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 Metalloproteins are essential in many biological processes and make up 

approximately one-third to one-half of the proteome.  Metalloproteins utilize a 
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metal ion cofactor that can serve a structural role, allow electron transfer, or 

catalyze an enzymatic reaction.  Specifically, a metalloprotein that utilizes a metal 

ion in a catalytic role is referred to as a metalloenzyme.  The catalytic activity of 

certain metalloenzymes has been associated with a number of diseases ranging 

from diabetes, cancer, depression, anxiety, and pathogenic infections.4  

Therefore the development of novel therapeutics that target specific 

metalloenzymes in these diseased states is in great need.  The use of fragment-

based drug discovery (FBDD) through the use of metal-binding pharmacophores 

(MBP) libraries for metalloenzyme inhibitor development represents a unique 

opportunity.  This dissertation will focus on utilizing FBDD for the discovery of 

novel metalloenzyme inhibitors.  Two therapeutically relevant Zn2+-dependent 

enzymes, Rpn11 and GLO1, were chosen as targets.  The use of a modest MBP 

fragment library to enable the discovery of a novel class of inhibitors for Rpn11 

will be presented in Chapter 2.  Chapter 3 details a synthetic campaign prompted 

by the discoveries discussed in Chapter 2, that lead to the development of a first-

in-class potent Rpn11 inhibitor.  The same FBDD approach was utilized for the 

development of a novel class of GLO1 inhibitors, which is described in Chapter 4.  

Lastly, a novel potent GLO1 inhibitor is described in Chapter 5. 
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Chapter 1.  Introduction 
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1.1 Metalloenzymes as Medicinal Targets  

Metalloproteins are essential in many biological processes including 

transcription, protein homeostasis, photosynthesis, detoxification of reactive 

metabolites, cellular signaling, and many others.1  It is estimated that 

approximately one-third to one-half of the proteome is comprised of 

metalloproteins, wherein the metal ion cofactor can serve a structural role, allow 

electron transfer, or catalyze an enzymatic reaction.1-3  Specifically, a 

metalloprotein that utilizes a metal ion in a catalytic role is referred to as a 

metalloenzyme.  The misregulation of metalloenzymes has been associated with 

a number of diseases ranging from diabetes, cancer, depression, anxiety, and 

pathogenic infections.4  Therefore the development of novel therapeutics that 

target specific metalloenzymes in these diseased states is in great need.  Some 

clinically relevant metalloenzyme targets along with their metal co-factor and 

indication are highlighted in Table 1-1.  Although many metalloenzymes have 

been associated with diseases, the clinical success of inhibitors has been limited 

to only a few classes of metalloenzymes.5 

An effective strategy for the design of metalloenzyme inhibitors consist of 

two main components:  a metal-binding pharmacophore (MBP) and a backbone 

substituent(s).  A MBP is a functional group that typically possess one or two 

donor atoms that can coordinate to the active site metal ion and thereby serve as 

an anchoring point to the rest of the molecule.  The backbone component is 

designed via traditional medicinal chemistry methods to form interactions with the 
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amino acid residues within the active site.  Traditionally, the MBP components of 

metalloenzyme inhibitors have not been well studied or understood, which is 

highlighted by the fact that inhibitors typically have relied on only a handful of 

MBPs.  By far the most common MBPs utilized are carboxylic acids, thiols, 

phosphates, and hydroxamic acids.6  Although these four classes of MBPs are 

capable of forming strong coordination bonds with active site metals, they often 

do not posses the most “drug like” properties and can be a liability in drug design 

and development. 
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Table 1-1.  Examples of metalloenzymes that have attracted attention as 
therapeutic targets.  Adapted from Martin, D.P.6  
 
Enzyme Metal Ion Disease/Condition 
Adamalysin Zn2+ Cancer 
Angiotensin converting enzyme Zn2+ Hypertension 
Carbonic anhydrase Zn2+ Glaucoma 
Catechol-O-methyltransferase Mg2+ Parkinson’s disease 
Farnesyl transferase Zn2+ Cancer 
Glyoxalase 1 Zn2+ Cancer 
Histone deacetylase  Zn2+ Cancer 
Histone demethylase Fe2+ Cancer 
Indoleamine 2,3-dioxygenase  Fe2+ Cancer 
KRAS Mg2+ Cancer 
5-Lipoxygenase Fe2+ Asthma 
Matrix metalloproteinase Zn2+ Cancer, arthritis, inflammation 
Methionine aminopeptidase Mn2+ Cancer 
Neprilysin Zn2+ Hypertension 
Rpn11 Zn2+ Cancer 
TNF-α converting enzyme  Zn2+ Cancer 
Tyrosinase Cu2+ Cancer 
Pathogenic Enzyme Metal Ion Organism 
Anthrax Lethal Factor Zn2+ B. anthracis 
Botulinum Neurotoxin Zn2+ C. botulinum, butyricum, baratii 
HIV integrase Mg2+ Human Immunodeficiency Virus 
Influenza endonuclease Mn2+ Influenza Virus 
IspC Mn2+ Gram-negative and positive bacteria 
IspF Zn2+ Gram-negative and positive bacteria 
LasB Zn2+ P. aureginosa 
LpxC Zn2+ Gram-negative bacteria 
Metallo-β-lactamases Zn2+ Gram-negative and positive bacteria 
Peptide deformylase Fe2+ Gram-negative and positive bacteria 
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1.2 Utilizing a Fragment-Based Drug Discovery Approach for Development 
of Metalloenzyme Inhibitors 

In the last 20 years, fragment-based drug discovery (FBDD) has emerged 

as an alternative to traditional drug discovery methods, such as high-throughput 

screening (HTS), combinatorial chemistry, computer aided design (CAD), and de 

novo design.7-10  This method of discovering novel therapeutics has yielded >30 

drug candidates, and was validated with the Food and Drug Administration (FDA) 

approval of two drugs, vemurafenib and venetoclax.10  Vemurafenib is B-Raf 

enzyme inhibitor approved in 2011 for the treatment of late-stage melanoma, 

while venetoclax gained its approval in 2015 for the treatment of chronic 

lymphocytic leukemia.  At a fundamental level, FBDD utilizes libraries of simpler, 

smaller compounds in order to efficiently probe a broader chemical space than 

when using complex compounds with higher molecular weight (which is more 

typical in HTS campaigns).  A shortcoming of FBDD is that fragments generally 

have a poor affinity for the target due to the limited number of interactions it can 

make with its receptor.  However, these interactions are considered to be ‘high-

quality’ interactions, as they must overcome a substantial entropic barrier to 

binding, relative to their size.11  Drug discovery from a FBDD approach typically 

involves the rational design of fragment libraries that follow the “Rule of Three”:  

small fragments with low molecular weight (<300 amu), minimal hydrophobicity 

and good aqueous solubility (cLogP <3), and limited hydrogen bond donors (<3) 

and acceptors (<3).  Together these set of rules are designed to yield fragments 

with good physicochemical and pharmacokinetics properties.11  One obstacle in 
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utilizing FBDD lies in the challenge of transforming a fragment into a lead 

compound.  Therefore, medicinal chemistry principles should be used early on to 

assess which fragments to invest in.  Fragment structural analysis to determine 

physicochemical properties such as cLogP and cLogD, as well as ligand 

efficiency (LE) and lipophilic ligand efficiency (LLE), are effective metrics that 

help determine the lead fragment.12-13  LE is a metric that correlates molecular 

weight with the binding affinity of the ligand, while LLE is a metric that correlates 

cLogP with binding affinity.  Another challenge for FBDD is to determine the 

binding mode of the fragment to the target, which can be determined via 

biophysical screening techniques such as NMR or x-ray crystallography.  With 

these methods, the binding mode of a fragment to a target protein can be 

determined, allowing for development strategy on how to elaborate a simple 

fragment into a complex molecule that targets additional interactions with the 

protein active site.  Synthetically ‘growing’ of the fragments can lead to tighter 

binding molecules with greater activity.  A sample of previously reported lead 

compounds identified via a fragment-growth strategy is highlighted in Table 1-2.  

For example, Entry 1 in Table 1-2 depicts a fragment that inhibits bacterial DNA 

gyrase and the methods utilized for fragment growth.  An indazole molecule was 

initially identified with weak affinity (10 mM) and was elaborated via virtual 

screening (VS) and structure-based design (SBD) into a lead compound with 

good activity.  Entries 2-6 (Table 1-2) depict the protein target, methods utilized 

for fragment-growth, and the structural elaboration from fragment to lead. 
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Table 1-2.  Examples of lead identification by FBDD.  The target protein is 
indicated as well as the method used for fragment growth.  MNEC, maximal non-
effective concentration; NMR, nuclear magnetic resonance; SBD, structure-based 
design; VS, virtual screening.  Adapted from Rees, D.C.8 
 

Entry Target/Method Fragment Hit Lead Compound 

1 DNA Gyrase/ 
VS and SBD  

Kd = 10 mM  
MNEC = 30 ng/mL 

2 
Thymidylate 

synthase/ 
Tethering and 

SBD  
IC50 = 1.1 mM  

IC50 = 330 nM 

3 p38 kinase/ 
NMR 

 
Kd = 1 mM 

 
Ki = 200 nM 

4 p38 kinase/ X-
ray and SBD 

 
IC50 = 33 μM  

IC50 = 142 nM 

5 
Urokinase/ 

Bioassay and 
SBD  

Ki = not reported  
Ki = 6.3 nM 

6 
Erm methyl 
transferase/ 

NMR  
Kd = 1 mM  

Ki = 7.5 μM 
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 FBDD for the development of metalloenzyme inhibitors presents a unique 

method for discovery of novel inhibitors.  Metalloenzymes typically utilize divalent 

catalytic metals with open coordination sites in order serve their function.  A 

common efficient strategy for developing inhibitors of metalloenzymes is by 

developing a compound that incorporates a MBP that can coordinate to the 

catalytic metal and serve as an anchoring point.5  Because substrate turnover by 

metalloenzymes generally proceeds through a metal-bound species, blocking the 

metal-substrate interaction is an effective strategy for inhibition.  Targeting the 

metal ion is an attractive method for initial direct binding of a fragment.  The 

development of libraries of fragments that incorporate donor atoms capable of 

binding to the metal can be designed to yield MBP fragment libraries.14  In 

essence, this provides an ideal method for initial screening efforts because it 

introduces a bias to where the fragment will bind to the metalloenzyme (i.e., the 

metal ion active site).  Utilizing the principles of inorganic chemistry one can 

model or assume a binding event between the MBP fragment and the catalytic 

metal center.  If the assumption is made that the MBP fragment is binding to the 

metal ion and a crystal structure of the target protein has been reported, then a 

hypothesis on how to elaborate the MBP fragment into a complex molecule can 

be made.  Additionally, metalloenzymes utilize the metals in a catalytic fashion; 

hence, a MBP fragment that inhibits through coordination can be anticipated to 

be a competitive inhibitor. 
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The use of FBDD for the development of metalloenzyme inhibitors was 

described by Cohen, wherein a small fragment library of 96 MBPs was rationally 

designed.14  The library generally consisted of previously reported metal binding 

motifs such as salicylic acids, hydroxamic acids, hydroxyl pyrones, 

hydroxypyridinones, hydroxyquinolones, among others (Figure 1-1).  In this proof 

of concept study, the 96 fragments were screened against a small panel of 

metalloenzymes utilizing commercially available assays.  Surprisingly, these 

screens yielded several hits for each metalloenzyme, which highlights the 

effectiveness and efficiency of FBDD as an approach for metalloenzyme 

inhibitors.  The hits from the library screening were then linked or grown in order 

to generate “full length”, active lead compounds.  Subsequently, the library 

generated from this study was utilized to discover novel inhibitors for several 

metalloenzymes, including Pseudomonas Aeruginosa elastase (LasB)15-16, 

human carbonic anhydrase II (hCAII),17 and influenza endonuclease.18  The 

focus of this dissertation is the use of this library and FBDD to develop inhibitors 

for the proteasome subunit Rpn11, and glyoxalase 1 (GLO1). 
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Figure 1-1.  A MBP fragment library designed for FBDD against 
metalloenzymes.  Adapted from Jacobsen, J.A.14 

 

1.3 Inhibitors of the Proteasome and Rpn11 as Cancer Therapeutics 

Degradation of eukaryotic cell proteins is a highly regulated and complex 

process that plays a central role in protein homeostasis.19-21  The majority of 

cellular proteins become degraded through the ubiquitin-proteasome system 

(UPS) pathway, which include proteins that help regulate cell cycle, apoptosis, 

DNA repair, among others.20-21  Proteins that are destined to become degraded 

are tagged through conjugation to the small protein ubiquitin through the action of 
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ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and 

ubiquitin-ligase enzyme (E3).  Upon conjugation of several ubiquitin domains, the 

tagged protein will possess a polyubiquitin chain that serves for substrate 

recognition by the proteasome.  The 26S proteasome is a massive cellular 

machine that degrades ubiquitin-tagged proteins and is found in the nucleus and 

cytoplasm of eukaryotic cells.  The constitutive 26S proteasome consists of two 

major components: one or two 19S regulatory particles (RP) and the 20S core 

particle (CP) (Figure 1-2).  The polyubiquitin chain bound to the protein set for 

degradation is recognized by the 19S RP as a substrate, which is then trapped, 

the polyubiquitin chain is hydrolyzed, and the protein is then unfolded and 

translocated into the 20S CP.  The 19S RP can be divided into a base 

component, which is composed of a hexameric ring of AAA ATPases (Rpt1-6), 

and a lid component made up of eight or more regulatory subunits (Rpn).22  The 

Rpt subunits promote substrate unfolding, open the channel leading to the 20S 

core and help translocate the substrates into the 20S CP.  The lid subcomplex of 

the 19S RP is necessary for ubiquitin-dependent degradation.  The Rpn subunits 

aid in substrate recognition, trapping, and hydrolyzing ubiquitin from the protein 

to be degraded.  The 20S CP is structurally composed of four stacked 

heptameric rings that form a hollow barrel-like shape.  Each ring contains seven 

α- or β-subunits:  the α subunits serve a structural role while some of the β 

subunits are catalytically active.  The proteasome has three pairs of 

proteolytically active subunits (β1, β2, and β5) each distinguished by type of 
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substrate it cleaves.  At each of the catalytic subunits is found an N-terminal 

threonine that acts as the nucleophile to cleave the peptide bond.  A proximal 

water molecule acts as a base to facilitate cleavage (Figure 1-2).  Once the 

protein is degraded it is released as oligopeptides. 

 

Figure 1-2.  Structure of the 26S proteasome highlighting the 20S core and 19S 
regulatory particles.  The β5 active site utilizes the N-terminal threonine for 
proteolysis.  All three FDA approved proteasome inhibitors preferentially bind to 
this site. 

 

 In recent years, the proteasome has gathered substantial attention as a 

possible therapeutic target for oncology treatment.23-25  Recent reports suggest 

cancer cells have a heightened dependence on UPS mediated degradation of 

proteins.26  Analysis of cancer cell genomes revealed multiple point mutations in 

protein coding sequences, and through transcription and translation of these 
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DNA sequences, it yields mutant proteins that are unstable or present improper 

folding.  Additionally, cancer cell genomes typically contain duplications, 

deletions, inversions, as well as altered copy numbers of chromosomes.26  Taken 

together, translation of elevated levels these mutant proteins presents a burden 

to cancer cells, which in turn places an increased burden on the proteasome to 

degrade these defective proteins. 

 Bortezomib is a peptide boronate that was approved by the FDA in 2003 

for the treatment of multiple myeloma (MM).27-28  The boronic acid moiety of 

Bortezomib preferentially binds the catalytic threonine residue within the β5 

subunit of the 20S CP (Figure 1-2, 1-3).  The boron acts as a Lewis acid, which 

allows for bond formation with the hydroxyl functional group of the side chain of 

the N-terminal threonine.  Carfilzomib is a second-generation proteasome 

inhibitor that utilizes an epoxy ketone functional group to covalently and 

irreversibly binds the N-terminal threonine of the β5 subunit (Figure 1-3).24  Lastly, 

ixazomib similar to bortezomib, utilizes a boronic acid as its warhead (Figure 1-

3).  The approval of these three proteasome inhibitors has prompted substantial 

interest in developing novel inhibitors of the proteasome.24  The majority of 

published studies have investigated inhibitors that bind one or several of the β 

subunits within the 20S CP, and to a lesser extent compounds that bind the 19S 

RP. 
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Figure 1-3.  Structure of the three FDA approved proteasome inhibitors  

 

Rpn11 is a Zn2+-dependent isopeptidase that is part of the JAMM domain 

containing deubiquitinating enzymes (DUBs).29  The JAMM domain is found in 7 

different human proteins including the Csn5 subunit of the COP9 signalosome, 

AMSH, AMSH-LP, the BRCC36 subunit of BRISC, MPND, and MYSM1.30-36  All 

of these enzymes cleave the isopeptide linkage that joins ubiquitin (or the 

ubiquitin-like protein Nedd8 in the case of Csn5) to a second molecule of 

ubiquitin or to a substrate.  The conserved JAMM domain has the consensus 

sequence EXnHS/THX7SXXD, in which the His, His, and Asp residues coordinate 

the Zn2+ ion and the fourth coordination site is occupied by a water molecule that 

is engaged in hydrogen bonding with the conserved Glu (Figure 1-4).  The Zn2+ 

acts as a Lewis acid and increases the nucleophilic character of the bound water 

enough to allow hydrolytic cleavage of the isopeptide bond.33, 37 
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Figure 1-4.  Structure of the 26S proteasome highlighting the 20S core and 19S 
regulatory particle.  The Rpn11 active site utilizes a catalytic Zn2+ to cleave the 
isopeptide bond between ubiquitin and the protein to be degraded. 

 

The main role of Rpn11 is to cleave off the polyubiquitin chain bound to 

proteins that are to be degraded by the proteasome.  Previous reports38-40 

demonstrate that mutations within the conserved JAMM domain or addition of 

metal chelators to proteasome-dependent degradation reactions does not result 

in loss of substrate recognition, but impairs degradation of the substrate by 

blocking insertion into the 20S CP.  This impairment occurs due to a failure to 

remove the bulky ubiquitin chain, the diameter of which is wider (~25 Å) than the 

entry portal into the 20S CP (~17 Å).  The development of an Rpn11 inhibitor that 

results in a similar blockage could lead to preferential apoptosis of neoplastic 

cells because these cells are thought to have a higher dependency on 

proteasome-dependent protein quality control when compared to normal cells.41-
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42  Therefore, Rpn11 represents an attractive and novel therapeutic target for 

proteasome inhibition. 

   

1.4 Inhibitors of Glyoxalase as Novel Treatments for Depression and 
Anxiety 

GLO1 is a cytoplasmic homodimeric Zn2+-dependent isomerase that 

catalyzes the detoxification of methylglyoxal (MG).43  GLO1 utilizes endogenous 

glutathione (GSH) as a co-factor, which spontaneously reacts with MG to form 

stable hemithioacetals that serve as GLO1 substrates.44  GLO1 catalyzes the 

isomerization of the hemithioacetal to a thioester, which is then hydrolyzed by 

GLO2 releasing a non-toxic D-lactate product and GSH (Figure 1-5).  GLO1 and 

GLO2 work in conjunction to remove cytotoxic MG from cells and together they 

make up the glyoxalase system (Figure 1-5).  MG is a reactive metabolite 

generated via the degradation of glycolytic intermediates and at high 

concentrations is capable of forming covalent adducts with proteins and 

nucleotides which result in advanced glycation end (AGE) products, reactive-

oxygen species (ROS), and apoptosis.45-48  The glyoxalase system is well 

designed to remove MG from cells, as both enzymes operate near the diffusion-

controlled limit under physiological conditions.  Presumably, this high level of 

kinetic efficiency reflects the need to maintain minimal levels of methylglyoxal in 

cells.49  Due to the role in AGE formation and cytotoxicity, GLO1 inhibitors have 

been investigated as potential oncogenic therapeutics, but have not had any 

clinical success.50-51 
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Figure 1-5.  The glyoxalase pathway. 

 

In 1971, Vince and Daluge first suggested that inhibitors of GLO1 may 

serve as antitumor agents.  An inhibitor of GLO1 would cause an accumulation of 

MG in cancer cells, which would result in cytotoxicity.  Their hypothesis was 

proven correct, when tumor cells demonstrated exceptional sensitivity to 

exogenous methylglyoxal.52-54  It is also hypothesized that cancer cells have 

elevated levels of GLO1 possibly due to cancer cells having a high rate of 

glycolysis and therefore producing a high level of MG, rendering cancer cells 

more sensitive to GLO1 inhibition.  These early studies prompted the 

development of several GLO1 inhibitors throughout the following decades.  

The earliest inhibitors described were based on transition state mimics 

and glutathione analogs.55-58  Additionally, several natural products and natural 
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product derivatives have been screened for GLO1 inhibition, but only few have 

exhibited IC50 values in the low nanomolar range.59-66  One potent compound is a 

glutathione-based compound containing a hydroxamic acid MBP, AHC-GSH 

(Figure 1-6);67 however, both the hydroxamic acid MBP and glutathione 

components make this molecule unsuitable as a viable drug candidate.  AHC-

GSH has been studied for its potential as an anticancer agent, but to achieve cell 

permeability the inhibitor had to be reformulated as an ester prodrug.  Although 

AHC-GSH shows efficacy in vitro, no clinical therapeutics have been generated 

from this compound since its discovery >20 years ago, which again is likely due 

to the poor pharmacokinetic properties of the molecules.  A second potent GLO1 

inhibitor is methyl gerfelin (M-GFN), which is one of several natural products that 

have been demonstrated to inhibit GLO1.  Lastly, a compound based on the 6-

phenyl-7-azaindole-N-hydroxypyridinone (Chugai-3d) scaffold showed a best-in-

class IC50 value of 11 nM (Figure 1-6); however, to the best of our knowledge, no 

in vivo studies have been reported with this compound.68  Although there are 

several GLO1 inhibitors reported, no GLO1 inhibitor has entered clinical trials.   
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Figure 1-6.  Molecular structures of previously reported GLO1 inhibitors with their 
corresponding inhibition values. 

 

The existing inhibitors have been largely developed for oncology 

purposes, with more recent reports looking at GLO1 as a therapeutic target for 

other conditions, such as diabetic complications, aging, and 

depression/anxiety.45, 69-73  Anxiety and depression are the two most common 

psychiatric disorders in the US and affect approximately one-in-five adults at 

some point in their lifetime.74-75  Currently, there are many FDA approved drugs 

for both disorders; however, these drugs have several limitations.  Some 

drawbacks associated with anxiolytic drugs include sedating side effects and 

abuse liability.  For antidepressant drugs limitations also include detrimental side 

effects, lack of efficacy, and a slow onset of therapeutic effects.  Therefore, due 

to the current limitations of available drugs, there is a need for developing 

alternative therapeutics.  Recent studies have linked GLO1 to numerous 

behavioral phenotypes, including psychiatric diseases such as anxiety and 

depression.76-81  Previous reports demonstrate knockdown of Glo1 or 
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suppression of GLO1 enzyme activity via inhibitors results in an increase of 

intracellular concentration of MG and a reduction of anxiety-like behaviors in 

mice.82-83  Additionally, MG has been shown to be a competitive partial GABA-A 

(gamma-Aminobutyric acid) receptor agonists, which is the proposed mechanism 

leading to changes in behavioral phenotypes.80  These studies suggest that 

inhibition of GLO1 can cause an accumulation of MG and thereby lead to anti-

depressive effects. 

 

1.5 Outlook 

 Although metalloenzymes make up more than one third of the proteome, 

approximately only about 5% of FDA approved drugs target metalloenzymes.5  

Traditionally, the MBP moiety of metalloenzyme inhibitors has not been well 

studied or understood.  The most commonly utilized MBPs in medicinal chemistry 

(thiols, hydroxamic acids, phosphinic/phosphonic acids, and carboxylic acids) are 

not very drug-like functional groups and can become a liability in drug 

development.  The use of FBDD through the use of MBP libraries for 

metalloenzyme inhibitor development represents a unique opportunity.  This 

dissertation will focus on utilizing FBDD for the discovery of novel metalloenzyme 

inhibitors.  Two therapeutically relevant Zn2+-dependent enzymes, Rpn11 and 

GLO1, were chosen as targets.  The use of a modest MBP fragment library to 

enable the discovery of a novel class of inhibitors for Rpn11 will be presented in 
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Chapter 2.  Chapter 3 details a synthetic campaign prompted by the discoveries 

discussed in Chapter 2, that lead to the development of a first-in-class potent 

Rpn11 inhibitor.  The same FBDD approach was utilized for the development of a 

novel class of GLO1 inhibitors, which is described in Chapter 4.  Lastly, a novel 

potent GLO1 inhibitor is described in Chapter 5.  
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Chapter 2:  Discovery of an Inhibitor of the Proteasome Subunit Rpn11 
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2.1 Introduction 

MM is a plasma cell neoplasm that affects thousands of people each year.  

Currently, there is no cure for MM.  Even with a strong regiment of available 

chemotherapies, average life expectancy from time of diagnosis ranges from 2.5 

to 5 years, depending upon the stage of the disease.1-2  The development of 

novel chemotherapeutics that inhibit components of the proteasome has proven 

very successful in extending progression-free and overall survival.3-4  These 

drugs inhibit the UPS pathway through binding to one or more of the protease 

active sites within the proteasome (Figure 1-2). 

The UPS plays a major role in protein quality control by degrading 

unwanted, damaged, or misfolded proteins within eukaryotic cells.  It also 

controls numerous processes including cell cycle, apoptosis, transcription, and 

DNA repair by modulating the stability of critical regulatory proteins.  Due to the 

UPS playing a central role in cellular metabolism, inhibition of the proteasome 

has emerged as a powerful strategy for anticancer therapy.  Inhibiting this 

pathway was validated as a clinical target with the FDA approval of bortezomib, 

followed by carfilzomib, and most recently ixazomib, all for the treatment of MM 

(Figure 1-3).  The success of these small molecules has generated substantial 

interest in developing inhibitors that target other key elements of the 

proteasome.5-9 

 The Zn2+-dependent JAMM domain of the Rpn11 subunit, found within the 

19S RP, cleaves ubiquitin from its substrates, thereby releasing ubiquitin for 
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recycling (Figure 2-1).  Inhibition of Rpn11 impairs degradation of the substrate 

by the proteasome because it can no longer be inserted into the 20S CP due to 

failure to remove the bulky ubiquitin chain.10-11 Therefore, Rpn11 represents an 

attractive and novel therapeutic target for proteasome inhibition.   

 

 

Figure 2-1. Mechanism of degradation of polyubiquitinated proteins by the 
proteasome.  In red is highlighted the specific step a Rpn11 inhibitor would 
prevent.  Adapted from Li, J.23 

 

In this chapter, the discovery and evaluation of a novel class of fragments 

that inhibit the proteasome subunit Rpn11 is presented.  Two independent drug 

discovery approaches were utilized to identify inhibitors for Rpn11.  A FBDD 

approach was applied by screening a small library of MBPs.  A second, 

independent approach utilizing HTS was also performed to identify potential 

inhibitors.  Both of these approaches converged on a single fragment, 8-

thioquinoline (8-TQ) as a promising hit.  This initial study reports on a 

rudimentary structure-activity relationship (SAR), evaluates the mechanism of 

inhibition of Rpn11, and describes off-target inhibition of metalloenzymes by 8-
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TQ.  The data presented in this chapter provides the foundation that allowed the 

development of Capzimin, a first-in-class Rpn11 inhibitor, which is discussed in 

Chapter 3.  

 

2.2 Results and Discussion 

2.2.1 Two Screenings Yield Inhibitors for Rpn11  

In order to identify potent MBPs that can serve as initial building blocks for 

inhibitor design, a first generation chemical library containing 96 MBP 

fragments12 (Figure 1-1) was screened against Rpn11 at a fragment 

concentration of 200 μM by utilizing a fluorescence polarization assay (Figure 2-

2).13-14  The fluorescence polarization assay specifically measures the 

deubiquitinating activity of Rpn11.  The assay features a proteasome substrate 

with four tandem repeats of ubiquitin (Ub4) followed by a peptide labeled with 

Oregon Green on a unique cysteine residue.  Incubation of this substrate, 

Ub4peptideOG, with the proteasome results in depolarization of Oregon Green 

fluorescence due to release of the peptideOG from Ub4.
15

  This assay proved to be 

robust and adaptable for rapid screening. 
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Figure 2-2.  Screening results from a MBP library (Figure 1-1) against Rpn11.  
Lines represent percent enzyme inhibition for a given MBP fragment at a 
concentration of 200 μM. 

 

Initial evaluation of the first generation MBP library (Figure 1-1) revealed 

three compounds with >50% inhibition, with the majority of the compounds 

exhibiting 0-30% inhibition (Figure 2-2).  One fragment, 8-TQ, demonstrated 

essentially complete inhibition at a concentration of 200 μM.  Although only three 

compounds were designated as hits, the results of this screen were encouraging 

and prompted the development of a second generation MBP library.  A second-

generation library was then screened that expanded on the structural diversity of 

the fragments to include a total of 240 fragments (compounds not shown).  With 

an expanded library in hand, a second round of screening against the Rpn11 

enzyme was performed, which yielded <10 fragments with >50% inhibition at 200 
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μM (Figure 2-3).  Several of these compounds showed up as hits due to 

fluorescence artifacts and were not further pursued.  Finally, only 4 compounds 

were determined to be true hits against Rpn11 (Table 2-1).  8-TQ was the most 

potent compound even after screening of the second generation MBP library. 

 

 

Figure 2-3.  Screening results from the second generation MBP library against 
Rpn11.  Lines represent percent enzyme inhibition for a given MBP fragment at a 
concentration of 200 μM. 

 

In addition to fragment based screening, a HTS screening effort was also 

performed against Rpn11.  The laboratory of Prof. Raymond Deshaies (Caltech, 

collaborator on this project) worked with the National Institutes of Health 

Molecular Libraries Small-Molecule Repository (independent from the Cohen lab) 
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to screen 330,000 compounds at a concentration of 20 μM.15  The initial hits from 

the HTS screen were revalidated via dose-dependent response in a 10-point 

titration assay.  A second screen of the hit compounds, eliminated those that 

inhibited processing of Ub4peptideOG by thrombin.  Due to possible toxicity 

liabilities, another screen excluded compounds that blocked matrix 

metalloproteinase 2 (MMP-2) and Rpn11 activity with equal potency.  Lastly, the 

remaining candidates were then tested for their ability to block proteasome-

dependent degradation of reporter protein UbG76V-GFP in cells.16  Upon 

competition of all these screens, only one compound emerged from this process.  

Remarkably, this compound, S-(quinolin-8-yl)-2-bromobenzothioate, is a thioester 

derivative of 8-TQ.  Thioesters are inherently unstable in the reducing 

environment of the cell, suggesting that the active moiety is 8-TQ.  Incredibly 

both independent studies (HTS and FDBB approaches) yielded the same result 

of 8-TQ as a potent inhibitor of Rpn11.  This result highlights the efficiency and 

effectiveness of the FBDD approach utilized from a small MBP library.  

 

2.2.2 MBP Library Hits are Investigated as Potential Rpn11 Inhibitors  

The majority of the compounds from the MBP libraries demonstrated weak 

binding; however, four compounds were validated as hits against Rpn11 (Table 

2-1).  The result from the screens of the MBP library prompted the development 

of synthetic analogs of compounds 1-4 (Table 2-1).  Compound 2 analogs were 
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obtained via a two-step reaction synthesis as described in Scheme 2-1.  Maltol 

was utilized as the starting material, where the exocyclic oxygen was 

transformed to a sulfur atom in the presence of phosphorus pentasulfide to form 

thiomaltol (5).  Compound 5 underwent a dehydration reaction via irradiation in a 

microwave reactor under acidic conditions, along with the corresponding amine 

to yield compounds (6-8).  Compounds 6-8 displayed modest inhibition of Rpn11, 

but failed to increase activity over the parent MBP (2). These simple analogs did 

not yield an appreciable increase in activity, therefore no other analogs were 

explored.  A few simple analogs based off compound 3 were evaluated.  

Compounds 9-12 (Table 2-2) are salicylic acid derivatives and displayed 

moderate inhibition of Rpn11.  Therefore, direct analogs of compound 3 wherein 

the acid moiety was converted to a functionalized amide was explored (13-15, 

Scheme 2-2, Table 2-2).  These three compounds did not inhibit Rpn11, 

indicating that the carboxylic acid functional group is necessary for inhibition.  

Additionally, a few analogs of compound 4 were synthesized (16-20) but also 

failed to exhibit any inhibition of Rpn11. The only remaining hit was 8-TQ. 

Because of the particularly strong activity of 8-TQ the fragment was chosen for 

lead development.  8-TQ was determined to have an IC50 value of 2.8±0.36 µM, 

which translates to an extremely high ligand efficiency of 0.69.17  
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Table 2-1.  Hits against Rpn11 from the MBP library screens.  All values listed 
are percent inhibition at a concentration of 200 μM. 

Cmpd Structure Inhibition Cmpd Structure Inhibition 

1 

(8-TQ)  
94% 3 

 

50% 

2 

 

48% 4 
 

60% 

 

 

Scheme 2-1.  Synthetic route for compounds 6-8.  Reagents and conditions:  (a) 
P2S5, Hexamethyldisiloxane (HMDSO), Toluene, 110 °C, 8 h (b) Amine, AcOH, 
H2O, EtOH, 165 °C (Microwave Reactor), 1 h. 
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Table 2-2.  Derivatives of hits obtained from the MBP library against Rpn11.  All 
values listed are percent inhibition at a concentration of 200 μM. 

Cmpd Structure Inhibition Cmpd Structure Inhibition 

5 
 

38% 13 

 

0% 

6 

 

58% 14 

 

10% 

7 

 

58% 15 

 

0% 

8 

 

59% 16 
 

40% 

9 
 

5% 17 
 

5% 

10 

 

12% 18 
 

0% 

11 
 

38% 19 
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Scheme 2-2.  Synthetic route for 2-hydroxy-5-methylbenzoic acid analogs. 
Reagents and conditions:  (a) EDC, HOBT, DMF, 25 °C 1 h. 

 

 

Scheme 2-3.  Synthetic route for pyridine-2,6-dicarboxylic acid analogs. 
Reagents and conditions:  (a) MeOH, H2SO4 (cat.), 75 °C, 24 h (b) MeOH, KOH, 
0 °C, 4 h (c) EDC, HOBT, R-NH2, 18 h; then 4:1 1 M NaOH/THF, 30 min to 1 h, 4 
M HCl (d) EDC, HOBT, MeNH2, 18 h. 
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2.2.3 Investigating the Mechanism of Inhibition of 8-TQ  

Due to the structural similarity of 8-TQ to the common metal chelator 8-

hydroxyquinoline, as well as data on previously reported 8-TQ metal complexes, 

it was predicted that 8-TQ would bind the catalytic Zn2+ ion of Rpn11 in a 

bidentate fashion through the endocyclic nitrogen and exocyclic sulfur donor 

atoms (Figure 2-4).18-20  To validate this hypothesis, a model was sought to allow 

for structural characterization of the mode of binding.  Tris(pyrazolyl)borate (Tp) 

complexes have been shown to serve as useful metalloenzyme active site 

mimics, giving some insight into bond lengths and angles for MBPs coordinated 

to metalloenzyme active site metal ions.21-26  A Zn2+ complex with the ligand 

hydrotris(5,3-phenylmethylpyrazolyl)borate (TpPh,Me)21 was combined with 8-TQ 

to obtain the complex [(TpPh,Me)Zn(8-TQ)].  The metal complex was readily 

crystallized and revealed a five-coordinate Zn2+ center with a trigonal bipyramidal 

coordination geometry (Figure 2-4).  8-TQ was bound in the expected bidentate 

manner, with the sulfur donor atom positioned in the equatorial plane (2.29 Å, Zn-

S distance) and the endocyclic nitrogen atom serving as an axial donor (2.17 Å, 

Zn-N distance).  The structure of this metalloenzyme model complex supports the 

hypothesis that 8-TQ inhibited Rpn11 by metal coordination of the active site Zn2+ 

ion. 
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Figure 2-4.  Chemical illustration (left) and image of the X-ray structure (right) of 
[(TpPh,Me)Zn(8-TQ)].  Thermal ellipsoids are shown at 50% probability. Hydrogen 
atoms are omitted for clarity.  Color scheme:  boron (pink), carbon (gray), 
nitrogen (blue), sulfur (yellow), and zinc (green). 

 

Additional evidence for the mode of inhibition was obtained from SAR 

studies using 8-TQ derivatives.  Derivatives of 8-TQ were prepared including 

fragments where the metal-coordinating atoms were removed, moved, or 

otherwise modified (Table 2-3).  For example, compound 21 replaced the 

endocyclic nitrogen with a C-H group, giving a naphthyl derivative, which is 

incapable of the bidentate mode of binding exhibited by 8-TQ (Figure 2-4).  

Similarly, in compounds 22, 23, and 24 the thiol moiety was replaced by a 

methyl, hydroxyl, or amine group, respectively, giving a series of isosteric 

compounds that lack the requisite thiol donor atom.  In compound 25, the thiol 

moiety was alkylated with a methyl group (Scheme 2-4), which prevents 

formation of the anionic thiolate donor atom for binding Zn2+ (Figure 2-4).  Finally, 

compound 26 places the coordinating nitrogen atom on the opposite side of the 
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quinoline ring from the thiol moiety (Scheme 2-5), which produces an isosteric 

compound, but does not allow for bidentate binding of the ligand to the metal ion.  

As summarized in Table 2-3, compounds 21-26 all exhibited a complete loss of 

activity (IC50 >100 μM) against Rpn11, further validating the importance of the 

bidentate binding of 8-TQ through the nitrogen and sulfur pair of donor atoms.  

Further confirmation of this hypothesis was demonstrated by the activity of 

compound 27, which has an additional nitrogen atom at the 5-position of the ring 

(Scheme 2-6), but otherwise can maintain the 8-TQ binding motif.  Compound 27 

inhibits Rpn11 with an IC50 value of 15±3.4 μM.  The ~6-fold weaker activity of 27 

when compared to 8-TQ is attributed to the ability of 27 to tautomerize to the 1,5-

naphthyridine-4(1H)-thione form. 
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Table 2-3.  8-TQ fragment derivatives used to examine the role of metal binding 
in Rpn11 inhibition.  .  All IC50 values listed are in μM. 

Cmpd Structure Rpn11 HCT 
116 Cmpd Structure Rpn11 HCT 

116 

8-TQ 
 

2.8±0.36 1.3 24 
 

>100 --- 

21 
 

>100 >100 25 
 

>100 >100 

22 
 

>100 >100 26 
 

>100 >100 

23 
 

>100 6 27 
 

15±3.4 --- 

 

 

Scheme 2-4.  Synthesis of 8-(methylthio)quinoline.  Reagents and conditions:  
(a) CH3I, EtOH, H2O, 2M NaOH, 25 °C. 

  

N
SH

N
NH2

SH
N

S

N

N

SH

N
OH

N

N
SH

S
N

SH
N

a

25



 

 47 

 

Scheme 2-5.  Synthesis of quinoline-5-thiol.  Reagents and conditions:  (a) 
POCl3, 100 °C; (b) tert-butylthiol (t-BuSH), NaH, DMF, 140 °C; (c) 12M HCl, 100 
°C. 

 

 

Scheme 2-6.  Synthesis of quinoline-5-thiol.  Reagents and conditions:  (a) 2,2,6-
Trimethyl-4H-1,3-dioxin-4-one (Meldrum’s acid), Triethyl orthoformate, 105 °C; 
(b) Dowtherm A, 250 °C; (c) POCl3, Toluene, 110 °C; (d) 4-
Methoxyphenyl)methanethiol (p-MBSH), NaH, DMF, 25 °C; (e) m-Cresol, TFA, 
reflux. 
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2.2.4 Synthesis of Methyl Derivatives and Cross Inhibition Studies 

Having established a rudimentary SAR for the requisite metal-binding 

features of the 8-TQ scaffold, a sublibrary of 8-TQ derivatives with simple 

modifications to the scaffold was prepared in an effort to probe for possible 

hydrophobic (methyl groups) contacts within the active site, as well as to 

determine the best positions on the 8-TQ ring to add substituents for subsequent 

rounds of derivatization.  Therefore a series of methyl functionalized 8-TQ 

analogs were prepared (Figure 2-5, Scheme 2-7 and 2-8).  Functionalization of 

the 8-TQ fragment was achieved largely via the Skraup and Doubner-Von Miller 

reactions using aniline derivatives as starting materials.  Compounds 28 and 29 

were synthesized starting with 2-fluoroaniline with the quinoline ring forming upon 

addition of a methyl-α,β-unsaturated aldehyde in the presence of aqueous HCl 

(Scheme 2-7).  The 4-methyl quinoline analog (30) was synthesized in similar 

fashion, by combining 2-fluoroaniline with an α,β-unsaturated ketone (Scheme 2-

7).  Compounds 31 and 32 were obtained by starting with methyl functionalized 

2-chloro or 2-fluoroaniline in the presence of glycerol utilizing nitrobenzene as the 

solvent and oxidant (Scheme 2-8).  Substitution of the resulting methyl-8-fluoro or 

methyl-8-chloroquinolines to obtain the thiol functionality was obtained through a 

nucleophilic aromatic substitution reaction utilizing t-BuSH.  This was followed by 

a deprotection reaction under refluxing concentrated HCl to yield the free thiol. 
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Figure 2-5. Structure representation of 8-TQ with the quinoline ring positions 
labeled. 

 

 

Scheme 2-7.  Synthesis of 2-, 3-, and 4-methyl-8-thioquinoline.  Reagents and 
conditions:  (a) Toluene, 6M HCl, 110 °C; (b) t-BuSH, NaH, DMF, 140 °C; (c) 
12M HCl, 100 °C. 

 

 

Scheme 2-8.  Synthesis of 5- and 6-methyl-8-thioquinoline.  Reagents and 
conditions:  (a) Glycerol, Nitrobenzene, 150 °C; (b) t-BuSH, NaH, DMF, 140 °C; 
(c) 12M HCl, 100 °C. 
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In addition to evaluation against Rpn11, the selectivity of these 

compounds (28-32) against off-target metalloenzymes was also examined by 

performing inhibition assays against a host of other metalloenzymes (Table 2-4).  

These off-target metalloenzymes were selected because they possess a diverse 

set of structures and functions, utilize a metal ion in a catalytic role, are clinically 

relevant targets, and have readily available assays.  The metalloenzymes 

examined included the Zn-dependent JAMM domain enzyme Csn5, two histone 

deaceylases (HDAC1, HDAC6), a matrix metalloproteinase (MMP-2), carbonic 

anhydrase (hCAII), and a non-heme, Fe-dependent lipoxygenase (5-LO).  In 

addition, to assess the effects of these compounds in a cellular model, a human 

colon carcinoma cell line (HCT 116) was utilized to measure the anti-proliferative 

activity of the fragments. 

 

Table 2-4.  Enzyme inhibition data for 8-TQ and derivatives of this MBP hit.  Data 
listed includes inhibitory values against off-target metalloenzymes and 
cytotoxicity against the HCT 116 cell line.  All IC50 values listed are in μM. 

Cmpd Structure Rpn11 Csn5 HDAC1 HDAC6 MMP2 5-LO hCAII HCT116 
8-TQ H 2.8±0.36 10.3±2.3 >200 >200 >200 >200 >200 1.6±0.7 

28 2-Me >100 >100 N.D N.D >200 N.D N.D >50 
29 3-Me 1.6±0.6 7.1±1.6 >50 >200 >200 >200 >40 2.6±0.5 
30 4-Me 5.7±2.0 25.1±6.1 >200 >200 >200 >200 >200 >10 
31 5-Me 2.5±1.3 2.9±1.1 >200 >200 >200 >200 >200 3.4±1.1 
32 6-Me 0.9±0.3 1.6±0.6 >50 >50 >200 >200 >100 2.1±1.2 
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The results from these experiments are summarized in Table 2-4.  The 

data demonstrate that the 8-TQ scaffold was highly specific for the JAMM 

metalloproteins (Rpn11 and Csn5) over other metalloenzymes.  Some 

discrimination between Rpn11 and Csn5 was observed, even with the relatively 

simple methyl substitutions, which suggests that specificity could be developed 

using this scaffold.  Inhibition data also suggests that the Rpn11 active site was 

quite plastic and tolerated substitution at multiple positions on the 8-TQ ring.  

Compound 28 did not inhibit the JAMM domain proteins, which correlates with 

loss of cytotoxicity toward the HCT 116 cell line (Table 2-4).  Introduction of even 

a small methyl group resulted in complete loss of activity, which suggests that 

functionalization at the 2-position is not tolerated. 

 

2.3 Conclusions 

In order to discover a fragment that inhibits Rpn11, a FBDD approach 

using a 96- and 240-component library of MBPs led to the identification of the 

highly active 8-TQ fragment.  Upon identifying fragment hits 8-TQ and 2-4, 

analogs of these fragments were synthesized and evaluated.  Ultimately, 8-TQ 

was chosen as the lead fragment due to its high ligand efficiency, potency in an 

enzyme and cellular assay, and synthetic accessibility.  8-TQ derivatives were 

prepared to evaluate the hypothesis that metal binding was the source of 8-TQ 

activity.  Indeed, the SAR obtained from compounds 21-26 (Table 2-3) indicated 
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that bidentate metal binding was probable for the observed inhibitory activity by 

8-TQ.  Only derivative 27, which possesses the same N,S donor atom set 

maintains some activity against Rpn11.  In addition, the bioinorganic model 

complex [(TpPh,Me)Zn(8-TQ)] clearly supports the ability of 8-TQ to form a ternary 

complex with a Zn2+ ion bound in a protein-like coordination environment 

(TpPh,Me) (Figure 2-4).  All of these results point to metal coordination as the 

mechanism of action for 8-TQ against Rpn11.  From the results obtained from 

this initial discovery campaign, full-length inhibitors derived from 8-TQ were 

prepared and are discussed in Chapter 3. 
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2.4 Experimental 

All reagents and solvents were obtained from commercial sources and used 

without further purification. Microwave reactions were performed in 10 mL or 35 

mL microwave vials using a CEM Discover S reactor.  Column chromatography 

was performed using a Teledyne ISCO CombiFlash Rf system with prepacked 

silica cartridges or High Performance Gold C18 columns.  1H/13C NMR spectra 

were recorded at ambient temperature on a 400 or 500 Varian FT-NMR 

instrument located in the Department of Chemistry and Biochemistry at the U.C. 

San Diego.  Mass spectra were obtained at the Molecular Mass Spectrometry 

Facility (MMSF) in the Department of Chemistry and Biochemistry at the 

University of California, San Diego.  Further details on synthesis may be found in 

the Supporting Information.  The purity of all compounds used in assays was 

determined to be >95% pure by 1H NMR spectroscopy and confirmed by high-

resolution mass spectrometry (HRMS) and liquid chromatography-mass 

spectrometry (LC-MS) analysis using an Agilent 6230 Accurate-Mass LC-TOFMS 

at the MMSF (U.C. San Diego).  

 

3-Hydroxy-2-methyl-4H-pyran-4-thione (Thiomaltol, 5). Method was adapted 

from previously reported procedure.27 To a solution of 3-hydroxy-2-methyl-4H-

pyran-4-one (Maltol, 5 g, 39.8 mmol) in toluene (250 mL) was added P4S10 (3.2 g, 

7.2 mmol) and hexamethyldisiloxane (HMDSO, 10.8 g, 66.2 mmol) and heated to 



 

 54 

110°C for 8 h under nitrogen with the flask covered in aluminum to prevent light 

from reaching the solution. This was concentrated and yielded a yellow 

solid/sludge crude product. The crude was recrystallized from hexanes and hot 

vacuum filtered to remove solid waste. A yellow precipitate was observed in the 

filtrate solution. Precipitate was isolated via filtration to afford 7. Yield = 3.05 g 

(54%). 1H NMR (400 MHz, CDCl3): δ = 7.78 (br, 1H), 7.61 (d, J = 6.8 Hz, 1H), 

7.34 (d, J = 6.8 Hz, 1H), 2.46 (s, 3H). 

 

General Procedure for compounds 2 and 6-8.  To a solution of 3-hydroxy-2-

methyl-4H-pyran-4-thione (0.2 g, 1.4 mmol) in of H2O:EtOH (2 mL, 1:1) was 

added AcOH (0.25 g, 4.22 mmol) and amine (4.22 mmol) in a 10 mL reaction 

vessel.  This was reacted by irradiating in the microwave at 165 °C, 250 psi (max 

pressure), and 300 W (max power) for 60 min.  The resulting solution was then 

concentrated and purified via silica gel chromatography eluting Hexanes/0-100% 

EtOAc. 

 

3-Hydroxy-1,2-dimethylpyridine-4(1H)-thione (2).  Yield = 0.13 g (56%).  1H 

NMR (400 MHz, CDCl3)  δ 8.68 (br, 1H), 7.36 (d, J = 6.8 Hz, 1H), 7.09 (d, J = 6.8 

Hz, 1H), 3.76 (s, 3H), 2.45 (s, 3H). 
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3-Hydroxy-2-methyl-1-(thiophen-2-ylmethyl)pyridine-4(1H)-thione (6).  Yield 

= 0.13 g (57%).  1H NMR (400 MHz, CDCl3)  δ 8.75 (br, 1H), 7.51 (d, J = 6.8 Hz, 

1H), 7.35 (dd, J = 6.4, 5.2 Hz, 1H), 7.22 (d, J = 6.8 Hz, 1H), 7.02-6.92 (m, 2H), 

5.32 (s, 2H), 2.52 (s, 3H). ESI-MS(+):  m/z 238.01 [M+H]+.  

 

1-Benzyl-3-hydroxy-2-methylpyridine-4(1H)-thione (7).  Yield = 0.10 g (49%).  

1H NMR (400 MHz, CDCl3)  δ 8.77 (br, 1H), 7.53 (d, J = 6.7 Hz, 1H), 7.41-7.35 

(m, 3H), 7.21 (d, J = 6.7 Hz, 1H), 7.04 (d, J = 6.3 Hz, 2H), 5.21 (s, 2H), 2.39 (s, 

3H). ESI-MS(+):  m/z 232.14 [M+H]+.  

 

3-hydroxy-2-methyl-1-phenethylpyridine-4(1H)-thione. (8)  Yield = 0.13 g 

(65%).  1H NMR (400 MHz, CDCl3)  δ 7.24-7.22 (m, 4H), 7.01 (d, J = 7.2 Hz, 2H), 

6.85 (d, J = 6.4 Hz, 1H), 4.21  (t, J = 6.8, 2H), 3.02 (t, J = 6.8 Hz, 2H), 2.34 (s, 

3H). ESI-MS(+):  m/z 246.15 [M+H]+.  

 

2-Hydroxy-5-methyl-N-(thiophen-2-ylmethyl)benzamide (13).  Yield = 0.22 g  

(69%).  1H NMR (400 MHz, CDCl3)  δ 11.96 (s, 1H), 7.28-7.25 (m, 1H), 7.22 (d, J 

= 8.0 Hz, 1H), 7.11-6.98 (m, 3H), 6.91 (d, J = 8.0 Hz, 1H), 6.56 (br, 1H), 4.81 (d, 

J = 5.6 Hz, 1H), 2.26 (s, 3H). ESI-MS(+):  m/z 248.14 [M+H]+.  
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N-Benzyl-2-hydroxy-5-methylbenzamide (14). Yield = 0.13 g  (41%).  1H NMR 

(400 MHz, CDCl3)  δ 12.08 (s, 1H), 7.39-7.32 (m, 5H), 7.22 (d, J = 8.0 Hz, 1H), 

7.12 (s, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.56 (br, 1H), 4.64 (d, J = 5.6 Hz, 1H), 2.26 

(s, 3H). ESI-MS(+):  m/z 242.11 [M+H]+. 

 

2-Hydroxy-5-methyl-N-phenethylbenzamide (15). Yield = 0.19 g  (57%).  1H 

NMR (400 MHz, CDCl3)  δ 12.17 (s, 1H), 7.36-7.22 (m, 5H), 7.19 (d, J = 8.0 Hz, 

1H), 7.03 (s, 1H), 6.89 (d, J = 8.0 Hz, 1H), 6.50 (br, 1H), 3.71 (dd, J1 = 13.6 Hz, 

J2 = 6.8 Hz, 2H), 2.95 (t, J = 6.8 Hz, 2H), 2.24 (s, 3H). ESI-MS(+):  m/z 256.23 

[M+H]+. 

 

Dimethyl Pyridine-2,6-dicarboxylate. Dipicolinic acid (1 g, 5.98 mmol) was 

dissolved in MeOH (1 L), and concentrated H2SO4 (0.5 mL) was added dropwise 

to the solution. The reaction mixture was heated to reflux for 24 h and monitored 

via TLC. Once the reaction was completed by TLC, the solvent was removed by 

evaporation in vacuo to afford product as a white crystalline solid. Yield = 1.16 g 

(100%). 1H NMR (400 MHz, DMSO-d6): δ 8.26−8.13 (m, 3H), 3.90 (s, 6H). ESI-

MS(+): m/z 196.09 [M+H]+. 
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6-(Methoxycarbonyl)picolinic Acid. Dimethyl pyridine-2,6- dicarboxylate (1.9 g, 

9.92 mmol) was dissolved in MeOH (75 mL) and cooled to 0 °C via ice bath. 

Potassium hydroxide pellets (557 mg, 9.92 mmol) were added to the solution 

portionwise and stirred at 0 °C for an additional 4 h. Once the reaction was 

complete by TLC, the MeOH was removed by evaporation in vacuo. The white 

salt was washed with copious amounts of EtOAc to remove any remaining 

starting material. The salt was then dissolved in water (25 mL), and solution was 

acidified with 4 M HCl to pH 2. The aqueous solution was extracted with 

chloroform (25 mL × 3), and the combined organic layers were dried over 

MgSO4. MgSO4 was removed by vacuum filtration and the organic layer was 

evaporated under vacuum to afford the product as a white powder. Yield = 1.45 g  

(81%). 1H NMR (400 MHz, DMSO-d6): δ 8.23−8.14 (m, 3H), 3.90 (s, 3H). ESI-MS 

(−): m/z 180.09 [M−H]−. 

 

General Procedure for Compounds 17 and 19. 6- (Methoxycarbonyl) picolinic 

acid (200 mg, 1.10 mmol), 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide 

(EDC, 1.1 equiv), and hydroxybenzotriazole (HOBT, 1.1 equiv) were dissolved in 

dry DMF (10 mL), and the reaction mixture was stirred at room temperature for 

30 min. The corresponding amine (1.1 equiv) was then added to the reaction 

mixture and allowed to react at room temperature overnight. DMF was 

evaporated under vacuum, and the reaction was taken up in EtOAc (10 mL) and 

extracted with copious amounts of saturated NaHCO3 (10 mL × 3). The organic 
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layer was evaporated under vacuum and purified by EtOAc and hexane column 

chromatography. Hydrolysis was then performed by stirring the product in a 

solution of 1 M NaOH (4 mL) and THF (1 mL) at room temperature. Once the 

hydrolysis was complete by TLC, the solution was acidified with 4 M HCl to pH 4 

and the precipitate was collected via vacuum filtration. 

 

6-((Thiophen-2-ylmethyl)carbamoyl)picolinic Acid (17). Yield = 0.22 g (77%). 

1H NMR (400 MHz, CD3OD-d4): δ 8.34 (d, J = 7.6 Hz, 1H), 8.30 (d, J = 7.6 Hz, 

1H), 8.16 (m, 1H), 7.29 (d, J = 4.8 Hz, 1H), 7.08 (s, 1H), 6.96−6.94 (m, 1H), 4.79 

(s, 2H). ESI-MS(−): m/z 261.18 [M − H]−. 

 

6-(Benzylcarbamoyl)picolinic Acid (19). Yield = 0.19 g (87%). 1H NMR (400 

MHz, CD3OD-d4): δ 8.34 (d, J = 7.2 Hz, 1H), 8.30 (d, J = 7.2 Hz, 1H), 8.15 (m, 

1H), 7.38−7.23 (m, 5H), 4.63 (s, 2H). ESI-MS(−): m/z 255.23 [M−H]−.  

 

8-(Methylthio)quinoline (25). To a solution of 8-thioquinoline (0.07 g, 0.35 

mmol) in a mixture of EtOH, H2O, and 2M NaOH (4 mL, 2:1:1 ratio) was added 

CH3I (120 mL, 1.8 mmol). The solution was stirred at room temperature for 24 h 

and then evaporated to dryness. The reaction mixture was then dissolved in 

CH2Cl2 and washed with H2O (3×50mL). The combined organic layers were dried 

and concentrated in vacuo. The crude was purified via silica gel column 
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chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.006 

g (10%). 1H NMR (500 MHz, CDCl3): δ 8.95 (dd, J = 4.2, 1.8 Hz, 1H), 8.14 (dd, J 

= 8.3, 1.7 Hz, 1H), 7.57 (dd, J = 8.2, 1.3 Hz, 1H), 7.50 (dd, J = 8.1, 7.3 Hz, 1H), 

7.45 (dd, J = 8.2, 4.2 Hz, 1H), 7.41 (dd, J = 7.4, 1.3 Hz, 1H), 2.59 (s, 3H). ESI-

MS (+): m/z 176.11 [M+H]+. 

 

5-Chloroquinoline. A solution of 5-Hydroxyquinoline (0.1 g, 0.68 mmol) in POCl3 

(5 mL) was stirred at 100 °C for 2 h. H2O was added slowly to the reaction 

mixture to neutralize POCl3 and the resulting solution was evaporated to dryness. 

To the resulting crude was added MeOH, which caused the formation of a white 

precipitate. The solid was isolated by filtration to afford product. Yield = 0.08 g 

(71%). 1H NMR (400 MHz, DMSO-d6): δ 8.93 – 8.89 (m, 1H), 8.47 (t, J = 6.8 Hz, 

1H), 7.78 (d, J = 5.5 Hz, 1H), 7.74 – 7.67 (m, 1H), 7.60 – 7.54 (m, 1H), 7.46 (d, J 

= 6.6 Hz, 1H). ESI-MS (+): m/z 164.05 [M+H]+. 

 

5-(tert-Butylthio)quinolone. To a solution of 5-Chloroquinoline  (0.07 g, 0.43 

mmol) in DMF (7 mL) was added NaH (0.035 g, 1.45 mmol) and t-BuSH (0.97 

mL, 0.86 mmol) under nitrogen atmosphere. The reaction was stirred at 140 °C 

for 18 h. The resulting solution was then concentrated in vacuo and the crude 

material was purified by via silica gel column chromatography eluting a gradient 
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of 0 to 100% EtOAc in Hexanes. Yield = 0.04 g (43%). 1H NMR (400 MHz, 

CD3OD): δ 8.89 (dd, J = 4.3, 1.8 Hz, 1H), 8.58 – 8.53 (m, 1H), 7.68 (d, J = 8.4 

Hz, 1H), 7.55 – 7.46 (m, 1H), 7.38 (dd, J = 8.4, 4.3 Hz, 1H), 6.85 (d, J = 7.7 Hz, 

1H), 1.53 (s, 9H). ESI-MS (+): m/z 218.15 [M+H]+. 

 

Quinoline-5-thiol (26). A solution of 5-(tert-Butylthio)quinolone (0.04 g, 0.17 

mmol) in conc. HCl (11 mL) was stirred at 90 °C for 19 h. The resulting solution 

was neutralized to pH 9-10 with NaOH and extracted twice with CHCl3 (3×10mL). 

The combined organic layers were dried and the solution was concentrated in 

vacuo. The crude material was then recrystallized from EtOAc. Yield = 0.01 g 

(48%). 1H NMR (500 MHz, CDCl3): δ 8.95 – 8.90 (m, 1H), 8.66 – 8.56 (m, 1H), 

7.75 – 7.70 (m, 1H), 7.60 – 7.50 (m, 1H), 7.45 – 7.36 (m, 1H), 6.93 – 6.85 (m, 

1H). ESI-MS (+): m/z 162.10 [M+H]+. 

 

2,2-Dimethyl-5-((pyridin-3-ylamino)methylene)-1,3-dioxane-4,6-dione. To a 

preheated (~100 oC) mixture of 3-Aminopyridine (0.37 g, 4.0 mmol) and 2,2-

Dimethyl-[1,3]dioxane-4,6-dione (Meldrum’s acid, 0.69 g, 4.8 mmol) was added 

Triethyl Orthoformate (4.0 mL, 24.0 mmol). The solution was stirred at 100 °C for 

2 h. The reaction proceeded by changing color from yellow to wine red 

accompanying the formation of a yellow precipitate. After cooling to room 
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temperature, the excess liquid of Triethyl Orthoformate was removed via vacuum 

distillation. The resulting solid was purified via silica gel chromatography eluting a 

gradient of 70 to 100% EtOAc in Hexanes. Yield = 0.72 g (72%). 1H NMR (400 

MHz, CDCl3): δ 11.25 (d, J = 10.4 Hz, 1H), 8.63 (d, J = 14.00 Hz, 1H), 8.61 (d, J 

= 3.2 Hz, 1H), 8.55 (dd, J = 4.8 Hz, J = 1.6 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.41 

(dd, J = 8.20, 4.2 Hz, 1H), 1.77 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 165.2, 

163.0, 152.9, 147.6, 140.6, 134.6, 124.9, 124.1, 105.2, 88.5, 26.9. ESI-MS (+): 

m/z 248.90 [M+H]+. 

 

1,5-Naphthyridin-4-ol. To a flask containing 2,2-Dimethyl-5-((pyridin-3-

ylamino)methylene)-1,3-dioxane-4,6-dione  (2.6 g, 10.4 mmol) under nitrogen 

atmosphere was added Dowtherm A (150 mL) and placed in a pre-heated oil 

bath at 250 °C. The reaction mixture was stirred at reflux for 1 h. A color change 

from orange yellow to dark brown was observed. The resulting solution was 

cooled to room temperature and filtered to isolate solid product. The solid was 

rinsed with Diphenyl Ether and Acetone to give the desired product as a dark 

solid. Yield = 1.14 g (75%). 1H NMR (400 MHz, CD3OD + one drop TFA): δ 9.07 

(d, J = 4.8 Hz, 1H), 8.72 (d, J = 8.8 Hz, 1H), 8.61 (d, J = 7.2 Hz, 1H), 8.22 (dd, J 

= 8.8 Hz, J = 4.8 Hz, 1H), 7.07 (d, J = 7.2 Hz, 1H). 13C NMR (125 MHz, CD3OD + 

one drop TFA): δ 172.3, 147.5, 145.5, 138.6, 134.8, 134.4, 130.1, 112.2. ESI-MS 

(+): m/z 147.29 [M+H]+. 
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4-Chloro-1,5-naphthyridine. To a solution of 1,5-Naphthyridin-4-ol  (0.8 g, 5.47 

mmol) in Toluene (20 mL) was added POCl3 (1.02 mL, 10.95 mmol) at room 

temperature. The solution was stirred at 110 °C for 2 h, then allowed to cool to 

room temperature, resulting in the formation of a precipitate. The solution and 

dark solid was quenched with sat. NaHCO3 and extracted with EtOAc. The 

combined organic layers were dried over anhydrous Na2SO4, filtered and 

concentrated under reduced pressure. The residue was purified via silica gel 

chromatography eluting a gradient of 20 to 40% EtOAc in CH2Cl2. Yield = 0.37 g 

(41%). 1H NMR (400 MHz, CDCl3): δ 8.92 (dd, J = 4.4, 1.2 Hz, 1H), 8.69 (d, J = 

4.8 Hz, 1H), 8.26 (dd, J = 8.8, 1.6 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.56 (dd, J = 

8.4, 4.0 Hz, 1H). ESI-MS (+): m/z 165.28 [M+H]+. 

 

4-((4-Methoxybenzyl)thio)-1,5-naphthyridine. To a solution of 4-Chloro-1,5-

naphthyridine  (0.9 g, 5.47 mmol) in DMF (30 mL) was added (4-Methoxy 

phenyl)methanethiol (p-MBSH, 1.1 mL, 8.20 mmol) at room temperature. The 

solution was stirred for 2 h, then quenched with MeOH and concentrated in 

vacuo. The resulting residue was diluted with H2O and neutralized with 1N HCl to 

pH ~ 8. The aqueous solution was extracted with EtOAc. The combined organic 

layers were dried over anhydrous Na2SO4, filtered and concentrated under 

reduced pressure. The crude material was purified via silica gel chromatography 
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eluting a gradient of 25 to 70% EtOAc in Hexanes. Yield = 1.07 g (70%). 1H NMR 

(400 MHz, CDCl3): δ 8.90 (dd, J = 4.4, 1.6 Hz, 1H), 8.69 (d, J = 4.8 Hz, 1H), 8.33 

(dd, J = 8.4, 1.6 Hz, 1H), 7.63 (dd, J = 8.4, 4.8 Hz, 1H), 7.39 (d, J = 9.2 Hz, 2H), 

7.35 (d, J = 4.8 Hz, 1H), 6.86 (dd, J = 8.8 Hz, 2H), 4.24 (s, 2H), 3.77 (s, 3H). 13C 

NMR (125 MHz, CDCl3): δ 159.2, 151.4, 150.1, 149.5, 142.6, 141.7, 137.7, 

130.1, 130.1, 126.9, 125.0, 118.1, 114.3, 55.4, 34.8. ESI-MS (+): m/z 283.05 

[M+H]+. 

 

1,5-Naphthyridine-4-thiol (27). To a solution of 4-((4-Methoxybenzyl)thio)-1,5-

naphthyridine (0.7 g, 2.48 mmol) in TFA (20 mL) was added m-Cresol (1.3 mL, 

12.41 mmol) at room temperature. The solution was then stirred at reflux for 16 h 

and then allowed to cool. The resulting reaction mixture was concentrated and 

diluted with the EtOAc. The solution was neutralized with sat. NaHCO3, which 

resulted in the formation of an orange red precipitate. The precipitate was 

collected via vacuum filtration and washed with H2O and Acetone to yield the 

desired product. Yield = 0.38 g, (94%). 1H NMR (400 MHz, CDCl3): δ 8.70-8.63 

(m, 1H), 8.03 (dd, J = 7.8, 2.2 Hz, 1H), 7.95 (d, J = 4.8 Hz, 1H), 7.46 (dd, J = 8.2, 

4.2 Hz, 1H), 7.41 (d, J = 5.2 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 174.2, 148.4, 

147.2, 146.7, 143.4, 137.42, 128.2, 122.8. ESI-MS (+): m/z 163.19 [M+H]+. 

 



 

 64 

8-Fluoro-2-methylquinoline. To a solution of 2-Fluoroaniline (1 g, 9 mmol) in 

Toluene (40 mL) was added 6M HCl (12 mL) and Crotonaldehyde (1.47 mL, 1.8 

mmol). The heterogeneous mixture was stirred at 110 °C for 2 h. The aqueous 

layer was separated, neutralized to pH 9, and extracted with EtOAc (3×50mL). 

The combined organic layers were dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure. The crude material was purified via silica 

gel column chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. 

Yield = 0.71 g (49%). 1H NMR (400 MHz, DMSO-d6): δ 8.29 (d, J = 9.5 Hz, 1H), 

7.71 (d, J = 7.0 Hz, 1H), 7.56 – 7.40 (m, 3H), 2.66 (s, 3H). ESI-MS (+): m/z 162.2 

[M+H]+. 

 

8-(tert-Butylthio)-2-methylquinoline. To a solution of 8-Fluoro-2-methyl 

quinoline (0.195 g, 1.21 mmol) in DMF (20 mL) was added NaH (0.097 g, 4.04 

mmol) and t-BuSH (0.272 mL, 2.42 mmol) under nitrogen atmosphere. The 

solution was stirred at 140 °C for 18 h. The reaction mixture was evaporated to 

dryness and the crude material was purified via silica gel column chromatography 

eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.22 g (77%). 1H NMR 

(400 MHz, CDCl3): δ 8.74 (d, J = 8.3 Hz, 1H), 8.27 (dd, J = 7.2, 1.3 Hz, 1H), 8.17 

– 8.04 (m, 1H), 7.81 (t, J = 7.8 Hz, 1H), 7.75 (d, J = 8.4 Hz, 1H), 3.59 (s, 3H), 

1.43 (s, 9H). ESI-MS(+): m/z 231.91 [M+H]+. 
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2-Methylquinoline-8-thiol (28). A solution of 8-(tert-Butylthio)-2-methylquinoline  

(0.04 g, 0.17 mmol) in conc. HCl (11 mL) was stirred at 90 °C for 19 h. The 

solution was neutralized to pH 9-10 and extracted EtOAc (3×10mL). The 

combined organic layers were dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure. The crude material was recrystallized from 

EtOH. Yield = 0.02 g (66%). 1H NMR (500 MHz, CDCl3): δ 8.07 (d, J = 8.4 Hz, 

1H), 7.85 (d, J = 7.5 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.41 – 7.30 (m, 2H), 2.85 

(s, 3H). APCI-MS(-): m/z 174.10 [M-H]-. 

 

8-Fluoro-3-methylquinoline. To a solution of 2-Fluoroaniline (1.0 g, 9 mmol) in 

Toluene (40 mL) was added 6M HCl (12 mL) and Methacrolein (1.5 mL, 1.8 

mmol). The heterogeneous mixture was stirred at 110 °C for 2.5 h. The aqueous 

layer was separated, neutralized to pH 9 and extracted with EtOAc (3×50mL). 

The combined organic layers were dried over anhydrous MgSO4, filtered, and 

concentrated under reduced pressure. The crude material was purified via silica 

gel column chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. 

Yield = 0.65 g (45%). 1H NMR (500 MHz, CDCl3): δ 8.53 (d, J = 2.3 Hz, 1H), 7.56 

(s, 1H), 7.22 – 7.17 (m, 1H), 7.17 – 7.10 (m, 1H), 7.08 – 6.98 (m, 1H), 2.22 – 

2.21 (s, 3H). ESI-MS(+): m/z 162.19 [M+H]+. 
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8-(tert-Butylthio)-3-methylquinoline. To a solution of 8-Fluoro-3-

methylquinoline (0.5 g, 3.1 mmol) in DMF (50 mL) was added NaH (0.25 g, 10.3 

mmol) and t-BuSH (0.698 mL, 6.2 mmol) under nitrogen atmosphere. The 

reaction mixture was stirred at 140 °C for 18 h. The resulting solution was 

evaporated to dryness and the crude material purified via silica gel column 

chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.56 

g (78%). 1H NMR (500 MHz, CDCl3): δ 8.90 (d, J = 2.3 Hz, 1H), 7.96 (dd, J = 7.2, 

1.5 Hz, 1H), 7.92 (d, J = 1.1 Hz, 1H), 7.74 (dd, J = 8.2, 1.5 Hz, 1H), 7.47 (dd, J = 

8.1, 7.2 Hz, 1H), 2.53 (s, 3H), 1.37 (s, 9H). ESI-MS(+): m/z 231.92 [M+H]+. 

 

3-Methylquinoline-8-thiol (29). A solution of 8-(tert-Butylthio)-3-methylquinoline  

(0.08 g, 0.35 mmol) in conc. HCl (25 mL) was stirred at 90 °C for 19 h. The 

reaction mixture was neutralized to pH 9 with NaOH and extracted with EtOAc 

(3×10mL). The combined organic layers were dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. The crude material was 

purified via silica gel column chromatography eluting a gradient of 0 to 100% 

EtOAc in Hexanes. Yield = 0.02 g (33%). 1H NMR (500 MHz, CDCl3): δ 8.73 (d, J 

= 8.4 Hz, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.47 – 7.45 (m, 

1H), 7.35 – 7.31 (m, 1H), 5.58 (s, 1H), 2.48 (s, 3H). ESI-MS(+): m/z 176.16 

[M+H]+. 
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8-Fluoro-4-methylquinoline. To a solution of 2-Fluoroaniline (1.0 g, 9 mmol) in 

Toluene (40 mL) was added 6M HCl (12 mL) and Methyl Vinyl ketone (1.5 mL, 

1.8 mmol). The heterogeneous mixture was stirred at 110 °C for 16 h. The 

aqueous layer was separated, neutralized to pH 9 with 6M NaOH and extracted 

with CH2Cl2 (3×50mL). The combined organic layers were dried over anhydrous 

MgSO4, filtered, and concentrated under reduced pressure. The crude material 

was purified via silica gel column chromatography eluting a gradient of 0 to 100% 

EtOAc in Hexanes. Yield = 0.4 g (28%). 1H NMR (500 MHz, DMSO-d6): δ 8.74 (d, 

J = 4.4 Hz, 1H), 7.83 – 7.77 (m, 1H), 7.57 – 7.46 (m, 2H), 7.39 (dd, J = 4.3, 1.0 

Hz, 1H), 2.61 (s, 3H). ESI-MS(+): m/z 162.23 [M+H]+. 

 

8-(tert-Butylthio)-4-methylquinoline. To a solution of 8-Fluoro-4-methyl 

quinoline  (0.26 g, 1.58 mmol) in DMF (25 mL) was added NaH (0.13 g, 5.29 

mmol) and t-BuSH (0.356 mL, 3.16 mmol) under nitrogen atmosphere. The 

solution was stirred at 140 °C for 18 h. The reaction mixture was evaporated to 

dryness and the crude material was purified via silica gel column chromatography 

eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.2 g (55%). 1H NMR 

(500 MHz, CDCl3): δ 8.88 (d, J = 4.3 Hz, 1H), 8.05 – 7.93 (m, 2H), 7.50 (dd, J = 

8.4, 7.2 Hz, 1H), 7.22 (dd, J = 4.3, 1.0 Hz, 1H), 2.69 (s, 3H), 1.36 (s, 9H). ESI-

MS(+): m/z 231.90 [M+H]+.  
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4-Methylquinoline-8-thiol (30). A solution of 8-(tert-Butylthio)-4-methylquinoline  

(0.08 g, 0.35 mmol) in conc. HCl (25 mL) was stirred at 90 °C for 19 h. The 

reaction mixture was neutralized to pH 9 with NaOH and extracted with EtOAc 

(3×50mL). The combined organic layers were dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. The crude material was 

purified via silica gel column chromatography eluting a gradient of 0 to 100% 

EtOAc in Hexanes. Yield = 0.02 g (30%). 1H NMR (500 MHz, CDCl3): δ 8.76 (d, J 

= 4.4 Hz, 1H), 7.76 – 7.66 (m, 2H), 7.39 (dd, J = 8.4, 7.3 Hz, 1H), 7.25 (dd, J = 

4.4, 1.0 Hz, 1H), 2.69 (s, 3H). ESI-MS(+): m/z 176.17 [M+H]+. 

 

8-Chloro-5-methylquinoline. To a solution of 2-Chloro-5-methylaniline (1 g, 

14.1 mmol) in 75% Sulfuric acid (8 mL) was added Nitrobenzene (1.44 mL, 14.1 

mmol) and Glycerol (2.06 mL, 28.2 mmol). The heterogeneous mixture was 

stirred at 150 °C for 2 h. This was allowed to cool, then H2O was added to the 

mixture and extracted with EtOAc (3×50mL). The combined organic layers were 

dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. 

The crude material was purified via silica gel column chromatography eluting a 

gradient of 0 to 100% EtOAc in Hexanes. Yield = 1.0 g (40%). 1H NMR (500 

MHz, CDCl3): δ 9.04 (dd, J = 4.2, 1.7 Hz, 1H), 8.32 (dd, J = 8.5, 1.7 Hz, 1H), 7.71 

(d, J = 7.7 Hz, 1H), 7.49 (dd, J = 8.5, 4.2 Hz, 1H), 7.28 (dd, J = 7.8, 0.9 Hz, 1H), 

2.65 (d, J = 1.0 Hz, 3H). ESI-MS(+): m/z 178.21 [M+H]+. 
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8-(tert-Butylthio)-5-methylquinoline. To a solution of 8-Chloro-5-methyl 

quinoline  (1 g, 5.62 mmol) in DMF (100 mL) was added NaH (0.45 g, 18.8 mmol) 

and t-BuSH (1.26 mL, 3.16 mmol) under nitrogen atmosphere. The reaction 

mixture was stirred at 140 °C for 18 h. The resulting solution was evaporated to 

dryness and the crude material purified via silica gel column chromatography 

eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.19 g (14%). 1H NMR 

(500 MHz, CDCl3): δ 9.05 (dd, J = 4.2, 1.7 Hz, 1H), 8.34 (dd, J = 8.5, 1.7 Hz, 1H), 

7.72 (d, J = 7.6 Hz, 1H), 7.50 (dd, J = 8.5, 4.2 Hz, 1H), 7.29 (dd, J = 7.6, 1.0 Hz, 

1H), 2.66 (d, J = 1.0 Hz, 3H), 1.34 (s, 9H). ESI-MS(+): m/z 231.91 [M+H]+.  

 

5-Methylquinoline-8-thiol (31). A solution of 8-(tert-Butylthio)-5-methylquinoline  

(0.08 g, 0.35 mmol) in conc. HCl (25 mL) was stirred at 100 °C for 19 h. The 

resulting solution was neutralized to pH 9 with NaOH and extracted with EtOAc 

(3×50mL). The combined organic layers were dried and concentrated under 

reduced pressure. The crude material was purified via silica gel column 

chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.05 

g (81%). 1H NMR (500 MHz, CDCl3): δ 8.94 (dd, J = 4.3, 1.8 Hz, 1H), 8.09 (dd, J 

= 8.3, 1.8 Hz, 1H), 7.79 (d, J = 1.8 Hz, 1H), 7.45 (dd, J = 8.3, 4.3 Hz, 1H), 7.38 

(s, 1H), 2.39 (s, 3H). ESI-MS(+): m/z 176.00 [M+H]+.  
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8-Fluoro-6-methylquinoline. To a solution of 2-Fluoro-6-methylaniline (0.5 g, 

4.0 mmol) in 75% Sulfuric acid (4 mL) was added Nitrobenzene (0.409 mL, 4.0 

mmol) and Glycerol (588 mL, 8.0 mmol). The heterogeneous mixture was stirred 

at 150 °C for 3 h, then allowed to cool to room temperature. H2O was added to 

the reaction mixture and with EtOAc (3×50mL). The combined organic layers 

were dried over anhydrous MgSO4, filtered, and concentrated under reduced 

pressure. The crude material was purified via silica gel column chromatography 

eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.17 g (27%). 1H NMR 

(500 MHz, CDCl3): δ 8.79 (dd, J = 4.2, 1.6 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.92 

(s, 1H), 7.34 (dd, J = 8.4, 4.2 Hz, 1H), 7.15 (dd, J = 11.5, 1.8 Hz, 1H), 2.43 (d, J = 

1.0 Hz, 3H). ESI-MS(+): m/z 162.19 [M+H]+.  

 

8-(tert-Butylthio)-6-methylquinoline. To a solution of 8-Fluoro-6-methyl 

quinoline (0.14 g, 0.87 mmol) in DMF (14 mL) was added NaH (0.07 g, 2.91 

mmol) and t-BuSH (0.196 mL, 1.74 mmol) under nitrogen atmosphere. The 

solution was stirred at 140 °C for 18 h. The resulting solution was evaporated to 

dryness and the crude material purified via silica gel column chromatography 

using a gradient of 0 to 100% EtOAc in Hexanes.  Yield = 0.16 g (78% yield). 1H 

NMR (500 MHz, CDCl3): δ 8.98 (dd, J = 4.2, 1.8 Hz, 1H), 8.06 (dd, J = 8.2, 1.8 

Hz, 1H), 7.89 (d, J = 2.0 Hz, 1H), 7.58 (d, J = 1.0 Hz, 1H), 7.37 (dd, J = 8.2, 4.2 

Hz, 1H), 2.54 (s, 3H), 1.37 (s, 9H). ESI-MS(+): m/z 231.91 [M+H]+.  
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6-Methylquinoline-8-thiol (32).  A solution of 8-(tert-butylthio)-6-methylquinoline  

(0.08 g, 0.35 mmol) in conc. HCl (25 mL) was stirred at 100 °C for 19 h. The 

crude material was neutralized to pH 9 with NaOH and extracted with EtOAc 

(3×50mL).  The combined organic layers were dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. The crude material was 

purified via silica gel column chromatography eluting a gradient of 0 to 100% 

EtOAc in Hexanes. Yield = 0.03 g (46%). 1H NMR (400 MHz, CDCl3): δ 8.84 (dd, 

J = 4.3, 1.6 Hz, 1H), 8.03 (dd, J = 8.2, 1.6 Hz, 1H), 7.55 (d, J = 1.8 Hz, 1H), 7.38 

(dd, J = 8.2, 4.2 Hz, 1H), 7.31 (d, J = 0.9 Hz, 1H), 5.61 (s, 1H), 2.46 (s, 3H). ESI-

MS(+): m/z 176.17 [M+H]+. 

 

Synthesis of [(TpPh,Me)Zn(8-TQ)].  [(TpPh,Me)ZnOH] was synthesized as 

previously reported.21 [(TpPh,Me)ZnOH] (0.1 g, 0.177 mmol) was dissolved in 

CH2Cl2 (15 mL) to yield a colorless solution. To this was added a solution of 

MeOH (10 mL) containing 8-mercaptoquinoline-HCl (0.035 g, 0.177 mmol) and 

Et3N (25 μL, 0.177 mmol).  The colorless solution obtained a bright yellow color. 

The reaction mixture was stirred for 20 h at room temperature under a nitrogen 

atmosphere.  The reaction mixture was then concentrated in vacuo and yielded a 

bright yellow solid.  The solid was dissolved in minimal amount of benzene (~5 

mL).  Blocks were grown out of a solution of the complex in Benzene diffused 

with Pentane.  
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Rpn11 Activity Assay.  To measure Rpn11 activity, a synthetic peptide 

substrate, termed Ub4-pepOG, was engineered.  This substrate consists of four 

linear ubiquitins connected to a short peptide sequence containing a unique 

cysteine to which is conjugated a single Oregon Green 488 fluorophore molecule.  

The peptide bond between the fourth ubiquitin and the downstream peptide is 

cleaved by 26S proteasome in vitro, which can be observed by SDS-PAGE and 

fluorescent polarization measurement.  The fluorescent peptide released upon 

cleavage of Ub4-pepOG consists of only 30 amino acids; therefore the decrease 

of polarization observed in fluorescence polarization assays arose mainly from 

deubiquitination of the peptide and could be observed even when the proteolytic 

activity of the 20S CP was inhibited.  The fluorescence polarization assay was 

performed as previously described13 at 30 ˚C in a low-volume 384 well solid black 

plate. Briefly, components were added to each well in the following sequence:  1) 

5 μL inhibitor compound in buffer containing 3% DMSO or 3% DMSO in buffer as 

a control; and 2) 5 μL of 26S proteasome (Enzo life sciences) in buffer (20 nM 

proteasome was pre-incubated with epoxomicin at room temperature for 1 hour, 

then dilute 10-fold in 1x Assay Buffer).  Substrate (5 μL, 3 nM Ub4-pepOG) in 

buffer was then added to initiate the reaction. To evaluate the effects of 

Zn(cyclen)2+ on Rpn11 activity, the assay was carried out in the same manner as 

described with the addition of 100 μM Zn(cyclen)2+ in the titration reaction. 

Fluorescence polarization was measured using a plate reader with excitation at 
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480 nm and emission at 520 nm.  To calculate the IC50 of Rpn11 inhibitors, eight 

to twelve-point titration was performed for each compound, up to a concentration 

of 100 μM.  Rpn11 activity was normalized to the DMSO control and fitted using 

a dose-response curve.  Reported IC50 value represents the average value 

obtained from at least three independent measurements, with the standard 

deviation reported as the error. 

 

CSN5 Activity Assay.  A fluorescent substrate termed SCFskp2-Nedd8OG was 

engineered to measure Csn5 activity in vitro.14  To produce this substrate, Nedd8 

containing a unique N-terminal cysteine was labeled with Oregon Green 488, and 

then conjugated to SCFSkp2 as previously described.28  This assay measures the 

decrease in fluorescence polarization due to the decrease in apparent molecular 

weight of the Oregon Green fluorophore (from the ~175 kDa substrate to ~9kDa 

Nedd8OG) as a result of Csn5-dependent cleavage of the isopeptide bond which 

links Nedd8OG to SCFSkp2.  Assays were performed in a low-volume 384 well 

solid black plate comprising equal volumes of compound, substrate (SCFskp2-

Need8OG) and enzyme (Csn5).  Fluorescence polarization was recorded using 

the same protocol as for the Rpn11 activity assay at 30 ˚C.  IC50 was calculated 

as described above.  Reported IC50 value represents the average value obtained 

from at least three independent measurements, with the standard deviation 

reported as the error. 
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HDAC1 and 6 Activity Assay.  HDAC1 and 6 were purchased from BPS 

Bioscience (BPS Bioscience catalog #50051 and 50006) and the assay was 

carried out as instructed by manufacturer. The enzyme was diluted with 25 mM 

Tris-Cl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.1 mg/mL BSA, pH 8.0 buffer 

and its activity was measured by utilizing Substrate 3 (BPS Bioscience catalog 

#50037). The assays were carried out in black, low binding NUNC 96-well plates. 

Each well contained a volume of 50 μL including buffer, HDAC (3.8 ng/well of 

HDAC-1, 50 ng/well of HDAC-6), inhibitor, and substrate (20 μM). Prior to adding 

substrate, the plate was preincubated for 5 min. Upon addition of substrate, the 

plate was incubated at 37 °C for 30 min. At this point, HDAC assay developer (50 

μL, BPS Bioscience catalog #50030) was added to each well and the plate was 

incubated for 15 min at room temperature. The fluorescence was recorded with a 

BioTek FLx 800 microplate reader. The measured fluorescence was compared 

for samples versus controls containing no inhibitor (0% inhibition).  Reported IC50 

value represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error. 

 

MMP Activity Assay.  MMP-2 and OmniMMP fluorogenic subsbtrate (P-126) 

were purchased from Enzo Life Sciences (Farmingdale, NY).  The assay was 

carried out in white NUNC 96-well plates as previously described.29  Each well 
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contained a volume of 90 μL including buffer (50 mM HEPES, 10 mM CaCl2, 

0.05% Brij-35, pH 7.5), human recombinant MMP (1.16 U of MMP-2), and the 

fragment solution. The enzyme and inhibitor were incubated for 30 min at 37 °C, 

the reaction was then initiated by the addition of 10 μL (100 μL  total volume of 

wells) of the fluorogenic OmniMMP substrate (4 μM final concentration, Mca-Pro-

Leu-Gly-Leu-Dpa-Ala-Arg-NH2-AcOH). Fluorescence measurements were 

recorded using a Bio-Tek FLx800 fluorescence plate reader every minute for 20 

min with excitation and emission wavelengths at 320 and 400 nm, respectively. 

The rate of fluorescence increase was compared for samples versus negative 

controls (no inhibitor, arbitrarily set as 100% activity).  Reported IC50 value 

represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error.  

 

5-Lipoxygenase Activity Assay.  The assay was performed according to a 

literature procedure at room temperature.30  Each well contained a volume of 80 

μL including buffer (50 mM Tris, 2 mM EDTA, 2 mM CaCl2, pH 7.5), human 

recombinant 5-LO (0.2 U, Cayman Chemicals), reporter dye (20 ,70 -

dichlorofluorescin diacetate; H2DCFDA, 10 μM, In- vitrogen), fragment solution, 

arachidonic acid (AA, 3 μM, Fischer Scientific), and adenosine triphosphate 

(ATP, 10 μM, Sigma-Aldrich). H2DCFDA and 5-LO were incubated for 5 min prior 

to the addition of the fragment solution. This was followed by a second incubation 
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for 10 min. The reaction was initiated by the addition of a substrate solution 

containing AA and ATP. The reaction was monitored using a Bio-Tek FLx800 

fluorescence plate reader. Fluorescence measurements were recorded every 

minute for 20 min with excitation and emission wavelengths at 485 and 528 nm, 

respectively. The rate of fluorescence increase was compared for samples 

versus negative controls (no inhibitor, arbitrarily set as 100% activity).  Reported 

IC50 value represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error. 

 

hCAII Activity Assay.  hCAII was expressed and purified as previously 

reported.31  Assays were carried out in 50 mM HEPES (pH 8.0). A BioTek 

Precision XS microplate sample processor was utilized. The compounds were 

incubated with protein (final concentrations of 100 nM for hCAII) for 10 min at 25 

°C. A substrate (p-nitrophenylacetate; final concentration of 500 μM) was added, 

and hCAII-catalyzed cleavage was monitored by the increase in absorbance at 

405 nm corresponding to formation of the p-nitrophenolate anion. The initial 

linear reaction rate was compared to that of wells containing no inhibitor (0% 

inhibition) and no protein (100% inhibition). The rate of non-hCAII-catalyzed 

PNPA hydrolysis in the presence of inhibitor was subtracted from each trial 

before determination of the percent inhibition.  Reported IC50 value represents 
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the average value obtained from at least three independent measurements, with 

the standard deviation reported as the error. 

 

Cytotoxicity Assay.  HCT 116 cell lines were cultured in DMEM with 10% FBS 

in white, clear-bottom tissue culture-treated 96-well plates. Cells were treated 

with different concentrations of inhibitor compounds in triplicates for 72 h at 37 ˚C 

with 5% CO2 in air.  CellTiter-Glo (Promega, Madison, WI) reagent was added to 

the 96 well plates to measure cell viability. Luminescence values were measured 

in PHERAstar microplate reader (BMG labtech, Ortenberg, Germany). Collected 

data was normalized to DMSO control and fit to a dose-response equation to 

determine IC50 values.  Reported IC50 value represents the average value 

obtained from at least three independent measurements, with the standard 

deviation reported as the error. 
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Chapter 3:  Capzimin is a potent and specific inhibitor of proteasome 
isopeptidase Rpn11 
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3.1 Introduction 

Over the past 20 years, several proteasome inhibitors have been reported 

with the vast majority of inhibitors binding to the 20S CP,1-11 and fewer reports of 

inhibitors binding to the 19S RP.12-17  Currently, there are three FDA approved 

proteasome inhibitors, all which bind preferentially to the β5 subunit of the 20S 

CP (Figure 1-2 and 1-3).  The development of novel compounds that bind to the 

19S RP may yield superior inhibitors since they in essence, alter proteasome 

activity via a different mechanism.  As discussed in Chapter 1 and 2, Rpn11 is a 

subunit found in the 19S RP of the proteasome and represents a unique target 

for proteasome inhibition.18-22  Inhibition of Rpn11 prevents hydrolysis of the 

polyubiquitin chain from the protein to be degraded, which completely blocks 

processing and cleavage of the tagged protein by all of the 20S CP catalytic 

subunits (β1, β2, and β5, Figure 2-1).  Therefore, Rpn11 inhibition may be a an 

effective mechanism for proteasome inhibition. 

In Chapter 2, two independent drug discovery approaches were described 

that identified 8-TQ as a potent fragment that demonstrated inhibition of Rpn11 

and other JAMM metalloenzymes.  Rudimentary SAR around this fragment 

demonstrated that 8-TQ analogs could be synthesized to gain affinity for Rpn11.  

In this chapter, we report the design and synthesis of a novel class of 

compounds based off the 8-TQ fragment and the development of Capzimin 

(CZM), the first potent and selective Rpn11 inhibitor to be reported.  The work 

described in this chapter demonstrates SAR of the 8-TQ scaffold yielded several 



 

 85 

compounds with IC50 values of <300 nM, with two compounds were found to be 

cytotoxic in cancer cells, one of them being CZM.  CZM was shown to be 

selective for Rpn11 over other JAMM domain containing enzymes as well as 

selective over other metalloenzymes. 

 

3.2 Results and Discussion 

3.2.1 Synthesis of an 8-TQ Sublibrary 

 Given the high affinity of 8-TQ toward JAMM domain proteins, derivatives 

were sought that could improve potency while also adding selectivity for Rpn11.  

Based on the results described in Chapter 2 (Table 2-4), compounds containing 

functional groups at the 3- and 4-positions (Figure 2-5) were primarily pursued 

due to their activity against Rpn11 and synthetic accessibility of these derivatives 

over other active compounds.  In addition, derivatives of the 2-position were 

prepared to confirm the SAR obtained with the methyl derivatives (Table 2-4).  

The initial strategy involved probing for hydrophobic and hydrophilic contacts 

near the active site, while also examining steric limitations.  The quinoline ring 

was initially appended with methyl groups on the 2-, 3-, 4-, 5-, and 6-positions of 

the ring (Scheme 2-7 and 2-8) or carboxylic acids on the 2-, 3-, and 4-positions of 

the ring (Figure 2-5 and Scheme 3-1). 

Compounds 33 and 34 were synthesized starting from commercially 

available 2- or 3- carboxyl-8-fluoroquinoline as detailed in Scheme 3-1.  

Compound 35 was obtained via a Pfitzinger ring expansion reaction of 7-
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fluoroisatin and pyruvate under basic conditions to yield the dicarboxylate 

intermediate (Scheme 3-2).  This was decarboxylated under aqueous conditions, 

which then yielded 35 over two steps (Scheme 3-2).  The corresponding methyl 

ester derivatives (36, 37, and 38) were obtained via Fisher esterification (Scheme 

3-1 and 3-2).  Lastly, the 2-, 3-, and 4-carboxylate-8-thioquinoline compounds 

were coupled to amines mainly via the assistance of carbodiimidazole (CDI) or 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxidhexafluor-

ophosphate (HATU) coupling reagents (Scheme 3-3).  Alkyl amines were 

coupled mainly through the use of CDI at room temperature; however, less 

nucleophilic amines (aromatic) were coupled using HATU with heating. 

 

 

Scheme 3-1.  Synthesis of 2- and 3-carboxyl-8-thioquinoline derivatives.  
Reagents and conditions:  (a) t-BuSH, NaH, DMF, 140 °C; (b) 12M HCl, 110 °C; 
(c) H2SO4, MeOH, reflux. 
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Scheme 3-2.  Synthesis of 4-carboxyl-8-thioquinoline.  Reagents and conditions:  
(a) Sodium Pyruvate, 5M NaOH, 110 °C; (b) H2O, 170 °C; (c) t-BuSH, NaH, DMF, 
140 °C; (d) 12M HCl, 110 °C; (e) H2SO4, MeOH, reflux. 
 

 

Scheme 3-3.  Synthesis of 3-carboxamide derivatives. Reagents and conditions:  
(a) CDI, DMF, 25 °C; (b) HATU, Et3N, DMF, 60 °C. 
 

It should be noted that all of the aforementioned compounds were isolated 

as disulfide dimers, as evidenced by mass spectrometry.  Under the Rpn11 

assay conditions, which contained 1 mM of dithiothreitol (DTT) as a reductant, 

the disulfides were reduced to the monomeric active species.  Screening of the 

aforementioned 2-position derivatives, 33, 36, 63, and 65, (Scheme 3-1, 3-3 and 

Table 3-1) demonstrated that functionalization at the 2-position was not well 
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tolerated.  All the compounds functionalized at the 2-position were consistently 

less active than 8-TQ (Table 3-1).  In addition, activity generally decreased with 

increasing functional group size at the 2-position, possibly due to a clash with the 

protein active site.  Derivatives with 3- and 4-subsitutents, including methyl, 

carboxylate and methyl ester substituents were all well tolerated, providing a 

consistent SAR. 
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Table 3-1.  Rpn11 inhibitory activity of 8-TQ derivatives functionalized at the 2-, 
3-, and 4-positions of the ring system.  All IC50 values listed are in μM. 

 

Structure Compound Position Inhibition 

 

33 2 >20 
34 3 1.1±0.1 
35 4 1.3±0.2 

 

36 2 >50 
37 3 0.9±0.1 
38 4 1.0±0.1 

 

--- 2 --- 
45 3 0.9±0.1 
62 4 2.2±0.6 

 

63 2 >100 
46 3 0.8±0.3 
64 4 1.0±0.2 

 

65 2 >100 
54 3 1.1±0.2 
--- 4 --- 

 

The activity of carboxylate derivatives with aromatic substituents was also 

consistent with the observed SAR, with substituents at the 3- and 4- being well 

tolerated.  Among these, comparing the same substituents at the 3- and 4-

positions (34-34, 37-38, 45-62, and 46-64) suggested that 3-position derivatives 

might possess marginally better activity (Table 3-1), and hence derivatives of the 

3-position became the focus of this study. 

Derivatization at the 3-position was consistently well tolerated.  In order to 

confine the scope of these initial synthetic efforts, additional exploration of 
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derivatives was restricted to the 3-position.  To accomplish this, compound 34 

was coupled to a series of amines with the assistance of CDI or HATU coupling 

reagents (Scheme 3-3).  All of the compounds prepared via Scheme 3-3 were 

also isolated as disulfide dimers.  A diverse set of amines, predominantly 

derivatives with substituted aryl groups or heterocycles with varying linker lengths 

(Table 3-2), was explored. 

In order to identify a potent yet selective Rpn11 inhibitor, all compounds 

were screened in cell-free assays against Rpn11, Csn5, and AMSH.  The activity 

of Rpn11 was measured via a fluorescence polarization assay as described in 

Chapter 2.  Active JAMM domains are found in six other human proteins:  the 

Csn5 subunit of the COP9-signalosome, the Brcc36 subunit of the BRCC and 

BRISC complexes, the closely-related AMSH and AMSH-LP proteins, MYSM1, 

and MPND.  Of these, suitable biochemical assays are available for all but 

MYSM1 and MPND.  AMSH is highly homologous to AMSH-LP, so we excluded 

this target from further consideration and focused our attention on Csn5 and 

AMSH as the major off-target concerns.41 

To measure Csn5 activity, a fluorescent substrate termed SCFSkp2-

Nedd8OG was engineered.  To produce this substrate, Nedd8 containing a 

unique N-terminal cysteine was labeled with Oregon Green 488, and then 

conjugated to SCFSkp2 as previously described.26  For AMSH the substrate 

termed DiUBK63TAMRA was purchased from commercial sources.  

DiUBK63TAMRA is labeled with a FRET pair (TAMRA/QXL) that upon cleavage by 
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AMSH produces a fluorescent signal.  The SAR obtained was used to increase 

activity against Rpn11 while discriminating against the other JAMM domain 

proteins Csn5 and AMSH.  In addition, a cell-based assay was utilized to 

measure inhibition of the proteasome in cells.  For this, a HeLa cell line that 

stably expresses UbG76V-GFP (Green Fluorescent Protein) was used, which 

serves as a fluorescent signal for proteasome activity.27  These cells were treated 

with β5 inhibitor MG132 to accumulate UbG76V-GFP.  The MG132 was then 

washed out and either DMSO or one of our compounds was added, and the 

decay of GFP fluorescence was monitored.  Under normal conditions, the 

accumulated UbG76V-GFP is rapidly degraded by proteasome.  However, if the 

proteasome function is blocked, the degradation rate of the reporter protein is 

reduced.  The IC50 values reported in Table 3-2 represent the concentration of 

test agent at which the degradation rate was reduced by half. 
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Table 3-2.  Inhibitory activity against Rpn11, Csn5, and AMSH for 3-position 
substituted 8-TQ derivatives.  Cellular levels of proteasome inhibition are also 
listed.  All IC50 values listed are in μM. 

 

Cmpd Structure Rpn11 Csn5 AMSH UbG76VGFP 
Hela Cell 

39 H 1.02±0.19 15.3±4.2 1.65±0.39 1.2±0.2 

40 Me 1.64±0.32 67.9±14.1 4.1±1.3 2.64±0.51 

41 
 

>2 >100 2.2±0.3 >0.3 

42 
 

2.62±0.42 14.8±1.1 5.0±1.0 >10 

43 
 

0.45±0.12 19.8±2.7 4.7±1.1 1.2±0.3 

44 
 

4.64±1.35 40.7±4.9 6.76±0.48 1.0±0.2 

45 
 

0.89±0.08 <0.5 0.91±0.06 1.0±0.2 

46 
 

0.8±0.1 16±6 1.3±0.3 5±1 

47 
 

0.49±0.08 23.7±6.8 7.8±2.2 2.9±0.8 
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Table 3-2.  Inhibitory activity against Rpn11, Csn5, and AMSH for 3-position 
substituted 8-TQ derivatives.  Cellular levels of proteasome inhibition are also 
listed. All IC50 values listed are in μM, continued. 

 

Cmpd Structure Rpn11 Csn5 AMSH UbG76VGFP 
Hela Cell 

48 
 

1.2±0.7 6.9±1.8 1.68±0.33 1.4±0.3 

49 
 

0.33±0.13 4.0±2.9 1.31±0.15 5.0±0.4 

50 
(CZM)  

0.39±0.04 30.2±2.8 4.46±0.54 0.57±0.09 

51 
 

3.99±0.22 >50 16.7±2.7 >10 

52 
 

3.16±0.23 >100 3.52±0.48 >10 

53 
 

0.2±0.1 7±2 0.5±0.1 >10 

54 
 

1.1±0.1 11±4 >10 >10 

55 
 

<0.2 17.8±5.9 0.85±0.08 >10 

56 
 

0.77±0.15 >100 3.46±0.68 >10 
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Table 3-2.  Inhibitory activity against Rpn11, Csn5, and AMSH for 3-position 
substituted 8-TQ derivatives.  Cellular levels of proteasome inhibition are also 
listed.  All IC50 values listed are in μM, continued. 

 

Cmpd Structure Rpn11 Csn5 AMSH UbG76VGFP 
Hela Cell 

57 
 

<0.2 0.5±0.1 0.58±0.18 >10 

58 
 

0.9±0.2 7±1 <0.2 >10 

59 

 

0.82±0.26 0.34±0.2 0.89±0.25 >10 

60 
 

6.4±1.2 >100 25.4±9.3 >10 

61 
 

>5 >30 3.5±0.6 >10 
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Compounds with substituents at the 3-position (34, 37), including 

carboxamide substituents, 45, 46, and 54, demonstrated a small increase in 

activity over 8-TQ.  With this preliminary SAR, a variety of substituents were 

explored via an amide linkage as illustrated in Table 3-2.  The introduction of 5- 

or 6-membered heterocyclic, aromatic rings, such as thiophene, thiazole, furan, 

oxazole, and pyridine (42-53) improved activity.  In addition, compounds 42-53 all 

demonstrated better solubility in aqueous solution (data not shown).  A trend was 

observed wherein the heterocycles containing a thiophene ring (46 and 49) 

demonstrated better activity than furan-based analogs (45 and 48).  Introduction 

of thiazole heterocycles demonstrated similar inhibition to thiophene containing 

compounds; however, thiazole-containing compounds (43, 47, and 50) all 

demonstrated improved selectivity for Rpn11 over Csn5 and AMSH.  The 

introduction of a phenyl (54) or funtionalized phenyl (55-59) aromatic groups also 

improved the activity of the compounds; however, solubility in aqueous solution 

was poor (data not shown).  Compounds 55 and 57 showed the best activity 

against Rpn11 (IC50 value <200 nM, Table 3-2); however, the phenyl substituted 

compounds demonstrated poor selectivity over AMSH and also failed to show 

any cell-based activity.  A pair of saturated ring derivatives was also explored (44 

and 60), but these compounds consistently demonstrated poor activity.  From this 

series of aryl substituted compounds (39-61), compound 50 showed the best 

overall characteristics and performance.  Compound 50 showed an IC50 value of 

0.39 μM in the Rpn11 biochemical assay and ~100-fold selectivity over Csn5 and 
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~10-fold selectivity over AMSH.  Compound 50 also demonstrated cytotoxicity 

towards 293T and A549 cells with an IC50 of 2.1 and 3.8 μM, respectively (Figure 

3-1). 

Evaluation of the series of compounds in Table 3-2 identified 43 and 50 as 

two promising leads.  Both compounds showed sub-micromolar IC50 values 

against Rpn11 in the biochemical assay and selectivity over Csn5 and AMSH.  

These compounds were then screened for cytotoxicity against 293T and A549 

cells (Figure 3-1).  Compound 43 had an IC50 of 6.4 μM and 5.8 μM against 293T 

and A549 cells, respectively.  Meanwhile compound 50 demonstrated slightly 

lower IC50 values than 43 against both cell lines, at 2.1 μM and 3.8 μM, 

respectively.  Ultimately, compound 50 was selected as the lead compound due 

to its better selectivity for Rpn11 over other JAMM proteins, efficacy in the cell-

based assays, and more active cytotoxic profile. As described elsewhere, it was 

proposed naming 50 as 'capzimin' (CZM), in which the affix 'cap' stands for 19S 

cap and the stem 'zimin' specifies the compound class as zinc 

metalloisopeptidase inhibitor.23  From here on, compound 50 will simply be 

referred to as CZM. 
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Figure 3-1.  Cytotoxicity assay against 293T and A549 cancer cell lines with 
compound 43 (top) and CZM  (bottom). 
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3.2.2 Synthesis and Evaluation of Control Compounds  

A small series of control compounds (analogs of CZM) were synthesized 

(Schemes 3-4 to 3-7) to re-evaluate the role of the MBP in this lead compound.  

An 8-hydroxyquinoline analog (66) was prepared in order to determine the 

importance of the softer Lewis base thiol (versus the harder Lewis base oxygen 

donor in 8-hydroxyquinoline).  Compounds 67 and 68 prevent metal coordination, 

as they are elaborated analogs of inactive MBP fragments.  Similarly, compound 

69 was prepared as an elaborated analog of the less active MBP fragment.  

Evaluation of these compounds yielded essentially no inhibition against Rpn11, 

Csn5, or AMSH (Table 3-3), recapitulating the SAR obtained with the original 

MBP fragments (Table 2-3). 

As a final experiment to demonstrate the importance of metal coordination 

in this class of inhibitors, an inhibition assay was carried out utilizing compound 

CZM in the presence of a soluble, small molecule coordination compound 

Zn(cyclen)2+ (cyclen = 1,4,7,10-tetraazacyclododecane).  In this experiment, if 

metal coordination is critical for the activity of compound CZM then Zn(cyclen)2+ 

can act as a ‘decoy’ of a Zn-metalloprotein active site, thereby titrating CZM away 

from Rpn11 and reducing the apparent activity of the inhibitor.  When inhibition of 

CZM against Rpn11 was measured in the presence of Zn(cyclen)2+ (100 μM), a 

significant loss in activity against Rpn11 was observed (IC50 = 77.4 μM vs. 0.39 

μM, Figure 3-2).  The observed IC50 value shift is attributed to the ability of 

Zn(cyclen)2+ to compete/titrate CZM away from Rpn11. 
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Figure 3-2.  Inhibition of CZM against Rpn11 in the presence and absence of 
Zn(cyclen)2+. 
 

 

Scheme 3-4.  Synthesis of an 8-hydroxyquinoline MBP based analog of lead 
compound CZM.  Reagents and conditions:  (a) 2-(Thiazol-2-yl)ethan-1-amine, 
HATU, Et3N, DMF, 25 °C.  
 

 

Scheme 3-5.  Synthesis of a methylated analog of lead compound CZM. 
Reagents and conditions:  (a) NaBH4, MeOH, 25 °C; (b) CH3I, THF, reflux. 
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Scheme 3-6.  Synthesis of a structural-isomer analog of lead compound CZM.  
Reagents and conditions:  (a) Crotonaldehyde, Toluene, 6M HCl, reflux; (b) 
SeO2, Pyridine, reflux; (c) Pd(OH)2/C, 1M NaOH, MeOH, H2, 25 °C; (d) 2-
(Thiazol-2-yl)ethan-1-amine, HATU, Et3N, DMF, 25 °C; (e) p-MBSH, NaH, DMF, 
140 °C; (f) m-Cresol, TFA, reflux.  
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Scheme 3-7.  Synthesis of a MBP analog of lead compound  CZM.  Reagents 
and conditions:  (a) Meldrum’s acid, Triethylformate, 100 °C; (b) Dowtherm A, 
250 °C; (c) POCl3, Toluene, 110 °C; (d) p-MBSH, NaH, DMF, 25 °C; (e) 2-
(Thiazol-2-yl)ethan-1-amine, pyridine, EDC, HOBT, DMF, 25 °C; (f) m-Cresol, 
TFA, reflux. 
 

Table 3-3.  Inhibitory activity against Rpn11, Csn5, and AMSH for control 
compounds.  Cellular levels of proteasome inhibition are also listed. All IC50 
values listed are in μM. 
 

Cmpd Rpn11 Csn5 AMSH UbG76VGFP 
Hela Cell 

66 >40 >100 >100 >100 
67 >40 >100 >100 >100 
68 >100 35±9 >100 >100 
69 82±14 >100 >100 >100 
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A series of CZM MBP analogs further validated the SAR and mode of 

inhibition.  Compound 66 utilizes a harder Lewis base 8-hydroxyquinoline MBP 

that displays poor activity against Rpn11.  This suggests that the soft Lewis base 

character of the 8-thioquinoline allows for better affinity for the active site Zn2+ 

ion.  Evaluation of 67 and 68 revalidate the necessity of placing the coordinating 

atoms at the 1- and 8-positions.  Finally, compound 69 uses the 1,5-

naphthyridine-4(1H)-thione fragment  instead of 8-TQ as the MBP.  Compound 

69 showed activity against Rpn11 (~77 μM), but was significantly less active 

when compared to CZM (0.39 μM).  This is consistent with the activity of the core 

scaffolds, fragments 8-TQ and 1,5-naphthyridine-4(1H)-thione (Chapter 2, 

compound 69, Table 2-3), where 8-TQ shows better activity against Rpn11 then 

1,5-naphthyridine-4(1H)-thione, again wholly consistent with metal coordination 

and formation of a CZM-Rpn11 ternary complex as the mechanism of action of 

these inhibitors. 

Lastly, in order to determine the selectivity of CZM for Rpn11 over other 

Zn2+-dependent metalloenzymes, several cross screen assays were carried out.  

CZM exhibited a 100-fold preference for inhibiting Rpn11 compared to the non-

JAMM domain Zn2+-dependent metalloenzymes HDAC6, MMP2, MMP12, and 

hCAII (Table 3-4).  However, CZM did inhibit Zn2+-dependent GLO1 with an IC50 

of 43 μM.  Overall, CZM demonstrated selectivity for Rpn11 over other JAMM 

domain enzymes (Table 3-2) as well as other metalloenzymes (Table 3-4). 
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Table 3-4. Summary of CZM IC50 on Zn2+-dependent metalloenzymes. 

 HDAC6 MMP2 MMP12 hCAII GLO1 
CZM >200 >200 >200 >200 42.8±2.2 

 

3.3 Conclusions 

Proteasome inhibitors represent an expanding area with a broad 

therapeutic potential; however, limitations with current FDA approved inhibitors 

have generated interest in developing novel compounds.  By utilizing a FBDD 

approach, a first-in-class, Rpn11-selective inhibitor with sub-micromolar IC50 

values that is cytotoxic towards cancer cell lines has been obtained.  By utilizing 

a modest library of 240 fragments we identified a fragment with low micromolar 

IC50 values for Rpn11.  The power of this approach was underscored by a 

subsequent high-throughput screen of >300,000 compounds, which yielded a 

thioester derivative of 8-TQ as the only hit that satisfied all criteria.23  As 

described in Chapter 2, a series of compounds helped establish rudimentary 

SAR, and from this an inhibitor that blocks proliferation of cancer cells was 

obtained.  The findings of the synthetic campaign described in this chapter 

prompted an extensive biological study that is described elsewhere,23 and 

demonstrated that CZM stabilizes proteasome substrates, induced an unfolded 

protein response, and blocked proliferation of cancer cells, including those 

resistant to bortezomib.  Through inhibition of Rpn11 the ubiquitin tagged to the 

protein destined for degradation cannot be removed, thereby causing the 

proteasome to become inhibited.  This represents a completely new mode of 
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action for a proteasome inhibitor and thus has potential for novel applications in 

the chemotherapy of cancer. 
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3.4 Experimental 

8-(tert-Butylthio)quinoline-2-carboxylic acid.  To a solution of 8-

Fluoroquinoline-2-carboxylic acid (0.42 g, 2.19 mmol) in DMF (40 mL) was added 

NaH (0.18 g, 7.29 mmol) and t-BuSH (0.495 mL, 4.4 mmol) under nitrogen 

atmosphere. The solution was stirred at 140 °C for 18 h. The reaction mixture 

was evaporated to dryness and the crude material was taken in H2O and 

acidified with 1M HCl until a precipitate was formed (pH 2).  The precipitate was 

filtered and dried under vacuum.  Yield = 0.45 g (78%).  1H NMR (400 MHz, 

CDCl3): δ 8.42 (dd, J = 8.5, 2.4 Hz, 1H), 8.32 (dd, J = 6.6, 3.7 Hz, 1H), 8.12 (d, J 

= 6.8 Hz, 1H), 7.94 (d, J = 7.2 Hz, 1H), 7.70 – 7.62 (m, 1H), 1.35 – 1.30 (m, 9H). 

ESI-MS(+): m/z 261.96 [M+H]+. 

 

8,8'-Disulfanediylbis(quinoline-2-carboxylic acid) (33). A solution of 8-(tert-

Butylthio)quinoline-2-carboxylic acid (0.24 g, 0.92 mmol) in conc. HCl (40 mL) 

was stirred at 110 °C for 12 h. The solution was neutralized to pH 9 and washed 

with EtOAc (3×50mL). The aqueous layer was then acidified to pH 2-3 and the 

precipitate was collected via vacuum filtration. The product was isolated as a 

disulfide dimer as evidenced by mass spectrometry. Yield = 0.15 g (80%). 1H 

NMR (400 MHz, DMSO-d6): δ 8.61 (d, J = 8.5 Hz, 1H), 8.21 (d, J = 8.6 Hz, 1H), 

7.92 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 7.3 Hz, 1H), 7.63 (t, J = 7.8 Hz, 1H). ESI-MS 

(-): m/z 407.05 [M-H] -. 
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Dimethyl 8,8'-disulfanediylbis(quinoline-2-carboxylate) (36). In a 10 mL 

microwave tube was placed 1 (0.02 g, 0.97 mmol) and MeOH (2 mL), followed by 

15 drops of conc. H2SO4. The solution was placed in a microwave reactor and 

heated to 90 °C with stirring for 24 min. The solution was evaporated to dryness 

and the crude material was taken up in CHCl3 and washed with a sat. NaHCO3 

(3×50mL). The combined organic layers were dried over anhydrous MgSO4, 

filtered, and concentrated under reduced pressure. Yield = 0.02 g (84%). 1H NMR 

(400 MHz, CDCl3): δ 8.33 (dd, J = 8.7, 1.4 Hz, 1H), 8.26 (dd, J = 8.5, 1.4 Hz, 1H), 

7.95 (d, J = 7.5 Hz, 1H), 7.68 (d, J = 8.2 Hz, 1H), 7.47 (td, J = 7.8, 1.5 Hz, 1H), 

4.10 (s, 3H). ESI-MS(+): m/z 437.16 [M+H]+. 

 

8-(tert-Butylthio)quinoline-3-carboxylic acid. To a solution of 8-

Fluoroquinoline-3-carboxylic acid (1 g, 5.2 mmol) in DMF (40 mL) was added 

NaH (0.5 g, 20.8 mmol) and t-BuSH (2.35 mL, 20.8 mmol) under nitrogen 

atmosphere. The reaction mixture was stirred at 140 °C for 18 h. The solution 

was evaporated to dryness and the crude material was taken up in H2O and 

acidified with 6M HCl until a precipitate was formed (pH 2). The precipitate was 

filtered and dried under vacuum. Yield = 1.47 g (100%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.35 (d, J = 2.0 Hz, 1H), 8.96 (d, J = 1.9 Hz, 1H), 8.20 – 8.15 (m, 

1H), 8.10 (d, J = 7.2 Hz, 1H), 7.67 (dd, J = 8.2, 7.2 Hz, 1H), 1.30 (s, 9H). ESI-

MS(+): m/z 261.97 [M+H]+. 
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8,8'-Disulfanediylbis(quinoline-3-carboxylic acid) (34). A solution of 8-(tert-

Butylthio)quinoline-3-carboxylic acid (0.6 g, 2.3 mmol) in conc. HCl (50 mL) was 

stirred at 110 °C for 12 h. The reaction mixture was neutralized to pH 9 and 

washed with EtOAc (3×50mL). The aqueous layer was then acidified to pH 2-3 

and the observed precipitate collected via vacuum filtration. The crude material 

was recrystallized from EtOH. The product was isolated as a disulfide dimer as 

evidenced by mass spectrometry. Yield = 0.18 g (38%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.38 (d, J = 1.6 Hz, 1H), 9.02 (d, J = 1.6 Hz, 1H), 8.04 (d, J = 8.0 

Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H). ESI-MS(+): m/z 409.01 

[M+H]+. 

 

Dimethyl 8,8'-disulfanediylbis(quinoline-3-carboxylate) (37). In a 10 mL 

microwave tube was placed 2 (0.020 g, 0.97 mmol) and MeOH (2 mL) followed 

by 15 drops of conc. H2SO4. The solution was placed in a microwave reactor and 

heated to 90 °C with stirring for 20 min. The solution was evaporated to dryness 

and the crude material was taken up in CHCl3 and washed with a sat. solution of 

NaHCO3 (3×50mL). The combined organic layers were dried over anhydrous 

MgSO4, filtered, and concentrated under reduced pressure. The crude material 

was recrystallized from EtOH. Yield = 0.004 g (19%). 1H NMR (400 MHz, DMSO-

d6): δ 9.41 (d, J = 2.0 Hz, 1H), 9.10 (d, J = 2.0 Hz, 1H), 8.08 (d, J = 8.1 Hz, 1H), 

7.89 (d, J = 7.5 Hz, 1H), 7.69 – 7.59 (m, 1H), 3.98 (s, 3H). ESI-MS(+): m/z 

437.11 [M+H]+. 
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8-Fluoroquinoline-4-carboxylic acid. To a solution of 7-Fluoroisatin (0.5 g, 3.03 

mmol) in H2O (10 mL) in a 35 mL microwave tube was added 5M NaOH (2.52 

mL, 15.1 mmol) and Sodium Pyruvate (0.4 g, 3.66 mmol). The mixture was 

placed in a microwave reactor and heated to 110 °C with stirring for 10 min. After 

cooling to room temperature, the suspension containing the dicarboxylic acid 

derivative was acidified to pH 2 and the dark solid was filtered off to afford 

product. A portion of the product (0.17 g) was then placed in a 10 mL microwave 

tube and H2O (2 mL) was added. The resulting suspension was placed in a 

microwave reactor and heated to 170 °C (or 280 psi) with stirring for 5 min. The 

brown solid was collected via vacuum filtration. Yield = 60% over 2 steps. 1H 

NMR (400 MHz, DMSO-d6): δ 9.07 (d, J = 4.1 Hz, 1H), 8.48 (d, J = 7.4 Hz, 1H), 

8.00 (d, J = 4.1 Hz, 1H), 7.73 – 7.62 (m, 2H). ESI-MS(+): m/z 192.27 [M+H]+. 

 

8-(tert-Butylthio)quinoline-4-carboxylic acid. To a solution of 8-

Fluoroquinoline-4-carboxylic acid (0.3 g, 1.57 mmol) in DMF (30 mL) was added 

NaH (0.15 g, 6.3 mmol) and t-BuSH (0.707 mL, 36.3 mmol) under nitrogen 

atmosphere. The mixture was stirred at 140 °C for 18 h. The solution was 

evaporated to dryness and the crude material was taken up in H2O and acidified 

with HCl until a precipitate formed (pH 2). The precipitate was collected via 

vacuum filtration and discarded. The filtrate was extracted with EtOAc (3×50mL), 

dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. 
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H2O was then added to the crude material resulting in a yellow precipitate. The 

precipitate was collected by vacuum filtration. Yield = 0.2 g (49% yield). 1H NMR 

(400 MHz, DMSO-d6): δ 9.07 (d, J = 4.1 Hz, 1H), 8.60 (d, J = 8.6 Hz, 1H), 8.05 

(d, J = 7.1 Hz, 1H), 7.90 (d, J = 4.3 Hz, 1H), 7.68 (t, J = 7.9 Hz, 1H), 1.30 (s, 9H). 

ESI-MS(+): m/z 261.93 [M+H]+. 

 

8,8'-Disulfanediylbis(quinoline-4-carboxylic acid) (35). A solution of 8-(tert-

Butylthio)quinoline-4-carboxylic acid (0.2 g, 0.76 mmol) in conc. HCl (18 mL) was 

stirred at 110 °C for 12 h. The crude material was neutralized to pH 9 and 

washed EtOAc (3×10mL). The aqueous layer was then acidified to pH 2-3 with 

HCl and the resulting precipitate was collected via vacuum filtration. The product 

was isolated as a disulfide dimer as evidenced by mass spectrometry. Yield = 

0.09 g (58% yield). 1H NMR (400 MHz, DMSO-d6): δ 9.13 (d, J = 4.5 Hz, 1H), 

8.49 (d, J = 8.5 Hz, 1H), 8.05 (d, J = 4.4 Hz, 1H), 7.78 (d, J = 7.5 Hz, 1H), 7.61 (t, 

J = 8.0 Hz, 1H). ESI-MS(-): m/z 406.96 [M-H] -. 

 

Dimethyl 8,8'-disulfanediylbis(quinoline-4-carboxylate) (38). In a 10 mL 

microwave tube was placed 3 (0.02 g, 0.97 mmol) and MeOH (2 mL), followed by 

15 drops of conc. H2SO4. The reaction mixture was placed in a microwave 

reactor and heated to 90 °C with stirring for 20 min. The solution was evaporated 

to dryness and the crude material was taken up in CHCl3 and washed with a sat. 

solution of NaHCO3 (3×50mL). The collected organic layers were dried over 
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anhydrous MgSO4, filtered, and concentrated under reduced pressure. The crude 

material was recrystallized from EtOH. Yield = 0.02 g (100% yield). 1H NMR (400 

MHz, CDCl3): δ 8.99 (dd, J = 4.2, 1.7, 0.8 Hz, 1H), 8.12 (dd, J = 8.3, 1.7, 0.8 Hz, 

1H), 7.89 (d, J = 8.8 Hz, 1H), 7.53 (dd, J = 8.3, 4.2 Hz, 1H), 7.27 (d, J = 1.8 Hz, 

1H), 4.04 (d, J = 0.8 Hz, 3H). ESI-MS(+): m/z 437.02 [M+H]+. 

 

 

8,8'-Disulfanediylbis(quinoline-3-carboxamide) (39). To a solution of 2 (0.05g, 

0.24 mmol) in DMF (5 mL) was added CDI (0.06g, 0.37 mmol) and stirred at 

room temperature for ~15 min under nitrogen atmosphere. To this was added 

NH4OH (0.305g, 2.44 mmol) and allowed to stir for 1 h. The resulting solution 

was concentrated under reduced pressure and purified via reverse-phase 

chromatography eluting a gradient of 0 to 100% Acetonitrile in H2O. Yield = 0.016 

g (32%). 1H NMR (400 MHz, DMSO-d6): δ 9.37 (d, J = 2.0 Hz, 1H), 8.91 (d, J = 

2.0 Hz, 1H), 8.38 (b, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.82 (m, 2H), 7.61 (t, J = 8.0 

Hz, 1H). HR-ESI-MS calcd for [C20H15N4O2S2]+: 407.0631; Found: 407.0637. 

 

8,8'-Disulfanediylbis(N-methylquinoline-3-carboxamide) (40). To a solution of 

2 (0.05 g, 0.24 mmol) in DMF (5 mL) was added Hydroxybenzotriazole (HOBT, 

0.06g, 0.37 mmol) and EDC (Ethyl-3-(3-dimethylaminopropyl)carbodiimide, 

0.07g, 0.37 mmol) and stirred at room temperature for ~15 min under nitrogen 

atmosphere. To this reaction mixture was added Methylamine (1M THF solution, 
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0.49 mmol) and allowed to stir for 1 h. The resulting solution was concentrated 

under reduced pressure and purified via reverse-phase chromatography eluting a 

gradient of 0 to 100% Acetonitrile in H2O. Yield = 0.018 g (34%). 1H NMR (400 

MHz, DMSO-d6): δ 9.35 (s, 1H), 8.89 (m, 2H), 7.95 (d, J = 8.0 Hz, 1H), 7.83 (d, J 

= 8.0 Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 2.84 (s, 3H). HR-ESI-MS calcd for 

[C22H19N4O2S2]+: 435.0944; Found: 435.0947. 

 

Dimethyl2,2'-((8,8'-disulfanediylbis(quinoline-8,3-diyl-3-carbonyl))bis 

(azanediyl))diacetate (41). To a solution of 2 (0.04 g, 0.17 mmol) in DMF (4 mL) 

was added HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3-oxidhexafluorophosphate, 0.08 g, 0.21 mmol), HOBT (0.03 g, 0.21 

mmol), Et3N (0.073 mL, 0.52 mmol) and Methyl 2-aminoacetate (24 mg, 0.19 

mmol) and allowed to stir at room temperature for 1 h. The resulting solution was 

concentrated under reduced pressure, then the crude material was then 

dissolved in CH2Cl2 and washed with 1M HCl solution. The product, which 

precipitated out of the organic layer, was recrystallized from MeOH. Yield = 0.005 

g (11%). 1H NMR (400 MHz, DMSO-d6): δ 9.42 (t, J = 5.9 Hz, 1H, NH), 9.37 (s, 

1H), 8.93 (s, 1H), 7.97 (d, J = 8.2 Hz, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.62 (t, J = 

7.7 Hz, 1H), 4.13 (d, J = 5.7 Hz, 2H), 3.68 (s, 3H). HR-ESI-MS calcd for 

[C26H23N4O6S2]+: 551.1054; Found: 551.1052. 
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Procedure for the amide coupling (Method A): To a solution of 2 (0.2 g, 0.98 

mmol) in DMF (10 mL) was added CDI (0.24 g, 1.46 mmol) and stirred at room 

temperature for ~15 min under nitrogen atmosphere. To this solution was added 

the corresponding amine (0.146 mmol) and the solution was stirred for an 

additional 12 h. The resulting solution was concentrated under reduced pressure, 

then purified via reverse-phase chromatography eluting a gradient of 0 to 100% 

Acetonitrile in H2O. 

 

Procedure for the amide coupling (Method B): To a solution of 2 (0.2 g, 0.98 

mmol) in DMF (10 mL) was added HATU (0.56 g, 1.46 mmol) and Et3N (0.204 

mL, 1.46 mmol) and the mixture was stirred at 60° C for ~15 min under nitrogen 

atmosphere. To this solution was added the corresponding amine (0.146 mmol) 

and the solution was stirred for an additional 12 h. The resulting solution was 

concentrated under reduced pressure, then purified via reverse-phase 

chromatography eluting a gradient of 0 to 100% Acetonitrile in H2O. 

 

8,8'-Disulfanediylbis(N-(oxazol-2-yl)quinoline-3-carboxamide)(42). Product 

afforded via Method B. Yield = 0.13 g (48%). 1H NMR (400 MHz, DMSO-d6): δ 

9.47 (s, 1H), 9.06 (d, J = 1.6 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.93 (s, 1H), 7.87 

(d, J = 8.0 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.25 (s, 1H). HR-ESI-MS calcd for 

[C26H17N6O4S2]+ : 541.0747; Found: 541.0749. 
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8,8'-Disulfanediylbis(N-(thiazol-2-yl)quinoline-3-carboxamide) (43). To a 

solution of 2 (0.2 g, 0.98 mmol) in DMF (10 mL) was added HATU (0.56 g, 1.46 

mmol) and Et3N (0.204 mL, 1.46 mmol) and the mixture was stirred at 60° C for 

~15 min under nitrogen atmosphere. To this solution was added the 

corresponding amine (0.146 mmol) and the solution was stirred for an additional 

12 h. To the resulting solution was added H2O, which resulted in the formation of 

a precipitate. The precipitate was isolated through vacuum filtration to afford 

desired product. Yield = 0.12 g (43%). 1H NMR (400 MHz, DMSO-d6): δ 9.51 (s, 

1H), 9.15 (s, 1H), 7.98 (d, J = 8.0 Hz,1H), 7.88 (d, J = 8.0 Hz, 1H), 7.64-7.59 (m, 

2H), 7.32 (d, J = 2.4 Hz, 1H). 13C NMR (100 MHz, DMSO- d6): δ 164.5, 159.6, 

149.2, 146.6, 138.2, 137.7, 135.0, 128.7, 127.8, 127.4, 127.0, 126.8, 114.7. HR-

ESI-MS calcd for [C26H16N6O2S4Na]+: 595.0110; Found: 595.0103. 

 

8,8'-Disulfanediylbis(N-((tetrahydrofuran-2-yl)methyl)quinoline-3-

carboxamide) (44). Product afforded via Method A. Yield = 0.14 g (51%). 1H 

NMR (400 MHz, DMSO-d6): δ 9.43 (d, J = 2 Hz, 1H), 8.88 (d, J = 2 Hz, 1H), 7.94-

7.90 (m, 3H), 7.60 (t, J = 8 Hz, 1H), 4.13-3.47 (m, 5H), 2.09-1.67 (m, 4H). HR-

ESI-MS calcd for [C30H31N4O4S2]+ : 575.1781; Found: 575.1780. 

 

8,8'-Disulfanediylbis(N-(furan-2-ylmethyl)quinoline-3-carboxamide) (45). 

Product afforded via Method A. Yield = 0.084 g (30%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.46 (d, J = 2.4 Hz, 1H), 8.99 (d, J = 2.4 Hz, 1H), 8.50 (br, 1H), 8.35 
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(dd, J = 7.2, 1.2 Hz, 1H), 8.28 (dd, J = 7.2, 1.2 Hz, 1H), 7.84 (t, J = 7.6 Hz, 1H), 

7.50 (dd, J = 1.6, 0.8 Hz, 1H), 6.40 (m, 2H), 4.67 (d, J = 5.6 Hz, 2H). HR-ESI-MS 

calcd for [C30H22N4O4S2Na]+: 589.0975; Found: 589.0972. 

 

8,8'-Disulfanediylbis(N-(thiophen-2-ylmethyl)quinoline-3-carboxamide) (46). 

Product afforded via Method A. Yield = 0.13 g (44%). 1H NMR (400 MHz, DMSO-

d6): δ 9.58 (t, J = 5.6 Hz, 1H), 9.37 (d, J = 2.4 Hz, 1H), 8.91 (d, J = 2.4 Hz, 1H), 

7.96 (d, J = 8 Hz, 1H), 7.84 (d, J = 8 Hz, 1H), 7.62 (t, J = 8 Hz, 1H), 7.42 (d, J = 6 

Hz, 1H), 7.09-6.97 (m, 2H), 4.73 (d, J = 5.6 Hz, 2H). HR-ESI-MS calcd for 

[C30H23N4O2S4]+: 599.0698; Found: 599.0701. 

 

8,8'-Disulfanediylbis(N-(thiazol-2-ylmethyl)quinoline-3-carboxamide) (47). 

To a solution of 2 (0.2 g, 0.98 mmol) in DMF (10 mL) was added CDI (0.24 g, 

1.46 mmol) and stirred at room temperature for ~15 min under nitrogen 

atmosphere. To this solution was added the corresponding amine (0.146 mmol) 

and the solution was stirred for an additional 12 h. To the reaction mixture was 

added H2O, which resulted in the formation of a precipitate. The precipitate was 

isolated through vacuum filtration to afford final product. Yield = 0.035 g (12%). 

1H NMR (400 MHz, DMSO-d6): δ 9.83 (t, J = 5.6 Hz, 1H), 9.40 (d, J = 2 Hz, 1H), 

8.95 (d, J = 2 Hz, 1H), 7.97 (d, J = 8 Hz, 1H), 7.86 (d, J = 8 Hz, 1H), 7.76 (d, J = 

3.2 Hz, 1H), 7.66 (d, J = 3.2 Hz, 1H), 7.63 (t, J = 8 Hz, 1H), 4.86 (d, J = 6 Hz, 

2H). HR-ESI-MS calcd for [C28H21N6O2S4]+: 601.0603; Found: 601.0600. 
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8,8'-Disulfanediylbis(N-(2-(furan-2-yl)ethyl)quinoline-3-carboxamide) (48). 

To a solution of 2 (0.2 g, 0.98 mmol) in DMF (10 mL) was added CDI (0.24 g, 

1.46 mmol) and stirred at room temperature for ~15 min under nitrogen 

atmosphere. To this solution was added the corresponding amine (0.146 mmol) 

and the solution was stirred for an additional 12 h. The reaction solution was 

concentrated and diluted with Diethyl Ether, which resulted in the formation of a 

precipitate. The precipitate was isolated through vacuum filtration and purified via 

reverse-phase chromatography eluting a gradient of 0 to 100% Acetonitrile in 

H2O. Yield = 0.065 g (22%). 1H NMR (400 MHz, DMSO-d6): δ 9.32 (d, J = 2 Hz, 

1H), 9.04 (t, J = 5.2 Hz, 1H), 8.84 (d, J = 2 Hz, 1H), 7.94 (d, J = 8 Hz, 1H), 7.83 

(d, J = 8 Hz, 1H), 7.61-7.54 (m, 2H), 6.36 (t, J = 2.8 Hz, 1H), 6.21 (d, J = 2.8 Hz, 

1H), 3.62 (q, J = 6 Hz, 2H), 2.96 (q, J = 7.2 Hz, 2H). HR-ESI-MS calcd for 

[C32H26N4O4S2Na]+: 617.1288; Found: 617.1283 

 

8,8'-Disulfanediylbis(N-(2-(thiophen-2-yl)ethyl)quinoline-3-carboxamide) 

(49). To a solution of 2 (0.2 g, 0.98 mmol) in DMF (10 mL) was added CDI (0.24 

g, 1.46 mmol) and stirred at room temperature for ~15 min under nitrogen 

atmosphere. To this solution was added the corresponding amine (0.146 mmol) 

and the solution was stirred for an additional 12 h.  To the resulting solution was 

added H2O, which resulted in the formation of a precipitate. The precipitate was 

isolated through vacuum filtration and further purified via reverse-phase 
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chromatography using a gradient of 0 to 100% Acetonitrile in H2O. Yield = 0.075 

g (24%). 1H NMR (400 MHz, DMSO-d6): δ 9.35 (s, 1H), 9.10 (t, J = 5.2 Hz, 1H), 

8.87 (s, 1H), 7.95 (d, J = 6.4 Hz, 1H), 7.84 (d, J = 6.4 Hz, 1H), 7.62 (t, J = 5.6 Hz, 

1H), 7.34-6.96 (m, 3H), 3.60 (t, J = 6 Hz, 2H), 3.14 (t, J = 6 Hz, 2H). HR-ESI-MS 

calcd for [C32H27N4O2S4]+ : 627.1011; Found: 627.1013. 

 

8,8'-Disulfanediylbis(N-(2-(thiazol-2-yl)ethyl)quinoline-3-carboxamide) (50).  

To a solution of 2 (0.2 g, 0.98 mmol) in DMF (10 mL) was added CDI (0.24 g, 

1.46 mmol) and the mixture was stirred at room temperature for ~15 min under 

nitrogen atmosphere.  To this solution was added the corresponding amine (0.15 

mmol) and the solution was stirred for an additional ~12 h.  To the resulting 

solution was added H2O, which resulted in the formation of a precipitate. The 

precipitate was isolated through vacuum to yield the final product. Yield = 0.18 g 

(57%). 1H NMR (400 MHz, DMSO-d6): δ 9.33 (s, 1H), 9.11 (t, J = 5.2 Hz, 1H), 

8.86 (s, 1H), 7.95 (d, J = 8 Hz, 1H), 7.84 (d, J = 8 Hz, 1H), 7.74 (d, J = 3.2 Hz, 

1H), 7.62-7.58 (m, 2H), 3.74 (q, 2H), 3.34 (t, 2H).  13C NMR (100 MHz, DMSO- 

d6):  δ 167.7, 163.3, 148.9, 146.3, 143.0, 136.6, 134.9, 128.6, 128.6, 127.6, 

127.5, 126.3, 120.4, 40.1, 32.9. HR-ESI-MS calcd for [C30H25N6O2S4]+: 629.0916; 

Found: 629.0913. 

 

8,8'-Disulfanediylbis(N-(pyridin-2-ylmethyl)quinoline-3-carboxamide) (51). 

Product afforded via Method B. Yield = 0.06 g (21%). 1H NMR (400 MHz, DMSO-
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d6): δ 9.52 (d, J = 2.4 Hz, 1H), 9.07 (d, J = 2.4 Hz, 1H), 8.77-8.58 (m, 2H), 8.36 

(dd, J = 7.2, 1.2 Hz, 1H), 8.32 (dd, J = 7.2, 1.2 Hz, 1H), 7.86-7.82 (m, 2H), 7.55 

(d, J = 8 Hz, 1H), 7.36 (t, J = 6 Hz, 3H), 4.82 (d, J = 6 Hz, 2H). HR-ESI-MS calcd 

for [C32H25N6O2S2]+: 589.1475; Found: 589.1478. 

 

8,8'-Disulfanediylbis(N-(pyridin-3-ylmethyl)quinoline-3-carboxamide) (52). 

Product afforded via Method B. Yield = 0.11 g (38%). 1H NMR (400 MHz, DMSO-

d6): δ 9.46 (d, J = 2.4 Hz, 1H), 8.98 (d, J = 2.4 Hz, 1H), 8.70-8.52 (m, 2H), 8.34 

(dd, J = 7.2, 1.2 Hz, 1H), 8.27 (dd, J = 7.2, 1.2 Hz, 1H), 7.92 (d, J = 7.6 Hz, 1H), 

7.83 (t, J = 7.6 Hz, 1H), 7.43 (dd, J = 7.6, 4.8 Hz, 1H), 4.73 (d, J = 5.6 Hz, 2H). 

HR-ESI-MS calcd for [C32H25N6O2S2]+: 589.1475; Found: 589.1477. 

 

8,8'-Disulfanediylbis(N-(pyridin-4-ylmethyl)quinoline-3-carboxamide) (53). 

Product afforded via Method B. Yield = 0.06 g (21%). 1H NMR (400 MHz, DMSO-

d6): δ 9.88 (t, J = 5.6 Hz, 1H), 9.46 (d, J = 2.4 Hz, 1H), 9.03 (d, J = 2.4 Hz, 1H), 

8.84-8.74 (m, 2H), 7.99 (d, J = 8 Hz, 1H), 7.92-7.91 (m, 2H), 7.87 (d, J = 8 Hz, 

1H), 7.65 (t, J = 8 Hz, 1H), 4.80 (d, J = 5.6 Hz, 2H). HR-ESI-MS calcd for 

[C32H25N6O2S2]+: 589.1475; Found: 589.1477. 

 

8,8'-Disulfanediylbis(N-benzylquinoline-3-carboxamide) (54). To a solution of 

16b (0.2 g, 0.98 mmol) in DMF (10 mL) was added HATU (0.56 g, 1.46 mmol) 

and Et3N (0.204 mL, 1.46 mmol) and the mixture was stirred at 60° C for ~15 min 
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under nitrogen atmosphere. To this solution was added the corresponding amine 

(0.146 mmol) and the solution was stirred for an additional 12 h. The reaction 

mixture was concentrated and the crude material was dissolved in CH2Cl2. The 

product, which precipitated out of the organic layer, was collected via vacuum 

filtration. Yield = 0.03 g (42%). 1H NMR (400 MHz, DMSO-d6): δ 9.49 (t, J = 5.9 

Hz, 1H,), 9.41 (d, J = 2.1 Hz, 1H), 8.95 (d, J = 2.2 Hz, 1H), 7.94 (s, 1H), 7.86-

7.81 (m, 1H), 7.61 (t, J = 7.8 Hz, 1H), 7.41-7.32 (m, 4H), 7.26 (t, J = 7.1 Hz, 1H), 

4.58 (d, J = 5.8 Hz, 2H). HR-ESI-MS calcd for [C34H27N4O2S2]+: 587.1570; Found: 

587.1571. 

 

8,8'-Disulfanediylbis(N-(4-fluorobenzyl)quinoline-3-carboxamide) (55). 

Product afforded via Method A. Yield = 0.04 g (14%). 1H NMR (400 MHz, DMSO-

d6): δ 9.48 (t, J = 5.6 Hz, 1H), 9.39 (d, J = 1.6 Hz, 1H), 8.92 (d, J = 1.6 Hz, 1H), 

7.95 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.44-

7.15 (m, 4H), 4.56 (d, J = 5.6 Hz, 2H). HR-ESI-MS calcd for [C34H25F2N4O2S2]+: 

623.1382; Found: 623.1384. 

 

8,8'-Disulfanediylbis(N-(4-(trifluoromethyl)benzyl)quinoline-3-carboxamide) 

(56). Product afforded via Method A. Yield = 0.09 g (26%). 1H NMR (400 MHz, 

DMSO-d6): δ 9.58 (t, J = 5.6 Hz, 1H), 9.40 (s, 1H), 8.94 (s, 1H), 7.96 (d, J = 8.0 

Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 8.0 Hz, 2H), 7.62-7.61 (m, 3H), 
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4.67 (d, J = 5.2 Hz, 2H). ESI-MS(+): m/z 723.25 [M+H]+. HR-ESI-MS calcd for 

[C36H24F6N4O2S2Na]+: 745.1137; Found: 745.1141 

 

8,8'-Disulfanediylbis(N-(4-methoxybenzyl)quinoline-3-carboxamide) (57). 

Product afforded via Method A. Yield = 0.15 g (47%). 1H NMR (400 MHz, DMSO-

d6): δ 9.40-9.38 (m, 2H), 8.91 (d, J = 1.6 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.83 

(d, J = 8.0 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 

8.0 Hz, 2H), 4.50 (d, J = 5.6 Hz, 2H) 3.72 (s, 3H). HR-ESI-MS calcd for 

[C36H30N4O4S2Na]+: 669.1601; Found: 669.1603. 

 

8,8'-Disulfanediylbis(N-(benzo[d][1,3]dioxol-5-ylmethyl)quinoline-3-

carboxamide) (58). Product afforded via Method A. Yield = 0.12 g (37%). 1H 

NMR (400 MHz, Acetone-d6): δ 9.38 (s, 2H), 9.01 (s, 1H), 8.27-8.26 (m, 2H), 

7.81 (d, J = 7.6 Hz, 1H), 6.95 (s, 1H), 6.87-6.85 (m, 2H), 5.98 (s, 2H), 4.46 (d, J = 

5.6 Hz, 2H). HR-ESI-MS calcd for [C36H27N4O6S2]+: 675.1372; Found: 675.1374. 

 

8,8'-Disulfanediylbis(N-(4-morpholinobenzyl)quinoline-3-carboxamide) (59). 

Product afforded via Method A. Yield = 0.18 g (50%). 1H NMR (400 MHz, DMSO-

d6): δ 9.40-9.33 (m, 2H), 8.91 (s, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 8.0 

Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.26 (d, J = 8.0 Hz, 2H), 6.93 (d, J = 8.0 Hz, 

2H), 4.47 (d, J = 5.6 Hz, 2H), 3.72 (t, J = 4.8 Hz, 4H), 3.05 (t, J = 4.8 Hz, 4H). 

HR-ESI-MS calcd for [C42H40N6O4S2 Na]+: 779.2445; Found: 779.2443. 
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8,8'-Disulfanediylbis(N-(2-morpholinoethyl)quinoline-3-carboxamide) (60). 

Product afforded via Method A. Yield = 0.07 g (24%). 1H NMR (400 MHz, 

Acetone-d6): δ 9.45 (s, 1H), 8.96 (s, 1H), 8.36 (d, J = 8 Hz, 1H), 8.30 (d, J = 8 Hz, 

1H), 7.86 (t, J = 8 Hz, 1H), 3.79-3.75 (m, 6H), 3.06(t, J = 6 Hz, 2H). HR-ESI-MS 

calcd for [C32H37N6O4S2]+: 633.2312; Found: 633.2316. 

 

Dibenzyl2,2'-((2,2'-((8,8'-disulfanediylbis(quinoline-8,3-diyl-3-

carbonyl))bis(azanediyl))bis(acetyl))bis(azanediyl))diacetate (61). To a 

solution of 2 (0.05 g, 0.24 mmol) in dry DMF (5 mL) was added HATU (0.11 g, 

0.29 mmol), HOBT (0.04 g, 0.29 mmol), Et3N (0.068 mL, 0.48 mmol) and H2N-

Gly-Gly-Bz (0.11 g, 0.26 mmol). The reaction was stirred at room temperature for 

4 h. The resulting mixture was evaporated to dryness and the crude material was 

dissolved in CH2Cl2 and washed with 1M HCl, H2O and then Brine. The product, 

which precipitated out of the organic layer, was filtered off and dried under 

vacuum. Yield = 0.07 g (69%). 1H NMR (400 MHz, DMSO-d6): δ 9.40 (d, J = 2.1 

Hz, 1H), 9.29 (t, J = 5.9 Hz, 1H), 8.94 (d, J = 2.2 Hz, 1H), 8.51 (t, J = 6.0 Hz, 1H), 

7.96 (d, J = 8.0 Hz, 1H), 7.88 – 7.82 (m, 1H), 7.62 (t, J = 7.8 Hz, 1H), 7.37 – 7.28 

(m, 5H), 5.14 (s, 2H), 4.03 (d, J = 5.9 Hz, 2H), 3.95 (d, J = 5.9 Hz, 2H). HR-ESI-

MS calcd for [C42H37N6O8S2]+: 817.2109; Found: 817.2106. 
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8,8'-Disulfanediylbis(N-(furan-2-ylmethyl)quinoline-4-carboxamide) (62). To 

a solution of 3 (0.2 g, 0.98 mmol) in DMF (10 mL) was added Carbonyldimidazole 

(CDI, 0.24 g, 1.46 mmol) and stirred at room temperature for ~15 min under 

nitrogen atmosphere. To this reaction mixture was added Furan-2-

ylmethanamine (0.146 mmol) and stirred for an additional 12 h. The resulting 

solution was concentrated under reduced pressure, then purified via silica gel 

column chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield 

= 0.15 g (54%). 1H NMR (400 MHz, DMSO-d6): δ 9.33 (t, J = 5.6 Hz, 1H), 9.08 (d, 

J = 4.4 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H), 7.69-7.61 (m, 

2H), 7.57 (t, J = 8.0 Hz, 1H), 6.43-6.36 (m, 2H), 4.55 (d, J = 5.6 Hz, 2H). ESI-

MS(+): m/z 566.17 [M+H]+. 

 

8,8'-Disulfanediylbis(N-(thiophen-2-ylmethyl)quinoline-2-carboxamide) (63). 

To a solution of 1 (0.05 g, 0.24 mmol) in dry CH2Cl2 (2 mL) was added Oxalyl 

Chloride (0.320 mL, 2.90 mmol) and 12 drops of dry DMF under nitrogen 

atmosphere. The solution was stirred at room temperature for 2 h. The solution 

was then evaporated to dryness to remove the excess of Oxalyl Chloride. The 

resulting acyl chloride solution was then added to a solution of 2-

Thiophenemethylamine (0.300 mL, 2.9 mmol) in dry CH2Cl2 (6 mL) under 

nitrogen atmosphere and stirred at room temperature for 18 h. The solution was 

then washed with 1M HCl to remove excess of amine, dried over anhydrous 

MgSO4, filtered, and concentrated under reduced pressure. The crude material 
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was purified via silica gel column chromatography eluting a gradient of 0 to 100% 

EtOAc in Hexanes. Yield = 0.06 g (79%). 1H NMR (400 MHz, CDCl3): δ 8.59 (t, J 

= 6.2 Hz, 1H, NH), 8.45 – 8.40 (m, 1H), 8.39 – 8.32 (m, 1H), 7.87 (d, J = 7.6 Hz, 

1H), 7.72 – 7.66 (m, 1H), 7.51 – 7.41 (m, 1H), 7.25 – 7.23 (m, 1H), 7.15 – 7.11 

(m, 1H), 7.03 – 6.95 (m, 1H), 4.95 (d, J = 5.8 Hz, 2H). ESI-MS(+): m/z 598.93 

[M+H]+, 621.03 [M+Na]+.  

 

8,8'-Disulfanediylbis(N-(thiophen-2-ylmethyl)quinoline-4-carboxamide) (64). 

To a solution of 3 (0.05 g, 0.24 mmol) in dry CH2Cl2 (2 mL) was added Oxalyl 

Chloride (0.640 mL, 5.76 mmol) and 15 drops of dry DMF under nitrogen 

atmosphere. The solution was stirred at room temperature for 2 h. The solution 

was evaporated to dryness to remove the excess of Oxalyl Chloride and dry 

CH2Cl2 was added to the crude material (2 mL). The resulting acyl chloride 

solution was added to a solution of 2-Thiophenemethylamine (0.600 mL, 5.76 

mmol) in dry CH2Cl2 (10 mL) under nitrogen atmosphere and stirred at room 

temperature for 2 days. The solution was then washed with 1M HCl to remove 

excess of amine, dried over anhydrous MgSO4, filtered, and concentrated under 

reduced pressure. The crude material was purified via silica gel column 

chromatography eluting a gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.03 

g (41% yield). 1H NMR (400 MHz, DMSO-d6): δ 9.47 (d, J = 5.9 Hz, 1H), 9.08 (d, 

J = 3.9 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.67 (d, J = 4.2 
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Hz, 1H), 7.59 – 7.51 (m, 1H), 7.43 (d, J = 5.1 Hz, 1H), 7.07 (d, J = 3.3 Hz, 1H), 

6.98 (s, 1H), 4.70 (d, J = 5.8 Hz, 2H). ESI-MS(+): m/z 599.05 [M+H]+. 

 

8,8'-Disulfanediylbis(N-benzylquinoline-2-carboxamide) (65). To a solution of 

1 (0.05 g, 0.24 mmol) in dry CH2Cl2 (2 mL) was added Oxalyl Chloride (0.42 mL, 

0.48 mmol) and 5 drops of dry DMF under nitrogen atmosphere. The solution 

was stirred at room temperature for 2 h. The solution was evaporated to dryness 

to remove the excess of Oxalyl Chloride. The resulting acyl chloride solution was 

then added to a solution of Benzylamine (0.319 mL, 2.9 mmol) in dry CH2Cl2 (5 

mL) under nitrogen atmosphere and the mixture was stirred at room temperature 

for 18 h. The solution was then washed with 1M HCl to remove excess of 

Benzylamine, dried over anhydrous MgSO4, filtered, and concentrated under 

reduced pressure. The crude material was purified via silica gel column eluting a 

gradient of 0 to 100% EtOAc in Hexanes. Yield = 0.05 g (74%). 1H NMR (400 

MHz, CDCl3): δ 8.60 (t, J = 6.2 Hz, 1H, NH), 8.43 (d, J = 8.5 Hz, 1H), 8.36 (d, J = 

8.6 Hz, 1H), 7.86 (dd, J = 7.5, 1.2 Hz, 1H), 7.69 (dd, J = 8.2, 1.2 Hz, 1H), 7.49 – 

7.43 (m, 3H), 7.40 – 7.34 (m, 2H), 7.30 (d, J = 7.2 Hz, 1H), 4.80 (d, J = 6.2 Hz, 

2H). ESI-MS(+): m/z 587.08 [M+H]+, 609.11 [M+Na]+.  

 

8-Hydroxy-N-(2-(thiazol-2-yl)ethyl)quinoline-3-carboxamide (66). To a 

solution of 8-Hydroxyquinoline-3-carboxylic acid (0.1 g, 0.529 mmol) in DMF (3 

mL) was added Et3N (0.088 mL, 0.634 mmol) and HATU (0.24 g, 0.634 mmol) 
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then allowed to stir at room temperature for ~15 min. To this was then added 2-

(Thiazol-2-yl)ethan-1-amine (0.08 g, 0.634 mmol) and allowed to stir for 18 h. 

The resulting solution was concentrated in vacuo and purified via silica gel 

chromatography eluting a gradient of 0-20% MeOH in CH2Cl2. Yield = 0.04 g 

(30%). 1H NMR (400 MHz, DMSO-d6): δ 9.35 (t, J = 3.6 Hz, 1H), 9.26 (s, 1H), 

9.17 (s, 1H), 7.78 (d, J = 3.2 Hz, 1H), 7.66-7.63 (m, 3H), 7.40 (t, J = 3.6 Hz, 1H), 

3.74 (q, J = 5.6 Hz, 2H), 3.36 (t, J = 6 Hz, 2H). HR-ESI-MS calcd for 

[C15H12N3O2S]-: 298.0656; Found: 298.0658. 

 

8-(Methylthio)-N-(2-(thiazol-2-yl)ethyl)quinoline-3-carboxamide (67). A 

solution of 18 (0.1 g, 0.159 mmol) in MeOH (10 mL) was cooled down to 0 °C 

and placed under nitrogen atmosphere. To this was added NaBH4 (0.06 g, 1.59 

mmol) and allowed to stir for ~ 20 min. The solution was then allowed to heat up 

to room temperature and stirred for an additional 1 h. The resulting solution was 

then concentrated in vacuo, dissolved in THF (10 mL) and then added CH3I (0.23 

g, 1.59 mmol) and allowed to stir at room temperature for 1 h. This solution was 

then refluxed for 18 h, concentrated and purified via silica gel chromatography 

eluting a gradient of 0-90% EtOAc in Hexanes. Yield = 0.23 g (22%). 1H NMR 

(400 MHz, CDCl3): δ 9.27 (s, 1H), 8.65 (s, 1H), 7.92 (br, 1H), 7.76 (d, J = 1.6 Hz, 

1H), 7.65 (d, J = 7.6 Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.46 (d, J = 7.6 Hz, 1H), 

7.27 (d, J = 1.6 Hz, 1H), 4.00 (q, J = 5.6 Hz, 2H), 3.39 (t, J = 6 Hz, 2H), 2.57 (s, 

3H). HR-ESI-MS calcd for [C16H15N3OS2Na]+: 352.0549; Found: 352.0547. 
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8-Bromo-5-fluoro-2-methylquinoline. A solution of 2-Bromo-5-fluoroaniline (10 

g, 52.6 mmol) in 6M HCl (50 mL) and Toluene (50 mL) was refluxed for ~30 min. 

To this was then added Crotonaldehyde (6.54 mL, 79 mmol) and stirred at reflux 

for 18 h. The resulting solution was partitioned in a separatory funnel and the 

organic layer was discarded. The remaining aqueous solution was made basic 

with 6M NaOH, then extracted with EtOAc. The organic layer was then isolated 

and dried with MgSO4, then filtered and purified via silica gel chromatography 

eluting a gradient 0-10% EtOAc in Hexanes to afford product as an off-white 

solid. Yield = 5.096 g (40%). 1H NMR (400 MHz, CDCl3): δ 8.31 (d, J = 8.4 Hz, 

1H), 7.94 (q, J = 5.6 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.07 (t, J = 8.8 Hz, 1H), 

2.83 (s, 3H). ESI-MS(+): m/z 242.28 [M+H]+. 

 

8-Bromo-5-fluoroquinoline-2-carboxylic acid. To a solution of 8-Bromo-5-

fluoro-2-methylquinoline (2g, 8.33 mmol) in Pyridine (30 mL) was added selenium 

dioxide (2.77 g, 24.99 mmol) and heated to reflux for 16 h. The resulting solution 

was then concentrated in vacuo. The crude was taken up in H2O and heated to 

70 °C for 30 min. The solution was hot filtered in order to remove excess SeO2 

byproduct and afford product as a light tan solid. Yield = 2.25 g (95%). 1H NMR 

(400 MHz, CDCl3): δ 8.80 (d, J = 8.4 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H), 8.25 (q, J 

= 5.2 Hz, 1H), 7.52 (t, J = 8.8 Hz, 1H). ESI-MS(-): m/z 268.12 [M-H]-. 
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5-Fluoroquinoline-2-carboxylic acid. To a solution of 8-Bromo-5-

fluoroquinoline-2-carboxylic acid (2.1 g, 7.90 mmol) in MeOH (30 mL) was 

added 1M NaOH (17.8 mL, 17.8 mmol) followed by Pd(OH)2/C (0.277 g, 0.395 

mmol,) and allowed to stir at room temperature under a hydrogen atmosphere 

(balloon) for 2.5 h. The resulting solution was filtered over celite and rinsed with 

H2O and MeOH. The filtrate was recovered and concentrated in vacuo to remove 

organic solvent. The resulting aqueous solution was then acidified with 1M HCl to 

make solution slightly acidic. The acidic solution was then extracted with EtOAc. 

The combined organic layers were dried with MgSO4 and filtered to remove 

solids. The filtrate was concentrated to afford product as a tan solid. Yield = 

0.389 g (26%). 1H NMR (400 MHz, Acetone-d6): δ 8.74 (d, J = 8.8 Hz, 1H), 8.31 

(d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.8 Hz, 1H), 7.92 (q, J = 6 Hz, 1H), 7.54 (t, J = 8 

Hz, 1H). ESI-MS(-): m/z 190.22 [M-H]-. 

 

5-Fluoro-N-(2-(thiazol-2-yl)ethyl)quinoline-2-carboxamide. To a solution of 5-

Fluoroquinoline-2-carboxylic acid (0.15 g, 0.785 mmol) in DMF (5 mL) was 

added Et3N (0.131 mL, 0.942 mmol) followed by HATU (0.358 g, 0.942 

mmol) and then 2-(Thiazol-2-yl)ethan-1-amine (0.121 g, 0.942 mmol) and 

allowed to stir at room temperature for 15 h. To the resulting solution was added 

sat. NaHCO3 (aqueous) and allowed to stir for ~10 min. This was then extracted 

with EtOAc and dried with MgSO4, filtered, then concentrated and purified via 

silica gel chromatography eluting a gradient of 0-50% EtOAc in Hexanes. Yield = 
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0.1 g (42%). 1H NMR (400 MHz, CDCl3): δ 8.73 (br, 1H), 8.59 (d, J = 8.8 Hz, 1H), 

8.36 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 7.78 (d, J = 3.2 Hz, 1H), 7.71-

7.66 (m, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.25 (d, J = 3.2 Hz, 1H), 4.02 (q, J = 6.8 

Hz, 1H), 3.43 (t, J = 6.8 Hz, 1H). ESI-MS(+): m/z 302.11 [M+H]+. 

 

5-((4-Methoxybenzyl)thio)-N-(2-(thiazol-2-yl)ethyl)quinoline-2-carboxamide. 

To a solution of 5-Fluoro-N-(2-(thiazol-2-yl)ethyl)quinoline-2-carboxamide (0.1 g, 

0.332 mmol) in DMF (5 mL) was added p-MBSH (0.195 mL, 1.327 mmol) and 

NaH (0.05 g, 1.327 mmol) then allowed to stir at 140 °C for 22 h. The resulting 

solution was concentrated in vacuo and purified via silica gel chromatography 

eluting a gradient of 0-50% EtOAc in Hexanes. Yield = 0.07 g (47%). 1H NMR 

(400 MHz, CDCl3): δ 8.73 (br, 1H), 8.59 (d, J = 8.8 Hz, 1H), 8.36 (d, J = 8.8 Hz, 

1H), 7.91 (d, J = 8.8 Hz, 1H), 7.78 (d, J = 3.2 Hz, 1H), 7.71-7.66 (m, 1H), 7.30 (d, 

J = 8.8 Hz, 1H), 7.25 (d, J = 3.2 Hz, 1H), 4.02 (q, J = 6.8 Hz, 2H), 3.43 (t, J = 6.8 

Hz, 2H). ESI-MS(+): m/z 436.13 [M+H]+. 

 

5,5'-Disulfanediylbis(N-(2-(thiazol-2-yl)ethyl)quinoline-2-carboxamide) (68). 

To a solution of 5-((4-Methoxybenzyl)thio)-N-(2-(thiazol-2-yl)ethyl)quinoline-2-

carboxamide (0.05 g, 0.115 mmol) in TFA (5 mL) was added m-Cresol (0.1 g, 

0.956 mmol) and refluxed for 22 h. The resulting solution was concentrated in 

vacuo and purified via silica gel chromatography eluting a gradient of 0-50% 

EtOAc in Hexanes. Yield = 0.004 g (12%). 1H NMR (400 MHz, DMSO-d6): δ 9.21 
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(t, J = 6 Hz, 1H), 8.66 (d, J = 8.8 Hz, 1H), 8.15 (d, J = 8 Hz, 1H), 8.10 (d, J = 8.8 

Hz, 1H), 7.82-7.76 (m, 2H), 7.73 (d, J = 3.6 Hz, 1H), 7.59 (d, J = 3.6 Hz, 1H), 

3.76 (q, J = 6.8 Hz, 2H), 3.33 (t, J = 6.8 Hz, 2H). HR-ESI-MS calcd for 

[C30H24N6O2S4Na]+: 651.0736; Found: 651.0736. 

 

Methyl-5-(((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)amino) 

nicotinate. To a preheated (~100 oC) mixture of 3-Aminopyridine (0.61 g, 4.0 

mmol) and Meldrum’s acid (0.69 g, 4.8 mmol) was added Triethyl Orthoformate 

(4.0 mL, 24.0 mmol). The mixture was stirred at 100 °C for 2 h. The reaction 

proceeded by changing color from yellow to wine red accompanying the 

formation of yellow precipitate. After cooling to room temperature, the excess 

liquid of Triethyl Orthoformate was removed via vacuum distillation. The resulting 

solid was purified via silica gel chromatography eluting a gradient of 30 to 70% 

EtOAc in CH2Cl2. Yield = 1.6 g (88%). 1H NMR (400 MHz, CDCl3): δ 11.32 (d, J = 

13.6 Hz, 1H), 9.09 (s, 1H), 8.75 (s, 1H), 8.68 (d, J = 13.6 Hz, 1H), 8.22 (s, 1H), 

3.98 (s, 3H), 1.75 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 165.6, 164.7, 163.1, 

152.8, 148.5, 144.10, 134.9, 127.2, 125.3, 105.9, 89.7, 53.1, 27.4. ESI-MS(+): 

m/z 306.97 [M+H]+. 

 

Methyl 8-hydroxy-1,5-naphthyridine-3-carboxylate. To a solution of Methyl-5-

(((2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methyl)amino) nicotinate (0.5 g, 

1.63 mmol) was added Dowtherm A (150 mL) under nitrogen atmosphere and 
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heated to 250 °C for 1 h. During the reaction, the color of the solution changed 

from orange yellow to dark brown. After cooling down to room temperature, the 

reaction solution was filtered to afford product. The solid was rinsed with 

Diphenyl Ether and Acetone. Yield = 0.15 g (45%). ESI-MS(+): m/z 205.29 

[M+H]+. 

 

Methyl 8-chloro-1,5-naphthyridine-3-carboxylate. To a solution of Methyl 8-

hydroxy-1,5-naphthyridine-3-carboxylate (0.1g, 0.49 mmol) in Toluene (10 mL) 

was added POCl3 (0.14 mL, 1.47 mmol) at room temperature. The solution was 

stirred at 110 °C for 2 h, then allowed to cool to room temperature, which caused 

formation of a precipitate. The solution and dark solid was quenched with sat. 

NaHCO3 and extracted with EtOAc. The combined organic layers were dried over 

anhydrous Na2SO4, then filtered and concentrated under reduce pressure. The 

residue was purified via silica gel chromatography eluting a gradient of 20 to 50% 

EtOAc in CH2Cl2. Yield = 0.078 g (71%). 1H NMR (400 MHz, CDCl3): δ 9.49 (t, J 

= 2.0 Hz, 1H), 8.95 (d, J = 2.0 Hz, 1H), 8.86 (d, J = 4.8 Hz, 1H), 7.77 (d, J = 4.8 

Hz, 1H), 3.99 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 165.0, 151.9, 151.2, 144.3, 

144.0, 143.0, 140.2, 127.3, 126.2, 53.1. ESI-MS(+): m/z 223.26 [M+H]+ 

 

8-((4-Methoxybenzyl)thio)-1,5-naphthyridine-3-carboxylic acid. To a solution 

of Methyl 8-chloro-1,5-naphthyridine-3-carboxylate (0.18 g, 0.81 mmol) in DMF 

(10 mL) was added p-MBSH (0.23 mL, 1.62 mmol) at room temperature. The 
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solution was stirred for 2 h, then acidified with 1N HCl to pH ~ 4, then 

concentrated under reduced pressure. The resulting residue was diluted with H2O 

and the solid was collected to give the desired product. Yield = 0.26 g (99%). 1H 

NMR (400 MHz, DMSO-d6): δ 9.30 (s, 1H), 8.84 (d, J = 3.2 Hz, 1H), 8.75 (s, 1H), 

7.75 (d, J = 3.2 Hz, 1H), 7.45 (d, J = 6.4 Hz, 2H), 6.92 (d, J = 6.4 Hz, 2H), 4.37 

(s, 2H), 3.74 (s, 3H). 13C NMR (125 MHz, DMSO-d6): δ 166.2, 159.0, 151.9, 

150.9, 149.4, 143.1, 141.4, 139.2, 130.7, 128.1, 127.9, 120.5, 114.5, 55.5, 33.8. 

ESI-MS(+): m/z 325.07 [M+H]+. 

 

8-((4-Methoxybenzyl)thio)-N-(2-(thiazol-2-yl)ethyl)-1,5-naphthyridine-3-

carboxamide. To a solution of 8-((4-Methoxybenzyl)thio)-1,5-naphthyridine-3-

carboxylic acid (0.25 g, 0.77 mmol) in DMF (5 mL) was added 2-(Thiazol-2-

yl)ethan-1-amine (0.11 g, 0.84 mmol), Pyridine (0.25 mL, 3.06 mmol), HOBT 

(0.24 g, 1.54 mmol) and EDC (0.3 g, 1.54 mmol) at room temperature. The 

solution was stirred for 2 h, then concentrated under reduced pressure. The 

resulting residue was diluted with H2O and extracted with EtOAc. The combined 

organic layers were dried over anhydrous Na2SO4, filtered and concentrated. The 

resulting residue was purified via silica gel chromatography eluting a gradient of 

30 to 70% EtOAc in CH2Cl2. Yield = 0.17 g (51%). 1H-NMR (400 MHz, DMSO-d6) 

δ 9.24 (s, 1H), 9.18 (t, J = 4.4 Hz, 1H), 8.83 (d, J = 4.0 Hz, 1H), 7.74 (d, J = 2.8 

Hz, 1H), 7.72 (d, J = 4.0 Hz, 1H), 7.60 (d, J = 2.8 Hz, 1H), 7.45 (d, J = 6.8 Hz, 

2H), 6.92 (d, J = 6.8 Hz, 2H), 4.36 (s, 2H), 3.74 (s, 3H), 3.72-3.66 (m, 2H), 3.34-
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3.29 (m, 2H). 13C NMR (125 MHz, DMSO-d6): δ 167.5, 164.7, 159.0, 151.7, 

150.8, 148.6, 142.8, 142.3, 141.5, 136.3, 131.0, 130.7, 127.9, 120.2, 120.1, 

114.5, 55.5, 33.7, 32.7. ESI-MS(+): m/z 437.07 [M+H]+. 

 

8-Mercapto-N-(2-(thiazol-2-yl)ethyl)-1,5-naphthyridine-3-carboxamide (69). 

To a solution of 8-((4-Methoxybenzyl)thio)-N-(2-(thiazol-2-yl)ethyl)-1,5-

naphthyridine-3-carboxamide (0.14 g, 0.32 mmol) in TFA (20 mL) was added m-

Cresol (0.17 mL, 1.60 mmol) at room temperature. The reaction was then heated 

at reflux for 16 h, then concentrated under reduced pressure and diluted with the 

EtOAc. The solution was neutralized with sat. NaHCO3, which caused an orange 

red solid to precipitate. The solid was collected via filtration and washed with H2O 

and Acetone to afford product. Yield = 0.087 g (86%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.97 (br, 1H), 9.19 (t, J = 4.4 Hz, 1H), 9.09 (s, 1H), 8.44 (s, 1H), 

7.92 (d, J = 5.2 Hz, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.62 (d, J = 2.4 Hz, 1H), 7.50 

(d, J = 5.2 Hz, 1H), 3.72-3.66 (m, 2H), 3.34-3.29 (m, 2H). 13C NMR (125 MHz, 

DMSO-d6): δ 167.4, 164.3, 147.0, 146.6, 142.8, 134.5, 133.0, 132.1, 129.1, 

128.6, 120.3, 32.6. HR-ESI-MS calcd for [C14H12N4OS2Na]+: 339.0345; Found: 

339.0348. 

 

Rpn11 Activity Assay.  To measure Rpn11 activity, a synthetic peptide 

substrate, termed Ub4-pepOG, was engineered.  This substrate consists of four 

linear ubiquitins connected to a short peptide sequence containing a unique 
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cysteine to which is conjugated a single Oregon Green 488 fluorophore molecule.  

The peptide bond between the fourth ubiquitin and the downstream peptide is 

cleaved by 26S proteasome in vitro, which can be observed by SDS-PAGE and 

fluorescent polarization measurement.  The fluorescent peptide released upon 

cleavage of Ub4-pepOG consists of only 30 amino acids; therefore the decrease 

of polarization observed in fluorescence polarization assays arose mainly from 

deubiquitination of the peptide and could be observed even when the proteolytic 

activity of the 20S CP was inhibited.  The fluorescence polarization assay was 

performed as previously described13 at 30 ˚C in a low-volume 384 well solid black 

plate. Briefly, components were added to each well in the following sequence:  1) 

5 μL inhibitor compound in buffer containing 3% DMSO or 3% DMSO in buffer as 

a control; and 2) 5 μL of 26S proteasome (Enzo life sciences) in buffer (20 nM 

proteasome was pre-incubated with epoxomicin at room temperature for 1 hour, 

then dilute 10-fold in 1x Assay Buffer).  Substrate (5 μL, 3 nM Ub4-pepOG) in 

buffer was then added to initiate the reaction. To evaluate the effects of 

Zn(cyclen)2+ on Rpn11 activity, the assay was carried out in the same manner as 

described with the addition of 100 μM Zn(cyclen)2+ in the titration reaction. 

Fluorescence polarization was measured using a plate reader with excitation at 

480 nm and emission at 520 nm.  To calculate the IC50 of Rpn11 inhibitors, eight 

to twelve-point titration was performed for each compound, up to a concentration 

of 100 μM.  Rpn11 activity was normalized to the DMSO control and fitted using 

a dose-response curve.  Reported IC50 value represents the average value 
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obtained from at least three independent measurements, with the standard 

deviation reported as the error. 

 

CSN5 Activity Assay. A fluorescent substrate termed SCFskp2-Nedd8OG was 

engineered to measure Csn5 activity in vitro.14  To produce this substrate, Nedd8 

containing a unique N-terminal cysteine was labeled with Oregon Green 488, and 

then conjugated to SCFSkp2 as previously described.28  This assay measures the 

decrease in fluorescence polarization due to the decrease in apparent molecular 

weight of the Oregon Green fluorophore (from the ~175 kDa substrate to ~9kDa 

Nedd8OG) as a result of Csn5-dependent cleavage of the isopeptide bond which 

links Nedd8OG to SCFSkp2.  Assays were performed in a low-volume 384 well 

solid black plate comprising equal volumes of compound, substrate (SCFskp2-

Need8OG) and enzyme (Csn5).  Fluorescence polarization was recorded using 

the same protocol as for the Rpn11 activity assay at 30 ˚C.  IC50 was calculated 

as described above.  Reported IC50 value represents the average value obtained 

from at least three independent measurements, with the standard deviation 

reported as the error. 

 

AMSH Activity Assay. AMSH is known to selectively cleave diubiquitin linked 

via K63.  A substrate termed DiUbK63TAMRA was purchased from Boston 

Biochem to assay AMSH activity in vitro.  DiUbK63TAMRA was labeled with the 

FRET pair TAMRA/QXL.  Upon AMSH cleavage, TAMRA was separated from 
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the quencher QXL which resulted in an increase of TAMRA fluorescence 

intensity, which was monitored using a fluroescence plate reader (excitation at 

540 nm and emission at 590 nm).  The assay was performed in a low-volume 

384 well solid black plate at 30 ˚C and analyzed as described above.  Reported 

IC50 value represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error. 

 

HDAC1 and 6 Activity Assay. HDAC1 and 6 were purchased from BPS 

Bioscience (BPS Bioscience catalog #50051 and 50006) and the assay was 

carried out as instructed by manufacturer. The enzyme was diluted with 25 mM 

Tris-Cl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.1 mg/mL BSA, pH 8.0 buffer 

and its activity was measured by utilizing Substrate 3 (BPS Bioscience catalog 

#50037). The assays were carried out in black, low binding NUNC 96-well plates. 

Each well contained a volume of 50 μL including buffer, HDAC (3.8 ng/well of 

HDAC-1, 50 ng/well of HDAC-6), inhibitor, and substrate (20 μM). Prior to adding 

substrate, the plate was preincubated for 5 min. Upon addition of substrate, the 

plate was incubated at 37 °C for 30 min. At this point, HDAC assay developer (50 

μL, BPS Bioscience catalog #50030) was added to each well and the plate was 

incubated for 15 min at room temperature. The fluorescence was recorded with a 

BioTek FLx 800 microplate reader. The measured fluorescence was compared 

for samples versus controls containing no inhibitor (0% inhibition).  Reported IC50 
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value represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error. 

 

MMP Activity Assay. MMP-2, MMP-12, and OmniMMP fluorogenic subsbtrate 

(P-126) were purchased from Enzo Life Sciences (Farmingdale, NY).  The assay 

was carried out in white NUNC 96-well plates as previously described.29  Each 

well contained a volume of 90 μL including buffer (50 mM HEPES, 10 mM CaCl2, 

0.05% Brij-35, pH 7.5), human recombinant MMP (1.16 U of MMP-2), and the 

fragment solution. The enzyme and inhibitor were incubated for 30 min at 37 °C, 

the reaction was then initiated by the addition of 10 μL (100 μL  total volume of 

wells) of the fluorogenic OmniMMP substrate (4 μM final concentration, Mca-Pro-

Leu-Gly-Leu-Dpa-Ala-Arg-NH2-AcOH). Fluorescence measurements were 

recorded using a Bio-Tek FLx800 fluorescence plate reader every minute for 20 

min with excitation and emission wavelengths at 320 and 400 nm, respectively. 

The rate of fluorescence increase was compared for samples versus negative 

controls (no inhibitor, arbitrarily set as 100% activity).  Reported IC50 value 

represents the average value obtained from at least three independent 

measurements, with the standard deviation reported as the error.  

 

hCAII Activity Assay. hCAII was expressed and purified as previously 

reported.31  Assays were carried out in 50 mM HEPES (pH 8.0). A BioTek 

Precision XS microplate sample processor was utilized. The compounds were 
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incubated with protein (final concentrations of 100 nM for hCAII) for 10 min at 25 

°C. A substrate (p-nitrophenylacetate; final concentration of 500 μM) was added, 

and hCAII-catalyzed cleavage was monitored by the increase in absorbance at 

405 nm corresponding to formation of the p-nitrophenolate anion. The initial 

linear reaction rate was compared to that of wells containing no inhibitor (0% 

inhibition) and no protein (100% inhibition). The rate of non-hCAII-catalyzed 

PNPA hydrolysis in the presence of inhibitor was subtracted from each trial 

before determination of the percent inhibition.  Reported IC50 value represents 

the average value obtained from at least three independent measurements, with 

the standard deviation reported as the error. 

 

UbG76V-GFP degradation assay. To determine the potency of Rpn11 inhibitor in 

cells, a reporter degradation assay was employed.  Briefly, stably transfected 

Hela cells expressing UbG76V-GFP were treated with the reversible proteasome 

inhibitor MG132 at 37 ˚C incubator with 5% CO2 in air, which increased cellular 

levels of UbG76V-GFP to yield a detectable fluorescent signal.  After 4 h, MG132 

was removed and a cycloheximide (CHX) chase was initiated with or without 

varying concentrations of inhibitor compound at 37 ˚C with 5% CO2 in air.  

Reporter degradation, monitored by the decay of GFP fluorescence, was 

measured to quantify Rnp11 inhibition using high throughput microscopy.  The 

rate of fluorescence decrease was normalized to a DMSO control and analyzed 

using dose-response equation.  Reported IC50 value represents the average 
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value obtained from at least three independent measurements, with the standard 

deviation reported as the error. 

 

Cytotoxicity assay. 293T and A549 cell lines were cultured in DMEM with 10% 

FBS in white, clear-bottom tissue culture-treated 96-well plates. Cells were 

treated with different concentrations of inhibitor compounds in triplicates for 72 h 

at 37 ˚C with 5% CO2 in air.  CellTiter-Glo (Promega, Madison, WI) reagent was 

added to the 96 well plates to measure cell viability. Luminescence values were 

measured in PHERAstar microplate reader (BMG labtech, Ortenberg, Germany). 

Collected data was normalized to DMSO control and fit to a dose-response 

equation to determine IC50 values.  Reported IC50 value represents the average 

value obtained from at least three independent measurements, with the standard 

deviation reported as the error. 
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4.1 Introduction  

As discussed in Chapter 1, GLO1 is a homodimeric Zn2+-dependent 

isomerase involved in the detoxification of reactive MG.1-2  It was first proposed in 

1971 that inhibitors of the glyoxalase system would function as antitumor agents 

by inducing high concentrations of MG, a GLO1 substrate.3-5  During the following 

decades several novel GLO1 inhibitors were discovered, primarily focused for 

oncology indications; however, no GLO1 inhibitors have entered clinical trials.3-11  

Recent reports have examined GLO1 inhibitors to treat other illnesses, 

specifically diabetes and psychiatric conditions.12-21 

Several natural products and natural product derivatives have been 

reported as inhibitors for GLO1.  Glutathione-based inhibitors were among the 

first GLO1 inhibitors reported with a compound containing a hydroxamic acid 

MBP (AHC-GSH, Figure 1-6) being the first “tight-binding” inhibitor to be 

reported.8, 22  These glutathione mimics have poor membrane permeability and 

need to be formulated as the ester prodrugs in order to achieve membrane 

penetration.4  AHC-GSH prodrug analogs have demonstrated some efficacy in 

vivo, but suffer from rapid clearance (in esterase deficient mice) and have a 

narrow therapeutic window.23  Both the hydroxamic acid MBP and glutathione 

origins of AHC-GSH, and its analogs,  make these molecules unsuitable as 

viable drug candidates.  A second class of reported inhibitors are flavonoids and 

flavonoid analogs which tend to coordinate the catalytic metal of GLO1 via a 

catechol moiety.7, 9, 24-28  Methyl gerfelin (M-GFN) was reported as a potent 
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inhibitor of GLO1 within the flavonoid class (Figure 1-6).27  Lastly, a N-

hydroxypyridinone (Chugai-3d, Figure 1-6) based inhibitor reported by Chugai 

Pharmaceuticals shows an excellent IC50 value of 11 nM.29  However, no in vivo 

studies or clinical trials have been reported with Chugai-3d.  The majority of 

GLO1 inhibitors have been designed and investigated for oncology indications 

and may not be suitable candidates for targets affecting diabetes or psychiatric 

diseases.  Hence, one motivation for the work described in this chapter was to 

develop non-hydroxamate, non-glutathione derived GLO1 inhibitors that may be 

used for indications other than oncology. 

Similar to the Rpn11 study discussed in Chapter 2, for the discovery of a 

novel GLO1 inhibitor, a FBDD approach was utilized.  The MBP library was 

screened against GLO1 utilizing a previously reported assay.30  The library was 

screened at two different concentrations and both screens yielded multiple hits.  

In this chapter, two hits identified from this screen are discussed.  Additionally, 

the design, rationale, and synthesis of analogs of these hits is described. 

 

4.2 Results and Discussion 

4.2.1 Screening of the MBP Library 

As described in Chapter 1 and 2, the MBP library utilized in this study is 

comprised of fragments which are small (MW <300 Da) and have known or 

predictable metal-binding motif (Figure 1-1).31  To identify MBP hits that can 

serve as initial building blocks for GLO1 inhibitor design, a second generation 
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MBP library containing 240 fragments was screened against GLO1 utilizing a 

previously reported assay.30  The assay was performed in a 96-well plate format 

using a colorimetric output that measures the isomerization of a hemithioacetal, 

formed by glutathione and methylglyoxal, to a lactic acid thioester.30  The MBP 

library was initially screened at a fragment concentration of 200 μM yielding >50 

unique hits displaying >50% inhibition (Figure 4-1).  A second assay screen at a 

lower fragment concentration of 50 μM produced 25 distinct hits (Figure 4-2).  

From the second screen three fragments were chosen for inhibitor development 

(Figure 4-3).  
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Figure 4-1.  Reaction scheme depicting the GLO1 assay (top) screening results 
of the MBP library against GLO1 using a colorimetric assay (bottom).  Lines 
represent percent enzyme inhibition for a given MBP fragment at a concentration 
of 200 μM. 
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Figure 4-2.  Screening results of the MBP library against GLO1 using a 
colorimetric assay.  Lines represent percent enzyme inhibition for a given MBP 
fragment at a concentration of 50 μM. 
 

 

Figure 4-3.  Molecular structures of the three lead fragment hits from the MBP 
library screen.  MBP acronyms and IC50 values against GLO1 are shown.  
 

The three fragments selected for further development were:  3-hydroxy-

1,2-dimethylpyridine-4(1H)-thione (3,4-HOPTO), 2-(benzo[d]thiazol-2-yl)phenol 

(2-BTP), and 8-(methylsulfonyl amino)quinoline (8-MSQ, Chapter 5).  These 

MBPs showed essentially complete inhibition at both 200 and 50 μM 
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concentrations, and were determined to have IC50 values (using the same assay) 

of 23.0±4.8, 35.4±8.7, and  18.5±0.5 μM respectively (Figure 4-3).   

 

4.2.2 Synthesis, Computational Docking, and Evaluation of a 3,4-HOPTO 
Library 
 

In order to gain insight into how the hit fragments (Figure 4-3) were 

binding to GLO1, a computational model was sought.  Modeling studies were 

performed using the Molecular Operating Environment (MOE) software suite, 

which can account for flexible protein domains and can assist in pharmacophore 

modeling and SAR studies.32  Using a crystal structure of GLO1 (PDB:  3VW9) 

an inhibitor pharmacophore model was generated.  The crystal structure selected 

has a resolution of 1.47 Å and has the Chugai-3d inhibitor bound to the active 

site of GLO1 (Figure 1-6 and 4-4).  Structural analysis of this crystal structure 

revealed a Zn2+ metal center and two distinct pockets within the GLO1 active site:  

a hydrophobic and a GSH-binding pocket.  The hydrophobic pocket consists of 

residues Cys60, Phe62, Ile88, Met179, Leu182, and Met183.  The GSH-binding 

pocket consists of Phe67, Leu69, Met157, Phe162, as well as the conserved 

water network (Figure 4-4).  The catalytic Zn2+ has an octahedral geometry and is 

coordinated by Gln33, Glu99, Glu172, and His126, with the 5th and 6th 

coordination sites occupied by the O,O donor atoms of the Chugai-3d compound 

(Figure 4-4).  The Chugai-3d binding affinity is attributed to significant contacts 

with both the hydrophobic and GSH-binding pockets, as well as the water 

network.  The 6-phenyl moiety of Chugai-3d occupies the hydrophobic pocket 
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and engages in edge-to-face π interactions with Phe62 and additional 

hydrophobic contacts with Met179 and Met183 (Figure 4-4).  The 7-azaindole 

forms an edge-to-face π interaction with Phe67 and a hydrophobic contact with 

Leu69 (Figure 4-4).  Additionally, the 7-azaindole’s 7-nitrogen is directly facing a 

water molecule and engaging in a hydrogen bond.  The binding conformation and 

the critical contacts by Chugai-3d to GLO1, allowed for the development of a 

pharmacophore model. 

 

  

Figure 4-4. Superpositioned pose of 3,4-HOPTO coordinating to the Zn2+ ion the 
GLO1 active site (left) and chemical illustration (right).  A surface outlining the 
active site pockets is shown in gray.  Zn2+ ion is depicted as an orange sphere 
and water molecule as a red sphere. 
 

Screening of the MBP library yielded several hits, among them was 3,4-

HOPTO (Figure 4-3).  This fragment is structurally very similar to the MBP found 

in the Chugai-3d compound; however, instead of an O,O donor set, 3,4-HOPTO 

contains a O,S set of donor atoms.  Although there is a difference in the Lewis 

basicity between these set of donors, it was assumed that both the 3,4-HOPTO 

and Chugai-3d MBPs might bind the Zn2+ ion in a similar orientation and 
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geometry.  The 3,4-HOPTO fragment has several positions on the heterocycle 

amenable for derivatization.  The optimal point(s) of attachment were determined 

based on computational modeling and structural studies.  A binding model for 

3,4-HOPTO was obtained through superposition of the fragment into the GLO1 

active site and superimposing the coordinating atoms (O,S) of 3,4-HOPTO with 

those of the bound Chugai-3d (O,O) inhibitor (Figure 4-5).  The analysis of this 

model prompted the design and synthesis of a library of 3,4-HOPTO analogs.  

The model predicted that substitutions at the 1-position (endocyclic oxygen, 

Scheme 4-1 and Figure 4-5) with aromatic functional groups (Table 4-1), would 

facilitate interactions with Phe62, Met 179 and Met182 (similar to Chugai-3d) 

within the hydrophobic pocket.  An efficient synthetic route for making analogs of 

the 3,4-HOPTO fragment was achieved through a two-step route as shown in 

Scheme 4-1.  Maltol was utilized as the starting material, where the exocyclic 

carbonyl oxygen was substituted to a sulfur atom in the presence of phosphorus 

pentasulfide to form thiomaltol.  Thiomaltol underwent a dehydration reaction via 

irradiation in a microwave reactor under acidic conditions along with a suitable 

primary amine to yield compounds 70-84.  
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Figure 4-5.  Superpositioned pose of 3,4-HOPTO coordinating to the Zn2+ ion the 
GLO1 active site (left) and chemical illustration (right).  A surface outlining the 
active site pockets is shown in gray.  Zn2+ ion is depicted as an orange sphere 
and water molecule as a red sphere. 
 

 

Scheme 4-1.  Synthetic route for 3-hydroxy-2-methylpyridine-4(1H)-thione 
analogs.  Reagents and conditions:  (a) P2S5, HMDSO, toluene, 110 °C, 8 h; (b) 
amine, AcOH, H2O, EtOH, 165 °C (microwave reactor), 1 h. 
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Table 4-1.  Inhibitory activity against GLO1 for 3,4-HOPTO derivatives. 

 

Cmpd Structure IC50 (μM) Cmpd Substituent IC50 (μM) 
3,4- 

HOPTO 
 

Me 22.9 ± 4.8 77 
 

3.6 ± 0.1 

70 
 

11.3 ± 3.1 78 
 

8.4 ± 0.1 

71 
 

10.9 ± 0.1 79 
 

12.5 ± 2.9 

72 
 

17.2 ± 2.5 80 
 

12.4 ± 1.4 

73 
 

15.3 ± 1.5 81 
 

5.3 ± 0.6 

74 
 

20.2 ± 0.6 82 
 

9.1 ± 0.1 

75 
 

16.6 ± 1.9 83 
 

11.3 ± 2.5 

76 
 

22.6 ± 5.0 84 
 

3.8 ± 0.5 
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 A series of aromatic amines were coupled to thiomaltol to yield 

compounds 70-84.  Addition of functionality at the 1-position only resulted in 

modest increases in activity, relative to 3,4-HOPTO (Table 4-1).  Compounds 

with phenyl or heterocycles (70-76) only increased activity moderately, with the 

best compounds increasing only about about 2-fold.  Compounds that 

incorporated an extended flexible linker or fused rings system demonstrated 

better activity (77-84).  Compound 77 was the best of this series.  Evaluation of 

77 in the computational model predicts the naphthalene group fitting best into the 

hydrophobic pocket.  The naphthalene group forms several Van der Waals 

interactions with Leu172 and Met182 as well as π-π interactions with Phe62.  All 

together, this series yielded compounds with IC50 values ranging 3-22 μM and 

poor aqueous solubility (data not shown). 

 

4.2.3 Synthesis, Computational Docking, and Evaluation of a 2-BTP Library 

Another fragment that was explored as a GLO1 inhibitor is compound 2-

BTP (Figure 4-3).  Based on the computational model developed, compound 2-

BTP is assumed to coordinate the catalytic Zn2+ of GLO1 via the phenolic 

hydroxyl and the endocyclic nitrogen of the benzothiazole (Figure 4-6) moiety.  

Therefore initial efforts were made into exploring other fragments that possess 

this set of donor atoms (or similar) as well as isosteres of 2-BTP.  Compounds 

85-93 are commercially available and were tested against GLO1 in order to find a 

suitable candidate for inhibitor development (Table 4-2).  Besides 2-BTP the only 
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fragment to demonstrate significant inhibition against GLO1 was 85 (Table 4-2).  

Compound 85 has a benzoxazole functional group instead of a benzothiazole 

group, which presumably allows for similar mode of binding.  Surprisingly, 

compound 86 did not demonstrate any inhibition.  Compounds 87-91 lack the 

fused ring functionality (compared to 2-BTP) and also did not inhibit GLO1.  

Lastly, compounds 92 and 93 incorporate a pyridine ring instead of a phenol, and 

failed to inhibit GLO1.   

 

 

 

Figure 4-6.  Superpositioned pose of 2-BTP coordinating to the Zn2+ ion the 
GLO1 active site (left) and chemical illustration (right).  A surface outlining the 
active site pockets is shown in gray.  Zinc is depicted as an orange sphere. 
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Table 4-2. Inhibitory activity against GLO1 for 2-BTP derivatives. 

Cmpd Structure IC50 (μM) Cmpd Structure IC50 (μM) 

2-BTP 

 

35.4 ± 8.7 89 
 

>200 

85 

 

49.9 ± 0.2 90 
 

>200 

86 

 

>100 91 
 

>200 

87 
 

>200 92 

 

>200 

88 
 

>200 93 

 

>200 

 

The computational model developed for 3,4-HOPTO was also utilized for 

2-BTP. For 2-BTP only one binding pose was predicted to occur, where the 

benzothiazole moiety is situated in the GSH-binding pocket and the 4-position of 

the phenol ring is pointing directly into the hydrophobic pocket (Figure 4-6).  

Based on this binding conformation, it was hypothesized that adding a phenyl 

ring at the 4-position of the phenol ring of 2-BTP might increase binding affinity 

for GLO1.  Therefore compound 94 was designed.  Compound 94 was 

synthesized as described in Scheme 4-2 starting from 5-bromo-2-

methoxybenzaldehyde and underwent a condensation reaction with 2-

aminobenzenethiol in the presence of sulfamic acid (Scheme 4-2).  The phenyl at 
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the 4-position was incorporated via a Suzuki coupling reaction. The final product 

was afforded via a methoxy deprotection with boron tribromide.  The addition of 

the phenyl ring caused a 2-fold improvement in IC50 value, which is attributed to a 

π-π interaction of the phenyl with Phe62 within the hydrophobic pocket.  

Compound 94 also demonstrated very poor aqueous solubility, possibly due to 

the addition of the phenyl group.   

 

 

Scheme 4-2.  Synthesis of 94. Reagents and conditions:  (a) 2-
Aminobenzenethiol, sulfamic acid, H2O, MeOH, Acetone, 25 °C; (b) 
Phenylboronic acid, DIPA, Pd(OAc)2, H2O, 100 °C; (c) BBr3, CHCl3, 25 °C. 
 

A benzothiazole isostere ideally would help improve the solubility of 94 

and offer other synthetic routes for inhibitor development.  Therefore two isoteres 

were proposed in which the benzothiazole moiety was replaced by a triazole or 
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an oxadiazole functional group.  Compounds 95-97 were proposed as suitable 

analogs of 2-BTP that incorporate an isostere.  Compound 95 was synthesized 

starting with 2-bromoanisole and coupling it with to ethynyltrimethylsilane via a 

Sonogashira reaction (Scheme 4-3).  This was followed by a one-pot reaction 

where the trimethylsilane was deprotected with tetrabutylammonium fluoride 

(TBAF), then reacted with benzyl azide using copper iodide as a catalyst to form 

the triazole ring.  Lastly, the desired product was obtained via deprotection of the 

methoxy group with boron tribromide.  Compounds 96 and 97 were afforded 

starting with commercially available 2-methoxybenzohydrazide combined with the 

corresponding aryl aldehyde to obtain the imine product (Scheme 4-4).  This was 

followed by oxidation with Dess-Martin periodinane and deprotection with boron 

tribromide.  Compound 95 demonstrated no inhibition of GLO1 (Table 4-3).  

However compounds 96 and 97 both showed similar inhibition to that of 2-BTP 

(Table 4-3).  These compounds demonstrated that the benzothiazole moiety 

could be substituted and the compounds can retain inhibition of GLO1 and affinity 

for the catalytic metal ion. 
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Scheme 4-3.  Synthesis of 95. Reagents and conditions:  (a) 
Ethynyltrimethylsilane, Pd(dppf)Cl2, CuI, Et3N, X-Phos, Dioxane, 80 °C; (b) 
TBAF, H2O, DMF, 25 °C; (c) Benzyl azide, DIPA, CuI, DMF, 25 °C; (d) BBr3, 
CHCl3, 25 °C. 
 

 

Scheme 4-4.  Synthesis of 97. Reagents and conditions:  (a) Benzaldehyde, 
EtOH, reflux; (b) Dess-Martin periodinane (DMP), CH2Cl2, 25 °C; (c) BBr3, CHCl3, 
25 °C. 
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Table 4-3. Inhibitory activity against GLO1 for 2-BTP derivatives. 

Cmpd Structure IC50 (μM) Cmpd Structure IC50 (μM) 

2-BTP 
 

35.4 ± 8.7 97 
 

47.4 ± 11.6 

94 

 

17.2 ± 4.5 98 

 

22.1 ± 1.5 

95 
 

>100 99 

 

17.9 ± 1.1 

96 
 

42.3 ± 3.5 100 

 

25.1 ± 1.3 

 

This data prompted the development of analogs of compound 94, that 

incorporate a phenyl that can fit in the hydrophobic pocket, and isosteres of the 

benzothiazole group for improved solubility and activity.  Compound 98 was 

synthesized starting with 5-bromo-2-methoxyphenol via coupling to 

phenylboronic acid (Scheme 4-5).  The hydroxyl moiety was then reacted with 

triflate anhydride to generated the triflated hydroxyl  group and a parallel 

synthesis to compound 95 was followed.  Compounds 99 and 100 were 

synthesized stating with 5-bromo-2-methoxybenzoic acid (Scheme 4-6).  The 

starting material was esterified, coupled to phenylboronic acid, then a similar 

synthesis to compounds 96 and 97 was followed.  Similarly to compound 94, the 
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addition of the phenyl ring caused a drop in IC50 value (comparing 98 to 95, 99 

and 100 to 97) which is attributed to a π-π interaction of the phenyl with Phe62 

within the hydrophobic pocket (Table 4-3).  The best compound from this series, 

99, demonstrated modest inhibition of GLO1 (IC50 = 17.9±1.1 μM).  Overall, this 

series of compounds failed to improve significantly the binding affinity of 2-BTP.   
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Scheme 4-5.  Synthesis of 98. Reagents and conditions:  (a) Phenylboronic acid, 
DIPA, Pd(OAc)2, H2O, 100 °C; (b) (CF3SO2)2O, Pyridine, CH2Cl2, 0-25 °C; (c) 
Ethynyltrimethylsilane, Pd(PPh3)2Cl2, CuI, Et3N, Dioxane, 80 °C; (d) TBAF, H2O, 
DMF, 25 °C; (e) Benzyl azide, DIPA, CuI, DMF, 25 °C; (f) BBr3, CHCl3, 25 °C. 
 

 

Scheme 4-6.  Synthesis of 99. Reagents and conditions:  (a) MeOH, H2SO4, 
reflux; (b) Phenylboronic acid, K2CO3, Pd(dppf)Cl2, Dioxane, reflux; (c) 
Hydrazine, EtOH, reflux; (d) Benzaldehyde, EtOH, reflux; (e) DMP, CH2Cl2, 25 
°C; (f) BBr3, CHCl3, 25 °C. 
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4.3 Conclusions 

A 240 MBP fragment library was utilized to screen for inhibitors against 

GLO1.  The screen yielded several hits suitable for inhibitor development, of 

which three were chosen for hit-to-lead development (Chapters 4 and 5).  Efforts 

to make inhibitors of GLO1 was guided by a computational model, which allowed 

for a pharmacophore model to be generated.  With the aid of docking, analogs for 

two of the fragments (3,4-HOPTO and 2-BTP) were synthesized and yielded 

novel inhibitors of GLO1 with IC50 values ranging 4-47 μM.  However, overall 

drug-likeness, synthetic accessibility, and modest inhibition activity against GLO1 

in vitro did not encourage further development of these two fragments.  The best 

hit from the initial MBP library screen was fragment 8-MSQ.  The design, 

rationale, and synthesis of a novel class of GLO1 inhibitors based off the 8-MSQ 

hit is discussed in Chapter 5.  
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4.4 Experimental 

Human Glyoxalase 1 Activity Assay.  Recombinant Human Glyoxalase I 

(GLO1) was purchased from R&D Systems (Catalog #4959-GL). Assays were 

carried out in 100 mM Sodium Phosphate, pH 7.0 buffer utilizing 96-well Clear 

UV Plate (Corning UV Transparent Microplates Catalog #3635). A fresh solution 

of glutathione (Pre-Substrate 1, 100 mM) as well as methylglyoxal (Pre-substrate 

2, 100 mM) was prepared in deionized water. The substrate was prepared by 

adding 14.5 mL of buffer and 0.99 mL of each of the pre-substrate components. 

The substrate mixture was vortexed vigorously for 15 sec, then allowed to sit at 

room temperature for 20 min. Initial well volume was 50 μL containing GLO1 (40 

ng) and inhibitor. This protein and inhibitor mixture was incubated for 15-20 min 

prior to addition of substrate. To this was then added substrate (150 μL) yielding 

a maximum amount of 5% DMSO per well. The enzyme activity was measured 

utilizing a Biotek Synergy HT or H4 plate reader by measuring absorbance at 240 

nm every 1 min for 8 min. The rate of absorbance increase was compared for 

samples versus controls containing no inhibitor (100% activity). Absorbance for 

background wells containing DMSO, buffer and substrate (no enzyme or 

inhibitor) were subtracted from the rest of the wells. 
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3-Hydroxy-2-methyl-4H-pyran-4-thione (Thiomaltol).  Method was adapted 

from previously reported procedure.33  To a solution of 3-hydroxy-2-methyl-4H-

pyran-4-one (Maltol, 5 g, 39.8 mmol) in toluene (250 mL) was added P4S10 (3.2 g, 

7.2 mmol) and hexamethyldisiloxane (HMDSO, 10.8 g, 66.2 mmol) and heated to 

110°C for 8 h under nitrogen with the flask covered in aluminum to prevent light 

from reaching the solution.  This was concentrated and yielded a yellow 

solid/sludge crude product.  The crude was recrystallized from hexanes and hot 

vacuum filtered to remove solid waste.  A yellow precipitate was observed in the 

filtrate solution.  Precipitate was isolated via filtration to afford Thiomaltol.  Yield = 

3.05 g (54%).  1H NMR (400 MHz, CDCl3): δ = 7.78 (br, 1H), 7.61 (d, J = 6.8 Hz, 

1H), 7.34 (d, J = 6.8 Hz, 1H), 2.46 (s, 3H). 

 

General Procedure for compounds 70-84.  To a solution of 3-hydroxy-2-

methyl-4H-pyran-4-thione (0.2 g, 1.4 mmol) in of H2O:EtOH (2 mL, 1:1) was 

added AcOH (0.25 g, 4.22 mmol) and amine (4.22 mmol) in a 10 mL reaction 

vessel.  This was reacted by irradiating in the microwave at 165 °C, 250 psi (max 

pressure), and 300 W (max power) for 60 min.  The resulting solution was then 

concentrated and purified via silica gel chromatography eluting Hexanes/0-100% 

EtOAc. 
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3-Hydroxy-1,2-dimethylpyridine-4(1H)-thione (3,4-HOPTO).  Yield = 0.13 g 

(56%).  1H NMR (400 MHz, CDCl3)  δ 8.68 (br, 1H), 7.36 (d, J = 6.8 Hz, 1H), 7.09 

(d, J = 6.8 Hz, 1H), 3.76 (s, 3H), 2.45 (s, 3H). 

 

3-Hydroxy-2-methyl-1-phenylpyridine-4(1H)-thione (70).  Yield =  0.054 g 

(16%).  1H NMR (400 MHz, CDCl3)  δ 7.57-7.55 (m, 3H), 7.51 (d, J = 6.4 Hz, 1H), 

7.30-7.27 (m, 2H), 7.19 (d, J = 6.4 Hz, 1H), 2.18 (s, 3H).  ESI-MS(+): m/z 156.13 

[M+H]+.  

 

3-Hydroxy-2-methyl-1-(thiophen-2-ylmethyl)pyridine-4(1H)-thione (71).  Yield 

= 0.13 g (57%).  1H NMR (400 MHz, CDCl3)  δ 8.75 (br, 1H), 7.51 (d, J = 6.8 Hz, 

1H), 7.35 (dd, J = 6.4, 5.2 Hz, 1H), 7.22 (d, J = 6.8 Hz, 1H), 7.02-6.92 (m, 2H), 

5.32 (s, 2H), 2.52 (s, 3H). ESI-MS(+): m/z 238.01 [M+H]+.  

 

1-(Furan-2-ylmethyl)-3-hydroxy-2-methylpyridine-4(1H)-thione (72).  Yield =  

0.071 g (37%).  1H NMR (400 MHz, CDCl3)  δ 7.38 (s, 1H), 7.32 (d, J = 7.2 Hz, 

1H), 6.38 (d, J = 7.2 Hz, 1H), 6.34 (d, J = 3.2 Hz, 1H), 6.27 (d, J = 3.2 Hz, 1H), 

4.98 (s, 2H), 2.41 (s, 3H).  ESI-MS(+):  222.11 m/z  [M+H]+.  

 

1-Benzyl-3-hydroxy-2-methylpyridine-4(1H)-thione (73).  Yield = 0.10 g (49%).  

1H NMR (400 MHz, CDCl3)  δ 8.77 (br, 1H), 7.53 (d, J = 6.7 Hz, 1H), 7.41-7.35 
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(m, 3H), 7.21 (d, J = 6.7 Hz, 1H), 7.04 (d, J = 6.3 Hz, 2H), 5.21 (s, 2H), 2.39 (s, 

3H).  ESI-MS(+):  m/z 232.14 [M+H]+.  

 

3-Hydroxy-2-methyl-1-(pyridin-2-ylmethyl)pyridine-4(1H)-thione (74).  Yield = 

0.11 g (56%).  1H NMR (400 MHz, CDCl3)  δ 8.67 (br, 1H), 8.54 (d, J = 4.7 Hz, 

1H), 7.69  (td, J = 7.7, 1.6 Hz, 1H), 7.43 (d, J = 6.7 Hz, 1H), 7.24-7.27(m, 2H), 

7.01 (d, J = 7.7 Hz, 1H), 5.28 (s, 2H), 2.36 (s, 3H).  ESI-MS(+): m/z 233.08 [M+H.  

 

3-Hydroxy-2-methyl-1-(pyridin-3-ylmethyl)pyridine-4(1H)-thione (75).  Yield = 

0.13 g (62%).1H NMR (400 MHz, CDCl3)  δ 8.64 (dd, J = 4.7, 1.6 Hz 1H), 8.48 (d, 

J = 1.8 Hz, 1H), 7.54  (d, J = 6.7, 1H), 7.36-7.27 (m, 2H), 7.21 (d, J = 6.7 Hz, 1H), 

5.24 (s, 2H), 2.40 (s, 3H).  ESI-MS(+): m/z 238.11 [M+H.  

 

3-Hydroxy-2-methyl-1-(pyridin-4-ylmethyl)pyridine-4(1H)-thione (76).  Yield = 

0.12 g (58%).  1H NMR (400 MHz, CDCl3)  δ 8.73 (br, 1H), 8.63 (d, J = 5.8 Hz, 

2H), 7.48 (d, J = 6.7 Hz, 1H), 7.18  (d, J = 6.7, 1H), 6.92 (d, J = 5.8 Hz, 2H), 5.23 

(s, 2H), 2.32 (s, 3H).  ESI-MS(+): m/z 233.08 [M+H. 

 

3-Hydroxy-2-methyl-1-(naphthalen-2-ylmethyl)pyridine-4(1H)-thione (77).  

Yield = 0.084 g (32%).1H NMR (400 MHz, DMSO-d6)  δ 8.80 (s, 1H), 8.07 (d, J = 

8 Hz, 1H), 8.02 (d, J = 8 Hz, 1H), 7.93 (d, J = 8 Hz, 1H), 7.71-7.60 (m, 3H), 7.48-
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7.40 (m, 2H), 6.67 (d, J = 8 Hz, 1H), 5.95 (s, 2H), 2.31 (s, 3H).  ESI-MS(+): m/z 

280.18 [M+H]+. 

 

1-(Benzo[d][1,3]dioxol-5-ylmethyl)-3-hydroxy-2-methylpyridine-4(1H)-thione 

(78).  Yield = 0.12 g (54%).  1H NMR (400 MHz, DMSO-d6) δ 8.71 (br, 1H), 7.78 

(d, J = 6.4 Hz, 1H), 7.36 (d, J = 6.4 Hz, 1H), 6.91 (d, J = 8 Hz, 1H), 6.79 (s, 1H), 

6.62 (d, J = 8 Hz, 1H), 6.01 (s, 2H), 5.31 (s, 2H), 2.33 (s, 3H). ESI-MS(+):  m/z 

275.99 [M+H]+.   

 

3-Hydroxy-2-methyl-1-phenethylpyridine-4(1H)-thione (79).  Yield = 0.13 g 

(65%).  1H NMR (400 MHz, CDCl3) δ 7.24-7.22 (m, 4H), 7.01 (d, J = 7.2 Hz, 2H), 

6.85 (d, J = 6.4 Hz, 1H), 4.21  (t, J = 6.8, 2H), 3.02 (t, J = 6.8 Hz, 2H), 2.34 (s, 

3H). ESI-MS(+):  m/z 246.15 [M+H]+. 

 

1-(4-Fluorophenethyl)-3-hydroxy-2-methylpyridine-4(1H)-thione (80).  Yield = 

0.064 g (29%).  1H NMR (400 MHz, CDCl3)  δ 7.38 (d, J = 6.8 Hz, 1H), 7.00-6.99 

(m, 4H), 6.83 (d, J = 6.8 Hz, 2H), 4.21  (t, J = 6.8, 2H), 3.05 (t, J = 6.8 Hz, 2H), 

2.43 (s, 3H). ESI-MS(+):  m/z 264.12 [M+H]+.  

 

1-(2-(1H-Indol-3-yl)ethyl)-3-hydroxy-2-methylpyridine-4(1H)-thione (81).  

Yield = 0.11 g (41%).  1H NMR (400 MHz, CDCl3)  δ 8.76 (br, 1H), 8.12 (br, 1H), 

7.53 (d, J = 8 Hz, 1H), 7.42 (d, J = 8 Hz, 1H), 7.29-7.24 (m, 3H), 7.20 (t, J = 8 Hz, 
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1H), 6.75-6.70 (m, 2H), 4.30 (t, J = 6.8 Hz, 1H), 3.24 (t, J = 6.8 Hz, 1H), 2.44 (s, 

3H). ESI-MS(+): m/z 285.13 [M+H]+. 

 

3-Hydroxy-2-methyl-1-(3-phenylpropyl)pyridine-4(1H)-thione (82).  Yield = 

0.054 g (26%).  1H NMR (400 MHz, CDCl3)  δ 8.71 (br, 1H), 7.40 (d, J = 6.4 Hz, 

1H), 7.32-7.15 (m, 5H) 7.06 (d, J = 6.4 Hz, 1H),  3.97 (t, J = 6 Hz, 2H), 2.71 (t, J 

= 6 Hz, 2H), 2.36 (s, 3H), 2.16 (quin, J = 7.2 Hz, 2H).  ESI-MS(+):  m/z 260.14 

[M+H]+. 

 

3-hydroxy-2-methyl-1-(4-phenylbutyl)pyridine-4(1H)-thione (83).  Yield = 

0.079 g (32%).  1H NMR (400 MHz, CDCl3) δ 7.37-7.02 (m, 7H), 3.96 (t, J = 6 Hz, 

2H), 2.66 (t, J = 6 Hz, 2H), 2.39 (s, 3H), 1.76-1.66 (m, 4H).  ESI-MS(+):  m/z 

274.11 [M+H]+. 

 

 

1-(Biphenyl-4-ylmethyl)-3-hydroxy-2-methylpyridine-4(1H)-thione (84).  Yield 

= 0.11 g (24%).  1H NMR (400 MHz, CDCl3): δ = 2.42 (s), 5.25 (s), 7.08 (d, J = 

8.0 Hz, 2H), 7.23 (d, J = 5.6 Hz, 1H), 7.35 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 7.4 Hz, 

2H), 7.53 (m, 3H), 7.58 (d, J = 8.0 Hz, 2H), 8.77 (br, 1H). ESI-MS(+) m/z 308.02 

[M+H]+. 
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2-(5-Bromo-2-methoxyphenyl)benzo[d]thiazole. To a solution 5-Bromo-2-

methoxy benzaldehyde (3 g, 13.95 mmol) in a mixture of MeOH:Acetone:Water 

(1:1:1, 60 mL) was added 2-Aminobenzenethiol (1.92 g, 15.35 mmol) followed by 

Sulfamic acid (1.49 g, 15.35 mmol) and stirred at room temperature for ~30 min. 

The reaction mixture was then concentrated to remove organic solvents (MeOH 

and Acetone). The resulting aqueous solution was diluted with water (50 mL), 

then extracted with EtOAc (3×50mL). The combined organic layers were dried 

over MgSO4, filtered, concentrated then purified via silica gel chromatography 

eluting 0-8% EtOAc in Hexanes. The desired product was isolated as a white 

solid. Yield = 2.27 g (51%). 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 2.0 Hz, 1H), 

8.10 (d, J = 4.0 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.52-7.46 (m, 2H), 7.40 (d, J = 

7.2 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H), 3.97 (s, 3H). ESI-MS(+): m/z 320.20, 

322.14 [M+H]+. 

 

2-(4-Methoxy-[1,1'-biphenyl]-3-yl)benzo[d]thiazole. To a solution of 2-(5-

Bromo-2-methoxyphenyl) benzo[d]thiazole  (0.3 g, 0.94 mmol) in H2O:Dioxane 

(1:1, 10 mL) was added DIPA (0.267 mL, 1.87 mmol) and Phenylboronic acid 

(0.171 g, 1.41 mmol) then allowed to stir at reflux. To this was then 

added Pd(OAc)2 (0.01 g, 0.05 mmol) and allowed to reflux for an additional 2 h. 

The resulting aqueous solution was diluted with brine (50 mL), then extracted 

with EtOAc (3×50mL). The combined organic layers were dried over MgSO4, 

filtered through celite, concentrated then purified via silica gel chromatography 
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eluting 0-8% EtOAc in Hexanes. The desired product was isolated as a off-white 

solid. Yield = 0.13 g (44%). 1H NMR (400 MHz, CDCl3) δ 8.82 (d, J = 2.0 Hz, 1H), 

8.14 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.71-7.68 (m, 3H), 7.53-7.34 

(m, 5H), 7.14 (d, J = 8.0 Hz, 1H), 4.09 (s, 3H). ESI-MS(+): m/z 318.23 [M+H]+. 

 

3-(Benzo[d]thiazol-2-yl)-[1,1'-biphenyl]-4-ol (94). To a solution of 2-(4-

Methoxy-[1,1'-biphenyl]-3-yl)benzo[d]thiazole (0.13 g, 0.41 mmol) in CHCl3 (10 

mL) was added BBr3  (solution in CH2Cl2, 2.048 mmol) and allowed to stir at room 

temperature under a nitrogen atmosphere overnight. The reaction mixture was 

then quenched by the addition of excess MeOH, then concentrated. The crude 

mixture was then co-evaporated with MeOH multiple times until all of the BBr3 

had been consumed. The resulting solid was not further purified. The desired 

product was isolated as a yellow solid. Yield = 0.124 g (99%). 1H NMR (400 MHz, 

CDCl3) δ 8.03 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.89 (br, 1H), 7.64-

7.59 (m, 3H), 7.55-7.41 (m, 4H), 7.38 (t, J = 7.3 Hz, 1H), 7.26 (d, J = 0.8 Hz, 1H), 

7.19 (d, J = 8.8 Hz, 1H). ESI-MS(+): m/z 304.39 [M+H]+. 

 

((2-Methoxyphenyl)ethynyl)trimethylsilane.  To a solution of 5-bromo-2-

methoxyphenol (1 g, 5 mmol) in 1,4-Dioxane (5 mL) and Et3N (5 mL) was added 

Ethynyltrimethylsilane (0.8 g, 8 mmol), X-Phos (0.3 g, 0.5 mmol), and CuI (0.1 g, 

0.5 mmol) and degassed for ~5-10 min.  To this was then added Pd(dppf)Cl2 (0.4 

g, 0.5 mmol) and heated to 80 °C for 17 h.  The resulting mixture was filtered 
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through celite and then concentrated.  The crude was purified via silica gel 

chromatogrpahy eluting 0-5% EtOAc in hexanes.  Yield = 1.0 g (99%).  ESI-

MS(+): m/z 205.45 [M+H]+. 

 

1-Benzyl-4-(2-methoxyphenyl)-1H-1,2,3-triazole.  To a solution of ((2-

Methoxyphenyl)ethynyl)trimethylsilane (0.3 g, 1 mmol) in DMF (5 mL) was added 

a solution of TBAF (2 mmol) in H2O (1 mL) and allowed to stir at room 

temperature for ~15 min.  To this was then added (azidomethyl)benzene (0.2 g, 2 

mmol), DIPA (2 mmol) and CuI (0.1 mmol) and allowed to stir overnight at room 

temperature.  The resulting mixture was filtered through celite and then 

concentrated.  The crude was purified via silica gel chromatogrpahy eluting 0-

70% EtOAc in hexanes.  Yield = 0.145 g (36%).  ESI-MS(+): m/z 266.36 [M+H]+. 

 

2-(1-Benzyl-1H-1,2,3-triazol-4-yl)phenol (95).  To a solution of 1-Benzyl-4-(2-

methoxyphenyl)-1H-1,2,3-triazole (0.145 g, 0.547 mmol) in CH2Cl2 (5 mL) was 

added BBr3 (1M solution in heptanes, 2.18 mmol) and stirred at room 

temperature overnight.  To the reaction mixture was added excess MeOH to 

quench BBr3.  The resulting solution was concentrated then purified via silica gel 

chromatography eluting a gradient of 0-20% MeOH in CH2Cl2.  Yield = 0.13 g 

(95%).  ESI-MS(+): m/z 252.39 [M+H]+. 
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2-Benzyl-5-(2-methoxyphenyl)-1,3,4-oxadiazole.  To a solution of 2-

methoxybenzo hydrazide (0.2 g, 1.2 mmol) and phenylacetic acid (0.15 g, 1.2 

mmol) in POCl3 (2 mL) was heated to reflux for 16 h.  To the reaction mixture was 

added excess MeOH to quench POCl3.  The resulting solution was concentrated 

then purified via silica gel chromatography eluting a gradient of 0-40% EtOAc in 

hexanes.  Yield = 0.12 g (42%).  ESI-MS(+): m/z 267.22 [M+H]+. 

 

2-(5-Benzyl-1,3,4-oxadiazol-2-yl)phenol (96).  To a solution of 2-benzyl-5-(2-

methoxyphenyl)-1,3,4-oxadiazole (0.12 g, 0.31 mmol) in CH2Cl2 (5 mL) was 

added BBr3 (1M solution in heptanes, 3.1 mmol) and stirred at room temperature 

overnight.  To the reaction mixture was added excess MeOH to quench BBr3.  

The resulting solution was concentrated then purified via silica gel 

chromatography eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 0.081 g 

(93%).  1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.0 Hz, 1H), 7.43-7.31 (m, 6H), 

7.11 (d, J = 8.0 Hz, 1H), 6.98 (t, J = 8.0 Hz, 1H), 4.30 (s, 2H).  ESI-MS(+): m/z 

253.21 [M+H]+. 

 

2-(2-Methoxyphenyl)-5-phenyl-1,3,4-oxadiazole.  To a solution of 2-

methoxybenzo hydrazide (0.2 g, 1.2 mmol) and benzoic acid (0.15 g, 1.2 mmol) 

in POCl3 (2 mL) was heated to reflux for 16 h.  To the reaction mixture was added 

excess MeOH to quench POCl3.  The resulting solution was concentrated then 
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purified via silica gel chromatography eluting a gradient of 0-40% EtOAc in 

Hexanes.  Yield = 0.106 g (36%).  ESI-MS(+): m/z 253.23 [M+H]+. 

 

2-(5-Phenyl-1,3,4-oxadiazol-2-yl)phenol (97).  To a solution of 2-(2-

methoxyphenyl)-5-phenyl-1,3,4-oxadiazole (0.07 g, 0.28 mmol) in CH2Cl2 (5 mL) 

was added BBr3 (1M solution in heptanes, 2.8 mmol) and stirred at room 

temperature overnight.  To the reaction mixture was added excess MeOH to 

quench BBr3.  The resulting solution was concentrated then purified via silica gel 

chromatography eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 0.065 g 

(96%).  1H NMR (400 MHz, DMSO-d6) δ 10.31 (br, 1H), 8.10 (m, 2H), 7.92 (d, J = 

8.0 Hz, 1H), 7.64-7.60 (m, 3H), 7.49 (t, J = 8.0 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 

7.05 (t, 7.6 Hz, 1H).  ESI-MS(+): m/z 239.19 [M+H]+. 

 

4-Methoxy-[1,1'-biphenyl]-3-ol. To a solution of 5-bromo-2-methoxyphenol (1 g, 

4.93 mmol) in H2O (10 mL) was added phenylboronic acid (1.2 g, 9.85 mmol), 

DIPA (1.38 mL, 9.85 mmol), and Pd(OAc)2 (0.024 mmol) and heated to reflux for 

16 h.  To the reaction mixture was then added brine (50 mL) and extracted with 

EtOAc (3 X 50 mL).  The combined organic layers were filtered through celite, 

concentrated, then purified via silica gel chromatography eluting a gradient of 0-

30% EtOAc in hexanes.  Yield = 0.83 g (84%).  ESI-MS(+): m/z 201.13 [M+H]+. 
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4-Methoxy-[1,1'-biphenyl]-3-yl trifluoromethanesulfonate.  To a solution of 4-

methoxy-[1,1'-biphenyl]-3-ol (0.8 g, 4.0 mmol) in CH2Cl2 (20 mL) was added 

pyridine (1 mL) and allowed to cool to 0° C.  To this was then added (CF3SO2)2O 

(0.74 mL, 4.39 mmol) and allowed to stir for 1 h.  To the reaction mixture was 

then added sat. NaHCO3 (aq., 50 mL) and then extracted with CH2Cl2 (3 X 50 

mL).  The combined organic layers were dried with MgSO4, filtered, concentrated, 

then purified via silica gel chromatography eluting a gradient of 0-30% EtOAc in 

hexanes.  Yield = 1.21 g (91%).  ESI-MS(+): m/z 333.33 [M+H]+. 

 

((4-Methoxy-[1,1'-biphenyl]-3-yl)ethynyl)trimethylsilane.  To a solution of 4-

methoxy-[1,1'-biphenyl]-3-yl trifluoromethanesulfonate (1.06 g, 3.21 mmol) in 1,4-

dioxane (5 mL) and Et3N (5 mL) was added ethynyltrimethylsilane (0.69 mL, 4.81 

mmol), X-Phos (0.14 g, 0.3 mmol) CuI (0.03 g, 0.16 mmol), and Pd(PPh3)2Cl2 

(0.11 g, 0.16 mmol) then heated to reflux for 16 h.  The reaction mixture was 

filtered through celite, concentrated, then purified via silica gel chromatography 

eluting a gradient of 0-10% EtOAc in hexanes.  Yield = 0.3 g (35%).  ESI-MS(+): 

m/z 281.52 [M+H]+. 

 

1-Benzyl-4-(4-methoxy-[1,1'-biphenyl]-3-yl)-1H-1,2,3-triazole.  To a solution of 

((4-methoxy-[1,1'-biphenyl]-3-yl)ethynyl)trimethylsilane (0.05 g, 0.17 mmol) in 

DMF (5 mL) was added a solution of TBAF (0.06 g, 0.19 mmol) in H2O (1 mL) 

and allowed to stir at room temperature for ~15 min.  To the reaction mixture was 
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then added DIPA (0.02 mL, 0.14 mmol), (azidomethyl)benzene (0.025 mL, 0.19 

mmol), and CuI (0.005 g, 0.018 mmol) then allowed to stir overnight.  The 

resulting solution was concentrated then purified via silica gel chromatography 

eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 0.042 g (69%).  ESI-

MS(+): m/z 342.42 [M+H]+. 

 

3-(1-Benzyl-1H-1,2,3-triazol-4-yl)-[1,1'-biphenyl]-4-ol (98).  To a solution of 1-

benzyl-4-(4-methoxy-[1,1'-biphenyl]-3-yl)-1H-1,2,3-triazole (0.042 g, 0.12 mmol) 

in CH2Cl2 (5 mL) was added BBr3 (1M solution in CH2Cl2, 1.23 mL, 1.23 mmol) 

and stirred at room temperature overnight.  To the reaction mixture was added 

excess MeOH to quench BBr3.  The resulting solution was concentrated then 

purified via silica gel chromatography eluting a gradient of 0-20% MeOH in 

CH2Cl2.  Yield = 0.027 g (67%).  ESI-MS(+): m/z 328.41 [M+H]+. 

 

Methyl 5-bromo-2-methoxybenzoate.  To a solution of 5-bromo-2-

methoxybenzoic acid (3g, 12.98 mmol) in MeOH (500 mL) was added H2SO4 (20 

drops) and heated to reflux for 72 h.  The reaction mixture was concentrated, 

washed with sat. NaHCO3 (50 mL) and extracted with EtOAc (3 X 50 mL).  The 

combined organic layers were concentrated to yield product.  Product was not 

further purified. Yield = 2.5 g (79%).  1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 

2.8 Hz, 1H), 7.54 (dd, J1 = 8.8 Hz, J2 = 2.8 Hz, 1H), 6.85 (d, J = 8.8 Hz, 1H), 3.87 

(s, 6H).  ESI-MS(+): m/z 246.11 [M+H]+. 
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Methyl 4-methoxy-[1,1'-biphenyl]-3-carboxylate.  To a solution methyl 5-

bromo-2-methoxybenzoate (2 g, 8.16 mmol) in 1,4-Dioxane (30 mL) was added 

phenylboronic acid (1.49 g, 12.24 mmol), K2CO3 (2.26 g, 16.32 mmol), and 

Pd(dppf)Cl2 (0.33 g, 0.41 mmol) then heated to reflux for 16 h.  The reaction 

mixture was filtered through celite, concentrated, then purified via silica gel 

chromatography eluting a gradient of 0-30% EtOAc in hexanes.  Yield = 1.86 g 

(94%).  1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.4 Hz, 1H), 7.44 (t, J = 8.4 Hz, 

1H), 7.06 (d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 3.92 (s, 3H).  ESI-MS(+): m/z 243.32 

[M+H]+. 

 

4-Methoxy-[1,1'-biphenyl]-3-carbohydrazide.  To a solution of methyl 4-

methoxy-[1,1'-biphenyl]-3-carboxylate (1.18 g, 4.87 mmol) in EtOH (20 mL) was 

added hydrazine (H20 solution, 30.9 mmol) and heated to reflux for 16 h.  The 

reaction mixture was diluted with brine (50 mL), then extracted with EtOAc (3 X 

50 mL).  The combined organic layers were dried with MgSO4, filtered, 

concentrated, then purified via silica gel chromatography eluting a gradient of 0-

15% MeOH in CH2Cl2.  Yield = 1.16 g (98%).  1H NMR (400 MHz, CDCl3) δ 7.62 

(d, J = 8.0 Hz, 1H), 7.44 (t, J = 8.0 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 4.03 (s, 3H).  

ESI-MS(+): m/z 243.29 [M+H]+. 

 

(E)-N'-Benzylidene-4-methoxy-[1,1'-biphenyl]-3-carbohydrazide.  To a 

solution of 4-methoxy-[1,1'-biphenyl]-3-carbohydrazide (0.2 g, 0.83 mmol) in 
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EtOH (20 mL) was added benzaldehyde (0.092 mL, 0.91 mmol) and heated to 

reflux overnight.  The reaction mixture was diluted with brine (25 mL), then 

extracted with EtOAc (3 X 25 mL).  The combined organic layers were dried with 

MgSO4, filtered, concentrated, then purified via silica gel chromatography eluting 

a gradient of 0-100% EtOAc in hexanes.  Yield = 0.24 g (89%).  ESI-MS(+): m/z 

331.41 [M+H]+. 

 

2-(4-Methoxy-[1,1'-biphenyl]-3-yl)-5-phenyl-1,3,4-oxadiazole.  To a solution of 

(E)-N'-benzylidene-4-methoxy-[1,1'-biphenyl]-3-carbohydrazide (0.24 g, 0.73 

mmol) in CH2Cl2 ( 5 mL) was added DMP (0.62 g, 1.45 mmol) and stirred at room 

temperature for 2.5 h.  The reaction mixture was concentrated then purified via 

silica gel chromatography eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 

0.089 g (37%).  ESI-MS(+): m/z 329.38 [M+H]+. 

 

3-(5-Phenyl-1,3,4-oxadiazol-2-yl)-[1,1'-biphenyl]-4-ol (99).  To a solution of 2-

(4-methoxy-[1,1'-biphenyl]-3-yl)-5-phenyl-1,3,4-oxadiazole (0.089 g, 0.51 mmol) 

in CH2Cl2 (25 mL) was added BBr3 (1M solution in heptanes, 5.1 mmol) and 

stirred at room temperature for 2.5 h.  To the reaction mixture was added excess 

MeOH to quench BBr3.  The resulting solution was concentrated then purified via 

silica gel chromatography eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 

0.053 g (72%).  1H NMR (400 MHz, CDCl3) δ 10.26 (br, 1H), 8.18 (d, J = 8.0 Hz, 

1H), 8.05 (s, 1H), 7.71-7.24 (m, 11H).  ESI-MS(+): m/z 302.31 [M+H]+. 
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(E)-4-Methoxy-N'-(2-methylbenzylidene)-[1,1'-biphenyl]-3-carbohydrazide.  

To a solution of 4-methoxy-[1,1'-biphenyl]-3-carbohydrazide (0.15 g, 0.06 mmol) 

in EtOH (20 mL) was added 2-methylbenzaldehyde (0.15 mL, 1.2 mmol) and 

heated to reflux overnight.  The reaction mixture was diluted with brine (25 mL), 

then extracted with EtOAc (3×25mL).  The combined organic layers were dried 

with MgSO4, filtered, concentrated, then purified via silica gel chromatography 

eluting a gradient of 0-100% EtOAc in hexanes.  Yield = 0.21 g (99%).  ESI-

MS(+): m/z 345.38 [M+H]+. 

 

2-(4-Methoxy-[1,1'-biphenyl]-3-yl)-5-phenyl-1,3,4-oxadiazole.  To a solution of 

(E)-4-methoxy-N'-(2-methylbenzylidene)-[1,1'-biphenyl]-3-carbohydrazide (0.21 g, 

0.62 mmol) in CH2Cl2 ( 5 mL) was added DMP (0.26 g, 0.62 mmol) and stirred at 

room temperature for 2.5 h.  The reaction mixture was concentrated then purified 

via silica gel chromatography eluting a gradient of 0-40% EtOAc in hexanes.  

Yield = 0.071 g (34%).  ESI-MS(+): m/z 343.39 [M+H]+. 

 

3-(5-Phenyl-1,3,4-oxadiazol-2-yl)-[1,1'-biphenyl]-4-ol (100).  To a solution of 2-

(4-Methoxy-[1,1'-biphenyl]-3-yl)-5-phenyl-1,3,4-oxadiazole (0.1 g, 0.3 mmol) in 

CH2Cl2 (25 mL) was added BBr3 (1M solution in heptanes, 0.9 mmol) and stirred 

at room temperature for 2.5 h.  To the reaction mixture was added excess MeOH 

to quench BBr3.  The resulting solution was concentrated then purified via silica 

gel chromatography eluting a gradient of 0-40% EtOAc in hexanes.  Yield = 
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0.037 g (37%).  1H NMR (400 MHz, CDCl3) δ 10.30 (br, 1H), 8.07 (d, J = 8.0 Hz, 

1H), 8.04  (d, J = 2.0 Hz, 1H), 7.71 ((dd, J1 = 8.8 Hz, J2 = 2.0 Hz, 1H), 7.62-7.35 

(m, 8H),7.24  (d, J = 8.8 Hz, 1H), 2.79 (s, 3H).  ESI-MS(+): m/z 329.40 [M+H]+. 
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Chapter 5: Computer Aided Design of Novel Potent Glyoxalase 1 Inhibitors  
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5.1 Introduction 

As discussed in Chapter 1, anxiety and depression are the two most 

common psychiatric disorders in the US and affect approximately one-in-five 

adults at some point in their lifetime.1-2  As described in Chapters 1 and 4, GLO1 

is a cytosolic Zn2+-dependent isomerase that is part of the glyoxalase system, a 

pathway involved in the detoxification of MG.3-6  MG is a reactive metabolite 

generated via the degradation of glycolytic intermediates and at high 

concentrations is capable of forming covalent adducts with proteins and 

nucleotides which result in AGE products, ROS, and apoptosis.  Due to the role 

in AGE formation and cytotoxicity, GLO1 inhibitors have been investigated as 

potential oncogenic therapeutics, but have not had any clinical success.7-8  

Therefore, efforts have been made to find alternative indications for GLO1 

inhibition. 

In this chapter, the design, synthesis, and evaluation of a novel class of 

GLO1 inhibitors is reported.  As described in Chapter 4, screening of a MBP 

library yielded 8-MSQ as a MBP fragment that demonstrated inhibition of GLO1 

(Figure 4-3).  An in vitro absorbance inhibition assay and a computational 

molecular modeling utilizing a previously reported GLO1 crystal structure were 

utilized to develop SAR for 8-MSQ against GLO1.  The computational model 

facilitated the design of novel compounds as well as helped guide the SAR.  

Initially, two libraries of compounds were synthesized, each focused on finding 

the optimal substituents to build into the hydrophobic and GSH-binding pockets 



!

 188 

(Figure 5-1).  Lastly, the results from these libraries were utilized in a fragment-

merge strategy that yielded potent GLO1 inhibitors. 

!

!
!

!
Figure 5-1.  Superpositioned pose of 8-MSQ coordinating to the Zn2+ ion the 
GLO1 active site (left) and chemical illustration (right).  Two possible coordinating 
poses are shown:  pose 1 (top) and pose 2 (bottom).  A surface outlining the 
active site pockets is shown in gray.  Zinc is depicted as an orange sphere and 
water as a red sphere. 
!

5.2 Results and Discussion 

5.2.1 Investigating the Mechanism of Inhibition 

The lead fragment 8-MSQ has been previously reported as a functional 

group that can inhibit metalloenzymes, but has also been used as a receptor unit 
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in molecular sensors for biological Zn2+.9-12  Based on these previous reports, it 

was expected that 8-MSQ could bind to the catalytic Zn2+ ion of GLO1 in a 

bidentate fashion through the endocyclic nitrogen and exocyclic nitrogen donor 

atoms (Figure 5-1).  To validate this hypothesis, a series of compounds were 

synthesized wherein the metal-coordinating atoms were substituted or replaced 

(Table 5-1).  Compounds 101 and 102 place the coordinating endocyclic nitrogen 

at different positions within the quinoline ring.  Compound 103 replaces the 

endocyclic nitrogen with a C-H group, giving a naphthyl derivative, which is 

incapable of the bidentate coordination.  Additionally, compound 104 replaces the 

sulfonamide with a sulfonate ester, while 105 replaces the sulfonamide with an 

amide.  As highlighted by the data in Table 5-1, compounds 101-105 all showed 

a complete loss of activity (IC50 >200 μM) against GLO1, further suggesting the 

importance of the bidentate binding of 8-MSQ through the nitrogen pair of donor 

atoms. 

! !
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Table 5-1.  8-MSQ fragment derivatives used to examine the role of metal 
binding in GLO1 inhibition.  All IC50 values listed are in μM. 
!

Cmpd Structure GLO1 Cmpd Structure GLO1 

8-MSQ 

 

18.46±0.50 103 

 

>200 

101 

 

>200 104 

 

>200 

102 

 

>200 105 

 

>200 

 

5.2.2 Development of a GLO1 Computational Model 

The core quinoline scaffold of compound 8-MSQ has several positions 

amenable for derivatization.  Similar to the fragments discussed in Chapter 4, a 

computational model utilizing 8-MSQ was utilized.  As discussed in Chapter 4, 

modeling studies were performed using the MOE software suite.13  Using a 

crystal structure of GLO1 (PDB:  3VW9) an inhibitor pharmacophore model was 

generated (Figure 5-1).  The catalytic Zn2+ has an octahedral geometry and is 

coordinated by Glu99, Glu172, His,126, and Gln33, with the 5th and 6th 

coordination sites occupied by a bound N-hydroxypyridinone inhibitor (Chugai-

3d, Figure 1-6).  A binding model for 8-MSQ was obtained through docking of the 

fragment into the GLO1 active site and superimposing the coordinating atoms 
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(N,N) of 8-MSQ with those of the bound Chugai-3d inhibitor.  The superposition 

of 8-MSQ generated a probable binding mode in which the endocyclic nitrogen of 

the quinoline ring is bound at the equatorial site of the metal center and the 

exocyclic nitrogen of the sulfonamide functional group is bound axial of the metal 

center (Pose 1, Figure 5-1).  The docked pose was well tolerated with no major 

clash predicted between the fragment and the receptor.  Another mode of binding 

can be modeled by alternating the position of the donor set; however, modeling 

suggested that this alternate binding pose is likely to cause significant steric 

clashes with the GLO1 active site (Pose 2, Figure 5-1).  Docking of pose 2 

caused significant clash between the methylsulfonamide functional group of 8-

MSQ and the coordinating Gln33 (distance <1 Å).  Therefore initial assessment 

of these two poses pointed towards pose 1 as the most likely mode of binding 

(Figure 5-1). 

! To determine whether the computational model developed in Figure 5-1 

was predictive, a small set of compounds was synthesized to evaluate the 

computational model.  Compounds 106-108 were synthesized in a 

straightforward, one-step manner as outlined in Scheme 5-1 starting with 8-

aminoquinoline or 2-methyl-8-aminoquinoline and combining with the 

corresponding sulfonyl chloride.  Evaluation of the inhibition of compound 106 

yielded a poorer IC50 value (~2-fold loss of affinity compared to 8-MSQ) due 

simply to the introduction of a methyl substituent (Table 5-2).  As demonstrated in 

pose 1 (Figure 5-1) the introduction of a methyl group generates a steric clash 
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with Gln33, similarly to the less favored pose 2, which is consistent with the 

molecular modeling study.  Compound 107 incorporates a phenyl at the 8-

sulfonamide position and results in a 2-fold improvement in inhibition, which also 

validates the computational model generated where the phenyl group can be 

accommodated in the glutathione binding pocket (Figure 5-2).  From this docked 

pose, compound 107 forms a hydrogen bond between the sulfone and a water 

molecule (W1). An additional edge to face π-π interaction between the phenyl 

moiety and Phe67 (~4.5 Å) is predicted.  Lastly, a hydrophobic interaction 

between the phenyl and Leu69 (~4.2 Å) is also predicted. Compound 108 

incorporates both a 2-methyl and an 8-phenylsulfonamide which results in a net 

slight increase in inhibition relative to 8-MSQ but worse activity when compared 

with 107 (Table 5-2).  Taken together these results support the predicted mode of 

binding (Pose 1). 

!
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Figure 5-2.  Superpositioned pose of compound 107 coordinating to the Zn2+in 
the GLO1 active site.  An image demonstrating the amino acid side chain 
residues is shown (left) with a surface outlining the active site GSH binding 
pocket is shown in gray and a chemical illustration (bottom).  Zinc is depicted as 
an orange sphere and water as a red sphere. 
 
 

 

Scheme 5-1.  Synthesis of 8-sulfonamide derivatives.  (a) R-SO2Cl, pyridine, 25 
°C; (b) R-SO2Cl, pyridine, 25 °C. 

N
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Table 5-2.  8-MSQ derivatives used to examine the coordination mode in the 
computational model.  All IC50 values listed are in μM. 
!

Compound Structure GLO1 

8-MSQ 

 

18.46 ± 0.50 

106 

 

42.99 ± 0.16 

107 

 

8.47 ± 1.21 

108 

 

14.49 ± 1.72 

 

 The SAR obtained from compounds 106-108 (Table 5-2) demonstrated 

that the computational model is a useful tool to guide the design of compounds.  

Additionally, based on the inhibition of compound 8, 8-MSQ analogs that 

incorporate functional groups at the sulfonamide moiety at the 8-positon are well 

tolerated to fit in the GSH-binding pocket.  Using a fixed Zn2+-coordination 

geometry for 8-MSQ the SAR around the fragment was explored by making 

independent substitutions at 8-position.   

N
NHSO

O

N
NHSO

O

N
NHSO

O

N
NHSO

O
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5.2.3  8-Sulfonamidequinoline Analogs 

The first step of our inhibitor discovery process was to find the optimal 

group to enhance interactions within the GSH-binding pocket.  A variety of 

substituents were explored via a sulfonamide linkage as demonstrated in Table 

5-3.  The introduction of non-aromatic alkane chains lead to loss of inhibition 

(109-112).  However, compounds that incorporated heterocyclic or aromatic 

rings, such as thiophene, furan, phenyl, and pyridine (113-114, 117-118, 120-

121, 123, 126-129) all improved activity modestly.  Three compounds 

incorporated fused-ring systems (130-132) and were among the best inhibitors of 

this subset of molecules.  Alternatively, changing the linker between the 

sulfonamide functional group and the phenyl substituent (133-135) did not seem 

to change inhibition significantly.  Interestingly, compounds 116 and 119 that 

incorporate a methoxy or nitrile at the ortho position (relative to sulfonamide) 

were not tolerated.  Docking of these compounds within the active site predicted 

a major clash with a W1 and limited intramolecular rotation.  Ultimately, 

compound 122 (Table 5-3, IC50 value 1.3 μM) was the most active derivative from 

this group by making the best interactions within the GSH-binding pocket.  

Similarly to compound 107, the 2-pyridinyl group forms an edge-to-face π 

interaction with Phe67 and a hydrophobic contact with Leu69 (Figure 5-3).  

Additionally, the 2-pyridinyl nitrogen is directly facing W1 and engaging in a 

hydrogen bond.  
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Figure 5-3.  Superpositioned pose of compound 122 coordinating to the Zn2+ ion 
the GLO1 active site.  An image demonstrating the amino acid side chain 
residues is shown (left) with a surface outlining the active site GSH binding 
pocket is shown in gray and a chemical illustration (bottom).  Zinc is depicted as 
an orange sphere and water as a red sphere.  
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Table 5-3.  8-MSQ fragment derivatives probing functionalization at the 8-
position. All IC50 values listed are in μM. 
!

 
Cmpd Structure GLO1 Cmpd Structure GLO1 

8-MSQ  18.46 ± 0.50 122 
 

1.31 ± 0.17 

109 
 

>20 123 
 

11.23 ± 2.49 

110 
 

>20 124 

 

>20 

111 
 

>20 125 
 

4.21 ± 2.15 

112 
 

>20 126 
 

7.50 ± 0.66 

113 
 

4.93 ± 1.51 127 

 

5.69 ± 2.34 

114 
 

5.50 ± 3.68 128 
 

6.12 ± 0.07 

115 
 

>20 129 
 

6.58 ± 0.40 

116 
 

>20 130 
 

3.62 ± 1.12 
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Table 5-3.  8-MSQ fragment derivatives probing functionalization at the 8-
position. All IC50 values listed are in μM, continued. 
!

Cmpd Structure GLO1 Cmpd Structure GLO1 

117 

 

6.87 ± 0.35 131 
 

3.87 ± 0.10 

118 
 

6.98 ± 1.39 132 
 

3.87 ± 0.06 

119 
 

>20 133 
 

7.62 ± 1.02 

120 

 

7.28 ± 0.24 134 
 

8.74 ± 0.44 

121 
 

6.65 ± 1.22 135 
 

4.63 ± 0.60 

 

5.2.4  5-Aryl/Cyclic-8-(Methylsulfonylamino)quinoline Derivatives 

A second set of compounds were pursued to explore an optimal 

substituent to interact within the hydrophobic pocket.  Further analysis of the 

computational model suggests that the 5-position of the quinoline ring may be 

modified in order to gain interactions within the hydrophobic pocket (Figure 5-4).  

This series of compounds complements the study exploring the GSH-binding 

pocket, and taken together would be merged to find optimal groups to attach at 

O N

S

O N

S
S

N

N

N
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each position.  For the synthesis of this series, 5-bromoquinoline was selectively 

nitrated at the 8 position yielding 5-bromo-8-nitroquinoline (Scheme 5-2).  This 

intermediate was utilized to attach aryl or amine substituents at the 5-position via 

Suzuki or Buchwald coupling reactions.  The products of the coupling reaction 

were then reduced via palladium on carbon under hydrogen atmosphere or 

through the use of sodium dithionite resulting in the free amine compound.  

Lastly, the amine was coupled with methylsulfonyl chloride under basic 

conditions.  A set of 10 compounds was synthesized, with diverse functional 

groups at the 5-position (Table 5-4).  Evaluation of these compounds against 

GLO1 gave a general trend where polar (137 and 138) and cycloalkanes (144 

and 145) were not well tolerated.  Only the compounds containing hydrophobic 

phenyl substituents resulted in better inhibition relative to 8-MSQ.  Docking of 

these compounds resulted in favorable interactions of the 5-phenyl substituent 

(136) within the hydrophobic pocket with predicted edge-to-face π interactions 

with Phe62 and additional hydrophobic contacts with Met179 and Met183 (Figure 

5-4). 
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Figure 5-4.  Superpositioned pose of 136 coordinating to the Zn2+ ion the GLO1 
active site (left) and chemical illustration (right).  A surface outlining the active site 
pockets is shown in gray.  Zinc is depicted as an orange sphere.  
 

 

Scheme 5-2.  Synthesis 5-Aryl/Cyclic/Ethynyl-8-sulfonamide quinoline 
derivatives.  (a) KNO3, H2SO4, 0-25 °C; (b) R-B(OH)2, Pd(OAc)2, DIPA, H2O, 100 
°C; (c) R-B(OH)2, Pd(PPh3)4, CH3COOK, 1,4-Dioxane 100 °C; (d) R-B(OH)2, 
Pd(dppf)Cl2, S-Phos, K2CO3, H2O, 1,4-Dioxane, 100 °C; (e) R-Amine, Pd2(dba)3, 
X-Phos, K2CO3, 1,4-Dioxane 100 °C; (f) R-Ethynyl, CuI, Pd(dppf)Cl2, X-Phos, 
Et3N, 1,4-Dioxane 90 °C; (g) Pd/C, H2, MeOH, 25 °C; (h) Na2S2O4, K2CO3, H2O, 
MeOH, Acetone 25 °C; (i) R-SO2Cl, pyridine, 25 °C. 
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Table 5-4.  8-MSQ fragment derivatives used to examine the role of metal 
binding in GLO1 inhibition.  Values shown represent IC50 (μM). 

 
 

Cmpd Structure GLO1 Cmpd Structure GLO1 

136 
 

11.50 ± 1.32 141 
 

11.91 ± 0.06 

137 

 

>20 142 
 

15.42 ± 0.21 

138 
 

>20 143 

 

11.23 ± 1.86 

139 

 

6.17 ± 0.94 144 
 

>100 

140 

 

13.91 ± 0.30 145 

 

>100 
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5.2.5 Merged Compounds 

Using the optimal functional groups identified for both the 5- and 8-

position, a fragment merging strategy was employed to produce a series of lead 

compounds.  The functionality at the 8-position (2-pyridinyl sulfonamide) was 

maintained throughout this series, with minimal structural variation at the 5-

position.  Additionally, a handful of compounds were synthesized off the 6-

position (Scheme 5-3).  Synthesis of these compounds generally followed 

Scheme 5-2 where the intermediate, 5-bromo-8-nitroquinoline or 6-bromo-8-

nitroquinoline, was coupled to aryl, amines, or alkynes via Suzuki, Buchwald, or 

Sinogashira methods.  Compounds containing alkynes were reduced to alkanes 

in a one-pot reduction of alkyne and nitro with palladium on carbon and hydrogen 

(Scheme 5-2 and 5-3).  Compounds containing phenyl, chlorophenyl, and 

fluorophenyl substituents (146-149, 152-153, and 156-161) were primarily 

explored based on the results from Table 5-4.  Additionally, compounds 150-151, 

154-155, and 162-163 were inspired by flavonoid GLO1 inhibitors previously 

reported.14-22  This series of compounds yielded several inhibitors with IC50 value 

of <1 µM, with compound 148 demonstrating the best inhibition (Table 5-5). 
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Scheme 5-3.  Synthesis 5-Aryl/Cyclic/Ethynyl-8-sulfonamide quinoline 
derivatives.  (a) Acrolein, 6M HCl, toluene, reflux; (b) R-Ethynyl, CuI, Pd(dppf)Cl2, 
X-Phos, Et3N, 1,4-Dioxane 90 °C; (c) Pd/C, H2, MeOH, 25 °C; (h) Na2S2O4, 
K2CO3, H2O, MeOH, Acetone 25 °C; (d) R-SO2Cl, pyridine, 25 °C. 
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Table 5-5.  8-MSQ fragment derivatives used to examine the role of metal 
binding in GLO1 inhibition.  All IC50 values listed are in μM. 

 
 

Cmpd Pos Structure GLO1 Cmpd Pos Structure GLO1 

146 5 
 

0.50 ± 0.04 153 5 

 

0.54 ± 0.20 

147 5 

 

0.48 ± 0.01 154 5 
 

1.1 ± 0.6 

148 5 
 

0.37 ± 0.02 155 5 

 

0.79 ± 0.13 

149 5 

 

0.72 ± 0.01 156 5 

  

0.78 ± 0.33 

150 5 

 

0.64 ± 0.09 157 6 

 

1.2 ± 0.1 

151 5 
 

1.0 ± 0.3 158 6 

 

1.3 ± 0.1 

152 5 

 

0.59 ± 0.14 159 6 

 

0.46 ± 0.06 
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Figure 5-5.  Binding mode of 146 within GLO1 active site (left) and a chemical 
illustration of mode of binding (right). 
 

5.3 Conclusions 

Screening of a focused MBP library yielded 8-MSQ as a fragment hit that 

displayed inhibition of GLO1.  Computational molecular modeling was utilized to 

generate a model to predict the binding mode of 8-MSQ to GLO1.  

Complemented with a synthetic campaign, the computational model allowed for 

development of SAR, which facilitated the development of inhibitors.  Compounds 

148 and 162 demonstrated the most active inhibition of GLO1 (IC50 value <500 

nM) and are amongst the most potent GLO1 inhibitors that have been reported.  

This work represents the development of a novel class of GLO1 inhibitors.  The 

non-hydroxamate and non-glutathione origins of this class of compounds makes 

them more drug like.  Efforts to investigate these compounds as novel anti-

depressants/anxyolitic compounds will be further pursued.  

  



!

 206 

5.4 Experimental 

Human Glyoxalase 1 Activity Assay.  Recombinant Human Glyoxalase I 

(GLO1) was purchased from R&D Systems (Catalog #4959-GL).  Assays were 

carried out in 100 mM Sodium Phosphate, pH 7.0 buffer utilizing 96-well Clear 

UV Plate (Corning UV Transparent Microplates Catalog #3635).  A fresh solution 

of glutathione (Pre-Substrate 1, 100 mM) as well as methylglyoxal (Pre-substrate 

2, 100 mM) was prepared in deionized water.  The substrate was prepared by 

adding 14.5 mL of buffer and 0.99 mL of each of the pre-substrate components.  

The substrate mixture was vortexed vigorously for 15 sec, then allowed to sit at 

room temperature for 20 min.  Initial well volume was 50 μL containing GLO1 (40 

ng) and inhibitor.  This protein and inhibitor mixture was incubated for 15-20 min 

prior to addition of substrate.  To this was then added substrate (150 μL) yielding 

a maximum amount of 5% DMSO per well.  The enzyme activity was measured 

utilizing a Biotek Synergy HT or H4 plate reader by measuring absorbance at 240 

nm every 1 min for 8 min.  The rate of absorbance increase was compared for 

samples versus controls containing no inhibitor (100% activity).  Absorbance for 

background wells containing DMSO, buffer and substrate (no enzyme or 

inhibitor) were subtracted from the rest of the wells. 
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Synthetic Procedures. 

 

N-(Quinolin-8-yl)methanesulfonamide (8-MSQ).  To a solution of 8-

aminoquinoline (0.1 g, 0.69 mmol) in Pyridine (3 mL) was added the 

methanesulfonyl chloride (0.161 mL, 2.08 mmol) and allowed to stir at room 

temperature for 12-15 h.  To the resulting mixture was added H2O (50 mL) and 

then extracted with EtOAc (3×50mL).  The combined organic layers were dried 

over MgSO4, then filtered, and concentrated via rotary evaporation.  The resulting 

crude oil was purified via silica gel chromatography eluting a gradient of 0-80% 

EtOAc in Hexanes.  Yield = 0.085 g (55%). 1H NMR (400 MHz, CDCl3): δ 8.93 

(br, 1H), 8.83 (dd, J1 = 4.4 Hz, J2 = 2 Hz, 1H), 8.20 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 

1H), 7.87 (dd, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.58-7.48 (m, 3H), 3.03 (s, 3H). ESI-

MS(+): m/z 223.08 [M+H]+, 245.04 [M+Na]+. 

 

N-(Isoquinolin-8-yl)methanesulfonamide (101).  To a solution of isoquinolin-8-

amine (0.2 g, 1.38 mmol) in Pyridine (3 mL) was added the methanesulfonyl 

chloride (0.161 mL, 2.08 mmol) and allowed to stir at room temperature for 12-15 

h.  To the resulting mixture was added H2O (50 mL) and then extracted with 

EtOAc (3×50mL).  The combined organic layers were dried over MgSO4, then 

filtered, and concentrated via rotary evaporation.  The resulting crude oil was 

purified via silica gel chromatography eluting a gradient of 0-20% MeOH in 

CH2Cl2.  Yield = 0.161 g (52%).  1H NMR (400 MHz, DMSO-d6): δ 10.75 (br, 1H), 
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9.92 (s, 1H), 8.70 (d, J = 6.4 Hz, 1H), 8.47 (d, J = 6.4 Hz, 1H), 8.18-8.12 (m, 2H), 

7.93 (d, J = 6.8 Hz, 1H), 3.19 (s, 3H).  ESI-MS(+): m/z 223.08 [M+H]+. 

 

N-(Quinolin-5-yl)methanesulfonamide (102).  To a solution of quinoli-5-amine 

(0.2 g, 1.38 mmol) in Pyridine (3 mL) was added the methanesulfonyl chloride 

(0.161 mL, 2.08 mmol) and allowed to stir at room temperature for 12-15 h.  To 

the resulting mixture was added H2O (50 mL) and then extracted with EtOAc 

(3×50mL).  The combined organic layers were dried over MgSO4, then filtered, 

and concentrated via rotary evaporation.  The resulting crude oil was purified via 

silica gel chromatography eluting a gradient of 0-16% MeOH in CH2Cl2.  Yield = 

0.11 g (38%).  1H NMR (400 MHz, CDCl3): δ 8.41 (dd, J1 = 8.4 Hz. J2 = 1.6 Hz, 

1H), 8.29 (d, J = 8.4 Hz, 1H), 7.81 (t, J = 8.4 Hz, 1H), 7.64 (dd, J1 = 8.4 Hz. J2 = 

1.6 Hz, 1H), 7.59 (dd, J1 = 8.4 Hz. J2 = 4.0 Hz, 1H), 3.51 (s, 3H). ESI-MS(+): m/z 

223.11 [M+H]+. 

 

Quinolin-8-yl methanesulfonate (103).  To a solution of 8-hydroxyquinoline (0.2 

g, 1.38 mmol) in Pyridine (3 mL) was added the methanesulfonyl chloride (0.322 

mL, 4.13 mmol) and allowed to stir at room temperature for 12-15 h.  To the 

resulting mixture was added H2O (50 mL) and then extracted with EtOAc 

(3×50mL).  The combined organic layers were dried over MgSO4, then filtered, 

and concentrated via rotary evaporation.  The resulting crude oil was purified via 

silica gel chromatography eluting a gradient of 0-70% EtOAc in Hexanes.  Yield = 
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0.085 g (34%).  1H NMR (400 MHz, CDCl3): δ 8.91 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 

1H), 8.15 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 7.73 (d, J = 8 Hz, 1H), 7.67 (d, J = 8 

Hz, 1H), 7.50 (T, J = 8 Hz, 1H), 7.43 (dd, J1 = 8.4 Hz, J2 = 4.4 Hz, 1H), 

3.40 (s, 3H).  ESI-MS(+): m/z 224.25 [M+H]+. 

 

N-(Quinolin-8-yl)acetamide (104).  To a solution of 8-aminoquinoline (0.2 g, 

1.38 mmol) in Pyridine (3 mL) was added the acetyl chloride (0.148 mL, 2.08 

mmol) and allowed to stir at room temperature for 12-15 h. To the resulting 

mixture was added H2O (50 mL) and then extracted with EtOAc (3×50mL). The 

combined organic layers were dried over MgSO4, then filtered, and concentrated 

via rotary evaporation. The resulting crude oil was purified via silica gel 

chromatography eluting a gradient of 0-60% EtOAc in Hexanes.  Yield = 0.076 g 

(32%).  1H NMR (400 MHz, CDCl3): δ 9.78 (br, 1H), 8.81 (dd, J1 = 4 Hz, J2 = 1.6 

Hz, 1H), 8.77 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 1H), 8.17 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 

1H), 7.55-7.48 (m, 2H), 7.47 (dd, J1 = 8 Hz, J2 = 5 Hz, 1H), 2.35 (s, 3H). ESI-

MS(+): m/z 187.23 [M+H]+. 

 

N-Methylquinoline-8-sulfonamide (105).  To a solution of quinoline-8-sulfonyl 

chloride (0.2 g, 0.88 mmol) in Pyridine (3 mL) was added the methylamine (2M 

THF solution, 1.31 mL, 0.082 mmol) and allowed to stir at room temperature for 

12-15 h.  To the resulting mixture was added H2O (50 mL) and then extracted 

with EtOAc (3×50mL).  The combined organic layers were dried over MgSO4, 
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then filtered, and concentrated via rotary evaporation.  The resulting crude oil 

was purified via silica gel chromatography eluting a gradient of 0-55% EtOAc in 

Hexanes.  Yield = 0.11 g (43%). 1H NMR (400 MHz, CDCl3): δ 9.03 (d, J = 4 Hz, 

1H), 8.47 (d, J = 8 Hz, 1H), 8.31 (d, J = 8 Hz, 1H), 8.09 (d, J = 8 Hz, 1H), 7.70 (t, 

J = 8 Hz, 1H), 7.59 (dd, J1 = 8 Hz, J2 = 4 Hz, 1H), 6.26 (br, 1H), 2.59 (d, J = 5.6 

Hz, 3H).  ESI-MS(+): m/z 223.15 [M+H]+. 

 

N-(2-Methylquinolin-8-yl)methanesulfonamide (106).  To a solution of 2-

methylquinolin-8-amine (0.2 g, 1.26 mmol) in Pyridine (3 mL) was added 

Methanesulfonyl chloride (0.296 mL, 3.79 mmol) and allowed to stir at room 

temperature for 15 h.  To the resulting mixture was added H2O (50 mL) and then 

extracted with EtOAc (3×50mL).  The combined organic layers were dried over 

MgSO4, filtered, concentrated then purified via silica gel chromatography eluting 

0-10% MeOH in CH2Cl2.  The desired product was isolated as a dark brown solid.  

Yield = 0.191 g (64%).  1H NMR (DMSO-d6, 400 MHz) δ 9.17 (br, 1H), 8.29 (d, J 

= 8.4 Hz, 1H), 7.67 (m, 2H), 7.51 (m, 2H), 3.15 (s, 3H), 2.70 (s, 3H).  ESI-MS(+): 

m/z 237.07 [M+H]+, 258.98 [M+Na]+. 

 

N-(Quinolin-8-yl)benzenesulfonamide (107).  Synthesized utilizing method B. 

Isolated as white solid.  Yield = 0.179 g (91%).  1H NMR (CDCl3, 400 MHz) δ 

9.25 (br, 1H), 8.76 (d, J = 4.4 Hz, 1H), 8.10 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8 Hz, 

2H), 7.82 (dd, J1 = 6.4 Hz, J2 = 2.4 Hz, 1H), 7.41 (m, 6H).  ESI-MS(+): m/z 
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285.03 [M+H]+.  

 

N-(2-Methylquinolin-8-yl)benzenesulfonamide (108).  To a solution of 2-

methylquinolin-8-amine (0.2 g, 1.26 mmol) in Pyridine (3 mL) was added 

Benzenesulfonyl chloride (0.486 mL, 3.79 mmol) and allowed to stir at room 

temperature for 15 h.  To the resulting mixture was added H2O (50 mL) and then 

extracted with EtOAc (3×50mL).  The combined organic layers were dried over 

MgSO4, filtered, concentrated then purified via silica gel chromatography eluting 

0-10% MeOH in CH2Cl2.  The desired product was isolated as a light brown solid. 

Yield = 0.247 g (66%).  1H NMR (DMSO-d6, 400 MHz) δ 9.76 (br, 1H), 8.18 (d, J 

= 8.4 Hz, 1H), 7.89 (m, 2H), 7.62-7.39 (m, 7H), 2.63 (s, 3H).  ESI-MS(+): m/z 

299.11 [M+H]+, 321.05 [M+Na]+. 

 

Protocol for Sulfonamide Coupling Method A – To a solution of 8-Aminoquinoline 

(0.1g, 0.69 mmol) in Pyridine (3 mL) was added the corresponding Sulfonyl 

chloride and allowed to stir at room temperature for 12-15 h.  To the resulting 

mixture was added H2O (50 mL) and then extracted with EtOAc (3×50mL). The 

combined organic layers were dried over MgSO4, then filtered, and concentrated 

via rotary evaporation.  The resulting crude oil was purified via silica gel 

chromatography eluting a gradient of EtOAc in Hexanes. 
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Protocol for Sulfonamide Coupling Method B – Sulfonamides were synthesized 

and purified as previously reported.  To a solution of 8-Aminoquinoline (0.1 g, 

0.69 mmol) in Pyridine (3 mL) was added the corresponding Sulfonyl chloride 

(1.04 mmol).  The clear solution was heated in a microwave reactor at 130 °C for 

3 min (Power = 300W).  The solution was then poured into H2O (12 mL) causing 

the product to precipitate, which was then isolated via filtration, and rinsed with 

water.  If no precipitate was formed, the aqueous phase was extracted CH2Cl2 

(2×50mL).  The combined organic layers were dried over MgSO4, filtered, and 

evaporated in vacuo to obtain a solid when co-evaporated with Et2O. 

 

N-(Quinolin-8-yl)cyclopropanesulfonamide (109).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-30% EtOAc in Hexanes.  Isolated 

as white solid.  Yield = 0.08 g (45%).  1H NMR (CDCl3, 400 MHz) δ 8.92 (br, 1H), 

8.83 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.19 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 

7.92 (dd, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.57-7.47 (m, 3H), 2.57 (m, 1H), 1.29 (m, 

2H), 0.90 (m, 2H).  ESI-MS(+): m/z 249.14 [M+H]+. 

 

N-(Quinolin-8-yl)propane-2-sulfonamide (110).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 3.27 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-40% EtOAc in Hexanes. Isolated 

as tan solid.  Yield = 0.04 g (23%).  1H NMR (400 MHz, CDCl3): δ 8.86 (br, 1H), 
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8.82 (dd, J1 = 4.4 Hz, J2 = 2 Hz, 1H), 8.18 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.90 

(dd, J1 = 7.6 Hz, J2 = 2 Hz, 1H), 7.54 (m, 3H), 3.37 (sept, J = 6.8 Hz, 1H), 1.38 (s, 

1H), 1.37 (s, 3H).  ESI-MS(+): m/z 251.09 [M+H]+. 

 

N-(Quinolin-8-yl)butane-1-sulfonamide (111).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-15% EtOAc in Hexanes.  Isolated 

as dark oil.  Yield = 0.09 g (49%).  1H NMR (CDCl3, 400 MHz) δ 8.89 (br, 1H), 

8.80 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.17 (dd, J1 = 8 Hz, J2 = 1.4 Hz, 1H), 7.84 

(dd, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.54-7.45 (m, 3H), 3.12 (m, 2H), 1.81 (m, 2H), 

1.35 (sex, J = 7.2 Hz, 2H), 0.79 (t, J = 7.2 Hz, 3H).  ESI-MS(+): m/z 265.12 

[M+H]+. 

 

N-(Quinolin-8-yl)cyclohexanesulfonamide (112).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 3 equivs, of sulfonyl 

chloride.  Purified with a gradient of 0-15% EtOAc in Hexanes.  Isolated as a 

clear oil.  Yield = 0.034 g (17%).  1H NMR (CDCl3, 400 MHz) δ 8.85 (br, 1H), 8.81 

(dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 1H), 8.18 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.88 

(dd, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.53-7.46 (m, 3H), 3.09 (tt, J1 = 7.2 Hz, J2 = 3.6 

Hz, 1H), 2.18-1.14 (m, 10H).  ESI-MS(+): m/z 291.17 [M+H]+, 313.13 [M+Na]+. 
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N-(Quinolin-8-yl)thiophene-2-sulfonamide (113).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as dark brown solid.  Yield = 0.179 g 

(89%).  1H NMR (400 MHz, CDCl3): δ 9.30 (br, 1H), 8.76 (dd, J1 = 4.4 Hz, J2 = 

1.6 Hz, 1H), 8.12 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.91 (dd, J1 = 6.4 Hz, J2 = 2.4 

Hz, 1H), 7.62 (dd, J1 = 3.6 Hz, J2 = 1.2 Hz, 1H), 7.51 (m, 2H), 7.44 (d, J = 4.4 Hz, 

1H), 7.42 (d, J = 4.0 Hz, 1H), 6.92 (t, J = 3.6 Hz, 1H).  ESI-MS(+): m/z 291.02 

[M+H]+, 312.97 [M+Na]+. 

 

1-Methyl-N-(quinolin-8-yl)-1H-imidazole-4-sulfonamide (114).  Synthesized 

utilizing Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, 

of sulfonyl chloride.  Product precipitated as H2O was added to reaction mixture. 

The solid was isolated via filtration and not further purified.  Isolated as pink solid. 

Yield = 0.089 g (48%).  1H NMR (CDCl3, 400 MHz) δ 9.41 (br, 1H), 8.79 (dd, J1 = 

4 Hz, J2 = 1.6 Hz, 1H), 8.12 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 1H), 7.89 (t, J = 4.4 Hz, 

1H), 7.54 (d, J = 1.2 Hz, 1H), 7.46-7.41 (m, 3H), 7.36 (s, 1H), 7.25 (s, 1H), 3.65 

(s, 3H).  ESI-MS(+): m/z 289.22 [M+H]+, 311.16 [M+Na]+. 

 

4-(1H-Pyrazol-1-yl)-N-(quinolin-8-yl)benzenesulfonamide (115).  Synthesized 

utilizing Sulfonamide Coupling Method B.  Isolated as a white solid. Yield = 0.33 

g (99%).  1H NMR (CDCl3, 400 MHz) δ 9.26 (br, 1H), 8.76 (dd, J1 = 4.0 Hz, J2 = 

1.6 Hz, 1H), 8.10 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.98 (d, J = 9.2 Hz, 2H), 7.88 

(d, J = 2.8 Hz, 1H), 7.86 (dd, J1 = 6.8 Hz, J2 = 2.0 Hz, 1H), 7.68 (d, J = 2.0 Hz, 
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1H), 7.68 (d, J = 8.8 Hz, 2H), 7.43 (m, 3H), 6.45 (dd, J1 = 2.8 Hz, J2 = 2.0 Hz, 

1H).  ESI-MS(+): m/z 351.08 [M+H]+, 373.06 [M+Na]+. 

 

2-methoxy-N-(quinolin-8-yl)benzenesulfonamide (116).  Synthesized utilizing 

Sulfonamide Coupling Method A.  Purified with a gradient of 0-25% EtOAc in 

Hexanes.  Isolated as white solid.  Yield = 0.123 g (56%).  1H NMR (CDCl3, 400 

MHz) δ 9.70 (br, 1H), 8.79 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.07 (dd, J1 = 8.4 Hz, 

J2 = 1.6 Hz, 1H), 7.98 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.81 (dd, J1 = 8.4 Hz, J2 

= 1.6 Hz, 1H), 7.42-7.32 (m, 3H), 6.94 (t, J = 8.4 Hz, 1H), 6.78 (t, J = 8.4 Hz, 1H), 

3.81 (s, 3H).  ESI-MS(+): m/z 315.09 [M+H]+. 

 

3-Methoxy-N-(quinolin-8-yl)benzenesulfonamide (117).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-25% EtOAc in Hexanes.  Isolated 

as white solid.  Yield = 0.2 g (92%).  1H NMR (CDCl3, 400 MHz) δ 9.25 (br, 1H), 

8.67 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.00 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.84 

(m, 1H), 7.48 (m, 1H), 7.39 (m, 3H), 7.33 (dd, J1 = 8.4 Hz, J2 = 4.4 Hz, 1H), 7.20 

(t, J1 = 8 Hz, 1H), 6.88 (m, 1H), 3.63 (s, 3H).  ESI-MS(+): m/z 315.13 [M+H]+. 

 

4-Methoxy-N-(quinolin-8-yl)benzenesulfonamide (118).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as an off-white solid.  Yield = 0.117 g 

(54%).  1H NMR (400 MHz, CDCl3): δ 9.20 (br, 1H,), 8.76 (dd, J1 = 4.4 Hz, J2 = 
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1.6 Hz, 1H), 8.09 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.80 

(dd, J1 = 6 Hz, J2 = 2.4 Hz, 1H), 7.43 (m, 3H), 6.81 (d, J = 8.8 Hz, 2H), 3.75 (s, 

3H).  ESI-MS(+): m/z 315.02 [M+H]+. 

 

2-cyano-N-(quinolin-8-yl)benzenesulfonamide (119).  Synthesized utilizing 

Sulfonamide Coupling Method A.  Purified with a gradient of 0-70% EtOAc in 

Hexanes.  Isolated as white solid.  Yield = 0.07 g (33%). 1H NMR (400 MHz, 

CDCl3): δ 8.80 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.18 (dd, J1 = 8.0 Hz, J2 = 1.2 

Hz, 1H), 8.09 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.73-7.39 (m, 7H).  ESI-MS(+): 

m/z 310.11 [M+H]+. 

 

3-Cyano-N-(quinolin-8-yl)benzenesulfonamide (120).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-70% EtOAc in Hexanes.  Isolated 

as white solid.  Yield = 0.07 g (32%).  1H NMR (CDCl3, 400 MHz) δ 9.25 (br, 1H), 

8.77 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 1H), 8.17-8.09 (m, 3H), 7.86 (dd, J1 = 7.2 Hz, 

J2 = 1.2 Hz, 1H), 7.70 (dd, J1 = 8 Hz, J2 = 1.2 Hz, 1H), 7.54-7.42 (m, 4H).  ESI-

MS(+): m/z 310.11  [M+H]+. 

  

4-Cyano-N-(quinolin-8-yl)benzenesulfonamide (121).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as an orange solid.  Yield = 0.106 g 

(99%).  1H NMR (CDCl3, 400 MHz) δ 9.27 (br, 1H), 8.76 (dd, J1 = 4.4 Hz, J2 = 1.6 
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Hz, 1H), 8.12 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.99 (d, J = 8.0 Hz, 2H), 7.85 

(dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 7.63 (d, J = 8.0 Hz, 2H), 7.53 (dd, J1 = 8.4 Hz, 

J2 = 1.2 Hz, 1H), 7.46 (m, 2H).  ESI-MS(+): m/z 310.07 [M+H]+. 

 

N-(Quinolin-8-yl)pyridine-2-sulfonamide (122).  Synthesized utilizing 

Sulfonamide Coupling Method A. To the reaction was added 1.5 equivs, of 

sulfonyl chloride. Purified with a gradient of 0-50% EtOAc in Hexanes. Isolated as 

brown solid. Yield = 0.112 g (57%).   1H NMR (CDCl3, 400 MHz) δ 9.94 (br, 1H), 

8.85 (m, 1H), 8.59 (m, 1H), 8.37 (dd, dd, J1 = 8.4 Hz, J2 = 2 Hz, 1H), 8.09 (m, 

2H), 7.76-7.48 (m, 5H).  ESI-MS(+): m/z 286.12 [M+H]+. 

 

N-(Quinolin-8-yl)pyridine-3-sulfonamide (123).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.1 equivs, of 

sulfonyl chloride.  Product precipitated as H2O was added to reaction mixture.  

The solid was isolated via filtration and not further purified.  Isolated as white 

solid.  Yield = 0.198 g (99%).  1H NMR (CDCl3, 400 MHz) δ 9.33 (br, 1H), 9.07 

(dd, J1 = 2.4 Hz, J2 = 0.8 Hz, 1H), 8.70 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 1H), 8.60 

(dd, J1 = 4.8 Hz, J2 = 1.6 Hz, 1H), 8.14 (m, 1H), 8.06 (dd, J1 = 8 Hz, J2 = 1.6 Hz, 

1H), 7.85 (dd, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.47-7.39 (m, 2H), 7.38 (dd, J1 = 8.4 

Hz, J2 = 4.4 Hz, 1H), 7.25 (m, 1H).  ESI-MS(+): m/z 286.10 [M+H]+, 307.99 

[M+Na]+. 
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6-Morpholino-N-(quinolin-8-yl)pyridine-3-sulfonamide (124).  Synthesized 

utilizing Sulfonamide Coupling Method B.  Isolated as a white solid.  Yield = 0.1 g 

(78%).  1H NMR (CDCl3, 400 MHz) δ 9.20 (br, 1H), 8.76 (dd, J1 =4.4 Hz, J2 = 1.6 

Hz, 1H), 8.65 (m, 1H), 8.10 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.87 (dd, J1 = 9.2 

Hz, J2 =2.8 Hz, 1H), 7.82 (m, 1H), 7.45 (m, 3H), 6.45 (d, J = 9.2 Hz, 1H), 3.72 (m, 

4H), 3.54 (m, 4H).  ESI-MS(+): m/z 371.10 [M+H]+, 393.17 [M+Na]+. 

 

4-(tert-Butyl)-N-(quinolin-8-yl)benzenesulfonamide (125).  Synthesized 

utilizing Sulfonamide Coupling Method B.  Isolated as a white solid.  Yield = 

0.216 g (91%).  1H NMR (CDCl3, 400 MHz) δ 9.23 (br, 1H), 8.75 (dd, J1 = 4.4 Hz, 

J2 = 2.0 Hz, 1H), 8.10 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.83 (m, 3H), 7.43 (m, 

3H), 7.37 (d, J = 8.8 Hz, 2H), 1.24 (s, 9H).  ESI-MS(+): m/z 341.08 [M+H]+. 

 

4-Fluoro-N-(quinolin-8-yl)benzenesulfonamide (126).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as an amber solid.  Yield = 0.15 g 

(72%).  1H NMR (CDCl3, 400 MHz) δ 8.77 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.21 

(dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.88-7.92 (m, 2H), 7.83 (dd, J1 = 7.6 Hz, J2 = 

1.2 Hz, 1H), 7.58 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 7.46-7.50 (m, 2H), 7.09 (t, J 

= 8.4 Hz, 2H).  ESI-MS(+): m/z 303.05 [M+H]+, 324.99 [M+Na]+. 

 

3,4-Difluoro-N-(quinolin-8-yl)benzenesulfonamide (127).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.1 equivs, of 
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sulfonyl chloride.  Purified with a gradient of 0-20% EtOAc in Hexanes.  Isolated 

as a brown solid.  Yield = 0.1 g (46%). 1H NMR (CDCl3, 400 MHz) δ 8.75 (dd, J1 

= 4.0 Hz, J2 = 1.6 Hz, 1H), 8.11 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 7.84 (dd, J1 = 

7.2 Hz, J2 = 1.2 Hz, 1H), 7.76-7.66 (m, 2H), 7.51-7.40 (m, 3H), 7.13 (m, 1H).  

ESI-MS(+): m/z 321.11 [M+H]+. 

 

N-(Quinolin-8-yl)benzo[d][1,3]dioxole-5-sulfonamide (128).  Synthesized 

utilizing Sulfonamide Coupling Method B. Isolated as a dark brown solid.  Yield = 

0.08 g (70%).  1H NMR (CDCl3, 400 MHz) δ 9.20 (br, 1H), 8.77 (dd, J1 = 4.4 Hz, 

J2 = 1.6 Hz, 1H), 8.11 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.80 (dd, J1 = 6.4 Hz, 

J2 = 2.4 Hz, 1H), 7.50 (dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 1H), 7.45 (m, 2H), 7.43 (t, J 

= 4.0 Hz, 1H), 7.31 (d, J = 2.0 Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 5.96 (s, 2H).  

ESI-MS(+): m/z 329.09 [M+H]+. 

 

2-Oxo-N-(quinolin-8-yl)indoline-5-sulfonamide (129).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as an orange solid.  Yield = 0.09 g 

(91%).  1H NMR (CDCl3, 400 MHz) δ 10.72 (br, 1H), 9.80 (br, 1H), 8.86 (dd, J1 = 

4.0 Hz, J2 = 1.6 Hz, 1H), 8.34 (dd, J1 = 8.0 Hz, J2 =1.6 Hz, 1H), 7.76 (m, 2H), 

7.60 (m, 3H), 7.50 (t, J = 8.0 Hz, 1H), 6.82 (d, J = 8.8 Hz, 1H), 3.47 (s, 2H).  ESI-

MS(+): m/z 340.09 [M+H]+. 

 

N-(Quinolin-8-yl)naphthalene-2-sulfonamide (130).  Synthesized utilizing 
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Sulfonamide Coupling Method B.  Isolated as a white solid.  Yield = 0.2 g (87%). 

1H NMR (CDCl3, 400 MHz) δ 9.35 (br, 1H), 8.76 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 

1H), 8.51 (d, J = 2.0 Hz, 1H), 8.06 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.88 (m, 

3H), 7.78 (m, 2H), 7.55 (m, 2H), 7.41 (m, 3H).  ESI-MS(+): m/z 335.04 [M+H]+. 

 

N-(Quinolin-8-yl)benzo[d]thiazole-6-sulfonamide (131).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.1 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-40% EtOAc in Hexanes.  Isolated 

as a off-white solid.  Yield = 0.11 g (45%). 1H NMR (400 MHz, CDCl3): δ 9.33 (br, 

1H), 9.07 (s, 1H), 8.72 (d, J = 4.4 Hz, 1H), 8.58 (s, 1H), 8.05 (m, 3H), 7.88 (m, 

1H), 7.43 (m, 2H), 7.38 (m, 1H).  ESI-MS(+): m/z 342.03 [M+H]+, 363.99 [M+Na]+. 

 

2-(Methylthio)-N-(quinolin-8-yl)benzo[d]thiazole-6-sulfonamide (132).  

Synthesized utilizing method B.  Isolated as a light brown solid.  Yield = 0.2 g 

(81%).  1H NMR (CDCl3, 400 MHz) δ 9.28 (br, 1H), 8.74 (dd, J1 = 4.4 Hz, J2 = 1.6 

Hz, 1H), 8.41 (dd, J1 = 1.6 Hz, J2 = 0.4 Hz, 1H), 8.08 (dd, J1 = 8.4 Hz, J2 = 1.6 

Hz, 1H), 7.90 (dd, J1 = 8.8 Hz, J2 = 1.6 Hz, 1H), 7.90 (dd, J1 = 8.4 Hz, J2 = 1.6 

Hz, 1H), 7.85 (dd, J1 = 6.4 Hz, J2 = 2.8 Hz, 1H), 7.75 (dd, J1 = 8.4 Hz, J2 = 0.4 

Hz, 1H), 7.42 (m, 3H).  ESI-MS(+): m/z 388.05 [M+H]+. 

 

1-Phenyl-N-(quinolin-8-yl)methanesulfonamide (133).  Synthesized utilizing 

Sulfonamide Coupling Method B.  Isolated as a yellow solid.  Yield = 0.2 g (97%). 
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1H NMR (CDCl3, 400 MHz) δ 8.87 (br, 1H), 8.71 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 

1H), 8.18 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.80 (dd, J1 = 7.6 Hz, J2 = 1.6 Hz, 

1H), 7.54 (dd, J1 = 8.8 Hz, J2 = 1.2 Hz, 1H), 7.48 (m, 2H), 7.25 (m, 1H), 7.15 (t, J 

= 8.0 Hz, 2H), 7.08 (d, J = 7.2 Hz, 2H).  ESI-MS(+): m/z 299.06 [M+H]+, 321.08 

[M+Na]+. 

 

2-Phenyl-N-(quinolin-8-yl)ethane-1-sulfonamide (134).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.5 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-20% EtOAc in Hexanes.  Isolated 

as a tan solid.  Yield = 0.143 g (66%).  1H NMR (CDCl3, 400 MHz) δ 8.96 (br, 

1H), 8.81 (d, J = 4.0 Hz, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 8.4 Hz, 1H), 

7.58-7.47 (m, 3H), 7.18-7.11 (m, 3H), 6.97 (d, J = 8.4 Hz, 3H), 3.40 (t, J = 8.0 Hz, 

2H), 3.40 (t, J = 8.0 Hz, 2H), 3.16 (t, J = 8.0 Hz, 2H).  ESI-MS(+): m/z 313.18 

[M+H]+. 

 

3-Phenyl-N-(quinolin-8-yl)propane-1-sulfonamide (135).  Synthesized utilizing 

Sulfonamide Coupling Method A.  To the reaction was added 1.1 equivs, of 

sulfonyl chloride.  Purified with a gradient of 0-30% EtOAc in Hexanes.  Isolated 

as a tan solid.  Yield = 0.185 g (82%).  1H NMR (CDCl3, 400 MHz) δ 9.23 (br, 

1H), 8.69 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 1H), 8.01 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 

1H), 7.83 (m, 3H), 7.39 (d, J = 4.8 Hz, 2H), 7.34 (dd, J1 = 8 Hz, J2 = 4 Hz, 1H), 
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7.12 (d, J = 8.4 Hz, 2H), 2.48 (t, J = 7.6 Hz, 2H), 1.53 (sex, J = 7.6 Hz, 2H), 0.81 

(t, J = 7.2 Hz, 3H).  ESI-MS(+): m/z 327.09 [M+H]+, 349.03 [M+Na]+. 

 

5-Bromo-8-nitroquinoline.  A solution of 5-Bromoquinoline (10 g, 48.1 mmol) in 

concentrated H2SO4 (40 mL) was cooled down to 0 °C under a nitrogen 

atmosphere.  To this was added Potassium nitrate (7.77 g, 77 mmol) slowly and 

portionwise.  The resulting reaction mixture was then allowed to warm up to room 

temperature slowly and then stirred for an additional 15 h at room temperature.  

The resulting mixture was then poured onto ice, which caused the formation of a 

precipitate.  The precipitate was then filtered and rinsed with excess amount of 

H2O.  The resulting product was not further purified.  The desired product was 

isolated as a light yellow solid.  Yield = 10.63 g (87%).  1H NMR (CDCl3, 400 

MHz) δ 9.08 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.62 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 

1H), 7.90 (d, J1 = 0.8 Hz, 2H), 7.67 (dd, J1 = 8.4 Hz, J2 = 4 Hz, 1H).  ESI-MS(+): 

m/z 253.21, 255.17 [M+H]+. 

 

8-Nitro-5-phenylquinoline.  To a solution of 5-Bromo-8-nitroquinoline (0.4 g, 

1.58 mmol) in H2O (10 mL) was added phenylboronic acid (0.289 g, 2.37 mmol), 

diisopropylamine (0.443 mL, 3.16 mmol), and palladium acetate (0.018 g, 0.08 

mmol) and refluxed for 16 h.  To the resulting mixture was added H2O (50 mL) 

and then extracted with EtOAc (3×50mL).  The combined organic layers were 

dried over MgSO4, filtered, concentrated then purified via silica gel 
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chromatography eluting 0-30% EtOAc in Hexanes.  The desired product was 

isolated as a light tan solid.  Yield = 0.297 g (75%).  1H NMR (CDCl3, 400 MHz) δ 

9.03 (d, J = 4.0 Hz, 1H), 8.30 (d, J = 4.0 Hz, 1H), 8.06 (d, J = 4.0 Hz, 1H), 7.56-

7.43 (m, 7H).  ESI-MS(+): m/z 251.34 [M+H]+. 

 

Protocol for Suzuki Coupling Method A – To a solution of 5-Bromo-8-

nitroquinoline (0.3 g, 1.18 mmol) in H2O (10 mL) was added boronic acid (1.78 

mmol), diisopropylamine (0.498 mL, 3.56 mmol), and palladium acetate (0.018 g, 

0.08 mmol) and refluxed for 16 h.  To the resulting mixture was added H2O (50 

mL) and then extracted with EtOAc (3×50mL).  The resulting mixture was filtered 

through celite, concentrated, then purified via silica gel chromatography eluting a 

gradient of EtOAc in Hexanes. 

 

Protocol for Suzuki Coupling Method B – To a solution of 5-Bromo-8-

nitroquinoline (0.3 g, 1.18 mmol) in 1,4-Dioxane (10 mL) was added boronic acid 

(1.78 mmol), potassium acetate (0.233 g, 2.37 mmol), and Pd(PPh3)4 (0.068 g, 

0.06 mmol) and degassed for 5-10 mins.  The solution mixture was then refluxed 

for 16 h under nitrogen atmosphere.  The resulting mixture was filtered through 

celite, concentrated, then purified via silica gel chromatography eluting a gradient 

of EtOAc in Hexanes. 
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Protocol for Suzuki Coupling Method C – To a solution of 5-Bromo-8-

nitroquinoline (0.3 g, 1.18 mmol) in H2O (5 mL) and 1,4-Dioxane (5 mL) was 

added boronic acid (1.78 mmol), potassium carbonate (0.328 g, 2.37 mmol), S-

Phos (0.05 g, 0.12 mmol) and Pd(dppf)Cl2. CH2Cl2 (0.097 g, 0.12 mmol) and 

degassed for 5-10 mins.  The solution mixture was then refluxed for 16 h under 

nitrogen atmosphere.  The resulting mixture was filtered through celite, 

concentrated, then purified via silica gel chromatography eluting a gradient of 

EtOAc in Hexanes or MeOH in CH2Cl2. 

 

Protocol for Buchwald Coupling – To a solution of 5-Bromo-8-nitroquinoline (0.3 

g, 1.18 mmol) in DMF (10 mL) was added an amine (3.56 mmol), potassium 

carbonate (0.492 g, 3.56 mmol), X-Phos (0.113 g, 0.24 mmol) and Pd2(dba)3 

(0.217 g, 0.24 mmol) and degassed for 5-10 mins.  The solution mixture was then 

irradiated in a microwave reactor at 140 °C for 30 min.  The resulting mixture 

filtered through celite, concentrated then purified via silica gel chromatography 

eluting a gradient of EtOAc in Hexanes. 

 

Protocol for Sonogashira Coupling – To a solution of 5-Bromo-8-nitroquinoline 

(0.3 g, 1.18 mmol) in 1,4-Dioxane (10 mL) and Et3N (10 mL) was added an 

ethynyl (1.78 mmol), X-Phos (0.057 g, 0.12 mmol), Pd(dppf)Cl2. CH2Cl2 (0.097 g, 

0.12 mmol) and CuI (0.023 g, 0.12 mmol) and degassed for 5-10 mins.  The 

solution mixture was then refluxed for 16 h under nitrogen atmosphere.  The 
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resulting mixture was filtered through celite, concentrated, then purified via silica 

gel chromatography eluting a gradient of EtOAc in Hexanes. 

 

8-Nitro-5-(pyridin-4-yl)quinoline.  Synthesized utilizing Suzuki coupling Method 

C.  Product was purified with a gradient of 0-15% MeOH in CH2Cl2.  Yield = 0.132 

g (44%).  1H NMR (CDCl3, 400 MHz) δ 9.10 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 

8.81-8.80 (m, 2H), 8.23 (dd, J1 = 8.8 Hz, J2 = 1.6 Hz, 1H), 8.09 (d, J = 8.0 Hz, 

1H), 7.59 (d, J = 8.0 Hz, 1H), 7.56 (dd, J1 = 8.8 Hz, J2 = 4.4 Hz, 1H), 7.40-7.39 

(m, 2H). ESI-MS(+): m/z 252.25 [M+H]+. 

 

8-Nitro-5-(pyrimidin-5-yl)quinoline.  Synthesized utilizing Suzuki coupling 

Method C.  Product was purified with a gradient of 0-15% MeOH in CH2Cl2.  Yield 

= 0.138 g (46%).  1H NMR (CDCl3, 400 MHz) δ 9.39 (s, 1H), 9.14 (d, J = 4.0 Hz, 

1H), 8.90 (s, 2H), 8.17 (d, J = 8.8 Hz, 1H), 8.13 (d, J = 8 Hz, 1H), 7.63-7.60 (m, 

2H). ESI-MS(+): m/z 253.43 [M+H]+. 

 

5-(4-Chlorophenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method B.  Product was purified via silica gel chromatography eluting a gradient 

of 0-30% EtOAc in Hexanes.  Yield = 0.182 g (54%).  1H NMR (CDCl3, 400 MHz) 

δ 9.03 (d, J = 4.0 Hz, 1H), 8.30 (d, J = 4.0 Hz, 1H), 8.06 (d, J = 4.0 Hz, 1H), 7.56-

7.43 (m, 7H). ESI-MS(+): m/z 285.43 [M+H]+. 
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5-(3,4-Difluorophenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method A.  Product was purified via silica gel chromatography eluting 0-40% 

EtOAc in Hexanes.  Yield = 0.311 g (92%).  1H NMR (CDCl3, 400 MHz) δ 9.09 (d, 

J = 4.0 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.56-7.53 (m, 

2H), 7.39-7.28 (m, 2H), 7.20-7.17 (m, 1H).  ESI-MS(+): m/z 287.32 [M+H]+. 

 

5-(Furan-2-yl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling Method 

B. Product was purified via silica gel chromatography eluting a gradient of 0-30% 

EtOAc in Hexanes.  Yield = 0.181 g (64%).  1H NMR (CDCl3, 400 MHz) δ 9.04 (d, 

J = 4.0 Hz, 1H), 8.88 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 8.0 

Hz, 1H), 7.68 (m, 1H), 7.57 (dd, J1 = 8.0 Hz, J2 = 4 Hz, 1H), 6.84 (d, J = 2.4 Hz, 

1H), 6.63 (m, 1H).  ESI-MS(+): m/z 241.31 [M+H]+. 

 

8-Nitro-5-(thiophen-2-yl)quinoline.  Synthesized utilizing Suzuki coupling 

Method B.  Product was purified via silica gel chromatography eluting a gradient 

of 0-40% EtOAc in Hexanes.  Yield = 0.3 g (99%).  1H NMR (CDCl3, 400 MHz) δ 

9.08 (m, 1H), 8.65 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 8.0 

Hz, 1H), 7.55 (m, 2H), 7.27-7.24 (m, 2H).  ESI-MS(+): m/z 257.27 [M+H]+. 

 

5-(Benzo[d][1,3]dioxol-5-yl)-8-nitroquinoline.  Synthesized utilizing Suzuki 

coupling Method A.  Product was purified via silica gel chromatography eluting 0-

40% EtOAc in Hexanes.  Yield = 0.167 g (48%).  1H NMR (CDCl3, 400 MHz) δ 
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9.03 (d, J = 4.0 Hz, 1H), 8.34 (d, J = 8.8 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.52-

7.47 (m, 2H), 6.96 (d, J = 8.0 Hz, 1H), 6.88-6.87 (m, 2H), 6.06 (s, 2H).  ESI-

MS(+): m/z 295.36 [M+H]+. 

 

8-Nitro-5-(piperidin-1-yl)quinoline.  Synthesized utilizing Buchwald coupling 

Method.  Product was purified with a gradient of 0-25% EtOAc in Hexanes.  Yield 

= 0.182 g (60%).  1H NMR (CDCl3, 400 MHz) δ 9.04 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 

1H), 8.47 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.49 (dd, J1 

= 8.4 Hz, J2 = 4 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 3.14 (t, J = 5.6 Hz, 4H), 1.88 

(pent, J = 5.6 Hz, 4H), 1.72 (m, 2H).  ESI-MS(+): m/z 258.34 [M+H]+. 

 

4-(8-Nitroquinolin-5-yl)morpholine.  Synthesized utilizing Buchwald coupling 

Method.  Product was purified with a gradient of 0-25% EtOAc in Hexanes.  Yield 

= 0.202 g (68%).  1H NMR (CDCl3, 400 MHz) δ 9.00 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 

1H), 8.49 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 8.05 (d, J = 8.4 Hz, 1H), 7.50 (dd, J1 

= 8.4 Hz, J2 = 4 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 3.97 (t, J = 4.4 Hz, 4H), 3.16 (t, 

J = 4.4 Hz, 4H).  ESI-MS(+): m/z 260.11 [M+H]+. 

 

N-(5-Phenylquinolin-8-yl)methanesulfonamide (136).  Synthesized utilizing 

Sulfonamide Coupling Method A.  Product was purified with a gradient of 0-25% 

EtOAc in Hexanes.  Isolated as an off-white solid. Yield = 0.033 g (24%).  1H 

NMR (CDCl3, 400 MHz) δ 9.03 (br, 1H), 8.84 (d, J = 3.6 Hz, 1H), 8.31 (d, J = 8.4 
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Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.51-7.43 (m, 7H), 3.08 (s, 3H).  ESI-MS(+): 

m/z 299.10 [M+H]+. 

 

N-(5-(Pyridin-4-yl)quinolin-8-yl)methanesulfonamide (137).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-10% MeOH in CH2Cl2.  Isolated as an off-white solid.  Yield = 0.054 g (35%).  

1H NMR (CDCl3, 400 MHz) δ 9.09 (br, 1H), 8.86 (d, J = 4.0 Hz, 1H), 8.74 (d, J = 

5.2 Hz, 2H), 8.25 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.51-7.47 (m, 2H), 

7.39 (m, 2H), 3.09 (s, 3H).  ESI-MS(+): m/z 300.14 [M+H]+. 

 

N-(5-(Pyrimidin-5-yl)quinolin-8-yl)methanesulfonamide (138).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-10% MeOH in CH2Cl2. Isolated as an off-white solid.  Yield = 0.048 g (32%).  

1H NMR (CDCl3, 400 MHz) δ 9.29 (s, 1H), 9.12 (br, 1H), 8.88 (d, J = 4.0 Hz, 1H), 

8.85 (s, 2H), 8.14 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.55 (dd, J1 = 8.4 

Hz, J2 = 4.0 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 3.09 (s, 3H).  ESI-MS(+): m/z 

301.10 [M+H]+. 

 

N-(5-(4-Chlorophenyl)quinolin-8-yl)methanesulfonamide (139).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-40% EtOAc in Hexanes.  Isolated as an off-white solid.  Yield = 0.042 g (24%).  

1H NMR (CDCl3, 400 MHz) δ 9.03 (br, 1H), 8.85 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 
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1H), 8.24 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.49-7.38 

(m, 6H), 3.07 (s, 3H).  ESI-MS(+): m/z 333.23 [M+H]+. 

 

N-(5-(3,4-Difluorophenyl)quinolin-8-yl)methanesulfonamide (140).  

Synthesized utilizing Sulfonamide Coupling Method A.  Product was purified with 

a gradient of 0-35% EtOAc in Hexanes.  Isolated as a tan solid.  Yield = 0.068 g 

(39%).  1H NMR (CDCl3, 400 MHz) δ 9.04 (br, 1H), 8.85 (dd, J1 = 4.0 Hz, J2 = 1.6 

Hz, 1H), 8.23 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.51 

(dd, J1 = 8.0 Hz, J2 = 4.0 Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.33-7.14 (m, 3H), 

3.08 (s, 3H).  ESI-MS(+): m/z 335.41 [M+H]+. 

 

N-(5-(furan-2-yl)quinolin-8-yl)methanesulfonamide (141).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-25% EtOAc in Hexanes.  Isolated as a red-brown oil.  Yield = 0.091 g (42%).  

1H NMR (CDCl3, 400 MHz) δ 9.03 (br, 1H), 8.81-8.77 (m, 2H), 7.86 (d, J = 8.0 

Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 1.6 Hz, 1H), 7.53 (dd, J1 = 8.0 Hz, 

J2 = 4.0 Hz, 1H), 6.66 (d, J = 3.2 Hz, 1H), 6.58 (dd, J1 = 3.2 Hz, J2 = 1.6 Hz, 1H), 

3.04 (s, 3H).  ESI-MS(+): m/z 289.13 [M+H]+. 

 

N-(5-(Thiophen-2-yl)quinolin-8-yl)methanesulfonamide (142).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-55% EtOAc in Hexanes.  Isolated as faint yellow crystals.  Yield = 0.128 g 
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(68%).  1H NMR (CDCl3, 400 MHz) δ 9.05 (br, 1H), 8.84 (dd, J1 = 4.0 Hz, J2 = 1.6 

Hz, 1H), 8.58 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.62 (d, 

J = 8.0 Hz, 1H), 7.52 (dd, J1 = 8.0 Hz, J2 = 4.0 Hz, 1H), 7.45 (dd, J1 = 4.0 Hz, J2 = 

1.6 Hz, 1H), 7.20-7.18 (m, 2H), 3.07 (s, 3H).  ESI-MS(+): m/z 305.33 [M+H]+. 

 

N-(5-(Benzo[d][1,3]dioxol-5-yl)quinolin-8-yl)methanesulfonamide (143).  

Synthesized utilizing Sulfonamide Coupling Method A.  Product was purified with 

a gradient of 0-50% EtOAc in Hexanes.  Isolated as a faint yellow solid.  Yield = 

0.086 g (46%).  1H NMR (CDCl3, 400 MHz) δ 9.00 (br, 1H), 8.83 (dd, J1 = 4.0 Hz, 

J2 = 1.6 Hz, 1H), 8.33 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 

7.47-7.44 (m, 2H), 6.95-6.87 (m, 3H), 6.05 (s, 2H), 3.06 (s, 3H).  ESI-MS(+): m/z 

343.17 [M+H]+. 

 

N-(5-(Piperidin-1-yl)quinolin-8-yl)methanesulfonamide (144).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-75% EtOAc in Hexanes.  Isolated as a yellow solid.  Yield = 0.091 g (48%).  1H 

NMR (CDCl3, 400 MHz) δ 8.80 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.67 (br, 1H), 

8.54 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.48 (dd, J1 = 8.0 

Hz, J2 = 4.0 Hz, 1H), 7.08 (d, J = 8.0 Hz, 1H), 3.03-2.95 (m, 4H), 2.94 (s, 3H), 

1.85 (pent, 4H), 1.66 (br, 2H).  ESI-MS(+): m/z 306.11 [M+H]+. 
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N-(5-Morpholinoquinolin-8-yl)methanesulfonamide (145).  Synthesized 

utilizing Sulfonamide Coupling Method A.  Product was purified with a gradient of 

0-75% EtOAc in Hexanes. Isolated as a yellow solid.  Yield = 0.101 g (51%).  1H 

NMR (CDCl3, 400 MHz) δ 8.82 (dd, J1 = 4.0 Hz, J2 = 2.0 Hz, 1H), 8.72 (br, 1H), 

8.56 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.50 (dd, J1 = 8.4 

Hz, J2 = 4.0 Hz, 1H), 7.14 (d, J = 8.4 Hz, 1H), 3.97 (t, J = 4.4 Hz, 4H), 3.07 (t, J = 

4.4 Hz, 4H), 2.97 (s, 3H).  ESI-MS(+): m/z 308.54 [M+H]+. 

 

5-(3-Chlorophenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method B.  Product was purified with a gradient of 0-35% EtOAc in Hexanes. 

Isolated as a tan solid.  Yield = 0.222 g (65%).  1H NMR (CDCl3, 400 MHz) δ 9.01 

(m, 1H), 8.24 (m, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.54-7.19 (m, 6H).  ESI-MS(+): 

m/z 285.24 [M+H]+. 

 

5-(4-Fluorophenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method C.  Product was purified with a gradient of 0-35% EtOAc in Hexanes.  

Isolated as a brown solid.  Yield = 0.167 g (53%).  1H NMR (CDCl3, 400 MHz) δ 

9.02 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.25 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 8.04 

(d, J = 8.4 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 8.25 (dd, J1 = 8.4 Hz, J2 = 4 Hz, 1H), 

7.43-7.40 (m, 2H), 7.24-7.20 (m, 2H).  ESI-MS(+): m/z 269.19 [M+H]+. 
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5-(4-Methoxyphenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method C.  Product was purified with a gradient of 0-50% EtOAc in Hexanes.  

Isolated as a tan solid.  Yield = 0.110 g (33%).  1H NMR (CDCl3, 400 MHz) δ 9.05 

(dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.33 (dd, J1 = 8.8 Hz, J2 = 2 Hz, 1H), 8.06 (d, J = 

8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.51 (dd, J1 = 8.8 Hz, J2 = 4 Hz, 1H), 7.46 

(t, J = 8.0 Hz, 1H), 7.06-6.97 (m, 3H), 3.86 (s, 3H).  ESI-MS(+): m/z 281.31 

[M+H]+. 

 

5-(3-Methoxyphenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method C.  Product was purified with a gradient of 0-50% EtOAc in Hexanes. 

Isolated as a tan solid.  Yield = 0.249 g (75%).  1H NMR (CDCl3, 400 MHz) δ 9.03 

(dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.33 (dd, J1 = 8.8 Hz, J2 = 1.6 Hz, 1H), 8.05 (d, J 

= 8.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 7.49 (dd, J1 = 8.8 Hz, J2 = 4 Hz, 1H), 7.37 

(d, J = 8.4 Hz, 1H), 7.07 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H).  ESI-MS(+): m/z 281.19 

[M+H]+. 

 

5-(3-Chloro-4-methoxyphenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki 

coupling Method B.  Product was purified with a gradient of 0-60% EtOAc in 

Hexanes. Isolated as a tan solid.  Yield = 0.3 g (68%).  1H NMR (CDCl3, 400 

MHz) δ 9.06 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.30 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 

1H), 8.06 (d, J = 8.0 Hz, 1H), 7.54-7.46 (m, 3H), 7.33 (dd, J1 = 8.4 Hz, J2 = 2.0 

Hz, 1H), 7.11 (d, J = 8.4 Hz, 1H), 4.00 (s, 3H).  ESI-MS(+): m/z 315.15 [M+H]+. 
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5-(3,4-Dichlorophenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki coupling 

Method B.  Product was purified with a gradient of 0-50% EtOAc in Hexanes. 

Isolated as a tan solid.  Yield = 0.3 g (75%).  ESI-MS(+): m/z 319.23 [M+H]+. 

 

5-(3,5-Dimethoxyphenyl)-8-nitroquinoline.  Synthesized utilizing Suzuki 

coupling Method C.  Product was purified with a gradient of 0-35% EtOAc in 

Hexanes.  Isolated as a brown solid.  Yield = 0.194 g (53%).  1H NMR (CDCl3, 

400 MHz) δ 9.07 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.36 (dd, J1 = 8.8 Hz, J2 = 1.6 

Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.51 (dd, J1 = 8.8 Hz, 

J2 = 4 Hz, 1H), 6.60-6.55 (m, 3H), 3.84 (s, 6H).  ESI-MS(+): m/z 311.26 [M+H]+. 

 

8-Nitro-5-(phenylethynyl)quinoline.  Synthesized utilizing Sonogashira 

coupling method.  Product was purified with a gradient of 0-35% EtOAc in 

Hexanes.  Isolated as a brown solid.  Yield = 0.206 g (63%).  1H NMR (CDCl3, 

400 MHz) δ 9.11 (m, 1H), 8.79 (dd, J1 = 8.8 Hz, J2 = 1.6 Hz, 1H), 8.03 (d, J = 8.0 

Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.66-7.64 (m, 3H), 7.45-7.42 (m, 3H).  ESI-

MS(+): m/z 275.21 [M+H]+. 

 

5-((4-Fluorophenyl)ethynyl)-8-nitroquinoline.  Synthesized utilizing Sono- 

gashira coupling method.  Product was purified with a gradient of 0-25% EtOAc 

in Hexanes.  Isolated as an off-white solid.  Yield = 0.170 g (49%).  1H NMR 

(CDCl3, 400 MHz) δ 9.11 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.77 (dd, J1 = 8.0 Hz, 
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J2 = 1.6 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.66-7.62 (m, 

3H), 7.15-7.11 (m, 2H).  ESI-MS(+): m/z 293.21 [M+H]+. 

 

Protocol for Reduction A – This method was utilized to reduce corresponding 

nitro compounds into amines, which were utilized in the synthesis of compounds 

136-138, 140-146, 149-151, and 154-163.  To a solution of 5-Aryl/Cyclic/Ethynyl-

8-nitroquinoline in MeOH (25 mL) and Pd/C (10% loading, 0.05 equiv) was 

degassed for 5-10 mins.  The solution mixture was then purged with hydrogen 

gas (1 atm) and stirred at room temperature for 1-2 hr.  The resulting mixture was 

then filtered through celite and concentrated.  Product was confirmed via TLC 

and MS and used in next step without further purification. 

 

Protocol for Reduction B – This method was utilized to reduce corresponding 

nitro compounds into amines, which were utilized in the synthesis of compounds 

139, 147-149 and 152-153.  To a solution of Chlorophenyl-8-nitroquinoline in 

MeOH:Acetone:H2O (1:1:1, 15 mL) was added K2CO3 (4 equiv) and sodium 

dithionate (4 equiv) then allowed to stir at room temperature under nitrogen 

overnight.  The resulting solution was concentrated to remove organic solvents.  

The resulting aqueous solution was diluted with water (25 mL) and then extracted 

with EtOAc (3×50ml).  The combined organic fractions were concentrated and to 

yield product.  Product was confirmed via TLC and MS and used in next step 

without further purification. 
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N-(5-Phenylquinolin-8-yl)pyridine-2-sulfonamide (146).  Synthesized utilizing 

Sulfonamide Coupling Method A.  Product was purified with a gradient of 0-40% 

EtOAc in Hexanes.  Isolated as a white solid.  Yield = 0.115 g (70%).  1H NMR 

(CDCl3, 400 MHz) δ 9.60 (br, 1H), 8.81 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.62-

8.60 (m, 1H), 8.22 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 

7.97 (d, J = 8.0 Hz, 1H), 7.87 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.49-7.36 (m, 

8H).  HR-ESI-MS calcd for [C20H16N3O2S]+: 362.0958; Found: 362.0951. 

 

N-(5-(4-Chlorophenyl)quinolin-8-yl)pyridine-2-sulfonamide (147).  

Synthesized utilizing Sulfonamide Coupling Method A.  Product was purified with 

a gradient of 0-40% EtOAc in Hexanes.  Isolated as a white solid.  Yield = 0.0.61 

g (79%).  1H NMR (CDCl3, 400 MHz) δ 9.60 (br, 1H), 8.80 (dd, J1 = 4.0 Hz, J2 = 

1.6 Hz, 1H), 8.60 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.15 (m, 2H), 7.96 (d, J = 8.0 

Hz, 1H), 7.87 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.44-7.29 (m, 7H).  HR-ESI-MS 

calcd for [C20H15ClN3O2S]+: 396.0568; Found: 396.0563.  

 

N-(5-(3-Chlorophenyl)quinolin-8-yl)pyridine-2-sulfonamide (148).  

Synthesized utilizing Sulfonamide Coupling Method A.  Product was purified with 

a gradient of 0-50% EtOAc in Hexanes.  Isolated as a light pink solid.  Yield = 

0.05 g (16%).  1H NMR (CDCl3, 400 MHz) δ 9.60 (br, 1H), 8.82-8.80 (m, 1H), 

8.61 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.17-8.12 (m, 2H), 7.97 (d, J = 8.0 Hz, 
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1H), 7.87 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.43-7.32 (m, 6H), 7.18 (t, J = 8.0 Hz, 

1H).  HR-ESI-MS calcd for [C20H15ClN3O2S]+: 396.0568; Found: 396.0565. 

 

N-(5-(4-Fluorophenyl)quinolin-8-yl)pyridine-2-sulfonamide (149). 

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-45% EtOAc in Hexanes. Isolated as a light yellow solid. Yield = 

0.091 g (36%). 1H NMR (CDCl3, 400 MHz) δ 9.59 (br, 1H), 8.80-8.79 (m, 1H), 

8.60 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.15-8.11 (m, 2H), 7.97 (d, J = 8.0 Hz, 

1H), 7.88 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.44-7.31 (m, 5H), 7.17-7.13 (m, 2H).  

HR-ESI-MS calcd for [C20H15FN3O2S]+: 380.0864; Found: 380.0866.  

 

N-(5-(4-Methoxyphenyl)quinolin-8-yl)pyridine-2-sulfonamide (150). 

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-50% EtOAc in Hexanes. Isolated as a white solid. Yield = 0.12 g 

(43%). 1H NMR (CDCl3, 400 MHz) δ 9.60 (br, 1H), 8.80-8.79 (m, 1H), 8.61-8.60 

(m, 1H), 8.25 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.14 (dd, J1 = 4.0 Hz, J2 = 0.8 

Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.88 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.42-

7.35 (m, 4H), 6.97-6.91 (m, 3H).  HR-ESI-MS calcd for [C21H18N3O3S]+: 

392.1063; Found: 392.1061. 

 

N-(5-(3-Methoxyphenyl)quinolin-8-yl)pyridine-2-sulfonamide (151). 

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 
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a gradient of 0-70% EtOAc in Hexanes. Isolated as a white solid. Yield = 0.074 g 

(21%). 1H NMR (CDCl3, 400 MHz) δ 9.59 (br, 1H), 8.79 (dd, J1 = 4.0 Hz, J2 = 1.6 

Hz, 1H), 8.61-8.59 (m, 1H), 8.22 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.13-8.11 (m, 

1H), 7.95 (d, J = 8.0 Hz, 1H), 7.86 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.41-7.29 

(m, 5H), 7.01-6.00 (m, 2H).  HR-ESI-MS calcd for [C21H18N3O3S]+: 392.1063; 

Found: 392.1065. 

 

N-(5-(3-Chloro-4-methoxyphenyl)quinolin-8-yl)pyridine-2-sulfonamide (152). 

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-100% EtOAc in Hexanes. Isolated as a white solid. Yield = 0.15 g 

(51%). 1H NMR (CDCl3, 400 MHz) δ 9.59 (br, 1H), 8.82 (dd, J1 = 4.4 Hz, J2 = 2.0 

Hz, 1H), 8.61-8.60 (m, 1H), 8.19 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 1H), 8.13 (d, J = 

8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.88 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.43-

7.39 (m, 3H), 7.36 (d, J = 8.0 Hz, 1H), 7.26 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 1H), 

7.04 (d, J = 8.4 Hz, 1H), 3.97 (s, 3H).  HR-ESI-MS calcd for [C21H16ClN3NaO3S]+: 

448.0493; Found: 448.0491. 

 

N-(5-(3,4-Dichlorophenyl)quinolin-8-yl)pyridine-2-sulfonamide (153).  

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-100% EtOAc in Hexanes. Isolated as a white solid. Yield = 0.17 g 

(58%). 1H NMR (CDCl3, 400 MHz) δ 9.61 (br, 1H), 8.85 (dd, J1 = 4.4 Hz, J2 = 2.0 

Hz, 1H), 8.62-8.60 (m, 1H), 8.15-8.12 (m, 2H), 7.99 (d, J = 8.0 Hz, 1H), 7.89 (td, 
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J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.56-7.35 (m, 5H), 7.23 (m, 1H).  HR-ESI-MS calcd 

for [C20H14Cl2N3O2S]+: 430.0178; Found: 430.0180. 

 

N-(5-(3,5-Dimethoxyphenyl)quinolin-8-yl)pyridine-2-sulfonamide (154). 

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-50% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 

0.145 g (56%). 1H NMR (CDCl3, 400 MHz) δ 9.58 (br, 1H), 8.77-8.75 (m, 1H), 

8.58-8.57 (m, 1H), 8.26 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.12 (dd, J1 = 8.0 Hz, 

J2 = 0.8 Hz, 1H), 7.94 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.86 (td, J1 = 8.0 Hz, J2 

= 1.6 Hz, 1H), 7.41-7.34 (m, 3H), 6.50 (m, 3H), 3.79 (s, 6H).  HR-ESI-MS calcd 

for [C22H20N3O4S]+: 422.1169; Found: 422.1165.  

 

N-(5-Phenethylquinolin-8-yl)pyridine-2-sulfonamide (155).  Synthesized 

utilizing Sulfonamide Coupling Method A. Product was purified with a gradient of 

0-100% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 0.045 g (15%). 

1H NMR (CDCl3, 400 MHz) δ 9.51 (br, 1H), 8.77 (d, J = 2.4 Hz, 1H), 8.57 (d, J = 

3.6 Hz, 1H), 8.27 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.82-7.81 (m, 2H), 

7.42-7.11 (m, 8H), 3.23 (t, J = 8.4 Hz, 2H), 2.95 (t, J = 8.4 Hz, 2H).  HR-ESI-MS 

calcd for [C22H20N3O2S]+: 390.1271; Found: 390.1265. 

 

N-(5-(4-Fluorophenethyl)quinolin-8-yl)pyridine-2-sulfonamide (156).  

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 
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a gradient of 0-100% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 

0.07 g (31%). 1H NMR (CDCl3, 400 MHz) δ 9.50 (br, 1H), 8.75 (d, J = 2.4 Hz, 

1H), 8.56 (d, J = 3.6 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 

7.83-7.78 (m, 2H), 7.43-7.35 (m, 2H), 7.17 (d, J = 8.4 Hz, 1H), 7.03-7.00 (m, 2H), 

6.92 (m, 2H), 3.21 (t, J = 8.4 Hz, 2H), 2.92 (t, J = 8.4 Hz, 2H).  HR-ESI-MS calcd 

for [C22H18FN3NaO2S]+: 430.0996; Found: 430.0994. 

 

6-Bromo-8-nitroquinoline. A solution of 4-Bromo-2-nitroaniline (5 g, 23.04 

mmol) in Toluene (30 mL) and 6M HCl (30 mL) was heated to reflux for ~15 min. 

To this was added Acrolein (1.93 g, 34.6 mmol) and allowed to reflux for an 

additional 2 h. The resulting solution was then partitioned, and the organic layer 

was discarded. The aqueous layer was made strongly basic (pH 10-11) with 6M 

NaOH. The resulting basic mixture was then extracted with EtOAc (3×50mL). The 

combined organic layers were dried over MgSO4, filtered, concentrated then 

purified via silica gel chromatography eluting 0-40% EtOAc in Hexanes. The 

desired product was isolated as a pink-orange solid. Yield = 1.21 g (21%). 1H 

NMR (CDCl3, 400 MHz) δ 9.08 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.20-8.18 (m, 

2H), 8.13 (d, J1 = 2.4 Hz, 1H), 7.60 (dd, J1 = 8.4 Hz, J2 = 4 Hz, 1H). ESI-MS(+): 

m/z 253.19 [M+H]+. 

 

8-Nitro-6-(phenylethynyl)quinoline.  Synthesized utilizing Sonogashira 

coupling method.  Product was purified with a gradient of 0-40% EtOAc in 
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Hexanes.  Isolated as an off-white solid.  Yield = 0.12 g (40%).  1H NMR (CDCl3, 

400 MHz) δ 9.00 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 1H), 8.20-8.09 (m, 3H), 7.56-7.51 

(m, 3H), 7.38-7.36 (m, 3H).  ESI-MS(+): m/z 275.21 [M+H]+. 

 

6-((4-Fluorophenyl)ethynyl)-8-nitroquinoline.  Synthesized utilizing 

Sonogashira coupling method.  Product was purified with a gradient of 0-40% 

EtOAc in Hexanes.  Isolated as an off-white solid.  Yield = 0.15 g (50%).  ESI-

MS(+): m/z 293.11 [M+H]+. 

 

6-((3,5-Dimethoxyphenyl)ethynyl)-8-nitroquinoline.  Synthesized utilizing 

Sonogashira coupling method.  Product was purified with a gradient of 0-40% 

EtOAc in Hexanes.  Isolated as a tan solid.  Yield = 0.29 g (73%).  1H NMR 

(CDCl3, 400 MHz) δ 9.07 (dd, J1 = 4.0 Hz, J2 = 1.6 Hz, 1H), 8.24 (dd, J1 = 4.0 Hz, 

J2 = 1.6 Hz, 1H), 8.19-8.15 (m, 2H), 7.60 (dd, J1 = 8.4 Hz, J2 = 4.4 Hz, 1H), 6.73 

(d, J = 2.4 Hz), 6.53 (t, J = 2.4 Hz), 3.82 (s, 6H).  ESI-MS(+): m/z 335.33 [M+H]+. 

 

N-(6-Phenethylquinolin-8-yl)pyridine-2-sulfonamide (157).  Synthesized 

utilizing Sulfonamide Coupling Method A. Product was purified with a gradient of 

0-100% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 0.065 g (35%). 

1H NMR (CDCl3, 400 MHz) δ 9.48 (br, 1H), 8.71 (d, J = 4.4 Hz, 1H), 8.56 (d, J = 

4.4 Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.85-7.77 (m, 2H), 
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7.37-7.34 (m, 2H), 7.24-7.11 (m, 7H), 3.05 (t, J = 8.4 Hz, 2H), 2.96 (t, J = 8.4 Hz, 

2H).  HR-ESI-MS calcd for [C22H20N3O2S]+: 390.1271; Found: 390.1268. 

 

N-(6-(4-Fluorophenethyl)quinolin-8-yl)pyridine-2-sulfonamide (158).  

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-100% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 

0.075 g (36%). 1H NMR (CDCl3, 400 MHz) δ 9.45 (br, 1H), 8.72 (d, J = 4.4 Hz, 

1H), 8.56 (d, J = 4.4 Hz, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 

7.82-7.78 (m, 2H), 7.39-7.36 (m, 2H), 7.13 (s, 1H), 7.04-7.01 (m, 2H), 6.91-6.87 

(m, 2H), 3.02 (t, J = 8.4 Hz, 2H), 2.94 (t, J = 8.4 Hz, 2H).  HR-ESI-MS calcd for 

[C22H18FN3NaO2S]+: 430.0996; Found: 430.0994. 

 

N-(6-(3,5-Dimethoxyphenethyl)quinolin-8-yl)pyridine-2-sulfonamide (159).  

Synthesized utilizing Sulfonamide Coupling Method A. Product was purified with 

a gradient of 0-100% EtOAc in Hexanes. Isolated as an off-white solid. Yield = 

0.165 g (45%). 1H NMR (CDCl3, 400 MHz) δ 9.50 (br, 1H), 8.73 (d, J = 4.4 Hz, 

1H), 8.57 (d, J = 4.4 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.0 Hz, 1H), 

7.87 (s, 1H), 7.83 (td, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 7.41-7.35 (m, 2H), 7.21 (s, 

1H), 6.32 (s, 3H), 3.74 (s, 6H), 3.06 (t, J = 8.4 Hz, 2H), 2.92 (t, J = 8.4 Hz, 2H).   

HR-ESI-MS calcd for [C24H24N3O4S]+: 450.1482; Found: 450.1483. 
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