.54 

2.2.1 Mutations on the FLT3 gene are the most common cause of AML  

In the late 90s, scientists discovered an internal tandem duplication within the JM domain 

of FLT3 that was being expressed in AML cells.55 This mutation, dubbed FLT3-ITD, 
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caused the FLT3 protein to become constitutive activity ultimately causing the 

upregulation of cancerous myeloid cells.54,55 In addition to this mutation, multiple point 

mutations were later discovered on the D835 residue of FLT3s TK domain.56 This 

mutation was later classified as FLT3-TKD and produced the same effect as FLT3-ITD 

wherein the protein was stabilized in the dimer state and cell proliferation signaling was 

upregulated causing AML (Figure 2.2.1.1). Both mutations account for directly causing 

~30% of all AML cases.54,55,56 

 

Figure 2.2.1.1: Representation of Wild Type FLT3 dimerizing after binding to FLT3 

ligand and initiating cell proliferation (left) and mutated FLT3 dimerizing in the absence 

of FLT3 ligand and still initiating cell proliferation in tumor cells (right) 

Created in Biorender.com 
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2.2.2 Development of FLT3 Inhibitors 

Due to the abundance of patients suffering from AML caused by mutated FLT3 with poor 

prognosis, development of a FLT3 inhibitor has garnered a lot of attention.57 Early stages 

of FLT3 inhibitor design focused on classes of TKIs that did not consider selectively 

targeting FLT3 and instead focused on creating a high affinity therapeutic for mutated 

FLT3.52,57 Soon it was discovered that these therapeutics could be classified into two 

types of inhibition and these types target different conformations of FLT3.52,57 Depending 

on the orientation of three key residues (Asp Phe Gly) within the activation loop, FLT3 

will be in an active or inactive conformation.52,57 Type 1 inhibitors are designed to bind to 

the ATP-binding region at a high affinity meaning they can bind to either conformation of 

FLT3.52,57 This allows type 1 inhibitors to be designed to target both FLT3-ITD and FLT-

TKD mutations.52,57 Contrasting this, type 2 inhibitors can only bind to the back pocket of 

the ATP-binding region only when FLT3 is in the inactive conformation.52,57 This allows 

type 2 inhibitors to be designed to better target FLT3 selectively over other kinases, 

however this means that type 2 inhibitors cannot inhibit FLT3-TKD.52,57 

2.2.2.1 Midostaurin 

The earliest FLT3 inhibitor to gain FDA approval is the first generation type I inhibitor 

midostaurin (Figure 2.2.2.1.1).58,59 Originally midostaurin was designed to improve the 

efficacy of staurosporine, a pan-kinase inhibitor, but it was later found that midostaurin 

was an effective inhibitor of multiple TKDs including PKC-Ŭ, FLT3, c-KIT, VEGFR, and 

PDGFR.59 Midostaurin would go on to gain FDA approval in 2017 as a combination 

treatment for patients with AML.58 However, multiple complications were discovered 

when patients were administered midostaurin with the most severe adverse effect being 
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cytopenias (destruction of blood cells by the immune system).60 Because of these 

complications, further development was done to create a second generation of FLT3 

inhibitors. 

 

Figure 2.2.2.1.1: Structure of Midostaurin 

 

2.2.2.2 Quizartinib 

In 2009, Ambit scientists reported that they created an effective type II FLT3 inhibitor 

targeting FLT3-ITD mutated AML cell lines.61 Quizartinib (Figure 2.2.2.2.1) was notable 

in that it was more selective for FLT3 over other kinases while still being potent in vivo.61 

Quizartinib would gain FDA approval in 2023 for use in RR AML, however since 

gaining approval numerous resistance mechanisms including the upregulation of FLT3-

TKD, which nullifies Quizartinib affinity, have been demonstrated clinically.62,63 
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Figure 2.1.2.2.1: Structure of Quizartinib 

 

2.2.2.3 Gilteritinib 

After the marginal success of previous FLT3 inhibitors, efforts grew to synthesize a new 

type II FLT3 inhibitor that would be selective for FLT3, while also combating AML 

caused by FLT3-ITD and FLT3-TKD mutations. Gilteritinib (Figure 2.2.2.3.1) is a type 1 

FLT3 inhibitor which means it has an effect on both FLT3-ITD and FLT3-TKD.64 

Additionally, FLT3 demonstrates better selectivity for FLT3 over other kinases while also 

having a higher affinity than first-generation inhibitors.64 Another key function of 

gilteritinib is the inhibition of AXL.64 Previous clinical studies have shown AXL to be 

upregulated as a resistance mechanism to FLT3 inhibitors.65 It has also been validated 

that AXL inhibition slows the growth of FLT3-ITD AML tumors.65 A crystal structure of 

gilteritinib bound to FLT3 was published showcasing H-bond interactions between the 

carbamoyl group of gilteritinib and the backbone of Glu692 and Cys694 as well as slight 

ḯ́  stacking interactions between the phenyl ring of gilteritinib and Tyr693.66 Clinical 

trials for gilteritinib showcased an increased response rate in patients with an acceptable 

safety profile.67 Gilteritinib gained FDA approval in 2018 for the treatment of RR FLT3-

mutated AML and has been the standard of care therapeutic for FLT3-mutated AML.68 
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However, after ~7 months of gilteritinib treatment patients developed resistance to the 

therapeutic through a F691L point mutation on FLT3-ITD.69 This point mutation, dubbed 

the ñgatekeeper mutationò, imparts a 20-fold decrease in Kd against FLT3-ITD F691L and 

an 11-fold decrease in IC50 against cells expressing FLT3-ITD F691L.69 

 

Figure 2.2.2.3.1: Structure of Gilteritinib 

 

2.2.2.4 FF-10101 

After the gatekeeper mutation was well established, research shifted towards creating an 

effective inhibitor that could combat FLT3-ITD F691L. The most promising compound 

currently is the covalent type 1 inhibitor FF-10101 (Figure 2.2.2.4.1).70 Present on the 

compound is a phenyl group connected to a pyrimidine ring which binds within the active 

site of FLT3.70 Unique to FF-10101 compared to the previously discussed inhibitors is a 

reactive acrylamide motif.70 This motif allows FF-10101 to form an irreversible covalent 

bond with FLT3 protein utilizing a solvent exposed cysteine residue (Cys695).70 FF-

10101 works first by non-covalently binding into the active site of FLT3, after which the 

acrylamide motif interacts with Cys695 to create an irreversible covalent bond locking 

the drug into a bound state.70 This mechanism of action wherein the non-covalent portion 

of the drug directs the covalent portion to react is favorable when creating covalent drugs 
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due to the lower toxicity when using milder reacting groups.70 Both portions contribute to 

the high affinity between FF-10101 and different isoforms of FLT3 that normally cause 

type 1 and type 2 inhibitor resistance.70 Recently a phase 1 clinical trial of FF-10101 was 

concluded that demonstrated the therapeutic to be a well-tolerated oral treatment for 

AML patients who were previously given gilteritinib.71 Issues still exist however, within 

the same phase 1 study the drug only managed an overall response rate of 10%.71 

 

Figure 2.2.2.4.1: Structure of FF-10101 

 

2.3 Cyclin-dependent kinase 9 (CDK9) 

Transcription is regulated by different signaling events within cells to produce RNA.72 An 

important class of proteins that governs this process are the tCDKs and they are activated 

at different stages of the cell cycle to facilitate cell proliferation, transcription, 

differentiation, metabolism, and apoptosis.72,73 tCDKs are further divided into two classes 

that perform different functions within the cell. CDK 1, 2, 4, and 6 are the regulators of 

the cell cycle while CDK 7, 8, 9, 12, and 13 regulate transcription.72,73 CDK 7, 8, 9, 12, 

and 13 regulate transcription via the phosphorylation of residues at the C-terminus of 

RNAPII which activates the protein to drive the fundamental steps of transcription.72,73 In 

addition to phosphorylating RNAPII, CDK9 is one of the stabilizing factors of the P-

TEFb complex, which includes cyclin T1 and BRD4, which engages RNAPII and 

initiates transcription elongation.72,73 CDK9 is a transcription kinase that has garnered a 
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lot of attention due to it being widely and abnormally expressed in various tumors, 

including hematological malignancies, wherein CDK9 plays a role in upregulating 

various oncoproteins.74 Two proteins of note that CDK9 upregulates is the MCL-1 anti-

apoptotic protein and the MYC protein (Figure 2.3.1).72,73,74 As discussed earlier, MCL-1 

is commonly upregulated as a resistance mechanism for therapeutics targeting the BCL-2 

anti-apoptotic protein.30,31  MYC is one of the most amplified oncogenes in human 

cancers, and the disordered nature of the protein makes inhibitor design for the protein a 

substantial challenge.75 Previous studies looking at mRNA levels of various AML cell 

types have characterized an increase in CDK9 mRNA expression.72,73 In addition to 

overexpression of CDK9, CDK9 pathway activity is also dysregulated in hematologic 

malignancies further promoting the transcription of MCL-1 and MYC.72,73 Due to this 

relationship, CDK9 has become a popular target for inhibitor design to combat 

hematologic malignancies. 

 

Figure 2.3.1: Representation of CDK9 activating RNAPII via phosphorylation which 

initiates the downstream transcription and translation of MCL-1 & MYC proteins 

ultimately causing cancer cells to proliferate. 

Created in Biorender.com 
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2.3.1 TP-1287 

A major success in the field of CDK9 inhibitors is the compound TP-1287 (Figure 

2.3.1.1) which demonstrates potency against CDK 1, 2, & 9 (IC50 = 5-15 nM) as well as 

CDK4 & 6 (IC50 = 40-300 nM).76 In early 2023, the FDA granted TP-1287 a rare 

pediatric disease designation to treat patients suffering from Ewing sarcoma.77 Despite 

this, the compoundôs safety characteristics have not been fully assessed, meaning server 

adverse side effects could be associated with the compound. These concerns stem from 

the fact that TP-1287 is a pan-CDK inhibitor and compounds previously tested that that 

target multiple CDKs are associated with adverse effects.78 

 

Figure 2.3.1.1: Structure of TP-1287 

 

2.3.2 GFH009 

The next substantial development in CDK9 inhibition came in 2022 with the creation of 

GFH009 (Figure 2.3.2.1) which is a potent cyclin T1/CDK9 (IC50 = 9 nM) inhibitor 

while containing negligible interactions with the other CDKs.79 The FDA then approved 

GFH009 with an orphan drug designation to treat patients experiencing RR AML.80 
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Phase 2a clinical trials were then completed in June 2024 with the inhibitor increasing 

median overall survival by ~5 months.81 While these results are promising, CDK9 

dysregulation causes multiple hematological and solid malignancies creating the 

possibility that GFH009 is not effective in combatting multiple cancer types. 

 

Figure 2.3.2.1: Structure of GFH009 

 

2.3.3 SNS-032 

Another possible breakthrough in CDK9 inhibition came with the creation of SNS-032. 

Originally designed to selectively inhibit CDK2, SNS-032 (Figure 2.3.3.1) emerged after 

it was well tolerated in clinical trials.82 Further studies on the compound revealed that it 

had a high affinity for CDK2 (IC50 = 38 nM), CDK7 (IC50 = 62 nM), and CDK9 (IC50 = 4 

nM).83 Once this was discovered, SNS-032 use shifted in patients who were diagnosed 

with CLL. However, a 2010 phase 1 clinical trial using SNS-032 for patients diagnosed 

with CLL and MM showcased that the inhibitor had a limited clinical efficacy.84 Since 

then, SNS-032 testing against CLL and MM has decreased substantially with groups 

testing the inhibitor against different cancers. 
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Figure 2.3.3.1: Structure of SNS-032 

 

2.3.4 AT7519 

Another promising CDK9 inhibitor is AT7519 (Figure 2.3.4.1) which was developed 

using a fragment-based x-ray crystallography method.85 AT7519 has exceptional potency 

for CDK9 (IC50 < 10nM), while also being potent against CDK2 and CDK5 (IC50 = 

47nM and 13nM, respectively).85 AT7519 has been tested in multiple human cancer cell 

lines and xenograft animal models and has demonstrated anti-leukemic effect in all of 

these.86,87 AT7519 has since moved to clinical trials targeting solid and hematological 

tumors as a single agent while also being used in combination treatment.88,89 These trials 

showcased AT7519s ability to downregulate MCL-1 and MYC expression through the 

deactivation of RNAPII. 

 

Figure 2.3.4.1: Structure of AT7519  
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Chapter 3: Molecular Strategies to Combat Acquired Resistance 

3.1 Multitargeted non-covalent inhibitors 

Traditional drug design follows the approach of creating one therapeutic to target one 

specific protein. If multiple proteins need to be targeted, another therapeutic is combined 

with the original treatment to make a ñdrug cocktailò (Figure 3.1.1). While this has been 

the standard approach of drug development, the reality is that therapies that target 

multiple targets, but to not cause severe adverse effects, are attributed with high clinical 

efficacy.90,91 Because of this, there has been a shift in drug development to intentionally 

create multitarget therapeutics. 

 

Figure 3.1.1: Representation of drug cocktail therapy wherein one shape corresponds to 

a therapeutic for one target. 

 

3.1.1 Heterobifunctional drug design 

Heterobifunctional compounds are comprised of ligands for two or more biological 

targets such that one compound can inhibit multiple POI.92 Because of this added 

complexity, heterobifunctional compounds can work via multiple mechanisms (which we 

explore further within this chapter) to inhibit their POI.92,93 Indeed, this expansion of drug 

design gives scientists the ability to target troublesome targets including the previously 

discussed oncoproteins. Additionally, the approach of heterobifunctional drug design 
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offers the possibility to create compounds that have increased therapeutic efficacy with a 

lower required dosage that can also overcome various mutations.92,93 This added 

complexity of heterobifunctional compounds does raise the workload needed to create 

these compounds, however, similarities between heterobifunctional compounds do exist 

that can help guide the development of such therapeutics. 

3.1.2 Design of heterobifunctional compounds 

At their core, heterobifunctional compounds are comprised of chemical motifs from 

multiple therapeutics. Typically, the design of heterobifunctional compounds starts from 

previously developed and well characterized inhibitors to alleviate the workload.94 

However, multiple aspects need to be considered before changing the structure of 

previously characterized compounds. First, a compounds binding to its original POI 

needs to be considered carefully before accommodating a second ligand. Compounds that 

bind deep within protein pockets for example are not ideal candidates for 

heterobifunctional drug design as additional ligands being grafted on could cause steric 

clash between the new compound and the POI. Knowing this, the best candidate drug to 

convert into a heterobifunctional compound is one that binds in a relatively shallow 

pocket with a solvent exposed group present.95 These solvent exposed groups, also 

termed an ñexit vectorò, are commonly included to increase the compounds solubility 

while not interfering with the binding mode of the compound.95 Exit vectors can range 

from easily modifiable secondary amines to ring systems like morpholine that need to be 

removed and replaced to accommodate the additional ligand.95 

 Another key characteristic to consider when designing a heterobifunctional 

compound is the end compoundôs ñdrug-likenessò. It is agreed upon that final candidate 
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compounds that have too high of molecular weights, poor solubility, large areas of 

lipophilicity, and low cell permeability will not be successful therapeutics.92-95 Lipinskiôs 

Rules of 5 is a helpful guide to avoid creating a useless drug candidate which states that 

to create a orally bioavailable drug it should have a molecular weight less than 500 g/mol, 

have no more than five hydrogen bon donors and 10 hydrogen bond acceptors, and the 

clogP should be no greater than 5.96 While there exist contradictions to these rules, they 

serve as a guide for drug development that can aid in creating effective heterobifunctional 

compounds. For examples of how these rules guide design, the use of shorter linking 

groups can control the molecular weight, solubility can be improved by incorporating 

tertiary amines, and cell permeability can be increased by removing amide bonds and 

including fluorine.97,98 

Using these two strategies, medicinal chemists have been able to synthesize 

heterobifunctional compounds that have reached clinical trials as orally bioavailable 

treatments. We will incorporate these strategies in our heterobifunctional approach when 

possible to increase the chance of our final compounds being successful therapeutics.  

 

3.1.3 Polypharmacological drug development 

One avenue for developing a heterobifunctional therapeutic that inhibits multiple targets 

is by combining bioactive portions of multiple therapeutics into one compound.95 This 

approach dubbed ñpolypharmacologyò aims to take two or more compounds that are 

commonly administered together and by combining the bioactive pharmacophores, one 

compound can be administered that inhibits multiple proteins of interest (Figure 3.1.1 



 

33 
 

.1).94,95 This approach of drug development is rapidly growing in fields such as oncology 

wherein multiple targets or pathways need to be interrupted to obtain a therapeutic effect. 

Importantly, these polypharmacological agents do not need to simultaneously bind to all 

targets to obtain this therapeutic effect but by dissociating from one target, the compound 

is able to bind to its other designed targets.95 

 Groups that aim to create polypharmacological therapeutics typically identify 

previously characterized inhibitors that are already used in combination treatments that 

showcase synergistic or increased therapeutic efficacy when administered together. 

However, target selectivity is still important when designing polypharmacological 

inhibitors to avoid unwanted side effects. Additionally, when selecting biological targets 

it is important to account for the location of each target. For example, creating a 

polypharmacological inhibitor for an intracellular protein and an extracellular protein is 

not the best avenue as the compound would need to cross the cellular membrane rapidly 

to produce a therapeutic effect.94,95 Finally, when creating polypharmacological inhibitors 

it is best to use two or more therapeutics that have similar potencies to their intended 

targets as this allows for easier dosing with the lowest risk of toxicities.94,95 

 Advantages of this approach include simplified ADME properties, increased 

efficacy through synergistic effects, the ability to fine tune affinity for different targets, 

and an increase in patient compliance.92,93 Since one therapeutic is being administered, 

the ADME properties are easier to determine compared to multiple compounds in a drug 

cocktail.92,93 Additionally, with one compound we can be confident that an increase in 

efficacy due to synergistic effects will occur because of the presence of all bioactive 

portions of our polypharmacological drug always being present.92-95 This design approach 



 

34 
 

also allows us to fine tune affinity for one or more targets since we can better control the 

bioactive portions that target one protein over another.94,95 Finally, due to only one 

therapy having to be administered, patient compliance should increase due to the 

reduction in the overall number of drugs.95 

 

Figure 3.1.1.1: Schematic depiction of two polypharmacological approaches to drug 

design. Linked polypharmacology involves two bioactive molecules that are linked 

together (middle) while merged polypharmacology involves the merging of two bioactive 

pharmacophores into a novel inhibitor (right). 

 

3.1.1.1 Design rational: linked polypharmacological agents 

A straightforward approach for creating a polypharmacological drug is by linking two 

bioactive molecules together to create a new therapy.95 While straightforward, multiple 

things need to be considered when creating a linker inhibitor. The first thing to consider is 

the size of the final molecule being synthesized. Compounds that exceed 1 kDa in size 

could face issues with penetrating the cell wall.95,96 Additionally, the grafting point of the 

new linker needs to be established that allows for two or more compounds to be linked 

without interfering with the original compoundôs affinities.94,95 Compounds that contain a 

solubilizing group or an ñexit vectorò that is pointing away from the target and into the 

solvent are ideal grafting points for various linkers.95 While exit vectors make ideal 
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grafting points, removing solubilizing groups could cause extensive lipophilicity and 

cause issues with the compound not being able to enter biological systems.96 

 Another factor to consider is the design of the linking group itself. Initially groups 

utilized alkyl chain or PEG linkers for their ease of synthesis, lack of toxicity, high 

commercial availability, and low toxicity.94 These flexible linkers offer the highest 

variability when it comes to testing optimal linker lengths for polypharmacological 

inhibitors.94 Additionally, ñspacersò are groups that can be added to prevent unfavorable 

interactions between one pharmacophore and another POI when the polypharmacological 

inhibitor is bound.94,95 However, it has been demonstrated that these flexible linkers raise 

concerns about metabolic stability and solubility within biological environments.92,93 

Recently it has been demonstrated that polypharmacological compounds contain more 

ridged linkers such as piperidines and piperazines have had more success with producing 

a therapeutic effect.95 This increase in therapeutic effect has been attributed to these 

linkers being more energetically favorable due to a lower entropic loss when bound as 

well as having favorable interactions with protein surfaces.94,95 

3.1.1.2 Design rational: merged polypharmacological agents 

Another method employed is by incorporating bioactive pharmacophores for different 

targets into a dual-active single pharmacophore.91 This is a more involved approach since 

it involves a strategic incorporation of two distinct bioactive portions, however, there 

exist advantages for this method. Compared to linked agents, merged agents tend to have 

a smaller molecular weight and can avoid high lipophilicity.91,96 The lack of a linker 

group also increases the metabolic stability of these merged polypharmacological 

compoundôs.91 Merged polypharmacological inhibitors are commonly created when two 



 

36 
 

or more therapeutics share a similar scaffold such as a heterocycle or bicycle that can be 

differentiated easily to target multiple POI.91 

3.2 Covalent Based Inhibitors: A Renaissance for Drug Discovery 

Covalent drugs operate by forming an irreversible covalent bond with a POI which 

confers additional affinity towards the POI beyond non-covalent interactions (Figure 

3.2.1).99 This covalent bond, once formed, means the inhibitor cannot be displaced and 

the POI must recycle to regain its unbound form.99 Historically, development of covalent 

inhibitors were held back due to concerns of the reactive molecules interfering with 

biological assays and a potential lack of selectivity.99,100 Early examples of successful 

covalent drugs date back to the early 1900s with the discovery of aspirin and penicillin 

(Figure 3.2.2) in which they were discovered serendipitously.99 It took until 1971 for 

scientists to discover that aspirin created its therapeutic effect by acetylating Ser529 in 

the substrate-binding channel of cyclooxygenase 1, which prevents the protein from 

converting arachidonic acid into prostaglandins.99 Likewise with penicillin, scientists 

later discovered that the compound binds to PBPs, which maintain the bacterial cell wall 

structure, and acylates the active-site serine residues which inhibits PBP activity and 

leads to cell membrane destruction.99 Even after these molecules were fully 

characterized, the stigma of covalent drugs being too promiscuous and causing off-target 

effects persisted. This thinking started to shift when the covalent 26S proteasome 

inhibitor Bortezomib (Figure 3.2.2) was approved in 2003 for the treatment of MM.101 

Bortezomib contains a boronic acid that covalently binds to a catalytic threonine residue 

in the 26S proteasome which prevents tumorigenesis.101 Recently, the field of rationally 

designed covalent inhibitors is experiencing a resurgence in popularity.  



 

37 
 

 

Figure 3.2.1: Representation of covalent inhibitors and their mechanism of binding. 

First, non-covalent interactions drive the inhibitor to bind to the enzyme. Once bound, an 

electrophilic warhead reacts with a readily reactive residue on the protein and forms an 

irreversible covalent bond between the inhibitor and enzyme. 

Created in Biorender.com 

 

Figure 3.2.2: Structures of aspirin, penicillin, and bortezomib 

 

3.2.1 Mildly reactive electrophilic warheads 

Part of this resurgence in covalent inhibitor design is due to the study of different 

covalent motifs and the identification of mildly reactive electrophilic warheads.102 One 

such warhead is the acrylamide motif which can react with cysteine residues via the 

Michael addition (Figure 3.2.1.1).103 The thiol of the cysteine residue attacks the double 

bond of the acrylamide which forms the enol intermediate and is eventually pushed to the 
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final carbonyl adduct.103 One of most prominent inhibitors to be fashioned with the 

acrylamide motif is the BTK covalent inhibitor ibrutinib (Figure 3.2.1.2).104 Approved in 

2013, ibrutinib inhibits BTK by covalently reacting with Cys481 located in the hinge 

region.105 Since the approval of ibrutinib, the field of covalent inhibitors has exploded 

with three additional FDA-approved covalent drugs containing the acrylamide motif as 

an electrophilic warhead.99 

 

 

Figure 3.2.1.1: Mechanism of cysteine residue reacting with an acrylamide electrophilic 

warhead through Michael addition. 

  

Figure 3.2.1.2: Structure of Ibrutinib 

 

3.2.2 Advantages of covalent inhibitors 

Covalent inhibitors offer a plethora of advantages over conventional drug inhibition via 

non-covalent interactions.99 The main mechanism of action of covalent inhibitors is 

forming an irreversible covalent bond to increase potency for a target, meaning without 

the presence of a reactive residue on the protein a covalent inhibitor can be designed to be 
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selective for one protein that contains a reactive residue.99 POI that are a part of a family 

of proteins that contain similar structure and function are one such example where 

covalent inhibitors can be used to obtain selectivity because one protein could carry an 

unconcerned reactive residue.106 BFL-1 is one such protein that was discussed earlier in 

which it contains a unique solvent-exposed surface cysteine residue proximal to the 

conserved BH3 binding groove.44 

 Covalent inhibitors are also an effective strategy for overcoming point mutations 

that occur as a resistance to different therapeutics. Like we discussed before, 

oncoproteins are notorious for forming point mutations as a response to certain 

treatments. Gilteritinib discussed earlier is only effective for ~7 months before patients 

develop the F691L point mutation.69 Scientists were then able to develop FF-10101 as a 

response which reacts with Cys695 while still occupying the active site of FLT3 to inhibit 

the F691L mutated version.70  

 An important issue facing medicinal chemists when it comes to designing 

inhibitors is the fact that target proteins donôt always contain well defined or deep 

pockets that can be targeted with a traditional therapeutic.106 The BCL-2 anti-apoptotic 

proteins contain a PPI site that is devoid of deep pockets and reactive residues making 

these proteins a challenge to design inhibitors for.106 Additionally, certain proteins like the 

proteosome were thought to be undruggable before the invention of bortezomib due to 
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the size of the POI.101 In total, covalent inhibitors give medicinal chemists a wide range 

of targets because of the ability to target previously ñundruggableò targets. 

 Finally, covalent inhibitors grant medicinal chemist flexibility when designing 

covalent inhibitors due to the increase in affinity from the formation of a covalent bond. 

This increase in affinity means that more drugs can be created with heightened ñdrug-

likenessò because affinity is no longer dependent on big lipophilic motifs to interact with 

troublesome POI.96,106 Properties like molecular weight can be lowered without 

sacrificing affinity to the POI, solubility can also be increased due to this reduction in 

size, and metabolic stability can be increased without the need of linking groups. 

3.3 Heterobifunctional Targeted Protein Degradation 

An emerging strategy for protein inhibition is the invention of compoundôs that degrade a 

POI rather than simply inhibiting via non-covalent interactions.107 Protein degradation is 

heterobifunctional in design wherein a POI ligand is grafted to another ligand that 

triggers the degradation of the protein.107 This approach has been implemented in 

targeting proteins that are difficult to inhibit via small molecule therapeutics.108 Proteins 

that have large and smooth binding sites, such as the BCL-2 anti-apoptotic proteins 

discussed earlier, are one case in which protein degraders could be effective. This is 

because protein degraders inhibit targets via ñevent-driven pharmacologyò which is the 

concept that an inhibitor only has to interact with a protein for a certain amount of time 

before the degradation process can occur.109 This means that a POI ligand with a lower 

affinity to the target can be utilized and the degradation process can still occur.109 Another 

advantage of this design is the catalytic mechanism of action with these compounds.107-109 

Once the POI is fully degraded, the protein degrader is free to bind to other copies of the 
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POI which initiates a cascade of degradation.107-109 This means that less overall drug load 

can be administered compared to traditional non-covalent inhibitors which could lower 

adverse side effects and increase patient compliance.107 

3.3.1 Hydrophobic Tagging Molecules 

One design for targeted protein degraders is the synthesis of small-molecule hydrophobic 

tagging degraders (Figure 3.3.1.1).110 These consist of a POI ligand linked to a 

hydrophobic fragment, which could range in size from a single substituted hexane ring up 

to multiple aromatic rings.110 Once the POI ligand interacts with the POI, two 

mechanisms can occur that lead to protein degradation. One mechanism is the 

recruitment of Hsp70 or the 20S proteasome directly to the POI which initiates protein 

degradation.110 The other mechanism involves the hydrophobic fragment destabilizing the 

POI due to the large lipophilic interactions present in the degrader.110 Once destabilized, 

chaperone proteins are recruited that shuttle the damaged protein to the proteasome for 

degradation.110 
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Figure 3.3.1.1: Mechanism of hydrophobic tagging molecules. POI ligand is linked to a 

hydrophobic tag and two distinct events can occur that lead to protein degradation. One 

scenario involves the hydrophobic tag recruiting chaperone proteins that shuttle the POI 

to the proteasome for degradation. The hydrophobic tag can also destabilize the POI, 

which also recruits chaperone proteins and leads to proteasome mediated degradation. 

After both cases, the hydrophobic degrader is free to bind to more POI. 

Created in Biorender.com 

 

3.3.2 Proteolysis-Targeting Chimera (PROTAC) Protein Degraders 

Another design for protein degraders is the synthesis of PROTACs which are comprised 

of a POI ligand linked to a E3 ligase ligand (Figure 3.3.2.1).111 PROTACs work by 

exploiting the ubiquitin-proteasome system of the cell in which simultaneous binding to a 

POI interest and an E3 ligase ligand will initiate polyubiquitination and protein 

degradation.111 This initiation occurs when a ternary complex between the POI, 

PROTAC, and E3 ligase is formed after which solvent exposed lysine residues are 
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polyubiquitinated. Once the POI is tagged, chaperone proteins guide the tagged protein to 

the proteasome where the protein is degraded.111 

 

Figure 3.3.2.1: Mechanism of PROTAC protein degraders. PROTACs bind 

simultaneously to a POI and E3 Ligase protein to form a ternary complex. Once this 

complex is formed, the POI surface lysine residues are polyubiquitinated and shuttled to 

the proteasome for degradation. PROTACs are catalytic during this process and are free 

to bind to additional POI. 

Created in Biorender.com 

 

3.3.2.1 Craig Crews and the Invention of PROTACs 

Over 20 years ago, the Crews lab demonstrated that they could utilize the ubiquitinï

proteasome system to target MetAP-2.112 They chose MetAP-2 because high expression 

of the proteins has been linked to tumorigenesis in human colorectal cancer tissues and 

colon cancer.112 For the E3 ligase, Crews decided to utilize the SCFɓ-TRCP because 

MetAP-2 is not known to be ubiquitinated by any SCF complex.112 Crews decided to use 

IəBŬ phosphopeptide as their POI ligand and ovalicin as the E3 ligase ligand due to both 

being potent recruiters and inhibitors respectively.112 Their final PROTAC-1 (Figure 
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3.3.2.1.1) demonstrated the ability to form a ternary complex with SCFɓ-TRCP and MetAP-

2 which ultimately resulted in MetAP-2 degradation in a PROTAC-1 dependent 

manner.112 

 

Figure 3.3.2.1.1: Structure of PROTAC-1 

 

3.3.2.2 Ternary Complex and Hook Effect 

An important step for the event driven pharmacology that governs protein degraders 

activity is the formation of a ternary complex.113 This complex is formed when the 

heterobifunctional protein degrader engages with the POI and the secondary degrader 

protein simultaneously to initiate protein destruction.113 Studies focused on evaluating the 

ternary complex are increasing and what has been discovered is that formation is highly 

dependent on the two targets, their overall abundance, and their wildtype function within 

the cell.114 One topic that is not fully understood with this technology is related to the 

cooperative effect between the two POI.113 Different proteins can either have a 

cooperative effect that stabilizes the overall ternary complex, but there are cases where 

the two proteins repel each other when they are forced to interact.113 While there have 
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been examples of increased cooperation leading to a decrease in the efficiency of event 

occurrence, the prevailing thought is that increasing cooperativity between the two 

proteins leads to an increase in therapeutic efficacy.113 

Another important concept to consider when designing and testing PROTACs is 

the hook effect (Figure 3.3.2.2.1).115 When an inhibitor works via an event-driven 

pharmacology that requires the compound to be bound to two independent proteins and 

form a ternary complex, the concentration of said inhibitor can impact testing.115 Plotting 

the concentration of compound versus ternary complex formation produces a bell curve, 

with the highest concentration of compound resulting in a scenario where all targets are 

saturated with compound via monovalent inhibition. This effect has been observed in 

multiple in vitro testing experiments with PROTACs and has resulted in lower efficacy at 

high dosing.116,117 Ultimately this means that clinical parameters of novel PROTACs, 

such as dosing, require additional studies to avoid safety concerns and progress these 

compounds through clinical trials. 
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Figure 3.3.2.2.1: Graphical depiction of the Hook Effect. A compound concentration of 

zero results in no POI or E3 Ligase being bound (bottom left). Fully saturated compound 

concentration results in monovalent binding of POI and E3 Ligases preventing ternary 

complex formation and no POI is degraded (bottom right). At an ideal concentration of 

PROTAC molecules, ternary complex formation is maximized, and POI degradation 

occurs more favorably (top of bell curve). 

Created in Biorender.com 

 

3.3.2.3 Ubiquitin-proteasome system (UPS) 

The UPS system withing cells is the main method of protein degradation in which 

multiple proteins and complex work together to clear the cell of undesirable proteins to 

maintain cellular homeostasis.118 When a protein is unfolded or damaged, it is 

polyubiquitinated by the E1, E2, and E3 proteins which are responsible for the activation, 
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conjugation, and ligation of the ubiquitin chain to the desired protein.118 This 

polyubiquitin chain is recognized by the 26S proteasome, which is a large protein 

complex of about 2.5 MDa.118 When a protein bearing the polyubiquitin chain is brought 

near the proteasome, the macromolecule cleaves peptide bonds that hold the protein 

together and results in oligopeptides ranging from 3-15 amino acids after which these 

oligopeptides strands are further hydrolyzed into amino acids (Figure 3.3.2.3.1).118 

 

Figure 3.3.2.3.1: Protein degradation via the UPS. A protein is ubiquitinated by the E1, 

E2, and E3 ubiquitin proteins. The ubiquitin chain acts as a tag for degradation by the 

proteasome, resulting in breakdown of the protein into amino acids and recycling of the 

ubiquitin chain. 

Created in Biorender.com 

 

3.3.2.4 E3 Ligases 

A critical part of the protein degradation mechanism are the E3 ligases which are 

responsible for polyubiquitinating proteins.119,120 E3 proteins are the most diverse of the 

ubiquitinating proteins with over 500 known E3 ligases.119,120 However, only a handful of 

E3 ligases are utilized when creating protein degraders which include CRBN and VHL 

due to the previous knowledge on their structural information, cellular abundance, and 

natural cooperation with other proteins.121 Additionally, most of the well-known E3 ligase 

ligands developed target these E3 ligases.121 For example, CRBN is often recruited 
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because it is recognized as being able to degrade a large number of proteins and the 

amount of ligands that target CRBN are numerous.121 In a similar manner VHL is 

commonly targeted and has demonstrated the ability to degrade a wide range of 

proteins.121 However, VHL is essential for survival in multiple cell lines tested, unlike 

CRBN.122 Currently, there is a push to develop more E3 ligase ligands to increase the 

variety that medicinal chemists can utilize. 

 

3.3.2.5 E3 Ligase Ligands 

As stated before, E3 ligase ligands are responsible for binding to the E3 ligase proteins 

and can be linked to POI ligands thereby forming a ternary complex and ultimately 

polyubiquitinating the POI which leads to degradation. Of the E3 ligase ligands currently 

used, the two most popular ligands are thalidomide and VHL-1 ligand (Figure 

3.3.2.5.1).123,124 Both thalidomide and VHL-1 ligand are strong, specific binders that have 

been validated for their intended targets and have well-characterized binding modes.123,124 

Additionally, these compounds have favorable drug-likeness stemming from their low 

molecular weights, high solubility, and low reactivity. Both thalidomide and VHL-1 

contain grafting sites or can be easily modified to graft on linkers for the conversion into 

a protein degrader.123,124 The prominent concern with using these compounds is due to an 

increased resistance observed as these compounds become more commonly used.123,124 

Towards combatting this, novel E3 ligase ligand development is a growing field to 

diversity protein degradation design. 
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Figure 3.3.2.5.1: Structures of VHL-1 Ligand and Thalidomide 

 

3.3.2.6 Linking Groups 

As with polypharmacological drug design, linker design is important for the creation of a 

successful protein degrader. Like polypharmacological inhibitors, early designs of protein 

degraders relied on linkers comprised of alkyl chains or PEG linkers due to their 

malleable nature which offered an avenue to test optimal linker lengths.125 However, 

these flexible chains raise concerns related to overall solubility and metabolic stability of 

the final protein degrader.125 Recently there has been a shift towards using more rigid 

linkers using piperidine and piperazine motifs as these have demonstrated their ability to 

stabilize ternary complex formation.125 While more work has gone into predicting 

optimal linker lengths, this area of protein degradation design has remained empirical in 

nature. 

 

3.3.2.7 Ibrutinib Recovery via Conversion into a Protein Degrader 

Another advantage of PROTAC design is the ability to be robust against point mutations 

that are a common resistance mechanism employed by cancers. One key example comes 

from the FDA-approved BTK inhibitor ibrutinib to treat resistant NHL.126 NHL develops 

from BTK overactivation that promotes BCR malignancies.127 In response to this, 
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ibrutinib was developed as a potent inhibitor for BTK with an IC50 of 0.5 nM and was 

approved in 2013.104  However, multiple lymphomas develop resistance to the inhibitor 

via a C481S point mutation in BTK which increases the IC50 of ibrutinib to ~1 mM.
127 To 

combat this, the Crews lab converted ibrutinib into a PROTAC, compound P13I (Figure 

3.3.2.7.1), by grafting off a secondary amine to attach the linker which was further 

modified to include thalidomide which is a well characterized E3 ligase ligand against 

cereblon.127 The authors demonstrated that their PROTAC was able to degrade both WT 

BTK as well as C491S BTK with high efficacy.127 

 

Figure 3.3.2.7.1: Structure of P13I  
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Chapter 4: Scaffold hopping from indoles to indazoles yields dual 

MCL-1/BCL-2 inhibitors from MCL-1 selective leads 

4.1 Introduction 

The BCL-2 family of proteins comprises pro-apoptotic members and anti-apoptotic 

counterparts that interact together to regulate apoptosis.21 In a plethora of cancers, the 

anti-apoptotic proteins, which include BCL-2, BCL-xL and MCL-1, are upregulated, and 

directly contribute to the development and progression of the cancer.128,131 In addition, 

MCL-1 overexpression has been associated with resistance to conventional 

chemotherapies.31 The primary interaction between the pro- and anti-apoptotic members 

is described by an a-helical BH3 ñdeathò domain on the former that is sequestered by a 

hydrophobic BH3-binding groove on the latter. Key contacts within this proteinïprotein 

interaction are hydrophobic side chains projected from one face of the a-helix that nestle 

into sub-pockets labelled p1 through p4 in the hydrophobic groove, as well as a salt 

bridge through a conserved aspartate on the opposing face of the helix.21,4 The 

development of small-molecules that mimic the BH3 a-helix as a strategy to re-activate 

apoptosis has been an active area of research for over 20 years.4,133 

Several of the earlier small-molecule BCL-2 antagonists, such as TW-37, are pan-BCL-2 

inhibitors, binding BCL-2, BCL-xL and MCL-1 with similar affinities, a consequence of 

the highly conserved BH3-binding grooves on their surfaces.4 However, in the last 

decade or so, selective inhibitors have emerged, such as the BCL-2 inhibitor venetoclax 

(VEN).7 In fact, VEN has received FDA approval for acute myeloid leukemia (as well as 

chronic lymphocytic leukemia and small lymphocytic leukemia) in combination with a 
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hypomethylating agent, such as azacytidine, or low-dose cytarable,134, 135 although 

resistance to these treatments soon emerges,136 commonly due to to MCL-1 (or BCL-xL) 

upregulation129, 137ï140 (as well as to mutations in BCL-2 (in CLL)141). 

Accordingly, this has fuelled research into the development of MCL-1 inhibitors,30142 

and, in the last few years, multiple academic laboratories and pharmaceutical companies 

have achieved subnanomolar, selective inhibitors of MCL-1,132, 40, 34, 143 culminating in 

clinical trials for several chemotypes. Alarmingly, however, at least three of these trials 

have been suspended or terminated for safety reasons.144 There is a double-edged sword 

here because MCL-1 upregulation is the most common mechanism of resistance to 

VEN,129, 137ï140 several cell types depend on MCL-1 function for survival, including 

hematopoietic stem cells,145 cardiomyoctes50 and hepatocytes;146 MCL-1 knockout in 

mice is embryonic lethal.147 Inspired by the synergism observed in combination studies 

with a BCL-2 inhibitor and an MCL-1 inhibitor,148 we hypothesize that (less potent) 

inhibitors of MCL-1 that are equipped to also recognize BCL-2 but not BCL-xL (to avoid 

thrombocytopenia) may provide the balanced platform needed  

4.2 Results and Discussion 

The discovery of novel chemotypes in drug discovery is crucial to increasing the 

probability of a drug successfully advancing through clinical trials.149 An expedited 

strategy towards this goal is ñscaffold hoppingò in which the scaffold of an existing 

inhibitor is modified to generate a new chemotype.150 Fesikôs laboratory, Abbvie and 

AstraZeneca have all experienced much success with the indole-2-carboxylic acid 

scaffold, in which the critical p2-binding moiety is grafted adjacent to the carboxylic acid 

that forms an essential salt bridge with Arg263.[10, p. 59], 143, 37 One of Fesikôs earliest 
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lead compounds (1) demonstrates nanomolar inhibition of MCL-1 (Ki = 55 nM), sub-

micromolar inhibition of BCL-2 (Ki = 0.87 ɛM) and is inactive against BCL-xL (Ki > 15 

ɛM).37 We, therefore, considered this was a promising starting point towards the 

discovery of dual MCL-1/BCL-2 inhibitors. The benzimidazole and indazole scaffolds 

provide excellent alternative scaffolds to the benchmark indole core and permit the 

preservation of the 1,2 relationship of the p2-binding group and the carboxylic acid 

(Figure 4.2.1), although it is acknowledged that the proposed indazole core itself may 

bind differently given the displaced benzene ring component of the bicycle. 

 

Figure 4.2.1: Scaffold hopping from indoles to benzimidazoles and indazoles. 

 

We prepared the indole-based MCL-1 inhibitor 1,37 as a positive control, and the 

corresponding benzimidazole 2 and 2,3-substituted indazole 3. (Full synthetic procedures 

for the syntheses of 2 and 3 are provided in the Supporting Information.) The non-

chlorinated benzimidazole was used to avoid ambiguity in the position of the chlorine 

atom upon alkylation of the benzimidazole nucleus. The control indole 1 performed as 

expected, confirming the functionality of our fluorescence polarization competition assay 

(FPCA).151ï157 Unfortunately, the benzimidazole and the indazole elicited negligible 
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inhibition of MCL-1. At this stage, we elected to pursue only the indazole scaffold, since 

the benzimidazole scaffold exhibited significant polarity (TLC) which may compromise 

binding in the hydrophobic cleft, although this may be further investigated in the future. 

First, we shortened the three-carbon linker between the indazole core and the p2-binding 

3,5-dimethyl-4-chlorophenyl moiety (4), but this also did not restore binding affinity. 

Next, we used a more rigid benzyl linker (5), which provided some recovery in inhibition 

of MCL-1 (Ki = 2.36 ɛM) relative to the parent indole 1. Since the synthesis of N2-

substituted indazole 5 also yielded the corresponding N1 isomer in the same pot, we 

evaluated compound 6 as well, which performed comparably to 5. Lastly, shifting the 

chlorine from the 5- to the 6-position (7) resulted in a marginal increase in binding 

affinity (Ki = 1.76 ɛM).  

Since the synthesis of 5 was much higher yielding than that of 6 and 7, we decided to 

move forward with compound 5. With a new chemotype confirmed for MCL-1 inhibition, 

we also evaluated 5 against BCL-2 and BCL-xL. Pleasingly, 5 inhibited BCL-2 in the 

single-digit micromolar range (Ki = 1.48 ɛM) yet was inactive against BCL-xL (Ki > 10 

ɛM), reflecting the relative BCL-2/BCL-xL affinities of the original lead 1.37 In a follow-

up publication to their seminal work on the discovery of MCL-1 inhibitors, Fesikôs 

laboratory elaborated their indole-2-carboxylic acids by converting the acid functional 

group into acylsulfonamides that retains the acidity of the parent group but also enables 

the inhibitors to occupy more of the hydrophobic BH3-binding groove by probing into 

the p4 pocket.39 In this way, they were able to substantially improve MCL-1 binding 

affinities while simultaneously preserving selectivity for MCL-1 over BCL-xL. No 

binding data for BCL-2 was provided. We were curious to learn if the likewise 
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transformation of our indazole acids into indazole acylsulfonamides would also improve 

MCL-1 binding affinities and retain selectivity for MCL-1 over BCL-xL but also 

improve, or at the very least retain, binding affinities to BCL-2. 
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Table 4.2.1: Binding affinities of initial ñscaffold-hoppingò MCL-1 inhibitors. 
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Accordingly, we prepared acylsulfonamide analogues of acid 5 (Scheme 1) in which the 

sulfonamide fragment was inspired by the corresponding fragment in VEN. Briefly, 5-

chloroisatin (8) was transformed into 5-chloroindazole-3-carboxylic acid (9) as described 

previously,158 and was advanced to the next step without purification: thionyl chloride-

mediated esterification of crude acid 9 yielded methyl ester 10. Alkylation of the indazole 

functional group can produce differing amounts of the N1- and the N2-alkylated products 

depending on the reaction conditions.159 We employed direct alkylation conditions of the 

benzylic bromide 5-(4-(bromomethyl)phenoxy)-2-chloro-1,3-dimethylbenzene with 

K2CO3 in DMF at RT, which produced an approximate 1:1 separable mixture of the N1 

and N2 products. The distribution of products could be tipped in favour of N2 (in a 2:1) 

ratio by adjusting the conditions to a Mitsunobu reaction with the corresponding alcohol 

(see Experimental Section for full details), and it is known that direct alkylation with an 

alkyl halide versus alkylation by the Mitsunobu reaction can afford different product 

distributions with tautomeric heterocycles.160-163 
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Figure 4.2.2: (a) NaOH(aq), 45 ÁC, 30 min; (ii) NaNO2(aq), 10 min, 0 ÁC H2SO4, 30 

min; (iii) SnCl2, c.HCl, 0 ÁC Ÿ RT, 16 h; (b) SOCl2, MeOH, reflux; (c) HOCH2C6H4O-

(4-Cl-3,5-diMe)-Ph, DIAD, PPh3, THF, RT (yields a 2:1 ratio of 11:12); (d) LiOHĀH2O, 

THF/MeOH/H2O, 3:1:1, rt; (e) R
2SO2NH2 (13), EDCI, DIPEA, DMAP, CH2Cl2, rt. 

 

Previously, N1- and N2-substituted methyl indazole-3-carboxylates were distinguished 

based on their polarities and NMR spectra: the N2 isomers are less polar and the protons 

on the carbon directly attached to the indazole nitrogen are more downfield by around 

0.5ppm, presumably due to the deshielding effect of the adjacent ester functional group. 

We also observed clear differences in polarity for the two isomers 11 and 12. In Figure 

4.2.3, the less polar isomer (Rf = 0.59 (hexanes/ethyl acetate, 2:1, versus Rf = 0.43 for 

the more polar product) whose NMR spectrum is shown in panel A, also exhibited a more 

deshielded benzylic CH2 group by 0.39ppm (as did the ortho-phenyl protons). Thus, we 

assigned the less polar product as the N2-alkylated isomer 11 and the more polar product 

as the N1-alkylated isomer 12. Saponifications of 11 and 12 yielded carboxylic acids 5 

and 6, respectively. Subsequently, acylation of sulfonamides 13a-13r with acid 5 

furnished the target N2-substituted indazole-3-acylsulfonamides 14a-14r. 
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Figure 4.2.3: 1H NMR spectra of the isomers (A) 11 and (B) 12. Structures assigned 

based on TLC polarities (11: Rf = 0.59; 12: Rf = 0.43 (hexanes/ethyl acetate, 2:1)) and 

ŭH values of the benzylic methylenes. 

 

Once again, we employed the established FPCA to determine inhibitory activities of our 

acylsulfonamides, and the data are shown in Table 4.2.2 (ABT-737 and S63845 are dual 

BCL-2/BCL-xL and selective MCL-1 inhibitors, respectively). Pleasingly, we observed 

an improvement in MCL-1 inhibition over parent acid 5 by up to 2-fold with 

acylsulfonamide 14g proving the most potent MCL-1 inhibitor (Ki = 1.12 ɛM vs 2.36 

ɛM) for the corresponding carboxylic acid), although with such a small improvement in 

affinity, it is difficult to draw any specific conclusions about the contributions of the 

functionalized amino group on the nitroarene ring. More interestingly, these 

acylsulfonamides also proved effective inhibitors of BCL-2 with 14h the best compound 

A

B
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(Ki = 0.46 ɛM). Generally, the acylsulfonamides were more potent inhibitors of BCL-2 

than MCL-1 by up to 3-fold. In every case, the binding affinities to BCL-xL were 

several-fold worse, and often >10 ɛM. The most potent dual MCL-1/BCL-2 inhibitor was 

14a with Ki values of 1.20 ɛM and 0.51 ɛM for MCL-1 and BCL-2, respectively, and a 

Ki >10ɛM for BCL-xL. Switching the relative positions of the nitro and amino-

substituents had little impact on binding affinities. 

 

Table 4.2.2: Binding affinities of N2-substituted-indazole-3-acylsulfonamides to MCL-1, 

BCL-2 and BCL-xL. NA = no activity. 
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Molecular modelling of compound 14c using SILCS methodology157 (see Supporting 

Information) was conducted by Dr. Wenbo Yu and provided predicted binding modes 

with MCL-1 and BCL-2, and reported LGFEs of -8.5 and -9.3 kcal/mol, respectively, 

which is in agreement with the relative experimental binding affinities. As shown in 

Figure 4.2.4A, 14c binds somewhat similarly to acylsulfonamide 49 from reference 39, 

with the 3,5-dichloro-4-methylphenyl substituents probing deep into the p2 pockets, the 

acylsulfonamide substituents being projected into the p4 pockets, and the acidic 

acylsulfonamide itself binding Arg263. However, in stark contrast, the indazole core of 

14c is forced out of the binding pocket adopted by the indole core of 49, and this may 

account for the reduced binding affinity of 14c to MCL-1 (Kd: 1.61 ɛM vs 361 nM). 

Figure 4.2.4B illustrates the binding mode of 14c in BCL-2 overlaid with that of VEN. 

While the larger molecule VEN clearly makes greater interactions and extends deeper 

into the p4 pocket, 14c appears to engage the p2 and p4 pockets, like VEN, as well as 

form a salt bridge between its acylsulfonamide and Arg146. In both proteins, 14c is 

predicted to make contacts with both the p2 and p4 pockets, but with MCL-1, the 

indazole core is forced away from the protein surface, while with BCL-2, the indazole 

core binds towards the p1 pocket. Given the predicted binding modes are significantly 

different, concomitant optimization of binding to both MCL-1 and BCL-2 may prove 

challenging, therefore It is crucial that co-crystal structures are solved to determine the 

specific binding modes of our lead compounds, and this information will aid in the design 

of next generation dual MCL-1/BCL-2 inhibitors. 
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Figure 4.2.4: SILCS-MC predicted binding poses (carbons in cyan) of compound 14c 

with (A) MCL-1 and (B) BCL-2. Crystal orientations (carbons in pink) of compound 

MCL-1 inhibitor 49 from Ref 39 (PDB:5FDO) and BCL-2 inhibitor VEN (PDB:6O0K) are 

overlaid in (A) and (B), respectively. SILCS FragMaps for apolar, H-bond acceptor and 

negatively charged types are shown in green, red, and orange meshes, respectively, and 

rendered at a LGFE level of -1.2 kcal/mol. 

 

4.3 Conclusions 

While this work was in progress, 1-substituted 3-acylsulfonamide indazoles were 

reported as selective MCL-1 inhibitors (although there was no discussion of 

regioselectivities, we have analyzed their NMR data and we believe these are consistent 

with their reported identities as the N1-regioisomers).164 It will be important to ascertain 

if the ability of our analogous 2-substituted 3-acylsulfonamide indazoles to recognize 

both MCL-1 and BCL-2 is due to the different substitution pattern, the p2-binding groups 

or a combination of both. In this regard, we are engaged in further exploring different p2-

binding groups (including from the N1 position) as well as substitutions off the benzene 

ring component of the indazole scaffold. Additional future work will focus on attempts to 

solve crystal structures of our best compounds with both proteins to help drive the design 

of next generation compounds. In conclusion, by scaffold hopping from an indole core to 

an indazole we have transformed MCL-1 selective inhibitors into dual MCL-1/BCL-2 
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inhibitors. This finding is significant because the BCL-2 selective inhibitor VEN provides 

a median survival of about only 18 months primarily due to the upregulation of MCL-

1.129, 131, 136 A dual MCL-1/BCL-2 inhibitor may prove an essential weapon in the anti-

cancer artillery. 

4.4 Methods 

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 ÕL. During the 

competition assay, a fluorescently labeled Bak-BH3 peptide (FITC-Ahx 

GQVGRQLAIIGDDINR-CONH2, hereafter ñFITC-Bakò, where FITC = fluorescein 

isocyanate; Ahx = 6-aminohexanoyl linker) was competed off of either MCL-1172-327, 

BCL-X 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-Bakôs 
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Kdôs 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 

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. 

SILCS-Molecular Simulations 

The Site-Identification by Ligand Competitive Saturation (SILCS) approach, as used in 

our previous MCL-1 study21, was conducted by Dr. Wenbo Yu and was used to predict 

docking poses and contributions to the binding affinities of the synthesized compounds 

for MCL-1. The SILCS FragMaps were previously generated from SILCS GCMC-MD 

simulations 128 conducted using the crystal structure of MCL- 1 (PDB entry 4HW3)129. 

SILCS simulations for BCL-2 were performed using the crystal structure PDB entry 

6O0K. For MCL-1, the molecular structures of all compounds were prepared using MOE 

(Chemical Computing Group) and aligned with the crystal binding mode of compound 1 
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(PDB: 4HW2) for compounds 5 and 6 and with the crystal binding mode of compound 49 

from Fesikôs work on a series of 14 compounds (PDB ID: 5FDO)130. For BCL-2, 

molecular structures of all compounds were aligned with the crystal binding mode of 

compound Venetoclax (PDB:6O0K). Exhaustive SILCS-MC docking studies were 

performed from the aligned compound structures using SILCS FragMaps. The 

computational details about SILCS and SILCS-MC setups can be found in our previous 

work 128. 

Figure 4.4.1A shows the predicted binding mode of compound 5 aligned with the crystal 

binding mode of Fesikôs compound 1. The SILCS FragMaps capture important functional 

group contributions to the binding of compound 1 including the hydrophobic moieties as 

indicated by the apolar green meshes and the carboxylate group as shown by the negative 

orange meshes, as described previously 21. Compound 5, with the indole in 1 being 

replaced by indazole, is predicted to adopt a similar binding orientation as 1, with the 4-

Cl-3,5-diMe-phenyl being deeply inserted into the P2 pocket. The linker between the bi-

cyclic ring and halogenated phenyl is changed from a propyl in 1 to a phenyl ring in 

compound 5, but still presents a very similar binding orientation. The carboxylate groups 

in both 1 and 5 occupy the P2 pocket entrance and form ionic interactions with near-by 

R263 residue. However, since the carboxylate group in compound 5 is at the 3 position of 

indazole while is at the 2 position of the indole in 1, the binding orientation of the 

indazole ring in compound 5 is turned away from that of the compound 1 indole ring. 

This is suggested to explain why Fesikôs compound 1 has higher affinity than our 

compound 5. 
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The arrangement of the carboxylate (2 position) and (4-Cl-3,5-diMe-phenoxy)propyl (3 

position) groups around the indole ring (Figure 4.4.1A) allows the indole ring to be fully 

accommodated by the hydrophobic environment at P2 pocket as indicated by the 

favorable apolar FragMaps (green meshes). However, for compound 5, the arrangement 

of carboxylate (3 position) and the (4-Cl- 3,5-diMe-phenoxy)-phenyl (2 position) on the 

indazole ring, though still allowing the carboxylate and (4-Cl-3,5-diMe-phenoxy)phenyl 

groups to fully occupy the desired regions, lead to the indazole ring being rotated 90ę 

from the indole binding mode, and thus is less favorably accommodated by the pocket 

(off the favorable region as indicated by the apolar FragMaps. 
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Figure 4.4.1: Predicted MCL-1 binding poses (carbons in cyan) of compound 5 (A) and 

14c (B) by SILCS-MC. Crystal orientation (carbons in pink) of compound 1 (PDB 

ID:4HW2) and compound 49 from Ref 129 (PDB:5FDO) are overlaid on 5 and 14c, 

respectively. SILCS FragMaps for apolar, H- bond acceptor and negatively charged types 

are shown in green, red, and orange meshes, respectively, and rendered at a GFE level of 

-1.2 kcal/mol. 

 

To quantitatively describe the differences between Fesik compound 1 and 5, the LGFE 

scores and the GFE contributions for different functional groups to the total LGFE of the 

compounds are shown in Table 4.4.1. The predicted binding affinities based on the LGFE 
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scores captures the more favorable binding of compound 1 (Ki = 0.25 ɛM) as compared 

to compound 5 (Ki = 2.36 ɛM). GFE contributions from the di-Me-4-Cl-phenyl, the ester 

oxygen, the linker and the carboxylate groups are very similar for both 1 and 5. The 

difference in binding is due to the GFE contribution from the bi-cyclic ring with the 

indole ring in compound 1 making a more favorable contribution than the indazole ring in 

5. Such analyses will facilitate future design of MCL-1 compounds. For example, 

swapping the substituent positions of carboxylate and (4-Cl-3,5-diMe-phenoxy) phenyl 

groups on the indazole ring might allow the resulting benzimidazole ring to bind in a 

similar way as the indole ring in compound 1 and let the entire compound benefit from 

this orientation for binding. 

 

Table 4.4.1: LGFE scores and GFE contributions (kcal/mol) from different functional 

groups to the overall predicted binding affinities of compound 1 and 5 to MCL-1. 
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The predicted binding mode of one of our acylsulfonamides compound, 14c, aligned with 

the crystal binding mode of one Fesikôs acylsulfonamide compound 49 is shown in 

Figure 4.4.1B 130. The overall similar binding orientations are evident. The core part of 

compound 14c retains a similar binding orientation as with compound 5 with the acyl-

sulfonamide group of 14c occupying the position of the acid group in compound 5 as 

designed. The morpholine group occupies the MCL-1 P4 pocket as indicated by the 

apolar FragMaps. Such an additional occupancy of P4 pocket helps to improve the 

binding of the 14 series of compounds over compound 5. However, the binding 

improvement (Ki is 1.61 ɛM for compound 14c compared to 2.32 ɛM for 5) is not that 

promising given the number of additional functional groups being added. 

 

Table 4.4.2: LGFE scores and GFE contributions (kcal/mol) from different functional 

groups to the overall predicted binding affinities of compound 5 and 14c to MCL-1. 
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To understand the relatively small change in the overall binding functional group GFE 

analysis was performed (Table 4.4.2). The overall predicted binding affinity based on 

LGFE captures the favored binding of compound 14c compared to 5. The GFE 

contribution from the additional functional groups in compound 14c targeting the P4 

pocket do yield very favorable binding contributions (group 3 and 4 together). However, 

the acyl-sulfonamide group in compound 14c which replaces the acid group in compound 

5, contributes a slightly smaller binding benefit as compared to the acid group, and the P2 

pocket core part (group 1) in compound 14c also offsets the contribution from the 

additional functional groups designed to target the P4 pocket. Clearly, acyl-sulfonamide 

group designed to retain the acceptor role of the acid group in compound 5 while 

enabling linking to additional groups to access the P4 pocket binding, does not fully 

maximize the benefits from the additional groups to the binding. Similar data are 

observed for other 14 series compounds as listed in the Supplementary Information Table 

4.4.1. This observationon our designed compounds is consistent with Fesikôs acyl-

sulfonamide designs. One acyl-sulfonamide design from their study 130, compound 50, 

which has exactly the same P2 pocket part with the original acid compound 1, but with 

acyl-sulfonamide-phenyl group to replace the acid group, has a measured Ki of 91 nM, 

compared to the 55 nM measured Ki for compound 1, which indicates the acyl-

sulfonamide group does not retain the same level of affinity benefit as the acid group. 

Thus, based on the SILCS GFE analyses, this suggests that to further efficiently extend 

the scaffold to utilize the P4 pocket, additional functional groups that extend from the 

acyl- sulfonamide group need to be carefully optimized to maintain the binding 
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contribution of the P2 pocket core part as well as the acyl-sulfonamide group. An 

alternative is to keep the carboxylate group while extending the molecule from other 

positions in the current scaffold. This approach actually was explored in work from 

Souers et al 131. In that work, compound 5 is similar to the Fesikôs compound 1 with the 

di-Me-4-Cl-phenyl ring replaced by naphthalene and the 6-Cl being absent. And to 

further utilize the P4 pocket, instead of altering the carboxylate group, they introduced 

substituent at the 1 and 7 positions on the indole ring and extend the scaffold from there 

to design a series of compounds to utilize the P4 pocket. One compound 30b (Ki = 0.43 

nM) showed a thousand-fold binding affinity increase compared to the compound 5 (Ki = 

0.34 ɛM). 

Table 4.4.3: LGFE scores and GFE contributions (kcal/mol) from different functional 

groups to the overall predicted binding affinities of compound 14c to MCL-1 and BCL-2. 
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Figure 4.4.2: Predicted binding poses (carbons in cyan) of compound 5 (A) and 14c (B) 

by SILCS- MC targeting BCL-2. Crystal orientation (carbons in pink) of compound 

venetoclax (PDB:6O0K) is overlaid on 5 and 14c. SILCS FragMaps for apolar, H-bond 

acceptor and negatively charged types are shown in green, red, and orange meshes, 

respectively, and rendered at a GFE level of -1.2 kcal/mol. 

 

The designed compounds were also found to be active toward BCL-2. Figure 4.4.2 

shows the predicted binding modes of compound 5 and 14c to BCL-2. The binding 

orientations of both compound 5 and 14c are similar to the crystal binding mode of 
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venetoclax with the di-Me-4-Cl- phenyl bound in the BCL-2 P2 pocket, carboxylate or 

acyl-sulfonamide bound near residue R105 and morpholine group in compound 14c 

bound to the P4 pocket. Table 4.4.3 lists the LGFE and GFE contributions for compound 

14c targeting MCL-1 and BCL-2. Data for other synthesized compounds are listed in 

Table 4.4.4 and Table 4.4.5. Predicted binding affinities in terms of LGFE capture the 

favorable binding to BCL-2 over MCL-1 for studied compounds. For compound 14c, the 

GFE contributions indicate the more affinity gain on BCL-2 over MCL-1 was brought by 

the nitrophenyl and morphiline groups. And for other compounds as shown in Table 4.4.4  

and Table 4.4.5, binding of the nitrophenyl group is more favorable targeting BCL-2 than 

MCL-1 in general. This is consistent with the observed apolar FragMaps overlaid on the 

nitrophenyl group as shown in Figure 4.4.2 for BCL-2, while MCL-1 lack of such 

binding patterns at this position as shown in Figure 4.4.1. 

As a conclusion, the predicted docking poses using the SILCS FragMaps along with the 

GFE analyses helps to explain the experimental binding observations on MCL-1 and 

BCL-2 and shed insights on how to further optimize our scaffold to maximize its binding 

to MCL-1. 
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Table 4.4.4: GFE contributions (kcal/mol) from different functional groups in 14 series of 

compounds to the predicted LGFE scores for MCL-1. 
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Table 4.4.5: GFE contributions (kcal/mol) from different functional groups in 14 series of 

compounds to the predicted LGFE scores for BCL-2. 

 

4.5 Experimental Procedures 

General Procedure 1: Synthesis of functionalized sulfonamides (13aï13r): Either 4-

fluoro-3- nitrobenzenesulfonamide or 3-fluoro-4-nitrobenzenesulfonamide (1 eq.) was 

placed in a reaction flask and solubilized in DMF (0.1 M). Selected amines (1.1 eq.) and 
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K2CO3 (2.0 eq.) were added to the reaction mixture. The reaction was stirred at RT for 16 

h. Reaction completion was monitored via TLC (CH2Cl2/MeOH/NH4OH, 92:7:1). Upon 

completion, the reaction was partitioned between EtOAc and brine. The organic layer 

was washed five times with brine to remove the DMF and excess amine. The organic 

layer was then collected, dried with Na2SO4, filtered and concentrated to produce the 

desired functionalized sulfonamides that needed no further purification. 

General Procedure 2: Sulfonamide coupling of N-alkylated indazole carboxylic acids:  

An N- alkylated indazole (1 eq.) was dissolved in anhydrous DMF (0.1 M). DIPEA (1 

eq.), DMAP (0.5 eq.) and EDCI (1.2 eq.) were then added. The reaction was stirred at RT 

for 10 min before the addition of the appropriate sulfonamide (13aï13r; 1.1 eq.). The 

reaction was stirred at RT for 16 

h. Completion of the reaction was monitored via TLC (CH2Cl2/MeOH/NH4OH, 92:7:1). 

The reaction was partitioned between EtOAc and brine, then the organic layer was 

washed 5 times with brine, collected, dried with Na2SO4, filtered and concentrated. The 

crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/NH4OH, 92:7:1. 

General Procedure 3: Esterfication of carboxylic acids: The carboxylic acid (1 eq.) was 

dissolved in MeOH (0.1 M) at 0 ÜC. SOCl2 (3 eq.) was slowly added to the reaction, and 

then it was stirred at 65  for 16 h. Completion of the reaction was monitored via TLC 

(CH2Cl2/MeOH/CH3COOH, 92:7:1). The reaction was concentrated, then partitioned 

between EtOAc and sat. NaHCO3. The organic layer was collected, dried with Na2SO4, 

filtered and concentrated to yield the target methyl ester. 
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General Procedure 4: N-Alkylation of the heterocyclic cores: A heterocyclic core (1 eq.) 

was added to a reaction flask, followed by the addition of DMF (0.1 M). The desired 

alkyl bromide (1.1 eq.) and K2CO3 (2 eq.) were then added to the reaction mixture. The 

reaction was stirred for at a given temperature for 16 h. Completion of the reaction was 

monitored via TLC (hexanes/EtOAc, 2:1). The reaction mixture was partitioned between 

EtOAc and brine. The organic layer was washed 5 times with brine, collected, dried with 

Na2SO4, filtered and concentrated. The crude material was adsorbed onto silica gel and 

purified via flash column chromatography eluting with a gradient of EtOAc in hexanes. 

General Procedure 5: Saponification of methyl esters: A methyl ester (1 eq.) was 

dissolved in a 3:1 mixture of THF/MeOH (0.1 M). H2O was then added (0.2 M) followed 

by the addition of NaOH (3.0 eq). The reaction was stirred at RT for 16h. Completion of 

the reaction was monitored via TLC (CH2Cl2/MeOH/CH3COOH, 92:7:1). The reaction 

mixture was partitioned between EtOAc and 1 M HCl. The organic layer was collected, 

dried with Na2SO4, filtered and concentrated to yield the target acid that did not require 

further purification. 

1-(3-(4-Chloro-3,5-dimethylphenoxy)propyl)-1H-benzo[d]imidazole-2-carboxylic acid 

(2). 1H- Benzo[d]imidazole-2-carboxylic acid was esterified on a 3.08 mmol scale 

according to General Procedure 3 to deliver methyl 1H-benzo[d]imidazole-2-carboxylate 

as a viscous oil (521 mg, 96%): 1H NMR (400 MHz, d6-DMSO) ŭ = 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). Subsequently, this ester (2.04 mmol scale) was treated with 5-(3-

bromopropoxy)-2-chloro-1,3-dimethylbenzene according to General Procedure 4, heating 

the reaction at 45 ÜC for 16 h. After flash column chromatography, methyl 1-(3-(4-chloro-
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3,5-dimethylphenoxy)propyl)-1H-benzo[d]imidazole-2- carboxylate (the less polar of the 

two products) was yielded as a viscous oil (530 mg, 70%): 1H NMR (400 MHz, CDCl3) 

ŭ = 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) ŭ = 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. Methyl 1-(3-(4-chloro-3,5-

dimethylphenoxy)propyl)- 1H-benzo[d]imidazole-2-carboxylate was saponified on a 1.29 

mmol scale according to General Procedure 5 to deliver 1-(3-(4-chloro-3,5-

dimethylphenoxy)propyl)-1H-benzo[d]imidazole-2- carboxylic acid (3) as an off-white 

solid (439 mg, 95%): 1H NMR (400 MHz, d6-DMSO) ŭ = 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) ŭ = 161.3, 147.1, 

141.6, 137.2, 136.6, 131.1, 130.8, 130.3, 120.5, 119.8 (2), 118.2, 70.1, 48.9, 33.4, 25.6. 

5-Chloro-2-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-2H-indazole-3-carboxylic acid 

(3). A solution of methyl 5-chloroindazole-3-carboxylate (10; 400 mg, 2.27 mmol, 1 eq) 

in anhydrous THF (15 mL) was treated with 3-(4-chloro-3,5-dimethylphenoxy)propan-1-

ol (487 mg, 2.27 mmol, 1 eq), PPh3 (715 mg, 2.72 mmol, 1.2 eq) and DIAD (540 mL, 

2.72 mmol, 1.2 eq). The reaction was stirred at RT for 16 h. Flash column 

chromatography was performed using a gradient hexanes/ethyl acetate to yield methyl 5-

chloro-2-(3-(4-chloro-3,5- dimethylphenoxy)propyl)-2H-indazole-3-carboxylate as the 

major product: (570 mg, 67%): 1H NMR (400 MHz, CDCl3) ŭ = 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). Subsequently, the material was subjected to General 
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Procedure 5 on a 1.35 mmol scale to deliver the title carboxylic acid (3) as a white solid 

(469 mg, 88%): 1H NMR (400 MHz, d6-DMSO) ŭ = 13.2 (s, 1H), 8.02 (s, 1H), 7.82 (d, J 

= 8.4 Hz, 1H), 7.44 (d, J = 8.8 Hz, 1H), 6.62 (s, 2H), 4.64 (t, J = 6.8 Hz, 2H), 3.92 (t, J = 

5.6 Hz, 2H), 2.29-2.22 (m, 8H); 13C NMR (400 MHz, DMSO) ŭ = 163.0, 156.2, 139.2, 

136.4, 134.5, 127.6, 126.9, 125.1, 123.8, 120.2, 114.7, 112.6, 64.8, 46.2, 28.8, 20.4.  

5-Chloro-2-(2-(4-chloro-3,5-dimethylphenoxy)ethyl)-2H-indazole-3-carboxylic acid (4): 

Methyl 5- chloroindazole-3-carboxylate (10; 2.37 mmol) and 5-(2-bromoethoxy)-2-

chloro-1,3- dimethylbenzene were reacted together according to General Procedure 4 at 

RT. Flash column chromatography was performed using a gradient hexanes/ethyl acetate 

to yield methyl 5-chloro- 2-(3-(4-chloro-3,5-dimethylphenoxy)ethyl)-2H-indazole-3-

carboxylate (the less polar of the two products) as a viscous oil (367 mg, 39%): 1H NMR 

(400 MHz, CDCl3) ŭ = 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). 

Subsequently, the material was subjected to General Procedure 5 on a 0.559 mmol scale 

to deliver the title carboxylic acid (4) as a white solid (188 mg, 89%): 1H NMR (400 

MHz, d6-DMSO) ŭ = 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); 13C NMR (400 

MHz, CDCl3) ŭ = 165.8, 161.1, 150.3, 141.7 (2), 134.4, 132.4 (2), 130.5, 128.6, 125.3, 

119.9, 71.8, 57.1, 25.5.  

5-Chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-2H-indazole-3-carboxylic acid 

(5): Methyl 5-chloroindazole-3-carboxylate (2.09 g, 7.95 mmol, 1 eq) in anhydrous THF 

(40 mL) was treated with 4-(4-chloro-3,5-dimethylphenoxy)phenyl)methanol (1.40 g, 

7.95 mmol, 1 eq), PPh3 (2.50 g, 9.55 mmol, 1.2 eq) and DIAD (1.88 mL, 9.55 mmol, 1.2 
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eq). The reaction was stirred at RT for 16 h. Flash column chromatography was 

performed using a gradient hexanes/ethyl acetate to yield methyl 5-chloro-2-(4-(4-chloro-

3,5-dimethylphenoxy)benzyl)-2H-indazole-3-carboxylate (11) as a viscous oil (2.18 g, 

65%): Rf 0.59 (Hex/EtOAc, 2:1); 1H NMR (400 MHz, CDCl3) ŭ = 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); 13C NMR (400 MHz, CDCl3) ŭ = 

160.3, 157.3, 154.4, 145.9, 137.7, 131.2, 130.7, 129.7, 127.9, 124.0, 120.4, 119.9, 119.0, 

118.5 (2), 56.1, 52.2, 21.7, 20.8. Isomer 12 (methyl 5-chloro-1-(4-(4-chloro-3,5- 

dimethylphenoxy)benzyl)-1H-indazole-3-carboxylate) was also isolated during this 

purification: Rf 0.43 (Hex/EtOAc, 2:1): 1H NMR (400 MHz, CDCl3) ŭ = 8.24 (s, 1H), 

7.34 (d, J = 2.8 Hz, 2H), 7.20 (d, J = 8.4, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.72 (s, 1H), 5.67 

(s, 2H), 4.07 (s, 3H), 2.33 (s, 6H);13C NMR (400 MHz, CDCl3) ŭ = 162.6, 157.5, 154.2, 

138.9, 137.8, 134.5, 129.8, 129.4, 128.9 (2), 127.9, 124.9, 121.6, 119.1, 118.7, 111.2, 

53.8, 52.3, 20.9. Subsequently, ester 11 was subjected to General Procedure 5 to deliver 

the title carboxylic acid (5) as a white solid (yield = 92%): 1H NMR (400 MHz, d6-

DMSO) ŭ = 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);13C NMR 

(400 MHz, CDCl3) ŭ = 165.7, 161.6, 159.4, 150.5, 142.6, 136.7, 134.8 (2), 133.5, 132.5, 

129.5, 128.7, 125.4, 124.2, 123.5 (2), 60.3, 25.5. Finally, ester 12 was likewise saponified 

to deliver 5-chloro-1-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-1H-indazole-3- 

carboxylic acid (6) as a white solid: 1H NMR (400 MHz, DMSO) ŭ = 13.3 (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, 
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CDCl3) ŭ = 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; HRMS-ESI: m/z found 439.0609 [M+H]+, 

C23H17Cl2N2O3 requires 439.0622.  

6-Chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-2H-indazole-3-carboxylic acid 

(7): 6- Chloro-1H-indazole-3-carboxylic acid (1.02 mmol) underwent General Procedure 

3, followed by General Procedure 4 (0.266 mmol scale) with 5-(4-

(bromomethyl)phenoxy)-2-chloro-1,3- dimethylbenzene at RT, and then the less polar 

product was subjected to General Procedure 5 (0.197 mmol scale) to yield the title 

compound (7) as a white solid (77 mg, 92%): 1H NMR (400 MHz, d6-DMSO) ŭ = 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); 13C NMR (400 MHz, DMSO) ŭ = 161.1, 156.8, 154.7, 

147.4, 137.9, 132.2, 131.5, 130.0, 128.7, 126.2, 125.7, 124.1, 121.9, 119.4, 118.8, 117.2, 

55.4, 20.7.  

Methyl 5-chloroindazole-3-carboxylate (10): 5-chloroisatin (8; 1.0 mmol) was added to a 

reaction flask, followed by the addition of H2O (0.1 M) and NaOH (1.1 mmol). The 

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 ÜC. 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 ÜC for 16 h. The resulting precipitate was filtered from the 

reaction mixture to deliver crude 5-chloroindazole-3-carboxylic acid (9), which was 

carried forwarded to the next reaction. Subsequently, this crude material was dissolved in 
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MeOH (0.1 M), and SOCl2 (3.0 mmol) was slowly added to the reaction. The reaction 

was stirred at 65  for 16 h. Completion of the reaction was monitored via TLC. The 

reaction was concentrated down and then partitioned between brine and ethyl acetate. The 

organic layer was collected, dried with Na2SO4, filtered and concentrated. The crude 

material was redistributed in CH2Cl2 and adsorbed to silica gel. Flash column 

chromatography was then performed to purify the desired product using a gradient of 

hexanes/ethyl acetate to yield methyl 5-chloroindazole- 3-carboxylate (10): 1H NMR 

(400 MHz, d6-DMSO) ŭ = 8.02 (s, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 9.2 Hz, 

1H), 3.91 (s, 3H); 13C NMR (400 MHz, CDCl3) ŭ = 162.8, 139.9, 135.1, 128.0, 127.6, 

123.4, 120.3, 113.5, 52.2.  

Synthesis of 4-chlorobenzenesulfonamide (13a): 4-chlorobenzenesufonyl chloride (1.0 

mmol) was dissolved in dioxane (0.1 M), and cooled to 0 ÁC. NH4OH (5.0 mmol) was 

added dropwise to the reaction. The reaction was stirred at 0 ÁC for 30 minutes. 

Completion of the reaction was monitored via TLC (hexanes/EtOAc). The reaction was 

partitioned between ethyl acetate and brine. The organic layer was collected, dried with 

Na2SO4, filtered, concentrated to deliver the title compound as a white solid (yield = 

88%). 1H and 13C spectra were consistent with the literature.25  

Synthesis of 4-morpholino-3-nitrobenzenesulfonamide (13b): Follow General Procedure 

1 using 4-fluoro-3-nitrobenzenesulfonamide and morpholine (yield = 77%): yellow solid; 

1H (400 MHz, d6-DMSO) ŭ 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, d6-

DMSO) ŭ= 152.3, 144.1, 140.2, 136.1, 129.5, 126.2, 71.0, 55.8, 51.0.  
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Synthesis of 4-((2-morpholinoethyl)amino)-3-nitrobenzenesulfonamide (13c): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-morpholinoethan-

1-amine (yield = 65%): yellow solid; 1H (400 MHz, d6-DMSO) ŭ 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, 2H), 2.64 (t, J = 6.8Hz, 2H), 2.46 (s, 4H); 13C NMR (400 MHz, d6-

DMSO) ŭ 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 (13d): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and furan-2-

ylmethanamine (yield = 73%): yellow solid; 1H (400 MHz, d6-DMSO) ŭ 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, d6-DMSO) ŭ 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 (13e): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(furan-2-yl)ethan-

1-amine (yield = 74%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 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 

(13f): Follow General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and (1-

methyl-1H- pyrazol-3-yl)methanamine (yield = 63%): yellow solid; 1H NMR (400 MHz, 

d6-DMSO) ŭ= 8.83 (t, J = 5.6 Hz, 1H), 8.51 (s, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.71 (s, 
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1H), 7.48 (s, 1H), 7.36 (s, 2H), 7.28 (d, J = 9.6 Hz, 1H), 4.53 (d, J = 6 Hz, 2H), 3.80 (s, 

3H); 13C NMR (400 MHz, d6-DMSO) ŭ 149.6, 141.5, 136.2, 133.7, 133.1, 128.2, 120.9, 

119.3 (2), 40.6 (2).  

Synthesis of 3-nitro-4-((pyridin-3-ylmethyl)amino)benzenesulfonamide (13g): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and pyridin-3-

ylmethanamine (yield = 69%): yellow solid; 1H (400M Hz, d6-DMSO) ŭ= 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) ŭ 

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 (13h): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(pyridin-3-

yl)ethan-1-amine (yield = 64%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ = 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) ŭ 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 (13i): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and pyridin-4-

ylmethanamine (yield = 58%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ = 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) ŭ 

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 (13j): Follow 

General Procedure 1 using 4-fluoro-3-nitrobenzenesulfonamide and 2-(pyridin-4-

yl)ethan-1-amine (yield = 55%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 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-morpholino-4-nitrobenzenesulfonamide (13k): Follow General Procedure 

1 using 3-fluoro-4-nitrobenzenesulfonamide and morpholine (yield = 75%): yellow solid; 

1H NMR (400 MHz, d6-DMSO) ŭ= 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) ŭ 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 (13l): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and furan-2-

ylmethanamine (yield = 70%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ = 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 (13m): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(furan-2-yl)ethan-

1-amine (yield = 78%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 8.30 (t, J = 5.4 

Hz, 1H), 8.26 (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 
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= 7.0 Hz, 2H); 13C NMR (400 MHz, d6- DMSO) ŭ 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 

(13n): Follow General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and (1-

methyl-1H- pyrazol-3-yl)methanamine (yield = 68%): yellow solid; 1H NMR (400 MHz, 

d6-DMSO) ŭ 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) ŭ 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 (13o): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and pyridin-3-

ylmethanamine (yield = 60%): yellow solid; 1H NMR (400 MHz, DMSO) ŭ 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) ŭ 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 (13p): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(pyridin-3-

yl)ethan-1-amine (yield = 64%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 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.  
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Synthesis of 4-nitro-3-((pyridin-4-ylmethyl)amino)benzenesulfonamide (13q): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and pyridin-4-

ylmethanamine (yield = 55%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 155.5, 155.0, 152.5, 149.5, 137.9, 133.1, 127.1, 125.7, 117.0, 

116.9, 50.1.  

Synthesis of 4-nitro-3-((2-(pyridin-4-yl)ethyl)amino)benzenesulfonamide (13r): Follow 

General Procedure 1 using 3-fluoro-4-nitrobenzenesulfonamide and 2-(pyridin-4-

yl)ethan-1-amine (yield = 58%): yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 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-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-

chlorophenyl)sulfonyl)- 2H-indazole-3-carboxamide (14a): Follow General Procedure 2 

with 5 and 13a. The product was purified via flash column chromatography, eluting with 

CH2Cl2/MeOH/NH4OH, 92:7:1 (yield = 55%); white solid; 1H NMR (400 MHz, d6-

DMSO) ŭ 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 (400 MHz, d6-DMSO) ŭ 156.7, 154.7, 145.5, 137.9, 136.2, 132.7, 130.3 

(2), 129.6 (2), 128.5 (2), 127.7, 127.1, 122.9, 122.1, 119.8, 119.5, 118.4, 109.5, 54.7, 

20.8; HRMS-ESI: m/z found 612.0293 [M+H]+, C29H21Cl3N3O4S requires 612.0324. 
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Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-morpholino-3- 

nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14b): Follow General Procedure 2 

with 5 and 13b. The product was purified via flash column chromatography, eluting with 

CH Cl/MeOH/NH OH, 92:7:1 (yield = 42%): yellow solid; 1H NMR (400 MHz, 

DMSO) ŭ 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) ŭ 156.5, 154.8, 146.8, 145.5, 139.5, 139.8, 

137.8, 132.9 (2), 130.4, 128.6, 127.5, 126.9, 125.8, 123.0, 122.4, 120.4, 119.7, 119.3 (2), 

118.6 (2), 66.3 (2), 51.3, 20.7; HRMS-ESI: m/z found 708.1098 [M+H]+, 

C33H28Cl2N5O7S requires 708.1092.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4- 

((morpholinoethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14c): 

Follow General Procedure 2 with 5 and 13c. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 44%): yellow 

solid; 1H NMR (400 MHz, DMSO) ŭ 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) ŭ = 163.7, 156.4, 154.8, 146.2, 145.5, 137.8, 

135.3, 133.1, 132.7, 132.0, 130.4 (2), 128.6, 127.3, 126.9, 126.1, 123.0 (2), 122.6, 119.6, 

119.2, 118.6, 114.6, 66.5, 55.6, 54.6, 53.0, 20.7; HRMS-ESI: m/z found 751.1571 

[M+H]+, C35H33Cl2N6O7S requires 751.1514.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-((furan-2- 

ylmethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14d): Follow 



 

89 
 

General Procedure 2 with 5 and 13d. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 56%): yellow 

solid; 1H NMR (400 MHz, DMSO) ŭ 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 (m, 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) ŭ 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, 124.8, 123.7, 123.0, 122.4, 119.7, 119.3, 

118.6, 118.2, 114.7, 110.9, 108.2, 54.6, 20.7; HRMS-ESI: m/z found 718.0912 [M- H]-, 

C34H26Cl2N5O7S requires 718.0935.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-((2-(furan-2- 

yl)ethyl)amino)-3-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14e): Follow 

General Procedure 2 with 5 and 13e. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 54%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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, d6-DMSO) ŭ 161.2, 156.6, 154.7, 152.7, 146.9, 145.5, 142.4 (2), 

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 (2), 107.1 (2), 55.0, 41.7, 27.3, 20.7; HRMS-ESI: m/z found 732.1071 

[M+H]+, C35H28Cl2N5O7S requires 732.1092.  

Synthesis of 5-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 



 

90 
 

(14f): Follow General Procedure 2 with 5 and 13f. The product was purified via flash 

column chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 44%): 

yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 156.5, 154.8, 146.2, 145.5, 138.4, 137.8, 135.1, 132.8, 130.3 (2), 

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, 38.9, 37.4, 20.7; HRMS-ESI: m/z found 732.1189 [M+H]+, 

C34H28Cl2N7O6S requires 732.1204.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-

((pyridin-3- ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (14g): Follow 

General Procedure 2 with 5 and 13g. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 39%): yellow 

solid; 1H NMR (400 MHz, DMSO) ŭ 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 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.64 (d, J 

= 9.6 Hz, 1H), 7.34 (m, 1H), 7.26-7.22 (m, 3H), 7.00 (d, J = 9.6 Hz, 1H), 6.85-6.83 (m, 

4H), 6.09 (s, 2H), 4.69 (d, J = 6.4 Hz, 2H), 2.28 (s, 6H); 13C NMR (400 MHz, d6-

DMSO) ŭ = 163.7, 156.5, 154.8, 148.8, 148.5, 145.9, 145.5, 137.8, 135.6, 135.1 (2), 

133.1, 133.0, 131.9, 130.4, 128.6, 127.3, 126.9, 126.1, 123.0, 122.6, 119.6, 119.3, 118.6 

(2), 114.6 (2), 54.5, 43.8, 20.7; HRMS-ESI: m/z found 731.1294 [M+H]+, 

C35H29Cl2N6O6S requires 731.1241.  
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Synthesis of 5-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 (14h): Follow 

General Procedure 2 with 5 and 13h. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 50:7:1 (yield = 35%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 168.1, 161.2, 159.6, 

153.0, 150.9, 150.8, 150.2, 144.2, 142.5 (2), 140.7, 140.1, 137.8, 137.2, 136.5, 135.1 (2), 

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; HRMS-ESI: m/z found 745.14.14 [M+H]+, C36H31Cl2N6O6S requires 745.1397. 

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-nitro-4-

((pyridin-4- ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (14i): Follow 

General Procedure 2 with 5 and 13i. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 75:14:2 (yield = 37%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 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; HRMS-ESI: m/z found 

729.1091 [M+H]+, C35H27Cl2N6O6S requires 729.1095.  
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Synthesis of 5-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 (14j): Follow 

General Procedure 2 with 5 and 13j. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 50:7:1 (yield = 39%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) 

ŭ 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 

(2), 132.2, 131.8, 131.7, 131.3, 127.8, 127.3, 124.5, 124.1, 123.3 (2), 118.5, 59.4, 47.7, 

39.0, 25.5; HRMS-ESI: m/z found 743.1244 [M+H]+, C36H29Cl2N6O6S requires 

743.1252.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-morpholino-4- 

nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14k): Follow General Procedure 2 

with 5 and 13k. The product was purified via flash column chromatography, eluting with 

CH Cl/MeOH/NH OH, 92:7:1 (yield = 57%): yellow solid; 1H NMR (400 MHz, d6-

DMSO) ŭ 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) ŭ 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 (2), 119.7, 119.4, 118.5, 66.4, 51.8, 20.7; HRMS-ESI: 

m/z found 708.1098 [M+H]+, C33H28Cl2N5O7S requires 708.1092.  
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Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-((furan-2- 

ylmethyl)amino)-4-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14l): Follow 

General Procedure 2 with 5 and 13l. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 50%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 163.8, 156.5, 154.8, 152.9, 151.5, 145.5, 144.6, 142.9 (2), 137.8, 133.1, 132.2, 

131.7, 130.2, 128.6, 127.4, 126.94, 126.9, 123.1, 122.6, 119.7, 119.3, 118.6, 114.1, 113.3, 

110.8, 108.2, 40.6, 20.7; HRMS-ESI: m/z found 720.1048 [M+H]+, C34H28Cl2N5O7S 

requires 720.1081.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((3-((2-(furan-2- 

yl)ethyl)amino)-4-nitrophenyl)sulfonyl)-2H-indazole-3-carboxamide (14m): Follow 

General Procedure 2 with 5 and 13m. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 52%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 187.3, 162.9, 156.6, 154.7, 

152.8, 145.5, 144.6, 142.3 (2), 137.8, 132.7, 132.2, 130.2, 128.6, 127.9, 127.2, 127.1, 
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122.9, 122.1, 119.9, 119.3, 118.5, 113.6 (2), 110.9, 106.9, 54.8, 41.7, 27.2, 20.7; HRMS-

ESI: m/z found 732.1071 [M+H]+, C35H28Cl2N5O7S requires 732.1092.  

Synthesis of 5-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 

(14n): Follow General Procedure 2 with 5 and 13n. The product was purified via flash 

column chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 47%): 

yellow solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 163.8, 156.5, 

152.9, 145.5, 144.6, 138.5 (2), 137.8 (2), 133.1, 131.8, 130.2, 130.0, 128.6, 127.4, 126.9 

(2), 123.1, 122.6, 119.7, 119.3, 118.6, 118.0, 113.7, 113.5, 54.6, 38.8, 37.4, 20.7; HRMS- 

ESI: m/z found 732.1189 [M+H]+, C34H28Cl2N7O6S requires 732.1204.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-

((pyridin-3- ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (14o): Follow 

General Procedure 2 with 5 and 13o. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 92:7:1 (yield = 40%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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); 13C 

NMR (400 MHz, CDCl3) ŭ = 168.5, 161.2, 159.5, 157.7, 153.6, 153.2, 150.3, 149.3, 

142.6, 140.3 (2), 139.2, 137.8, 137.1, 136.4, 135.0, 132.2, 131.7, 128.8, 128.4, 127.8, 
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127.4, 124.4, 124.1, 123.3, 118.7, 118.1, 59.4, 48.8, 25.5; HRMS-ESI: m/z found 

731.1176 [M+H]+, C35H29Cl2N6O6S requires 731.1241.  

Synthesis of 5-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 (14p): Follow 

General Procedure 2 with 5 and 13p. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 50:7:1 (yield = 38%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 168.6, 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; HRMS-ESI: 

m/z found 745.1414 [M+H]+, C36H31Cl2N6O6S requires 745.1397.  

Synthesis of 5-chloro-2-(4-(4-chloro-3,5-dimethylphenoxy)benzyl)-N-((4-nitro-3-

((pyridin-4- ylmethyl)amino)phenyl)sulfonyl)-2H-indazole-3-carboxamide (14q): Follow 

General Procedure 2 with 5 and 13q. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 75:14:2 (yield = 35%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 168.4, 161.3, 159.5, 

157. 6, 150.2, 149.8, 148.9, 142.6 (2), 137.8, 136.3, 134.9, 132.2, 131.9, 131.7, 128.9 (2), 
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127.7, 127.3, 124.5, 124.1, 123.6, 123.4, 119.1, 118.0, 59.3, 50.4, 25.5; HRMS-ESI: m/z 

found 729.1091 [M+H]+, C35H27Cl2N6O6S requires 729.1095.  

Synthesis of 5-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 (14r): Follow 

General Procedure 2 with 5 and 13r. The product was purified via flash column 

chromatography, eluting with CH Cl/MeOH/NH OH, 50:7:1 (yield = 36%): yellow 

solid; 1H NMR (400 MHz, d6-DMSO) ŭ 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) ŭ 168.1, 161.2, 159.6, 158.3, 151.1, 150.8, 150.2, 142.6 (2), 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; HRMS-ESI: m/z found 745.1414 [M+H]+, C36H31Cl2N6O6S 

requires 745.1397.  
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Chapter 5: Synthesis of FLT3 Inhibitors Through Multiple 

Molecular Strategies 

5.1 The polypharmacy combination of the BCL-2 inhibitor venetoclax (VEN) and the 

FLT3 inhibitor gilteritinib (GIL) is more active in acute myeloid leukemia cells than 

novel polypharmacologic BCL-2/FLT3 VENïGIL hybrid single-molecule inhibitors. 

5.1.1 Introduction 

Presently, most patients with acute myeloid leukemias (AMLs) are not cured, due at least 

in part to the varied molecular mechanisms and cellular heterogeneity of AML cases.165 

Further, current AML treatment regimens have unacceptable short- and long-term 

toxicities/side effects.166 Thus, it is widely held that new drugs, with greater efficacies but 

less toxicities, are urgently needed, and that targeted inhibitors may provide selective 

antileukemic efficacy with less off-target toxicity than traditional antineoplastic 

drugs.165,166 To address the multiple mechanisms of AMLs with targeted drugs, two 

prominent AML ñdriverò oncogenes ï e.g., B-cell lymphoma (BCL-2) and FMS-like 

tyrosine kinase 3 (FLT3) ï are being targeted together in patients (e.g. NCT03625505). 

BCL-2 is one of five anti-apoptotic proteins, also including BCL-xL and MCL-1, within 

the ñBCL-2 familyò that also contains multiple pro-apoptotic proteins, such as BAK, 

BAX, BIM and PUMA.3 These opposing sub-families antagonize each othersô effects 

through an intermolecular proteinïprotein interaction (PPI) between a BH3 ñdeath 

domainò on a pro-apoptotic BCL-2 family member and the BH3-binding groove on the 

surface of an anti-apoptotic BCL-2 family member. Near the turn of the last century, the 

development of inhibitors of PPIs, such as BCL-2/BAK, was unchartered territory 
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compared with the more traditional drug discovery of targeting enzyme active sites, such 

as the ATP-binding site of the FLT3 receptor tyrosine kinase (RTK).179 Devoid of any 

well-defined pockets that could be exploited by small-molecules, there was much doubt 

about whether such a feat could be accomplished by low molecular weight ligands, given 

the large, solvent-exposed and often featureless interfaces found between BCL-2/BAK 

and other PPIs.152,168 Despite this skepticism, in the early 2000s, there was intense 

research into the development of BCL-2 (and BCL-xL) inhibitors, pioneered largely by 

Stephen Fesik and colleagues at Abbvie. In an impressive feat of molecular engineering 

coupled with NMR-guided fragment screening, they first discovered the dual BCL-

2/BCL-xL inhibitor ABT-737, and its clinical counterpart ABT-263, later known as 

navitoclax, in the mid-2000s152 shortly followed by its BCL-2-selective congener ABT-

199, later known as venetoclax (VEN, 1).157 A picomolar BCL-2 inhibitor (Ki < 0.01 nM), 

VEN displaces sequestered pro-apoptotic BCL-2 proteins, including BH3-only proteins 

such as BIM and PUMA, and also the multi-domain BH1-3 pro-apoptotic BCL-2 proteins 

BAK and BAX, which (a) themselves are activated by BH3-only proteins, and (b) once 

freed, may oligomerize to cause mitochondrial outer membrane permeabilization, then a 

caspase cascade and cell death.152 

FLT3 mutations are observed in about one-third of AML cases.168 Most of these (~25% of 

all AML cases) are internal tandem duplication (ITD) mutations that promote 

dimerization of FLT3 monomers, resulting in constitutive activation of the FLT3 RTK, 

downstream cellular signaling via multiple molecular pathways, and switching on 

survival, proliferation and differentiation of cells, among other biological effects.169 In 

addition, constitutively activating tyrosine kinase domain (TKD) mutations are also 
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observed, but less commonly (~7% of all AML cases).168,169 Together, these FLT3 ITD 

and TKD mutations stimulated research into the discovery and development of FLT3 

inhibitors, which presented a different obstacle to surmount than that of BCL-2 inhibitor 

design: that is, how to selectively target the ATP-binding pocket of FLT3, which is highly 

conserved across the hundreds of kinases.170 Nevertheless, fierce medicinal chemistry 

research programs produced several potent and highly selective FLT3 inhibitors.171,52 

Type I FLT3 inhibitors bind the ATP-binding site of both the active and inactive 

conformations of FLT3, and are effective against both FLT3-ITD and FLT3-TKD 

mutations. Type II inhibitors bind a hydrophobic region adjacent to the ATP-binding site 

that is accessible only in the monomeric form of FLT3; consequently Type II inhibitors 

stabilize the protein in this inactive form. Since many TKD mutations favour the active 

form, this imparts resistance to Type II inhibitors, with the result that Type II inhibitors 

are effective against only FLT3-ITD mutations.168,171,52 Since the majority of RTK 

inhibitors (RTKiôs) are competitive with ATP, absolute selectivity is highly challenging, 

and most RTKiôs bind strongly to one or more tyrosine kinase (TK) in addition to the 

desired target. Gilteritinib (GIL, 2) is a highly potent Type I FLT3 inhibitor (IC50 = 0.29 

nM), which also potently inhibits the TK AXL (IC50 = 0.73 nM). GIL has received FDA 

approval for AML as part of a ñ7 + 3" induction regimen (i.e. in combination with the 

standard AML regimen of cytarabine plus an anthracycline) or in combination with high-

dose cytarabine (another standard AML treatment).64 Other FLT3iôs that have been 

approved for clinical treatment of AML include midostaurin (Type I) and quizartinib 

(Type II).171,52 
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VEN, in combination with decitabine, azacitidine, or low-dose cytarabine, has been 

approved for the treatment of adults with newly diagnosed AML who are ineligible for 

intensive standard chemotherapy regimens based on age >75 years or other clinical 

features predicting severe toxic side effects with standard AML chemotherapy 

regimens.172 VEN is also being investigated in hundreds of clinical trials for leukemias 

and other cancers, especially in combinations.173 A primary mechanism of resistance to 

VEN is via cellular overexpression of the anti-apoptotic BCL-2 family protein MCL-1, 

which, functionally similarly to BCL-2ôs mechanism of action in cancers, sequesters pro-

death BCL-2 proteins, such as BIM and BAX. Zhu et al. demonstrated synergy between 

VEN and GIL in FLT3-ITD AML cells.174 Similar findings have been reported by Brinton 

and colleagues,175  and this phenomenon is due, in part, to FLT3i-induced downregulation 

of MCL-1 via the ERK pathway, which bolsters the antileukemic effect of VEN. Further, 

a recently-completed phase 1b clinical trial (NCT03625505) of VEN + GIL in patients 

with relapsed/refractory AML reported impressive response rates. 
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Figure 5.1.1.1: A. Structures of the BCL-2 inhibitor VEN (1) and the FLT3 inhibitor GIL 

(2), solvent-exposed tetrahydropyran and piperazine motifs, respectively, highlighted in 

red; B. Co-crystal structures of (left) 1  (green) bound to BCL-2 (PDB ID: 6O0p189) and 

(right) 2 (cyan) bound to FLT3 (PDB ID: 6jqr), Connolly-surfaces coloured by atom 

type), rendered in PyMOL. 

 

As previously indicated, given the disparate molecular mechanisms of AML cases, 

clinical treatment regimens comprise combinations of drugs, or ñdrug cocktails,ò also 

called ñpolypharmacy.ò Polypharmacology instead involves the development of single 

drugs designed to inhibit two or more target proteins, which may be accomplished by 

linking together ligands for multiple protein targets, or by merging several ligands 

together, and has been promoted as hypothetically superior to the corresponding 

combination of drugs from which the polypharmacological agent was derived. Potential 

benefits of polypharmacology are the guaranteed (barring destructive metabolism) co-

delivery of both ligands to a specific cell, which might maximize synergies of inhibiting 

both targets, and increased patient compliance due to simplified dosing regimens.176 On 
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the other hand, advantages of polypharmacy include the ability to manipulate patient 

dosing of each drug individually, that the single-target inhibitors are generally smaller 

molecules with superior bioavailabilities, and that polypharmacy may be preferred when 

the two biological targets are localized to different cellular compartments. Herein, we 

describe our discovery of polypharmacologic VENïGIL hybrid molecules, and explore 

their inhibition of AML cell lines, as compared to to the combination of VEN + GIL. 

5.1.2 Design Rationale 

As part of our long-standing interest in targeting the BCL-2 family of proteins,152,183 

coupled with potential advantages of polypharmacology,184,187 we hypothesized that dual 

BCL-2/FLT3 inhibitors created by tethering VEN to GIL would be more potent in vitro 

than either of the parent drugs alone. However, since FLT3 is located on the extracellular 

surface of the cell, whilst BCL-2 is located within the cell, we did not anticipate that our 

dual inhibitors would outperform the combination of the parent drugs in vitro, since 

simultaneous occupation of both these targets by a single molecule is not feasible, unless 

transient inhibition of FLT3 extracellularly by the polypharmacologic agent en route to 

BCL-2 within the cell is adequate to downregulate MCL-1 and/or activate BIM.174,175 

Rather, the greatest benefit of a polypharmacology strategy in this particular context, may 

not be observed until clinical evaluation, to assess factors such as potential improved 

patient compliance with the polypharmacology approach. Although there is precedent for 

dual FLT3 inhibitors,188 those molecules encompass a single ligand that recognizes both 

targets, whereas our strategy involves the linking of two individual ligands into a single 

molecule. Moreoever, to the best of our knowledge, there are no known dual BCL-

2/FLT3 inhibitors reported in the literature. Inspection of the co-crystal structures of (a) 
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VEN with BCL-2 (PDB ID: 6O0p189), and (b) GIL with FLT3 (PDB ID: 6jqr) revealed in 

both cases that there are solvent-exposed domains of each inhibitor (VEN: 

tetrahydropyran; GIL: piperazine; highlighted in red) that might provide grafting points 

where the tethered molecule might have a minimally deleterious impact on target protein 

binding affinity (Figure 5.1.1.1). To our knowledge, there is no co-crystal structure of 

GIL bound to AXL, but we reasoned that, given its highly polar nature, GILôs piperazine 

motif is likely solvent-exposed in the AXL-GIL binary complex. Accordingly, we 

designed the potential polypharmacological compounds 3ï5 (Figure 5.1.2.1). While it is 

recognized that the solvent-exposed piperazine of GIL likely promotes GILôs solubility, 

given the high molecular weights (MWs) of these hybrid molecules, e.g., MW of 4 = 

1418 Da, in parallel, we deleted the piperazinyl motif completely in our dual inhibitors, 

to produce hybrid molecules 6ï8 (Figure 5.1.2.1) with lower MWs [e.g., 7 = 1334 Da]. 

The syntheses of VEN and GIL have been reported elsewhere190,191 and we needed to 

make only minor adjustments to those synthetic protocols to synthesize appropriate 

starting compounds for synthesis of our polypharmacologic hybrid compounds.  
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Figure 5.1.2.1: Dual BCL-2/FLT3 target molecules 3-8, designed through tethering the 

BCL-2 inhibitor VEN (1) and the FLT3 inhibitor GIL (2) through their solvent-exposed 

tetrahydropyran and piperazine motifs, respectively. 

5.1.3 Results and Discussion 

Briefly, our synthetic strategy involved substituting the tetrahydropyranyl motif of the 

sulfonamide portion of VEN with various linkers, using modifications of the chemistry 

previously reported for the synthesis of VEN190 to arrive at compounds 11a-11c, which 

were subsequently coupled to the commercially available acid RCO2H (12) and then 

deprotected to deliver compounds 13aï13c, respectively, which were thus primed for 

coupling to modified GIL.191  

Separately, in order to pepare dual inhibitors 3ï5, we needed to modify the structure of 

GIL by replacing the terminal 4-methylpiperazine with 4-Boc-protected piperazine. This 

modified GIL deritvative was largely synthesized following the reported protocol for GIL 

synthesis,191 beginning with an SNAr reaction with fluoronitroarene 14; the only way our 

synthetic chemistry differed from the published route is that this particular step  was 

conducted with 1-Boc-4-(piperidin-4-yl)piperazine instead of 1-methyl-4-(piperidin-4-
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yl)piperazine to yield, after multiple subsequent standard maipulations, piperazine-

terminated GIL 18, which was subsequently coupled to acids 13aï13c, to furnish the 

target dual BCL-2/FLT3 polypharmacological inhibitors 3-5, respectively. Dual inhibitors 

6-8 were synthesized analogously (Figure 5.1.3.2). 

 

Figure 5.1.3.1: (i) 1. HSO3Cl, 95 ÁC, 16 h; 2.  c.NH4OH, 2-propanol, -10 ÁC, 30 min; 3. 

c.HCl, 85%;  (ii) NHYCO2W, K2CO3, DMF, RT, 16 h, 26-70%; (iii) RCO2H, DMAP, 

EDCI, DIPEA, RT,16 h, 71-85%; (iv) 4M HCl / Dioxane, CH2Cl2, RT, 6 h, 86%; (v) 

LiOHĀH O, THF:H2O (3:1), RT, 6 h; (vi) tert-butyl 4-(piperidin-4-yl)piperazine-1-

carboxylate, K2CO3, DMF, 50 ÁC, 16 h, 70%; (vii) H2, 10% Pd/C, MeOH, RT, 16 h, 90%; 

(viii) 3,5-Dichloro-6-ethylpyrazine-2-carboxamide, DIPEA, Dioxane, 110 ÁC, 16 h, 86%; 

(ix) 4-aminotetrahydropyran, DIPEA, NMP, 150ÁC, 16 h, 61; (x) TFA, CH2Cl2, RT, 2 h; 

(xi) 13a-13c, DIPEA, HATU, DMF, RT, 16 h, 41-63%. 
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Figure 5.1.3.2: (i) 4-Boc-Piperazine, K2CO3, DMF, 50 ÁC, 16 h, 95%; (ii) H2, 10% Pd/C, 

MeOH, RT, 16 h, 74%; (iii) 3,5-Dichloro-6-ethylpyrazine-2-carboxamide, DIPEA, 

Dioxane, 110 ÁC, 16 h, 80%; (iv) 4-aminotetrahydropyran, DIPEA, NMP, 150 ÁC, 16 h, 

60%; (v) TFA, CH2Cl2, RT, 2 h, 90%; (vi) 13a-13c, DIPEA, HATU, DMF, RT, 16 h, 68-

70%. 

We evaluated a representative compound from each of the above two sets of 

polypharmacological inhibitors in a cell-free competitive kinase binding assay 

(DiscoveRXôs proprietary KINOMEscanTM assay) (Table 5.1.3.1). In this assay, Kd 

values of 0.39 nM for VEN-BCL-2 and 1.5 nM for GIL-FLT3 were observed, comparable 

with literature values.157,64 Novel hybrid compounds 3 (CG-4-210) and 6 (CG-3-246) also 

bound BCL-2 potently, with Kdôs of 0.91 and 4.25 nM, respectively, confirming our 

choice of an appropriate grafting site on VEN. However, these novel hybrid compounds 

bound FLT3 much less strongly than GIL, with Kdôs of 205 and 63 nM, respectively. 

Notably, truncated 6 (CG-3-246) bound 3-fold tighter than the larger 3, although the trend 

for BCL-2 binding was in the reverse direction; therefore, we do not believe that the 

weaker FLT3-binding affinities are related to poorer solubility of the larger hybrid 
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molecules (furthermore, no precipitation was detected). Surprisingly, it appears that the 

solvent-exposed 1-methylpiperazine of GIL was not an optimal grafting point for 

preparing hybrid polypharmcologic inhibitors. 

 

Table 5.1.3.1: Binding of novel hybrid compounds 3 and 6 to BCL-2 and FLT3 under 

cell-free conditions, using DiscoveRxôs KINOMEscanTM assay. NB: For further 

information, see Experimental Section; NT = not tested. 

 

Next, our polypharmacologic hybrid VEN-GIL compounds were tested using a cell 

metabolic/viability assay (ThermoFisherôs alamarBlueTM) against the MV4;11 and 

MOLM14 human AML cell lines, which each express high levels of both BCL-2 and 

FLT3 proteins (Table 5.1.3.2).192,193 Additionally, we evaluated our compounds against 

VEN-resistant MV4;11 BCL-2 over-expressing (OE) cells, a cell line that we engineered 

to  force elevated levels of BCL-2 protein (see Experimental Section), and the published 

GIL-resistant mutant cell line MOLM14 F691L.193 As anticipated, VEN or GIL (alone) 

each potently inhibited wild type (WT) MV4;11 and MOLM14 cells, consistent with the 

literature.192,193 In comparison, VEN alone was over 25-fold less effective against the 

VEN-resistant MV4;11 BCL-2 OE cells, and GIL alone was 5-fold less effective against 

the GIL-resistant MOLM14 F691L cells.193 The ñcocktailò polypharmacy of VEN + GIL 

3 (CG-4-210)

6 (CG-3-246)

Compound number

Kd (nM)

1 (VEN)

2 (GIL)

BCL-2 FLT3

0.91 Ñ 0.19205 Ñ 5

4.25 Ñ 0.7563 Ñ 3

0.39 Ñ 0.03

1.5 Ñ 0.4NT

NT
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(1:1 molar ratio) was more cytotoxic than either drug alone in all four cell lines, as 

expected. 

Consistent with our above rationale that polypharmacy would be superior to 

polypharmacology in this context, each of our novel hybrid compounds was less active 

than the cocktail of the 2 parent drugs in WT MV4;11 or WT MOLM14 cells, although 

compounds 3 and 6 were almost equipotent with VEN alone, confirming, now in cells, 

that we have identified a desirable grafting point on the VEN molecule. Hybrid 

compounds 3 (CG-4-210), 6 (CG-3-246) and 7 (CG-3-242) were more active than VEN 

in the VEN-resistant MV4;11 BCL-2 OE cells. This highlights the contribution of the 

GIL moiety in these novel hybrids, and may be due, in part, to activation of the pro-

apoptotic BH3-only proteins BIM and/or PUMA, or downregulation of MCL-1, all of 

which have been reported previously in the presence of  FLT3iôs.174,175,194 The limited 

activity of these novel VEN-GIL hybrid compounds in the WT MOLM14 cell line may 

be due to weaker binding to FLT3 (evaluated only for 3 and 6) and possibly to reduced 

cell penetration owing to their comparatively large molecular weights. Further, our hybrid 

compounds were less potent than GIL in the GIL-resistant MOLM14 F691L cells, 

although this was not unexpected since our strategy did not address GIL resistance due to 

the gatekeeper residue mutation F691L. 
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Table 5.1.3.2: Inhibitory activities (IC50) of novel VEN-GIL hybrid compounds against 

wild-type (WT) and resistant mutant AML cell lines. NB 1The combination of VEN + GIL 

was a 1:1 molar ratio, where each drug was made up to the same concentration of the 

VEN-GIL hybrid compounds. 

 

To verify that the observed drug-induced reductions in cell metabolism/viability resulted 

from apoptotic cell death, the established cellular mechanism of action of both VEN and 

GIL, flow cytometric analyses of of cell apoptosis/death were conducted for VEN-GIL 

hybrid compounds 3 (CG-4-210) and 6 (CG-3-246) in each of the above 4 AML cell 

lines. As a positive control, MV4;11 WT cells were treated with VEN + GIL (200nM 

each), which induced a potent (95.8%) decrease in % viability (defined as % AnnV-

/7AAD- cells), revealing that essentially all of these cells had entered into early 
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(AnnV+/7AAD-) or late (AnnV+/7AAD+) stages of apoptotic cell death. Treatment with 

200nM of either compound 3 (CG-4-210) or 6 (CG-3-246) alone mirrored this induction 

of apoptosis, albeit to a lesser extent (Figure 5.1.3.3A). Induction of apoptotic cell death 

by our novel VEN-GIL hybrid compounds confirms that the hybrid compounds inhibit 

AML cell lines via the established cellular mechanism of action of VEN and GIL. 

Consistent with this apoptotic mechanism of action, activity of these novel hybrid 

compounds was reduced in the VEN-resistant MV4;11 BCL-2 OE cells and the GIL-

resistant MOLM14 F691L cells (Figure 5.1.3.3B). 
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Figure 5.1.3.3:A. Apoptosic cell death of WT and resistant AML cell lines. Cells were 

incubated with either 20nM or 200nM VEN + GIL, CG-3-246, or CG-4-210 in culture for 

48 hours prior to AnnV/7AAD staining. An equi-volume DMSO-treated sample was 

plated for each cell line and used as a control to document baseline viability. (A) Flow 

cytometric dot plots of 200nM-treated WT MV4;11 cells stained with Annexin-V and 

7AAD depict the gating strategy used to delineate viable cells (green values, AnnV-

/7AAD-), early apoptotic cells (orange values, AnnV+/7AAD-), and late apoptotic cells 

(red values, AnnV+/7AAD+). Results of treatment with 20nM of each compound 

confirmed the same pattern of induction of apoptotic cell death, but in a concentration-

dependent fashion (dot plots not shown). B. Summarized % viability (i.e., % AnnV-

/7AAD- cells) of WT MV4;11, MV4;11 BCL-2 OE, WT MOLM14, and FLT3 F691L 

MOLM14 cells treated with 0, 20 or 200nM VEN. 

5.1.4 Conclusion 

In summary, we compared the inhibitory potencies of the polypharmacy combination of 

the BCL-2 inhibitor VEN plus the FLT3 inhibitor GIL against AML cell lines versus 

several novel synthesized polypharmacologic tethered VENïGIL hybrid compounds. 

While these hybrid compounds retained the potent BCL-2-binding affinity of the parent 

compound VEN, their FLT3-binding affinities were decreased relative to GIL. As an 

alternative grafting point, tethering of VEN via GILôs methoxy group, which resides at 

the entrance to FLT3ôs active site, may prove more fruitful. Nevertheless, hybrid 

compounds 3 (CG-4-210) and 6 (CG-3-246) represent potent novel antileukemic 

compounds, with an the expected apoptotic mechanism of antileukemic action, that 
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warrant further investigation towards the discovery of hybrid molecules that potently 

inhibit FLT3 as well as BCL-2. Finally, it should be reiterated that the potential benefit of 

a polypharmacological strategy wherein the grafted ligands have targets that are located 

in separate cellular compartments (or in this case, intracellularly and extracellularly), may 

be realized only in a clinical setting. 

5.1.5 Methods 

Chemistry 

All reactions were performed in oven-dried glassware under non-inert atmosphere, unless 

otherwise stated. Chemicals and solvents were used as supplied without further 

purification. 1H and 13C NMR spectra were obtained on a Varian 400 MHz or 500 MHz 

spectrometer at 298K. Chemical shifts are reported in parts per million (ppm) and are 

referenced to residual non-deuterated solvent peak (CHCl3: ŭH 7.26, ŭC 77.0; DMSO: ŭH 

2.50, ŭC 39.5). Low resolution mass spectra (LRMS) were obtained on an Advion CMS-L 

mass spectrometer using electrospray ionization. High resolution mass spectra (HRMS) 

were obtained on an Aglient 6560 mass spectrometer using electrospray ionization. All 

final compounds were lyophilized before biological evaluation. 

Cell-free binding assays 

DiscoveRxôs proprietary KINOMEscanÊ is based on a competition binding assay that 

quantitatively measures the ability of a compound to compete with an immobilized, 

active-site directed ligand. The assay is performed by combining three components: 

DNA-tagged kinase; immobilized ligand; and a test compound. The ability of the test 

compound to compete with the immobilized ligand is measured via quantitative PCR of 
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the DNA tag. For most assays, kinase-tagged T7 phage strains were prepared in an E. coli 

host derived from the BL21 strain. E. coli were grown to log-phase and infected with T7 

phage and incubated with shaking at 32ÁC until lysis. The lysates were centrifuged and 

filtered to remove cell debris. The remaining kinases were produced in HEK-293 cells 

and subsequently tagged with DNA for qPCR detection. Streptavidin-coated magnetic 

beads were treated with biotinylated small molecule ligands for 30 minutes at room 

temperature to generate affinity resins for kinase assays. The liganded beads were 

blocked with excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1% 

BSA, 0.05% Tween 20, 1 mM DTT) to remove unbound ligand and to reduce non-

specific binding. Binding reactions were assembled by combining kinases, liganded 

affinity beads, and test compounds in 1x binding buffer (20% SeaBlock, 0.17x PBS, 

0.05% Tween 20, 6 mM DTT). Test compounds were prepared as 111X stocks in 100% 

DMSO. Kds were determined using an 11-point 3-fold compound dilution series with 

three DMSO control points. All compounds for Kd measurements are distributed by 

acoustic transfer (non-contact dispensing) in 100% DMSO. The compounds were then 

diluted directly into the assays such that the final concentration of DMSO was 0.9%. All 

reactions performed in polypropylene 384-well plate. Each was a final volume of 0.02 

ml. The assay plates were incubated at room temperature with shaking for 1 hour and the 

affinity beads were washed with wash buffer (1x PBS, 0.05% Tween 20). The beads were 

then re-suspended in elution buffer (1x PBS, 0.05% Tween 20, 0.5 ɛM nonbiotinylated 

affinity ligand) and incubated at room temperature with shaking for 30 minutes. The 

kinase concentration in the eluates was measured by qPCR. 

Cell cultures 
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Pediatric acute myeloid leukemia cell lines harboring mixed-lineage-leukemia 

rearrangements were obtained from either ATCC (Manassas, VA) or DSMZ 

(Branschweig, DEU) (MOLM14, #ACC-777 DSMZ; MV4;11, #CRL-9591, ATCC). 

MOLM14 FLT3 F691L cells were a gift from Dr. Shah (UCSF). MV4;11 BCL-2 OE cells 

were generated via lentiviral transduction using a Transdux MAX kit (SBI, Cat# 

LV860A-1) following manufacturerôs guidelines.  The human BCL-2a open reading 

frame (ORF; 720bp) was amplified with gene-specific primers (BCL2aOE-2243-F: 5ô-

CTGAGAATTCATGGCGCACGCTGGGAGAACAG-3ô and BCL2aOE-2243-R: 5ô-

CTGAGGTACCTCACTTGTGGCCCAGATAGGCAC-3ô) from NB4 human leukemia 

cell cDNA by PCR, and then cloned into pMJK2243 (our control empty lentivector) 

using EcoRI and KpnI restriction enzyme sites. pMJK2243 is a bidirectional dual 

promoter lentivector including the EF1a and hUbC promoters. In the BCL-2a expression 

lentivector, the EF1a promoter drives expression of the BCL-2a ORF, whereas the hUbC 

promoter drives expression of the green fluorescence protein (GFP) and puromycin 

resistance (PuroR) genes. Lentiviruses (LVs) were generated in HEK293T cells as 

described previously.195  The BCL-2 OE LV was validated in MOLM14 cells (>95% 

GFP+ by the puromycin selection) with a 5-fold increase in BCL-2 protein levels 

compared to WT MOLM14 cells. Before proceeding with cell metabolic/viability and 

apoptosis/death assays, MV4;11 BCL-2 OE cells were cultured in puromycin-containing 

media until >95% GFP+. 

Cell lines were cultured in RPMI1640 media (Cellgro, # MDT-10-040-CV) containing 

10% fetal bovine serum (Gemini BioProducts #100-106) and passaged twice per week to 

maintain cultures in log-phase-growth. Upon receipt, cell lines were expanded and 
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multiple aliquots cryopreserved in DMSO-containing medium in the vapor phase of 

liquid nitrogen. Cryopreserved cells were genetically authenticated and confirmed to be 

mycoplasma-negative prior to cryopreservation. Cells from a given cryopreserved aliquot 

were cultured for no more than 3-4 months. 

Cell metabolic/viability assays 

Cell metabolism/viability was assessed by alamarBlue assays (Thermo Fisher, cat# 

DAL1100) according to manufacturerôs guidelines. Cells and concentrations of each 

compound were combined in culture for 48h. Cells were then incubated with alamarBlue 

reagent for a minimum of 5hr before absorbance was read using a Perkin Elmer Victor 

X3. Reads were normalized to the corresponding equimolar DMSO (vehicle) controls. 

IC50s were generated in Prism's GraphPad by modeling a non-linear fit (4-parameter, 

variable Hill-slope) against log(inhibitor) vs relative absorbance values. Top and bottom 

constraints were set to 1 and 0, respectively. 

Cell apoptosis/death assays 

2.5x105 cells were stained with Annexin V/7-aminoactinomycin D (AnnV/7AAD) 

(BioLegend, San Diego, CA # BLD-640930) per manufacturerôs guidelines, then 

assessed using either a Becton Dickinson  Canto II flow cytometer. Compensation and 

gating were performed using FlowLogic cytometry analysis software v8.7. 

Viable cell counts  

Viable cells counted using a Nexcelcom K2 cell counter (#CS2-0106) after 

manufacturerôs recommended staining protocol with acridine orange and propidium 

iodide. 
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5.1.6 Experimental Procedures 

General Procedure A: Nucleophilic aromatic substitution of Sulfonamides (11a-11c) 

To a stirring solution of 4-fluoro-3-nitrobenzenesulfonamide (1.1 eq) in DMF (0.1M), 

K2CO3 (3.0 eq) and the selected amines (1.0 eq) were added. The reaction was stirred at 

RT for 16 h. Reaction completion was monitored via TLC (CH2Cl2/MeOH/NH4OH, 

92:7:1).  Upon completion, the reaction mixture was dissolved in EtOAc and partitioned 

with water and the product was extracted with EtOAc (3x). The organic layers were 

combined and washed with 0.1M HCl, saturated NaHCO3, water (3x), and saturated 

NaCl, then dried over Na2SO4 and concentrated to dryness. The crude material was 

adsorbed onto silica gel, then purified by flash column chromatography eluting with 

CH2Cl2/MeOH/NH4OH, 92:7:1. 

General Procedure B: Sulfonamide coupling to acid 12 (13a-13c) 

To a stirring solution of the sulfonamide (11a, 11b or 11c; 1.0 eq) in CH2Cl2 (0.1M), acid 

12 (1.0 eq), DMAP (1.0 eq), EDCI (1.3 eq), and DIPEA (2.0 eq) were added. The 

reaction was stirred at RT for 16 hrs. Reaction completion was monitored via TLC 

(CH2Cl2/MeOH/AcOH, 92:7:1). Upon completion, 2.5 eq of N,N-

dimethylethylenediamine was added and the reaction was left at RT for 1 h. the reaction 

mixture was then dissolved in CH2Cl2 and partitioned with 10% aq AcOH and the 

product was extracted with CH2Cl2 (3x). The organic layers were combined and washed 

with 10% aq AcOH, 5% aq saturated NaHCO3, then dried over Na2SO4 and concentrated 

to dryness. The crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/H2O, 79:9:1 to deliver 13a, 13b or 13c. 
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General Procedure C: HATU-mediated coupling reactions (3-8) 

To a solution of the carboxylic acid (1.0 eq) in DMF (0.1M) was added DIPEA (1.1 eq) 

and HATU (1.2 eq) and stirred for 15 min. After this time, the corresponding amine (1.0 

eq) and additional 1.0 eq DIPEA per HCl / TFA salt was added, and the reaction mixture 

was stirred at RT for 16 h. Upon completion, the reaction mixture was dissolved in 

EtOAc and partitioned with saturated NaHCO3 and the product was extracted with 

EtOAc (3x). The organic layers were combined and washed with 0.1M HCl, saturated 

NaHCO3, water (3x), and saturated NaCl, then dried over Na2SO4 and concentrated to 

dryness. The crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/NH4OH, 58:7:1. 

4-fluoro-3-nitrobenzenesulfonamide (10). 2-fluoronitrobenzene (3.73 mL, 35.4 mmol, 1.0 

eq) was added to a flask to which chlorosulfonic acid (11 mL, 3.2M) was added 

dropwise. The flask was heated at  95ÁC, and stirred for 16 h. Then, the reaction mixture 

was allowed to return to room temperature. A mixture of conc. NH4OH (30 mL, 1.2M) to 

isopropanol (115 mL, 0.37M) was cooled to -10ÁC. The reaction mixture was added 

slowly to the -10ÁC flask after which the final mixture was stirred for an additional 30 

mins. Conc. HCl (10 mL, 3.5M) was added dropwise to re-acidify the solution which 

caused a yellow precipitate to form. The resulting slurry was vacuum filtered and washed 

with cold 1M HCl solution after which the solid was dried at 50ÁC in a vacuum oven 

without further purification to yield the title compound. (yellow solid, yield = 85%): 1H 

NMR (500 MHz, DMSO) ŭ = 8.53 (d, J = 7 Hz, 1H), 8.20 (d, J = 9 Hz, 1H), 7.81 (t, J = 

10 Hz, 1H), 7.72 (s, 2H); 13C NMR (400 MHz, DMSO) ŭ = 146.3, 138.8, 138.7, 129.4, 

125.4, 125.2. 
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tert-butyl (2-nitro-4-sulfamoylphenyl)glycinate (11a). Glycine tert-butyl ester 

hydrochloride was reacted on a 4.13 mmol scale according to General Procedure A to 

deliver the title compound. (yellow solid, yield = 26%): 1H NMR (400 MHz, DMSO) ŭ = 

8.71 (s, 1H), 8.52 (s, 1H), 7.87 (d, J = 9.6 Hz, 1H), 7.37 (s, 2H), 7.11 (d, J = 9.2 Hz, 1H), 

4.26 (d, J = 5.2 Hz, 2H), 1.48 (s, 9H); 13C NMR (400 MHz, DMSO) ŭ = 168.8, 146.5, 

133.1, 131.3, 130.3, 124.9, 116.5, 82.3, 45.4, 28.2. 

methyl 7-((2-nitro-4-sulfamoylphenyl)amino)heptanoate (11b). 7-amino-heptanoic acid 

methyl ester hydrochloride was reacted on a 2.73 mmol scale according to General 

Procedure A to deliver the title compound. (yellow solid, yield = 63%): 1H NMR (400 

MHz, CDCl3) ŭ = 8.72 (s, 1H), 8.38 (s, 1H), 7.91 (d, J = 8.8 Hz, 1H), 6.92 (d, J = 8.8 Hz, 

1H), 5.16 (s, 2H), 3.68 (s, 3H), 3.38 (q, J = 6.53 Hz, 2H), 2.34 (t, J = 7.6 Hz, 2H), 1.78 (t, 

J = 7 Hz, 2H), 1.67 (t, J = 7.4 Hz, 2H), 1.51-1.42 (m, 4H); 13C NMR (400 MHz, CDCl3) ŭ 

= 169.4, 142.6, 128.4, 125.6, 123.3, 122.0, 109.9, 46.8, 38.5, 29.1, 23.9, 23.8, 21.8, 19.9. 

tert-butyl 1-(2-nitro-4-sulfamoylphenyl)piperidine-4-carboxylate (11c). Tert-butyl 

piperidine-4-carboxylate hydrochloride was reacted on a 2.06 mmol scale according to 

General Procedure A to deliver the title compound. (yellow solid, yield = 70%): 1H NMR 

(400 MHz, DMSO) ŭ = 8.17 (s, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.41-7.38 (m, 3H), 3.26 (s, 

2H), 2.98 (t, J = 11.4 Hz, 2H), 2.48-2.43 (m, 1H), 1.86 (d, J = 11.2 Hz, 2H), 1.62 (q, J = 

10.7 Hz, 2H), 1.39 (s, 9H); 13C NMR (400 MHz, DMSO) ŭ = 173.7, 147.9, 138.9, 134.7, 

131.2, 124.8, 121.6, 80.3, 50.3, 40.7, 38.1, 28.1. 

tert-butyl (4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)glycinate (12a). 11a was reacted on a 0.272 mmol scale according to General 
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Procedure B to deliver the title compound. (yellow solid, yield = 83%): 1H NMR (400 

MHz, DMSO) ŭ = 11.72 (s, 1H), 11.39 (s, 1H), 8.77 (t, J = 5 Hz, 1H), 8.62 (s, 1H), 8.06 

(s, 1H), 7.88 (d, J = 9.6 Hz, 1H), 7.58 (s, 1H), 7.52-7.50 (m, 2H), 7.36 (d, J = 8 Hz, 2H), 

7.06 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 9.2 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.42 (s, 1H), 

6.20 (s, 1H), 4.23 (d, J = 5.6 Hz, 2H), 3.10 (s, 4H), 2.79 (s, 2H), 2.23 (s, 4H), 2.16 (s, 

2H), 1.97 (s, 2H), 1.47 (s, 9H), 1.40 (t, J = 5.8 Hz, 2H), 0.94 (s, 6H); 13C NMR (400 

MHz, DMSO) ŭ = 168.7, 164.3, 158.4, 155.0, 147.1, 146.9, 145.9, 142.4, 135.8, 134.4, 

132.6, 131.3, 130.5 (2), 128.5 (2), 128.1, 127.8, 120.2, 118.4, 115.9, 109.1, 100.4, 82.3, 

60.1 (2), 52.4 (2), 46.9 (3), 45.4, 35.2, 29.3, 28.4, 28.1 (2), 25.6. 

methyl 7-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)amino)heptanoate (12b). 11b was reacted on a 0.525 mmol scale according 

to General Procedure B to deliver the title compound. (yellow solid, yield = 71%): 1H 

NMR (400 MHz, DMSO) ŭ = 11.67 (s, 1H), 11.39 (s, 1H), 8.53-8.50 (m, 2H), 8.01 (s, 

1H), 7.78 (d, J = 9.2 Hz, 1H), 7.50-7.45 (m, 3H), 7.32 (d, J = 7.6 Hz, 2H), 7.02 (d, J = 8.8 

Hz, 3H), 6.65 (d, J = 9.6 Hz, 1H), 6.36 (s, 1H), 6.17 (s, 1H), 3.55 (s, 3H), 3.36-3.30 (m, 

4H), 3.05 (s, 4H), 2.72 (s, 2H), 2.28 (t, J = 7.6 Hz, 2H), 2.17-2.12 (m, 6H), 1.93 (s, 2H), 

1.59-1.49 (m, 4H), 1.39-1.30 (m, 4H), 0.90 (s, 6H); 13C NMR (400 MHz, DMSO) ŭ = 

173.8, 158.2, 155.0, 147.6, 147.1, 145.8, 142.4, 135.7, 134.4, 132.5, 131.3 (2), 130.5, 

129.9, 128.5 (2), 128.1(2), 126.3, 120.2, 118.2, 115.2, 109.2, 100.4 (2), 60.1, 52.5 (2), 

51.6, 47.0 (2), 46.8, 42.9, 40.6, 35.3, 33.6, 29.3, 28.5, 28.4, 26.4, 25.6, 24.8. 

tert-butyl 1-(4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-
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nitrophenyl)piperidine-4-carboxylate (12c). 11c was reacted on a 0.525 mmol scale 

according to General Procedure B to deliver the title compound. (yellow solid, yield = 

85%): 1H NMR (400 MHz, DMSO) ŭ = 11.69 (s, 1H), 11.26 (s, 1H), 8.24 (s, 1H), 8.02 (s, 

1H), 7.80 (d, J = 8.8 Hz, 1H), 7.50 (t, J = 9 Hz, 3H), 7.32 (d, J = 8.4 Hz, 2H), 7.2 (d, J = 

9.6 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 6.65 (d, J = 8.8 Hz, 1H), 6.39 (s, 1H), 6.17 (s, 1H), 

3.31-3.23 (m, 4H), 3.06 (s, 4H), 2.97 (t, J = 11.2 Hz, 2H), 2.76 (s, 2H), 2.48-2.43 (m, 

1H), 2.21 (s, 4H), 2.12 (s, 2H), 1.93 (s, 2H), 1.84 (d, J = 10.8 Hz, 2H), 1.60 (q, J = 11.1 

Hz, 2H), 1.39 (s, 9H), 0.90 (s, 6H); 13C NMR (400 MHz, DMSO) ŭ = 173.7, 164.6, 

158.2, 154.9, 148.5, 147.1, 145.9, 142.3, 138.0, 135.8, 132.8, 132.6, 131.3, 130.4 (2), 

128.6 (2), 128.2, 127.4, 120.8, 120.3, 118.3, 109.2, 103.0, 100.5, 80.3, 60.0, 52.4, 50.3 

(2), 46.9 (2), 40.4, 35.2 (2), 29.3, 28.4, 28.1, 28.0, 25.6.  

(4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-3,4,5,6-

tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)glycine (14a). 13a (574 mg, 0.623 mmol, 1.0 eq) was dissolved in CH2Cl2 

(0.1M). 4M HCl / Dioxane (0.1M) was added to the reaction and left stirring at RT for 6 

h. Reaction completion was monitored via TLC (CH2Cl2/MeOH/AcOH, 92:7:1). Upon 

completion, the solvent was removed under vacuum and CHCl3 was added and removed 

under vacuum to drive off Dioxane without further purification to yield the title 

compound. (yellow solid, yield = 86%): 1H NMR (400 MHz, DMSO) ŭ = 11.83 (s, 1H), 

11.69 (s, 1H), 10.79 (s, 1H), 8.78 (s, 1H), 8.57 (s, 1H), 8.06 (s, 1H), 7.83 (d, J = 9.2 Hz, 

1H), 7.61 (s, 1H), 7.51-7.48 (m, 2H), 7.37 (d, J = 7.6 Hz, 2H), 7.07 (d, J = 8.8 Hz, 2H), 

6.98 (t, J = 10.2 Hz, 1H), 6.69 (d, J = 8.8 Hz, 1H), 6.41 (s, 1H), 6.24 (s, 1H), 3.60 (d, J = 

12.8 Hz, 2H), 3.50 (s, 4H), 3.25 (t, J = 11 Hz, 4H), 2.66 (d, J = 9.2 Hz, 2H), 2.33 (s, 2H), 
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1.98 (s, 2H), 1.43-1.41 (m, 2H), 0.91 (s, 6H); 13C NMR (400 MHz, DMSO) ŭ = 170.9, 

164.0, 158.2, 154.1, 147.2, 146.7, 145.1, 141.9, 140.9, 134.8, 134.3, 132.6, 132.1, 130.2, 

128.1, 128.6, 128.0, 122.5, 120.8, 119.3, 116.1, 113.8, 109.6, 103.3, 100.7, 66.8, 58.2, 

52.7, 50.8, 47.1, 44.8, 44.7, 43.8, 34.8, 29.1, 28.3, 26.1. 

7-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-3,4,5,6-

tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)amino)heptanoic acid (14b). 13b (341 mg, 0.374 mmol, 1.0 eq) was 

dissolved in 3:1 THF:H2O (0.1M). Lithium hydroxide monohydrate (57 mg, 1.34 mmol, 

6.6 eq) was added and left stirring at RT for 6 h. Reaction completion was monitored via 

TLC CH2Cl2/MeOH/H2O, 79:9:1. Upon completion, stoichiometric amounts of 1M HCl 

was added to neutralize the reaction mixture while stirring. The reaction mixture was 

dissolved in EtOAc and partitioned with water and the product was extracted with ethyl 

acetate (3x). The organic layers were combined and washed with saturated NaH2PO4 

(2x), then dried over Na2SO4 and concentrated to dryness without further purification to 

yield the title compound. (yellow solid, yield = 95%): 1H NMR (400 MHz, DMSO) ŭ = 

11.89 (s, 1H), 11.66 (s, 1H), 11.39 (s, 1H), 8.53 (s, 1H), 8.01 (s, 1H), 7.78 (d, J = 8.4 Hz, 

1H), 7.50-7.47 (m, 3H), 7.32 (d, J = 7.6 Hz, 2H), 7.01 (d, J = 7.2 Hz, 3H), 6.65 (d, J = 8.8 

Hz, 1H), 6.36 (s, 1H), 6.17 (s, 1H), 3.31 (s, 4H), 3.04 (s, 4H), 2.72 (s, 2H), 2.18-2.12 (m, 

8H), 1.93 (s, 2H), 1.57 (s, 2H), 1.49 (s, 2H), 1.35-1.31 (m, 4H), 0.90 (s, 6H); 13C NMR 

(400 MHz, DMSO) ŭ = 174.9, 158.2, 155.0, 147.6, 147.1, 145.8, 142.4, 135.7, 134.4, 

132.5, 131.3, 130.5, 129.7, 128.5 (2), 128.1 (2), 120.2, 118.2, 115.2, 109.2, 102.9, 100.4 

(2), 60.1, 52.5 (2), 47.0 (2), 46.8, 42.9, 40.6, 35.3, 34.0, 29.3, 28.6, 28.4 (2), 26.5, 25.6, 

24.8. 



 

122 
 

1-(4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-3,4,5,6-

tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)piperidine-4-carboxylic acid (14c). 13c (500 mg, 0.532 mmol, 1.0 eq) was 

dissolved in CH2Cl2 (0.1M). Trifluoroacetic acid (0.1M) was added to the reaction and 

left stirring at RT for 2 h. Reaction completion was monitored via TLC 

(CH2Cl2/MeOH/AcOH, 92:7:1). Upon completion, the solvent was removed under 

vacuum and CHCl3 was added and removed under vacuum to drive off Dioxane without 

further purification to yield the title compound. (yellow solid, yield = 95%): 1H NMR 

(400 MHz, DMSO) ŭ = 11.78-11.73 (m, 2H), 9.34 (s, 1H), 8.30 (s, 1H), 8.08 (s, 1H), 7.87 

(d, J = 8.8 Hz, 1H), 7.60-7.54 (m, 3H), 7.42 (d, J = 8 Hz, 2H), 7.29 (d, J = 8.4 Hz, 1H), 

7.11 (d, J = 7.6 Hz, 2H), 6.74 (d, J = 7.6 Hz, 1H), 6.45 (s, 1H), 6.27 (s, 1H), 3.68 (s, 2H), 

3.60 (s, 2H), 3.31 (s, 4H), 3.04 (t, J = 10.6 Hz, 4H), 2.77 (s, 2H), 2.52 (s, 1H), 2.22 (s, 

2H), 2.04 (s, 2H), 1.92 (d, J = 11.6 Hz, 2H), 1.67 (q, J = 10.4 Hz, 2H), 1.47 (s, 2H), 0.96 

(s, 6H); 13C NMR (400 MHz, DMSO) ŭ = 176.0 (2), 164.0, 158.3, 155.8, 154.0, 148.8, 

146.7, 146.0, 137.7, 135.7 ,132.8 (2), 132.2, 130.2, 129.1, 128.3 (2), 127.8, 122.1, 120.9, 

118.6, 109.6, 103.2, 100.5, 58.4, 50.9 (2), 50.0, 47.0, 44.2, 40.6, 34.7, 29.1, 28.3, 28.0, 

25.2.  

tert-butyl 4-(1-(4-amino-2-methoxyphenyl)piperidin-4-yl)piperazine-1-carboxylate (15). 

To a stirring solution of N-Boc-piperazine (1 g, 5.37 mmol, 1.0 eq) in anhydrous THF 

(0.2M) under nitrogen gas, was added DIPEA (983 mL, 5.37 mmol, 1.0 eq), N-

benzyloxycarbonyl-4-piperidone (2.51 g, 10.7 mmol, 2eq), and NaBH(OAc)3 (3.41 g, 

16.1 mmol, 3.0 eq). The reaction was stirred at RT for 16 h. Reaction completion was 

monitored via TLC (CH2Cl2/MeOH/NH4OH, 92:7:1). Upon completion, the reaction 
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mixture was then dissolved in CH2Cl2 and partitioned with saturated NaHCO3 and the 

product was extracted with CH2Cl2 (3x). The organic layers were combined and washed 

with saturated NaHCO3, water (3x), and saturated NaCl, then dried over Na2SO4 and 

concentrated to dryness. The crude material was adsorbed onto silica gel, then purified by 

flash column chromatography eluting with CH2Cl2/MeOH/NH4OH, 192:7:1 to yield tert-

butyl 4-(1-((benzyloxy)carbonyl)piperidin-4-yl)piperazine-1-carboxylate. (light yellow 

oil, yield = 48%): 1H NMR (500 MHz, CDCl3) ŭ = 7.38-7.31 (m, 5H), 5.12 (s, 2H), 4.23 

(s, 2H), 3.42 (s, 4H), 2.79 (s, 2H), 2.49-2.40 (m, 5H), 1.86-1.79 (m, 4H), 1.46 (s, 9H); 13C 

NMR (500 MHz, CDCl3) ŭ = 155.3, 154.9, 137.0, 128.6, 128.1, 128.0, 79.8, 67.2, 62.0, 

49.1 (2), 43.6, 28.6, 28.2. LRMS (ESI) m/z [M+H]+ calcd for C22H33N3O4 = 403.25; 

found =  . Tert-butyl 4-(1-((benzyloxy)carbonyl)piperidin-4-yl)piperazine-1-carboxylate 

(1 g, 2.48 mmol, 1.0 eq) was dissolved in MeOH (30 mL, 0.75M), after which Pd(C) 

(100 mg, 10%wt) was added. The stirring solution was flushed through with hydrogen 

gas for 10 min and the reaction was stirred at RT for 16 h. Reaction completion was 

monitored via TLC (CH2Cl2/MeOH/NH4OH, 92:7:1).  Upon completion, the reaction was 

vacuum filtered through celite and washed with MeOH to separate Pd and crude product 

without further purification to yield tert-butyl 4-(piperidin-4-yl)piperazine-1-carboxylate. 

(light yellow oil, yield = 94%): 1H NMR (400 MHz, CDCl3) ŭ = 3.43 (s, 4H), 3.21 (d, J = 

12.4 Hz, 2H), 2.64 (t, J = 10.2 Hz, 2H), 2.50 (s, 4H), 2.39 (t, J = 11.4 Hz, 1H), 1.84 (d, J 

= 12 Hz, 2H), 1.55-1.46 (m, 11H); 13C NMR (400 MHz, CDCl3) ŭ = 150.0, 74.8, 56.9, 

46.8, 44.0, 40.9, 24.0, 23.7. To a stirring solution of 2-Fluoro-5-nitroanisole (347 mg, 

2.02 mmol, 1.0 eq) in DMF (15 mL, 0.14M), K2CO3 (336 mg, 2.43 mmol, 1.2 eq) and 

tert-butyl 4-(piperidin-4-yl)piperazine-1-carboxylate (600 mg, 2.23 mmol, 1.1 eq) were 
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added. The reaction was stirred at 50ÁC for 16 h. Reaction completion was monitored via 

TLC (hexanes/EtOAc). Upon completion, the reaction mixture was dissolved in EtOAc 

and partitioned with water and the product was extracted with EtOAc (3x). The organic 

layers were combined and washed with saturated NaHCO3, water (3x), and saturated 

NaCl, then dried over Na2SO4 and concentrated to dryness without further purification to 

yield tert-butyl 4-(1-(2-methoxy-4-nitrophenyl)piperidin-4-yl)piperazine-1-carboxylate. 

(yellow solid, yield = 70%): 1H NMR (500 MHz, CDCl3) ŭ = 7.84 (dd, J = 2.5, 8.5 Hz, 

1H), 7.69 (s, 1H), 6.88 (d, J = 9 Hz, 1H), 3.94 (s, 3H), 3.75 (d, J = 12 Hz, 2H), 3.44 (s, 

4H), 2.72 (t, J = 11.8 Hz, 2H), 2.54 (s, 4H), 2.47 (t, J = 11.8 Hz, 1H), 1.90 (d, J = 12.5 

Hz, 2H), 1.74 (q, J = 12.7 Hz, 2H), 1.46 (s, 9H); 13C NMR (500 MHz, CDCl3) ŭ = 154.9, 

151.3, 147.8, 142.0, 117.9, 117.0, 106.7, 79.8, 61.9, 56.1, 50.1, 49.1 (2), 28.6, 28.3. tert-

Butyl 4-(1-(2-methoxy-4-nitrophenyl)piperidin-4-yl)piperazine-1-carboxylate (600 mg, 

1.43 mmol, 1.0 eq) was dissolved in MeOH (30 mL, 0.05M), after which Pd(C) (60 mg, 

10%wt) was added. The stirring solution was flushed through with hydrogen gas for 10 

min and the reaction was stirred at RT for 16 h under a balloon of H2. Reaction 

completion was monitored via TLC (CH2Cl2/MeOH/NH4OH, 92:7:1).  Upon completion, 

the reaction was vacuum filtered through celite and washed with MeOH to separate Pd 

and crude product without further purification to yield the title compound. (light yellow 

oil, yield = 90%): 1H NMR (400 MHz, CDCl3) ŭ = 6.78 (d, J = 8.8 Hz, 1H), 6.27-6.24 

(m, 2H), 3.82 (s, 3H), 3.46-3.40 (m, 8H), 2.56-2.40 (m, 7H), 1.84-1.79 (m, 6H), 1.48 (s, 

9H); 13C NMR (400 MHz, CDCl3) ŭ = 150.0, 148.5, 137.7, 129.2, 114.5, 102.0, 95.2, 

74.8, 57.5, 50.6, 46.9, 44.1 (2), 23.7, 23.5. 
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tert-butyl 4-(1-(4-((3-carbamoyl-6-chloro-5-ethylpyrazin-2-yl)amino)-2-

methoxyphenyl)piperidin-4-yl)piperazine-1-carboxylate (16). To a stirring solution of 3,5-

Dichloro-6-ethylpyrazine-2-carboxamide (175 mg, 0.793 mmol, 1.0 eq) in Dioxane (5 

mL, 0.16M), 15 (310 mg, 0.793 mmol, 1.0 eq) and DIPEA (277 mL, 1.59 mmol, 2.0 eq) 

were added. The reaction was stirred at 110ÁC for 16 h. Reaction completion was 

monitored via TLC (CH2Cl2/MeOH/NH4OH, 192:7:1). Upon completion, the reaction 

mixture was dissolved in EtOAc and partitioned with saturated NaHCO3 and the product 

was extracted with EtOAc (3x). The organic layers were combined and washed with 

saturated NaHCO3, water (3x), and saturated NaCl, then dried over Na2SO4 and 

concentrated to dryness. The crude material was adsorbed onto silica gel, then purified by 

flash column chromatography eluting with CH2Cl2/MeOH/NH4OH, 142:7:1 to yield the 

title compound. (yellow solid, yield = 86%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.00 

(s, 1H), 8.20 (s, 1H), 8.00 (s, 1H), 7.25 (s, 1H), 7.06 (d, J = 7.2 Hz, 1H), 6.84 (d, J = 8.8 

Hz, 1H), 3.77 (s, 3H), 3.35-3.30 (m, 6H), 2.78 (q, J = 7.5 Hz, 2H), 2.48-2.44 (m, 6H), 

2.31 (s, 1H), 1.76 (d, J = 11.2 Hz, 2H), 1.53 (q, J = 10.7, 2H), 1.34 (s, 9H), 1.23 (t, J = 7.4 

Hz, 3H); 13C NMR (400 MHz, d6-DMSO) ŭ = 168.5, 154.2, 152.5, 149.7, 147.2, 141.6, 

137.8, 134.1, 125.1, 118.8, 112.3, 105.1, 79.1, 61.7, 55.8, 50.8, 49.0 (2), 28.5, 27.2, 26.6, 

12.4. 

tert-butyl 4-(1-(4-((3-carbamoyl-5-ethyl-6-((tetrahydro-2H-pyran-4-yl)amino)pyrazin-2-

yl)amino)-2-methoxyphenyl)piperidin-4-yl)piperazine-1-carboxylate (17). To a stirring 

solution of 16 (350 mg, 0.609 mmol, 1.0 eq) in NMP (5 mL, 0.12M), was added 4-

aminotetrahydropyran (252 mL, 2.44 mmol, 4.0 eq) and DIPEA (425 mL, 2.44 mmol. 4.0 

eq). The reaction was stirred at 150ÁC for 16 h. Reaction completion was monitored via 
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TLC (CH2Cl2/MeOH/NH4OH, 92:7:1). Upon completion, the reaction mixture was 

dissolved in EtOAc and partitioned with saturated NaHCO3 and the product was 

extracted with EtOAc (3x). The organic layers were combined and washed with saturated 

NaHCO3, water (3x), and saturated NaCl, then dried over Na2SO4 and concentrated to 

dryness. The crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/NH4OH, 192:7:1 to yield the title 

compound. (yellow solid, yield = 61%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.00 (s, 

1H), 7.50 (s, 1H), 7.25-7.20 (m, 2H), 7.00 (s, 1H), 6.82-6.75 (m, 2H), 4.10 (s, 1H), 3.90 

(d, J = 9.2 Hz, 2H), 3.79 (s, 3H), 3.37-3.28 (m, 6H), 2.56 (q, J = 7.3 Hz, 2H), 2.48-2.43 

(m, 6H), 2.29 (s, 1H), 1.92-1.75 (m, 6H), 1.65-1.49 (m, 4H), 1.38 (s, 9H), 1.17 (t, J = 7.6 

Hz, 3H); 13C NMR (400 MHz, d6-DMSO) ŭ = 170.1, 154.2, 152.7, 152.2, 150.6, 136.9, 

135.8, 131.9, 118.7, 112.0, 105.2, 79.1, 66.9, 61.7, 56.1, 51.0, 49.0 (2), 48.0, 32.6, 28.5 

(2), 24.6, 17.7, 11.4.  

6-ethyl-3-((3-methoxy-4-(4-(piperazin-1-yl)piperidin-1-yl)phenyl)amino)-5-((tetrahydro-

2H-pyran-4-yl)amino)pyrazine-2-carboxamide (18). 17 (170 mg, 0.305 mmol, 1.0 eq) 

was dissolved in CH2Cl2 (0.1M). Trifluoroacetic acid (0.1M) was added to the reaction 

and left stirring at RT for 2 h. Reaction completion was monitored via TLC 

(CH2Cl2/MeOH/NH4OH, 92:7:1). Upon completion, the solvent was removed under 

vacuum without further purification to afford the title compound. (yellow oil, yield = 

94%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.25 (s, 1H), 7.57 (s, 1H), 7.46 (d, J = 7.6 

Hz, 1H), 7.28 (s, 1H), 7.15-7.13 (m, 2H), 6.86 (d, J = 6.8 Hz, 1H), 4.10 (s, 1H), 3.93-3.85 

(m, 5H), 3.54 (d, J = 10.8 Hz, 2H), 3.39-3.32 (m, 10H), 3.06 (s, 2H), 2.58 (q, J = 7.3 Hz, 

2H), 2.15 (d, J = 10.4 Hz, 2H), 1.93-1.82 (m, 5H), 1.64 (q, J = 11.7 Hz, 2H), 1.18 (t, J = 7 
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Hz, 3H); 13C NMR (400 MHz, d6-DMSO) ŭ = 170.0, 159.2, 158.8, 152.6, 152.1, 150.2, 

132.8, 120.6, 117.7, 114.8, 112.4, 111.6, 104.6, 66.9, 56.6, 51.3, 48.1, 45.8, 41.4, 32.6, 

25.9, 24.7, 11.3.  

3-((4-(4-(4-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)glycyl)piperazin-1-yl)piperidin-1-yl)-3-methoxyphenyl)amino)-6-ethyl-5-

((tetrahydro-2H-pyran-4-yl)amino)pyrazine-2-carboxamide (3, CG-4-210).  13a and 18 

were reacted on a 0.0803 mmol scale according to General Procedure C to deliver the 

title compound. (yellow solid, yield = 41%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.63 

(s, 1H), 11.21 (s, 1H), 11.00 (s, 1H), 9.04 (s, 1H), 8.55 (s, 1H), 7.99 (s, 1H), 7.83 (d, J = 

7.6 Hz, 1H), 7.50-7.45 (m, 4H), 7.31 (d, J = 7.6 Hz, 2H), 7.25 (d, J = 8.8 Hz, 1H), 7.20 (s, 

1H), 7.02-7.00 (m, 4H), 6.81 (d, J = 7.6 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 6.64 (d, J = 8.8 

Hz, 1H), 6.35 (s, 1H), 6.17 (s, 1H), 4.26 (s, 2H), 4.10 (s, 1H), 3.90 (d, J = 8.4 Hz, 2H), 

3.79 (s, 3H), 3.56-3.52 (m, 4H), 3.03 (s, 6H), 2.91-2.53 (m, 10H), 2.15-2.12 (m, 8H), 

1.92 (s, 2H), 1.84-1.82 (m, 4H), 1.62-1.60 (m, 4H), 1.35 (s, 2H), 1.21-1.15 (m, 4H), 0.90 

(s, 6H); 13C NMR (400 MHz, d6-DMSO) ŭ = 170.1, 165.9, 158.1, 154.7, 152.7, 152.2, 

150.6, 146.3, 145.7, 142.5 (2), 136.7, 135.9, 135.6, 134.6 (2), 132.6, 132.0, 131.3, 130.5, 

129.7, 129.3, 128.5, 128.0, 127.5, 120.2, 118.8, 118.0, 116.3, 112.0, 109.3 (2), 105.2, 

100.4 (2), 66.9 (2), 61.8, 60.1, 56.1, 52.5, 50.9 (2), 49.0 (2), 48.0, 47.2, 46.8, 44.9, 44.4, 

35.3, 32.6, 29.3, 28.4 (2), 25.6, 24.6, 11.4; HRMS (ESI) m/z [M+H]+ calcd for 

C68H79ClN14O10S = 1348.5851; found = 1348.5840. 

3-((4-(4-(4-(7-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-

dimethyl-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-
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yl)benzoyl)sulfamoyl)-2-nitrophenyl)amino)heptanoyl)piperazin-1-yl)piperidin-1-yl)-3-

methoxyphenyl)amino)-6-ethyl-5-((tetrahydro-2H-pyran-4-yl)amino)pyrazine-2-

carboxamide (4, CG-4-209). 13b and 18 were reacted on a 0.0803 mmol scale according 

to General Procedure C to deliver the title compound. (yellow solid, yield = 58%): 1H 

NMR (400 MHz, d6-DMSO) ŭ = 11.63 (s, 1H), 11.01 (s, 1H), 8.50-8.47 (m, 2H), 7.99 (s, 

1H) 7.74 (d, J = 8.8 Hz, 1H), 7.50-7.45 (m, 4H), 7.31 (d, J = 7.6 Hz, 2H), 7.24 (d, J = 8 

Hz, 1H), 7.20 (s, 1H), 7.01-6.95 (m, 4H), 6.80-6.75 (m, 2H), 6.64 (d, J = 8.4 Hz, 1H), 

6.34 (s, 1H), 6.18 (s, 1H), 4.10 (s, 1H), 3.89 (d, J = 9.6 Hz, 2H), 3.78 (s, 3H), 3.43 (s, 

8H), 3.02 (s, 4H), 2.69 (s, 2H), 2.60-2.44 (m, 10H), 2.27 (t, J = 7 Hz, 2H), 2.14-2.10 (m, 

6H), 1.91 (s, 2H), 1.84-1.78 (m, 4H), 1.65-1.45 (m, 8H), 1.34-1.30 (m, 6H), 1.20-1.15 

(m, 4H), 0.89 (s, 6H); 13C NMR (400 MHz, d6-DMSO) ŭ = 170.9, 170.1, 157.9, 152.7, 

152.2, 150.6, 147.3, 145.7, 142.5, 136.7, 135.9, 135.6, 134.6 (2), 132.5, 131.9, 131.3, 

130.5, 129.8, 129.4, 128.5 (2), 128.0, 127.7, 120.2, 118.8 (2), 117.8, 115.0, 112.0 (2), 

109.3, 105.2, 100.3, 66.9, 61.8, 60.1, 56.1, 52.6 (2), 50.8 (2), 49.4, 49.0, 48.0, 47.2 (2), 

46.8, 45.3, 42.9, 41.3, 35.3, 32.6, 32.5, 29.3, 28.8, 28.4 (2), 26.6, 25.6, 25.1, 24.6, 11.4; 

HRMS (ESI) m/z [M+H]+ calcd for C74H92ClN15O10S = 1418.6634; found = 1418.6616. 

3-((4-(4-(4-(1-(4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-

dimethyl-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-

yl)benzoyl)sulfamoyl)-2-nitrophenyl)piperidine-4-carbonyl)piperazin-1-yl)piperidin-1-

yl)-3-methoxyphenyl)amino)-6-ethyl-5-((tetrahydro-2H-pyran-4-yl)amino)pyrazine-2-

carboxamide (5, CG-4-208). 13c and 18 were reacted on a 0.0803 mmol scale according 

to General Procedure C to deliver the title compound. (yellow solid, yield = 63%): 1H 

NMR (400 MHz, d6-DMSO) ŭ = 11.65 (s, 1H), 11.01 (s, 1H), 8.20 (s, 1H), 8.00 (1H), 
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7.75 (d, J = 8.8 Hz, 1H), 7.53-7.47 (m, 4H), 7.31 (d, J = 7.6 Hz, 2H), 7.25 (d, J = 8.8 Hz, 

1H), 7.20 (s, 1H), 7.14 (d, J = 9.2 Hz, 1H), 7.02-6.99 (m, 3H), 6.80 (d, J = 8.4 Hz, 1H), 

6.76 (d, J = 6.8 Hz, 1H), 6.64 (d, J = 8.4 Hz, 1H), 6.37 (s, 1H), 6.18 (s, 1H), 4.10 (s, 1H), 

3.9 (d, J = 8 Hz, 2H), 3.79 (s, 3H), 3.57-3.51 (m, 4H), 3.37-3.26 (m, 8H), 3.02 (s, 7H), 

2.87 (s, 1H), 2.71-2.48 (m, 7H), 2.17-2.12 (m, 6H), 1.92 (s, 2H), 1.85-1.82 (m, 4H), 1.67-

1.61 (m, 8H), 1.35 (t, J = 5.6 Hz, 2H), 1.20-1.15 (m, 4H), 0.89 (s, 6H); 13C NMR (400 

MHz, d6-DMSO) ŭ = 172.9, 170.1, 157.9, 154.5, 152.7, 152.2, 150.6, 148.1, 145.7, 142.4, 

136.6, 135.9, 135.6, 134.8, 132.7 (2), 132.0, 131.3, 130.5 (2), 129.2, 128.5 (2), 128.0, 

127.0, 120.5, 120.2, 118.8, 117.9, 112.1, 112.0, 109.3, 105.2, 103.8, 100.4, 66.9, 61.9, 

60.1, 56.1, 52.5 (2), 50.7, 50.3, 49.6, 49.0, 48.0, 47.2 (2), 46.8, 44.9, 36.5, 35.3, 32.6, 

29.3, 28.4 (2), 25.6, 24.6, 11.4; HRMS (ESI) m/z [M+H]+ calcd for C73H88ClN15O10S = 

1402.6321; found = 1402.6308. 

tert-butyl 4-(4-amino-2-methoxyphenyl)piperazine-1-carboxylate (19). To a stirring 

solution of 2-Fluoro-5-nitroanisole (1.5 g, 8.77 mmol, 1.0 eq) in DMF (30 mL, 0.3M), 

K2CO3 (1.45 g, 10.52 mmol, 1.2 eq) and N-Boc piperazine (1.80 g, 9.64 mmol, 1.1 eq) 

were added. The reaction was stirred at 50ÁC for 16 h. Reaction completion was 

monitored via TLC (hexanes/EtOAc). Upon completion, the reaction mixture was 

dissolved in EtOAc and partitioned with water and the product was extracted with EtOAc 

(3x). The organic layers were combined and washed with 0.1M HCl, saturated NaHCO3, 

water (3x), and saturated NaCl, then dried over Na2SO4 and concentrated to dryness 

without further purification to yield tert-butyl 4-(2-methoxy-4-nitrophenyl)piperazine-1-

carboxylate. (yellow solid, yield = 95%): 1H NMR (500 MHz, d6-DMSO) ŭ = 7.83 (dd, J 

= 2.5, 8.5 Hz, 1H), 7.69 (s, 1H), 7.02 (d, J = 8.5 Hz, 1H), 3.91 (s, 3H), 3.46 (s, 4H), 3.14 
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(s, 4H), 1.41 (s, 9H); 13C NMR (500 MHz, d6-DMSO) ŭ = 159.2, 156.1, 152.4, 122.9, 

122.5, 84.4, 61.4, 54.6 (2), 33.4. LRMS (ESI) m/z [M+H]+ calcd for C16H23N3O5 = 

337.2; found = 238.1 (loss of Boc group). Tert-butyl 4-(2-methoxy-4-

nitrophenyl)piperazine-1-carboxylate (400 mg, 1.19 mmol, 1.0 eq) was dissolved in 

MeOH (10 mL, 0.1M), after which Pd(C) (40 mg, 10%wt) was added. The stirring 

solution was flushed through with hydrogen gas for 10 mins and the reaction was stirred 

at RT for 16 h. Reaction completion was monitored via TLC (CH2Cl2/MeOH/NH4OH, 

92:7:1).  Upon completion, the reaction was vacuum filtered through celite and washed 

with MeOH to separate Pd and crude product. The crude material was adsorbed onto 

silica gel, then purified by flash column chromatography eluting with hexanes/EtOAc to 

afford the title compound. (black solid, yield = 74%): 1H NMR (400 MHz, CDCl3) ŭ = 

6.75 (d, J = 7.6 Hz, 1H), 6.28-6.25 (m, 2H), 3.83 (s, 3H), 3.60-3.50 (m, 6H), 2.90 (s, 4H), 

1.49 (s, 9H); 13C NMR (400 MHz, CDCl3) ŭ = 150.1, 148.6, 138.2, 128.5, 114.7, 102.0, 

95.2, 74.8, 50.6, 46.6 (2), 23.7; LRMS (ESI) m/z [M+H]+ calcd for C16H25N3O3 = 307.2; 

found = 208.0 (loss of Boc group). 

tert-butyl 4-(4-((3-carbamoyl-6-chloro-5-ethylpyrazin-2-yl)amino)-2-

methoxyphenyl)piperazine-1-carboxylate (20). To a stirring solution of 3,5-Dichloro-6-

ethylpyrazine-2-carboxamide (200 mg, 0.909 mmol, 1.0 eq) in Dioxane (5 mL, 0.2M), 19 

(279 mg, 0.909 mmol, 1.0 eq) and DIPEA (318 mL, 1.82 mmol, 2.0 eq) were added. The 

reaction was stirred at 110ÁC for 16 h. Reaction completion was monitored via TLC 

(CH2Cl2/MeOH/NH4OH, 58:7:1). Upon completion, the reaction mixture was dissolved 

in EtOAc and partitioned with saturated NaHCO3 and the product was extracted with 

EtOAc (3x). The organic layers were combined and washed with saturated NaHCO3, 
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water (3x), and saturated NaCl, then dried over Na2SO4 and concentrated to dryness. The 

crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/NH4OH, 192:7:1 to yield the title 

compound. (dark yellow solid, yield = 80%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.02 

(s, 1H), 8.20 (s, 1H), 7.98 (s, 1H), 7.27 (s, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.86 (d, J = 8.4 

Hz, 1H), 3.78 (s, 3H), 3.42 (s, 4H), 2.85 (s, 4H), 2.78 (q, J = 7.5 Hz, 2H), 1.40 (s, 9H), 

1.23 (t, J = 7.4 Hz, 3H); 13C NMR (400 MHz, d6-DMSO) ŭ = 168.5, 154.3, 152.6, 149.6, 

147.1, 141.7, 137.0, 134.6, 125.2, 119.0, 112.3, 105.1, 79.3, 55.8, 50.8, 28.5, 27.2, 26.6, 

12.4.  

tert-butyl 4-(4-((3-carbamoyl-5-ethyl-6-((tetrahydro-2H-pyran-4-yl)amino)pyrazin-2-

yl)amino)-2-methoxyphenyl)piperazine-1-carboxylate (21). To a stirring solution of 20 

(250 mg, 0.509 mmol, 1.0 eq) in NMP (5 mL, 0.1M), was added 4-aminotetrahydropyran 

(210 mL, 2.04 mmol, 4.0 eq) and DIPEA (355 mL, 2.04 mmol. 4.0 eq). The reaction was 

stirred at 150ÁC for 16 h. Reaction completion was monitored via TLC 

(CH2Cl2/MeOH/NH4OH, 92:7:1). Upon completion, the reaction mixture was dissolved 

in EtOAc and partitioned with saturated NaHCO3 and the product was extracted with 

EtOAc (3x). The organic layers were combined and washed with saturated NaHCO3, 

water (3x), and saturated NaCl, then dried over Na2SO4 and concentrated to dryness. The 

crude material was adsorbed onto silica gel, then purified by flash column 

chromatography eluting with CH2Cl2/MeOH/NH4OH, 92:7:1 to yield the title compound. 

(dark yellow solid, yield = 60%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.03 (s, 1H), 7.52 

(s, 1H), 7.29 (d, J = 8 Hz, 1H), 7.21 (s, 1H), 7.00 (s, 1H), 6.82 (d, J = 8.4 Hz, 1H), 6.77 

(d, J = 6.8 Hz, 1H), 4.10 (s, 1H), 3.90 (d, J = 9.2 Hz, 2H), 3.80 (s, 3H), 3.43-3.35 (m, 
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6H), 2.84 (s, 4H), 2.56 (d, J = 7.2 Hz, 2H), 1.83 (d, J = 10.8 Hz, 2H), 1.62 (d, J = 10 Hz, 

2H), 1.40 (s, 9H), 1.17 (t, J = 7.2 Hz, 3H); 13C NMR (400 MHz, d6-DMSO) ŭ = 170.1, 

154.3, 152.8, 152.2, 150.6, 136.3, 136.1, 132.0, 119.0, 112.1, 111.9, 105.1, 72.3, 66.9, 

56.1 (2), 51.0, 48.0, 32.6, 28.5, 24.6, 11.4.  

6-ethyl-3-((3-methoxy-4-(piperazin-1-yl)phenyl)amino)-5-((tetrahydro-2H-pyran-4-

yl)amino)pyrazine-2-carboxamide (22). 21 (170 mg, 0.305 mmol, 1.0 eq) was dissolved 

in CH2Cl2 (0.1M). Trifluoroacetic acid (0.1M) was added to the reaction and left stirring 

at RT for 2 h. Reaction completion was monitored via TLC (CH2Cl2/MeOH/NH4OH, 

92:7:1). Upon completion, the solvent was removed under vacuum and the crude material 

was adsorbed onto silica gel, then purified by flash column chromatography eluting with 

CH2Cl2/MeOH/NH4OH, 58:7:1 to afford the title compound. (yellow foam, yield = 90%): 

1H NMR (400 MHz, d6-DMSO) ŭ = 11.00 (s, 1H), 7.51 (s, 1H), 7.25 (d, J = 8.8 Hz, 1H), 

7.20 (s, 1H), 7.01 (s, 1H), 6.80-6.75 (m, 2H), 4.10 (s, 1H), 3.90 (d, J = 9.2 Hz, 2H), 3.80 

(s, 3H), 3.34 (t, J = 11.4 Hz, 2H), 2.82 (s, 8H), 2.56 (q, J = 7.3 Hz, 2H), 1.83 (d, J = 11.4 

Hz, 2H), 1.62 (q, J = 9.5 Hz, 2H), 1.17 (t, J = 7.2 Hz, 3H); 13C NMR (400 MHz, d6-

DMSO) ŭ = 170.1, 152.7, 152.2, 150.6, 137.1, 135.8, 131.9, 118.5, 112.2, 112.1, 105.4, 

66.9, 56.1, 52.1, 48.0, 46.2, 32.6, 24.6, 11.4.  

3-((4-(4-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)glycyl)piperazin-1-yl)-3-methoxyphenyl)amino)-6-ethyl-5-((tetrahydro-2H-

pyran-4-yl)amino)pyrazine-2-carboxamide (6, CG-3-246). 13a and 22 were reacted on a 

0.107 mmol scale according to General Procedure C to deliver the title compound. (off 

white solid, yield = 68%): 1H NMR (400 MHz, DMSO) ŭ = 11.71 (s, 1H), 11.37 (s, 1H), 
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11.09 (s, 1H), 9.15 (s, 1H), 8.63 (s, 1H), 8.06 (s, 1H), 7.90 (d, J = 8.4 Hz, 1H), 7.56 (s, 

2H), 7.53-7.51 (m, 2H), 7.36 (d, J = 8 Hz, 3H), 7.26 (s, 1H), 7.11-7.04 (m, 4H), 6.88 (d, J 

= 8.4 Hz, 1H), 6.82 (d, J = 8 Hz, 1H), 6.69 (d, J = 8.4 Hz, 1H), 6.41 (s, 1H), 6.22 (s, 1H), 

4.36 (s, 2H), 4.15 (s, 1H), 3.95 (d, J = 9.6 Hz, 2H), 3.87 (s, 3H), 3.72-3.67 (m, 4H), 3.40 

(s, 2H), 3.10 (s, 4H), 3.03 (s, 2H), 2.97 (s, 2H), 2.78 (s, 2H), 2.61 (q, J = 7.1 Hz, 2H), 

2.23 (s, 4H), 2.16 (s, 2H), 1.97 (s, 2H), 1.88 (d, J = 12.8 Hz, 2H), 1.66 (q, J = 11.6 Hz, 

2H), 1.40 (t, J = 5.8 Hz, 2H), 1.22 (t, J = 7.4 Hz, 3H), 0.94 (s, 6H); 13C NMR (400 MHz, 

d6-DMSO) ŭ = 170.1, 166.0, 164.3, 162.8, 158.3, 155.0, 152.8, 152.2, 150.6, 147.0, 

146.6, 145.8, 142.4, 136.4, 135.8, 135.7, 134.5, 132.6, 132.1, 131.3, 130.4, 130.2, 128.5, 

128.1, 127.9, 120.2, 119.0, 118.3, 116.5, 112.2, 112.0, 109.2, 105.1, 102.9, 100.4, 66.9, 

60.1, 56.2, 52.4, 51.0, 48.1, 46.9, 46.8, 45.0, 44.7, 42.5, 36.2, 35.2, 32.6, 31.2, 29.3, 28.4, 

25.6, 24.7, 11.4.; HRMS (ESI) m/z [M+H]+ calcd for C64H73ClN14O10S = 1265.5116; 

found = 1265.5113. 

3-((4-(4-(7-((4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)amino)heptanoyl)piperazin-1-yl)-3-methoxyphenyl)amino)-6-ethyl-5-

((tetrahydro-2H-pyran-4-yl)amino)pyrazine-2-carboxamide (7, CG-3-242). 13b and 22 

were reacted on a 0.111 mmol scale according to General Procedure C to deliver the title 

compound. (yellow solid, yield = 70%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.71 (s, 

1H), 11.37 (s, 1H), 11.08 (s, 1H), 8.58 (s, 2H), 8.06 (s, 1H), 7.83 (d, J = 9.6 Hz, 1H), 

7.56-7.50 (m, 4H), 7.36-7.32 (m, 3H), 7.25 (s, 1H), 7.08-7.04 (m, 4H), 6.85-6.80 (m, 

2H), 6.69 (d, J = 8.4 Hz, 1H), 6.41 (s, 1H), 6.21 (s, 1H), 4.24 (s, 1H), 3.94 (d, J = 9.2 Hz, 

2H), 3.84 (s, 3H), 3.59 (s, 4H), 3.36 (s, 4H), 3.08 (s, 4H), 2.91 (s, 2H), 2.87 (s, 2H), 2.75 
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(s, 2H), 2.61 (q, J = 7.3 Hz, 2H), 2.36 (t, J = 7 Hz, 2H), 2.21-2.15 (m, 6H), 1.96 (s, 2H), 

1.87 (d, J = 12.4 Hz, 2H), 1.66-1.54 (m, 6H), 1.39 (s, 6H), 1.21 (t, J = 7.4 Hz, 3H), 0.93 

(s, 6H); 13C NMR (400 MHz, d6-DMSO) ŭ = 171.0, 170.1, 158.2, 152.8, 152.2, 150.6, 

147.6, 145.9, 142.4, 136.3, 136.0, 135.7, 134.6, 134.4, 132.5, 132.0, 131.2, 130.4 (2), 

129.9, 128.5 (2), 128.1 (2), 120.2, 118.9, 118.2, 115.2, 112.2, 112.0, 109.2, 105.1, 103.2, 

100.4, 66.9, 60.1, 56.2, 52.4, 51.5, 51.0, 48.0, 46.9 (2), 46.7, 45.7, 42.9, 41.7, 35.2, 32.6 

(2), 31.9, 29.3, 28.9, 28.3 (2), 26.6, 25.5, 25.2, 24.7, 11.4; HRMS (ESI) m/z [M+H]+ 

calcd for C69H83ClN14O10S = 1335.5899; found = 1335.5907. 

3-((4-(4-(1-(4-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4'-chloro-5,5-dimethyl-

3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-

nitrophenyl)piperidine-4-carbonyl)piperazin-1-yl)-3-methoxyphenyl)amino)-6-ethyl-5-

((tetrahydro-2H-pyran-4-yl)amino)pyrazine-2-carboxamide (8, CG-3-245): 13c and 22 

were reacted on a 0.123 mmol scale according to General Procedure C to deliver the title 

compound. (yellow solid, yield = 68%): 1H NMR (400 MHz, d6-DMSO) ŭ = 11.69 (s, 

1H), 11.29 (s, 1H), 11.04 (s, 1H), 8.25 (s, 1H), 8.03 (s, 1H), 7.80 (d, J = 9.6 Hz, 1H), 

7.53-7.49 (m, 4H), 7.31 (d, J = 7.6 Hz, 3H), 7.23-7.21 (m, 2H), 7.01 (d, J = 8.8 Hz, 3H), 

6.82 (d, J = 8.8 Hz, 1H), 6.77 (d, J = 8 Hz, 1H), 6.65 (d, J = 8.8 Hz, 1H), 6.39 (s, 1H), 

6.17 (s, 1H), 4.11 (s, 1H), 3.90 (d, J = 9.2 Hz, 2H), 3.81 (s, 3H), 3.66 (s, 2H), 6.59 (s, 

2H), 3.38-3.32 (m, 2H), 3.05 (s, 6H), 2.92 (s, 4H), 2.85 (s, 2H), 2.75 (s, 2H), 2.57 (q, J = 

7.3 Hz, 2H), 2.48 (s, 1H), 2.20 (s, 4H), 2.12 (s, 2H), 1.92 (s, 2H), 1.84 (d, J = 12.4 Hz, 

2H), 1.71-1.58 (m, 6H), 1.35 (t, J = 6 Hz, 2H), 1.17 (t, J = 7.6 Hz, 3H), 0.89 (s, 6H); 13C 

NMR (400 MHz, d6-DMSO) ŭ = 172.6, 170.1, 158.3, 154.9, 152.8, 152.2, 150.6, 148.5, 

147.1, 145.9, 142.4, 137.8, 136.4, 135.9, 135.8, 132.8, 132.6, 132.1, 131.3, 130.4, 128.6, 
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128.2, 127.6, 120.6, 120.3, 119.0, 118.3, 112.2, 112.0, 109.2, 105.1, 102.9, 100.5, 66.9, 

60.0, 56.2, 52.4 (2), 51.7, 51.1, 50.2 (2), 48.1, 46.9, 46.8, 45.7, 41.9, 36.5, 35.2, 32.6, 

29.3, 28.4 (2), 25.6, 24.7, 11.4; HRMS (ESI) m/z [M+H]+ calcd for C68H79ClN14O10S = 

1319.5586; found = 1319.5583.  
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5.2 Synthesis of FLT3 Covalent Inhibitors to Counter Gatekeeper Mutation 

5.2.1 Introduction 

Proximal to the binding site of FLT3 exists a solvent exposed cysteine residues 

(Cys695).57As discussed previously, this cysteine is utilized in the design of the covalent 

FLT3 inhibitor FF-10101 (Figure 5.2.1.2) to overcome the gatekeeper mutation that 

bestows gilteritinib resistance to AML cancer cells.70 While FF-10101 is performing well 

in a phase 1 clinical trial, no patients who harbored the F691L gatekeeper mutation were 

included in the study.71 To expand the possible solutions to combat the gatekeeper 

mutation, we sought to create a FLT3 covalent inhibitor by leveraging the structure of 

gilteritinib. Since gilteritinib is an FDA-approved inhibitor, it has already demonstrated to 

be a well-tolerated therapeutic and makes for an ideal candidate for modification to 

recover its anti-leukemic efficacy in resistant AML.68 By utilizing gilteritinib (Figure 

5.2.1.1), the high potency of the compound can be leveraged to help guide the addition of 

an electrophilic warhead to react with Cys695 and ultimately restore an anti-leukemic 

effect. 
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Figure 5.2.1.1: Structure of gilteritinib 

 

Figure 5.2.1.2: Structure of FF-10101 

 

5.2.2 Design Rationale 

Looking at the crystal structure of gilteritinib bound to FLT3, there are multiple portions 

of the molecule that rest outside of the binding site and are solvent exposed.196 These exit 

vectors are ideal grafting points for linker groups due to them not interacting with the 

protein in the bound state.91 From this structure, we identified two sites where we could 

modify and add different linking groups and by extension our acrylamide electrophilic 

warhead for reacting with Cys695 (Figure 5.2.2.1). We will modify the piperidine and 

phenoxy motifs on gilteritinib and graft electrophilic warheads off these modified 

positions. After identifying these grafting sites, SILCS modeling was conducted by Dr. 

Erik Nordquist and was utilized to guide our linker design with the goal of creating an 

inhibitor that can interact with the binding site while reacting with Cys695.197 From these 

simulations, FragMaps are overlaid onto the protein that correspond to chemical motifs 
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that are predicted to favorably bind to that portion of the protein (Figure 5.2.2.2).197 

Using these FragMaps, inhibitors were assigned multiple predictive binding values as 

represented as LGFE Gibbs free energy with the units kcal/mol. We can calculate the 

predicted dissociation constant using the equation ȹG=RTlnKd.197 LGFE_eq is the 

predictive binding from the most favorable pose when only factoring in noncovalent 

interactions between the compound and FLT3. LGFE_rx is the predictive binding from 

the most favorable pose with the highest overlap with a target cysteine FragMap. Finally, 

LGFE_rxeq is the predictive binding from the most favorable pose that has a non-zero 

chance of contacting a target cysteine. These three values are used to guide our inhibitor 

design because they can be used to predict how certain modifications will impact binding 

affinity.  
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Figure 5.2.2.1: Crystal structure of gilteritinib bound to FLT3 (PDB ID: 6JQR) with 

Cys695 residue highlighted. Arrows starting from gilteritinib represent modifiable 

electorphilic warhead grafting points 

 

Figure 5.2.2.2: Crystal structure of gilteritinib bound to FLT3 (PDB ID: 6JQR) with 

SILCS FragMaps. The FLT3 active site and Cys695 FragMaps are highlighted. 

 

5.2.3 First Generation FLT3 Covalent Inhibitors 

The first grafting spot we explored was by modifying the piperidine-piperazine motif on 

the original gilteritinib structure. For this class of inhibitors, Dr. Erik Nordquist first 

tested four compounds using SILCS simulations on the crystal structure of gilteritinib 

bound to FLT3 (Table 5.2.3.1). From these simulations we obtain LGFE values that can 

be converted into predictive dissociation constants using the equation ȹG=RTlnKd.197 

While these individual predictive values are important, by examining the difference 

between the two LGFE values we can see the predicted loss of binding as our compounds 

act out their function of binding Cys695. From our list of four compounds, CG-4-163 is 
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predicted to have the most favorable binding due to the smallest difference between the 

two LGFE values.  

 

Table 5.2.3.1: LGFE values for first generation FLT3 covalent inhibitors 

 

5.2.3.1 Synthesis of first generation FLT3 Covalent Inhibitors 

Figure 5.2.3.1.1 outlines the synthesis of first generation FLT3 inhibitors in which we 

started with purchased both chiral isomers of 3-(Boc-amino)piperidines and performed 

SNAr on 1-fluoro-2-methoxy-4-nitrobenzene and reduced to produce 2. An SNAr between 

3,5-dichloro-6-ethylpyrazine-2-carboxamide and 2 was guided by anchimeric assistance 
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from the carboxamide group directing substitution to the ortho carbon affording 3. 

Another SNAr followed using 4-amino tetrahydropyran at 150ÁC to yield 4. Standard 

chemistry followed and two final compounds were synthesized represented by compound 

6. Additional inhibitors were synthesized utilizing 5 and performing a HATU coupling 

with 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid along with standard 

transformations to furnish both chiral isomers of 9. 

 

 

Figure 5.2.3.1.1: Synthesis of first generation FLT3 covalent inhibitors 

 

5.2.3.2 Biological Evaluation of first generation FLT3 Covalent Inhibitors  

We first tested our 1st generation inhibitors by commissioning Element / Nanosyn to 

conduct a cell-free TR-FRET assay to measure the IC50 of our compounds against WT 

FLT3 (Table 5.2.3.2.1). We had these compounds tested twice in this TR-FRET assay, 
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once with no additional incubation between our compounds and the FLT3 protein and 

another experiment where our compounds were incubated with FLT3 for an additional 3 

hours. While gilteritinib itself was not tested, the literature IC50 value of gilteritinib 

against FLT3 is ~1nM. The cell-free data suggests that the modifications we performed 

did not cause a drastic change in gilteritinib inherent binding to FLT3 as all our 

compounds have a measured IC50 value approximately between 2nM-1nM. After the cell-

free testing, we conducted AlamarBlue cell proliferation assays to measure the anti-

leukemic effects of our inhibitors in various AML cell lines. Starting with MV4;11 and 

BCL2 OE MV4;11 cells (Table 5.2.3.2.2), our compounds demonstrated low nM potency 

with CG-4-163 demonstrating a similar effect to gilteritinib in the BCL2 overexpressing 

cell models. After this promising data, we shifted our focus to MOLM14 and MOLM14 

F691L FLT3 overexpressing AML cells and tested our compounds potency. Again using 

an AlamarBlue assay, our compounds demonstrated worse potency when compared to 

gilteritinib with our best compound CG-4-157 being ~2-fold worse than the control 

compound (Table 5.2.3.2.3). 
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Table 5.2.3.2.1: Cell-free inhibition of FLT3 with first generation FLT3 covalent 

inhibitors 

Figure 5.2.3.2.1: Anti-proliferation effects of first generation FLT3 covalent inhibitors in 

WT MV4;11 cells 
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Figure 5.2.3.2.2: Anti-proliferation effects of first generation FLT3 covalent inhibitors in 

BCL2 OE MV4;11 cells 
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Table 5.2.3.2.2: IC50 values for anti-proliferation effects of first generation FLT3 

covalent inhibitors in MV4;11 cells 
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Figure 5.2.3.2.3: Anti-proliferation effects of first generation FLT3 covalent inhibitors in 

WT MOLM14 cells 

 

Figure 5.2.3.2.4: Anti-proliferation effects of first generation FLT3 covalent inhibitors in 

FLT3 F691L MOLM14 cells 
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Table 5.2.3.2.3: IC50 values for anti-proliferation effects of first generation FLT3 

covalent inhibitors in MOLM14 cells 

 

5.2.4 Second Generation FLT3 Covalent Inhibitors 

For our next class of FLT3 covalent inhibitors, we focused on modifying the methoxy 

group of gilteritinib to graft on various linkers. In a similar manner to before, SILCS 

simulations were done by Dr. Erik Nordquist on multiple compounds to predict the 

optimal linker length and rigidity (Table 5.2.4.1).  
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Table 5.2.4.1: LGFE values for second generation FLT3 covalent inhibitors 

 

5.2.4.1 Synthesis of first generation FLT3 covalent Inhibitors 

Following Figure 5.2.4.1.1, we synthesized the solubilizing group on gilteritinib by 

performing a reductive amination between N-methyl piperazine and N-boc-4-piperidone 

after which a boc deprotection was done using TFA to create 11. We started by alkylating 

2-fluoro-5-nitrophenol with tert-butyl (2-bromoethyl)carbamate to afford 12. Similar 

chemistry found in the previous section was done on 12 to form the penultimate 

intermediate 17 which was acylated with acryloyl chloride resulted in 18. Similar steps 
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were taken to form our next two final compound from Figure 5.2.4.1.2 and Figure 

5.2.4.1.3. Alkylating 2-fluoro-5-nitrophenol with tert-butyl 4-(bromomethyl)piperidine-1-

carboxylate yields 19 which underwent the same chemistry as 12 to afford final 

compound 25. 2-fluoro-5-nitrophenol was used again in which a Mitsunobu reaction with 

tert-butyl (4-hydroxybutyl)carbamate formed 26 and similar chemistry used to form our 

last two final compounds was conducted to yield final compound 32. The last two 

compounds were created by following Figure 5.2.4.1.4 in which HATU coupling 31 and 

Boc-sarcosine together makes 33. Compound 33 then had the Boc group removed and the 

resulting intermediate 34 was acylated with either acryloyl chloride or propionyl chloride 

yielding 35 and 36. 

 

Figure 5.2.4.1.1: Synthesis of second generation FLT3 covalent inhibitor CG-4-206 
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Figure 5.2.4.1.2: Synthesis of second generation FLT3 covalent inhibitor CG-4-207 

 

Figure 5.2.4.1.3: Synthesis of second generation FLT3 covalent inhibitor CG-4-208 
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Figure 5.2.4.1.4: Synthesis of second generation FLT3 covalent inhibitor CG-5-008 & 

CG-5-024 

 

5.2.4.2 Biological Evaluation of second  generation FLT3 Covalent Inhibitors  

In a similar manner to before, we had our compounds tested in a cell-free assay. We 

commissioned DiscoverX to conduct a KINOMEscan assay to evaluate the Kd of our 

inhibitors against FLT3 (Table 5.2.4.2.1). Excitingly, CG-5-008 recorded a Kd value in 

the picoM range against FLT3. Again, we conducted an AlamarBlues cell proliferation 

assay with our 2nd generation inhibitors using MOLM14 and MOLM14 F691L FLT3 

overexpressing AML cell lines (Table 5.2.4.2.2). Excitingly, CG-5-008 performs the best 

out of all our compounds with a similar potency as gilteritinib in WT MOLM14 cells and 

less than a 2-fold decrease in potency when tested in MOLM14 F691L FLT3 cells. 

Additionally, our deactivated compound CG-5-024 loses all potency when the acrylamide 

is swapped for the inactive propionyl motif. This drastic shift in measured IC50 values 

between CG-5-008 and CG-5-024 supports the importance of the electrophilic warhead 

with respect to binding FLT3. 
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Table 5.2.4.2.1: Cell-free inhibition of FLT3 with second generation FLT3 covalent 

inhibitors 
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Figure 5.2.3.4.1: Anti-proliferation effects of second generation FLT3 covalent inhibitors 

in WT MOLM14 cells 

 

Figure 5.2.3.4.2: Anti-proliferation effects of second generation FLT3 covalent inhibitors 

in FLT3 F691L MOLM14 cells 
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Figure 5.2.3.4.3: Anti-proliferation effects of second generation FLT3 covalent inhibitors 

in WT MOLM14 cells 

Figure 5.2.3.4.4: Anti-proliferation effects of second generation FLT3 covalent inhibitors 

in FLT3 F691L MOLM14 cells 
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