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Abstract 

Dissertation Title: Inhibition of Anti-Apoptotic Protein MCL-1 and Epigenetic Reader 

BRD4 with Small Molecule Inhibitors: Structure-Based Drug Design and 

Polypharmacology 

Lijia (Lee) Chen, Doctor of Philosophy, 2016 

Dissertation Directed by: Dr. Steven Fletcher, Associate Professor of Pharmaceutical 

Sciences. 

One of the hallmarks of cancer is the evasion of programmed cell death. Programmed cell 

death is strictly regulated by the intrinsic apoptosis pathway, in which BCL-2 anti/pro-

apoptotic proteins play vital roles. In normal cells, the delicate balance between anti-

apoptotic BCL-2 proteins and their functional sequester: pro-apoptotic proteins, is 

precisely maintained to ensure the execution of cell death or cell proliferation. However, 

the apoptotic pathway is often dysregulated in cancer cells, demonstrated by the frequent 

observed over-expression of anti-apoptotic protein(s), such as BCL-2, BCL-xL and MCL-

1. Therefore, targeted inhibition of BCL-2 anti-apoptotic proteins using small molecule 

inhibitors has been extensively researched to restore apoptosis and kill cancer cells. A 

decade of research is rewarded by the recent approval of the BCL-2 selective inhibitor 

Venetoclax as a second line therapy for chronic lymphocytic leukemia (CLL) patients. 

Nonetheless, due to the heterogenetic nature of cancers, inhibitors targeting other anti-

apoptotic BCL-2 proteins should also be developed not only for different cancer types, 

but also for the potential resistance generated by MCL-1 up-regulation after BCL-2 



 

 

inhibition. To date, numerous studies are currently ongoing to discover small molecule 

inhibitors targeting different anti-apoptotic BCL-2 proteins, primarily MCL-1 and/or 

BCL-xL, in order to provide insight to dissect these proteinsô biological functions, and 

potentially yield various tool compounds as clinical candidates. Utilizing structure-based 

drug design strategy, we have designed and synthesized two distinct scaffolds: 

tetrahydroquinoline (THQ) and salicylate as MCL-1 inhibitors. SAR analysis has been 

conducted based on their biochemical binding affinities to facilitate the understanding of 

binding pocket properties. In vitro cell growth inhibition was also evaluated to estimate 

their potency at cellular level.  

Another survival mechanism of cancer is through the dysregulation of post-translational 

modifications, such as aberrant acetylation of histone lysine residues, which abnormally 

turn on the transcription and expression of oncogenes. Particularly, the bromodomain 

BRD4 protein is heavily involved in this process as an epigenetic reader to recognize the 

acetylated lysine residues on histone and regulate the transcription of several oncogenes 

including c-MYC and BCL-2. Therefore, inhibition of BRD4 may serve as an indirect 

method to modulate the level of c-MYC and BCL-2 oncoprotein in cancers. Recently, a 

PLK1 inhibitor BI-2536 was reported as a potent BRD4 inhibitor. The dual inhibition by 

a single drug molecule might provide the platform for a polypharmacological strategy to 

treat various cancers. With the guidance of structure-based drug design, we have 

synthesized and evaluated an SAR library of BI-2536 to dissect their PLK1 and BRD4 

inhibition profiles. The fine-tuning modifications of functional groups on BI-2536 

furnished both selective BRD4 inhibitors and stronger dual PLK1/BRD4 inhibitors.  
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 Targeting the Anti-apoptotic MCL -1 Protein with Small 

Molecule Inhibitors  

1.1 Intrinsic Apoptosis Pathway and BCL-2 Apoptotic Proteins 

Proteinïprotein interactions (PPIs) drive a variety of cellular processes, including 

proliferation, differentiation, signal transduction and apoptosis. As such, PPIs are key 

targets for the development of new therapeutics. Widely dismissed as viable targets that 

could be modulated by small-molecules owing to a lack of obvious binding sites and 

expansive interfaces, the literature is now rife with successful discoveries that exploit key 

ñhot spotsò located at the PPIs interfaces[1ï5]. 

The fate of human cells is under a delicate and complex control of apoptosis pathways, 

which can be divided into extrinsic and intrinsic pathways[6]. The dysregulations of 

apoptosis pathways have been closely associated with various diseases, including cancers 

and neurodegenerative diseases [7]. The intrinsic apoptosis pathway or mitochondrial 

apoptosis pathway is characterized by the BCL-2 apoptotic protein family and is 

illustrated in Figure 1.1. These proteins can be functionally separated into two categories: 

the anti-apoptotic proteins, BCL-2, BCL-xL, BCL-w, BCL-b, MCL-1 and A1, and their 

counterpart pro-apoptotic proteins, which include BAK, BAX, BAD, BIM, BID, PUMA, 

BIK and NOXA; PPIs between anti- and pro-apoptotic BCL-2 proteins regulate the 

integrity of the outer mitochondrial membrane (OMM), dictating the fate of the cell. 

Upon receiving an apoptosis signal such as radiation, toxins, and viral infections, BAK 

and BAX homo-oligomerize to form pores on the outer membrane of mitochondria 

(OMM), releasing cytochrome c into the cytosol[6]. The cytochrome c then binds to 
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cytosolic protein Apaf-1 to form apoptosomes, which further activate the caspase cascade 

including caspase 9 and 3, and then eventually leads to cell death[8]. Although the BCL-2 

family seems to be a functionally redundant system with many similar members[9], the 

selectivity profiles between each pair of proteins is quite different, which allow this 

system to provide a finely tuned response to biological signals under different 

circumstances[10].  

 

Figure 1.1. Intrinsic apoptosis pathway 

Structurally, these BCL-2 proteins share a high degree of conserved sequences in four 

BCL-2 homology (BH) domains: BH1, BH2, BH3 and BH4[11]. The anti-apoptotic 

proteins, as well as two pro-apoptotic proteins BAK and BAX contain all four BH 

domains, while the rest of the pro-apoptotic proteins contain only the Ŭ-helical BH3 

ñdeathò domain. The Ŭ-helixes of the anti-apoptotic protein form four hydrophobic 

pockets (p1 to p4) to accommodate four conserved hydrophobic residues located on one 
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face of the BH3 Ŭ-helix. On the other side of the BH3 Ŭ-helix, a conserved aspartic acid 

forms a salt bridge with a conserved arginine from the anti-apoptotic protein. The PPIs 

between anti-apoptotic protein and pro-apoptotic peptide is represented by the 

interactions of MCL-1 and the BIM-BH3 Ŭ-helix illustrated in Figure 1.2. 

 

Figure 1.2. Crystal structure of the BIM-BH3 a-helix bound to MCL-1 (PDB: 2NL9). 

When a pro-apoptotic protein binds to an anti-apoptotic protein, they neutralize each 

otherôs biological function. In a normal cell, the balance between pro- and anti-apoptotic 

proteins is properly maintained to ensure tissue homeostasis[12]. However, this delicate 

balance is dysregulated in many cancers by altering the expression level of both anti- and 

pro-apoptotic proteins to evade apoptosis[13]. Thus, developing molecules that inhibit the 

BCL-2 anti-apoptotic proteins and further restore apoptosis has become an area of intense 

research towards the discovery of novel cancer chemotherapies.  
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1.2 Development of Inhibitors Targeting Anti-apoptotic BCL-2 Proteins 

The small molecules targeting BCL-2 anti-apoptotic proteins can be classified using 

specific criteria. Based on the mechanism of modulation, they can be divided into indirect 

inhibitors and direct inhibitors. The indirect inhibitors regulate at the gene transcription 

and expression level, such as BCL2 and MCL1, while the direct inhibitors bind to the 

anti-apoptotic proteins directly to antagonize their anti-apoptotic functions. Among the 

direct inhibitors, based on the subset of inhibited proteins, they can be further classified 

into pan-BCL-2 inhibitors, which inhibit all BCL-2 anti-apoptotic proteins, and selective 

BCL-2 inhibitors, which contain BCL-2/BCL-xL inhibitors, BCL-xL/MCL-1 inhibiors, 

BCL-2 selective inhibitors, BCL-xL selective inhibitors, and MCL-1 selective inhibitors.  

 Indirect inhibition  of BCL-2 Anti-apoptotic Proteins 

Several different mechanisms have been reported in the literature to regulate the BCL-2 

anti-apoptotic proteins levels. One method is using histone deacetylase (HDAC) 

inhibitors for indirect regulation, and this method has various selectivities in different 

cellular contexts. For example, FR901228 reduced BCL-xL expression in adult T-cell 

leukemia cell lines and primary cells[14], while it reduced BCL-2, BCL-xL and MCL-1 

protein level in U266 multiple myeloma cell line[15]. Another HDAC inhibitor MS-275 

abrogated the expression of MCL-1 in U937 histiocytic lymphoma cells[16]. An 

additional method is through the activation of PARPɔ to alter the BCL-2 level, 

demonstrated by the reduction of cellular BCL2 mRNA and the increase of BAX mRNA 

after treating U937 cells with the PARPɔ activator mono(2-ethylhexyl)phthalate[17]. 

Aside from the aforementioned two classes, CDK9 inhibitors are the most well 
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documented indirect modulator for MCL-1. Due to the fact that MCL-1 protein has a 

very short half-life compared to other anti-apoptotic proteins (BCL-2, BCL-w and BCL-

xL)[18], inhibition of CDK9 which further blocked the transcription of MCL1 by RNA 

polymerase II is a reasonable strategy, demonstrated by various CDK9 inhibitors 

including flavopiridol, roscovitine, and dinaciclib which have successfully shown MCL-1 

downregulation effects[19ï24].  Furthermore, MCL-1 can also be regulated at its 

translational level alone by Raf kinase inhibitor BAY 43-9006 without affecting its 

transcriptional level[25].  

 Direct inhibition  of Anti-apoptotic BCL-2 Proteins 

Besides the pro-death and pro-survival functions, BCL-2 apoptotic proteins have more 

complicated house-keeping functions including maintaining the mitochondrial membrane 

structure, regulating calcium homeostasis, and autophagy[26]. Therefore, focusing on 

antagonism of the anti-apoptotic function could potentially avoid the unwanted side 

effects generated by affecting those house-keeping roles of BCL-2 proteins. Based on the 

different subset of BCL-2 anti-apoptotic proteins that are inhibited, the direct inhibitors 

can be further separated into different groups discussed below. 

1.2.2.1 Pan-BCL-2 inhibitors 

 Gossypol and its analogues  

Gossypol was first isolated as a natural product from Gossypium sp., followed by the 

discovery of its contraceptive effects, whose utility in the oncology area was not 

established until recently[27]. The enantiomer (-)-gossypol exhibited in vitro cell growth 
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inhibition activity against various cell lines[28ï31], accompanied with its in vivo tumor 

regression activity[32, 33]. The inhibition of BCL-2, BCL-xL and MCL-1 played a 

significant role to trigger apoptosis in cancer cells. However, it is now known that other 

more complicated mechanisms are also responsible for the anti-tumor activity both in 

vitro and in vivo, including causing DNA degradation[34], generating reactive oxygen 

species (ROS)[35], and modulating VEGF signaling-mediated angiogenesis[36].  

Analogues of gossypol have also been investigated including apogossypol and 

apogossypolone, shown in Figure 1.3. For example, apogossypolone is a pan-BCL-2 

inhibitor with Ki (BCL-2) = 76 nM, Ki (BCL-xL) = 1.27 µM, and Ki (MCL-1) = 51 

nM[37]; it exhibited cell growth inhibition activity in vitro against nasopharyngeal 

carcinoma, hepatocellular carcinoma and diffuse large cell lymphoma cells and also 

tumor regression of their xenograft mice model in vivo[38ï40]. Additionally, it  

demonstrated stronger single agent activity as well as less toxicity compared to gossypol, 

suggesting the benefit from the removal of aldehyde group[41].  

Derivatives of apogossypol were reported such as compound BI-97C1 in Figure 1.3, also 

known as sabutoclax. As a pan-BCL-2 inhibitor with IC50 (BCL-2) = 320 nM, IC50 

(BCL-xL) = 310 nM, and IC50 (MCL-1) = 200 nM[42], it demonstrated in vitro activity 

against a prostate cancer cell line[43].  

Structureïbased design of small molecules to mimic the interaction between gossypol 

and BCL-2 proteins was also reported in the literature, represented by TW-37 shown in 

Figure 1.3. TW-37 bound to BCl-2, BCL-xL and MCL-1 with Ki = 290 nM, 1.11µM and 

260 nM, respectively. It was predicted that the poly-phenol moiety formed polar 
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interactions with R146, N143 of BCL-2, while the tert-butyl benzene sulfonyl group 

occupied the p2 pocket. TW-37 inhibited the cell growth of PC-3 cancer cell line in vitro 

with evidence of triggering apoptosis[44].  

 

Figure 1.3. Structures of gossypol and its analogues. 

 Obatoclax 

Obatoclax (GX 15-070) was discovered by Gemin X biotechnologies as a pan BCL-2 

inhibitor with IC50 (BCL-2) = 1.11 µM, IC50 (BCL-xL) = 4.69 µM and IC50 (MCL-1) = 

2.90 µM determined by fluorescence polarization competition assay (FPCA)[45]. It also 
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showed in vitro cell growth inhibition activity in various pre-clinical studies against 

mantle cell lymphoma (MCL), non-small cell lung cancer (NSCLC) and multiple 

myeloma (MM)[46ï48]. However, some evidence showed that the mechanism of action 

for obatoclax was not only through the intrinsic apoptosis pathway dependent on 

BAK/BAX activation[49, 50]. The complication of its mechanism of action increased its 

toxicity risk during the clinical development. To date, obatoclax has been investigated in 

several Phase I and II clinical trials targeting advanced hematologic malignancies and 

solid tumors[51, 52]. However, as dose limiting toxicity was frequently observed in the 

trials, there are currently no active clinical trials for obatoclax[53].   

 

Figure 1.4. Structure of Obatoclax. 

1.2.2.2 Selective BCL-2 inhibitors 

To overcome the common dose limiting toxicities associated with pan-BCL-2 inhibitors, 

the development of selective BCL-2 inhibitor has become the focus in the field to 

generate tool compounds to dissect the biological functions of BCL-2 anti-apoptotic 

proteins, and potentially to discover clinically successful drugs through selective 

mechanisms to avoid toxicity. However, BCL-2 anti-apoptotic proteins share a very high 
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degree of structural similarity, resulting in difficulties to generate selective inhibitors for 

one or multiple protein member(s)[54].  

Generally, two different strategies have been widely reported in the literature. One 

method is represented by engineering mimetics of the BH3 pro-apoptotic peptides as 

inhibitors [55ï57]. The PPIs between anti-apoptotic proteins such as BCL-2, BCL-xL and 

MCL-1, and pro-apoptotic proteins such as BAK, BAX and BIM, belong to the Ŭ-helix-

mediated PPIs. Despite the challenges that Ŭ-helix-mediated PPIs have much larger 

binding surfaces and less defined pockets than a typical enzyme active site, the PPIs can 

be effectively disrupted by small molecule inhibitors (SMIs) that structurally mimic the 

key amino acid residues in the binding ñhot-spotò[58]. In this method, small molecule 

backbones were designed and decorated with various hydrophobic and polar functional 

groups on one or two faces of the molecules to mimic the intrinsic interactions between 

the key amino acid residues from the pro-apoptotic peptide and the anti-apoptotic protein 

hot-spot[59]. The early discovery of scaffolds including terphenyls[60, 61], 

terpyridins[62] and tripicolinamides[63] yielded many single-faced Ŭ-helix mimetics to 

mimic the i, i+3/4, and i+7 side chains of the helix, which locate on the same face of the 

Ŭ-helix. One representative example is compound JY-1-106 in Figure 1.5 discovered by 

the Fletcher group[55]. Utilizing a modified trispicolinamide scaffold, this compound 

structurally and functionally mimics BAK to disrupt the BCL-xL-BAK PPIs at 179 nM, 

as well as induces cell death in multiple cell lines such as A549, H23 and DLD-1[55]. 

However, multi-face interactions are frequently observed in various PPIs, for example the 

interaction between MCL-1/BIM (Figure 1.2) is a two-face interaction with hydrophobic 

I58, L62, I65 and F69 on one face of the BIM helix while polar D67 on the opposite face. 
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Therefore, scaffolds that are capable of mimicking multiple faces of the helical structure 

and projecting moieties to various directions can engage the protein target with more 

interactions, which might enhance the binding compared to single face mimetics. For 

example, two-faced helix mimicry strategy was applied to the development of MCL-1 

inhibitors by using benzoylureas[64], 1,2-diphenylacetylenes[65], and 2,6,9-tri-

substituted purines[66] to deliver hydrophobic i, i+3/4 and i+7 side chains of the pro-

apoptotic peptide into hydrophobic pockets of MCL-1 and/or BCL-xL, while projecting 

polar i+2 and/or i+5 residues closely to the polar residues of MCL-1 (R263) and/or BCL-

xL (R139).  
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Figure 1.5. The structures of representative one-face and two-face helical mimetics. 

The other method is the typical structure-based drug design approach[67ï70]. Small 

molecules backbones were discovered either by high throughput screening (HTS)[67, 70], 

rational[71], or computational aided drug design (CADD)[72] to fit favorably into one or 

multiple hydrophobic pocket(s) of anti-apoptotic proteins. Additionally, two fragments in 

different pockets can be further linked to generate more potent inhibitors utilizing 

fragment based drug design (FBDD) strategy[70, 73ï75]. The following context will 
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focus on discussing the literature and patent publication s of small molecule inhibitors 

discovered by the structure-based strategy.  

 BCL-2/BCL-xL Inhibitor- ABT-737 and ABT-263 

Abbott Laboratories has been very active in the research and development of anti-

apoptotic BCL-2 inhibitors in the last decade[54, 76, 77]. Their most well-known 

compound is ABT-737 shown in Figure 1.6. The origin of ABT-737 began with high-

throughput NMR-based screening in which small molecules that bind to BCL-xL were 

first identified[77]. The two small molecule fragments: 4-biphenylcarboxylic acid and 

5,6,7,8- tetrahydro-naphthalen-1-ol were linked through an acyl sulfonamide bond to 

yield an early lead compound with superior binding affinity to BCL-xL, validating the 

fragment based design approach. This lead was further structurally optimized to reduce 

its human serum albumin binding to yield the final compound ABT-737[77]. In the 

structure of ABT-737, the acyl sulfonamide bond was designed to engage R139 of BCL-

xL while delivering both hydrophobic fragments into p2 and p4 pockets. Interestingly, in 

a later co-crystal structure of ABT-737 and BCL-xL published by Fairlie and co-workers 

(PDB ID: 2YXJ), the acyl sulfonamide of ABT-737 formed an H-bond with the backbone 

amide of G138 rather than contacting with R139[78]. It exhibits strong binding affinities 

to BCL-2 and BCL-xL with Kis <1 nM and excellent selectivity over MCL-1 with Ki 

(MCL-1) > 1µM. Also, in a 10% serum environment, it still largely maintained its 

potency with IC50 (BCL-2) = 103 nM and IC50 (BCL-xL) = 35 nM. Mechanistic studies 

suggested that ABT-737 served as the functional mimetic of ñsensitizingò BH3 pro-

apoptotic peptide BAD, which bound to its counterpart anti-apoptotic proteins rather than 
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directly activating BAX/BAK[77]. At the cellular level, ABT-737 also demonstrated 

strong growth inhibition by disrupting the protein-protein interactions between BCL-2 

and BAX[79]. Moreover, it not only displayed synergistic effects with several 

chemotherapeutic agents including doxorubicin, cisplatin and paclitaxel, but also acted as 

a potent single agent to inhibit the cell growth of a variety of cancer cell lines, and 

primary patient cancer cells[77]. It is noteworthy that the levels of BCL-2 proteins in the 

different cancer cells have been found critical to determine the efficacy of ABT-737 by 

using a BH3 profiling technique[80]. Additionally, in primary chronic lymphocytic 

leukemia (CLL) cells, the in vitro activity of ABT-737 has been associated with its ability 

to displace activator BH3 only peptide BIM from BCL-2, suggesting that the BCL-2 and 

BIM complex was a key factor in determining the sensitivities of cancerous cells to ABT-

737 as well as the BCL-2 expression level[81]. Unsurprisingly, ABT-737 also has 

excellent selectivity triggering the apoptosis in cancerous cells compared with normal 

cells, which can be possibly explained by the high expression level of BCL-2 and BCL-

xL in tumor cells[82]. Last but not the least, it also showed potent in vivo activity as a 

single agent and combination therapy to induce apoptosis and tumor regression on mice 

xenograft models without affecting normal tissues and organs[83, 84].  

However, despite its subnanomolar potency, the poor aqueous solubility of ABT-737 

makes it difficult to be either formulated into an oral dosage form, or delivered through 

i.v[85]. In order to optimize its physical chemical properties of ABT-737, scientists at 

Abbott Laboratories successfully discovered ABT-263 (Navitoclax) as ABT-737ôs orally 

available successor[76]. Three positions on the structure of ABT-737 were modified 

shown in Figure 1.6. First, the dimethylamine was replaced with a morpholino group to 
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increase its oral bioavailability by 16%. Second, the aryl nitro group was replaced with a 

trifluoromethanesulfonyl group to not only improve the compoundôs PK/PD relationship, 

which is represented by the ratio of AUC/EC50 in vivo, but also avoid the potential toxic 

metabolites associated with nitro group. Last, an SAR replacement of the 4-chloro-

biphenyl moiety that binds in the p2 pocket with various sizes of rings identified a gem-

dimethylcyclohexene group that further improved the in vitro efficacy in both BCL-2 and 

BCL-xL dependent FL5.12 mouse cells. Combining all the above three optimizations 

rendered ABT-263 as an orally available BAD functional mimetic with subnanomolar 

biochemical binding affinity and cell growth IC50 in vitro, plus desirable PK parameters 

as well as efficacy in vivo by the activation of on target intrinsic apoptosis[85]. 

A Phase I clinical trial of ABT-263 has been reported in which small cell lung cancer 

(SCLC) patients have been treated with navitoclax as a single agent to establish its 

toxicity, PK and preliminary efficacy[86]. The drug was safe and well tolerated in the 

trial dose, but reversible dose-dependent thrombocytopenia was observed as the major 

drug-related adverse effect. Only one patient showed a partial response while about one 

third of the cohort had stable disease[86]. Another phase IIa study showed similar results 

represented by the thrombocytopenia as well as limited efficacy as a single agent, 

therefore combination therapy was suggested as the method for future trials[87].  It is 

also worth mentioning that in this phase IIa study, several biomarkers were identified to 

correlate the BCL-2/BCL-xL inhibition with the clinical outcome, such as cytokeratin 19 

fragment antigen 21-1, neuron-specific enolase, pro-GRP, and circulating tumor cell 

number[87]. Currently, several combination therapies of navitoclax with various chemo 

and immnuno therapeutic agents are under Phase I and II studies[88, 89].  
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Figure 1.6.The structure analysis of ABT-737 and ABT-263 (navitoclax). 

 BCL-2 Selective Inhibitor - ABT-199 

During the clinical development, the frequently observed dose-dependent 

thrombocytopenia caused by ABT-263 limited its clinical dose and efficacy as a single 

agent[90]. The thrombocytopenia was associated with the reduction of platelet half-life 

caused by the inhibition of BCL-xL in platelets[91, 92]. Therefore, the scientists at Abbott 

Laboratories re-engineered the structure of ABT-263 and successfully generated a BCL-2 

selective inhibitor ABT-199 (venetoclax)[54]. During their research, they found that the 

removal of thiophenyl group in the p4 pocket generated an intermediate compound with 

increased selectivity for BCL-2. Then they utilized the information gathered from an X-

ray co-crystal structure of this particular intermediate with BCL-2 to identify a key 

interaction, in which a Trp30 from one BCL-2 protein formed an H-bond with an Asp103 

from another BCL-2 protein, while in BCL-xL, the corresponding residue is a Glu96. This 

rare difference between the two proteins was exploited by introducing an azaindole 

moiety onto the p4 moiety of ABT-199 shown in Figure 1.7 to mimic the Trp30 
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therefore promote its BCL-2 binding preference compared to BCL-xL. Slight adjustment 

of the p2 binding moiety finally yielded ABT-199 as a BCL-2 selective inhibitor with Ki 

(BCL-2) < 0.01 nM, Ki (BCL-xL) = 48 nM, and K i (MCL-1) > 444 nM. The method of 

generating selectivity for ABT-199 is through increasing its BCL-2 binding affinity by 

incorporating additional binding contributing group onto the structure, therefore it still 

maintains a fairly potent activity for BCL-xL. ABT-199 has demonstrated dose-dependent 

cell killing effects by triggering intrinsic apoptosis in vitro, followed by tumor regression 

effects in vivo using xenograft mice model.  Most importantly, ABT-199 had much less 

effects in killing platelets both ex vivo and in vivo, indicating its promising clinical 

utility[54].  

 

Figure 1.7. Structure analysis of ABT-199 for its selectivity against BCL-xL 

ABT-199 has been actively developed in clinical trials for treatment of chronic 

lymphocytic leukemia (CLL), small lymphocytic lymphoma (SLL), non-Hodgkinôs 

lymphoma (NHL), multiple myeloma (MM) and acute myelogenous leukemia (AML) 

[93] with various chemo- and immuno-therapeutic agents such as bendamustine and 
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rituximab[94].  After receiving priority review and break through therapy designation 

from FDA, ABT-199 (Venetoclax) was recently approved for CLL patients with 17p 

deletion and treated with at least one prior treatment[95, 96]. This first-in-class selective 

BCL-2 inhibitor drug suggested that selective inhibition of certain member(s) of the 

BCL-2 anti-apoptotic proteins can have great potential in treating particular cancer types. 

 BCL-xL Selective Inhibitor - WEHI-539, A-1155463 and A-1331852 

During the clinical development of BCL-2/BCL-xL inhibitor ABT-263 (navitoclax) in a 

combination therapy with docetaxel, neutropenia has been reported as the most major 

adverse effect followed by thrombocytopenia as the main factors limit ing the drug dose 

in the regimen[88]. The development of the BCL-2 selective inhibitor ABT-199 

(venetoclax) has successfully addressed the thrombocytopenia caused by BCL-xL 

inhibition, yet neutropenia was still frequently observed among patients[97]. Therefore, it 

was necessary to discover a BCL-xL selective inhibitor to serve as a chemical probe along 

with the BCL-2 selective ABT-199 to precisely define the contribution of each protein by 

inhibiting them independently. Recently, Abbvie Inc., Genentech, Inc., and Walter and 

Eliza Institute of Medical Research have collaborated and discovered several small 

molecule BCL-xL inhibitors to investigate the biological functions of BCL-2 and BCL-xL 

in hematopoiesis in order to further dissect the role of each anti-apoptotic protein and 

study the various dependences of different cancers[98ï100].  

The first small molecule BCL-xL selective inhibitor published by this collaborative team 

is WEHI-539 with KD (BCL-xL) = 0.55 nM, KD (BCL-2) > 750 nM and KD (MCL-1) > 

550 nM[98]. Starting from a lead compound with benzothiazole-hydrazone core 
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identified from HTS, further structural expansion and optimization were conducted to 

yield WEHI-539 shown in Figure 1.8. A co-crystal structure (PDB ID: 3ZLR) showed 

that WEHI-539 occupied both p2 and p4 pockets of BCL-xL[98]. The key interactions 

contributing to the binding include: an H-bond between the benzothiazole nitrogen and 

Leu108 backbone NH, an H-bond between the hydrazone NH and backbone carbonyl of 

Ser106, a salt bridge between the carboxylic acid and Arg139, and an H-bond between 

the primary amino group and Glu96. The H-bond array between the benzothiazole and p2 

pocket was suggested to be responsible for the selectivity[98]. WEHI-539 can induce 

BAK-mediated apoptosis and kill engineered mouse cell lines by specifically inhibiting 

BCL-xL. Notably, viability of platelets was also compromised due to the inhibition of 

BCL-xL as anticipated[98]. This molecule is the first BCL-xL specific inhibitor and it can 

be used as a tool compound to study the biological functions of BCL-xL in normal and 

disease state.  

After the disclosure of WEHI-539, A-1155463 was soon discovered through NMR-based 

fragment screening and structure-based drug design as a BCL-xL selective inhibitor[100]. 

It has a subnanomolar binding affinity for BCL-xL with Ki < 0.01 nM, and excellent 

selectivity (> 8000-fold) against BCL-2 with Ki = 80 nM. By utilizing this tool 

compound with navitoclax and venetoclax, the authors successfully demonstrated the 

different dependencies on BCL-2 and BCL-xL for a panel of SCLC and AML cell 

lines[99]. More importantly, they also revealed that the synergistic cell killing effects of 

combining navitoclax with docetaxel in vitro was driven by BCL-xL inhibition rather than 

that of BCL-2. A-1155463 was further optimized into the orally bioavailable analogue A-

1331852 for in vivo experiments[99]. Unsurprisingly, being a BCL-xL selective inhibitor, 
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it caused a reversible thrombocytopenia in vivo, reconfirming the pharmacological 

contribution from BCL-xL inhibition in the adverse effect causing by navitoclax[99]. 

Also, it enhanced the response of docetaxel in both strength and length when co-

administrated in vivo[99]. On the other hand, BCL-2 inhibition was responsible for the 

neutropenia adverse effect associated with navitoclax-docetaxel combination. Therefore, 

it was suggested that there might be a therapeutic dose window to use selective BCL-xL 

inhibitor with docetaxel to achieve desirable response without causing neutropenia by 

inhibiting BCL-2 for certain patients[99].  

The development of BCL-2 and BCL-xL selective inhibitors represented the inherently 

complicated biological functions of BCL-2 apoptotic proteins, therefore it would be 

necessary to develop more tool compounds with distinct inhibition profiles to further 

dissect the biological functions of each BCL-2 apoptotic protein member, as well as to 

provide more clinical candidates to adjust therapeutic responses in different patient 

groups[98].  
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Figure 1.8. Structures of BCL-xL selective inhibitors WEHI-539 and its co-crystal 

structure with BCL-xL (PDB ID: 3ZLR), A-1155463 and A-1331852. 
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1.3 Development of Small-Molecule MCL-1 Inhibitors 

Cancer is a heterogeneous disease, with dynamic mutations of DNA, RNA and proteins 

involved in the disease pathogenesis[101]. Selectively destroying the cancer cells through 

the inhibition of BCL-2/BCL-xL is likely to leave the resistant malignant cells alive akin 

to the mechanism of ñartificial selectionò that eventually results in disease relapse. It has 

been reported that many cancers are able to up-regulate MCL-1 to overcome the stress 

caused by BCL-2/BCL-xL inhibition[79].  

Much evidence has shown that MCL-1 plays a vital role in the development of different 

malignancies, including hematological cancers as well as solid tumors[102ï112]. 

Furthermore, overexpression of MCL-1 not only causes the resistance against BCL-

2/BCL-xL inhibition, but is also associated with the resistance to many well-known 

chemotherapeutics including paclitaxel, vincristine and gemcitabine[109, 113]. Moreover, 

MCL-1 is an attractive target validated by knockdown experiments as well as gene 

silencing[104, 114ï118]. Therefore, the discovery and development of selective MCL-1 

inhibitors represents an unmet medical need that may lead to new cancer chemotherapies. 

First and foremost, however, selective MCL-1 inhibitors are urgently required as 

biochemical tools to better understand the biological consequences of its selective 

inhibition that would complement the existing data on dual BCL-2/BCL-xL, pan-BCL-2 

(BCL-2/BCL-xL/MCL-1) and selective BCL-xL and BCL-2 inhibitors. 
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 Abbott Laboritories/Abbvie compounds 

Abbott Laboratories, whose drug discovery arm is now known as Abbvie, has been very 

active in the development of small-molecule inhibitors for different panels of BCL-2 

protein members, including BCL-2, BCL-xL and MCL-1. As discussed earlier, two of the 

most well-known small molecule inhibitors are the BCL-2/BCL-xL dual inhibitor ABT-

263 (navitoclax),[76, 85, 87, 119, 120], and the BCL-2 selective inhibitor ABT-199 

(venetoclax)[54, 121, 122]. 

In an international patent application from Abbott Laboratories in 2007 

(WO2007008627), novel chemical entities as apoptosis promoters based on a biphenyl 

carboxylic acid as the core scaffold were disclosed, illustrated by formula 1 and example 

1[123]. In this formula, A1 = alkyl, alkenyl, alkynyl, and ester, amide, sulfonamide linked 

groups including but not limited to phenyl, heteroaryl, and cycloakyl groups. B1 = phenyl 

group with different halides substitutions, and C1 = CN, NO2, CF3, OCF3, acid, amide, 

ester etc. The analogs exhibited binding affinities to MCL-1 with IC50ôs ranging from as 

low as 0.1 µM to more than 10 µM determined by using NOXA-BH3 peptide in 

fluorescence polarization competition assay (FPCA) without further biological data 

disclosed. In a follow-up publication by Petros and colleagues of Abbvie[73], a biphenyl 

sulfonamide scaffold was identified as an inhibitor of MCL-1 by NMR fragment-based 

screening, and subsequently a library of analogues was developed to study the SAR on 

positions A1 and B1 in formula 1. One of the most potent compounds was 2, which 

exhibited an IC50 (MCL-1/NOXA) of 500 nM. Confirmation of direct binding of 2 to 

MCL-1 was provided by the co-crystal structure (PDB ID: 4OQ5) illustrated in Figure 
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1.9; key interactions included a salt bridge between the carboxylic acid and R263, the 

naphthyl group inserted deeply into the p2 pocket, and the phenoxy moiety occupied the 

p1 pocket.   

 

Formula 1.1. MCL-1 inhibitors with biphenyl carboxylic acid as the core scaffold. 

 

Figure 1.9. Co-crystal structure of compound 2 with MCL-1 (PDB: 4OQ5). 

In a second international patent application from Abbott Laboratories in 2008 

(WO2008130970), hundreds of compounds based on a 7-nonsubstituted indole scaffold 

R263 

M231 

T266 
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were disclosed as MCL-1 inhibitors, represented by formula 2 and examples 3 and 4, 

wherein the p2-targeting naphthalene is attached through the N1 or C3 positions, 

respectively[124]. In the formula, L1 is broadly defined as a bond or alkylene, alkenylene 

or alkynylene. A1 can be carboxylic acid, acid bioisosteres, or esters. B1, C1, D1, E1, and 

F1 are broadly defined to be groups including but not limited to phenyl, heteroaryl, 

cycloalkyl and alkyl etc. The IC50 values for the disruption of MCL-1 binding to a 

fluorescein labeled NOXA-BH3 peptide were determined by an FPCA assay, ranging 

from <0.03 µM to 10.138 µM.  

 

 

Formula 1.2. MCL-1 inhibitors with 7-nonsubstituted indole as the core scaffold. 

In additional to the 7-nonsubstituted indole scaffold, Abbott Laboratories followed up 

with another international patent application (WO2008131000) also filed in 2008, 

wherein hundreds of compounds based on a 7-substituted indole scaffold were disclosed; 

the genus is described by formula 3 and examples include compounds 5 and 6[125]. 

Compared to the ñsister-patentò in which 7-nonsubstituted indoles were reported[64], the 
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claims of substitutions were also broadly defined on all positions, except introducing 

functional groups on the 7 position of indole scaffold. The IC50 values for disruption of 

MCL-1 binding of this class of molecules have a range from less than 0.03 µM to 3.846 

µM. No further biological activities were reported. 

 

Formula 1.3. MCL-1 inhibitors with 7-substituted indole as the core scaffold. 

Inspired by the selective inhibition of MCL-1 by 7-nonsubstituted indole scaffold, 

Tanaka and co-workers from Takeda Pharmaceutical Company published a novel class of 

dual MCL-1/BCL-xL inhibitors by merging a related pyrazolo[1,5-a]pyridine derivative 
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of compound 5 to the phenacylsulfonamide moiety of ABT-737 to construct a hybrid 

scaffold, represented by compound 7, which inhibited MCL-1 and BCL-xL with IC50 

values of 610 nM and 4.4 nM, respectively[68]. In Figure 1.10, a co-crystal structure of 7 

with MCL-1 (PDB ID: 3WIY) showed that the portion adopted from compound 5 drove 

the binding to MCL-1, while the moiety from ABT-737 was solvent exposed. In the case 

of the co-crystal structure of 7 with BCL-xL (PDB ID: 3WIZ), both of these components 

of the molecule contributed to the binding. 

 

Figure 1.10. Co-crystal structure of compound 7 with MCL-1 (left, PDB: 3WIY) and 

BCL-xL (right, PDB: 3WIZ). 

Another follow up research paper to the indole patent applications was published by 

Bruncko and co-workers of Abbvie[67]. By analysis of a co-crystal structure of a 

derivative of 5 with MCL-1, they further expanded the molecule from the 7 position on 

M231 

T266 

R263 
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the indole core to yield compounds 8 and 9. In Figure 1.11, the co-crystal structure of 8 

bound to MCL-1 showed that the N-acetylpiperazine moiety occupied the p3 and p4 

pockets, while the naphthyl group inserted deeply into the p2 pocket. One of the 

highlights of this work is that the effect of serum binding was taken into account in the 

assay. Specifically, the MCL-1 inhibition constant Ki was determined under both serum-

free conditions and in the presence of 10% human serum for a better understanding of 

MCL-1 inhibition on a cellular level. In particular, compound 9 was a very potent MCL-1 

inhibitor with Ki values of 0.43 nM (no serum) and 6.0 nM (10% human serum). Indole 9 

was also selective against all the other anti-apoptotic BCL-2 family proteins (Ki >0.66 

µM for BCL-2, BCL-xL, BCL-w and A1) according to a TR-FRET assay, and 

demonstrated no appreciable affinity to a panel of kinases and GPCRs (IC50/EC50 > 10 

µM). Furthermore, compound 9 exhibited cellular growth inhibition efficacy as a single 

agent (EC50 (BxPc-3) =917.8 nM), as well as synergizing with ABT-263 (EC50 (BxPc-3) 

=19.2 nM). A more thorough biological study of an analogue of 9 (the methyl 

sulfonamide group was replaced with a N,N-dimethyl sulfonamide group) was also 

published by Leverson and co-workers that demonstrated its on-target effect and ability 

to trigger apoptosis at the cellular level[126]. However, differences of up to 2000-fold 

between biochemical affinities for MCL-1 and cell growth inhibitions were observed, 

which the authors have attributed to extensive serum binding coupled with and the 

zwitterionic nature of this molecule, that likely limited their cell penetration. 
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Figure 1.11. Co-crystal structure of compound 8 with MCL-1. 

 

 

Formula 1.4. MCL-1 inhibitors with 7-substituted indole as the core scaffold. 

R263 

M231 

T266 
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 Vanderbilt University compounds 

In a patent application (WO 2014047427) submitted by Vanderbilt University, Stephen 

Fesik and colleagues disclosed hundreds of compounds as MCL-1 selective inhibitors 

based on three scaffolds: benzofuran, benzothiophene and indole[127], wherein the latter 

is reminiscent of Abbottôs applications several years earlier. In the case of the benzofuran 

and benzothiophene cores, Fesik et al. claimed broadly using formula 4, where A1 

included carboxylic acid, esters, and acid bioisosteres including tetrazole, isothiazolinone, 

thiadiazole and oxadiazole. In the case of the indoles, as depicted by formula 5, the 

claims were similar to formula 4, except A2, where a carboxylic acid was not claimed, in 

contrast to Abbottôs claims, possibly to prevent claim overlap[124, 125]. Instead, 

hundreds of indoles with acylsulfonamide linkages at the A2 position as a substitution for 

the carboxylic acid were disclosed. They also clustered the MCL-1 inhibitors by their Kis 

into groups with Ki ranging from <100 nM to 50 µM, as determined by FPCA with an 

FITC-BAK peptide. In terms of selectivity, they disclosed five compoundsô selectivities 

amongst MCL-1, BCL-2 and BCL-xL. One example is compound 10 with Ki (MCL-1) = 

0.37 µM, Ki (BCL-2) = 5.8 µM, and Ki (BCL-xL) = 10 µM, showing more than 10-fold 

selectivity for MCL-1 over BCL-2 and BCL-xL. Additional SAR studies were also 

published by Friberg and co-workers for the same scaffolds revealing even more 

impressive selectivities[70]. In Figure 1.12, the co-crystal structure (PDB ID: 4HW2) of 

the most potent compound 11 (Ki (MCL-1) = 55 nM, Ki (BCL-xL) >15 µM, Ki (BCL-2) = 

0.87 µM) with MCL-1 showed that the carboxylic acid formed a salt bridge with R263, 

while the 3,5-dimethyl-4-chlorophenol moiety occupied the p2 sub-pocket, which had 

significantly opened up to accommodate this moiety relative to that in the Bim-BH3ï
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MCL-1 co-crystal structure (PDB ID: 2PQK)[70]. The indole chlorine atom pointed into 

a sub-pocket formed by A227, M231 and F270. Furthermore, Burke and co-workers 

discovered another group of MCL-1 selective inhibitors using the tricyclic indole scaffold 

represented by compound 12[75]. Unsurprisingly, the crystal structure (PDB ID: 4ZBI) 

showed a similar binding mode compared to compound 11. No cytotoxicity data were 

reported on these compounds, although a pull down assay using K562 cell lysate with 

compound 12 demonstrated its ability to bind cellular MCL-1.   

Recently, Pelz and co-workers showed that the bioisosteric replacement of the carboxylic 

acid attached to their indoles in compounds such as 11 with an acyl sulfonamide function 

and further decorations on the R5 position generated more potent and selective MCL-1 

inhibitors; examples include compounds 13 and 14[74]. A co-crystal structure in Figure 

1.12 showed that the acylsulfonamide not only formed a polar interaction with R263, but 

also served as a synthetic handle to further extend the molecule into the p3 and p4 

pockets using proper length of linkers. Also, adding aromatic groups to the C7 position 

on the indole core, particularly the 3,5-dimethylpyrazolyl moiety in compound 14, further 

increased the MCL-1 binding affinity to < 10 nM. Due to the fact that those molecules 

possess acidic functional groups on a hydrophobic core, they were expected to have 

significant serum binding[128], which was confirmed by adding FBS in the FPCA assay. 

Also, the Pampa assay revealed poor cell penetration, which was also expected owing to 

the presence of two acidic groups in the molecules.  

This class of inhibitors has also been evaluated for their cytotoxicities in cell assays in the 

patent application WO 2014047427. The cell killing effects were evaluated in two 
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conditions: 10% fetal bovine serum and 1% fetal bovine serum in the cell culture. In the 

case of 10% FBS, compound 13 showed IC50 values of 17.9 µM (K562), 23.3 µM (NCI-

929), 13.8 µM (MDA-MB-468) and 16.9 µM (MDA-MB-231) using CellTiter-Glo 

Luminescent proliferation assay after 72 hours of treatment. While in the case 1% FBS, 

compound 13 showed lower IC50 values for all the four cell lines: 2.6 µM (K562), 5.1 

µM (NCI-929), 11.2 µM (MDA-MB-468), and 12.9 µM (MDA-MB-231). The difference 

between 10% and 1% FBS experiments suggests that serum binding effect was likely 

involved for the loss of cell growth inhibitory activities.  
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Formula 1.5. MCL-1 inhibitors with benzofuran, benzothiophene and indole as core 

scaffold. 
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Figure 1.12. Co-crystal structure of compound 11 (top left, PDB: 4HW2), compound 12 

(top right, PDB: 4ZBI), and compound 14 (bottom, PDB: 5FDR) with MCL-1. 

In a subsequent patent application (WO 2015031608), Fesik and colleagues disclosed 135 

compounds based on their previous patent application (WO 2014047427), shown in 
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formula 6, and by representative examples 15 and 16[129]. In formula 6, L1 is the linker 

included but not limited to C1-6 hydrocarbon chain, carbocyclylene and heteroatom rings 

that connects the indole core to R1, which includes carboxylic acid, acylsulfonamide, 

other carboxylic acid bioisosteres and more hydrogen bonding moieties. The remainder 

of the positions (L2, R2-7) were broadly claimed by various functional groups. Compared 

with their earlier patent application in 2014, the authors shifted the carboxylic acid onto 

the nitrogen, via the linker L1, instead of the 2-position of the indole (here, R2). They 

disclosed the Ki values for the MCL-1 inhibitors ranged from <100 nM to 50 µM. The 

MCL-1 selectivity over other BCL-2 proteins including BCL-2 and BCL-xL was also 

presented. For example, compound 16 exhibited Ki values of 7 nM (MCL-1), 7.1 µM 

(BCL-2) and 7.9 µM (BCL-xL), demonstrating three orders of magnitude selectivity for 

MCL-1. Cell viability data were also reported by determining the EC50 of compounds on 

different human tumor cell lines in 10% and 1% FBS culture environments. With 10% 

serum, compound 16 exhibited EC50 values of 17.1 µM (K562) and 16.2 µM (MV-4-11); 

when 1% serum was presented, compound 16 inhibited cells with an EC50 (MV-4-11) of 

2.8 µM 
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Formula 1.6. MCL-1 inhibitors with indole as core scaffold. 

Further modification on the indole scaffold was disclosed in another patent publication 

applied for by Vanderbilt University (WO 2015148854), in which Fesik and colleagues 

disclosed 375 compounds based on indole scaffold (formula 6), represented by example 

compound 17[130]. In this application, the compounds in library have Kis for MCL-1 

ranging from <50 nM to 50 µM. They also revealed the MCL-1 selectivity over BCL-xL 

and BCL-2 for some representative compounds. For example, compound 17 had Ki 

(MCL-1) <7 nM, Ki (BCL-xL) = 8.89 µM, and Ki (BCL-2) = 1.9 µM, again 

demonstrating selectivities of up to three orders of magnitude. They reported the IC50 of 

selected compounds on several human tumor cell lines with 10% fetal bovine serum. For 

compound 17, the IC50 (ALMC-1) = 12 µM, IC50 (ALMC-2) = 20.8 µM, IC50 (H929) = 

6.3 µM, and IC50 (K562) = 23.2 ÕM. They also showed selected compoundsô effects on 

cellular caspase 3/7 activation in the MCL-1 sensitive cell line H929: for example, the 

EC50 (H929) of compound 17 was 2.3 µM. Therefore, these selective MCL-1 inhibitors 
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were proposed to suppress human cancer cell proliferation by triggering apoptosis via 

caspase 3/7 activation.  

 

Formula 1.7. MCL-1 inhibitors with indole as core scaffold. 

 University of Michigan compounds 

In a patent application published by Nikolovska and colleagues (WO2013052943), 

hundreds of compounds were disclosed based on a sulfonamide-1-hydroxynaphthalene 

scaffold (formula 7) as selective MCL-1 inhibitors[131]. R1, R2, R3, m, n, X, Y, Z and ZZ 

have been broadly claimed as any moiety that lead to MCL-1 inhibitors. The lead 

compound was discovered by HTS screening of a compound library. An analogue of their 

lead compound is compound 18, with selective inhibition of MCL-1, Ki = 5.33 µM, over 

the rest of BCL-2 family members, such as BCL-w, BCL-xL and BCL-2 which were 

inhibited more weakly with Ki values of 8.19 µM 23.83 µM and 32.99 µM, respectively. 

HSQC NMR was performed to ascertain the binding mode of compound 18, which 

suggested it binds to the BH3-binding groove of MCL-1, wherein the carboxylic acid 



37 

 

engaged in a salt bridge with R263, the 4-bromophenyl group inserted into p2 pocket, the 

naphthalenyl ring positioned in the p3 pocket, and the OH group was hydrogen bonding 

to H224. To illustrate the functional mechanism of these inhibitors, extensive biological 

studies were conducted. A biotin-streptavidin pull-down assay showed compound 18 

successfully disrupted the interaction between Biotin labeled NOXA and MCL-1 in a 

cellular context. Furthermore, 18 effectively inhibited the cell growth of pancreatic 

cancer cell lines including BxPC-3 (IC50 = 3.4 ± 0.4 µM) and Panc-1 (IC50 = 4.4 ± 1.3 

µM), which exhibit high expressions of MCL-1 protein. Additionally, the cell growth 

inhibition was attributed to intrinsic apoptosis by examining the Annexin V and propium 

iodide stains in flow cytometry, observing the disruption of MCL-1 and BAK/BAX using 

immunoprecipitation, accompanied with BAX activation using a unique 6A7 anti-BAX 

antibody that can specifically recognize activated BAX, and also the subsequent release 

of cytochrome c, PARP cleavage and caspase 3 activation using a Western blot. 

Knockdown of MCL-1 in BxPc-3 annulled compound 18ôs original activity, providing 

additional evidence that the cell growth inhibition resulted from MCL-1 inhibition. In the 

treatment of mice xenograft models bearing PC tumors, compound 18 demonstrated 

significant tumor shrinkage effects without damaging healthy tissues. Besides the 

comprehensive studies of compound 18, more thorough SAR studies on R1, R2, and Z 

groups of formula 7 were also reported as well as additional biological characterizations 

in a published paper[69]. Additionally, it was found that formula 7 could be oxidized to 

formula 8, which led to the discovery of another class of MCL-1 inhibitors, represented 

by compound 19, whose ability to inhibit MCL-1 was confirmed by FPCA and HSQC 

NMR spectroscopy. The 4-iminonaphthalen-1(4H)-one motif of 19 is reminiscent of 
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NAPQI, the Michael acceptor toxic metabolite from acetaminophen overdose, and so 

there are safety concerns with inhibitors based on formula 7 and 8. 

 

 

Formula 1.8. MCL-1 inhibitors with sulfonamide-1-hydroxynaphthalene as core scaffold. 

Another scaffold was disclosed by Nikolovska and co-workers in patent application WO 

2013149124 including hundreds of compounds based on a novel [(1-piperazinyl)-4-

pyridinylmethyl]-naphtho[1,2-b]furan scaffold (formula 9) as selective MCL-1 inhibitors, 

as well as some comprehensive biological data for some of the representative compounds, 

such as compound 20[132]. The groups R1ïR8 have been broadly claimed as any moiety 

that can lead to MCL-1 inhibitors. The authors generated a binding model of compound 

20 using Schrºdingerôs induced fit docking as well as molecular dynamics simulation. In 

the model, they observed that compound 20 fitted into the BH3 binding groove of MCL-1, 

with its pyridine ring inserted into the p2 pocket, naphthalene ring accommodated by the 

p3 pocket, the phenol OH formed a hydrogen bond with H224, the oxygens of the ester 
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group formed hydrogen bonds with R263 and N260, and the 4-methyl-1-piperazinyl 

group was exposed to solvent. They also revealed SAR studies on R1, R2, R3 and R4, with 

compound 20 one of the most potent MCL-1 inhibitors of the series: IC50 = 75 nM. 

Besides the MCL-1 potency data, the selectivities of their molecules for MCL-1 over the 

other four anti-apoptotic BCL-2 family proteins were described; in most cases, this 

was >100-fold. Furthermore, the authors conducted cell growth inhibition studies on 

eight melanoma cell lines all of which expressed high levels of MCL-1. Their 

representative compounds successfully inhibited cell growth with IC50s ranging from 1.66 

to 22.44 µM. Their compounds also killed AML cell lines with EC50 values ranging from 

3.98 to 15.98 µM, with reduced efficacy against CML cell lines, indicating the utility of 

their compounds as a potential treatment for AML. Finally, it was demonstrated that their 

compounds inhibit cellular MCL-1, thereby activating the intrinsic apoptotic machinery, 

and resulting in cell destruction through a BAX/BAK dependent mechanism revealing an 

on-target mechanism of action.  

 

Formula 1.9. MCL-1 inhibitors with [(1-piperazinyl)-4-pyridinylmethyl]-naphtho[1,2-

b]furan as core scaffold. 
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Most recently, Nikolovska and colleagues revealed another class of selective MCL-1 

inhibitors based on a pyrazolopyridine scaffold in the patent application WO 

2015153959[133]. They claimed broadly that R1 ï R6 can be any moiety that results in 

MCL-1 binders. As with their earlier class of inhibitors, their lead was discovered 

through HTS, followed by docking and HSQC NMR to predict and confirm the binding, 

as well as to provide guidance for future SAR studies. A co-crystal structure revealed that 

the R1 and R2 groups bound to the p2 pocket, and R3, when an OH, formed a salt bridge 

with R263. The most potent compound 21 had a Ki (MCL-1) = 130 nM, Ki (BCL-2) = 

1.95 µM, and Ki (BCL-xL) >5 µM. They also reported data from biological assays, 

demonstrating that compound 21 can antagonize MCL-1 functions at the mitochondrial 

level, and also kill the MCL-1 dependent mice transgenic lymphoma cell line Eµ-myc.  

 

Formula 1.10. MCL-1 inhibitors with pyrazolopyridine as core scaffold. 
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 Dana-Farber Cancer Institute, Inc.  

In two patent applications published by Walensky and coworkers (WO2011094708 and 

WO 2013142281), they disclosed hundreds of compounds as selective MCL-1 inhibitors 

identified via high throughput FPCA screening[134, 135]. The compounds were 

organized into 12 classes by their scaffolds. Two of the representative scaffolds are 

shown in formulae 11, which is essentially the same as formula 8, and 12, with 

compounds 22 and 23 exhibiting IC50 values of 14 nM and 1.2 µM, respectively. In the 

cellular level, some of the compounds demonstrated efficacy against OPM2 cell line 

growth as a single agent and in combination with TRAIL. However, there is a concern 

that, given its similarity to the toxic metabolite NAPQI of acetaminophen overdose 

infamy, inhibitors based on formula 11 may exhibit general toxicity through functioning 

as Michael acceptors. In particular, they selected compound 23, whose pyrogallol motif is 

reminiscent of gossypol derivatives[44], as their lead compound (also known as MIM1) 

and characterized it more fully[136]. 2D HSQC NMR studies were conducted to 

determine the binding area of MIM1 on MCL-1 protein. It was also demonstrated that 

MIM1 can rescue the sequestration of BAX from MCL-1, followed by killing MCL-1 

dependent murine CML cells. Additionally, co-administration of MIM1 with ABT-737 

inhibited the growth of both MCL-1 and BCL-xL dependent cancer cells, indicating the 

potential utility of MCL-1 inhibitors in future combination therapy development.  
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Formula 1.11. MCL-1 inhibitors discovered in Dana-Farber Cancer Institute through 

HTS. 

 Eutropics Pharmaceuticals Inc. 

Eutropics pharmaceutical inc. has disclosed a class of small molecules centered around 

an 8-hydroxyquinoline scaffold as MCL-1 inhibitors shown in formula 13 and 14 (WO 

2012122370)[137]. Without divulging any specific structural examples, they reported a 

library of compounds IC50s against MCL-1 ranging from 0.6 µM to 20 µM, and EC50 

values against lymphoid cell line (DHL-6), myeloid cell line (NCI-H929) and mouse 

leukemia cell line (MCL-1-1780) ranging from 1.0 µM to >25 µM. By comparing this 

data with that from a BAX/BAK deficient cell line DHL-10 (EC50 >25 µM), they 

concluded that the cell growth inhibition resulted from activation of the intrinsic 

apoptosis pathway, which was further supported by the observation of cytochrome c loss 
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from mitochondria. One example of this scaffold, compound 24 (IC50 (MCL-1) = 2.4 

M), was identified from a HTS FPCA campaign and published by Richard and co-

workers[138]. To improve the drug-like properties of this lead, the carboxylic acid and 

chlorine were deleted, and an additional basic nitrogen was introduced to yield compound 

25 as an MCL-1 selective inhibitor (IC50, MCL-1: 310 nM, IC50 BCL-xL: > 40 µM). 

Compound 25 exhibited cytotoxicities against multiple cancer cell lines with EC50s of 0.3 

to 25 µM via the intrinsic apoptosis pathway. The authors proposed that the different 

sensitivities of the cell lines to compound 25 could be explained by the different ñprimedò 

levels using a BH3 profiling assay.  

 

Formula 1.12. MCL-1 inhibitors with 8-hydroxyquinoline as core scaffold. 
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 National University of Singapore  

In a patent application published by National University of Singapore (WO 2010024783), 

44 small-molecule inhibitors of BCL-xL and MCL-1 based on pyridylrhodanine (formula 

15) and diarylrhodanine (formula 16) scaffolds were disclosed[139]. Most of their 

inhibitors were dual BCL-xL/MCL-1 inhibitors, although a few MCL-1 selective 

inhibitors were also reported; two examples are provided by compound 26 (K i (MCL-1) = 

22 µM, Ki (BCL-xL) >150 µM), and 27 (K i (MCL-1) = 78 µM, Ki (BCL-xL) >>100 µM). 

The authors also reported the cytotoxicity data of some compounds on multiple cancer 

cell lines. Generally, their compounds in both classes showed GI50s for K562 cell line 

ranging from 4 to 9 µM. However, these molecules may function, in part, as Michael 

acceptors through the acrolein-type moiety, which may result in off-target effects. 

 

Formula 1.13. MCL-1 inhibitors with pyridylrhodanine and diarylrhodanine as core 

scaffolds. 
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 Les Laboratories Servier & Vernalis (R&D) Limited  

In a patent application published by Les Laboratories Servier & Vernalis (R&D) Limited 

(WO2015097123), 871 small-molecules were disclosed as MCL-1 inhibitors based on a 

thienopyrimidine scaffold shown in formula 17[140]. It was claimed that A can be groups 

including linear or branched alkyl, alkenyl, alkynyl, alkoxy, OH, CN and halogen atoms. 

R1 to R5 include H, halogen atoms, OH, CN, NO2, and linear or branched alkyl, alkenyl, 

alkynyl groups. R6 includes H, linear or branched alkyl group, aryl and heteroaryl group. 

R7 can be linear or branched alkyl, alkenyl, alkynyl, halogen and CN groups. R12 can be 

H or OH. The IC50 for MCL-1 inhibition was determined by FPCA with a range from 1.5 

nM to > 10 ÕM. And those inhibitorsô in vitro cytotoxicities on the multiple myeloma 

H929 cell line were also reported using MTT assay with IC50 ranging from 2 nM to 22.3 

µM.  For example, one of the most potent inhibitors 28 inhibited MCL-1 with an IC50 = 

3.3 nM, and blocked cell growth with an IC50 of 3 µM. The induction of apoptosis in vivo 

was confirmed in AMO-1 multiple myeloma xenografted mice model upon compounds 

treatment by observing significant increase of PARP cleavage (> 100 folds) compared to 

the control group. Importantly, regression in tumour volume was detected with a range 

from -26 to -100%. Excitingly, Servier and Vernalis in 2015 have announced their 

strategic collaboration with Novartis to push these MCL-1 inhibitors into clinical 

development[141].  
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Formula 1.14. MCL-1 inhibitors with thienopyrimidine as core scaffold. 

 Amgen Inc. 

Most recently, Amgen published a patent application (WO 2016033486) of small-

molecules targeting MCL-1 using a tetrahydronaphthalene scaffold shown by formula 

18[142]. In the claims, b can be single/cis-/trans-double bond, R is a halide, R1 can be H, 

C1-6 alkyl, or (CH2CH2O)nCH3. Also, R2, R2A, R3 can all be H or C1-6 Alkyl groups. 

Additionally, R3A can be H, C1-6 alkyl, C3-6 cycloalkyl, or (CH2)m-C3-6-cycloalkyl groups. 

In the description, they have revealed 83 chemical structural examples, and most of them 

have been biological evaluated for their 1) MCL-1 binding affinity (IC50) against Bim 

using in vitro time-resolved fluorescence resonance energy transfer (TR-FRET) assay; 2) 

IC50 to disrupt MCL-1/BAK in the cellular context using a split Luciferase assay in 

human embryonic kidney 293 M cells; and 3) IC50 to kill human multiple myeloma cells 

(OPM2) in a 10% FBS environment. It is noticeable that no selectivity studies on BCL-2 

and BCL-xL have been reported in the application. In particular, compound 29 exhibited 

IC50 (MCL-1) = 0.25 nM in TR-FRET assay, IC50 (MCL-1) = 31.2 nM in the luciferase 

assay, and IC50 (OPM2) =259.9 nM. Furthermore, compoundsô activities were evaluated 

in vivo using an OPM2 xenograft mice model. The compounds demonstrated excellent 
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dose dependent tumor regression effects on a 10 daysô course. The compounds were 

administered using different routes including IP and PO, and compound 29 even showed 

stronger tumor shrinkage effect at 25 mg/kg compared to 1mg/kg Bortezomib 

administration. Importantly, one of their MCL-1 inhibitors with code number AMG 176 

is currently being investigated in a Phase I clinical trial (NCT02675452) for relapse and 

refractory multiple myeloma. To the best of our knowledge, this is the first small-

molecule MCL-1 inhibitor that has entered into clinical development.  

 

Formula 1.15. MCL-1 inhibitor with tetrahydronaphthalene scaffold. 

1.4 Expert Opinion 

Research and development in the field of MCL-1 inhibition has been very active in the 

past five years. Much knowledge and insight have been gained to refine our 

understanding of this attractive oncology target. In the literature, HTS coupled with 

structure-based drug design have been the chief strategies to discover various scaffolds as 

MCL-1 inhibitors, which has been directly driven by co-crystal structures that have 

recently emerged.[67ï75, 143] In particular, pioneering work by Fesikôs laboratory at 

Vanderbilt University has contributed tremendously to the understanding of MCL-1 

protein plasticity, inhibitor binding modes, and origins of inhibitor selectivities against 
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other BCL-2 anti-apoptotic proteins. Abbvie and Nikolovska-Coleskaôs laboratory 

likewise provided additional biophysical evidence that points at strategies to accomplish 

potent and selective inhibition of MCL-1. Many of the more potent Mcl-1 inhibitors, 

which are still under early stage preclinical development, share several structural features. 

For example, the scaffold is based on a rigid, hydrophobic bis-aryl core from which is 

projected a carboxylic acid, or acid bioisostere, to interact with R263, and a hydrophobic 

group that can bury itself deep into the p2 pocket. Sometimes, there will be an additional 

group that points towards the p4 pocket connected to the core scaffold by a linker of an 

appropriate length. Inhibitors carrying the above properties have consistently bound to 

MCL-1 in similar conformations, as well as demonstrated decent selectivity against BCL-

2 and BCL-xL. However, by sharing high degrees of structural similarity, many of them 

will also likely face the same optimization challenges, such as drug-like characteristics 

and resistance to metabolism. In this regard, a lack of strict adherence to Lipiniskiôs rules 

is not considered a significant concern given the BCL-2 selective inhibitor Venetoclax 

(ABT-199), a drug that is certainly non-compliant with Lipinskiôs rules, received recent 

FDA approval.  

Most of those MCL-1 inhibitors have progressed to the cellular level with moderate cell 

growth inhibition effects observed in multiple cell lines[69, 126, 127, 129, 130]. Two 

common factors attributed to the variable cellular activities have been associated with 

limited cell membrane penetration and heavy human serum binding[67, 74], which 

eventually led to a low exposure of the inhibitors. It is noteworthy that both Abbvie and 

Vanderbilt compounds exhibited much greater difference between biochemical binding 

affinity and cell growth inhibition activity (> 100 fold) compared to Michigan 
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compounds, which have almost no difference. This finding suggested that Michigan 

compounds might have additional off-target effects contributing to its overall cell killing 

capability, or perhaps this may be explained by the intramolecular cyclization of the 

phenol hydroxyl and carboxylic acid to generate a neutral, more cell-permeable pro-drug. 

The data associated with the cell experiments with Mcl-1 inhibitors also indicated that 

using different cell lines that have different dependencies on BCL-2 anti-apoptotic 

proteins will likely to yield non-comparable results.  

Meanwhile, the most recent approval of the BCL-2 selective inhibitor ABT-199 

(venetoclax) also strengthened our confidence in developing MCL-1 inhibitors 

considering the similarities between their structures, anti-apoptotic functions, and 

prevalence in human malignancies[96]. Some lessons learned during the development of 

ABT-199 can be applied to the MCL-1 inhibitors[54]. The clinical development of ABT-

199 showed limited response as a single agent in many cases[122, 144], which led to 

trials of combination therapy wherein venetoclax is combined with either chemo or 

immunotherapy[145, 146]. Therefore, design molecules that can inhibit more than one 

onco-protein can be an interesting strategy to generate new chemical entities. Compared 

to a cocktail of multiple agents, a single drug with a polypharmacological profile can 

potentially achieve a similar efficacy as two drugs but with lower toxicity. Also, 

considering BH3 profiling has provided useful guidance in the selection of cell lines 

which were sensitive to BCL-2 anti-apoptotic protein antagonism as well as in prediction 

of patientsô response to BCL-2 inhibitors[147ï150], a broader screening using MCL-1 

inhibitors against a greater variety of cancer cell lines and also primary cancer cells can 
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possibly generate additional information of biomarkers to identify responders in clinical 

trials, and accelerate the progression of personalize medicine[151].  

Most recently, two patent applications by Servier and Amgen have emerged that have 

dramatically advanced the preclinical development of MCL-1 inhibitors by 

demonstrating efficacious in vivo tumor growth inhibition data. In fact, Servier and 

Novartis have partnered in order to push their MCL-1 inhibitors into clinical trials, and 

Amgen has just started their first-in-human trials targeting relapsed/refractory multiple 

myeloma patients. The information gathered from these clinical studies will be extremely 

useful to provide insight for the therapeutic benefits, as well as potential side effects 

associated with MCL-1 inhibition in man.  

Finally, with all the efforts and resources that have been put into the research for MCL-1 

inhibition as a new approach targeting human cancers, we are getting closer to achieve 

significant breakthroughs in the discovery and development of a new class of targeted 

anti-cancer agents. We will need to wait for the clinical trials results and see if MCL-1 

inhibition in vivo can be further translated into therapeutic window, patient response and 

disease remission. Hopefully in the near future, an MCL-1 inhibitor will have advanced 

to a drug in the physicianôs arsenal to further arm more patients in the fight against cancer.  

Acknowledgement: Reproduced from ñChen, L., and Fletcher, S ñMCL-1 inhibitors: a 

patent review.ò Expert Opin. Ther. Pat. 2016, Nov 17: 1-16.  
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 Structure-Based Design of 3-Carboxy-Substituted 1,2,3,4-

Tetrahydroquinolines as Inhibitors of Myeloid Cell Leukemia-1 (MCL -

1) 

2.1 Design and Synthesis of 3-Carboxy-Substituted 1,2,3,4-

Tetrahydroquinolines as MCL-1 Inhibitors 

Fesik recently described the fragment-based design of potent MCL-1 inhibitors based on 

indoles, benzothiophenes and benzofurans[70, 75]. In each case, a carboxylic acid is 

presented from the 2-position, which engages R263 in a salt bridge, whilst various 

phenoxyalkyl groups tethered to the 3-position probe deeply into the p2 pocket. To 

enhance the diversity of MCL-1 inhibitor chemotypes further, we speculated that a 

similarly functionalized THQ might also block MCL-1ôs proteinïprotein interactions 

(PPIs) with the BH3 domain of its partner pro-apoptotic BCL-2 proteins. Specifically, a 

carboxylic acid projected from the THQ ring, and substitutions off the ring nitrogen atom 

are predicted to achieve interactions with R263 and the p2 pocket, respectively. Since the 

nitrogen may be readily functionalized by alkylation, sulfonylation and acylation, this 

provides a safer and broader avenue for diversification compared to the recently 

described BuLi/alkylation step[70].  

Transposing the 4-chloro-3,5-dimethylphenyl moiety and 2-carboxylic acid from Fesikôs 

compound 1 onto a THQ scaffold thus generated novel compound ±-2 (Figure 2.1). The 

reason for the use of a 4-substituted-phenylsulfonyl moiety to tether the THQ scaffold to 

the 4-chloro-3,5-dimethylphenyl group was simply for ease of synthesis. It is known that 

the hydrophobic crevice on the surface of MCL-1 is somewhat plastic[70]. For example, 
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a crystal structure (PDB ID: 4HW3) reveals the p2 pocket substantially opens up in the 

presence of 1 relative to that in the crystal structure of MCL-1 binding a native BH3 

peptide (PDB ID: 4HW4). Thus, we performed GOLD docking solutions of the S-

enantiomer of 2 with MCL-1 extracted from three different PDB files (4HW3, 4HW2 and 

3WIX). Excellent shape complementarity of S-2 with MCL-1 in 3WIX was observed, and 

a low energy docked solution is given in Figure 2.2. The carboxylate anion is predicted 

to form a salt bridge with R263 and a hydrogen bond to T266 (black dashed lines in 

Figure 2.2). The 4-chloro-3,5-dimethylphenyl moiety is buried deep in the p2 pocket, 

interacting with residues that include M250, V253 and F270. The benzene ring of the 

THQ scaffold possibly engages in ˊ-ˊ stacking with H224, and is near the p3 pocket. 

Interestingly, the docking experiments with the R-enantiomer of 2 generated 

unreasonable results, indicating that the chiral centre of 2 may have an impact on binding 

affinity.  

 

Figure 2.1. The development of a new chemotype to inhibit MCL-1[70]. 
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Figure 2.2. A high-scoring GOLD docked solution of S-2 using MCL-1 extracted from 

PDB ID: 3WIX. The binding site was defined as 10 Å about Met231. Image rendered 

using PyMOL. 

As depicted in Scheme 2.1, quinoline-3-carboxylic acid 3 was esterified with thionyl 

chloride in methanol to yield ester 4. Reduction of the pyridine ring of 4 with pyridine-

borane complex in glacial acetic acid then delivered racemic THQ 5 whose methyl ester 

was saponified to yield ±-6. Alternatively, sulfonylation of ±-5 furnished compounds ±-7, 

which were also saponified with lithium hydroxide to afford the 3-carboxy target 

compounds ±-8. Further elaboration of the phenylsulfonyl group in ±-7c was 

accomplished by an SNAr reaction with 4-chloro-3,5-dimethylphenol followed by ester 

hydrolysis to afford compound ±-2, as shown in Scheme 2.2. In addition, the 
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phenylsulfonyl moiety in ±-2 was replaced with a more flexible propylene group through 

a reductive amination-saponification sequence to yield ±-11. 

 

Scheme 2.1. (a) SOCl2, MeOH, 0 ºC to reflux, overnight; (b) PyrïBH3, AcOH, RT, 

overnight; (c) R2SO2Cl, DIPEA, cat. DMAP, CH2Cl2, reflux, overnight; (d) LiOH¶H2O, 

THFïMeOHïH2O, 3:1:1, RT, overnight. 
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Scheme 2.2. (a) 4-Chloro-3,5-dimethylphenol, K2CO3, DMF, 100 ºC, 48 h; (b) 

LiOH¶H2O, THFïMeOHïH2O, 3:1:1, RT, overnight; (c) 4-chloro-3,5-

dimethylphenoxypropaldehyde, NaBH(OAc)3, DCE, 35 ºC, overnight. 

2.2 Biological Evaluation of 3-Carboxy-Substituted 1,2,3,4-

Tetrahydroquinolines as Inhibitors 

The target molecules were assayed for their abilities to disrupt the MCL-1ïBAK-BH3 

PPIs in a fluorescence polarization competition (FPC) assay with MCL-1172-327 and FITC-

labeled BAK-BH3 peptide. Further details on the FPC assay can be found in the section 

2.4. As expected, unsubstituted racemic 1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-

6) did not show any inhibitory effect (Ki > 500 µM) likely due to an inability to reach into 

the p2 pocket. Substitution of the THQ nitrogen with a phenylsulfonyl group (±-8) 

resulted in the discovery of a weak inhibitor of MCL-1 (Ki = 193 µM), whose activity 



56 

 

was further enhanced by the addition of a bulky, hydrophobic bromine atom in the para 

position of the phenyl ring (±-8b: Ki = 117 µM). However, there appears to be a 

geometrical constraint on the nature of the para hydrophobic group, since a phenyl ring 

here was not tolerated ((±-8d: Ki > 500 µM). On the other hand, a 2-naphthylsulfonyl 

group (±-8e) afforded a two-fold increase in affinity to MCL-1 over ±-8b indicating that 

large groups can be accommodated in the pocket binding the sulfonyl substituent. 

Gratifyingly, theoriginally designed molecule ±-2 exhibited the most potent binding of 

the series with a Ki of 120 nM. We surmise this dramatic improvement in binding affinity 

is due to efficient and deep occupation of the p2 pocket by the 4-chloro-3,5-

dimethylphenyl moiety that is facilitated by the ether oxygen providing increased 

structural flexibility not available to biphenyl ±-8d. A similarly impressive enhancement 

in the Ki value of about three orders of magnitude (from ±-8a to ±-2) has been reported 

elsewhere[70]. Compound ±-11, which is analogous to 1 as they carry the same propyl 

linker that tethers the acid-containing core to the 4-chloro-3,5-dimethylphenyl moiety, 

was a weaker inhibitor than ±-2 by over an order of magnitude, demonstrating the 

positive contribution made by the phenylsulfonyl group likely achieving favourable 

interactions at the top of the p2 pocket. Finally, the methyl ester of ±-2, i.e. compound ±-

9, had no appreciable affinity to MCL-1 indicating the significance of the carboxylic acid, 

which presumably binds R263 as proposed. 
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Table 2.1. Fluorescence polarization competition assay of 3-Carboxy-Substituted 1,2,3,4-

Tetrahydroquinolines analogues with MCL-1172-327 and FITC-labeled BAK-BH3 peptide 

(ñFITC-BAKò). IC50 data, which refers to the concentration of inhibitor that results in 

50% displacement of FITC-BAK from MCL-1, were converted to Ki values using the 

Nikolovska-Coleska equation[69]. 
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Figure 2.3. 1H-15N HSQC spectra overlay of apo-MCL-1 (black) and ±-2-bound MCL-1 

(red). Purified protein was concentrated to 91.4 µM in buffer containing 20 mM HEPES, 

pH 6.8, 50 mM NaCl, 0.34 mM NaN3, 3 mM DTT, 5% DMSO. Concentrated ±-2 was 

added in excess to a final protein:ligand ratio of 1:1.1. NMR datasets were acquired with 

200 indirect points and 32 scans at 299K on a Bruker Avance 800 MHz spectrometer 

equipped with a z-gradient cryogenic probe. Data were processed using NMRPipe  and 

analyzed with CCPN[152, 153]. 

Confirmation of the direct binding of ±-2 to MCL-1 was afforded by heteronuclear NMR 

studies. 2D 1H-15N HSQC spectra of MCL-1 were collected in the absence (black) and 

presence (red) of ±-2 (Figure 2.3). An overlay of the two spectra revealed significant 
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chemical shift changes and negligible peak broadening, characteristics of a fast exchange 

regime, and consistent with the nanomolar affinity observed in the FPC assay.  

Chemical shift perturbations were calculated for each amino acid and the resonance 

variation was mapped onto the MCL-1 crystal structure, 3WIX in Figure 2.4. Residues 

that experienced significant chemical shifts in the presence of ±-2 are shown in red and 

cluster around the p2 pocket, in support of the docking model presented above. More 

particularly, considerable shifts were observed among residues predicted to bind the 

carboxylate anion (R263 and T266) and 4-chloro-3,5-dimethylphenyl moiety (M250 and 

F270). On the other hand, the NMR data argues against a model in which H244 

participates in ́-  ́ring stacking with the benzene ring of the THQ.  
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Figure 2.4. NMR chemical shift perturbations of the MCL-1/±-2 complex mapped onto 

MCL-1 crystal coordinates (PDB ID: 3WIX) in PyMOL[154]. Residues experiencing 

chemical shifts of at least 0.3 ppm are shaded red. Combined 1H and 15N resonance 

variations were calculated using the following equation: ῳ ὴὴά

 ῳ‏ ῳ‏Ͻ‌  with spectral dimensions normalized by the a 0.14 15N scaling 

factor, ‌  (0.17)[155]. 

We next investigated the activity of our most potent inhibitor ±-2 on the viability of 

human A375 melanoma cells that demonstrate increased expression of MCL-1[156]. A 

modest GI50 of 50 µM for ±-2 was observed (Table 2.2), which is more than two orders 

of magnitude less potent than the in vitro FP data. We reasoned this might be due to the 
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ionized carboxylic acid that impedes cell penetration. Thus, we prepared acetoxymethyl 

ester ±-12 (R3 =CH2OCOCH3) as a neutral prodrugs of ±-2 in Figure 2.5.  

 

Figure 2.5. Acetoxymethyl ester prodrugs of ±-2. 

Like methyl ester ±-9, ±-12 was inactive in the FPC assay (Ki > 500 ɛM), consistent with 

the requirement of the carboxylic acid function to engage R263. Surprisingly, however, 

the highly labile ester ±-12 did not yield a more potent cellular agent suggesting that the 

charged carboxylic acid of ±-2 might not be a limiting factor in the translation of in vitro 

to cellular activity. Whilst this work was in progress, Leverson et al. described an 

especially potent MCL-1 inhibitor (A-1210477: Ki = 0.454 nM) and stated that such 

exquisite potencies (sub-nanomolar) in vitro are required to ensure on-target cellular 

activity[126]. Therefore, the triple-digit nanomolar inhibitor described herein is not 

expected to achieve unequivocal on-target effects in cells, and further analysis in cells 

should be reserved until the discovery of more potent inhibitors. 
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Table 2.2. Biological activity of select compounds. aIn vitro activity determined as 

described in Table 2.1. bViability of A375 cells as determined by a CellTiter-Blue® 

assay.  

In conclusion, a new chemotype to inhibit MCL-1 has been discovered based on a THQ 

core. Our most potent inhibitor ±-2 has a Ki of 120 nM. The direct interaction of ±-2 with 

MCL-1 was confirmed with 2D 1H-15N HSQC NMR data. Unlike the binding modes of 

the BH3 peptides with MCL-1 in which all four hydrophobic pockets are bound, GOLD 

docking studies indicated that, whilst ±-2 interacts with the p2 pocket, no significant 

interactions with the p3 or p4 pockets were observed, which was largely substantiated by 

the HSQC NMR data. Thus, future analogues of ±-2 will focus on targeting the p3 and p4 

pockets in addition to further exploration of the p2 pocket. Furthermore, docking studies 

suggested that the S-enantiomer is likely a stronger binder than its R counterpart, and so 

both enantiomers of ±-2 will be synthesized and evaluated to interrogate the impact of the 

chiral centre. 

  

GI50 (mM)bCompd

Ñ-12

Ñ-13

Ñ-2

73

10

50

Ki  (mM)a

>500

>500

0.120 Ñ 0.053
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2.3 Design, Synthesis and Biological Evaluation of 6-Carboxy-Substituted 

1,2,3,4-Tetrahydroquinolines as MCL-1 inhibitors 

One limitation of the 3-carboxy-substituted 1,2,3,4-tetrahydroquinoline (3-THQ) scaffold 

is that it contains a chiral centre, which results in the apparent binding affinity being the 

average binding affinities of both enantiomers. Therefore, we proposed replacing the 3-

THQ scaffold with a 6-carboxy-substituted 1,2,3,4-tetrahydroquinoline (6-THQ) scaffold 

to eliminate the chiral centre shown in Figure 2.6, while still maintaining high degree of 

structural similarity, hoping that the 6-THQ analogues, such as (13) will bind to MCL-1 

with similar binding affinities compared to the 3-THQ analogues.  

 

 

Figure 2.6. The development of 6-carboxy-substituted 1,2,3,4-tetrahydroquinoline (6-

THQ) from 3-carboxy-substituted 1,2,3,4-tetrahydroquinoline (3-THQ). 
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The GOLD docking results of 3-THQ compound (±-2) and 6-THQ compound (13) is 

compared in Figure 2.7. Both compounds occupy the p2 pocket of MCL-1 in a similar 

conformation. The key interactions were observed in both cases, such as the salt bridge 

between carboxylic acid and R263, and the hydrophobic interactions between 3,5-

dimethyl-4-chloro-phenoxy group and the hydrophobic residues in the deep portion of p2 

pocket. However, 6-THQ compound (13) is not predicted to engage T266 due to the 

different orientation of its tetrahydroquinoline ring compared to 3-THQ compound (±-2), 

which might compromise its binding affinity. 

 

Figure 2.7.Comparison of the GOLD docking results of (a) 3-THQ compound (±-2) and 

(b) 6-THQ compound (13) bound to MCL-1. The MCL-1 protein is shown in grey helical 

structure with key residues in p2 pocket shown in sticks (carbon: gray; nitrogen: blue; 

oxygen: red; sulfer: yellow). Compound (±-2) and (13) are shown in stick stucture 



65 

 

(carbon: gold; nitrogen: blue; oxygen: red; sulfer: yellow, chlorine: green). Hydrogen 

bonds are shown in black dashed lines. 

The synthetic preparation method of 6-THQ analogues is described in Scheme 2.3 and 

2.4. Quinoline-6-carboxylic acid (14) was esterified with thionyl chloride in methanol to 

yield ester (15). Reduction of the pyridine ring of (15) with pyridine-borane complex in 

glacial acetic acid then delivered 6-THQ (16)[157]. Sulfonylation of (16) with various 

sulfonyl chlorides furnished compounds (17a-g), which were then saponified with 

lithium hydroxide to afford the 6-carboxy target compounds (18a-g). Further elaboration 

of the phenylsulfonyl group in (17c) was accomplished by an SNAr reaction with 

different phenols/thiols followed by ester hydrolysis to afford compounds (18h-k), as 

shown in Scheme 2.4. It is worth to mention that the SNAr reaction went spot to spot 

without transesterification. In addition, the phenylsulfonyl moiety in (13) can be replaced 

with a more flexible propylene group through a reductive amination-saponification 

sequence to yield (18l) akin to the linker in Fesikôs MCL-1 inhibitors[70]. 

 



66 

 

Scheme 2.3. (a) SOCl2, MeOH, 0 ºC to reflux, overnight, 98%; (b) PyrïBH3, AcOH, RT, 

overnight, 56%; (c) RSO2Cl, DIPEA, cat. DMAP, CH2Cl2, reflux, overnight, 35-98%; (d) 

LiOH¶H2O, THFïMeOHïH2O, 3:1:1, RT, overnight, 61-90%. 

 

 

Scheme 2.4. (a) R-OH, K2CO3, DMF, 100 ºC, 48 h, 17-86%; (b) LiOH¶H2O, THFï

MeOHïH2O, 3:1:1, RT, overnight, 86-95%; (c) 4-chloro-3,5-

dimethylphenoxypropaldehyde, NaBH(OAc)3, DCE, 35 ºC, overnight, 97%. 

The 6-THQ analogues were assayed for their abilities to inhibit MCL-1 using a 

fluorescence polarization competition (FPC) assay with the same condition for the 3-

THQ analogues. Their binding affinities are reported in Table 2.3. Similar to the results 

for 3-THQs in Table 2.1, the phenylsulfonyl analogue (18a) is a weak binder, probably 

due to its inability to reach into the deep portion of MCL-1 p2 pocket. Addition of 

hydrophobic halides such as fluorine (18c) and bulky bromine (18b) in the para position 
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of the phenyl ring renders moderate binders, possibly benefits from forming additional 

hydrophobic interactions with the p2 pocket. Interestingly, the para-biphenyl derivative is 

well tolerated (18d: Ki =124 µM) compared to the corresponding 3-THQ derivative (±-

8d: Ki >500 µM), perhaps due to the adjustment of nitrogen position on the THQ ring 

which facilitates the molecule into a more favourable conformation to fit into the p2 

pocket. Large and rigid hydrophobic group such as 2-naphthylsulfonyl group (18e) is still 

well accommodated in the pocket. However, 8-quinoline derivative (18f) is not 

compatible with the binding pocket, suggesting that the either the geometric shape and/or 

the polar lone pair of electrons of the basic nitrogen atom may discourage binding in the 

hydrophobic p2 pocket. Converting the basic nitrogen into a non-basic aniline (18g) 

restores the potency partially from (18f), indicating that the p2 pocket is sensitive to polar 

functional groups, and only hydrophobic moieties will be compatible. Further extending 

the R group with various aryl groups through a flexible O/S linker yielded a panel of 

strong inhibitors (18h-k). Installing additional hydrophobicity to the phenoxy ring was 

favourable, as evidenced by the increased binding affinity from (18h) to (17k). The most 

potent compound in the 6-THQ class is (13), which also contains the key 3,5-dimethyl-4-

chloro phenoxy group that renders the most potent compound in the 3-THQ class (±-2). 

However, the potency of (13) is 22-fold weaker than that of (±-2), possibly due to the 

THQ ring orientation change shown in Figure 2.7 which prevents the 6-THQ carboxylic 

acid to engage T266. Compound (18l), wherein the sulfonamide linker is substituted with 

a propyl linker, is a weak binder with Ki =494 µM, demonstrating the positive 

contribution from the sulfonamide linker in the MCL-1 binding.  
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Table 2.3. Fluorescence polarization competition assay of 6-carboxy-substituted 1,2,3,4-

tetrahydroquinolines analogues with MCL-1172-327 and FITC-labeled BAK-BH3 peptide 

(ñFITC-BAKò). IC50 data, which refers to the concentration of inhibitor that results in 

50% displacement of FITC-BAK from MCL-1, were converted to Ki values using the 

Nikolovska-Coleska equation[69]. 
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With the comprehensive structure-activity relationship established for the 6-THQ 

scaffold, it is then subject to further optimization in the next chapter, focusing on 

unlocking the nitrogen atom from the THQ ring to provide a new decoration point, which 

can be easily doubly functionalized to probe the property of p2 pocket more in detail. 
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2.4 Characterization and General Procedures of 3-Carboxy-Substituted 1,2,3,4-

Tetrahydroquinolines and 6-Carboxy-Substituted 1,2,3,4-Tetrahydroquinolines 

as MCL-1 Inhibitors 

 Chemistry 

All reactions were performed in oven-dried glassware under and inert (N2) atmosphere, 

unless otherwise stated. Anhydrous solvents were used as supplied without further 

purification. 1H and 13C NMR spectra were recorded on a Varian 400 MHz NMR 

spectrometer at 25 ºC. Chemical shifts are reported in parts per million (ppm) and are 

referenced to residual non-deuterated solvent peak (CHCl3: ŭH 7.26, ŭC 77.2; DMSO: ŭH 

2.50, ŭC 39.5). Mass spectra were recorded on a Bruker AmaZon X mass spectrometer 

using atmospheric pressure chemical ionization (APCI). All final molecules were 

confirmed to be >90% pure by HPLC prior to biological testing using a Waters 1525 

analytical/preparative HPLC equipped with a Atlantis T3 C18 reversed phase column 

according to one of the following gradients: (1) 50% solvent (A) to 100% solvent (B) 

over 22 min at 1 ml min-1; (2) 100% solvent (A) to 100% solvent (B) over 22min at 1 ml 

min-1; or (3) 100% solvent (B) isocratic over 22min at 1 ml min-1, where solvent (A) is 

H2O with 0.1% TFA and solvent (B) is CH3CN-H2O, 9:1 with 0.1% TFA.  

General procedure A: Sulfonamide synthesis. Compound ±-5 was dissolved in 

anhydrous chloroform (0.1 M), followed by adding corresponding sulfonyl chloride (2 

eq), DIPEA (2.5 eq), DMAP (0.1 eq). Reaction was refluxed overnight under N2 

atmosphere. TLC indicated the reaction was complete. The volatiles were evaporated and 

the residual was reconstituted in EtOAc and washed with 1M HCl. The organic layer was 
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collected and dried over Na2SO4, filtered, concentrated and purified by flash column 

chromatography over silica gel using an eluent of Hex/EtOAc 3:1 to give compounds ±-

7a-e. 

General procedure B: Ester hydrolysis. Compound ±-7a-e, ±-5, ±-9 or ±-10 was 

dissolved in a mixed solvent of THF/MeOH/H2O 3:1:1 (0.1 M). LiOH¶H2O (5 eq) was 

added to the reaction, which was then stirred overnight at room temperature. TLC 

indicated the reaction was complete. The volatiles were evaporated, and the residue was 

partitioned between Et2O and 1M NaOH. The aqueous layer was collected and acidified 

with 1M HCl, then partitioned with CH2Cl2. The CH2Cl2 layer was collected, dried over 

Na2SO4, filtered, and concentrated to yield products ±-8a-e, ±-6, ±-2 or ±-11. 

  

Methyl quinoline-3-carboxylate (4). Quinoline-3-carboxylic acid 3 (2.50 g, 14.4 mmol, 1 

eq) was suspended in MeOH (72 mL), and SOCl2 (2.09 mL, 28.8 mmol, 2 eq) was added 

slowly at 0 ºC. The reaction was then heated at a gentle reflux overnight. TLC indicated 

the reaction was complete. The volatiles were evaporated and the residue was partitioned 

between DCM and saturated NaHCO3 solution. The organic layer was collected and dried 

over NaSO4, filtered and concentrated to yield compound 4 as a yellow solid (2.64 g, 

98%): 1H NMR (CDCl3, 400 MHz) ŭ 9.46 (1H, s, Ar), 8.88 (1H, s, Ar), 8.20 (1H, d, J = 

8.8  Hz, Ar), 7.95 (1H, d, J = 8.8  Hz, Ar), 7.85 (1H, t, J = 8.0  Hz, Ar), 7.64 (1H, t, J = 
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7.2  Hz, Ar), 4.02 (3H, s, CH3); 
13C NMR (CDCl3, 100 MHz) ŭ 160.9, 145.2, 144.9, 

133.9, 127.0, 124.6, 124.3, 122.6, 121.9, 118.1, 47.7.  

 

±-Methyl 1,2,3,4-tetrahydroquinoline-3-carboxylate (±-5). Borane-pyridine complex 

(8M; 3.50 mL, 27.6 mmol, 2 eq) was added to a solution of 4 (2.58 g, 13.8 mmol, 1 eq) in 

glacial acetic acid (100 mL), and the reaction was stirred at room temperature overnight. 

TLC indicated the reaction was complete. The reaction mixture was concentrated to 

dryness, and then partitioned between EtOAc and saturated NaHCO3 solution. The 

organic layer was collected and dried over Na2SO4, filtered, concentrated and purified by 

flash column chromatography over silica gel using an eluent of Hex:EtOAc 1:1 to give 

compound ±-5 as a pale solid (2.32 g, 88%): 1H NMR (CDCl3, 400 MHz) ŭ 7.02-6.98 

(2H, m, Ar), 6.66 (1H, t, J = 7.2  Hz, Ar), 6.53 (1H, d, J = 8.0  Hz, Ar), 3.97 (1H, s, NH), 

3.74 (3H, s, CH3), 3.58-3.54 (1H, m, CHaCHbN), 3.39-3.34 (1H, m, CHaCHbN), 3.03-

3.01 (2H, m, CH and CHaCHbCH), 2.96-2.92 (1H, m,  CHaCHbCH); 13C NMR (CDCl3, 

100 MHz) ŭ 169.5, 139.1, 124.8, 122.4, 114.7, 112.7, 109.6, 47.2, 38.8, 33.6, 24.9. 

 

±-1,2,3,4-Tetrahydroquinoline-3-carboxylic acid (±-6). Compound ±-5 was saponified on 

a scale of 0.32 mmol according to general procedure D to yield compound ±-6 as a light 
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brown solid (25 mg, 43%): 1H NMR (DMSO-d6, 400 MHz) ŭ 12.36 (1H, s, COOH), 

6.85-6.78 (2H, m, Ar), 6.41-6.37 (2H, m, Ar), 5.69 (1H, s, NH), 3.35-3.32 (1H, m, 

CHaCHbNH), 3.12 (1H, m, CHaCHbNH), 2.78-2.66 (3H, m, CH and CH2CHCH2NH); 13C 

NMR (CDCl3, 100 MHz) ŭ 143.7, 129.8, 127.4, 119.7, 118.2, 114.8, 43.5, 38.4, 29.5; tR = 

1.3 min (92.8%). 

 

±-Methyl 1-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (±-7a). 

Compound ±-5 was coupled to benzenesulfonyl chloride according general procedure A 

on a scale of 0.79 mmol to yield compound ±-7a as a light yellow solid (242 mg, 93%): 

1H NMR (CDCl3, 400 MHz) ŭ 7.76 (1H, d, J = 8.0  Hz, Ar), 7.62 (2H, d, J = 7.6  Hz, Ar), 

7.54 (1H, t, J = 7.2  Hz, Ar), 7.42 (2H, t, J = 7.6  Hz, Ar), 7.21 (1H, t, J = 7.6  Hz, Ar), 

7.10 (1H, t, J = 6.8  Hz, Ar), 7.04 (1H, d, J = 7.2  Hz, Ar), 4.47-4.42 (1H, m, CHaCHbN), 

3.69 (3H, s, CH3), 3.52-3.45 (1H, m, CHaCHbN), 2.68 (2H, m, CH and CHaCHbCH), 

2.56-2.51 (1H, m,  CHaCHbCH); 13C NMR (CDCl3, 100 MHz) ŭ 167.9, 134.5, 131.2, 

128.3, 124.5, 124.4, 123.8, 122.2, 122.1, 120.7, 120.0, 47.5, 42.6, 32.9, 24.4. 
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±-Methyl 1-((4-bromophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (±-7b). 

Compound ±-5 was coupled to 4-bromobenzenesulfonyl chloride according to general 

procedure A on a scale of 0.53 mmol to yield compound ±-7b as a light brown solid (195 

mg, 90%): 1H NMR (CDCl3, 400 MHz) ŭ 7.75 (1H, d, J = 7.6  Hz, Ar), 7.56 (2H, d, J = 

8.8  Hz, Ar), 7.48 (2H, d, J = 8.4  Hz, Ar), 7.22 (1H, t, J = 7.2  Hz, Ar), 7.13 (1H, t, J = 

6.8 Hz, Ar), 7.07 (1H, d, J = 7.6 Hz, Ar), 4.45-4.41 (1H, m, CHaCHbN), 3.71 (3H, s, 

CH3), 3.54-3.48 (1H, m, CHaCHbN), 2.77-2.69 (2H, m, CH and CHaCHbCH), 2.63-2.56 

(1H, m,  CHaCHbCH); 13C NMR (CDCl3, 100 MHz) ŭ 167.8, 133.6, 130.9, 127.7, 124.6, 

123.9, 123.8, 123.4, 122.3, 121.0, 119.9, 47.5, 42.7, 33.2, 24.4. 

 

±-Methyl 1-((4-fluorophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (±-7c). 

Compound ±-5 was coupled to 4-fluorobenzenesulfonyl chloride according to general 

procedure A on a scale of 1.05 mmol to yield compound ±-7c as a light yellow solid (307 
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mg, 84%): 1H NMR (CDCl3, 400 MHz) ŭ 7.76 (1H, d, J = 7.6 Hz, Ar), 7.65-7.62 (2H, m, 

Ar), 7.23 (1H, t, J = 7.2 Hz, Ar), 7.14-7.06 (4H, m, Ar), 4.45-4.41 (1H, m, CHaCHbN), 

3.54-3.47 (1H, m, CHaCHbN), 2.75-2.64 (2H, m, CH and CHaCHbCH), 2.60-2.53 (1H, m,  

CHaCHbCH); 13C NMR (CDCl3, 100 MHz) ŭ 167.8, 161.8, 159.2, 131.0, 130.6, 125.0, 

124.9, 124.5, 123.9, 122.3, 120.9, 120.1, 111.8, 111.6, 47.5, 42.6, 33.1, 24.4. 

 

±-Methyl 1-([1,1'-biphenyl]-4-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (±-

7d). Compound ±-5 was coupled to 4-biphenylsulfonyl chloride according to general 

procedure A on a scale of 0.52 mmol to yield compound ±-7d as a pale solid (203 mg, 

96%): 1H NMR (CDCl3, 400 MHz) ŭ 7.82 (1H, d, J = 8.0 Hz, Ar), 7.70 (2H, d, J = 8.4 

Hz, Ar), 7.64 (2H, d, J =  8.8 Hz, Ar), 7.58 ( 2H, d, J = 7.2 Hz, Ar), 7.48-7.39 (3H, m, 

Ar), 7.24 (1H, t, J = 7.6 Hz, Ar), 7.13 (1H, t, J = 8.0 Hz, Ar), 7.07 (1H, d, J = 7.6 Hz, 

Ar), 4.53-4.48 (1H, m, CHaCHbN), 3.56-3.49 (1H, m, CHaCHbN), 2.75 (2H, d, J = 8.4 Hz, 

CH2CH), 2.67-2.62 (1H, m, CH); 13C NMR (CDCl3, 100 MHz) ŭ 167.9, 141.1, 134.2, 

133.1, 131.3, 124.5, 124.3, 123.8, 122.9, 122.8, 122.5, 122.2, 120.8, 120.0, 47.5, 42.6, 

33.1, 24.5. 
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±-Methyl 1-(naphthalen-2-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylate (±-7e). 

Compound ±-5 was coupled to 2-naphthylsulfonyl chloride according to general 

procedure A on a scale of 0.54 mmol to yield compound ±-7e as an off-white solid (197 

mg, 95%): 1H NMR (CDCl3, 400MHz) ŭ 8.29 (1H, s, Ar), 7.90-7.83 (4H, m, Ar), 7.65-

7.53 (3H, m, Ar), 7.24 (1H, t, J = 8.4 Hz, Ar), 7.12 (1H, t, J = 7.2 Hz, Ar), 7.03 (1H, d, J 

=  8.0 Hz, Ar), 4.47-4.42 (1H, m, CHaCHbN), 3.58 (3H, s, CH3),  3.48-3.42 (1H, m, 

CHaCHbN), 2.59 (2H, d, J = 8.0 Hz, CH2CH), 2.53-2.48 (1H, m, CH); 13C NMR (CDCl3, 

100MHz) ŭ 167.9, 131.6, 131.3, 130.1, 127.3, 124.7, 124.5, 124.2, 123.8, 123.2, 122.9, 

122.2, 120.7, 119.9, 117.4, 47.4, 42.7, 33.1, 24.4. 

 

±-1-(Phenylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-8a). Compound ±-

7a was saponified according to general procedure B on a scale of 0.35 mmol to yield 

compound ±-8a as a pale solid (108 mg, 98%): 1H NMR (CDCl3, 400MHz) ŭ 7.79 (1H, d, 
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J = 8.8 Hz, Ar), 7.64 (2H, d, J = 7.2 Hz, Ar), 7.57 (1H, t, J = 7.6 Hz, Ar), 7.44 (2H, t, J 

=  8.0 Hz, Ar), 7.24 (1H, t, J = 8.0 Hz, Ar), 7.13 (1H, t, J = 7.2 Hz, Ar), 7.06 (1H, d, J = 

6.8 Hz, Ar), 4.48-4.43 (1H, m, CHaCHbN), 3.56-3.50 (1H, m, CHaCHbN), 2.75-2.69 (2H, 

m, CH and CHaCHbCH), 2.60-2.54 (1H, m,  CHaCHbCH); 13C NMR (CDCl3, 100MHz) ŭ 

173.4, 134.4, 131.2, 128.4, 124.5, 123.5, 122.4, 122.3, 120.9, 120.2, 42.2, 32.9, 24.1; MS 

(APCI+) m/z Calcd (M+): 317.0, Found: 317.0 (M+); tR = 11.7 min (100%). 

 

±-1-((4-Bromophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-8b). 

Compound ±-7b was saponified according to general procedure B on a scale of 0.26 

mmol to yield compound ±-8b as a pale solid (97 mg, 95%): 1H NMR (DMSO-d6, 

400MHz) ŭ 12.76 (1H, s, COOH), 7.74 (2H, d, J = 8.4 Hz, Ar), 7.54-7.50 (3H, m, Ar), 

7.19-7.05 (3H, m, Ar), 4.20-4.16 (1H, m, CHaCHbN), 3.64-3.58 (1H, m, CHaCHbN), 

2.67-2.53 (3H, m, CH and CH2CH); 13C NMR (DMSO-d6, 100MHz) ŭ 173.7, 138.3, 

135.9, 133.1, 130.0, 129.5, 129.1, 127.9, 127.1, 125.6, 123.6, 47.5, 38.1, 29.1; MS 

(APCI+) m/z Calcd (M+): 396.9, Found: 396.9 (M+); tR = 15.1 min (99.5%). 
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±-1-((4-Fluorophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-8c). 

Compound ±-7c was saponified according to general procedure B on a scale of 0.26 

mmol to yield compound ±-8c as a pale solid (84 mg, 97%): 1H NMR (DMSO-d6, 

400MHz) ŭ 12.75 (1H, s, COOH), 7.73-7.69 (2H, m, Ar), 7.57 (1H, d, J = 7.6 Hz, Ar), 

7.42 (2H, t, J = 8.4 Hz, Ar), 7.24-7.09 (3H, m, Ar), 4.20-4.16 (1H, m, CHaCHbN), 3.63-

3.57 (1H, m, CHaCHbN), 2.69-2.55 (3H, m, CH and CH2CH); 13C NMR (DMSO-d6, 

100MHz) ŭ 173.7, 166.4, 163.9, 135.9, 130.3, 130.2, 129.9, 129.5, 127.1, 125.6, 123.7, 

117.4, 117.2, 47.5, 38.0, 29.1; MS (APCI+) m/z Calcd (M+): 335.0, Found: 336.0 

(M+H+); tR = 12.8 min (100%). 

 

±-1-([1,1'-Biphenyl]-4-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-8d). 

Compound ±-7d was saponified according to general procedure B on a scale of 0.33 
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mmol to yield compound ±-8d as a pale solid (123 mg, 95%): 1H NMR (DMSO-d6, 400 

MHz) ŭ 12.75 (1H, s, COOH), 7.88 (2H, d, J = 8.8 Hz, Ar), 7.43 (4H, d, J = 7.2 Hz, Ar), 

7.62 (1H, d, J = 8.4 Hz, Ar), 7.52-7.42 (3H, m, Ar), 7.24-7.09 (3H, m, Ar), 4.26-4.21 (1H, 

m, CHaCHbN), 3.65-3.59 (1H, m, CHaCHbN), 2.70-2.59 (3H, m, CH and CH2CH); 13C 

NMR (DMSO-d6, 100 MHz) ŭ 173.7, 145.2, 138.4, 137.9, 136.2, 130.0, 129.6, 129.3, 

129.2, 128.0, 127.8, 127.5, 127.1, 125.4, 123.5, 47.5, 38.0, 29.2; MS (APCI+) m/z Calcd 

(M+): 393.1, Found: 394.0 (M+H+); tR = 17.7 min (98.1%). 

 

±-1-(Naphthalen-2-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic acid (±-8e). 

Compound ±-7e was saponified according to general procedure B on a scale of 0.31 

mmol to yield compound ±-8e as a pale solid (113 mg, 98%): 1H NMR (DMSO-d6, 400 

MHz) ŭ 8.48 (1H, s, COOH), 8.15 (1H, d, J = 8.4 Hz, Ar), 8.08-8.02 (2H, m, Ar), 7.74-

7.62 (3H, m, Ar), 7.56 (1H, d, J = 8.4 Hz, Ar), 7.21 (1H, t, J = 7.2 Hz, Ar), 7.14-7.07 

(2H, m, Ar), 4.34-4.30 (1H, m, CHaCHbN), 3.74-3.68 (1H, m, CHaCHbN), 2.67-2.59 (3H, 

m, CH and CH2CH); 13C NMR (DMSO-d6, 100 MHz) ŭ 137.7, 136.2, 134.8, 132.1, 130.1, 

129.9, 129.8, 129.7, 129.3, 128.7, 128.3, 127.1, 125.3, 123.4, 122.2, 47.6, 38.1, 29.2; MS 

(APCI+) m/z Calcd (M+): 367.0, Found: 368.0 (M+H+); tR = 15.5 min (100%). 
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±-Methyl 1-((4-(4-chloro-3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-

tetrahydroquinoline-3-carboxylate (±-9). ±-7c (170 mg, 0.49 mmol, 1 eq) was dissolved 

in 4 mL DMSO (0.1 M), followed by the addition of 4-chloro-3,5-dimethylphenol (92 mg, 

0.59 mmol, 1.2 eq) and K2CO3 (101 mg, 0.74 mmol, 1.5 eq). The reaction was stirred at 

100 ºC for 48 h. TLC indicated the reaction was complete. The reaction mixture was 

cooled and then partitioned between EtOAc (80 mL) and H2O (40 mL). The organic layer 

was collected, washed repeatedly with H2O (5 x 40 mL), dried over Na2SO4, filtered, 

concentrated and purified by flash column chromatography over silica gel using an eluent 

of Hex/EtOAc 6:1 to give compound ±-9 as a light brown oil (170 mg, 73%): 1H NMR 

(CDCl3, 400 MHz) ŭ 7.77 (1H, d, J = 8.0 Hz, Ar), 7.57 (2H, d, J = 8.4 Hz, Ar), 7.21 (1H, 

t, J = 6.4 Hz, Ar), 7.12-7.05 (2H, m, Ar), 6.93 (2H, d, J = 8.4 Hz, Ar), 6.77 (2H, s, Ar), 

4.47-4.42 (1H, m, CHaCHbN), 3.71 (3H, s, CH3), 3.51-3.45 (1H, m, CHaCHbN),  2.78-

2.69 (2H, d, J = 8.0 Hz, CH2CH), 2.65-2.60 (1H, m, CH), 2.36 (6H, s, 2xCH3); 
13C NMR 

(CDCl3, 100 MHz) ŭ 167.9, 156.9, 147.8, 133.5, 131.3, 128.2, 125.9, 124.5, 123.7, 122.2, 

120.7, 119.9, 115.3, 112.8, 47.5, 42.6, 33.0, 24.5, 16.1; MS (APCI+) m/z Calcd (M+): 

485.1, Found: 486.0 (M+H+); tR = 11.9 min (96.9%). 
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±-1-((4-(4-Chloro-3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-3-

carboxylic acid (±-2). Compound ±-9 was saponified according to general procedure B 

on a scale of 0.30 mmol to yield compound ±-2 as an off-white solid (140 mg, 99%): 1H 

NMR (DMSO-d6, 400 MHz) ŭ 12.74 (1H, s, COOH), 7.64 (2H, d, J = 8.8 Hz, Ar), 7.57 

(1H, d, J = 8.4 Hz, Ar), 7.22-7.16 (2H, m, Ar), 7.12-7.07 (3H, m, Ar), 7.00 (2H, s, Ar), 

4.23-4.19 (1H, m, CHaCHbN), 3.64-3.58 (1H, m, CHaCHbN), 2.75-2.59 (3H, m, CH and 

CH2CH), 2.33 (6H, s, 2xCH3);
 13C NMR (DMSO-d6, 100 MHz) ŭ 173.8, 161.5, 152.9, 

138.3, 136.2, 133.1, 129.9, 129.8, 129.3, 127.0, 125.4, 124.7, 123.6, 120.7, 118.3, 47.4, 

37.9, 29.2, 20.7; MS (APCI+) m/z Calcd (M+): 471.1, Found: 472.0 (M+H+); tR = 9.7 min 

(96.3%). 
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±-Methyl 1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1,2,3,4-tetrahydroquinoline-3-

carboxylate (±-10). 90 mg compound ±-6 was dissolved in 5 mL 1,2-dichloroethane (0.1 

M), followed by 100 mg 3-(4-chloro-3,5-dimethylphenoxy)propanal (1 eq), and 200 mg 

NaBH(OAc)3 (2 eq). The reaction was stirred at 35 °C overnight. TLC indicated the 

reaction was complete. Saturated NaHCO3 solution was added to the mixture to quench 

the reaction. Then the reaction mixture was partitioned between DCM and H2O, and 

organic layer was collected, dried over Na2SO4, filtered, concentrated and purified by 

flash column chromatography over silica gel using an eluent of Hex/EtOAc 7:3 to yield 

compound ±-10 as a light yellow solid (110 mg, 60%): 1H NMR (CDCl3, 400 MHz) ŭ 

7.08-6.99 (2H, m, Ar), 6.66-6.59 (4H, m, Ar), 3.98 (2H, t, J = 5.6 Hz, O-CH2), 3.71 (3H, 

s, CH3), 3.54-3.38 (4H, m, CH2N and NCH2CH2), 3.01 (2H, d, J = 6.8 Hz, CH2CH), 

2.94-2.93 (1H, m, CH), 2.35 (6H, s, 2xCH3), 2.06-2.03 (2H, m, CH2CH2CH2); 
13C NMR 

(DMSO-d6, 100 MHz) ŭ 173.9, 156.6, 144.4, 137.1, 129.4, 127.5, 120.4, 116.2, 114.5, 

110.9, 65.5, 51.9, 50.7, 48.2, 38.2, 30.6, 29.7, 26.4, 20.9. 

 

±-1-(3-(4-Chloro-3,5-dimethylphenoxy)propyl)-1,2,3,4-tetrahydroquinoline-3-carboxylic 

acid (±-11). Compound (±-10) was saponified according to general procedure B on a 
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scale of 0.13 mmol to give compound ±-11 as a pale brown solid (43 mg, 90%): 1H NMR 

(CDCl3, 400 MHz) ŭ 7.07-7.00 (2H, m, Ar), 6.71-6.65 (4H, m, Ar), 3.98 (2H, t, J = 5.6 

Hz, O-CH2), 3.54-3.45 (4H, m, CH2N and NCH2CH2), 3.05-2.98 (3H, m, CH2CH and 

CH), 2.34 (6H, s, 2xCH3), 2.08-2.05 (2H, m, CH2CH2CH2); 
13C NMR (CDCl3, 100 MHz) 

ŭ 179.1, 156.6, 144.4, 137.1, 129.5, 127.5, 120.1, 116.4, 114.5, 111.0, 65.5, 50.5, 48.3, 

38.2, 30.3, 26.3, 20.9; MS (APCI+) m/z Calcd (M+): 373.1, Found: 372.3 (M+H+); tR = 

8.6 min (100%). 

 

±-Acetoxymethyl 1-((4-(4-chloro-3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-

tetrahydroquinoline-3-carboxylate (±-12). Compound ±-2 (100 mg, 0.20 mmol, 1 eq) 

was dissolved in DMF (2 mL), followed by bromomethyl acetate (20 µL, 0.20 mmol, 1 

eq) and K2CO3 (59 mg, 0.40 mmol, 2 eq). The reaction mixture was stirred at room 

temperature overnight. TLC indicated the reaction was complete, which was then 

partitioned between EtOAc (50 mL) and H2O (50 mL). The organic layer was collected, 

washed repeatedly with H2O (4 x 20 mL), then dried over Na2SO4, filtered, concentrated 

and purified by flash column chromatography over silica gel using an eluent of 

Hex/EtOAc 1:1 to give compound ±-12 as a white powder (103 mg, 95%): 1H NMR 
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(CDCl3, 400 MHz) ŭ 7.74 (1H, d, J = 8.0 Hz, Ar), 7.57 (2H, d, J = 8.4 Hz, Ar), 7.22 (1H, 

t, J = 8.0 Hz, Ar), 7.13-7.06 (2H, m, Ar), 6.93 (2H, d, J = 8.4 Hz, Ar), 6.78 (2H, s, Ar), 

5.75 (2H, s, OCH2O), 4.42-4.37 (1H, m, CHaCHbN), 3.57-3.51 (1H, m, CHaCHbN), 2.78-

2.66 (4H, m, CH2CH2CH2N), 2.63 (6H, s, 2xCH3), 2.12 (3H, s, CH3); 
13C NMR (CDCl3, 

100 MHz) ŭ 171.1, 169.4, 161.8, 152.5, 138.3, 136.0, 132.8, 130.8, 129.3, 129.1, 128.1, 

127.1, 125.5, 124.8, 120.1, 117.5, 46.9, 37.9, 28.9, 20.9, 20.7; MS (APCI+) m/z Calcd 

(M+): 543.1, Found: 544.0 (M+H+); tR = 10.7 min (98.1%). 

 

Methyl quinoline-6-carboxylate (15). Quinoline-6-carboxylic acid 14 (1.0 g, 5.78 mmol, 

1 eq) was suspended in MeOH (30 mL), and SOCl2 (1.26 mL, 17.3 mmol, 3 eq) was 

added slowly at 0 ºC. The reaction was then heated at a gentle reflux overnight. TLC 

indicated the reaction was complete. The volatiles were evaporated and the residue was 

partitioned between DCM and saturated NaHCO3 solution. The organic layer was 

collected and dried over NaSO4, filtered and concentrated to yield compound 15 as a 

yellow solid ( 1.06 g, 98%): 1H NMR (CDCl3, 400MHz) ŭ 9.01 (1H, d, J = 2.4 Hz, Ar), 

8.59 (1H, s, Ar), 8.32-8.25 (2H, m, Ar), 8.14 (1H, d, J = 9.6 Hz, Ar), 7.49-7.45 (1H, m, 

Ar), 3.99 (3H, s, OCH3); 
13C NMR (CDCl3, 100MHz) ŭ 166.6, 152.5, 150.0, 137.3, 130.9, 

129.8, 128.9, 128.1, 127.4, 121.8, 52.4.  
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Methyl 1,2,3,4-tetrahydroquinoline-6-carboxylate (16). Borane-pyridine complex (8M; 

1.5 mL, 11.9 mmol, 2 eq) was added to a solution of 15 (1.11 g, 5.95 mmol, 1 eq) in 

glacial acetic acid (50 mL), and the reaction was stirred at room temperature overnight. 

TLC indicated the reaction was complete. The reaction mixture was concentrated to 

dryness, and then partitioned between EtOAc and saturated NaHCO3 solution. The 

organic layer was collected and dried over Na2SO4, filtered, concentrated and purified by 

flash column chromatography over silica gel using an eluent of Hex:EtOAc 1:1 to give 

compound 16 as a pale solid (639 mg, 56%): 1H NMR (CDCl3, 400MHz) ŭ 7.65-7.64 (2H, 

m, Ar), 6.39 (1H, d, J = 9.6 Hz, Ar), 3.84 (3H, s, OCH3), 3.36 (2H, t, J = 5.6 Hz, CH2), 

2.77 (2H, t, J = 6.0 Hz, CH2), 1.96-1.90 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 

167.5, 148.7, 131.3, 129.1, 119.9, 117.4, 112.6, 51.4, 41.7, 26.9, 21.4. 

 

Methyl 1-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17a). Compound 

16 was coupled to benzenesulfonyl chloride according to general procedure A on a scale 

of 0.78 mmol to yield compound 17a as a light yellow solid (257 mg, 98%): 1H NMR 

(CDCl3, 400MHz) ŭ 7.86 (2H, d, J = 8.8 Hz, Ar), 7.81 (1H, d, J = 8.4 Hz, Ar), 7.69 (1H, 
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s, Ar), 7.62 (2H, d, J = 7.6 Hz, Ar), 7.53 (1H, t, J = 8.0 Hz, Ar), 7.41 (2H, t, J = 8.0 Hz, 

Ar), 3.87 (3H, s, OCH3), 3.84 (2H, t, J = 6.4 Hz, CH2), 2.53 (2H, t, J = 6.4 Hz, CH2), 

1.69-1.63 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 161.9, 136.2, 134.5, 128.3, 125.9, 

124.3, 123.1, 122.2, 121.2, 118.8, 47.3, 42.0, 22.1, 16.6. 

  

Methyl 1-((4-bromophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17b). 

Compound 16 was coupled to 4-bromobenzenesulfonyl chloride according to general 

procedure A on a scale of 0.78 mmol to yield compound 17b as a light yellow solid (150 

mg, 47%): 1H NMR (CDCl3, 400MHz) ŭ 7.85-7.81 (2H, m, Ar), 7.70 (1H, s, Ar), 7.53 

(2H, d, J = 8.4 Hz, Ar), 7.45 (2H, d, J = 8.4 Hz, Ar), 3.87 (3H, s, OCH3), 3.82 (2H, t, J = 

6.4 Hz, CH2), 2.55 (2H, t, J = 6.4 Hz, CH2), 1.72-1.57 (2H, m, CH2); 
13C NMR (CDCl3, 

100MHz) ŭ 166.5, 140.6, 138.3, 132.4, 130.8, 129.8, 128.4, 128.1, 127.9, 126.3, 123.6, 

52.1, 46.9, 26.9, 21.4.  
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Methyl 1-((4-fluorophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17c). 

Compound 16 was coupled to 4-fluorobenzenesulfonyl chloride according to general 

procedure A on a scale of 1.05 mmol to yield compound 17c as a light yellow solid (324 

mg, 88%): 1H NMR (CDCl3, 400MHz) ŭ 7.89-7.82 (2H, m, Ar), 7.72 (1H, s, Ar), 7.66-

7.62 (2H, m, Ar), 7.12-7.07 (2H, m, Ar), 3.89 (3H, s, OCH3), 3.84 (2H, t, J = 5.6 Hz, 

CH2), 2.56 (2H, t, J = 7.2 Hz, CH2), 1.73-1.67 (2H, m, CH2); 
13C NMR (CDCl3, 

100MHz) ŭ 166.6, 163.9, 140.7, 130.8, 129.7, 129.6, 127.9, 126.2, 123.6, 116.5, 116.3, 

52.1, 46.8, 26.9, 21.4. 

 

Methyl 1-([1,1'-biphenyl]-4-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17d). 

Compound 16 was coupled to 4-biphenylsulfonyl chloride according to general procedure 

A on a scale of 0.78 mmol to yield compound 17d as a pale solid (114 mg, 35%): 1H 
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NMR (CDCl3, 400MHz) ŭ 7.92 (1H, d, J = 8.8 Hz, Ar), 7.84 (1H, d, J = 7.6 Hz, Ar), 

7.73-7.69 (3H, m, Ar), 7.63 (2H, d, J=  8.8 Hz, Ar), 7.57 (2H, d, J = 6.8 Hz, Ar), 7.48-

7.41 (3H, m, Ar), 3.91-3.88 (5H, m, CH2 and OCH3),  2.59 (2H, t, J = 6.0 Hz, CH2), 

1.75-1.72 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 166.7, 145.9, 141.0, 138.9, 137.8, 

130.8, 129.7, 129.0, 128.6, 127.9, 127.6, 127.5, 127.2, 125.9, 123.5, 52.1, 46.9, 26.9, 21.5. 

 

Methyl 1-(naphthalen-2-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17e). 

Compound 16 was coupled to 2-naphthylsulfonyl chloride according to general procedure 

A on a scale of 0.55 mmol to yield compound 17e as an off-white solid (86 mg, 42%): 1H 

NMR (CDCl3, 400MHz) ŭ 8.30 (1H, s, Ar), 7.94-7.80 (5H, m, Ar), 7.67 (1H, s, Ar), 7.63-

7.55 (2H, m, Ar), 7.47 (1H, d, J = 8.8 Hz, Ar), 3.90-3.86 (5H, m, CH2 and OCH3), 2.51 

(2H, t, J = 6.0 Hz, CH2), 1.7-1.57 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 166.7, 

141.1, 136.3, 134.8, 131.9, 130.7, 129.6, 129.5, 129.3, 128.9, 128.6, 127.9, 127.6, 125.9, 

123.4, 121.9, 52.1, 46.8, 26.9, 21.5. 
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Methyl 1-(quinolin-8-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17f). 

Compound 16 was coupled to 8-quinolinesulfonyl chloride according to general 

procedure A on a scale of 0.31 mmol to yield compound 17f as an off-white solid (84 mg, 

71%): 1H NMR (CDCl3, 400MHz) ŭ 8.91 (1H, s, Ar), 8.63 (1H, d, J = 6.8 Hz, Ar), 8.18 

(1H, d, J = 7.6 Hz, Ar), 8.03 (1H, d, J = 8.8 Hz, Ar), 7.67-7.60 (4H, m, Ar), 7.48-7.45 

(1H, m, Ar), 4.37 (2H, t, J = 5.6 Hz, CH2), 3.80 (3H, s, OCH3), 2.71 (2H, t, J = 6.4 Hz, 

CH2), 2.05-2.02 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 151.1, 143.8, 136.6, 136.4, 

134.2, 134.1, 133.9, 130.6, 128.9, 127.7, 125.4, 123.8, 122.2, 119.7, 119.5, 51.8, 47.7, 

27.7, 22.4. 

 

Methyl 1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-

carboxylate (17g). Compound 16 was coupled to dansyl chloride according to general 

procedure A on a scale of 0.31 mmol to yield compound 17g as an off-white solid (54 mg, 
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42%): 1H NMR (CDCl3, 400MHz) ŭ 8.75 (1H, d, J = 8.8 Hz, Ar), 8.42 (1H, d, J = 8.0 Hz, 

Ar), 8.11 (1H, d, J = 8.4 Hz, Ar), 8.01 (1H, d, J = 8.8 Hz, Ar), 7.95-7.91 (2H, m, Ar), 

7.72 (1H, t, J = 8.0 Hz, Ar), 7.53 (1H, t, J = 8.0 Hz, Ar), 7.32 (1H, d, J = 8.0 Hz, Ar), 

4.11-4.06 (5H, m, CH2 and OCH3), 3.08 (6H, s, 2*N-CH3), 2.77 (2H, t, J = 6.0 Hz, CH2), 

1.90-1.87 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 135.2, 130.7, 130.6, 129.8, 128.2, 

128.1, 127.7, 123.3, 123.1, 123.0, 119.1, 115.3, 52.0, 46.2, 45.5, 26.9, 26.7, 21.9. 

 

Methyl 1-((4-phenoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate (17h). 

17c (100 mg, 0.29 mmol, 1 eq) was dissolved in 4 mL DMSO (0.1 M), followed by the 

addition of phenol (41 mg, 0.43 mmol, 1.5 eq) and K2CO3 (80 mg, 0.58 mmol, 2.0 eq). 

The reaction was stirred at 100 ºC for 48 h. TLC indicated the reaction was complete. 

The reaction mixture was cooled and then partitioned between EtOAc (80 mL) and H2O 

(40 mL). The organic layer was collected, washed repeatedly with H2O (5 x 40 mL), 

dried over Na2SO4, filtered, concentrated and purified by flash column chromatography 

over silica gel using an eluent of Hex/EtOAc 4:1 to give compound 17h as a light brown 

oil (76 mg, 65%):1H NMR (CDCl3, 400MHz) ŭ 7.89-7.80 (2H, m, Ar), 7.72 (1H, s, Ar), 

7.66-7.62 (1H, m, Ar), 7.57 (1H, d, J = 8.4 Hz, Ar), 7.39 (1H, t, J = 8.0 Hz, Ar), 7.21 
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(1H, t, J = 7.2 Hz, Ar), 7.10 (1H, t, J = 7.6 Hz, Ar), 7.03 (1H, d, J = 8.0 Hz, Ar), 6.93 

(1H, d, J = 8.4 Hz, Ar), 3.89-3.83 (5H, m, CH2 and OCH3), 2.58 (2H, m, CH2), 1.75-1.69 

(2H, m, CH2). 

 

Methyl 1-((4-(p-tolyloxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate 

(17i). 17c (100 mg, 0.29 mmol, 1 eq) was dissolved in 4 mL DMSO (0.1 M), followed by 

the addition of p-cresol (154 mg, 1.43 mmol, 5.0 eq) and K2CO3 (221 mg, 1.60 mmol, 5.5 

eq). The reaction was stirred at 100 ºC for 48 h. TLC indicated the reaction was complete. 

The reaction mixture was cooled and then partitioned between EtOAc (80 mL) and H2O 

(40 mL). The organic layer was collected, washed repeatedly with H2O (5 x 40 mL), 

dried over Na2SO4, filtered, concentrated and purified by flash column chromatography 

over silica gel using an eluent of Hex/EtOAc 4:1 to give compound 17i as a light brown 

oil (109 mg, 86%):1H NMR (CDCl3, 400MHz) ŭ 8.11 (1H, d, J = 8.8 Hz, Ar), 8.04 (1H, 

d, J = 8.8 Hz, Ar), 7.95 (1H, s, Ar), 7.79 (1H, d, J = 8.4 Hz, Ar), 7.50 (1H, s, Ar), 7.42 

(2H, d, J = 7.6 Hz, Ar), 7.15 (4H, t, J = 6.8 Hz, Ar), 4.13-4.06 (5H, m, CH2 and OCH3), 

2.84 (2H, t, J = 6.4 Hz, CH2), 2.59 (3H, s, CH3), 1.98-1.95 (2H, m, CH2); 
13C NMR 
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(CDCl3, 100MHz) ŭ 173.6, 136.6, 133.2, 131.1, 130.8, 130.6, 129.3, 129.1, 128.0, 127.8, 

123.4, 120.5, 120.3, 117.2, 117.1, 52.0, 46.8, 27.0, 21.6, 21.4, 20.8. 

 

Methyl 1-((4-(3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-

carboxylate (17j ). 17c (54 mg, 0.15 mmol, 1 eq) was dissolved in 4 mL DMSO (0.1 M), 

followed by the addition of 3,5-dimethylphenol (94 mg, 0.77 mmol, 5.0 eq) and K2CO3 

(115 mg, 0.83 mmol, 5.5 eq). The reaction was stirred at 100 ºC for 48 h. TLC indicated 

the reaction was complete. The reaction mixture was cooled and then partitioned between 

EtOAc (80 mL) and H2O (40 mL). The organic layer was collected, washed repeatedly 

with H2O (5 x 40 mL), dried over Na2SO4, filtered, concentrated and purified by flash 

column chromatography over silica gel using an eluent of Hex/EtOAc 4:1 to give 

compound 17j  as a light brown oil (43 mg, 67%):1H NMR (CDCl3, 400MHz) ŭ 7.85 (1H, 

d, J = 8.4 Hz, Ar), 7.78 (1H, d, J = 8.8 Hz, Ar), 7.70 (1H, s, Ar), 7.54 (2H, d, J = 8.6 Hz, 

Ar), 6.89 (2H, d, J = 8.4 Hz, Ar), 6.82 (1H, s, Ar), 6.62 (2H, s, Ar), 3.86-3.81 (5H, m, 

CH2 and OCH3), 2.58 (2H, t, J = 6.4 Hz, CH2), 2.28 (6H, s, 2*CH3), 1.73-1.70 (2H, m, 

CH2); 
13C NMR (CDCl3, 100MHz) ŭ 162.3, 154.9, 140.3, 132.7, 130.9, 129.8, 129.3, 

128.0, 126.9, 123.6, 118.2, 117.6, 52.3, 47.0, 27.2, 21.7, 21.5. 
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Methyl 1-((4-(p-tolylthio)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylate 

(17k). 17c (120 mg, 0.34 mmol, 1 eq) was dissolved in 4 mL DMSO (0.1 M), followed 

by the addition of p-toluenethiol (214 mg, 1.72 mmol, 5.0 eq) and K2CO3 (258 mg, 0.83 

mmol, 5.5 eq). The reaction was stirred at 100 ºC for 48 h. TLC indicated the reaction 

was complete. The reaction mixture was cooled and then partitioned between EtOAc (80 

mL) and H2O (40 mL). The organic layer was collected, washed repeatedly with H2O (5 

x 40 mL), dried over Na2SO4, filtered, concentrated and purified by flash column 

chromatography over silica gel using an eluent of Hex/EtOAc 4:1 to give compound 17k 

as a light brown oil (28 mg, 17%):1H NMR (CDCl3, 400MHz) ŭ 7.82 (1H, d, J = 8.8 Hz, 

Ar), 7.77 (1H, d, J = 8.6 Hz, Ar), 7.69 (1H, s, Ar), 7.41 (2H, d, J = 8.8 Hz, Ar), 7.36 (2H, 

d, J = 7.6 Hz, Ar), 7.20 (2H, d, J = 8.0 Hz, Ar), 7.03 (2H, d, J = 7.6 Hz, Ar), 3.86-3.78 

(5H, m, CH2 and OCH3), 2.56 (2H, t, J = 6.0 Hz, CH2), 2.37 (3H, s, CH3), 1.70-1.67 (2H, 

m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 146.9, 141.2, 140.1, 135.8, 135.1, 131.0, 130.9, 

128.1, 127.6, 126.6, 126.1, 123.6, 52.3, 47.0, 27.2, 21.6, 21.5. 
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Methyl 1-((4-(4-chloro-3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-

tetrahydroquinoline-6-carboxylate (17m). 17c (150 mg, 0.43 mmol, 1 eq) was dissolved 

in 4 mL DMSO (0.1 M), followed by the addition of 3,5-dimethyl-4-chloro-phenol (101 

mg, 0.64 mmol, 1.5 eq) and K2CO3 (119 mg, 0.86 mmol, 2.0 eq). The reaction was stirred 

at 100 ºC for 48 h. TLC indicated the reaction was complete. The reaction mixture was 

cooled and then partitioned between EtOAc (80 mL) and H2O (40 mL). The organic layer 

was collected, washed repeatedly with H2O (5 x 40 mL), dried over Na2SO4, filtered, 

concentrated and purified by flash column chromatography over silica gel using an eluent 

of Hex/EtOAc 4:1 to give compound 17m as a light brown oil (113 mg, 53%): 1H NMR 

(CDCl3, 400MHz) ŭ 7.87 (1H, d, J = 9.6 Hz, Ar), 7.81 (1H, d, J = 8.8 Hz, Ar), 7.72 (1H, 

s, Ar), 7.57 (2H, d, J = 8.4 Hz, Ar), 6.91 (2H, d, J = 8.8 Hz, Ar), 6.76 (2H, s, Ar), 6.58 

(1H, s, Ar), 3.89 (3H, s, OCH3), 3.85 (2H, t, J = 5.6 Hz, CH2), 2.61 (2H, t, J = 6.4 Hz, 

CH2), 2.36 (6H, s, 2*CH3), 1.76-1.72 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 161.8, 

152.4, 141.0, 138.3, 132.8, 130.8, 129.5, 129.2, 127.8, 125.8, 123.4, 120.1, 117.3, 115.2, 

52.1, 46.8, 27.0, 20.9. 
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Methyl 1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1,2,3,4-tetrahydroquinoline-6-

carboxylate (17l). 153 mg compound 16 was dissolved in 8 mL 1,2-dichloroethane (0.1 

M), followed by 170 mg 3-(4-chloro-3,5-dimethylphenoxy)propanal (1 eq), and 339 mg 

NaBH(OAc)3 (2 eq). The reaction was stirred at 35 °C overnight. TLC indicated the 

reaction was complete. Saturated NaHCO3 solution was added to the mixture to quench 

the reaction. Then the reaction mixture was partitioned between DCM and H2O, and 

organic layer was collected, dried over Na2SO4, filtered, concentrated and purified by 

flash column chromatography over silica gel using an eluent of Hex/EtOAc 7:3 to yield 

compound 17l as a light yellow solid (135 mg, 44%): 1H NMR (CDCl3, 400MHz) ŭ 7.92 

(1H, d, J = 8.8 Hz, Ar), 7.84 (1H, s, Ar), 6.86 (2H, s, Ar), 6.78 (1H, d, J =8.8 Hz, Ar), 

4.18 (2H, t, J = 5.6 Hz, CH2), 4.05 (3H, s, OCH3), 3.74 (2H, t, J = 7.2 Hz, CH2), 3.57 

(2H, t, J = 5.2 Hz, CH2), 2.56 (6H, s, 2*CH3), 2.29-2.26 (2H, m, CH2), 2.15-2.13 (2H, m, 

CH2);  
13C NMR (CDCl3, 100MHz) ŭ 167.6, 156.5, 148.7, 137.1, 130.6, 129.6, 126.4, 

121.2, 116.2, 115.3, 114.3, 109.1, 65.2, 51.4, 49.9, 47.9, 27.9, 26.3, 21.7, 20.9, 20.7. 
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1-(phenylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18a). Compound 17a 

was saponified according to general procedure B on a scale of 0.45 mmol to yield 

compound 18a as a pale solid (129 mg, 90%): 1H NMR (DMSO-d6, 400MHz) ŭ 12.15 

(1H, s, COOH), 7.89 (2H, t, J = 9.6 Hz, Ar), 7.77 (1H, s, Ar), 7.65 (2H, d, J = 7.6 Hz, 

Ar), 7.55 (1H, t, J= 7.2 Hz, Ar), 7.43 (2H, t, J = 7.6 Hz, Ar), 3.86 (2H, t, J = 5.6 Hz, 

CH2), 2.58 (2H, t, J = 6.4 Hz, CH2), 1.73-1.67 (2H, m, CH2);  
13C NMR (DMSO-d6, 

100MHz) ŭ 167.2, 137.1, 134.4, 129.4, 126.7, 124.9, 124.4, 123.8, 122.2, 120.1, 118.5, 

42.1, 22.2, 16.6. 

 

1-((4-bromophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18b). 

Compound 17b was saponified according to general procedure B on a scale of 0.37 mmol 

to yield compound 18b as a pale solid (131 mg, 90%): 1H NMR (DMSO-d6, 400MHz) ŭ 

12.84 (1H, s, COOH), 7.75 (2H, d, J = 8.8 Hz, Ar), 7.71-7.63 (3H, m, Ar), 7.57 (2H, d, J 
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=  8.8 Hz, Ar), 3.79 (2H, t, J = 5.6 Hz, CH2), 2.55 (2H, t, J = 6.4 Hz, CH2), 1.64-1.58 (2H, 

m, CH2); 
13C NMR (DMSO-d6, 100MHz) ŭ 167.2, 140.4, 138.3, 133.1, 131.2, 130.4, 

129.2, 128.0, 127.9, 126.9, 122.9, 47.0, 26.6, 21.4. 

 

1-((4-fluorophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18c). 

Compound 17c was saponified according to general procedure B on a scale of 0.31 mmol 

to yield compound 18c as a pale solid (84 mg, 80%): 1H NMR (DMSO-d6, 400MHz) ŭ 

12.82 (1H, s, COOH), 7.74-7.69 (4H, m, Ar), 7.62 (1H, s, Ar), 7.40-7.35 (2H, m, Ar), 

3.79 (2H, t, J = 5.6 Hz, CH2), 2.54 (2H, t, J = 6.4 Hz, CH2), 1.63-1.59 (2H, m, CH2);  
13C 

NMR (DMSO-d6, 100MHz) ŭ 167.2, 140.5, 135.4, 131.2, 130.4, 130.3, 127.9, 126.9, 

122.9, 117.4, 117.2, 46.9, 26.6, 21.3. 
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1-([1,1'-biphenyl]-4-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18d). 

Compound 17d was saponified according to general procedure B on a scale of 0.28 mmol 

to yield compound 18d as a pale solid (99 mg, 90%):  1H NMR (DMSO-d6, 400MHz) ŭ 

12.81 (1H, s, COOH), 7.83 (2H, d, J = 8.4 Hz, Ar), 7.74-7.71 (4H, m, Ar), 7.68 (2H, d, J 

=  7.6 Hz, Ar), 7.63 (1H, s, Ar), 7.44 (2H, t, J = 6.8 Hz, Ar), 7.41-7.37 (1H, m, Ar), 3.83 

(2H, t, J = 6.4 Hz, CH2), 2.57 (2H, t, J = 6.0 Hz, CH2), 1.66 (2H, m, CH2);  
13C NMR 

(DMSO-d6, 100MHz) ŭ 167.3, 145.3, 140.7, 138.4, 137.8, 131.2, 130.1, 129.6, 129.2, 

128.1, 127.9, 127.5, 126.7, 122.7, 47.0, 26.7, 21.4. 

 

1-(naphthalen-2-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18e). 

Compound 17e was saponified according to general procedure B on a scale of 0.23 mmol 

to yield compound 18e as a pale solid (75 mg, 90%): 1H NMR (CDCl3, 400MHz) ŭ 8.32 

(1H, s, Ar), 7.96 (1H, d, J = 8.8 Hz, Ar), 7.90-7.82 (4H, m, Ar), 7.74 (1H, s, Ar), 7.63-

7.56 (2H, m, Ar), 7.51 (1H, d, J = 8.8 Hz, Ar), 3.91 (2H, t, J = 5.6 Hz, CH2), 2.55 (2H, t, 

J = 6.4 Hz, CH2), 1.73-1.67 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 171.6, 141.9, 

136.2, 134.9, 131.9, 131.4, 129.6, 129.3, 129.1, 128.6, 127.9, 127.7, 124.8, 123.3, 121.9, 

46.9, 26.9, 21.5. 
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1-(quinolin-8-ylsulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18f). Compound 

17f was saponified according to general procedure B on a scale of 0.22 mmol to yield 

compound 18e as a pale solid (50 mg, 61%): 1H NMR (DMSO-d6, 400MHz) ŭ 12.58 (1H, 

s, COOH), 8.95 (1H, s, Ar), 8.56 (1H, d, J = 6.8 Hz, Ar), 8.47 (1H, d, J = 8.4 Hz, Ar), 

8.29 (1H, d, J = 8.4 Hz, Ar), 7.77 (1H, t, J = 7.6 Hz, Ar), 7.65-7.61 (1H, m, Ar), 7.52 

(1H, s, Ar), 7.45 (2H, s, Ar), 4.23 (2H, t, J = 5.2 Hz, CH2), 2.67 (2H, t, J = 6.0 Hz, CH2), 

1.93-1.90 (2H, m, CH2); 
13C NMR (DMSO-d6, 100MHz) ŭ 167.2, 151.9, 143.3, 141.2, 

137.4, 136.3, 135.2, 134.0, 130.9, 129.0, 128.2, 127.7, 126.2, 124.6, 123.2, 119.3, 47.7, 

27.5, 22.3. 

 

1-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic 

acid (18g). Compound 17g was saponified according to general procedure B on a scale of 

0.13 mmol to yield compound 18g as a pale solid (42 mg, 80%): 1H NMR (CDCl3, 
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400MHz) ŭ 8.59 (1H, d, J = 5.6 Hz, Ar), 8.22 (1H, d, J = 7.2 Hz, Ar), 7.94 (1H, d, J = 

7.6 Hz, Ar), 7.87 (1H, d, J = 8.8 Hz, Ar), 7.76-7.74 (2H, m, Ar), 7.54 (1H, t, J = 7.2 Hz, 

Ar), 7.35 (1H, t, J = 8.0 Hz, Ar), 7.16-7.14 (1H, m, Ar), 3.88 (2H, t, J = 5.2 Hz, CH2), 

2.90 (6H, s, 2*N-CH3), 2.58 (2H, t, J = 6.0 Hz, CH2), 1.71-1.68 (2H, m, CH2); 
13C NMR 

(DMSO-d6, 100MHz) ŭ 171.1, 142.4, 135.2, 131.3, 130.7, 129.9, 129.8, 129.3, 128.4, 

128.1, 124.4, 123.1, 46.3, 45.5, 26.8, 21.8. 

 

1-((4-phenoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18h). 

Compound 17h was saponified according to general procedure B on a scale of 0.19 mmol 

to yield compound 18h as a pale solid (73 mg, 95%): 1H NMR (CDCl3, 400MHz) ŭ 7.93-

7.87 (2H, m, Ar), 7.79 (1H, s, Ar). 7.61 (1H, d, J = 8.8 Hz, Ar), 7.40 (2H, t, J = 8.0 Hz, 

Ar), 7.22 (1H, t, J = 7.2 Hz, Ar), 7.04 (2H, d, J = 8.8 Hz, Ar), 6.95 (2H, d, J = 8.8 Hz, 

Ar), 3.87 (2H, t, J = 5.6 Hz, CH2), 2.65 (2H, t, J = 6.0 Hz, CH2), 1.79-1.73 (2H, m, CH2); 

13C NMR (DMSO-d6, 100MHz) ŭ 171.4, 161.9, 154.7, 141.9, 132.6, 131.5, 130.2, 129.5, 

128.6, 125.1, 124.7, 123.2, 120.4, 117.4, 46.8, 27.1, 21.4. 
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1-((4-(p-tolyloxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18i). 

Compound 17i was saponified according to general procedure B on a scale of 0.25 mmol 

to yield compound 18i as a pale solid (100 mg, 95%): 1H NMR (CDCl3, 400MHz) ŭ 7.93-

7.87 (2H, m, Ar), 7.78 (1H, s, Ar). 7.58 (1H, d, J = 8.8 Hz, Ar), 7.18 (2H, d, J = 8.8 Hz, 

Ar), 6.92 (2H, d, J = 7.6 Hz, Ar), 3.86 (2H, t, J = 5.6 Hz, CH2), 2.64 (2H, t, J = 6.0 Hz, 

CH2), 1.78-1.74 (2H, m, CH2); 
13C NMR (CDCl3, 100MHz) ŭ 171.4, 162.4, 152.4, 141.9, 

134.8, 132.4, 131.4, 130.6, 129.5, 129.2, 128.5, 124.7, 123.2, 120.3, 117.1, 46.8, 29.7, 

27.1, 21.5, 20.8. 
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1-((4-(3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic 

acid (18j ). Compound 17j  was saponified according to general procedure B on a scale of 

0.10 mmol to yield compound 18j  as a pale solid (41 mg, 95%): 1H NMR (CDCl3, 

400MHz) ŭ 7.93-7.89 (2H, m, Ar), 7.78 (1H, s, Ar). 7.59 (1H, d, J = 8.8 Hz, Ar), 6.93 

(2H, d, J = 8.8 Hz, Ar), 6.84 (1H, s, Ar), 6.64 (2H, s, Ar), 3.86 (2H, t, J = 5.6 Hz, CH2), 

2.64 (2H, t, J = 6.0 Hz, CH2), 2.30 (6H, s, 2*CH3), 1.78-1.74 (2H, m, CH2); 
13C NMR 

(CDCl3, 100MHz) ŭ 171.2, 162.2, 154.7, 141.9, 140.1, 132.4, 131.4, 129.5, 129.1, 128.5, 

126.8, 124.7, 123.2, 117.9, 117.4, 46.8, 29.7, 27.1, 21.5, 21.3. 

 

1-((4-(p-tolylthio)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic acid (18k). 

Compound 17k was saponified according to general procedure B on a scale of 0.06 mmol 

to yield compound 18k as a pale solid (23 mg, 90%): 1H NMR (CDCl3, 400MHz) ŭ 7.96-

7.89 (2H, m, Ar), 7.86 (1H, s, Ar). 7.56 (1H, d, J = 8.8 Hz, Ar), 7.48 (2H, d, J = 8.8 Hz, 

Ar), 7.32 (2H, d, J = 8.0 Hz, Ar), 7.16 (2H, d, J = 7.6 Hz, Ar), 4.00-3.93 (2H, m, CH2), 

2.71 (2H, t, J = 6.0 Hz, CH2), 2.48 (3H, s, CH3), 1.85-1.82 (2H, m, CH2); 
13C NMR 

(CDCl3, 100MHz) ŭ 171.0, 146.8, 134.9, 131.4, 130.7, 129.5, 128.5, 127.3, 126.4, 124.7, 

123.2, 46.8, 29.7, 27.1, 21.5, 21.3. 
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1-((4-(4-chloro-3,5-dimethylphenoxy)phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline-6-

carboxylic acid (13). Compound 17m was saponified according to general procedure B 

on a scale of 0.23 mmol to yield compound 13 as a pale solid (94 mg, 86%):  1H NMR 

(CDCl3, 400MHz) ŭ 7.87 (2H, d, J = 5.2 Hz, Ar), 7.76 (1H, s, Ar), 7.58 (2H, d, J = 8.4 

Hz, Ar), 6.91 (2H, d, J = 8.8 Hz, Ar), 6.75 (2H, s, Ar), 3.85 (2H, t, J = 6.0 Hz, CH2), 

2.62 (2H, t, J = 6.4 Hz, CH2), 2.34 (6H, s, 2*CH3), 1.77-1.73 (2H, m, CH2); 
13C NMR 

(DMSO-d6, 100MHz) ŭ 168.1, 162.4, 153.6, 141.5, 139.1, 133.7, 131.9, 130.8, 130.7, 

128.6, 127.4, 123.5, 121.6, 118.8, 47.7, 27.5, 22.1, 21.5. 
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1-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-1,2,3,4-tetrahydroquinoline-6-carboxylic 

acid (18l). Compound 17l was saponified according to general procedure B on a scale of 

0.21 mmol to yield compound 18l as a pale solid (76 mg, 97%):  1H NMR (DMSO-d6, 

400MHz) ŭ 11.7 (1H, s, COOH), 7.28 (1H, d, J = 8.8 Hz, Ar), 7.21 (1H, s, Ar), 6.57 (2H, 

s, Ar), 6.37 (1H, d, J = 9.6 Hz, Ar), 3.76 (2H, t, J = 5.6 Hz, CH2), 3.23 (2H, t, J = 6.4 Hz, 

CH2), 2.45 (2H, t, J = 5.6 Hz, CH2), 2.05 (6H, s, 2*CH3), 1.73-1.70 (2H, m, CH2), 1.60-

1.50 (2H, m, CH2); 
13C NMR (DMSO-d6, 100MHz) ŭ 167.9, 156.9, 148.8, 136.9, 130.7, 

129.7, 125.4, 121.2, 116.5, 115.2, 115.0, 109.5, 65.6, 49.4, 47.6, 27.8, 25.9, 21.6, 20.8. 
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 Biology 

General. All chemical reagents were ACS grade or higher unless otherwise indicated. All 

buffers were passed through Chelex-100 (Bio-Rad, Hercules, CA) to remove trace metals. 

The D2O, DMSO-d6, 
15NH4Cl, and 13C-labeled glucose were purchased from Cambridge 

Isotope Laboratories, Inc. (Andover, MA).  

Protein Production. A His6-MBP tagged recombinant human MCL-1 residues 172 to 

327 was produced in E. coli in either LB or minimal media supplemented with 15NH4Cl 

to produce unlabeled or 15N-labeled MCL-1. The tagged protein was initially purified 

from the crude cell lysate by IMAC chromatography (GE Healthcare Life Sciences), and 

after dialysis to remove the imidazole the affinity tag was cleaved using PreScission 

Protease (GE Healthcare Life Sciences). A Sephacryl S-200 size exclusion column was 

used as a final purification step before the protein was concentrated with a 10,000 

MWCO centifugal filter concentrator (Millipore). The protein purity was shown to be 

>98% by Coomassie Brilliant Blue (Bio-Rad) stained SDS-PAGE gel and the final 

concentration was determined using the Bradford protein assay (Bio-Rad) with BSA 

standards (Pierce). 

FITC -BAK  BH3 Peptide. A 6-aminohexanoic acid linker was conjugated to the N-

terminus of the BAK-BH3 peptide (GQVGRQLAIIGDDINR), capped with fluorescein 

(on the amino group of the linker), and the peptide was amidated on the C-terminus to 

give FITC-Ahx-GQVGRQLAIIGDDINR-CONH2, hereafter referred to as ñFITC-BAKò 

(synthesized by Neo BioScience in >95% purity).  
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Fluorescence Polarization Competition Assay. Fluorescence polarization experiments 

were conducted using a BMG PHERAstar FS multimode microplate reader equipped 

with two PMTs for simultaneous measurements of the perpendicular and parallel 

fluorescence emission. The assays were performed in black polypropylene 384-well 

microplate (Costar) with a final volume of 20 µL. Initially the affinity (Kd) of the FITC-

BAK peptide was determined by titrating MCL-1172-327 into 10 nM FITC-BAK peptide in 

20 mM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 0.01% Triton X-100 and 5% DMSO 

at room temperature while monitoring the perpendicular and parallel fluorescence 

emission with a 485 nm excitation and 520 nm emission filters. The fluorescence 

polarization competition assay (FPCA) was performed using 100 nM MCL-1172-327 in the 

same buffer (thus, 15 nM FITC-BAK) with varying concentrations of either unlabeled 

peptide or THQ-based MCL-1 inhibitor. Regression analysis was carried out using Origin 

(OriginLab, Northampton, MA) to fit the data to the Hill equation to determine the initial 

binding affinity (Kd) and the IC50 in the FPCA. For the fluorescence polarization 

competition titrations, an equation derived by Nikolovska-Coleska et al. was used to 

calculate the Ki from the IC50 data[158]. The affinity of FITC-BAK for MCL-1172-327 was 

determined to be 33.8 ± 0.50 nM in the assay conditions used. 

15N-MCL -1 Nuclear Magnetic Resonance Spectroscopy. NMR spectra was collected at 

25 ºC with a Bruker AVANCE 800 NMR spectrometer (800.27 MHz for protons) 

equipped with pulsed-field gradients, four frequency channels, and triple resonance, z-

axis gradient cryogenic probes. A one-second relaxation delay was used, and quadrature 

detection in the indirect dimensions was obtained with states-TPPI phase cycling; initial 

delays in the indirect dimensions were set to give zero- and first-order phase corrections 
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of 90º and ï180º, respectively[159, 160]. Data were processed using the processing 

program nmrPipe on Linux workstations[161]. All proton chemical shifts are reported 

with respect to the H2O or HDO signal, taken to be 4.658 ppm relative to external TSP 

(0.0 ppm) at 37 ºC. The 15N chemical shifts were indirectly referenced using the zero-

point frequency at 37 ºC of 0.10132905 for 15N-1H, as previously described[162, 163]. 

Uniformly 15N-labeled MCL-1 was used to collect two-dimensional 1H,15N-fast HSQC 

(heteronuclear single quantum coherence) spectra of MCL-1 with and without ±-2 to 

detect changes in the backbone 15N and 1H resonances of MCL-1 due to the direct 

interaction with the compound[164]. The NMR samples contained 131 µM 15N-labeled 

MCL-1, (182 µM ±-2), 20 mM HEPES, pH 6.8, 50 mM NaCl, 3 mM DTT, 20% D2O, 

and 5% DMSO-d6. 

CellTiter -Blue® viability assay. A375 cells were plated at 5,000 cells/well seeding 

density in a 96 well black walled plate (Corning). Cells were cultured in 100 ɛL DMEM 

(Gibco) plus 10% HIFBS and PenStrep overnight. Using a separate plate, serial dilutions 

were made of each compound in DMEM. 10 ɛL of each serial dilution was transferred 

into the experimental plate so that the final compound concentrations were 4.69, 9.38, 

18.75, 37.5, 75, 150, or 300 ɛM and 1% DMSO solvent. Untreated control cells also 

received DMSO vehicle at 1% final concentration. Cells were cultured with and without 

test compounds for 48 h and then 20 ɛL of CellTiter-Blue® reagent (Promega) was 

added to each well and to control wells containing media only to account for background. 

Cells were then incubated for 2 h and fluorescence was read using Molecular Devices 

Spectra Max M5 (560Ex/590Em). Results were recorded as percent viability determined 
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by dividing the experimental values by the untreated controls and subtracting the 

background from cell-free wells. 

Acknowledgement: Reproduced from ñChen, L., Wilder, P. T., Drennen, B., Tran, J., 

Roth, B. M., Chesko, K., Shapiro, P. and Fletcher, S. ñStructure-based design of 3-

carboxy-substituted 1,2,3,4-tetrahydroquinolines as inhibitors of myeloid cell leukemia-1 

(Mcl-1).ò Org. Biomol. Chem. 2016; 14, 5505-5510. DOI: 10.1039/C5OB02063Hò with 

permission from the Royal Society of Chemistry. 
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 Structure-Based Design of 4-Aminosalicylates and 5-

Aminosalicylates as Inhibitors of Myeloid Cell Leukemia-1 (MCL -1) 

3.1 Design, Synthesis and Biological Evaluation of 4-Aminobenzoates as MCL-1 

Inhibitors 

In the last chapter, we reported a class of MCL-1 inhibitors based on a racemic 3-

carboxy-substituted 1,2,3,4-tetrahydroquinolines (3-THQ) scaffold[71]. Structurally, the 

lead compound (±-2) presents a carboxylic acid to engage R263 through a salt bridge. It 

also has a 3,5-dimethyl-4-chloro-phenoxyl phenyl group projecting from the N-positon 

through a sulfonamide linker, which was predicted to probe deep into the p2 pocket. The 

3-THQ scaffold was then isomerized to a 6-carboxy-substituted 1,2,3,4-

tetrahydroquinolines (6-THQ) to remove the chiral center yet maintain a similar structure 

and potency to inhibit MCL-1. The binding affinity of -THQ analogues can be directly 

associated with a single structure rather than being the average value of both enantiomers 

of 3-THQ analogues. More importantly, 6-THQ scaffold serves at a starting point for 

further structure re-engineering to eventually yield novel and more synthetically 

assessable scaffold: 4-aminobenzoate.  

In the structure of 6-THQ scaffold, the nitrogen atom is fused in the THQ ring, making it 

synthetically difficult to either modify or install additional moieties onto the hydrophobic 

THQ core. To overcome this synthetic barrier and to investigate the SAR more 

systematically, we re-engineered the 6-THQ ring by opening up the piperidine-type ring, 

transforming the core into a 4-aminobenzoate scaffold in Figure 3.1. This particluar 

scaffold offers an acyclic nitrogen atom at a similar position compared to the 6-THQ 
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scaffold, but now it can be doubly-functionalized using different R1 and R2 groups; it also 

allows decorations to be installed on different positions of the benzene ring as the 

nitrogen can be easily shifted. For example, compound (2)ôs R1 group is an isobutyl 

group to mimic part of the hydrophobic core of the 6-THQ, while the R2 is the 3,5-

dimethyl-4-chloro-phenoxy benzene sulfonamide group, which significantly contributed 

to yielding the most potent 6-THQ analogue compound (1) in the previous chapter.   

 

Figure 3.1. Design of 4-aminobenzoate based on 6-THQ scaffold 

A GOLD docking experiment was run to test the possibility of compound (2) binding to 

the MCL-1 protein. Compound (2) was MM2 energy minimized while MCL-1 Protein 

crystal structure (4HW2) was processed to removed the ligand and water and uploaded 

onto GOLD (version 5.2.2). Hydrogen atoms were added, and the binding site was 

defined as a 10 Å redius sphere around residue M231. No further constrains were used. 

One high-scoring result is shown in Figure 3.2. As illustrated, the 4-chloro-3,5-

dimethylphenyl moiety of compound (2) successfully docked into the p2 binding pocket 

of a crystal structure of MCL-1 protein (PDB ID: 4HW2). Key interactions were 

observed between the ligand and the protein including: 1) the polar interactions between 

carboxylic acid, sulfonamide and R263; 2) the hydrophobic interaction between 3,5-
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dimethyl-4-chlorophenol and the deep portion of p2 hydrophobic binding site; 3) a 

hydrophobic interaction between the isobutyl group and a shallow hydrophobic pocket 

formed by A227, F228, M231 and F270[70]. 

 

Figure 3.2. Predicted binding mode of 4-aminobenzoate compound (2) with MCL-1(PDB 

ID: 4HW2) using GOLD. (a) The MCL-1 protein is shown in grey helical structure with 

key residues in p2 pocket shown in sticks (carbon: gray; nitrogen: blue; oxygen: red; 

sulfer: yellow). Compound (2) is shown in stick stucture (carbon: green; nitrogen: blue; 

oxygen: red; sulfer: yellow). Hydrogen bonds are shown in black dashed lines. (b) The 

MCL-1 protein is shown with a solvent-assessible surface (hydrophobic : grey; basic: 

blue; acidic: red; sulfer: yellow). Compound (2) is shown in stick stucture (carbon: 

green; nitrogen: blue; oxygen: red; sulfer: yellow). 

Encouraged by the docking result, a concise SAR library of compounds was synthesized 

according to the general procedure shown in Scheme 3.1. 4-Nitrobenzoic acid (3) was 
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esterified with sulfuric acid and methanol to yield its methyl ester (4). The nitro group of 

compound (4) was reduced with tin(II)  chloride dihydrate to deliver aniline compound (5), 

which further underwent reductive amination with isobutyraldehyde to afford compound 

(6). Compound (6) was then coupled to different aromatic sulfonyl chlorides to generate a 

library of compounds (7a-7d). They were next saponified using lithium hydroxide 

monohydrate to yield 4-aminobenzoate final molecules (8a-8d). Alternatively, compound 

(7d) was also further elaborated with 3,5-dimethyl-4-chloro-phenol using a SNAr reaction, 

followed by saponification to give final compound (8e). 

 

 

Scheme 3.1. Synthesis of 4-aminobenzoate analogues. Reagents and conditions: (a) 

H2SO4, MeOH, 80°C, overnight, 98%; (b) SnCl2·2H2O, EtOAc, 50°C, overnight, 85%; 

(c) Isobutyraldehyde, NaBH(OAc)3, DCE, RT, overnight, 86%; (d) RSO2Cl, DIPEA, 

DMAP, CHCl3, 60°C, overnight, 80-92%; (e) LiOH·H2O, THF-MeOH-H2O, 3:1:1, RT, 

overnight, 90-98%; (f) 4-chloro-3,5-dimethylphenol, K2CO3, DMSO, 100°C, overnight, 

86%. 
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The biochemical binding affinities of the final molecules were evaluated using a 

fluorescence polarization competition assay (FPCA) where different concentration of the 

compounds were titrated into a mixture of  MCL-1172-327 and FITC-BAK BH3 peptide to 

monitor their abilities to disrupt the interaction between MCL-1172-327 and FITC-BAK 

BH3 peptide. The IC50 of each compound was calculated and then converted to the 

inhibition constant Ki using Nikolovska-Coleska equation: Ki = [I]50/([L]50/Kd + [P]0/Kd 

+1)[165] for MCL-1 shown in Table 3.1. The biphenyl analogue (8c) exhibited a 

moderate MCL-1 inhibition with a K i of 16.71 µM while the naphthyl analogue (8b) was 

a much weaker binder. The data indicate that the geometrical shape of rigid hydrophobic 

moieties may have significant influence on binding affinities. Therefore, if the binding 

pattern of these compounds were similar to the predicted mode from GOLD docking 

result, it can be inferred that the pocket accommodating R group might be a relatively 

small pocket, and hence it might not tolerate a moiety whose shape is not complementary. 

Similar with what we found in the THQ SAR library studies, further extension of the R 

group with the 3,5-dimethyl-4-chloro phenoxy group rendered compound (8e) as the 

most potent analogue in this focused compound group, whose binding affinity Ki (MCL-

1) = 2.06 ɛM was more than 10-fold stronger than (8c). Taken together, these findings 

suggest that although the p2 pocket is not wide, it is deep, which is consistent with 

previous reports[70]. 
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Table 3.1. MCL-1 binding affinity of 4-aminobenzoate analogues. 
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3.2 Design, Synthesis and Biological Evaluation of 4-Aminosalicylates as MCL-

1 Inhibitors 

With further investigation of the docking result in Figure 3.2, we suspected that 

installing extra polar function groups onto the ortho position of carboxylic acid could 

potentially form additional polar interactions with either R263 or T266 in favor of the 

binding. A rudimentary GOLD docking experiment was done to show a possible binding 

pattern after installing a polar hydroxyl group ortho to the carboxylic acid, which 

converted the 4-aminobenzoate into a 4-aminosalicylate scaffold (Figure 3.3). In this 

particular predicted conformation, the carboxylic acid formed a salt bridge with R263, as 

well as an H-bond with T266. Additionally, the phenol group successfully recognized and 

H-bonded with R263. Therefore, we hypothesized that 4-aminosalicylates will be 

stronger binders compared to 4-aminobenzoates.  
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Figure 3.3. Predicted binding mode of 4-aminosalicylate (8e) with MCL-1 (PDB ID: 

4HW2) using GOLD. (a) The MCL-1 protein is shown in grey helical structure with key 

residues in p2 pocket shown in sticks (carbon: gray; nitrogen: blue; oxygen: red; sulfer: 

yellow). Compound (2) is shown in stick stucture (carbon: green; nitrogen: blue; oxygen: 

red; sulfer: yellow). Hydrogen bonds are shown in black dashed lines. (b) The MCL-1 

protein is shown with a solvent-assessible surface (hydrophobic : grey; basic: blue; 

acidic: red; sulfer: yellow). Compound (2) is shown in stick stucture (carbon: green; 

nitrogen: blue; oxygen: red; sulfer: yellow). 

To test this hypothesis, we designed and synthesized a library of 4-aminosalicylate 

analogues according to Scheme 3.2. Compounds (13aa-ac, 13af and 13ak) are courtesy 

of Dr. Jay Chauhan from Dr. Fletcherôs lab. 4-Aminosalicylate was transformed, under 

Fisher esterification conditions, to methyl ester compound (10), which was further O-

benzylated by reacting with benzyl bromide to afford compound (11). Reductive 

amination of compound (11) with different aldehydes and ketones (R1) afforded 

compounds (12a-12c). Sulfonylation of (12a-12c) with various R2-SO2Cl delivered 

compounds (12aa-12ag), (12ba-12bc), and (12ca-12cc). These compounds were further 

deprotected by saponification and TFA mediated debenzylation[166] to yield analogues  

(13aa-13ag), (13ba, 13bb), and (13ca, 13cc). Alternatively, compound (12ad), (12bc) 

and (12cc) were further elaborated with different substituted aromatic systems (R3) 

through an SNAr mechanism to render compounds (12ah-12ak), (12bd) and (12cd), 

which underwent deprotection using the same deprotection protocol of saponification 

followed by TFA mediated debenzylation to generate final molecules (13ah-13ak), 

(13bd) and (13cd). Additionally, compound (11) was also directly sulfonylated by 4-
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phenoxybenzenesulfonyl chloride to yield compound (12da), whose deprotected product 

was compound (13da).  

 

Scheme 3.2. Synthesis of 4-aminosalicylate analogues. Reagents and conditions: (a) 

H2SO4, MeOH, reflux, overnight, 95%; (b) BnBr, KOtBu, DMF, RT, overnight, 70%; (c) 

R1-aldehyde or R1-ketone, NaBH(OAc)3, DCE, RT, overnight, 64-86%; (d) R2-SO2Cl, 

DIPEA, DMAP, CHCl3, 60°C, overnight, 13-92%; (e) LiOH·H2O, THF-MeOH-H2O, 

3:1:1, RT, overnight, 80-99%; (f) TFA, toluene, RT, overnight 64-83%; (g) R3-phenol, 

K2CO3, DMSO, 100°C, overnight, 59-87%. 

Using the same FPCA experiment as described earlier, the potencies of the analogues 

were determined and their structure activity relationships were examined in Table 3.2 and 

3.3. Excitingly, all of 4-aminosalicylate analogues in Table 3.2 exhibited stronger MCL-1 

binding affinities compared to their corresponding 4-aminobenzoates derivatives in Table 

3.1, demonstrating the significant contribution from the addition of the OH group.  

In Table 3.2, increasing hydrophobicity of R2 substitution yielded stronger inhibitors, 

illustrated by the decreasing Kis from the phenyl (13aa), 4-flurophenyl (13ad), 4-

methylphenyl (13af), 4-bromophenyl (13ae), 2-naphthnyl (13ab) to 4-biphenyl (13ac) 
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compounds with almost 50-fold improvement in binding affinity. Further expansion of 

the R2 moiety from the para position of the benzene sulfonamide with an oxygen linker 

rendered a group of tighter binders (13ag-13ak). The subtle structural changes on the 

phenoxy group were reflected well by their corresponding Kis, suggesting the sensitivity 

of this binding region on the protein. Again, the most potent analogue (13ak) was 

equipped with the 3,5-dimethyl-4-chloro-phenoxy group, contributing to its potent K i of 

778 nM.  

Next, various R1 substitutions were made (Table 3.3) to further investigate the function 

of the hydrophobic group on this position upon binding to MCL-1 protein. Comparing the 

analogues in Table 3.3, the consistent incremental binding affinities from naphthyl, p-

biphenyl to 3,5-dimethyl-4-chloro-phenoxy benzene group was observed. On the other 

hand, when comparing the analogues in Table 3.3 with their corresponding derivatives in 

Table 3.2, the alterations of R1 group have distinct impacts on the potencies of these 

molecules. Specifically, R1 = Cp afforded the least potent binders (13ab, 13ac, 13ak), R1 

= iBu generated the moderate potent binders (13ba-13bc), and R1 = Bn yielded the most 

potent binders (13ca-13cc). Particularly, completely deleting this hydrophobicity turned 

the compound (13da) into a weak binder, suggesting that a hydrophobic group at the R1 

position is favorable. 
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Table 3.2. MCL-1 binding affinities of 4-aminosalicylate analogues. 
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Table 3.3. MCL-1 binding affinities of 4-aminosalicylate analogues cont'd. 
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3.3 Design, Synthesis and Biological Evaluation of 5-Aminobenzoates and 5-

Aminosalicylates as MCL-1 Inhibitors 

With the nitrogen atom no longer locked in the THQ ring, its position can be easily 

shifted, which will adjust the relative positions of the carboxylic acid and hydroxyl group 

and further impact on MCL-1 binding affinity. Based on a high scoring GOLD binding 

prediction in Figure 3.3 and 3.4, shifting the nitrogen from para to meta the position 

relative to the carboxylic acid can still maintain the same polar contact with R263 and 

T266, rendering a new scaffold: 5-aminosalicylate. 

 

Figure 3.4. GOLD docking solution of 5-aminosalicylate compound (18bd) with MCL-1 

(PDB ID: 4HW2). (a) The MCL-1 protein is shown in grey helical structure with key 

residues in p2 pocket shown in sticks (carbon: gray; nitrogen: blue; oxygen: red; sulfer: 

yellow). Compound (2) is shown in stick stucture (carbon: green; nitrogen: blue; oxygen: 

red; sulfer: yellow). Hydrogen bonds are shown in black dashed lines. (b) The MCL-1 
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protein is shown with a solvent-assessible surface (hydrophobic : grey; basic: blue; 

acidic: red; sulfer: yellow). Compound (2) is shown in stick stucture (carbon: green; 

nitrogen: blue; oxygen: red; sulfer: yellow). 

The 5-aminosalicylate compound favorably fitted into the MCL-1 binding pocket and 

developed similar polar interactions with R263 and T266 (Figure 3.4) compared to the 4-

aminosalicylate analogue (Figure 3.3). The hydrophobic 4-chloro-3,5-dimethylphenyl 

moiety probed into the p2 pocket of MCL-1. Following the docking study, a library of 5-

aminosalicylates was designed and synthesized to validate the in silico model according 

to preparation procedures in Scheme 3.3. In addition, the function of hydroxyl group was 

re-assessed by deleting it to generate 5-aminobenzoate molecules.Compounds (18aa-af) 

are courtesy of Dr. Jay Chauhan at Dr. Fletcherôs lab, and compounds (18ba-bd) are 

courtesy of Dr. Jeremy Yap who graduated from Dr. Fletcherôs lab.  

Esterification of 5-aminobenzoic acid (14a) and 5-aminosalicylic acid (14b) afforded 

compounds (15a) and (15b). Reductive amination with isobutyraldehyde formed 

compounds (16a) and (16b), which were further functionalized with different R-sulfonyl 

chlorides to yield (17aa-17ad), and (17ba-17bc). The compounds were then subjected to 

saponification to yield final molecules (18aa-18ad), and (18ba-18bc). Also, compound 

(17ad) of 5-aminobenzoate was further elaborated at the carbon-fluorine bond by an 

SNAr reaction with 3,5-dimethyl-4-chloro-phenol, followed by basic hydrolysis to afford 

compound (18ae). In the case of 5-aminosalicylate, compound (17bd) was first O-

benzylated to give compound (17bdô) before being coupled to 3,5-dimethyl-4-chloro-
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phenol to afford (17be), and then underwent saponification and TFA dediated 

debenzylation to yield final compound (18be). 

 

Scheme 3.3. Synthesis of 5-aminobenzoate and 5-aminosalicylate analogues. Reagents 

and conditions: (a) H2SO4, MeOH, 80°C, overnight, 68-90%; (b) Isobutyraldehyde, 

NaBH(OAc)3, DCE, RT, overnight, 63-73%; (c) R-SO2Cl, DIPEA, DMAP, CHCl3, 60°C, 

overnight, 24-98%; (d) LiOH·H2O, THF-MeOH-H2O, 3:1:1, RT, overnight, 45-98%; (e) 

BnBr, KOtBu, DMF, RT, overnight, 70%; (f) 4-chloro-3,5-dimethylphenol, K2CO3, 

DMSO, 100°C, overnight, 30%; (g) TFA, toluene, RT, overnight, 98%.  

The SAR data of both 5-aminobenzoate and 5-aminosalicylate derivatives are reported  

together in Table 3.4. The pronounced differences of K is between salycilates (right) and 

benzoates (left) demonstrated the compelling benefits generated by the hydroxyl group. 

Intriguingly, in both 5-aminobenzoate/salicylate classes, the 2-naphthyl analogues (18ab, 

18bb) exhibited stronger binding affinity compared to the 4-biphenyl analogues (18ac, 

18bc), which was in a sharp contrast to the relationships in 4-aminobenzoate/salicylate 

scaffolds. This might suggest that the shifted nitrogen may change the binding orientation 
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of scaffold, which potentially pointed the 4-biphenyl moiety towards an unfavorable 

angle within the MCL-1 hydrophobic pocket, while guided the 2-naphthyl group to a 

favorable direction towards the pocket. The most potent compounds (18af and 18bd) 

carried the 3,5-dimethyl-4-chloro-phenoxy group, with K i = 1.45 µM and 586 nM, 

respectively. 

 

Table 3.4. MCL-1 binding affinities of 5-aminobenzoate and 5-aminosalicylate 

analogues. 
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3.4 Design, Synthesis and Biological Evaluation of 4-Aminosalicylates Prodrugs 

and Bioisosteres as MCL-1 Inhibitors 

The carboxylic acid moiety has been shown to be a crucial factor to facilitate the 

recognition of R263 of MCL-1 by small molecule inhibitors in the literature[69] and by 

our own docking results. Also, the improved potency from 4/5-aminobenzoate to 4/5-

aminosalicylate scaffold illustrated the contribution from hydroxyl group. The carboxylic 

acid and hydroxyl group are moieties that presented both H-bond donor and acceptor. It 

would be helpful to dissect the role of the H-bond donor and acceptor in the formation of 

polar interactions. Therefore, carboxylic acid ester prodrugs, bioisosteres, and the 

methylated hydroxyl group were proposed and synthesized according to procedure in 

Scheme 3.4 and 3.5. 

The synthetic method for ester prodrugs and methylated hydroxyl derivative is described 

in Scheme 3.4. 4-Aminosalicylate (9) was transformed, under Fisher esterification 

conditions, to methyl ester compound (10), which was further O-methylated by reacting 

with methyl iodide to afford compound (11-m). Reductive amination of compound (11-

m) with isobutyraldehyde yielded compound (12-m), which was further coupled to 4-

phenoxybenzenesulfonyl chloride to give compound (13-m). Basic hydrolysis of 

compound (13-m) yielded compound (19). Starting from compound (12ag), direct 

debenzylation under TFA mediated condition afforded compound (20). Alternatively, it 

can be saponified to give compound (12agô). Compound (12agô) can be coupled to 

phenol by HBTU to afford compound (21ô), which was then debenzylated to yield 
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compound (21). Additionally, compound (12agô) can also react to bromomethyl acetate 

to afford compound (22ô), followed by debenzylation to give compound (22). 

 

Scheme 3.4. Synthesis of 4-aminosalicylate prodrugs. Reagents and conditions: (a) 

H2SO4, MeOH, reflux, overnight, 95%; (b) MeI, KtOBu, DMF, RT, overnight, 76%; (c) 

isobutyraldehyde, NaBH(OAc)3, DCE, acetic acid, RT, overnight, 45%; (d) 4-

phenoxybenzenesulfonyl chloride, DIPEA, DMAP, CHCl3, 60ºC, overnight, 90%; (e) 

LiOH¶H2O, THF-MeOH-H2O, 3:1:1, RT, overnight, 99%; (f) TFA, toluene, RT, 

overnight, 75-89%; (g) phenol, HBTU, TEA, DMF, RT, overnight, 30%; (h) 

bromomethyl acetate, K2CO3, DMF, RT, overnight, 68%. 

The synthetic protocol for carboxylic acid bioisosteres is reported in Scheme 3.5. To 

synthesize the salicylonitrile derivative (23), 4-bromo-3-methoxyaniline was coupled to 

isobutyraldehyde under reductive amination condition to achieve compound (12-br ), 

followed by reacting with 4-phenoxybenzenesulfonyl chloride to give compound (13-br ). 

Compound (13-br ) was converted to its nitrile analogue (13-CN) by reacting with 
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Zn(CN)2 and catalyzed by Pd(PPh3)4, Zn dust and Zn(OAc)2. Compound (13-CN) was 

further O-demethylated by LiCl under microwave condition to yield compound (23); To 

synthesize hydroxamic acid derivative (25), compound (12ag) was deprotected under 

TFA mediated debenzylation condition to give compound (20), which was reacted with 

NH2OH¶HCl and NaOH to yield compound (25). To synthesize tetrazole analogue (24), 

4-iodo-analine was functionalized with isobutyraldehyde using reductive amination to 

give compound (12-I ), followed by coupling to 4-phenoxybenzenesulfonyl chloride to 

afford compound (13-I ). Compound (13-I ) can be converted to its nitrile analogue (24ô) 

by reacting with Zn(CN)2 and catalyzed by Pd(PPh3)4, Zn dust and Zn(OAc)2. Compound 

(24ô) was reacted with NaN3 and NH4Cl to form the tetrazole compound (24). 

Alternatively, compound (13-I ) can be reacted with methyl propionate to yield compound 

(26ô), followed by reacting with NH2OH¶HCl to afford the 3-hydroxyisoxazole derivative 

(26). Finally, for acyl sulfonamides, saponification of compound (12cd) yielded (12cdô), 

which was coupled to different R-sulfonamides to give compounds (27ô and 28ô). TFA 

mediated debenzylation of (27ô and 28ô) yielded molecules (27 and 28). 
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Scheme 3.5. Synthesis of 4-aminosalicylate bioisosteres. Reagents and conditions: (a) 

isobutyraldehyde, NaBH(OAc)3, DCE, acetic acid, RT, overnight, 78%; (b) 4-

phenoxybenzenesulfonyl chloride, DIPEA, DMAP, CHCl3, 60ºC, overnight, 89%; (c) 

Zn(CN)2, Pd(PPh3)4, Zn-Zn(OAc)2, 1:1, DMF, 120ºC, 2h, 34%; (d) LiCl, DMF, 160ºC, 

m.v. 30 min, 40%; (e) TFA, toluene, RT, overnight, 50-89%; (f) NH2OH¶HCl, NaOH, 

H2O, dioxane, RT, overnight, 71%; (g) NaN3, NH4Cl, DMF, 125ºC, overnight, 76%; (h) 

PPh3, CuI, Et3N, Pd(PPh3)2Cl2, methyl propionate, 110ºC, m.v., 40min, 44%; (i) 

NH2OH¶HCl, NaOH, MeOH, RT, overnight, 20%; (j) LiOH¶H2O, THF-MeOH-H2O, 
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3:1:1, RT, overnight, 99%; (k) R-SO2NH2, EDCI¶HCl, DMAP, DCM, RT, overnight, 44-

50%. 

The impacts of carboxylic prodrugs and bioisosteres on the compoundôs activities were 

surveyed in Table 3.5. Evidently, substitution of the hydroxyl group (13ag) with methoxy 

group (19) dramatically diminished the MCL-1 binding affinity, suggesting that the H-

bond donating effect from the hydroxyl group was more responsible for the polar 

interaction with MCL-1 protein rather than H-bond accepting effect. Conversion of 

anionic carboxylic acid (13ag) into neutral esters (20-22) completely abolished their 

binding affinity, confirming the dominant effect of the H-bond donation in the formation 

of salt bridge to stabilize the protein-ligand complex. Bioisosteric replacement of the 

carboxylic acid with different ionizable moieties yielded analogues with a wide range of 

potencies. The most noteworthy binders were the tetrazole analogue (24) and the acyl 

sulfonamide analogues (27 and 28). The tetrazole is one of the most commonly used 

carboxylic bioisosteres. In our case, compound (24) slightly improved the potency to 3.3 

µM. Acyl sulfonamides are also frequently utilized to replaced carboxylic acid because it 

offers a synthetic handle for further decoration[74]. In this case, compounds (27 and 28) 

were the most potent analogues in the library. Neither of salicylic nitrile (23) nor 3-

hydroxyisoxazole (26) exhibited desirable potencies, while hydroxamic acid analogue 

(25) turned out to be a moderate binder. These data suggested that the recognition of 

these different anionic moieties can be associated with their conformational shapes, 

which is determined by the pointing direction acidic proton, as well as the distance 

between the proton and R263[167].  
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Table 3.5. MCL-1 binding affinity of 4-aminosalicylates esters and bioisosteres. 
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3.5 HSQC-NMR Studies of the Binding Pattern of 4-Aminosalicylate with MCL-

1 

To verify the MCL-1 binding pattern of the molecules discussed above using a ligand 

free method, one representative compound (13ak) was examined by HSQC-NMR studies 

in the complex with 15N-MCL-1. The result is shown in Figure 3.5, 3.6, and 3.7. The 2D 

1H-15N HSQC spectra of MCL-1 was collected with 13ak (red) and without 13ak (black). 

It clearly showed that R263 and T266 were both perturbed upon the binding of the 

compound. Moreover, the majority of hydrophobic residues in the p2 binding pocket, 

which primarily located at MCL-1 protein helixes Ŭ2 to Ŭ6, were heavily perturbed as 

showing in red (ȹ chemical shift > 0.3 ppm). Nonetheless, the rest of residues located far 

from the p2 pocket were not interfered (colored in gray), further confirming the binding 

site proposed in Figure 3.3. 
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Figure 3.5.1H-15N HSQC spectra overlay of apo-MCL-1 (black) and 13ak bound MCL-1 

(red). 
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Figure 3.6. Plot of chemical shift of MCL-1 protein upon 13ak binding, red columns are 

the amino acid residues that were significantly perturbed (ȹ chemical shift > 0.3 ppm). 
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Figure 3.7. NMR chemical shift perturbations of the MCL-1/13ak complex mapped onto 

MCL-1 crystal coordinates (PDB ID: 4HW3) in PyMOL. Residues experiencing chemical 

shifts of at least 0.3 ppm are shaded red.  
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3.6 MCL-1/BCL-xL Binding Selectivity of 4-Aminosalicylates and 5-

Aminosalicylates 

As discussed in chapter 1, extensive research on the discovery of MCL-1 selective 

inhibitors has been ongoing for the past five years, lead by Abbvie, Fesik and 

Nicolovska-Coleskaôs group[67, 69, 70, 73ï75, 126]. Our salicylate MCL-1 inhibitors 

shared similar key binding moieties compared to their inhibitors, therefore we suspected 

that salicylate MCL-1 inhibitors may also be selective against BCL-xL. Several of our 

most potent representative compounds were selected to build a focused group shown in 

Table 3.6 to study the selectivity against BCL-xL.  

Surprisingly, most of the compounds exhibited weak to moderate selectivity against 

BCL-xL, indicating their dual MCL-1/BCL-xL inhibition profile. Generally, our 

compoundsô binding affinities for BCL-xL increased along with the development of 

stronger potency for MCL-1 inhibition. Comparing the 4-aminosalicylate analogues, 

changing the R2 group (13aa, 13ab, 13ac, 13ag and 13ak) had limited effects on the 

selectivity; substitution of the R1 group (13ak, 13bc, and 13cc) showed a very subtle 

response on the selectivity as well, with the benzyl substitution analogue (13cc) being the 

most selective inhibitor (2.65 folds) and the cyclopentyl analogue (13bc) being an 

equipotent inhibitor for both proteins. For the 5-aminosalicylate analogues, the R2 group 

had a slightly greater impact on the selectivity in some cases, particularly when R2 was 2-

naphthyl (18bb: 5.94 folds) and 3,5-dimethyl-4-chloro-phenoxyl group (18bd: 4.96 

folds). Strikingly, substituting R1 with a benzyl group on the 5-aminosalicylate scaffold 

(29) decreased the selectivity dramatically to yield a MCL-1/BCL-xL dual inhibitor. 
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Overall, R1 and R2 imparted little effects on the MCL-1/BCL-xL selectivity.These 

findings showed a sharp contrast compared to similar work published by Fesik, Abbvie 

Inc. and Nicolovska-Coleskaôs group[67, 69, 70, 74, 75, 126]. With no co-crystal 

structure of salicylate inhibitors with MCL-1/BCL-xL available at the time of this work, 

we next proposed to synthetically investigate the influence of the linker on selectivity. 
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Table 3.6. The MCL-1/BCL-xL selectivities for 4-aminosalicylate and 5-aminosalicylate 

analogues.  
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Both the sulfonamide and akly linkers were reported in the literature to generate MCL-1 

selective inhibitors, represented by Nicolovska-Coleskaôs compound and Fesikôs 

compound shown in Table 3.7. Compound (13cc) shared high structural similarities with 

Nicolovska-Coleskaôs compound, but exhibited much less selectivity against BCL-xL. 

Therefore, the sulfonamide linker was replaced with a C-3 alkyl linker (35), similar to 

Fesikôs compound. The synthsis method for compound (35) is shown in Scheme 3.6. 

Compound (11) was coupled to 3-(4-chloro-3,5-dimethylphenoxy)propanal using 

reductive amination condition to yield compound (12e). Compound (12e) can react with 

BnBr with saponification in one pot to render compound (12ea), which was then 

debenzylated under TFA mediated condition to give compound (35). Alternatively, 

compound (12e) can also be directly saponified, followed by debenzylation to give 

compound (36). 

 

Scheme 3.6. Synthesis of 4-aminosalicylate analogues with C-3 linker. Reagents and 

conditions: (a) 3-(4-chloro-3,5-dimethylphenoxy)propanal, NaBH(OAc)3, acetic acid, 
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DCE, 67%; (b) BnBr, NaH (60%), DMF, RT, 3h, 45%; (c) TFA, toluene, RT, overnight, 

95% (d).LiOH¶H2O, THF-MeOH-H2O, 3:1:1, 60%. 

Unexpectedly, the change of linker still rendered dual inhibitors without improving the 

selectivity profile shown in Table 3.7. Replacing the aryl sulfonamide with an akyl linker 

diminished the binding affinity for MCL-1 and BCL-xL at the same time to a similar 

degree. An intermediate product (36) was also prepared during the synthesis of (35). It 

reconfirmed that a hydrophobic R1 group is desirable for the potency compared to a 

hydrogen atom. 
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Table 3.7. The MCL-1/BCL-xL selectivity of salicylate inhibitor when varying the linker. 

Lastly, we suspected that the smaller, monocyclic scaffold of the salicylates might be the 

cause of non-selectivity when comparing to Abbvie, Fesik and Nicolovskaôs MCL-1 
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selective inhibitors using rigid fused aromatic scaffolds[67, 69, 70, 74, 75, 126]. To test 

this hypothesis, we tested previously synthesized THQ analogues for their BCL-xL 

binding affinities, and compared to MCL-1 selective inhibitors reported in Fesikôs, 

Nikolovska-Coleskaôs and Maryannaôs work from our own group[69, 70, 72] shown in 

Table 3.8. Our compounds using the rigid THQ scaffold (THQ-1, THQ-2, and THQ-3) 

still displayed dual inhibition properties, while (THQ-4) exhibits moderate selectivity 

(42-fold of selectivity for MCL-1 over BCL-xL). Compared to the rest of its analogues, 

the superior binding affinity of (THQ-4) for MCL-1 probably contributed the most to its 

selectivity. When comparing the selectivity of monocyclic salicylate compound (35) with 

these fused ring compounds, the data suggest that the scaffold itself does contribute to 

selectivity.  
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Table 3.8. Selectivity of MCL-1 against BCL-xL when using fused scaffold. 

To conclude, we have dissected and investigated almost all the synthetically available 

parts of the salicylate scaffold but failed to generate satisfying selectivity against BCL-xL 

using a salicylate scaffold. Considering the high degree of structural similarities among 

MCL-1 and BCL-xL anti-apoptotic proteins, identifying the key structural components for 
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selectivity has been an extreamely difficult challenge. A co-crystal structure of a 

representative salicylate compound with MCL-1 and BCL-xL will be extremely helpful to  

provide detailed information of binding interactions between protein and ligand, which 

hopefully can guide the design and optimization of selective and/or dual inhibitors.  
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3.7 Design, Synthesis and Biological Evaluation of Novel MCL-1/BCL-xL Dual 

Inhibitors Based on a Hybridization Strategy 

As discussed in the last section, the salicylate scaffold can steadily provide MCL-1/BCL-

xL dual inhibition. Although this does not address our goal of making MCL-1 selective 

inhibitors, it offers a great platform to develop stronger MCL-1/BCL-xL dual inhibitors. 

Dual inhibition of MCL-1 and BCL-xL can be a promising strategy to design and develop 

novel therapeutic molecules with unique inhibition profile.  First, it can overcome the 

MCL-1/BCL-xL dependent resistance generating by the selective inhibition of BCL-2 by 

ABT-199[168]. Second, although BCL-xL inhibition associated thrombocytopenia of 

ABT-263 is no longer an issue with the next generation ABT-199, other adverse effects 

are still frequently observed, featuring dose limiting neutropenia due to the BCL-2 

inhibition[169]. Indeed, Leverson and co-workers at Abbvie showed that combining a 

BCL-xL selective inhibtor A-1331852 with docetaxel can achieve sufficient therapeutic 

effect before thrombocytopenia becomes dose limiting[54]. Therefore, combining ABT-

199 with a MCL-1/BCL-xL dual inhibitor might as well generate synergistic effects to 

lower the treatment dose and and the does related toxicity for both agents while triggering 

sufficient therapeutic responses, which indicates a larger therapeutic window. 

With thorough exploration of the MCL-1 p2 pocket, we proposed to expand the molecule 

to p3 and p4 pocket to generate stronger inhibitors. Occupying more hydrophobic pockets 

is expected to strengthen the potency of inhibitors. For example, Fesik and coworkers 

have reported the optimization of their indole carboxylic acid based MCL-1 inhibitors by 

converting the carboxylic acid into acyl sulfonamide and expanding their molecules into 
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the MCL-1 p4 binding pocket to enhance the potency (Figure 3.8 (C)) [74]. Tanaka and 

colleagues from Takeda Pharmaceuticals showed that by merging the BCL-xL p4 binding 

moiety from ABT-263 with a MCL-1 p2 binding moiety, they successfully generated a 

hybridized MCL-1/BCL-xL dual inhibitor (Figure 3.8 (D))[68]. Therefore, we proposed 

to combine these successful strategies to design an SAR library that will expand our 

salicylates from inhibitors occupying only the MCL-1 p2 pocket into the p4 pocket by 

linking them to a p4 binding moiety through an acyl sulfonamide bond shown in Figure 

3.8 (E). Acyl sulfonamide is an excellent bioisostere of carboxylic acid with its acidic 

proton. More importantly, it provides a synthetic handle that allows additional moieties to 

be attached to further expand the molecule.  

After reviewing the p4 moieties published by Fesik and Abbvie Inc.[74, 75], we selected 

to modify the p4 moiety of ABT-199 (venetoclax) (Figure 3.8 (B)) and incorporate into 

our molecules for two main reasons: first, the p4 moiety of ABT-199 is reversely 

engineered from the p4 moiety of ABT-263 (Figure 3.8 (A)), which converts it from a 

BCL-2/BCL-xL dual inhibitor into a BCL-2 selective inhibitor (BCL-2 Ki < 0.01 nM and 

BCL-xL K i = 48 nM)[54]. It has been fully dissected to study each moietyôs role in the 

binding. Specifically, the azaindole is responsible generating BCL-xL selectivity by 

forming a salt bridge with BCL-2 specific residue D103, comfirmed by a co-crystal 

structure (PDB ID: 4MAN). Therefore by removing this moiety, the residual p4 moiety 

of ABT-199 should offer an improvement for the MCL-1/BCL-xL binding affinity once 

merged onto the salicylate scaffold (illustrated by Figure 3.8 (A,B and E)). Second, 

ABT-199 (venetoclax) recently received FDA approval for treating CLL patients as a 

second line therapy. Therefore taking advantage of its moiety might improve the PK 
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profile and decrease the risk of toxicity, thus potentially shorten the in vivo preclinical 

development of our molecules in the future. 

 

Figure 3.8. Design of novel hybrid MCL-1/BCL-xL dual inhibitor by merging 4-

aminosalicylate's MCL-1 p2 moiety and modified ABT-199's BCL-2 p4 moiety. (A) ABT-

263; (B) ABT-199; (C) Fesikôs MCL-1 selective inhibitor which binds to p2 and p4 

pockets of MCL-1; (D) MCL-1/BCL-xL dual inhibitor from a hybridization stretegy by 

Tanaka and co-workers; (E) Proposed MCL-1/BCL-xL dual inhibitor for salicylate 

scaffold. 

The synthesis of hybrid MCL-1/BCl-xL dual inhibitors is described in Scheme 3.7. The 

synthesis of ABT-199 p4 moiety starts from 2-fluoronitrobenzene (37ô) by reacting it 
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with chlorosulfonic acid, and then followed by addition of NH3¶H2O to afford compound 

(37). Compound (37) was coupled to 1-tetrahydropyran-4-yl-methylamine using SNAr 

mechanism to give compound (38). Compound (38) can be coupled to different salicylate 

based MCL-1 p2 binders such as compound (12cdô) through EDCI¶HCl and DMAP 

mediated coupling process to render compound (30ô), which was deprotected under TFA 

mediated debenzylation condition to yield compound (30). Additionally, the merging 

point can be the phenol group of salicylate scaffold, which is similar to the merging point 

of Takedaôs hybrid compound. Starting from tert-butyl protection of the p-toluic acid 

(39) yielded compound (40). Compound (40) was then brominated using NBS and AIBN 

to afford compound (41), followed by coupling to compound (10) to give compound (42). 

Compound (42) was doubly functionalized by a reductive amination (43) followed by 

coupling to 4-phenoxybenzenesulfonyl chloride to give compound (44). Consequently, 

the tert-butyl group was removed under TFA condition to render compound (45), then 

coupled to compound (38) to yield compound (32). 



148 

 

 

Scheme 3.7. Synthesis of hybridized MCL-1/BCl-xL dual inhibitors based on salicylate 

scaffold. Reagents and conditions: (a)HSO3Cl, 95ºC, overnight; isopropanol, NH3¶H2O, -

40ºC, 1h, 22%; (b)1-tetrahydropyran-4-yl-methylamine, TEA, THF, RT, overnight, 90%; 

(c) EDCI¶HCl, DMAP, DCM, THF, RT, overnight, 30%; (d) TFA, toluene, RT, 

overnight, 40%; (e) oxalyl chloride, DMF, DCM, RT, 1h; tBuOH, 60ºC, overnight, 23%; 

(f) NBS, AIBN, benzene, 80ºC, overnight, 56%; (g) KtOBu, DMF, RT, overnight, 77%; 

(h) isobutyraldehyde, NaBH(OAc)3, acetic acid, DCE, RT, overnight, 98%; (i) 4-

phenoxybenzenesulfonyl chloride, TEA, DMAP, CHCl3, 110ºC, overnight, 99%; (j) 

TFA, DCM, RT, 2h, 60%. 
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The SAR of this new generation of MCL-1/BCL-xL dual inhibitors was shown in Table 

3.9. First, replacing the COOH with small acyl sulfonamides resulted in some activity 

loss for MCL-1 (27 and 28). This deficit was quickly reimbursed by the installation of the 

modified ABT-199 p4 moiety (30 and 31), suggesting a favorable interaction between 

this group and the MCL-1/BCL-xL proteins. A subtle selectivity change was also 

observed, from selective against BCL-xL (27), to dual MCL-1/BCL-xL inhibitor (28) and 

selective against MCL-1 (29). Further extending the BCL-2 p4 moiety through an 

additional benzene sulfonamide linker generated the most potent dual MCL-1/BCL-xL 

inhibitor (32), with Ki (MCL-1) = 493 nM and Ki (BCL-xL) = 835 nM. This suggested 

that the length of the p4 moiety can be further optimized to improve the potency of these 

molecules and yield stronger binders. The p4 moiety was also installed onto the 5-

aminosalicylate scaffold to yield compound (33). It exhibits very similar potency 

compared to its carboxylic acid analogue (29). Finally, inspired by Tanakaôs work, 

shifting the merging point onto the phenol group yielded compound (34). However, this 

method of merging lessens the compoundôs MCL-1 and BCL-xL binding affinity 

compared to (13cc), suggesting that the carboxylic acid is the optimal position for this 

hybridization strategy.      
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Table 3.9. Inhibition of MCL-1 and BCL-xL using hybridized inhibitors targeting both p2 

and p4 pocket. 
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3.8 Evaluation of Cytotoxicity of 4-Aminosalicylates and 5-Aminosalicylates 

After evaluating the biochemical binding affinities of salicylate analogues, we next 

evaluated the most potent compounds for their ability to kill human acute promyelocytic 

leukemia cell line HL-60 in vitro, which has been reported to be sensitive to MCL-1 and 

BCL-2/BCL-xL blockade, and most sensitive when a broad range of BCL-2 anti-

apoptotic proteins were inhibited[106]. Cell experiments and data are courtesy of Dr. 

Jianshi Yu in Dr. Kanes group.  

The IC50 of each inhibitor is reported in Table 3.10. Heavy serum binding was reported in 

literature for small molecules with a hydrophobic core and anionic moieties such as a 

carboxylic acid[128, 170, 171]. Therefore, salicylate derivatives are anticipated to bind 

serum heavily in the regular cell culture environment. To validate this hypothesis, two 

assay conditions: 0.5% BSA and 10% BSA were conducted to compare the serum 

binding level for these inhibitors. All the carboxylic acid and acyl sulfonamide 

compounds showed dose dependent (shown in Figure 3.9) cell growth inhibition with 

IC50 ranging from 4.04 µM to 18.51 µM in the 0.5% fetal bovine serum environment. 

They all exhibits heavy serum binding when 10% of FBS was added to the culture 

environment, with 10-fold or greater drop in IC50. The moderate cell growth inhibition 

ability for the two carboxylic acid ester prodrugs (20 and 21) could be attributed to the 

enzymatic hydrolysis that generated the corresponding free acid molecule (13ag) in situ 

to afford a potent MCL-1/BCL-xL inhibitor in the cells. The data also suggested that the 

acidic salicylate analogues were cell penetrable, which can possibly due to the formation 

of an intramolecular six-membered hydrogen bonded ring with the ortho position phenol 
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group to mask the negative charge and make the molecule less polar and more cell 

penetrable. Interestingly, the most potent MCL-1/BCL-xL dual inhibitor (32) was less 

effective in cell growth inhibition than compound (13cc), indicating other survival 

proteins might also be affected by compound (32).   

 

Table 3.10. Cell viability of HL-60 cell line after treating with MCL-1/BCL-xL inhibitors 

for 24 hrs. 
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Figure 3.9. HL-60 cells were treated with increasing concentrations of MCL-1 inhibitors 

for 24 hrs in media containing 0.5% FBS. Cell viability were determined using MTT 

assay. 
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3.9 Future Directions for 4-Aminosalicylates as MCL-1/BCL-xL Dual Inhibitors 

In the previous sections, we reported the design and optimization of MCL-1/BCL-xL dual 

inhibitors based on 4-aminosalicylate scaffold. When targeting the single p2 pocket, we 

discovered compound (13cc) as a potent, cell active MCL-1/BCL-xL dual inhibitor. 

Structure-activity relationships were examined on almost all the positions of the ring. 

However, limited substitutions have been made to replace the phenol group to test the 

possibility to improve binding affinity. Introducing various polar moieties and phenol 

bioisosteres to substitute the OH group might generate more potent binders. Additionally, 

more substitutions need to be tested on the N-benzyl position. As this group is predicted 

to interact with a shallow sub-pocket formed by A227, M231 and F270[70], introducing 

larger and more hydrophobic substituted ring systems might enhance the binding affinity. 

The most potent inhibitor targeting both p2 and p4 pockets is compound (32) with strong 

binding affinity for both MCL-1 and BCL-xL. Additionally, compound (32) is active in 

the HL60 cell line in a low serum environment. Upon the completion of the SAR analysis 

for the p2 binder (13cc) described above, optimal p2 substitutions should be incorporated 

onto the same positions for the p2 binding part of compound (32). For the p4 binding 

moiety, the length of linker must be further adjusted to achieve optimal potency. Also, 

compound (32) would be more drug-like if the linker between p2 and p4 moiety could be 

simplified into lighter groups such as a flexible alkyl chain.   
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Figure 3.10. Future structure optimization for compound (13cc) and (32). 

Above all, acquiring co-crystal structures of a 4-aminosalicylate based MCL-1/BCL-xL 

inhibitors with both proteins will provide detailed information of the binding modes and 

ligand-protein interactions, which will significantly expedite the structure iterations, as 

well as potentially identify a method to generate selectivity.  

Besides the optimization of binding affinities and selectivities of MCL-1/BCL-xL, the 

potencies of salicylate analogues for BCL-2 should also be evaluated in vitro using FPCA. 

Without the BCL-2 binding affinity determined, we canôt be certain if these inhibitors are 

MCL-1/BCL-xL dual inhibitors or pan-BCL-2 inhibitors. 

For future FPCA experiments, 10% of bovine serum albumin (BSA) should be added into 

the assay to develop a new assay condition in which the BSA binding effect can be 

evaluated early in vitro. The lead compound generated from the SAR campaign needs to 

be biologically evaluated more thoroughly. For example, caspase activation[69] and/or 

TUNEL assay[55] can be conducted to confirm the activation of intrinsic apoptosis as the 
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mechanism for cell growth inhibition. Furthermore, MCL-1 and/or BCL-xL deficient 

murine embryonic fibroblasts (MEFs) can be used to interogate the contribution from 

inhibiting each protein[99].  
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 Characterization and General Procedure of 4-

Aminobenzoates, 4-Aminosalicylates, 5-Aminobenzoates, and 5-

Aminosalicylates 

4.1 Chemistry 

All reactions were performed in oven-dried glassware under an inert (N2) atmosphere, 

unless otherwise stated. Anhydrous solvents were used as supplied without further 

purification. 1H and 13C NMR spectra were recorded on a Varian 400 MHz NMR 

spectrometer at 25 ºC. Chemical shifts are reported in parts per million (ppm) and are 

referenced to residual non-deuterated solvent peak (CHCl3: ŭH 7.26, ŭC 77.2; DMSO: ŭH 

2.50, ŭC 39.5). Mass spectra were recorded on a Bruker AmaZon X mass spectrometer 

using atmospheric pressure chemical ionization (APCI). All final molecules were 

confirmed to be > 90% pure by HPLC prior to biological testing using a Waters 1525 

analytical/preparative HPLC equipped with a Atlantis T3 C18 reversed phase column 

according to the following gradients: 25% solvent (A) to 100% solvent (B) over 22 min 

at 1 ml min-1, where solvent (A) is is H2O with 0.1% TFA and solvent (B) is CH3CN-

H2O, 9:1 with 0.1% TFA. 

General procedure A: Methyl esterification. Compound 1 (1 eq) was suspended in 

MeOH (0.5 M), cooled to 0 ºC, and H2SO4 (7 eq) was added drop wise. The reaction was 

slowly warmed up to room temperature and then refluxed overnight. TLC indicated the 

reaction was complete. The volatiles were evaporated and the residue was poured into ice. 

The pH was adjusted to 7 using 1M NaOH solution. The precipitate was filtered and 

washed with water and dried in the vacuum oven overnight to yield products 2.  
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General procedure B: O-Benzylation. Compound 2 (1 eq) was dissolved in anhydrous 

DMF (0.1 M), cooled to 0 ºC, followed by addition of KtOBu (1.1 eq). Benzyl bromide 

(1.1 eq) was then added and the reaction was stirred at room temperature overnight. TLC 

indicated the reaction was complete, which was then partitioned between EtOAc (50 mL) 

and H2O (50 mL). The organic layer was collected, washed repeatedly with H2O (4 x 20 

mL), then dried over Na2SO4, filtered, concentrated and purified by flash column 

chromatography over silica gel using an eluent of Hex/EtOAc 1:1 to give product 3. 

 

General procedure C: Reductive amination. Compound 3 (1 eq) was dissolved in 

dichloroethane (0.1 M), followed by corresponding aldehyde/ketone (1.3 eq) and acetic 

acid (1.2 eq). Then NaBH(OAc)3 ( 2.5 eq) was added batch wise into the reaction and 

stirred at room temperature overnight. TLC indicated the reaction was complete. 

Saturated NaHCO3 (aq) was poured into the reaction mixture and bubbled for 30 min. 

The mixture was then collected and partitioned between water (50 mL) and DCM (3 x 

50mL). Organic layer was combined, dried over Na2SO4, filtered, concentrated and 
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purified by flash column chromatography over silica gel using an eluent of Hex/EtOAc 

4:1 to give product 4. 

  

General procedure D: Sulfonamide synthesis. Compound 4 (1 eq) was dissolved in 

anhydrous CHCl3 (0.1 M), followed by corresponding sulfonyl chloride (1.5 eq), DIPEA 

(3 eq) and DMAP (0.1 eq). Reaction was heated at 65 ºC overnight under N2 atmosphere. 

TLC indicated the reaction was complete. The volatiles were evaporated and the residual 

was reconstituted in EtOAc and washed with 1M HCl. The organic layer was collected 

and dried over Na2SO4, filtered, concentrated and purified by flash column 

chromatography over silica gel using an eluent of Hex/EtOAc 4:1 to give product 5. 

 

General procedure E: Nucleophilic aromatic substitution (SNAr). Compound 5 (1 eq) 

was dissolved in anhydrous DMSO (0.1 M), followed by adding corresponding phenol (5 

eq), and K2CO3 (5 eq). The reaction was heated at 100 ºC overnight. TLC indicated the 

reaction was complete, which was then partitioned between EtOAc (50 mL) and H2O (50 
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mL). The organic layer was collected, washed repeatedly with H2O (4 x 20 mL), then 

dried over Na2SO4, filtered, concentrated and then reconstitute with Et2O (20 mL). The 

Et2O solution was washed by 1M NaOH (4 x 20 mL), then dried over Na2SO4, filtered, 

concentrated and then purified by flash column chromatography over silica gel using an 

eluent of Hex/EtOAc 4:1 to give products 6.  

 

General procedure F: Ester hydrolysis. Compound 6 (1 eq) was dissolved in a mixed 

solvent of THF/MeOH/H2O 3:1:1 (0.1 M). LiOH¶H2O (4 eq) was added to the reaction 

and stirred at room temperature overnight. TLC indicated the reaction was complete. The 

volatiles were evaporated and the residue was partitioned between EtOAc and 1M HCl. 

The organic layer was collected, dried over Na2SO4, filtered, and concentrated to yield 

products 7. 
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General procedure G: Debenzylation. Compound 7 (1 eq) was dissolved in solvent 

mixture of toluene/TFA 2:1 (0.1 M), and stirred at room temperature overnight. TLC 

indicated the reaction was complete. The volatiles were evaporated and the residue was 

purified by preparative TLC using an eluent of DCM/MeOH/AcOH 92:7:1 to give 

products 8. 

 

General procedure H: acyl sulfonamide synthesis. Compound 7 (1 eq) was dissolved 

in anhydrous DCM (0.1 M), followed by corresponding sulfonamide (1.2 eq), EDCI¶HCl 

(1.5 eq), and DMAP (2.0 eq). Reaction was stirred at room temperature overnight. TLC 

indicated the reaction was complete. The reaction mixture was portioned between 1M 

HCl and DCM, and the organic layer was collected, dried over Na2SO4, filtered, 

concentrated and then purified by flash column chromatography over silica gel using an 

eluent of Hex/EtOAc 2:1 to give products 9. 
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Methyl 4-nitrobenzoate (LC-3-017): 4-nitrobenzoic acid was esterified on a scale of 18 

mmol according to general procedure A to yield product as beige solid (3.2g, 98%),1  

Yoshida, Masahiro et al; Org. Biomol. Chem., 2009,7, 4062-406.  

 

Methyl 4-aminobenzoate (LC-3-018): methyl 4-aminobenzoate (3g, 16.7 mmol, 1 eq) 

was dissolved in EtOAc (0.1 M), followed by addition of stannous chloride dehydrate 

(19g, 83 mmol, 5 eq) portion wise, and the reaction mixture was stirred at room 

temperature overnight. TLC indicated the reaction was completed. Saturated NaHCO3 

(aq) was added to reaction to quench the reaction, and mixture was partitioned between 
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EtOAc and H2O x 3. Organic layer was collected and combined, dried over Na2SO4, 

filtered, and concentrated to yield product as beige solid (2.1g, 85%); 

 1H NMR (CDCl3, 400MHz) ŭ 7.85 (2H, d, J = 8.4 Hz, Ar), 6.64 (2H, d, J = 8.8 Hz, Ar), 

4.06 (2H, s, NH2), 3.85 (3H, s, CH3);
  

13C NMR (CDCl3, 100 MHz) ŭ 150.8, 131.6, 119.7, 113.8, 51.6; 

 

Methyl 4-(isobutylamino)benzoate (LC-5-070): methyl 4-aminobenzoate was reductive 

aminated according to general procedure C on a scale of 3.4 mmol to give product as 

light brown solid (600mg, 86%); 

 1H NMR (CDCl3, 400MHz) ŭ 7.85 (2H, d, J = 6.8 Hz, Ar), 6.54 (2H, d, J = 8.0 Hz, Ar), 

4.29 (1H, s, NH), 3.85 (3H, s, CH3), 2.98 (2H, d, J = 6.4 Hz, CH2), 1.93-1.86 (1H, m, 

CH), 0.99 (6H, d, J = 6.0 Hz, 2*CH3);  

13C NMR (CDCl3, 100 MHz) ŭ  167.3, 152.1, 131.5, 117.9, 111.4, 51.5, 51.1, 28.0, 20.4. 
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Methyl 4-(N-isobutylphenylsulfonamido)benzoate (LC-5-074): methyl 4-

(isobutylamino)benzoate was coupled to benzenesulfony chloride according to general 

procedure D on a scale of 0.74 mmol to yield product as light brown solid (231 mg, 

90%); 

1H NMR (CDCl3, 400MHz) ŭ 7.97 (2H, d, J = 7.6 Hz, Ar), 7.60-7.52 (3H, m, Ar), 7.45 

(2H, t, J = 7.2 Hz, Ar), 7.14 (2H, d, J = 8.8 Hz, Ar), 3.92 (3H, s, CH3), 3.34 (2H, d, J = 

7.2 Hz, CH2), 1.58-1.53 (1H, m, CH), 0.90 (6H, d, J = 6.8 Hz, 2*CH3);   

13C NMR (CDCl3, 100 MHz) ŭ 166.3, 143.6, 137.7, 132.8, 130.3, 129.2, 128.9, 128.1, 

127.5, 57.4, 52.3, 26.9, 19.8. 

 

Methyl 4-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate (LC-5-075): methyl 

4-(isobutylamino)benzoate was coupled to biphenyl-4-sulfonyl chloride according to 

general procedure D on a scale of 0.71 mmol to give product as light brown solid (276mg, 

92%); 

1H NMR (CDCl3, 400MHz) ŭ 7.97 (2H, d, J = 7.6 Hz, Ar), 7.63 (2H, d, J = 7.6 Hz, Ar), 

7.59-7.56 (4H, m, Ar), 7.48-7.44 (2H, m, Ar), 7.42-7.38 (1H, m, Ar), 7.18 (2H, d, J = 7.2 
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Hz, Ar), 3.90 (3H, s, CH3), 3.37 (2H, d, J = 7.6 Hz, CH2), 1.59-1.55 (1H, m, CH), 0.90 

(6H, d, J = 7.6 Hz, 2*CH3); 

 13C NMR (CDCl3, 100 MHz) ŭ 166.3, 145.6, 143.7, 139.1, 136.3, 130.3, 129.2, 129.1, 

128.5, 128.1, 128.0, 127.4, 127.3, 57.4, 52.3, 26.9, 19.8. 

 

 

Methyl 4-(N-isobutylnaphthalene-2-sulfonamido)benzoate (LC-5-076): methyl 4-

(isobutylamino)benzoate was coupled to 2-naphthlenesulfonyl chloride according to 

general procedure D on a scale of 0.66 mmol to yield product as light brown solid (209 

mg, 80%); 

1H NMR (CDCl3, 400MHz) ŭ 8.13 (1H, s, Ar), 7.95 (2H, d, J = 8.4 Hz, Ar), 7.89-7.85 

(3H, m, Ar), 7.64-7.56 (2H, m, Ar), 7.47-7.45 (1H, m, Ar), 7.14 (2H, d, J = 8.8 Hz, Ar), 

3.89 (3H, s, CH3), 3.38 (2H, d, J = 7.6 Hz, Ar), 1.59-1.52 (1H, m, CH), 0.89 (6H, d, J = 

6.8 Hz, 2*CH3);   

13C NMR (CDCl3, 100 MHz) ŭ 166.3, 143.7, 134.9, 134.8, 131.9, 130.3, 129.3, 129.2, 

129.0, 128.8, 128.7, 128.2, 127.9, 127.5, 122.8, 57.5, 52.3, 26.9, 19.8. 
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Methyl 4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate (LC-5-073): methyl 4-

(isobutylamino)benzoate was coupled to 4-fluoro-benzenesulfonyl chloride according to 

general procedure D on a scale of 2.46 mmol to yield product as light brown solid (718 

mg, 80%); 

1H NMR (CDCl3, 400MHz) ŭ 7.99 (2H, d, J = 7.6 Hz, Ar), 7.55-7.52 (2H, m, Ar), 7.16-

7.10 (4H, m, Ar), 3.92 (3H, s, CH3), 3.34 (2H, d, J = 6.8 Hz, CH2), 1.59-1.55 (1H, m, 

CH), 0.90 (6H, d, J = 6.8 Hz, 2*CH3);  

13C NMR (CDCl3, 100 MHz) ŭ 143.4, 130.4, 130.2, 130.1, 129.3, 128.1, 116.2, 116.0, 

57.4, 52.3, 26.9, 19.8. 

 

Methyl 4-(4-(4-chloro-3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)benzoate 

(LC-5-077):  methyl 4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate was reacted 
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with 3,5-dimethyl-4-chloro-phenol according to general procedure E on a scale of 0.42 

mmol to yield product as light brown solid (181 mg, 86%); 

1H NMR (CDCl3, 400MHz) ŭ 7.98 (2H, d, J = 7.6 Hz, Ar), 7.46 (2H, d, J = 8.8 Hz, Ar), 

7.18 (2H, d, J = 8.0 Hz, Ar), 6.93 (2H, d, J = 8.0 Hz, Ar), 6.79 (2H, s, Ar), 3.91 (3H, s, 

CH3), 3.34 (2H, d, J = 7.2 Hz, Ar), 2.37 (6H, s, 2*CH3), 1.61-1.55 (1H, m, CH), 0.90 (6H, 

d, J = 6.0 Hz, 2*CH3);
  

13C NMR (CDCl3, 100 MHz) ŭ 166.3,161.6, 152.6, 143.7, 138.3, 131.5, 130.7, 130.3, 

129.7, 129.1, 128.1, 120.1, 117.1, 57.3, 52.3, 26.9, 20.9, 20.4, 19.8. 

 

4-(N-isobutylphenylsulfonamido)benzoic acid (LC-3-029): methyl 4-(N-

isobutylphenylsulfonamido)benzoate was hydrolyzed according to general procedure F 

on a scale of 0.57 mmol to give product as white solid (186mg, 98%); 

1H NMR (CDCl3, 400MHz) ŭ 8.03 (2H, d, J = 8.4 Hz, Ar), 7.56-7.51 (3H, m, Ar), 7.44 

(2H, t, J = 7.2 Hz, Ar), 7.17 (2H, d, J = 8.0 Hz, Ar), 3.34 (2H, d, J = 7.2 Hz, CH2), 1.60-

1.53 (1H, m, CH), 0.89 (6H, d, J = 6.8 Hz, 2*CH3);  

13C NMR (DMSO-d6, 100MHz) ŭ 167.1, 143.3, 137.7, 133.7, 130.5, 130.1, 129.8, 128.4, 

127.6, 56.9, 26.9, 19.9; 
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m/z (APCI) Target Mass: 333.1; Found: 334.0 (M+H)+; 

tR = 9.9 min (100%). 

 

4-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoic acid (LC-3-030): methyl 4-(N-

isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate was hydrolyzed according to general 

procedure F on a scale of 0.5 mmol to give product as white solid (202 mg, 99%); 

1H NMR (CDCl3, 400MHz) ŭ 8.03 (2H, d, J = 8.8 Hz, Ar), 7.65 (2H, d, J = 8.4 Hz, Ar), 

7.60-7.56 (4H, m, Ar), 7.48-7.40 (3H, m, Ar), 7.23 (2H, d, J = 8.0 Hz, Ar), 3.38 (2H, d, J 

=  7.6 Hz, CH2), 1.65-1.56 (1H, m, CH), 0.91 (6H, d, J = 6.8 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 167.1, 144.9, 143.3, 138.6, 136.5, 130.5, 130.2, 129.6, 

129.1, 128.4, 128.3, 127.8, 127.5, 56.9, 26.9, 20.0; 

m/z (APCI) Target Mass: 409.1; Found: 410.0 (M+H)+; 

tR = 13.1 min (100%). 
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4-(N-isobutylnaphthalene-2-sulfonamido)benzoic acid (LC-3-031): methyl 4-(N-

isobutylnaphthalene-2-sulfonamido)benzoate was hydrolyzed according to general 

procedure F on a scale of 0.5 mmol to give product as white solid (182 mg, 95%); 

 1H NMR (CDCl3, 400MHz) ŭ 8.14 (1H, s, Ar), 8.02 (2H, d, J = 8.8 Hz, Ar), 7.89-7.86 

(3H, m, Ar), 7.66-7.57 (2H, m, Ar), 7.48-7.45 (1H, m, Ar), 7.20 (2H, d, J = 8.4 Hz, Ar), 

3.40 (2H, d, J = 6.8 Hz, CH2), 1.60-1.56 (1H, m, CH), 0.90 (6H, d, J = 6.8 Hz, 2*CH3);  

13C NMR (DMSO-d6, 100MHz) ŭ 167.1, 143.4, 135.0, 134.8, 132.1, 130.5, 130.1, 129.8, 

129.7, 129.5, 128.9, 128.5, 128.3, 128.1, 122.9, 57.1, 26.9, 20.0; 

m/z (APCI) Target Mass: 383.1; Found: 384.0 (M+H)+; 

tR = 11.8 min (100%). 
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4-(4-Fluoro-N-isobutylphenylsulfonamido)benzoic acid (LC-3-025): methyl 4-(4-

fluoro-N-isobutylphenylsulfonamido)benzoate was hydrolyzed according to general 

procedure F on a scale of 0.33 mmol to yield product as beige solid (105 mg, 91%); 

 1H NMR (CDCl3, 400MHz) ŭ 8.04 (2H, d, J = 8.4 Hz, Ar), 7.56-7.52 (2H, m, Ar), 7.18 

(2H, d, J = 8.0 Hz, Ar), 7.12 (2H, t, J = 8.0 Hz, Ar), 3.34 (2H, d, J = 7.2 Hz, CH2), 1.60-

1.56 (1H, m, CH), 0.89 (6H, d, J = 6.8 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 167.1, 166.3, 143.2, 133.9, 130.8, 310.7, 130.5, 130.3, 

128.5, 117.1, 116.9, 56.9, 26.9, 19.9; 

m/z (APCI) Target Mass: 351.1; Found: 352.0 (M+H)+; 

tR = 10.3 min (100%). 

 

4-(4-(4-Chloro-3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)benzoic acid 

(LC-3-035): methyl 4-(4-(4-chloro-3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido)benzoate was hydrolyzed according to general procedure F 

on a scale of 0.3 mmol to give product as white solid (131 mg, 90%); 
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1H NMR (CDCl3, 400MHz) ŭ 8.02 (2H, d, J = 8.4 Hz, Ar), 7.45 (2H, d, J = 8.4 Hz, Ar), 

7.20 (2H, d, J = 8.8 Hz, Ar), 6.92 (2H, d, J = 8.8 Hz, Ar), 6.78 (2H, s, Ar), 3.34 (2H, d, J 

=  7.6 Hz, CH2), 1.70-1.49 (1H, m, CH), 0.89 (6H, d, J = 6.8 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 167.1, 161.3, 153.0, 143.4, 138.3, 131.6, 130.5, 130.2, 

128.5, 120.7, 117.9, 56.9, 26.9, 20.7, 20.0; 

m/z (APCI) Target Mass: 487.1; Found: 488.0 (M+H)+; 

tR = 19.1 min (100%). 

 

Methyl 4-amino-2-hydroxybenzoate (4jc89): 4-amino-2-hydroxybenzoic acid was 

esterified according to general procedure A on a scale of 26 mmol to give product as 

brown solid (4.1 g, 95%); 

1H NMR (CDCl3, 400MHz) ŭ 10.92 (1 H, s, OH), 7.59 (1 H, d, J = 7.6 Hz, Ar), 6.13 (1 H, 

d, J = 7.6 Hz, Ar), 6.11 (1 H, s, Ar), 3.85 (3 H, s, OCH3); 

13C NMR (CDCl3, 100MHz) ŭ 170.5, 163.5, 153.3, 131.6, 106.8, 103.0, 100.7, 51.7; 

m/z (APCI) Target Mass: 167.1; Found: 168.4 (M+H)+. 

 



172 

 

Methyl 4-amino-2-(benzyloxy)benzoate (4jc90): methyl 4-amino-2-hydroxybenzoate 

was O-benzylated according to general procedure B on a scale of 12 mmol to give 

product as beige solid (2.1 g, 70%); 

1H NMR (CDCl3, 400MHz) ŭ 7.78 (1 H, d, J = 8.8 Hz, Ar), 7.55-7.46 (2 H, m, Ar), 7.37 

(2 H, t, J = 7.2 Hz, Ar), 7.30 (1 H, t, J = 7.2 Hz, Ar), 6.35-6.24 (2 H, m, Ar), 5.12 (2 H, s, 

CH2), 4.02 (2 H, br s, NH2), 3.83 (3 H, s, OCH3); 

13C NMR (CDCl3, 100MHz) ŭ 161.6, 155.9, 147.1, 132.1, 129.6, 123.8, 122.9, 121.9, 

102.1, 94.7, 65.6, 46.7; 

 

Methyl 2-(benzyloxy)-4-(isobutylamino)benzoate (4jc91): methyl 4-amino-2-

(benzyloxy)benzoate was reductive aminated with isobutylaldehyde according to general 

procedure C on a scale of 3.6 mmol to give product as pale solid (970 mg, 86%); 

1H NMR (CDCl3, 400MHz) ŭ 7.79 (1 H, d, J = 8.8 Hz, Ar), 7.53 (2 H, d J = 7.6 Hz, Ar), 

7.39 (2 H, t, J = 7.6 Hz, Ar), 7.30 (1 H, t, J =  7.6 Hz, Ar), 6.17 (1 H, d, J = 8.8 Hz, Ar), 

6.12 (2 H, s, Ar), 5.16 (2 H, s, CH2), 3.84 (3 H, s, OCH3), 2.93 (2 H, d, J = 7.2 Hz, 

CH2iPr), 1.90-1.80 (1 H, m, CH2CH), 0.97 (6 H, d, J = 7.2 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.4, 160.9, 153.3, 137.1, 134.2, 128.5, 127.6, 126.7, 

107.9, 104.7, 97.0, 70.4, 51.4, 51.1, 28.0, 20.4; 

m/z (APCI) Target Mass: 313.1; Found: 314.2 (M+H)+. 
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Methyl 2-(benzyloxy)-4-(N-isobutylphenylsulfonamido)benzoate (4jc112-1): methyl 

2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to benzenesulfonyl chloride 

according to general procedure D on a scale of 0.96 mmol to yield product as clear oil 

(153 mg, 35%); 

1H NMR (CDCl3, 400MHz) ŭ 7.72 (1 H, d, J = 8.0 Hz, Ar), 7.61-7.52 (3 H, m, Ar), 7.48-

7.41 (4 H, m, Ar), 7.37 (2 H, t, J = 8.0 Hz, Ar), 7.31 (1 H, d, J = 7.2 Hz, Ar), 6.83 (1 H, s, 

Ar), 6.56 (1 H, d, J = 7.2 Hz, Ar), 5.09 (2 H, s, CH2), 3.90 (3 H, s, OCH3), 3.27 (2 H, d, J 

=  8.0 Hz, CH2iPr), 1.56-1.43 (1 H, m, CH2CH), 0.84 (6 H, d, J = 8.0 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.1, 158.2, 143.9, 137.7, 136.2, 132.7, 132.0, 128.8, 

128.5, 127.9, 127.6, 126.8, 119.8, 119.2, 114.9, 70.6, 57.5, 52.1, 26.8, 19.8; 

MS (APCI+) m/z Calcd (M+): 453.1, Found: 454.0 (M+H+) 

 

Methyl 2-(benzyloxy)-4-(N-isobutyl-4-methylphenylsulfonamido)benzoate (4jc112-

2): methyl 2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to p-toluenesulfonyl 
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chloride according to general procedure D on a scale of 0.96 mmol to yield product as 

clear oil (153 mg, 34%); 

1H NMR (CDCl3, 400MHz) ŭ 7.72 (1 H, d, J = 8.8 Hz, Ar), 7.47-7.34 (6 H, m, Ar), 7.31 

(1 H, d, J = 7.2 Hz, Ar), 7.28-7.20 (2 H, m, Ar), 6.86 (1 H, s, Ar), 6.56 (1 H, d, J = 8.4 

Hz, Ar), 5.10 (2 H, s, CH2), 3.90 (3 H, s, OCH3), 3.25 (2 H, d, J = 8.0 Hz, CH2iPr), 2.42 

(3 H, s, ArCH3), 1.55-1.44 (1 H, m, CH2CH), 0.84 (6 H, d, J = 8.0 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.2, 158.2, 144.1, 143.6, 136.2, 132.0, 129.4, 128.5, 

127.8, 127.6, 126.8, 119.6, 119.1, 114.9, 70.6, 57.3, 52.2, 26.8, 21.6, 19.8; 

MS (APCI+) m/z Calcd (M+): 467.1, Found: 468.1 (M+H+); 

 

Methyl 2-(benzyloxy)-4-(4-bromo-N-isobutylphenylsulfonamido)benzoate (LC-5-

002): methyl 2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to 4-bromobenzene 

sulfonyl chloride according to general procedure D on a scale of 0.32 mmol to give 

product as light brown solid (119 mg, 70%); 

1H NMR (CDCl3, 400MHz) ŭ 7.47 (1H, d, J = 8.0 Hz, Ar), 7.32 (2H, d, J = 7.6 Hz, Ar), 

7.18-7.13 (2H, m, Ar), 7.12-7.11 (4H, m, Ar), 7.06 (1H, t, J = 7.2 Hz, Ar), 7.00 (1H, s, 

Ar), 6.59 (1H, s, Ar), 7.29 (1H, d, J = 9.2 Hz, Ar), 4.87 (2H, s, O-CH2), 3.65 (3H, s, O-
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CH3), 2.99 (2H, d, J = 8.0 Hz, N-CH2), 1.28-1.21 (1H, m, CH), 0.59 (6H, d, J = 6.0 Hz, 

2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.0, 160.8, 158.3, 143.5, 136.7, 136.1, 132.1, 129.0, 

128.6, 127.9, 126.8, 120.0, 118.9, 114.9, 70.7, 57.5, 52.2, 26.8, 19.8. 

 

2-(Benzyloxy)-4-(4-bromo-N-isobutylphenylsulfonamido)benzoic acid (LC-5-010): 

methyl 2-(benzyloxy)-4-(4-bromo-N-isobutylphenylsulfonamido)benzoate was 

hydrolyzed according to general procedure F on a scale of 0.27 mmol to give product as 

light brown solid (128 mg, 92%); 

1H NMR (CDCl3, 400MHz) ŭ 8.05 (1H, d, J = 8.4 Hz, Ar), 7.57 (2H, d, J = 8.8 Hz, Ar), 

7.42-7.40 (4H, br s, Ar), 7.34 (2H, d, J = 8.0 Hz, Ar), 7.24 (1H, s, Ar), 7.14 (1H, s, Ar), 

6.56 (1H, d, J = 8.8 Hz, Ar), 5.27 (2H, s, O-CH2), 3.27 (2H, d, J = 8.0 Hz, N-CH2), 1.56-

1.49 (1H, m, CH), 0.85 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 164.5, 157.3, 145.1, 136.4, 134.2, 133.8, 132.3, 129.3, 

129.1, 128.8, 128.1, 119.4, 117.3, 114.9, 72.5, 57.2, 26.9, 19.8. 
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Methyl 2-(benzyloxy)-4-(N-isobutylnaphthalene-2-sulfonamido)benzoate (4jc112-3): 

methyl 2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to 2-naphthyl sulfonyl 

chloride according to general procedure D on a scale of 0.96 mmol to give product as 

white foam (146 mg, 30%); 

1H NMR (CDCl3, 400MHz) ŭ 8.16 (1 H, s, Ar), 7.96-7.86 (3 H, m, Ar), 7.75-7.58 (3 H, m, 

Ar), 

7.50 (1 H, d, J = 8.8 Hz, Ar), 7.39-7.24 (5 H, m, Ar), 6.82 (1 H, s, Ar), 6.59 (1 H, d, J = 

8.4 Hz, Ar), 5.00 (2 H, s, CH2), 3.90 (3 H, s, OCH3), 3.31 (2 H, d, J = 8.0 Hz, CH2iPr), 

1.56-1.45 (1 H, m, CH2CH), 0.86 (6 H, d, J = 8.0 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.1, 158.3, 144.0, 136.2, 134.8, 132.0, 129.3, 129.0, 

128.9, 128.8, 128.5, 127.9, 127.8, 127.6, 126.8, 122.9, 119.8, 119.4, 114.9, 70.6, 57.6, 

52.2, 26.8, 19.8; 

MS (APCI+) m/z Calcd (M+): 503.1, Found: 504.1 (M+H+); 
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Methyl 2-(benzyloxy)-4-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate 

(4jc112-4): methyl 2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to 4-biphenyl 

sulfonyl chloride according to general procedure D on a scale of 0.96 mmol to give 

product as clear oil (63 mg, 13%); 

1H NMR (CDCl3, 400MHz) ŭ 7.74 (1 H, d, J = 7.6 Hz, Ar), 7.68-7.56 (6 H, m, Ar), 7.48 

(2 H, t, J = 7.2 Hz, Ar), 7.45-7.38 (3 H, m, Ar), 7.35 (2 H, t, J = 8.0 Hz, Ar), 7.31-7.25 (1 

H, m, Ar), 6.87 (1 H, s, Ar), 6.62 (1 H, d, J = 8.0 Hz, Ar), 5.10 (2 H, s, CH2), 3.90 (3 H, s, 

OCH3), 3.30 (2 H, d, J = 7.2 Hz, CH2iPr), 1.57-1.46 (1 H, m, CH2CH), 0.86 (6 H, d, J = 

8.0 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) 158.2, 145.6, 144.0, 139.1, 136.2, 132.0, 129.1, 128.5, 

128.1, 127.8, 127.4, 127.3, 126.8, 119.2, 114.9, 70.6, 57.5, 52.2, 26.8, 19.8; 

MS (APCI+) m/z Calcd (M+): 529.2, Found: 530.1 (M+H+); 
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Methyl 2-(benzyloxy)-3-(4-(4-chloro-3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido) benzoate (4jc112-5 (DVE-1-024)): methyl 2-(benzyloxy)-

4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate was coupled to 3,5-dimethyl-4-

chloro-phenol on a scale of 1.26 mmol to yield product as yellow oil (527 mg, 69%); 

1H NMR (CDCl3, 400MHz) ŭ 7.74 (1 H d, J = 7.6 Hz, , Ar), 7.68-7.56 (6 H, m, Ar), 6.94 

(2 H, t, J = 8.8 Hz, Ar), 6.89 (1 H, s, Ar), 6.79 (2 H, s, Ar), 6.58 (2 H, s, Ar), 5.12 (2 H, s, 

CH2), 3.91 (3 H, s, OCH3), 3.28 (2 H, d, J = 6.8 Hz, CH2iPr), 2.31 (6 H, s, 2 x ArCH3), 

1.57-1.46 (1 H, m, CH2CH), 0.85 (6 H, d, J = 8.0 Hz, 2 x CH3);   

13C NMR (CDCl3, 100MHz) ŭ 161.63, 158.3, 153.4, 152.5, 144.1, 138.3, 137.3, 136.2, 

132.1, 131.4, 129.8, 128.6, 127.9, 126.9, 120.1, 19.7, 119.0, 117.1, 115.2, 115.0, 70.7, 

57.4, 52.2, 26.8, 20.9, 20.8, 19.8; 
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2-Hydroxy-4-(N-isobutylphenylsulfonamido)benzoic acid (4jc117-1): methyl 2-

(benzyloxy)-4-(N-isobutylphenylsulfonamido)benzoate was hydrolyzed according to 

general procedure F on a scale of 0.34 mmol, and the product was dissolved in MeOH 

followed by 10% Pd/C (10 wt%) and H2 gas was bubbled through the reaction and stirred 

at room temperature for 3 hrs. TLC indicated the reaction was complete. The reaction 

mixture was filtered through celite, and washed with MeOH. The filtrate was collected 

and combined, evaporated to give product as pink solid (43mg, 36%); 

1H NMR (CDCl3, 400MHz) ŭ 10.40 (1 H, s, OH), 7.87 (1 H, d, J = 8.8 Hz, Ar), 7.64-7.54 

(3 H, m, Ar), 7.48 (2 H, t, J = 8.0 Hz, Ar),  6.80 (1 H, dd, J = 8.8, 1.6 Hz, Ar), 6.69 (1 H, 

s, Ar), 3.34 (2 H, d, J = 6.8 Hz, CH2iPr), 1.69-1.58 (1 H, m, CH2CH), 0.91 (6 H, d, J = 

6.8 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 173.8, 162.4, 147.2, 137.7, 132.9, 131.3, 129.0, 127.5, 

119.7, 116.3, 110.2, 57.1, 26.9, 19.8; 

MS (APCI+) m/z Calcd (M+): 349.1, Found: 350.0 (M+H+);  

tR = 10.3 min (100%). 

 

2-Hydroxy-4-(N-isobutyl-4-methylphenylsulfonamido)benzoic acid (4jc117-2): 

methyl 2-(benzyloxy)-4-(N-isobutyl-4-methylphenylsulfonamido)benzoate was 
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hydrolyzed according to general procedure F on a scale of 0.32 mmol, and the product 

was dissolved in MeOH followed by 10% Pd/C (10 wt%) and H2 gas was bubbled 

through the reaction and stirred at room temperature for 3 hrs. TLC indicated the reaction 

was complete. The reaction mixture was filtered through celite, and washed with MeOH. 

The filtrate was collected and combined, evaporated to give product as pink solid (86mg, 

74%); 

1H NMR (CDCl3, 400MHz) ŭ 10.41 (1 H, s, OH), 7.87 (1 H, d, J = 8.8 Hz, Ar), 7.48 (2 H, 

d, J = 8.4 Hz, Ar), 7.26 (2 H, d, J = 8.4 Hz, Ar),  6.82 (1 H, dd, J = 8.8, 1.6 Hz, Ar), 6.69 

(1 H, d, J = 1.6 Hz, Ar), 3.32 (2 H, d, J =  7.2 Hz, CH2iPr), 1.68-1.58 (1 H, m, CH2CH), 

0.91 (6 H, d, J = 7.2 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 173.8, 162.4, 147.3, 143.8, 131.3, 129.6, 127.5, 119.8, 

127.5, 119.8, 116.2, 110.1, 57.0, 26.8, 21.6, 19.9; 

MS (APCI+) m/z Calcd (M+): 363.1, Found: 364.1 (M+H+); 

tR = 11.4 min (100%). 

 

4-(4-Bromo-N-isobutylphenylsulfonamido)-2-hydroxybenzoic acid (LC-5-012): 2-

(benzyloxy)-4-(4-bromo-N-isobutylphenylsulfonamido)benzoic acid was debenzylated 
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according to general procedure G on a scale of 0.22 mmol to yield product as beige solid 

(84 mg, 90%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.76 (2H, d, J = 8.4 Hz, Ar), 7.68 (1H, s, Ar), 7.44 (2H, 

d, J = 8.0 Hz, Ar), 6.59 (2H, br s, Ar), 3.31 (2H, d, J = 6.8 Hz, N-CH2), 1.45-1.42 (1H, m, 

CH), 0.80 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 144.2, 137.1, 132.8, 129.6, 127.6, 118.2, 116.4, 56.9, 

26.8, 19.9; 

m/z (APCI) Target Mass: 429.0; Found: 429.9 (M+H)+; 

tR = 12.1 min (100%). 

 

2-Hydroxy-4-(N-isobutylnaphthalene-2-sulfonamido)benzoic acid (4jc117-3): methyl 

2-(benzyloxy)-4-(N-isobutylnaphthalene-2-sulfonamido)benzoate was hydrolyzed 

according to general procedure F on a scale of 0.29 mmol, and the product was dissolved 

in MeOH followed by 10% Pd/C (10 wt%) and H2 gas was bubbled through the reaction 

and stirred at room temperature for 3 hrs. TLC indicated the reaction was complete. The 

reaction mixture was filtered through celite, and washed with MeOH. The filtrate was 

collected and combined, evaporated to give product as pink solid (95mg, 82%); 



182 

 

1H NMR (CDCl3, 400MHz) ŭ 10.40 (1 H, s, OH), 8.24 (1 H, s, Ar), 7.95-7.89 (3 H, m, 

Ar), 7.86 (1 H, d, J = 8.8 Hz, Ar), 7.70-7.58 (2 H, m, Ar), 6.81 (1 H, d, J = 8.8 Hz, Ar), 

6.75 (1 H, s, Ar), 3.39 (2 H, d, J = 6.4 Hz, CH2iPr), 1.69-1.58 (1 H, m, CH2CH), 0.92 (6 

H, d, J = 6.4 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 173.8, 162.4, 147.2, 134.9, 132.0, 131.4, 129.3, 129.2, 

129.0, 128.9, 127.9, 127.6, 122.7, 119.6, 116.5, 110.2, 57.2, 26.9, 19.9; 

MS (APCI+) m/z Calcd (M+): 399.1, Found: 400.0 (M+H+); 

tR = 12.5 min (96.1%). 

 

2-Hydroxy-4-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoic acid (4jc117-4): 

methyl 2-(benzyloxy)-4-(N-isobutyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate was 

hydrolyzed according to general procedure F on a scale of 0.12 mmol, and the product 

was dissolved in MeOH followed by 10% Pd/C (10 wt%) and H2 gas was bubbled 

through the reaction and stirred at room temperature for 3 hrs. TLC indicated the reaction 

was complete. The reaction mixture was filtered through celite, and washed with MeOH. 

The filtrate was collected and combined, evaporated to give product as pink solid (23mg, 

45%); 
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1H NMR (CDCl3, 400MHz) ŭ 10.44 (1 H, s, OH), 7.88 (1 H, d, J = 8.8 Hz, Ar), 7.73-7.58 

(6 H, m, Ar), 7.52-7.39 (3 H, m, Ar), 6.84 (1 H, d, J = 8.8 Hz, Ar), 6.75 (1 H, s, Ar), 3.37 

(2 H, d, J = 7.2 Hz, CH2iPr), 1.70-1.60 (1 H, m, CH2CH), 0.93 (6 H, d, J = 7.2 Hz, 2 x 

CH3); 

13C NMR (CDCl3, 100MHz) ŭ 170.3, 161.6, 152.6, 140.0, 138.2, 134.9, 131.4, 130.1, 

129.8, 129.5, 129.3, 129.2, 120.1, 117.2, 57.7, 26.9, 20.9, 19.9; 

MS (APCI+) m/z Calcd (M+): 425.1, Found: 426.0 (M+H+); 

tR = 13.9 min (100%). 

 

3-(4-(4-Chloro-3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)-2-

hydroxybenzoic acid (4jc117-5): methyl 2-(benzyloxy)-3-(4-(4-chloro-3,5-

dimethylphenoxy)-N-isobutylphenylsulfonamido) benzoate was hydrolyzed according to 

general procedure F on a scale of 0.15 mmol, and the product was dissolved in MeOH 

followed by 10% Pd/C (10 wt%) and H2 gas was bubbled through the reaction and stirred 

at room temperature for 3 hrs. TLC indicated the reaction was complete. The reaction 
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mixture was filtered through celite, and washed with MeOH. The filtrate was collected 

and combined, evaporated to give product as pink solid (75mg, 99%); 

1H NMR (CDCl3, 400MHz) ŭ 10.43 (1 H, s, OH), 7.88 (1 H, d, J = 8.8 Hz, Ar), 7.53 (2 H, 

d, J = 8.4 Hz, Ar), 6.96 (2 H, d, J = 8.4 Hz, Ar), 6.86 (1 H, dd, J = 8.8, 1.6 Hz, Ar), 6.81 

(2 H, s, Ar), 6.70 (1 H, s, Ar),  3.33 (2 H, d, J = 6.8 Hz, CH2iPr), 2.38 (6 H, s, 2 x 

ArCH3) 1.69-1.60 (1 H, m, CH2CH), 0.91 (6 H, d, J = 6.8 Hz, 2 x CH3); 

13C NMR (CDCl3, 100MHz) ŭ 173.5, 162.4, 161.7, 152.5, 147.3, 138.3, 131.3, 129.7, 

120.2, 119.9, 117.2, 116.1, 110.2, 57.1, 26.9, 20.9, 19.9;  

MS (APCI+) m/z Calcd (M+): 503.1, Found: 504.0 (M+H+); 

tR = 19.9 min (100%). 

 

Methyl 2-(benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate (LC-4-

087): ): methyl 2-(benzyloxy)-4-(isobutylamino)benzoate was coupled to 4-

fluorobenzene sulfonyl chloride according to general procedure D on a scale of 1.5 mmol 

to give product as brown solid (586 mg, 83%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.66-7.60 (3H, m, Ar), 7.43-7.37 (6H, m, Ar), 7.32-

7.31 (1H, m, Ar), 6.88 (1H, s, Ar), 6.79 (1H, d, J = 8.8 Hz, Ar), 5.09 (2H, s, CH2), 3.79 

(3H, s, CH3), 1.39-1.35 (1H, m, CH), 0.80 (6H, d, J = 6.4 Hz, 2*CH3);   
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13C NMR (DMSO-d6, 100MHz) ŭ 165.9, 157.8, 143.8, 136.9, 131.6, 130.8, 130.7, 128.8, 

128.1, 127.4, 120.6, 120.2, 117.1, 116.8, 114.4, 70.3, 57.1, 52.4, 26.9, 20.0; 

m/z (APCI) Target Mass: 471.1; Found: 472.0 (M+H)+. 

 

2-(Benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoic acid (LC-5-021): 

methyl 2-(benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate was 

hydrolyzed according to general procedure F on a scale of 0.32 mmol to yield product as 

brown solid (124 mg, 85%); 

1H NMR (CDCl3, 400MHz) ŭ 8.06 (1H, d, J = 8.8 Hz, Ar), 7.54-7.50 (2H, m, Ar), 7.43-

7.41 (5H, m, Ar), 7.17-7.11 (3H, m, Ar), 6.57 (1H, d, J = 8.8 Hz, Ar), 5.29 (2H, s, O-

CH2), 3.30 (2H, d, J = 8.0 Hz, N-CH2), 1.56-1.53 (1H, m, CH), 0.87 (6H, d, J = 7.2 Hz, 

2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 164.8, 157.4, 145.2, 134.1, 133.9, 130.2, 130.1, 130.0, 

129.2, 129.1, 128.0, 119.4, 117.2, 116.4, 116.2, 114.9, 72.4, 57.2, 26.9, 19.8; 

m/z (APCI) Target Mass: 457.1; Found: 458.0 (M+H)+. 
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4-(4-Fluoro-N-isobutylphenylsulfonamido)-2-hydroxybenzoic acid (LC-5-025): 2-

(benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoic acid was debenzylated 

according to general procedure G on a scale of 0.22 mmol to yield product as beige solid 

(69 mg, 86%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.68 (1H, s, Ar), 7.60-7.58 (2H, m, Ar), 7.38 (2H, t, J = 

8.4 Hz, Ar), 6.61 (2H, br s, Ar), 3.32 (2H, d, J = 6.8 Hz, N-CH2), 1.45-1.42 (1H, m, CH), 

0.80 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 166.2, 163.7, 144.7, 134.2, 130.7, 130.6, 118.5, 117.0, 

116.8, 116.4, 56.9, 26.9, 19.9; 

m/z (APCI) Target Mass: 367.1; Found: 368.0 (M+H)+; 

tR = 10.9 min (100%). 
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Methyl 2-(benzyloxy)-4-(N-isobutyl-4-phenoxyphenylsulfonamido)benzoate (LC-4-

094): methyl 2-(benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate was 

coupled to phenol according to general procedure E on a scale of 0.21 mmol to yield 

product as white solid (100 mg, 87%); 

1H NMR (CDCl3, 400MHz) ŭ 7.73 (1H, d, J = 8.0 Hz, Ar), 7.49-7.44 (4H, m, Ar), 7.42-

7.36 (4H, m, Ar), 7.30 (1H, t, J = 8.0 Hz, Ar), 7.22 (1H, t, J = 8.0 Hz, Ar), 7.05 (2H, d, J 

=  8.0 Hz, Ar), 6.96 (2H, d, J = 8.8 Hz, Ar), 6.88 (1H, s, Ar), 6.61 (1H, d, J = 7.6 Hz, Ar), 

5.12 (2H, s, O-CH2), 3.90 (3H, s, CH3), 3.27 (2H, d, J = 7.2 Hz, N-CH2), 1.54-1.47 (1H, 

m, CH), 0.85 (6H, d, J = 6.8 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.1, 161.7, 158.3, 154.9, 144.1, 136.2, 131.9, 131.4, 

130.2, 129.8, 128.6, 127.9, 126.9, 125.0, 120.3, 119.8, 119.1, 117.2, 114.9, 70.7, 57.4, 

52.1, 26.9, 19.8. 

m/z (APCI) Target Mass: 545.2; Found: 546.1 (M+H)+. 

 

2-(Benzyloxy)-4-(N-isobutyl-4-phenoxyphenylsulfonamido)benzoic acid (LC-4-097): 

methyl 2-(benzyloxy)-4-(N-isobutyl-4-phenoxyphenylsulfonamido)benzoate was 
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hydrolyzed according to general procedure F on a scale of 0.18 mmol to afford product as 

ivory solid (82 mg, 86%); 

1H NMR (CDCl3, 400MHz) ŭ 8.05 (1H, d, J = 8.4 Hz, Ar), 7.45-7.37 (8H, m, Ar), 7.23-

7.18 (3H, m, Ar), 7.04 (2H, d, J = 7.6 Hz, Ar), 6.94 (2H, d, J = 8.4 Hz, Ar), 6.60 (1H, d, 

J = 8.0 Hz, Ar), 5.27 (2H, d, O-CH2), 3.30 (2H, d, J = 7.2 Hz, N-CH2), 1.57-1.51 (1H, m, 

CH), 0.86 (6H, d, J = 7.2 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 164.5, 161.9, 157.3, 145.6, 134.0, 130.9, 130.2, 129.6, 

129.3, 129.2, 128.1, 125.1, 120.4, 119.5, 117.2, 116.9, 115.0, 72.5, 57.1, 26.9, 19.8, 14.2; 

m/z (APCI) Target Mass: 531.1; Found: 532.1 (M+H)+. 

 

2-Hydroxy-4-(N-isobutyl-4-phenoxyphenylsulfonamido)benzoic acid (LC-4-099): 2-

(benzyloxy)-4-(N-isobutyl-4-phenoxyphenylsulfonamido)benzoic acid was debenzylated 

according to general procedure G on a scale of 0.15 mmol to afford product as beige solid 

(52 mg, 80%); 

1H NMR (DMSO-d6, 400MHz) ŭ 8.15 (1H, s, Ar), 7.99 (2H, d, J = 8.8 Hz, Ar), 7.90 (2H, 

t, J = 8.0 Hz, Ar), 7.69 (1H, t, J = 7.2 Hz, Ar), 7.57 (2H, d, J = 8.0 Hz, Ar), 7.52 (2H, d, 
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J = 8.8 Hz, Ar), 7.08 (2H, s, Ar), 3.77 (2H, d, J = 6.8 Hz, N-CH2), 1.93-1.90 (1H, m, 

CH), 1.27 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 172.2, 162.4, 161.8, 155.6, 145.3, 132.3, 131.3, 130.6, 

125.8, 120.9, 118.8, 118.4, 116.8, 114.6, 57.3, 27.3, 20.5. 

m/z (APCI) Target Mass: 441.1; Found: 442.0 (M+H)+; 

tR = 13.8 min (100%). 

 

Methyl 2-(benzyloxy)-4-(N-isobutyl-4-(p-tolyloxy)phenylsulfonamido)benzoate (LC-

4-115): methyl 2-(benzyloxy)-4-(4-fluoro-N-isobutylphenylsulfonamido)benzoate was 

coupled to p-cresol according to general procedure E on a scale of 0.32 mmol to yield 

product as white solid (125 mg, 70%); 

1H NMR (CDCl3, 400MHz) ŭ 7.60 (1H, d, J = 8.8 Hz, Ar), 7.33-7.25 (4H, m, Ar), 7.23 

(2H, t, J = 7.6 Hz, Ar), 7.16 (1H, t, J = 6.8 Hz, Ar), 7.04 (2H, d, J = 8.0 Hz, Ar), 6.79 

(4H, d, J = 8.0 Hz, Ar), 6.73 (1H, s, Ar), 6.48 (1H, d, J = 8.8 Hz, Ar), 4.97 (2H, s, O-

CH2), 3.76 (3H, s, O-CH3), 3.13 (2H, d, J = 7.2 Hz, N-CH2), 2.22 (3H, s, Ph-CH3), 1.40-

1.33 (1H, m, CH), 0.71 (6H, d, J = 6.8 Hz, 2*CH3); 
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 13C NMR (CDCl3, 100MHz) ŭ 166.1, 162.1, 158.3, 152.5, 144.2, 136.2, 134.8, 132.0, 

131.0, 130.7, 129.7, 128.6, 127.9, 126.9, 120.3, 119.7, 119.2, 116.8, 114.9, 70.7, 57.4, 

52.1, 26.8, 20.8, 19.8; 

m/z (APCI) Target Mass: 559.2; Found: 560.1 (M+H)+. 

 

 

2-(Benzyloxy)-4-(N-isobutyl-4-(p-tolyloxy)phenylsulfonamido)benzoic acid (LC-4-

117): Methyl 2-(benzyloxy)-4-(N-isobutyl-4-(p-tolyloxy)phenylsulfonamido)benzoate 

was hydrolyzed according to general procedure F on a scale of 0.18 mmol to afford 

product as ivory solid (97 mg, 99%); 

1H NMR (CDCl3, 400MHz) ŭ 8.04 (1H, d, J = 8.4 Hz, Ar), 7.41-7.38 (7H, m, Ar), 7.19-

7.17 (3H, m, Ar), 6.93-6.91 (4H, m, Ar), 6.60 (1H, d, J = 8.8 Hz, Ar), 5.26 (2H, s, O-

CH2), 3.29 (2H, d, J = 7.2 Hz, N-CH2), 2.34 (3H, s, O-CH3), 1.57-1.50 (1H, m, CH), 0.85 

(6H, d, J = 6.4 Hz, 2*CH3); 
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13C NMR (CDCl3, 100MHz) ŭ 164.8, 162.4, 157.3, 152.4, 145.6, 134.9, 133.9, 130.7, 

130.6, 129.6, 129.2, 129.1, 128.1, 120.3, 119.6, 117.0, 116.9, 114.9, 72.4, 57.1, 26.9, 20.8, 

19.8; 

m/z (APCI) Target Mass: 545.2; Found: 546.1 (M+H)+. 

 

 

2-Hydroxy-4-(N-isobutyl-4-(p-tolyloxy)phenylsulfonamido)benzoic acid (LC-4-119): 

2-(benzyloxy)-4-(N-isobutyl-4-(p-tolyloxy)phenylsulfonamido)benzoic acid was 

debenzylated according to general procedure G on a scale of 0.18 mmol to afford product 

as beige solid (65 mg, 80%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.69 (1H, d, J = 6.8 Hz, Ar), 7.49 (2H, d, J = 8.0 Hz, 

Ar), 7.22 (2H, d, J = 7.6 Hz, Ar), 7.05-6.90 (4H, m, Ar), 6.63 (2H, s, Ar), 3.29 (2H, d, J 

=  7.2 Hz, N-CH2), 2.28 (3H, s, Ph-CH3), 1.45-1.42 (1H, m, CH), 0.79 (6H, d, J = 6.0 Hz, 

2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 171.7, 161.8, 152.7, 145.2, 134.8, 131.5, 131.1, 130.2, 

120.9, 120.6, 118.6, 117.6, 116.4, 113.6, 56.8, 26.9, 20.8, 20.0; 
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m/z (APCI) Target Mass: 455.1; Found: 456.0 (M+H)+; 

tR = 15.1 min (96.7%). 

 

Methyl 2-(benzyloxy)-4-(4-(3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido)benzoate (LC-4-095): methyl 2-(benzyloxy)-4-(4-fluoro-

N-isobutylphenylsulfonamido)benzoate was coupled to 3,5-dimethyl phenol according to 

general procedure E on a scale of 0.21 mmol to yield product as ivory solid (102 mg, 

85%); 

1H NMR (CDCl3, 400MHz) ŭ 7.74 (1H, d, J = 8.4 Hz, Ar), 7.46 (4H, t, J = 8.4 Hz, Ar), 

7.38 (2H, t, J = 6.8 Hz, Ar), 7.31 (1H, d, J = 8.0 Hz, Ar), 6.95 (2H, d, J = 8.8 Hz, Ar), 

6.86 (2H, d, J = 7.2 Hz, Ar), 6.67-6.62 (3H, m, Ar), 5.12 (2H, s, O-CH2), 3.90 (3H, s, O-

CH3), 3.28 (2H, d, J = 7.6 Hz, N-CH2), 2.31 (6H, s, 2*Ph-CH3), 1.53-1.47 (1H, m, CH), 

0.85 (6H, d, J = 6.8 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 166.1, 161.9, 158.3, 154.8, 144.2, 140.1, 136.2, 132.0, 

131.0, 129.7, 128.6, 127.8, 126.8, 126.7, 119.7, 119.2, 117.9, 117.1, 114.9, 113.1, 70.7, 

57.4, 52.1, 26.8, 21.3, 19.8; 



193 

 

m/z (APCI) Target Mass: 573.2; Found: 574.1 (M+H)+. 

 

2-(Benzyloxy)-4-(4-(3,5-dimethylphenoxy)-N-isobutylphenylsulfonamido)benzoic 

acid (LC-4-098): methyl 2-(benzyloxy)-4-(4-(3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido)benzoate was hydrolyzed according to general procedure F 

on a scale of 0.17 mmol to afford product as light yellow solid (97 mg, 99%); 

1H NMR (CDCl3, 400MHz) ŭ  8.05 (1H, d, J = 8.4 Hz, Ar), 7.43-7.39 (7H, m, Ar), 7.18 

(1H, s, Ar), 6.93 (2H, d, J = 8.8 Hz, Ar), 6.84 (1H, s, Ar), 6.65-6.59 (3H, m, Ar), 5.27 

(2H, s, O-CH2), 3.29 (2H, d, J = 8.0 Hz, Ar), 2.29 (6H, s, 2*Ph-CH3), 1.57-1.50 (1H, m, 

CH), 0.86 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 164.6, 162.2, 157.3, 145.6, 140.2, 133.9, 129.6, 129.3, 

129.1, 128.1, 126.8, 119.6, 117.9, 117.1, 115.0, 72.5, 60.4, 57.1, 26.9, 21.2, 21.0, 19.8, 

14.2; 

m/z (APCI) Target Mass: 559.2; Found: 560.1 (M+H)+. 
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4-(4-(3,5-Dimethylphenoxy)-N-isobutylphenylsulfonamido)-2-hydroxybenzoic acid 

(LC-4-100): 2-(benzyloxy)-4-(4-(3,5-dimethylphenoxy)-N-

isobutylphenylsulfonamido)benzoic acid was debenzylated according to general 

procedure G on a scale of 0.17 mmol to afford product as beige solid (66 mg, 83%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.66 (1H, s, Ar), 7.50 (2H, d, J = 8.4 Hz, Ar), 7.02 (2H, 

d, J = 8.8 Hz, Ar), 6.85 (1H, s, Ar), 6.70 (2H, s, Ar), 6.60-6.56 (2H, m, Ar), 3.30 (2H, d, 

J = 7.2 Hz, N-CH2), 2.24 (6H, s, 2*Ph-CH3), 1.46-1.41 (1H, m, CH), 0.80 (6H, d, J = 6.4 

Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 161.5, 155.1, 144.7, 140.3, 131.7, 130.9, 130.1, 126.9, 

118.2, 118.0, 117.9, 116.3, 56.9, 26.9, 21.2, 20.0; 

m/z (APCI) Target Mass: 469.2; Found: 470.0 (M+H)+; 

tR = 17.1 min (100%). 
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Methyl 2-(benzyloxy)-4-(4-(2,4-dichlorophenoxy)-N-

isobutylphenylsulfonamido)benzoate (LC-4-102): methyl 2-(benzyloxy)-4-(4-fluoro-

N-isobutylphenylsulfonamido)benzoate was coupled to 2,4-dichlorophenol according to 

general procedure E on a scale of 0.21 mmol to yield product as light yellow solid (76 mg, 

59%); 

1H NMR (CDCl3, 400MHz) ŭ 7.70 (1H, d, J = 8.8 Hz, Ar), 7.48-7.41 (4H, m, Ar), 7.36 

(3H, t, J = 7.2 Hz, Ar), 7.28- 7.16 (2H, m, Ar), 7.01 (1H, d, J = 8.8 Hz, Ar), 6.88 (2H, d, 

J = 8.8 Hz, Ar), 6.82 (1H, s, Ar), 6.57 (1H, d, J = 8.0 Hz, Ar), 5.08 (2H, s, O-CH2), 3.88 

(3H, s, O-CH3), 3.24 (2H, d, J = 7.2 Hz, N-CH2), 1.51-1.44 (1H, m, CH), 0.82 (6H, d, J 

=  6.8 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 158.7, 144.5, 136.7, 132.5, 131.3, 130.7, 130.3, 129.0, 

128.4, 127.3, 123.8, 119.7, 118.2, 116.9, 115.3, 92.7, 71.2, 57.9, 52.6, 30.2, 27.3, 20.3; 

m/z (APCI) Target Mass: 613.1; Found: 614.0 (M+H)+. 
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2-(Benzyloxy)-4-(4-(2,4-dichlorophenoxy)-N-isobutylphenylsulfonamido)benzoic 

acid (LC-4-107): methyl 2-(benzyloxy)-4-(4-(2,4-dichlorophenoxy)-N-

isobutylphenylsulfonamido)benzoate benzoate was hydrolyzed according to general 

procedure F on a scale of 0.12 mmol to afford product as ivory solid (71 mg, 99%); 

1H NMR (CDCl3, 400MHz) ŭ 8.30 (1H, d, J = 8.0 Hz, Ar), 7.74-7.62 (8H, m, Ar), 7.54-

7.44 (2H, m, Ar), 7.30 (1H, d, J = 8.4 Hz, Ar), 7.16 (2H, d, J = 8.8 Hz, Ar), 6.86 (1H, d, 

J = 8.0 Hz, Ar), 6.52 (2H, s, O-CH2), 3.56 (2H, d, J = 7.2 Hz, N-CH2), 1.83-1.76 (1H, m, 

CH), 1.12 (6H, d, J= 6.4 Hz, 2*CH3); 

13C NMR (CDCl3, 100MHz) ŭ 165.1, 160.9, 157.6, 149.3, 145.7, 134.2, 131.9, 131.6, 

131.2, 130.4, 130.1, 129.4, 128.9, 128.3, 128.1, 123.7, 119.9, 117.9, 117.4, 116.7, 115.1, 

92.4, 72.6, 57.4, 29.9, 27.2, 20.1; 

m/z (APCI) Target Mass: 599.1; Found: 600.0 (M+H)+. 



197 

 

 

4-(4-(2,4-Dichlorophenoxy)-N-isobutylphenylsulfonamido)-2-hydroxybenzoic acid 

(LC-4-111): 2-(benzyloxy)-4-(4-(2,4-dichlorophenoxy)-N-

isobutylphenylsulfonamido)benzoic acid was debenzylated according to general 

procedure G on a scale of 0.12 mmol to afford product as beige solid (39 mg, 64%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.81 (1H, s, Ar), 7.67 (1H, s, Ar), 7.54-7.47 (3H, m, 

Ar), 7.31 (1H, d, J = 7.6 Hz, Ar), 7.05 (2H, d, J = 7.6 Hz, Ar), 6.56 (2H, s, Ar), 3.29 (2H, 

d, J = 7.2 Hz, N-CH2), 1.47-1.41 (1H, m, CH), 0.80 (6H, d, J = 6.4 Hz, 2*CH3); 

13C NMR (DMSO-d6, 100MHz) ŭ 160.4, 149.5, 144.5, 132.5, 130.9, 130.6, 130.3, 129.7, 

127.1, 124.5, 118.1, 117.4, 116.3, 57.0, 26.9, 20.0; 

m/z (APCI) Target Mass: 509.1; Found: 509.9 (M+H)+; 

tR = 17.0 min (100%). 
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Benzyl 4-amino-2-(benzyloxy)benzoate (LC-4-054): 4-amino salicylic acid (5 g, 32.6 

mmol, 1 eq) was dissolved in DMF (0.1 M) and cooled to 0 ºC, KOtBu (8 g, 72 mmol, 

2.2 eq) was added batch wise, followed by benzyl bromide (8.4 mL, 72 mmol, 2.2 eq) 

and the reaction was stirred at room temperature overnight. TLC indicated the reaction 

was complete. The reaction was partitioned between EtOAc and H2O 3 times, organic 

layer was collected, combined, and washed with H2O 3 times, dried over Na2SO4, filtered, 

concentrated and purified by flash column chromatography over silica gel using an eluent 

of Hexane/EtOAc 4:1 to give product as light brown solid (13g, 56%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.47 (1H, d, J = 8.8 Hz, Ar), 7.36 (2H, d, J = 6.8 Hz, 

Ar), 7.27-7.16 (8H, m, Ar), 6.20 (1H, s, Ar), 6.06 (1H, d, J = 8.8 Hz, Ar), 5.86 (2H, s, 

NH2), 5.08 (2H, s, O-CH2), 4.95 (2H, s, N-CH2); 

13C NMR (DMSO-d6, 100MHz) ŭ 165.3, 160.8, 155.2, 137.5, 134.6, 134.2, 129.1, 128.8, 

128.7, 128.2, 128.1, 127.9, 127.4, 106.3, 105.9, 98.0, 96.7, 69.5, 65.2; 

m/z (APCI) Target Mass: 333.1; Found: 334.1 (M+H)+. 

 

Benzyl 2-(benzyloxy)-4-(cyclopentylamino)benzoate (LC-4-060): benzyl 4-amino-2-

(benzyloxy)benzoate was coupled to cyclopentanone according to general procedure C on 

a scale of 1.86 mmol to afford product as light brown solid (479 mg, 64%); 
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1H NMR (DMSO-d6, 400MHz) ŭ 7.62 (1H, d, J = 8.8 Hz, Ar) 7.48 (2H, d, J = 7.2 Hz, 

Ar), 7.39-7.28 (7H, m, Ar), 6.50 (1H, d, J = 6.4 Hz, Ar), 6.26 (1H, s, Ar), 6.20 (1H, d, J 

=  8.8 Hz, Ar), 5.21 (2H, s, O-CH2), 5.11 (2H, s, O-CH2), 3.77-3.73 (1H, m, CH), 1.93-

1.39 (8H, m, Cp);  

13C NMR (DMSO-d6, 100MHz) ŭ 165.3, 160.8, 154.2, 137.6, 137.5, 133.9, 128.8, 128.7, 

128.1, 128.0, 127.9, 127.4, 105.6, 105.0, 96.7, 72.2, 69.6, 65.2, 53.7, 32.8, 24.1, 23.0; 

m/z (APCI) Target Mass: 401.2; Found: 402.1 (M+H)+. 

 

Benzyl 2-(benzyloxy)-4-(N-cyclopentyl-[1,1'-biphenyl]-4-ylsulfonamido)benzoate 

(LC-4-065): benzyl 2-(benzyloxy)-4-(cyclopentylamino)benzoate was coupled to 

biphenyl-4-sulfonyl chloride according to general procedure D on a scale of 0.33 mmol to 

yield product as light brown solid (110 mg, 54%); 

1H NMR (DMSO-d6, 400MHz) ŭ 7.90 (2H, d, J = 8.8 Hz, Ar), 7.79 (2H, d, J = 8.4 Hz, 

Ar), 7.74 (2H, d, J = 6.8 Hz, Ar), 7.67 (1H, d, J = 8.0 Hz, Ar), 7.51-7.23 (13H, m, Ar), 

6.69 (1H, d, J = 8.8 Hz, Ar), 6.64 (1H, s, Ar), 5.27 (2H, s, O-CH2), 5.02 (2H, s, O-CH2), 

4.42-4.37 (1H, m, CH), 1.67-1.05 (8H, m, Cp); 








































































































































































































































































































































