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Abstract 

   Several analogs of the natural product UK-1 have been identified as potent 

inhibitors of hepatitis C virus (HCV) replication in a replicon assay. One set of inhibitors 

has been shown to inhibit the HCV non-structural protein 3 helicase (NS3h), while 

another acts via an unknown cellular target. Efforts have been focused on (1) identifying 

the inhibitor binding pocket within the NS3 helicase and (2) exploring the possible role 

zinc binding may play in the inhibitory mode of action of the latter.     

 Lead HCV replication inhibitors, inactive against NS3h, have been shown to bind 

zinc. Within the HCV genome, at least three non-structural proteins (NS2, NS3, and 

NS5A) contain/require a structural zinc ion and all three proteins are required for viral 

replication. Disruption of zinc binding within any of the three proteins severely hinders or 

eliminates protein function, thus inhibiting viral proliferation. It is therefore hypothesized 

that the activity of lead compounds is related to the coordination of one or more protein-

bound structural zinc ions, causing a perturbation of protein structure that diminishes 

protein activity and thereby inhibits viral replication. To investigate whether or not zinc 

binding plays a role in the activity of lead HCV replication inhibitors, a series of analogs 

have been synthesized with structural modifications expected to increase zinc affinity. In 

addition, a structure activity relationship (SAR) study was performed to explore the 

effects of hydrogen bonding and sterics/hydrophobicity on inhibitor efficacy. Lead 

modification has led to a potent inhibitor of HCV replication (EC50= 0.6 M) that shows 

minimal toxicity to host-cells (SI> 160). The SAR study, syntheses, zinc binding 

experiments, and biological data will be presented.  



 

 

 Two lead compounds inhibit HCV NS3 helicase activity with low to sub-

micromolar EC50 values. Identification of the binding pocket within NS3h would allow 

for structure-based drug design, facilitating the development of increasingly potent 

inhibitors. As such, a photoactivatable analog of a lead helicase inhibitor has been 

designed to be used in a photoaffinity labeling experiment; this analog has been shown to 

be similarly effective against the NS3 helicase. The design, syntheses, photolysis data, 

and results of NS3h photolabeling experiments will be presented herein.    
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Chapter 1: The Hepatitis C Virus and Therapeutic Development 

 

A.  Overview 

The Hepatitis C Virus (HCV), the causative agent of the Hepatitis C infection, has 

been declared a worldwide health concern by the World Health Organization (WHO).1,2 

Estimates suggest that 150-180 million people are currently infected with HCV and as 

many as 500,000 die each year from viral related ailments.3 In 70-80% of cases, HCV 

cannot be suppressed by the body’s immune system and a chronic liver infection 

develops.4 This acute infection of the hepatocytes leads to liver cirrhosis, hepatocellular 

carcinoma, and liver failure.5 HCV infection is currently the leading cause of liver 

transplantation in the United States.6  

HCV is a positive sense single-stranded RNA virus that, following entry into a host 

hepatocyte, encodes for a single polyprotein of approximately 3000 amino acids.7 The 

polyprotein is processed co- and post-translationally by both host and viral proteases, to 

yield ten viral proteins (Figure 1). The amino terminal third of the peptide contains the 

four structural proteins core, E1, E2, and p7. The remaining two-thirds of the protein is 

composed of the non-structural (NS) proteins NS2, NS3, NS4A, NS4B, NS5A, and 

NS5B.7 Although each NS protein possesses a unique function (or functions), as a whole 

they are responsible for the synthesis of viral RNA, and thus viral replication.8  
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Figure 1. HCV RNA translation and processing of the resulting polypeptide.8 

 

 

B.  The HCV Non-Structural Proteins: Structure and Function 

Nonstructural-protein 2 (NS2) is a transmembrane protein with protease activity and 

is located at the 5’ end of the NS proteins. This novel dimeric cysteine protease contains 

a composite active site, where two of the three residues in the catalytic triad come from 

one monomer, and the third comes from the other.9 NS2 is responsible for the 

intramolecular cleavage of itself from adjacent NS3, which remains attached to the 

remaining downstream NS proteins.10 The role of this cleavage event as it pertains to 

HCV RNA replication is not fully understood, but it is required for viral RNA replication 

in vivo.10 The N-terminal domain of NS3, which acts as a cofactor for NS2, contains a 

zinc-binding region and increases NS2 protease activity. It has been hypothesized that the 

NS3 zinc-binding domain promotes the correct positioning of the NS2/NS3 scissile 

bond.11 
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NS3 is a protein exhibiting multiple functions and is well characterized both 

structurally and functionally. NS3 and the adjacent NS4A function as a complex, with 

NS4A serving as both a cofactor for NS3 and as a membrane anchor.12 The amino 

terminal domain of NS3 and NS4A form a dimeric serine protease that is responsible for 

the intramolecular cleavage of NS3 from NS4A, as well as the intermolecular cleavage 

between all downstream non-structural proteins.13 Without an active NS3 protease, the 

remainder of the polypeptide encoded by the RNA genome remains unprocessed, and is 

thus nonfunctional.14 In addition, the carboxy-terminus of NS3 functions as an ATP-

dependent helicase; this activity is facilitated by NS4A.15 The exact relevance of the 

helicase activity as it pertains to HCV viral replication is not known, nor is the enzyme’s 

natural substrate. However, a functional helicase is required for in vivo HCV replication.8, 

16,17 Several functions for the helicase activity have been proposed which include, but are 

not limited to, aiding in the polymerase processivity, assistance in RNA folding, 

modulating host gene expression, and involvement in genome encapsidation.18-20 

Although its specific function in viral proliferation is currently unknown, it has been 

shown that helicase activity is required for in vivo HCV replication.16,17  

Non-structural protein 4B is an integral membrane protein that associates with the 

endoplasmic reticulum (ER) of the host cell.21 Like the other NS proteins, NS4B is 

essential for viral RNA replication.22 The most important and widely accepted role of 

NS4B is the rearrangement of host cell membranes. During the HCV lifecycle, RNA 

replicative structures, including all non-structural proteins, assemble in a rearranged host-

cell ER or the ‘membranous web’. It has been shown that expression of NS4B alone is 



4 

 

capable of generating these membranous structures, strongly suggesting this as a critical 

role in the viral life-cycle.23 

NS5A is a large protein that exists in two phosphorylated forms (56 kD and 58 kD) 

and has been proven crucial to the replication of HCV.24,25 It has been shown that NS5A 

associates post-translationally with the cytoplasmic membranes and is capable of binding 

RNA, however the exact role that NS5A plays in viral replication remains unclear.24,26 It 

has been proposed that NS5A plays a role in virion assembly, RNA replication, host cell 

protein modification, and overall lifecycle regulation.27,28 NS5A also contributes to viral 

propagation by binding to host-cell protein kinases, that would otherwise impede viral 

replication.29 This gives rise to viral persistence by downgrading the production of host 

interferons (IFNs). It has also been shown that expression of NS5A alone can promote 

hepatocellular carcinoma.25 

NS5B is a 68kDa RNA dependent RNA polymerase and is therefore essential for 

viral replication both in vitro and in vivo.28 Importantly, this polymerase is prone to error 

when synthesizing viral RNA. This leads to extremely high mutation rates in all 

genotypes of HCV, which results in the development of viral resistance to various HCV 

therapeutic options.30 

 

C. HCV Treatment 

Prior to 2011, the standard of care for an acute HCV infection was a combination of 

the broad spectrum antivirals pegylated interferon alfa (PEG-IFN) and ribavirin. PEG-

IFN is a signaling protein that induces the production of host-cell genes with antiviral 
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functions.31 Ribavirin, a nucleoside analog, acts synergistically with PEG-IFN through an 

unknown mechanism. This treatment had moderate to poor efficacy, depending upon the 

genotype of the causative virus. Sustained virological response (SVR), defined as no 

detectable HCV RNA six months after completing treatment, was achieved in 

approximately 40% of infections caused by the viral genotype (genotype 1) common to 

North America and Europe.32 Throughout the 48-72 weeks of required therapy, severe 

side effects including fatigue, depression, flu-like symptoms, and hemolytic anemia were 

reported for these antivirals. It was common for patients to discontinue the drugs prior to 

the advised treatment period.33 Detailed discovery and analysis of the HCV life cycle 

through the development of cell culture systems, has paved the road to a new age of drug 

development.34,35 Direct acting antivirals (DAAs), targeting specific HCV proteins 

essential for viral replication, has been a promising area of HCV research. Numerous 

DAAs for HCV treatment have been released from 2011-2015. All of the currently FDA 

approved therapies are combination treatments, targeting two or more of the HCV non-

structural proteins. 

The first two DAAs for HCV treatment, boceprevir and telaprevir, were approved in 

2011 (Figure 2). Both of these compounds target the NS3/4A protease. During early 

phases of development it was found that monotherapy, administering either of these 

drugs alone, resulted in the rapid development of resistant strains.36,37  As a result, these 

drugs were only FDA approved when given in combination therapy with ribavirin and 

PEG-IFN.38,39  This new treatment regime had increased overall response rates, but the 

severe side effects and extremely high cost associated with PEG-IFN and ribavirin 

remained a problem.40 Both of these drugs were discontinued by 2015.41 
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Figure 2. (left) Boceprevir and (right) telaprevir. First direct acting antivirals (NS3 protease 

inhibitors) approved for HCV treatment, in combination with PEG-IFN and ribavirin. 

 

    

 

From 2011 to 2015, a plethora of DAAs were approved by the FDA. This began with 

sofosbuvir and simeprevir (Figure 3).41,42 In late 2011, simeprevir, an NS3/4A protease 

inhibitor, was approved only in combination with both PEG-IFN and ribavirin. In 2013, 

sofosbuvir, a nucleoside analog that targets the HCV NS5B RNA polymerase, was 

approved in combination with ribavirin and/or PEG-IFN, depending on the genotype of 

the infection.41,42. As such, both of these treatment regimens were associated with the 

severe side effects of previously approved therapy. 
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Figure 3. (Left) Sofosbuvir, an NS5B polymerase inhibitor. (Right) Simeprevir, an NS3/4A 

protease inhibitor.  

     

 

Then in 2014, sofosbuvir was approved for treatment of genotype 1 infections in 

combination with simeprevir.41,42 This marked the first all-oral interferon-free HCV 

therapy for genotype 1 infections; a breakthrough in the HCV treatment field.43 Shortly 

after, Harvoni®, a combination of sofosbuvir and the NS5A targeting drug ledipasvir 

(Figure 4), was approved for treatment of HCV genotype 1,4,5 or 6.44 In December of 

2014, Abbvie’s four drug combination therapy Viekira Pak® received FDA approval for 

treatment of genotype 1 infections.41,42 This treatment consists of the NS5A inhibitor 

ombitasvir, the NS3/4A protease inhibitor paritaprevir, the non-nucleoside NS5B RNA 

polymerase inhibitor dasabuvir and ritonavir, a previously approved cytochrome P450-

3A inhibitor shown to increase the bioavailability of paritaprevir (Figure 4). Depending 

on the HCV subtype and the state of the patient’s liver, ribavirin may still be required 

with Viekira Pak®.41,42 In 2015, Technivie® was approved for genotype 4 infections in 

combination with ribavirin.41,42 This all-oral treatment consists of ombitasvir, 

paritaprevir, and ritonavir. Later that year, Daklinza® was approved for treatment of 
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genotype 3 infections; this therapy contains an NS5A targeting compound, daclatasvir 

and previously approved sofosbuvir (Figure 4).41,42  

Figure 4. Direct acting HCV antivirals approved from 2013-2015.41,42  

 

    

         

    

    

 

Early results for all-oral treatment regimens have been promising, but the estimated 

treatment costs range from approximately $84,000 to $189,000, depending on the drug 

and the required treatment time (12-24 weeks).45,46 Early cases of resistant strains have 
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already been reported for many of the individual DAAs.47-51 The elusive nature of the 

error-prone NS5B polymerase and the extremely high viral replication rate are sufficient 

to generate skepticism that the HCV problem has been solved. Research towards 

additional HCV therapeutics will hopefully decrease the cost and length of treatment, 

while providing additional modes of action in halting viral replication thus decreasing 

resistance. 
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Chapter 2: Natural Product UK-1 and Structural Analogs Are Potent 

Inhibitors of Hepatitis C Virus Replication 

 

A. Natural Product UK-1: A Lead for Drug Discovery 

UK-1, a secondary Streptomyces metabolite, exhibits broad spectrum anticancer 

activity and also inhibits human topoisomerase II (topo II) (Figure 5, left).53-55 

Importantly, UK-1 has been shown to bind various divalent metal ions (Mg2+, Zn2+, Co2+, 

and Ni2+) and DNA, in a magnesium ion-dependent manner.53,55  

 

Figure 5. (left) Bacterial natural product UK-1. (right) An HIV-I integrase inhibitor, L-

708.906, that binds to a magnesium ion in the enzyme’s active site. 

   

 

A key step in the replication of human immunodeficiency virus type-1 (HIV-I), is the 

integration of viral DNA into host-cell chromosomes; HIV-I integrase is the enzyme 

responsible for carrying out this crucial step. A catalytic magnesium ion is found in the 

active site of integrase. It has been shown that various compounds capable of 

coordinating this ion, are potent inhibitors of integrase activity and thus, HIV-I 

replication.56 One such integrase inhibitor is L-708.906 (Figure 5, right).57,58  
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In an effort to discover potential inhibitors of HIV-I integrase, the unique magnesium 

binding scaffold of UK-1 and the hydrophobicity of L-708.906 were incorporated in the 

design of lead compounds, 1 and 2 (Figure 6). Following synthesis, 1 and 2 were 

screened against HIV-I integrase. Unfortunately, no notable activity against integrase was 

observed. Both compounds, as well as UK-1, were then sent for a broad screen against a 

panel of viruses. Quite interestingly, all three compounds inhibit replication of hepatitis C 

virus type 1b in a replicon assay with low to sub-micromolar EC50 values.59 From leads 1 

and 2, a third analog 3 (Figure 6, right) was designed, which retains the Mg2+ binding 

scaffold of UK-1, but lacks the additional hydrophobicity of L-708.906. Following 

synthesis, 3 was also screened against HCV replication and was similarly active with a 

low micromolar EC50.
59 These findings marked the beginning of our interest in the 

development of novel HCV inhibitors. 

Figure 6. Lead compounds 1-3. 

 

 

B. Exploring the Importance of Zinc Binding and Steric/Hydrophobic Factors 

in Novel HCV Inhibitors 

 In an effort to identify the inhibitory mode of action for leads 1-3 and UK-1, all 

compounds were screened against three enzymes within the HCV non-structural proteins: 

the NS3 helicase, NS3 NTPase, and the NS5B RNA polymerase. Lead compounds 1, 2, 
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and also UK-1 (although less effective) were active against the NS3 helicase; these 

compounds will be discussed in further detail in Chapter 3.59 Surprisingly, 3 was 

ineffective as an NS3 helicase inhibitor, although similarly active against viral 

replication. This prompted our attempt to determine how 3 is inhibiting viral replication, 

without affecting the NS3 helicase/NTPase or NS5B polymerase. 

 Similar to UK-1, truncated analog 3 has been shown to bind divalent zinc, 

presumably via the Lewis-basic carbonyl oxygen, phenolic hydroxyl group, and 

heterocyclic nitrogen (Figure 7).60 Within the HCV genome, at least three non-structural 

proteins (NS2, NS3, and NS5A) contain/require a structural zinc ion and all three 

proteins are required for viral replication.11,26,61-65 Disruption of zinc binding within any 

of these three proteins severely hinders or eliminates protein function, thus inhibiting 

viral proliferation.11,63,65 It is therefore hypothesized that the activity of UK-1 and 3 is 

related to the coordination of one or more protein-bound structural zinc ions, causing a 

perturbation of protein structure that diminishes protein activity, thereby inhibiting viral 

replication.60 

Figure 7. Triangular arrangement of Lewis-basic groups in 3 bind divalent zinc. 

 

 

The N-terminal domain of NS3, which acts as a cofactor for NS2, contains a zinc-

binding region and increases NS2 protease activity. It has been hypothesized that the NS3 

zinc-binding domain promotes the correct positioning of the NS2/NS3 scissile bond.61 
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Consistent with these predictions, NS2 protease activity is inhibited by the zinc chelator 

1,10-phenanthroline, albeit weakly (Figure 8).62 

Figure 8. Zinc chelator, 1,10-phenanthroline, inhibits the HCV NS2/3 and NS3/4A proteases. 

 

Furthermore, point mutations to residues involved in zinc binding completely 

eliminate NS2 activity.62 Prior to NS2 cleavage from NS3, it has been suggested that the 

structural zinc ion is coordinated by four cysteine residues, three within NS3 and one in 

the C-terminus of NS2. Following NS2 cleavage, a change in coordination occurs and the 

zinc ion becomes bound completely within the N-terminus of NS3. This change in 

conformation has been hypothesized to activate the NS3 protease.61    

An active NS3 protease is required for viral replication and it has been shown that the 

structural zinc bound in the N-terminus of NS3 is required for protease activity.62-64,66,67 

The amino-terminal domain of NS3 and adjacent NS4A function as a dimeric serine 

protease that is responsible for the intramolecular cleavage of NS3 from NS4A, as well as 

the intermolecular cleavage between all downstream NS proteins.13 Similar to NS2, NS3 

protease activity is weakly inhibited by 1,10-phenanthroline and point mutations to zinc 

binding residues significantly diminish NS3 protease activity.62,63,67 

NS5A is yet another protein required for viral replication that relies on a structural 

zinc ion for proper function.25,26 This protein has three domains. Domain one, which is 

the most conserved among genotypes, contains a novel fold coordinating a structural zinc 

ion.26,65 The zinc ion likely plays a structural role in the stabilization of this fold. It has 
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been shown via mutational analysis that the structural zinc is required for viral 

replication.26    

To investigate whether or not zinc binding plays a role in the activity of HCV 

replication inhibitors such as 3, a series of analogs have been synthesized with structural 

modifications expected to increase zinc affinity (Figure 9).60 

Figure 9. Modifications expected to increase zinc affinity. 

 

 

 

First, the benzoxazole heterocycle has been replaced with a benzimidazole. It has been 

shown in UK-1 that replacement of one benzoxazole with a benzimidazole, increases zinc 

affinity by approximately a factor of two (Figure 10, top).54  
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Figure 10. Previously reported compounds provide support for the hypothesis that 

benzimidazoles will have a higher affinity for zinc than analogous benzoxazoles. (top) Zinc 

dissociation constants for UK-1 and an analog with one benzoxazole replaced with a 

benzimidazole. (middle) pKa values for of N-protonated heterocycles of related compounds. 

(bottom) Zinc dissociation constants for structurally related compounds. 

 

This is likely due to the decreased electronegativity of the 1-position heterocyclic 

nitrogen versus the oxygen of the benzoxazole, which should increase the Lewis-basicity 

of the nitrogen involved in zinc binding. In addition, acid-dissociation constants have 

been determined for 2-(2-hydroxyphenyl)benzimidazole and 2-(2-

hydroxyphenyl)benzoxazole, the latter of which is structurally identical to 3, but lacking 

a 4-position substituent on the heterocycle (Figure 10, middle).68 It was shown that the 

nitrogen involved in zinc binding has a pKa of 4.3 for the structurally related 

benzimidazole, and only 2.1 for the analogous benzoxazole. Assuming Bronsted-basicity 

provides insight into Lewis-basicity, this suggests the lone-pair of electrons on the 

nitrogen in the benzimidazole scaffold are more available for donation than in the 

analogous benzoxazole. Precedent for the hypothesis that benzimidazoles bind zinc better 

than benzoxazoles has been demonstrated in an additional set of structurally related 
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compounds (Figure 10, bottom). The benzimidazole (Figure 10, bottom left) has a 

greater affinity for zinc (Kd=48) than the analogous benzoxazole (Kd=117) (Figure 10, 

bottom right).69   

Secondly, the 2-position phenolic hydroxyl of 3 has been replaced with a sulfhydryl 

group (Figure 9). Cysteine is by far the most common zinc coordinating residue in all 

human zinc containing proteins.70 Of zinc containing proteins whereby the metal is 

coordinated by four ligands, 96% contain at least one cysteine residue.70 The relationship 

between sulfur and zinc has been extensively studied, and it is widely accepted that thiols 

have a high affinity for divalent zinc.70,71 

In addition to modifications expected to increase zinc affinity, a structure-activity 

relationship (SAR) study was performed to explore the effects of sterics/hydrophobicity 

and hydrogen bonding on inhibitor efficacy (Figure 11). These modifications include 

variation of the 4-position of the heterocycle, N-benzylation of the benzimidazole 

nitrogen, and addition of steric/hydrophobic bulk about the phenolic ring via various 

naphthylene- and quinoline- containing analogs. If these inhibitors are disrupting protein 

function via structural zinc ion coordination, additional steric bulk could further perturb 

protein structure, increasing inhibitor efficacy.  

Figure 11. Modifications to explore the effects of sterics/hydrophobicity and hydrogen 

bonding.  
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C. Synthesis and Zinc Binding Studies 

The syntheses of lead compound 3 and analogous acid 8 are shown in Scheme 1. 

Dibenzylation of salicylic acid followed by ester hydrolysis gave hydroxyl protected acid 

5. Acid activation with dichlorotriphenylphosphorane and subsequent amide formation 

with methyl 3-hydroxyanthranilate gave 6.72 The resulting amide was refluxed in toluene 

in the presence of pyridinium p-toluene sulfonate (PPTS) to give benzoxazole 7. 

Hydroxyl deprotection via hydrogenation with catalytic Pd/C gave lead ester 3. 

Hydrolysis of 3 with NaOH in THF gave acid 8. 

Scheme 1. Synthesis of lead compound 3 and acid analog 8.a  

 

a Reagents, conditions, and yields: (a) Methyl-3-hydroxyanthranilate, Cl2PPh3, CHCl3, reflux, 

76%; (b) PPTS, toluene, reflux, 91%; (c) H2, 45 PSI, Pd/C (10%), MeOH, 99%; (d) NaOH, THF, 

reflux, 87%. 

 

Benzimidazoles were prepared as shown in Scheme 2, using modified previously 

reported methodology.73 Methyl 2-amino-3-nitrobenzoate was reduced via hydrogenation 

with catalytic Pd/C to give diamine 9. Hydroxyl protected acid 5 was activated with 1,1’-

carbonyldiimidazole and coupled to diamine 9 to give 10. The amide was refluxed in 

glacial acetic acid to give the cyclization-dehydration product 11. Debenzylation of 11 
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via hydrogenation with catalytic Pd/C gave target ester 12. Alternatively, hydroxyl 

protected ester 11 was hydrolyzed with NaOH in THF to give acid 13, which was 

subsequently debenzylated via hydrogenation to give target acid 15. The benzyl protected 

amide 14 was obtained via activation of 13 with dichlorotriphenylphosphorane and 

subsequent reflux with a solution of methylamine in THF. Debenzylation via 

hydrogenation gave target amide 16. 

Scheme 2. Synthesis of benzimidazole analogs 12, 15, and 16.a 

 

a Reagents, conditions, and yields: (a) H2, 45 PSI, Pd/C (10%), MeOH, 99%; (b) i. CDI, 5, THF; 

ii. 9, reflux, 59%; (c) AcOH, reflux, 99%; (d) NaOH, THF, reflux, 65%; (e) H2, 45 PSI, Pd/C 

(10%), MeOH, 99%; (f) H2NCH3, Cl2PPh3, CHCl3, reflux, 23%; (g) H2, 45 PSI, Pd/C (10%), 

57%; (h) H2, 45 PSI, Pd/C (10%), 84%. 

 

Thiobenzoxazole analog 19 was prepared from commercially available 2,2’-

dithiodibenzoic acid as shown in Scheme 3, whereby protection of the potentially 

reactive thiol was achieved via a symmetrical disulfide. Activation of 2,2’-
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dithiodibenzoic acid with 1,1’-carbonyldiimidazole and subsequent coupling to methyl 3-

hydroxyanthranilate, gave diamide 17. Refluxing 17 in toluene in the presence of 

pyridinium p-toluene sulfonic acid (PPTS) gave disulfide 18. Reduction of the disulfide 

using triphenylphosphine in acidic aqueous methanol gave target thiol 19.74 

Scheme 3. Synthesis of thiobenzoxazole analog 19.a 

 

a Reagents, conditions, and yields: (a) i. CDI, THF; ii. Methyl-3-hydroxyanthranilate, reflux, 

33%; (b) PPTS, toluene, reflux, 37%; (c) Ph3P, HCl, MeOH, 57%. 

 

The synthesis of thiobenzimidazole 22 began with activation of 2,2’-dithiodibenzoic 

acid with 2-chloro-4,6-dimethoxy-1,3,5-triazine and N-methylmorpholine, and 

subsequent coupling to diamine 9 giving diamide 20 (both CDI and the 

dichlorotriphenylphosphorane were unsuccessful in obtaining 22).75 Refluxing 20 in 

glacial acetic acid gave disulfide 21, which was subsequently reduced with sodium 

borohydride in a mixture of THF and ethanol to give target thiol 22. It was found that 

during purification of 22, rapid oxidation back to 21 took place. This oxidation also 

occurred in neat samples stored under inert atmosphere. For this reason, the biological 
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activity against HCV replication and zinc binding properties were not measured for 22, as 

interpretation of the results would be difficult.  

Scheme 4. Synthesis of benzimidazole thiol 22.a 

 

a Reagents, conditions, and yields: (a) i. 2-chloro-4,6-dimethoxy-1,3,5-triazine, N-

Methylmorpholine, THF, -5°C-RT, 25%. ii. 9. (b) AcOH, reflux, 68%. (c) NaBH4, MeOH:THF 

(1:1), 90%.  

 

The synthesis of benzoxazole amides 29-33 is shown in Scheme 5. The hydroxyl 

protected ester 7 was hydrolyzed with NaOH in THF to give the benzyl protected acid 23. 

The general protocol for amide formation using dichlorotriphenylphosphorane was used, 

along with the appropriate amine to provide the corresponding amides 24, 25, and 27 in 

72%, 80%, and 73% yield, respectively. Primary amide intermediate 28 was prepared via 

activation of 23 with 1-1’-carbonyldiimidazole and subsequent reflux with a solution of 

ammonia in THF; dichlorotriphenylphosphorane could not be utilized for primary amide 

formation, which may be due to complex formation between starting amine and/or the 

product primary amide and the phosphorane reagent, as previously described.72 
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Debenzylation via hydrogenation afforded target amides 29, 30, 32, and 33 in 99%, 90%, 

94%, and 96% yield, respectively.† 

Scheme 5. Synthesis of benzoxazole amides 29-33.a 

 

a Reagents, conditions, and yields: (a) NaOH, THF, reflux, 92%; (b) HNRR’, Cl2PPh3, CHCl3, 

reflux, (see text for yields); (c) H2, 45 PSI, Pd/C (10%), MeOH; (d) i. CDI, THF; ii. NH3 (0.5M in 

THF), reflux, 66%; (e) H2, 45 PSI, Pd/C (10%), MeOH, 96%. 

 

N-Benzylated benzimidazole analogs were prepared as shown in Scheme 6, starting 

from the hydroxyl protected ester 11. N-Benzylation of 11 as previously described using 

Cs2CO3 and benzyl bromide in DMF provided 34.76 Selective debenzylation via 

hydrogenation gave target ester 35. When sodium hydride was used to deprotonate the 

benzimidazole nitrogen for subsequent alkylation, quantitative hydrolysis of the methyl 

                                                 
† It should be noted that target amide 31 was synthesized using different methodology. The amide 

was introduced early in the synthesis, rather than late. This approach provided enough of the 

target amide for biological testing, but proved less efficient and was thus abandoned. The 

protected intermediate 26 and final compound 31 were included in Scheme 4 for ease of 

interpretation. 
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ester occurred along with the desired benzylation. Although unexpected, the reaction 

yielded N-benzylated acid 36, a synthetic intermediate required for the synthesis of 

targets 38 and 39. Activation of 36 with 2-chloro-4,6-dimethoxy-1,3,5-triazine and N-

methylmorpholine in dichloromethane, and coupled to methylamine gave amide 37.75 

Debenzylation, via slightly less harsh hydrogenation conditions, selectively removed the 

O-benzyl group to give target compound 38. Analogous O-debenzylation of 36, provided 

acid 39.  

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

Scheme 6. Synthesis of N-benzylated benzimidazoles 35, 38, and 39.a 

 

aReagents, conditions, and yields: (a) BnBr, Cs2CO3, DMF, reflux, 61%; (b) H2 30PSI, Pd/C 

(5%), MeOH, 77%; (c) BnBr, NaH, THF, 55%; (d) i. 2-Chloro-4,6-dimethoxy-1,3,5-triazine, N-

methylmorpholine, CH2Cl2; ii. H2NCH3 (2M in THF), 60%; (e) H2, 30 PSI, Pd/C (5%), MeOH, 

98%; (f) H2, 30 PSI, Pd/C 5%, MeOH, 57%.    

 

To confirm the desired benzimidazole nitrogen had been benzylated, total correlation 

spectroscopy (TOCSY) followed by a nuclear Overhauser effect (NOE) experiment were 

conducted on a representative compound (38). TOCSY was first used to identify the 

signals for the three aromatic protons on the benzimidazole ring, as this was not initially 

clear using 1D experiments (Figure 12). The three spin-coupled aromatic signals were 

clearly identified in the TOCSY spectrum (Figures 13 and 14).  
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Figure 12. Zoomed in 1H NMR of 38 to show the aromatic and benzylic methylene signals.  

 

 

Figure 13. TOCSY spectrum of 38 showing the three spin-coupled aromatic protons of the 

benzimidazole ring. 
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Figure 14. Overlay of 38 on the corresponding 1H NMR identifying the signals of the three 

spin-coupled signals of the benzimidazole protons.  

 

 

 

 

 

 

 

 

For the desired isomer, it was hypothesized that an NOE would be observed between the 

methylene protons of the benzyl group and Hc (Figure 14) of the benzimidazole ring due 

to their close proximity. When selectively irradiated at the resonance frequency of the 

benzylic-methylene protons (5.4ppm), as expected, there was a positive NOE to Hc 

(~7.6ppm) (Figure 15) The other positive NOE arises from aromatic protons on the 

benzyl-ring. Similarly, when selectively irradiated at the resonance frequency of Hc 

(7.6ppm), a positive NOE was observed to the benzylic methylene (5.4ppm) (and also to 

Ha, Hb, and protons of the benzylic ring), thus confirming the structure as the desired 

isomer (Figure 16).  
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Figure 15. 1H NMR spectrum of 38, showing a positive NOE to Hc (7.6ppm) of the 

benzimidazole ring when irradiated at the benzylic methylene resonance frequency (5.4ppm). 

   

 

 

 

 

 

 

 

Figure 16. 1H NMR spectrum of 38 showing a positive NOE to the benzylic methylene 

protons (5.4ppm) when irradiated at the resonance frequency of Hc on the benzimidazole ring 

(7.6ppm). 
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Naphthol analogs 41-43 were synthesized analogously, starting from the appropriate 

naphthoic acid isomer; a representative scheme in shown in Scheme 7. Activation of 1-

hydroxy-2-napthoic acid with 1,1’-carbonydiimidazole and coupling to methyl 3-

hydroxyanthranilate gave amide 40, which was used without purification due to poor 

solubility. The crude amide was refluxed in m-xylene in the presence of PPTS to give the 

target analog 41 in 28% yield (two steps).  

Scheme 7. Representative synthesis of a naphthol analog 

 

a Reagents, conditions, and yields. (a) i. CDI, THF; ii. Methyl 3-hydroxyanthranilate; (b) PPTS, 

m-xylene, reflux, 28% (two steps). 

 

The quinoline derivative 45 was prepared as shown in Scheme 8, starting with acid 

activation of commercially available quinoline-8-carboxylic acid using oxalyl chloride 

and DMF. Addition of methyl 3-hydroxyanthranilate gave 44. The amide was refluxed in 

m-xylene to give target quinoline 45. 
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Scheme 8. Synthesis of quinoline analog 45.a 

 

aReagents, conditions, and yields: (a) Oxalyl chloride, DMF, DCM, 59%. (b) PPTS, m-xylene, 

reflux, 84%.       

 

To investigate a correlation between zinc binding and inhibitor efficacy, Zn2+ 

dissociation constants were measured via equilibrium titration experiments monitored by 

UV-VIS spectroscopy, for five representative analogs: 3, 8, 29 (lead ester, and analogous 

acid and N-methyl amide), 12 (benzimidazole ester), and 19 (thiobenzoxazole). 

Representative (one trial for each compound) UV-VIS spectra can be found in Figures 

17-21.  

Figure 17. Representative UV-VIS spectra for the titration of lead compound 3 with 

Zn(OAc)2 in 50:50 methanol:H2O. [Zn]2+ range from 0-125M.  
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Figure 18. Representative UV-VIS spectra for the titration of acid 8 with Zn(OAc)2 in 50:50 

methanol:H2O. [Zn]2+ range from 0-25M. 

 

Figure 19. Representative UV-VIS spectra for the titration of N-methyl amide 29 with 

Zn(OAc)2 in 50:50 methanol:H2O. [Zn]2+ range from 0-125M. 
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Figure 20. Representative UV-VIS spectra for the titration of benzimidazole 12 with 

Zn(OAc)2 in 50:50 methanol:H2O. [Zn]2+ range from 0-245M. 

 

Figure 21. Representative UV-VIS spectra for the titration of thiol 19 with Zn(OAc)2 in 

50:50 methanol:H2O. [Zn]2+ range from 0-25M. 
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D. Biological Results and Discussion 

All compounds were evaluated for selective antiviral activity on the replication of 

HCV in a HCV replicon assay using either a luciferase reporter or via quantitative 

analysis of viral RNA production (Tables 1-5).60,77 Compounds for which Zn2+ binding 

constants were measured can be found in Table 1. Among lead methyl ester 3, acid 8, 

and methyl amide 29, the acid has the highest affinity for zinc as well as the lowest EC50 

value. Replacing the benzoxazole with a benzimidazole unexpectedly decreased the zinc 

affinity, but also decreased inhibitor efficacy. Thiol analog 19 has the highest affinity for 

zinc as well as the lowest EC50 value of all compounds for which zinc binding was 

measured. There was a correlation between Kd and EC50 values, with the exception of 

amide 29, consistent with the hypothesis that inhibitor efficacy may be related to zinc 

coordination within the HCV proteome.  

Table 1. Inhibition of HCV replication in a HCV replicon assay and Zn2+ dissociation constants 

for lead 3 and analogs 8, 29, 12, and 19.  

 

Compound ID X= Y= Z= Kd (M)a EC50 

(M)b 
CC50 (M)c SId 

3 O OCH3 OH 65 40 71 1.8 

8 O OH OH 0.50 4.9 25 5.1 

29 O NHMe OH 53 117 >186 1.6 

12 NH OCH3 OH 190 106 132 1.3 

19 O OCH3 SH 0.23 2.5 4.1 1.6 

a. Zinc dissociation constants measured via equilibrium titration experiments monitored by UV-VIS 

spectroscopy in 50/50 methanol/water. Results are an average of three independent trials. b. The concentration of 

compound that inhibits 50% of viral RNA replication, measured in the HCV subgenomic replicon assay using a 

luciferase reporter. This assay was conducted using Huh 5-2 cells containing the hepatitis C virus genotype 1b 

I389luc-ubi-neo/NS3-3’/5.1 replicon. c. The concentration of compound at which the metabolic activity of the 

cells is reduced by 50% as compared to untreated cells. d. The ratio of CC50 to EC50. 
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A series of amides related to 29 were synthesized to examine the effects of 

sterics/hydrophobicity and hydrogen bonding about the 4-postion of the benzoxazole 

(Table 2). The larger benzyl and butyl groups were the most active of the amides. If these 

compounds are coordinating a structural zinc ion, this additional hydrophobic bulk may 

be further perturbing protein structure, increasing inhibitor efficacy. The primary amide 

was roughly twice as effective as the methyl and dimethyl analogs, which were the least 

effective within the amide series. The additional hydrogen bond donating ability of the 

primary amide seems to have improved the activity compared to the smaller N-alkyl 

amides.  

Table 2. Inhibition of HCV replication in a HCV replicon assay for benzoxazole amides 29-33. 

 

Compound ID Y= EC50 (M)a CC50 (M)b SIc 

29 NHCH3 117 186 1.59 

30 NHBn 10 >50 >5 

31 NHBu 7.2 39 5.4 

32 NMe2 109 >177 >1.6 

33 NH2 47 >197 >4.2 

a. The concentration of compound that inhibits 50% of viral RNA replication, measured in the HCV subgenomic 

replicon assay using a luciferase reporter. This assay was conducted using Huh 5-2 cells containing the hepatitis 

C virus genotype 1b I389luc-ubi-neo/NS3-3’/5.1 replicon. b. The concentration of compound at which the 

metabolic activity of the cells is reduced by 50% as compared to untreated cells. c. The ratio of CC50 to EC50. 

 

All benzimidazole analogs evaluated are shown in Table 3. Interestingly, unlike 

benzoxazole leads 3, 8, and 29, the benzimidazole methyl amide (16) was the most 

effective among the methyl ester and acid (12 and 15, respectively). The effect of 
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introducing hydrophobic/steric bulk about the imidazole core was investigated via N-

benzylated analogs 35, 39, and 38. In all cases, benzylation of the benzimidazole nitrogen 

provided more active inhibitors than the analogous non-benzylated precursors. Acid 39 is 

the most effective compound tested with an EC50 value of 2.6 M and a selectivity index 

greater than 55.  

Table 3. Inhibition of HCV replication in a HCV replicon assay for benzimidazoles 12, 15, 16 

and comparable N-benzylated analogs 35, 39, and 38. 

 

Compound ID X= Y= EC50 (M)a CC50 (M)b SIc 

12 H OCH3 106 132 1.25 

35 Bn OCH3 7.5 >140 >19 

15 H OH 24 >197 >8.2 

39 Bn OH 2.6 >145 >55 

16 H NHMe 16 >187 >12 

38 Bn NHMe 8.4 101 12 

a. The concentration of compound that inhibits 50% of viral RNA replication, measured in the HCV subgenomic 

replicon assay using a luciferase reporter. This assay was conducted using Huh 5-2 cells containing the hepatitis 

C virus genotype 1b I389luc-ubi-neo/NS3-3’/5.1 replicon. b. The concentration of compound at which the 

metabolic activity of the cells is reduced by 50% as compared to untreated cells. c. The ratio of CC50 to EC50. 

 

The effect of introducing additional steric/hydrophobic bulk about the phenolic ring was 

investigated using naphthol and quinoline analogs 41-43 and 45. Only slightly improved 

efficacy, compared to lead phenol 3, was found for naphthol analogs 42 and 43 (Table 4).  
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Table 4. Inhibition of HCV replication in a HCV replicon assay for naphthol and quinoline 

analogs 41-43 and 45. 

Compound ID Structure EC50 (M)a CC50 (M)b SIc 

41 

 

52 64 1.2 

42 

 

31 >50 >1.6 

43 

 

28 >50 >1.8 

45 

 

>50 >50 NA 

a. The concentration of compound that inhibits 50% of viral RNA replication, measured in the HCV subgenomic 

replicon assay using a luciferase reporter. This assay was conducted using Huh 5-2 cells containing the hepatitis 

C virus genotype 1b I389luc-ubi-neo/NS3-3’/5.1 replicon. b. The concentration of compound at which the 

metabolic activity of the cells is reduced by 50% as compared to untreated cells. c. The ratio of CC50 to EC50. 

 

As a validation step, the most active compounds were also evaluated in replicons 

using Huh 9-13 cells as opposed to Huh 5-2; viral RNA production was quantified via 

real-time quantitative one-step PCR (RT-qPCR) to confirm inhibitor potency and explore 

efficacy in another cell line (Table 5). With the exception of 38, all compounds retested 

proved more active as HCV replication inhibitors and were far less toxic in Huh 9-13 

cells. N-Benzyl acid 39 was identified once again as the most active compound within the 

series, with an EC50 value of 0.6 M and a selectivity index greater than 167; this data is 

consistent with the data that were obtained in Huh 5-2 cells, identifying 39 as a 

significantly active inhibitor of HCV replication. 
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Table 5. Validation of the inhibition of HCV replication in a HCV replicon assay in Huh 9-13 

cells. 

 

Compound ID X= Y= EC50 (M)a CC50 (M)b SIc 

15 H OH 23 >100 >4.3 

16 H NHMe 3.1 47 15 

35 Bn OCH3 0.9 95 106 

39 Bn OH 0.6 >100 >167 

38 Bn NHMe 21 38 1.8 

a. The concentration of compound that inhibits 50% of viral RNA replication, measured in the HCV subgenomic 

replicon system in Huh 9-13 cells. Replicon RNA content was quantified using a real-time quantitative one-step 

RT-PCR method (RT-qPCR). b. The concentration of compound at which the metabolic activity of the cells is 

reduced by 50% as compared to untreated cells. c. The ratio of CC50 to EC50. 

 

E.  Conclusions and Future Work 

Several novel inhibitors of HCV replication have been identified. The possible role 

zinc binding may play in inhibitor efficacy was explored through a comparison of Zn2+ 

affinity and inhibitor efficacy, for a representative group of compounds. With one 

exception (29), there was a direct correlation between Kd and EC50 values, suggesting 

zinc binding may indeed play a key role in the efficacy of these inhibitors. It should be 

noted that many of the compounds for which zinc binding was measured were quite 

toxic, with selectivity indices ranging from 1.3-5.1. The HCV replicon assay used to 

determine inhibitor efficacy is sensitive to inhibitor cell-toxicity. Adverse effects on the 

cell can cause a non-virus specific decrease in viral proliferation. Further work is required 

to determine whether or not these compounds are specifically targeting HCV replication, 

which will involve modifications to inhibitors aimed to decrease cell-toxicity. 
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 Exploration of the structure-activity relationship has led to the development of an 

inhibitor (39) with a low to sub-micromolar EC50 value (depending on the cell-line) and 

selectivity indices that are sufficiently high for this compound to be considered a 

selective inhibitor of HCV replication. Work is currently in progress to identify the 

mechanism of inhibition and to further improve upon inhibitor efficacy.  
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Chapter 3: Novel Inhibitors of the HCV NS3 Helicase 

 

A.  The HCV NS3 Helicase 

The HCV NS3 helicase (NS3h) is located in the carboxy-terminus two-thirds of non-

structural protein three and unwinds double-stranded RNA in an NTP-dependent 

fashion.8 HCV is a positive-sense RNA virus that replicates outside the nucleus, however 

the NS3 helicase is also capable of unwinding double-stranded DNA.78 The relevance of 

the NS3h substrate specificity remains unknown, as does the exact role this enzyme plays 

in the HCV life-cycle. It is generally accepted that NS3h separates double-stranded RNA 

produced during viral proliferation, to aid in the transcription process; however, other 

roles in the HCV viral life-cycle have been speculated (as discussed in Chapter 1). 

Helicase enzymes are classified into families, and then superfamilies, based on 

structural sequence-motif homology. The HCV helicase is a member of the viral DEx/CH 

box family (so-named for highly conserved residues in a particular motif) and the 

helicase superfamily 2 (SF2), along with the helicase of dengue virus.8 Within SF1 and 

SF2, there are a total of seven highly conserved sequence motifs.79 All known helicases 

contain an NTP-binding domain, formed by the two highly conserved structural motifs: 

‘Walker A and Walker B’ sites.8,80 The ‘Walker A’ site binds phosphate and the ‘Walker 

B’ binds Mg2+ via an aspartic acid residue. Helicases also have at least one three-

dimensional fold comprising a motor-domain, first discovered in the bacterial 

recombination protein ‘RecA’.81 The HCV helicase has two, so called RecA-like, motor 

domains. Most models assume the HCV helicase separates double-stranded nucleic acid 

by moving along the nucleotides, similar to an inchworm, by rotating the two RecA-
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motor domains and hydrolyzing NTP for fuel; however other models have been 

suggested.8 

NS3h was the first RNA helicase to be crystallized.81 Since then, at least ten atomic 

structures of NS3h have been solved and deposited in the Protein Data Bank; each has 

provided unique structural data integral to the understanding of its function. The NTP and 

nucleic acid binding sites have been identified and resolved.81-83 Two orientations of the 

RecA-like motor domains, ‘open’ or ‘closed,’ have been identified and their structures 

have been resolved.84,85 A structure with a portion of NS4A, a co-factor for helicase 

activity, tethered to NS3h has been published.86 In addition, crystal structures have been 

used to visualize how the protein conformation changes upon both binding and 

hydrolyzing ATP.83 The wealth of structural information available for the HCV NS3 

helicase has contributed to the design of a number of inhibitors of this enzyme. However, 

the extensively conserved sequence homology among all helicases has complicated the 

design of virus-specific helicase inhibitors. 

 

B. HCV NS3 Helicase Assays 

The first biochemical assays developed to monitor HCV NS3 helicase activity use 

radiolabeled double-stranded oligonucleotides.87 Following helicase mediated separation 

of double-stranded nucleic acid, the products are separated using non-denaturing gels and 

detected with autoradiography or another analogous method. These prototypical helicase 

assays are highly accurate and are still used widely today; however, they require working 

with hazardous radioactive material.  
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The most commonly used NS3h assays incorporate fluorescently labeled 

oligonucleotides and Forster resonance energy transfer (FRET) to detect double-stranded 

nucleic acid separation. Early FRET-based assays use two complementary 

oligonucleotides; one labeled with a FRET-donor and the other with an acceptor.88 Upon 

separation of the double-stranded substrate, the donor/acceptor fluorophores are no 

longer in close proximity and the donor fluoresces. As a result, helicase activity can be 

directly measured as an increase in fluorescence. It was later discovered however, that the 

nucleic acid ‘traps’ required in these assays to prevent reannealing of single-stranded 

oligonucleotides significantly interfere with measured reaction rates.89 A second-

generation FRET-based assay was developed that doesn’t require ‘traps’. This assay 

utilizes a hairpin-forming oligonucleotide substrate (a ‘molecular beacon’), labeled with 

both donor and acceptor chromophores.90 A complementary DNA or RNA 

oligonucleotide is added that anneals to the molecular beacon. Upon separation by the 

helicase, the molecular beacon forms a hairpin that places the FRET-donor and acceptor 

in close proximity, thus quenching fluorescence. Helicase activity is measured as a 

decrease in fluorescence. This assay has since been optimized for use in high throughout 

screens and has led to the identification of a number of NS3h inhibiting compounds. 

 

C. Inhibitors of the HCV NS3 Helicase 

 Although the exact role NS3h plays in the hepatitis c viral lifecycle remains 

unknown, an active helicase is required for viral proliferation, validating this protein as a 

drug target.8,16,17 Numerous strategies for helicase inhibition have been investigated, 

however there are currently no HCV helicase inhibitors approved by the FDA. NS3 
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helicase activity is dependent upon ATP hydrolysis. As such, various compounds have 

been developed which inhibit NTPase activity (Figure 22).91-96  

Figure 22. HCV NS3 helicase inhibitors (A-E) targeting the NTPase activity.  

 

 

A nucleoside analog (Figure 22, A) inhibits NS3h, but only with a DNA substrate. This 

compound was more active against the related helicase of West Nile virus (IC50= 

23M).95 The dye Blue HT (Figure 22, B) is similarly effective as a NS3h inhibitor with 

a DNA substrate.96  A halogenated benzotriazole (Figure 22, C) inhibits the NS3h with a 

DNA substrate, but was more effective against the helicase of West Nile virus (IC50= 1.7 

M).92 A triphenylmethane derivative has been shown to inhibit the HCV helicase, but 

also only with a DNA substrate (Figure 22, D).96 Ring-expanded, so-called ‘fat 

nucleosides’, (Figure 22, E) are active against NS3h with both a DNA and RNA 

substrate, but were also active against the helicases of Japanese encephalitis and West 

Nile virus. 
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Other helicase inhibitors include compounds that coordinate directly to the nucleic 

acid binding site of the helicase, preventing binding of the natural RNA/DNA substrate 

(Figure 23).  

Figure 23. HCV NS3 helicase inhibitors binding to the nucleic acid site (A) and to allosteric 

or unknown sites (B-D).  

 

A quinoline analog (Figure 23, A) inhibits NS3h unwinding of DNA with a Ki=0.75 M, 

but has never been tested as an HCV replication inhibitor.97 In addition, various 

compounds have been identified as NS3h inhibitors that bind at unknown allosteric sites 

(Figure 23, B-D).85,86,97-100 A tropolone analog (Figure 23, B) inhibits the NS3h with a 

DNA a substrate, but does not appear to compete with binding of NTP or nucleic acid.98 

Acridone analogs (Figure 23, C and D) have also been shown to inhibit DNA unwinding, 

but their binding site(s) are yet to be identified.100 

Two UK-1 analogs (1 and 2), briefly mentioned in Chapter 2, have been designed and 

identified as inhibitors of hepatitis C virus replication in a replicon assay (Figure 24). 

Importantly, these compounds also inhibit the HCV NS3 helicase with both a DNA and 
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RNA substrate. In addition, no activity against the helicases of the closely related 

Flaviviridae viruses, Japanese encephalitis or dengue, is observed.59  

Figure 24. UK-1 analogs 1 and 2 inhibit HCV replication and target the NS3 helicase. 

 

 

D.  Synthesis of Novel NS3h Inhibitors  

For the synthesis of HCV NS3 helicase inhibitors 1 and 2, the same methodology was 

used; the synthesis of 2 is shown in Scheme 9. This began with carboxylation of 1,5-

dihydroxynapthalene, using magnesium methyl carbonate as previously described.101 The 

resulting acid was dibenzylated using benzyl chloride, which upon ester hydrolysis gave 

46. The acid was subsequently activated with 1,1’-carbonyldiimidazole (CDI) and 

coupled to methyl 3-hydroxyanthranilate, giving compound 47. Refluxing 47 in m-xylene 

with PPTS resulted in cyclodehydration as well as monodebenzylation, to give target 

compound 2. Compound 1 was synthesized similarly, starting with 1,7-

dihydroxynaphthalene. 

 

 

 



43 

 

Scheme 9. Synthesis of lead compound 2. An analogous route was used for the synthesis of 2, 

starting from the 1,7-diol.a  

 

aReagents, conditions, and yields: (a) Magnesium methyl carbonate, DMF, 140 oC, 55%. (b) 

BnCl, DMF, K2CO3, reflux, 78%. (c) NaOH, MeOH, reflux, 97%. (d) i) CDI, THF, R.T. ii) 

Methyl-3-hydroxyanthranilate, reflux 72%. (e) PPTS, m-xylene, 140 oC, 89%. 

 

It was not initially clear which benzyl group had been removed during the last step in 

the synthesis of compounds 1 and 2. Both compounds have a hydroxyl group correctly 

situated for excited state intramolecular proton transfer (ESIPT), giving rise to large 

Stoke shifts in their emission spectra (Scheme 10).69  

Scheme 10. 2-(2'-hydroxyphenyl) benzoxazoles undergoes ESIPT. 

 

 

The emission spectra of compounds 1 and 2 were measured and compared to that of a 

negative control 48 (Figure 25), incapable of ESIPT (the synthesis of 48 follows the 

same methodology used for the synthesis of 1 and 2, but starting from 1-hydroxy-2-
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naphthoic acid). The results of the experiment show that compounds 1 and 2 (Δλmax =145 

nm, and 145nm; respectively) exhibit large Stoke shifts of magnitudes consistent with 

ESIPT. Negative control 48 showed a much smaller Stokes shift (Δλmax = 43 nm), 

confirming the structure of target compounds 1 and 2. 

Figure 25. Negative control 48, incapable of ESIPT, used in fluorescence experiments to 

confirm the structure of target compounds 1 and 2. 

 

 

E.   Biological Results and Discussion 

Potential inhibition of the helicases of Flavivirdae viruses hepatitis c, Japanese 

encephalitis (JEV), and dengue (DENV) was investigated for compounds 1 and 2 using 

previously described methods.107,108 Neither of the compounds inhibit JEV or DENV 

helicases (IC50>) (data not shown). Importantly, both of the compounds did inhibit 

the activity of the HCV helicase with a DNA substrate, with low micromolar IC50 values 

(Table 6, Figure 26).  
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Table 6: Helicase inhibition and viral replication inhibition data for 1 and 2. 

Compound Helicasea Repliconc, d 

DNA RNA 

IC50(M)b     IC50(M)b EC50 (M)e CC50 (M)f SI50
g 

1 2.6 20 0.54 >20 >37 

2 3.8 20 2.1 >20 >10 

a. Strand separation of radiolabeled oligonucleotides was monitored using gel electrophoresis. b. 

The concentration of compound required to inhibit 50% of helicase activity. c. Experiments were 

carried out at Southern Research Institute, Frederick, MD. d. Results are the averages of 2-4 

independent dose-response experiments using a combination of luciferase reporter-based and 

RNA (qRT-PCR) assays. e. The concentration of compound that inhibits 50% of viral RNA 

replication. f. The concentration of compound that kills 50% of the cells. g. The ratio of CC50
 to 

EC50.  

 

Figure 26: Inhibition of the unwinding activity of HCV helicase using DNA substrate. Strand 

separation of radiolabeled oligonucleotides was monitored using gel electrophoresis. UK-1 (), 1 

(▲), and 2 (●). Results presented are representatives of three independent experiments. 

 

 

 

 

 

 

 

Both 1 and 2 are also active using an RNA substrate, albeit slightly less effective (IC50= 

). Neither of the compounds inhibit the ATPase activity of the HCV helicase 
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(IC50>1200eliminating this as a possible mechanism of action. In addition, 

compounds 1 and 2 do not affect the gel mobility of RNA, suggesting inhibition results 

from direct helicase interaction, rather than simple nucleic acid binding (Figure 27). The 

compounds were also screened against the HCV RNA-dependent RNA polymerase, 

NS5B. Very little inhibition was observed (inhibition ≤ 30% at 100M; data not shown), 

eliminating this as a possible mechanism of action. 

 

Figure 27. Gel shift assay using the EcoRI-digested pT7-7 plasmid in the presence of 

inhibitors UK-1 (lanes 1-3), 2 (lanes 4-6), 1 (lanes 7-9), without inhibitor (lane 13), and in the 

presence of the RNA intercalator epirubicin (lane 14).a                                                                          

                                     

 

 

 

 

 

a Lane numbers containing compounds not included in this document were omitted for clarity. 

To determine if the compounds were active against HCV replication in cells, they 

were screened in a replicon assay (Table 6). Quite interestingly, both 1 and 2 were active, 

with EC50 of 0.54 M and 2.1 M, respectively. Compounds 1 and 2 exhibit cell toxicity 

values greater than 20, giving selectivity indices greater than 37 and 10, respectively.  

 

  1    2    3   4    5   6   7    8    9                   13   14 
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F. Conclusions and Future Work 

The HCV NS3 helicase is an essential protein for viral replication and is not currently 

targeted by the FDA approved therapeutic options. Two HCV helicase inhibitors (1 and 

2) have been identified which are highly selective over the closely related helicases of 

DENV and JEV.  These compounds show activity in whole cells and exhibit minimal 

cytotoxicity. It has been speculated that inhibition is a result of direct interaction with the 

helicase, as neither ATPase inhibition nor direct RNA binding is observed. The 

compounds are also ineffective against the NS5B RNA polymerase. Future work is 

currently underway to identify the binding site within the NS3 helicase and, using 

structure-based drug design, further improve upon inhibitor efficacy. 
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Chapter 4: Identifying an Inhibitor Binding Pocket Within the HCV NS3 

Helicase 

 

  

A. Photoaffinity Labeling: Overview 

Identifying and analyzing the interactions between a ligand and a macromolecule is 

essential to the understanding of how drugs function. Knowledge of the location and 

structure of an inhibitor binding pocket within its substrate, allows for structure-based 

drug design which can lead to the development of more effective inhibitors. Historically, 

the most common technique for gathering this information has been X-ray 

crystallography. However, this technique is dependent upon the ability to grow crystals of 

the ligand-substrate complex which can be extremely difficult in many cases. 

Photoaffinity labeling is an increasingly useful technique for identifying a ligand’s 

binding site, with no prior knowledge of its location, that has revolutionized this field.102 

In this process, a photoreactive functional group is synthetically introduced into a 

ligand/inhibitor and the ligand is incubated with its substrate. Upon irradiation of the 

inhibitor-substrate complex, the photoreactive group generates a highly unstable species 

which covalently inserts into the target macromolecule, irreversibly linking the bioactive 

inhibitor to its receptor. After the location of the receptor within the target has been 

identified using chromatography and mass spectrometry, molecular modeling can be used 

to elucidate the structure of the binding pocket. This technique has been used to identify 

numerous inhibitor binding sites, inhibitor-receptor interactions, unknown enzyme 
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targets, as well as amino acid residues at protein-protein and protein-lipid interfaces.103-

105   

An ideal photoreactive group should have a number of features.103-105 The functional 

group should be relatively small in size, such that the photoactivatable analog has a close 

resemblance to the original inhibitor, with a similar affinity for the respective substrate. 

The reactive group should be relatively stable prior to activation, for ease of handling and 

synthesis. Irradiation, at a wavelength suitable for working with biological systems 

(>300nm), should generate a short-lived and highly reactive species that forms stable 

covalent bonds with molecules in close proximity. Ideally, the activated intermediate 

should be capable of covalently linking to a broad range of functional groups. Although 

some photoreactive groups are more successful than others, no single group meets all of 

these criteria.103-105 There are three major classes of commonly used photoactivatable 

groups in photoaffinity labeling experiments: aromatic azides, benzophenones, and 

diazirines (Figure 28).103 Each group has both positive and negative attributes as 

photoaffinity labeling agents.103-105  

Figure 28. Commonly used photoactivatable groups for photoaffinity labeling: (left) aryl 

azides, (middle) benzophenones, and (right) diazirines. 

 

 

Aryl azides dispel nitrogen gas and generate nitrenes upon irradiation. Although 

relatively easy to synthesize, nitrenes have been shown to require activation at 

wavelengths damaging to biological systems (250 nm). Additionally, nitrenes are prone 
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to rearrangement upon irradiation to nonreactive and/or electrophilic species.106,107 These 

rearrangement products both decrease labeling efficiency and lead to nonspecific labeling 

by nucleophilic amino acid residues. Benzophenones are activated at much longer 

wavelengths (~350 nm) and form triplet-state carbonyls.103-107 This photoreactive group 

is very stable prior to irradiation and is also quite easy to synthesize. However, 

benzophenones are very large and such an inhibitor modification can significantly alter 

the affinity for a respective substrate. Additionally, this photoreactive group has been 

shown to require very long irradiation times which can lead to nonspecific labeling.103, 108 

  

Diazirines are the smallest of the commonly used photoactivatable groups and their 

success in photoaffinity labeling has drastically increased in the past decade.103-105 Upon 

irradiation, diazirines generate highly reactive and short-lived carbenes with lifetimes in 

the range of nanoseconds (Figure 29, path a).109,110  

Figure 29. Radiative processes reported for trifluoromethyl aryldiazirines. The starting 

diazirine can generate the desired carbene via path A or can form the rearrange diazo-

intermediate via path B. The diazo compound can react with nucleophiles (path C) or decompose 

to the orginal desired carbene (path D). 

 

Carbenes are bivalent carbon species and can exist in two different states based on the 

arrangement of the two non-bonding electrons; the electrons can be spin-paired in the 

same orbital resulting in singlet carbenes, or they can be in different orbitals with parallel 
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spins, giving triplet-state species.105 It has been shown that the singlet-state carbenes are 

the more reactive species, capable of inserting into almost any C-H bond, including 

traditional unreactive alkyl bonds. The majority of solution-phase reactivity has been 

shown to come from the singlet-state carbene.105 Electron-donating substituents attached 

to the diazirine carbon have been shown to stabilize the singlet-state, which causes 

undesired rearrangements to linear diazo-species (Figure 29, path b).103,105 The diazo-

product has an increased lifetime, which results in decreased photoaffinity labeling 

efficiency. These long-lived diazo-products have also been shown to react with acidic 

amino acid residues, generating an electrophilic species (Figure 29, path c). This can 

result in nonspecific modification at nucleophilic residues of the substrate, following 

diffusion from the binding pocket.105,111,112  

Trifluoromethyl aryldiazirines (Figure 29) have been shown to both decrease the 

formation of the linear diazo-product and decrease the extent to which the diazo-product 

reacts in a manner that results in nonspecific labeling.105,111,112 It has been shown that the 

rearranged diazo-product resulting from irradiation of trifluoromethyl aryldiazirines will 

readily decompose to the original desired carbene (Figure 29, path d).103,112  

Trifluoromethyl aryldiazirines are quite stable to both high and low pH, and also elevated 

temperature, and nucleophilic reagents.111 This photoreactive group is also stable to 

visible light, so there is no need to work with them in the dark.111 In a recent review of 

photoaffinity labeling publications, 72% of the photoreactive analogs use a 

trifluoromethyl aryldiazirine.103 

Our first attempt to identify the binding location within the NS3 helicase for lead 

helicase inhibitors 1 and 2 (Figure 30) was via crystal growth with the purified protein, 
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through an in-house collaboration with Dr. Elsa Garcin. Unfortunately, these efforts have 

yet to yield crystals. We have since turned to the photoaffinity labeling approach; the 

trifluoromethyl aryl photoreactive group was chosen to identify the binding site within 

the HCV NS3 helicase, for novel inhibitors 1 and 2. 

Figure 30. Previously described (Chapter 3) HCV NS3 helicase inhibitors 1 and 2. 

 

 

B. A Photoactivatable HCV NS3 Helicase Inhibitor: Design 

As previously described in Chapter 2, naphthol analog (41) was synthesized and 

screened as an HCV replication inhibitor (Figure 31). 

Figure 31. Naphthol analog 41. 

 

 Naphthol 41 was additionally screened in an NS3 helicase assay, where the compound 

proved quite ineffective compared to leads 1 and 2 (Table 7). The benzyl ether at the 5- 

or 7- positions of the naphthol ring significantly increases the potency of these 

compounds against the NS3 helicase. It was therefore hypothesized that the benzyl ring is 

in close proximity to the helicase in its respective binding pocket. Thus, a 
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photoactivatable inhibitor analog was designed with the photoreactive trifluoromethyl 

diazirine conjugated to the benzene ring of the benzyl ether (Figure 32).  

 

Table 7. HCV NS3 helicase inhibition data for leads 1 and 2, as well as analog 41. 

Compound HCV Helicasea 

DNA RNA 

IC50(M)b IC50(M)b 

1 2.6 20 

2 3.8 20 

41 540 590 

a. Strand separation of radiolabeled oligonucleotides was monitored using gel electrophoresis. b. 

The concentration of compound required to inhibit 50% of helicase activity. 

 

 

Figure 32. Lead compound 1 and the photoactivatable NS3 helicase inhibitor analog 64. 

 

 

C.  A Photoactivatable HCV NS3 Helicase Inhibitor: Synthesis 

The synthesis of photoactivatable NS3 helicase inhibitor analog 64 utilizes lead 

compound 1 as a key starting material. However, a synthetic route different from that 

described in Chapter 3 was employed for the synthesis of 1, which can be found in 

Scheme 11. This began with the demethylation of commercially available 7-
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methoxytetralone using aluminum chloride, which gave 7-hydroxytetralone 48. O-

Benzylation using benzyl bromide and potassium carbonate gave benzyl ether 49. Enolate 

formation using sodium hydride, followed by a crossed-Claisen reaction with 

diethylcarbonate gave beta-ketoester 50, which was brominated using pyridinium 

tribromide yielding 51. Aromatization of 51 using DBU in ACN gave ester 52, which 

was then hydrolyzed to 53. Acid activation of 53 with CDI and subsequent coupling to 

methyl-3-hydroxyanthranilate, gave intermediate amide 54. PPTS mediated cyclization of 

54 gave lead compound 1. 
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Scheme 11. A new route to lead NS3 helicase inhibitor 1.a 

 

aReagents, conditions, and yields: (a) AlCl3, toluene, 99%. (b) BnBr, K2CO3, acetone, reflux, 

98%. (c) NaH, diethylcarbonate, THF. (d) Pyridinium tribromide, AcOH. (e) DBU, ACN, reflux 

75% (three steps). (f) KOH, THF, reflux, 99%. (g) (i) CDI, THF. (ii) Methyl-3-

hydroxyanthranilate, reflux, 45%. (h) PPTS, p-xylene, reflux, 86%. 

 

The photoreactive trifluoromethyl aryldiazirine was synthesized as the corresponding 

benzyl bromide 60, as previously described (Scheme 12).103,112 This began with Grignard 

formation from commercially available m-bromotoluene. Subsequent trifluoroacetic acid 

addition gave trifluoromethyl ketone 55. Oxime formation using hydroxylamine 

hydrochloride in pyridine and ethanol gave 56. The oxime was then O-tosylated using 

tosyl chloride, diisopropylethylamine, and catalytic dimethylaminopyridine to give 57. 

Addition of liquid ammonia in diethyl ether at   -70°C in a bomb, gave intermediate 

diaziridine 58, which was then oxidized with iodine and trimethylamine to yield diazirine 

59. Bromination of 59 using N-bromosuccinimide and azobisisobutyronitrile provided 

target photoreactive benzyl bromide 60. 
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Scheme 12. Synthesis of photoreactive trifluoromethyl aryldiazirine as the corresponding benzyl 

bromide 60.a 

 

aReagents, conditions, and yields: (a) (ii) Mg(s), ultra-sonication, ether. (ii)Trifluoroacetic acid. 

(b) hydroxylamine HCl, pyridine, EtOH, 81% (two steps). (c) TsCl, DIEA, DMAP, DCM, 85%. 

(d) NH3(l), ether, -70°C-RT, (85%). (e) I2(s), TEA, DCM. (f) NBS, AIBN, CCl4. 

  

For alkylation of lead compound 1 at the 7-hydroxyl with photoreactive bromide 60, a 

synthetic route was devised where the 1-position hydroxyl of 1 was first orthogonally 

protected as the corresponding triflate (Scheme 13). Addition of triflic anhydride and 

trimethylamine to 1 gave triflate 61. Selective deprotection of the 7-hydroxyl using 

thioethane and boron trifluoride etherate gave intermediate triflate 62. Alkylation of 62 

with photoreactive bromide 60 and potassium carbonate in acetone, provided 63, 

although pure compound was unable to be obtained. Selective deprotection of the 1-

position hydroxyl using tetrabutylammonium fluoride gave target photoactivatable 

inhibitor analog 64. However, following deprotection of 64, a small amount (3%, based 

on 1HNMR) of unknown impurity was unable to be removed from the desired product. (It 

was later found this may have been a result of acidic NMR solvent, however another 

route to 64 had already been investigated). 
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Scheme 13. Triflate-route to photoactivatable target 64.a 

 

aReagents, conditions, and yields: (a) Tf(O)2, TEA, DCM, 0°C, 95%. (b) EtSH, BF3 Et2O, DCM, 

70%. (c) K2CO3, 60, acetone, reflux. (d) TBAF, THF, ~18% (two steps, slightly impure). 

 

As such, a new route was designed for the synthesis of 64, again starting from the 

lead inhibitor 1 (Scheme 14). Hydrogen gas (60 PSI) and a Pd/C (10%) catalyst in 

ethanol was used for deprotection of the 7-position hydroxyl. This benzyl ether was 

surprisingly stable, requiring an increased pressure of hydrogen, mass of Pd/C, and 

reaction time (>48 hours). The resulting diol 65 was alkylated using one equivalent of the 

photoreactive bromide 60 and potassium carbonate in DMF:acetone (1:3). It was 

hypothesized that some degree of selectivity for alkylation of the 7- versus the 1- 

hydroxyl may be achieved, due to the steric hindrance of the heterocycle about the 1-

position. This route was successful in providing the pure photoactivatable compound 64, 

albeit in low yield.    
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Scheme 14. Successful route to the synthesis of photoactivatable inhibitor analog 64.a  

 

aReagents, conditions, and yields: (a) H2, 60 PSI, EtOH, 71%. (b) K2CO3, 60, acetone:DMF (3:1), 

reflux, 10%. 

 

D. A Photoactivatable HCV NS3 Helicase Inhibitor: Helicase Activity and 

Photolytic Properties 

Following synthesis, it was necessary to determine if the photoactivatable analog 

retains activity against the HCV NS3 helicase. As such, 64 was sent to a collaborator, Dr. 

Andrea Baier at the John Paul II Catholic University of Lublin, for testing in an NS3 

helicase assay (the same assay conditions were used for the testing of 1 and 2). It was 

confirmed that 64 is similarly active as 1 against NS3h and is thus a suitable 

photoreactive inhibitor analog to probe the binding pocket within the enzyme (Table 8). 
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Table 8. NS3h inhibition data for the photoactivatable inhibitor analog 64 and lead 1. 

Compound HCV Helicasea 

DNA RNA 

IC50(M)b IC50(M)b 

1 2.6 20 

64 3.8 16 

a. Strand separation of radiolabeled oligonucleotides was monitored using gel electrophoresis. b. 

The concentration of compound required to inhibit 50% of helicase activity. The results are an 

average of 2-3 independent trials. 

 

Photolysis experiments were performed to confirm photoactivatable inhibitor analog 

64 is indeed reactive upon exposure to irradiation of a suitable wavelength. A solution of 

64 in methanol was irradiated using a mercury lamp with a 320nm cutoff filter, for 

varying lengths of time (1-60 minutes) and monitored via UV-VIS spectroscopy (Figure 

33).  
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Figure 33. UV-VIS Spectra monitoring the photolysis of 64 over 60 minutes of irradiation.a 

 

a Additional photolysis conditions: A mercury lamp equipped with a 320nm cutoff filter, held 

~6cm from the sample, was used for irradiation. A solution of 64 in methanol (2.5mL, 50M) 

was held at constant temperature (~23°C) during irradiation using a water bath.     

 

The max at ~325nm, corresponding to the starting material diazirine, decreases upon 

irradiation as the desired carbene is formed.112,113 Consistent with the literature, the max 

at ~240nm initially increases upon irradiation. This has been attributed to the previously 

discussed diazo-rearrangement product (see Figure 29).113 However, as irradiation time 

increases, the diazo intermediate decomposes to give the desired carbene, as indicated by 

the eventual decrease in this maximum.113  

To ensure a carbene, capable of covalent insertion into a substrate, was being formed 

upon irradiation, 64 was analyzed by mass spectrometry (MS) both before and after the 

previously described photolysis experiment (Figure 34). Prior to irradiation, the two 
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major peaks in the spectrum correspond to the molecular weight of 64 (MW=533.1 

g/mol) complexed with a sodium ion (556.2 g/mol) or a potassium ion (572.2 g/mol).    

Figure 34. Mass spectrum (zoomed in for clarity) of photoactivatable compound 64 in 

methanol, prior to irradiation. The two major peaks (shown) correspond to 64 (MW=533.12 

g/mol) complexed with Na+ (556.2 g/mol) or with K+ (572.2 g/mol). a 

 

 

 

 

 

 

 

 

a Experiment details and conditions: A solution of 64 (50M in methanol) was injected into a 

Bruker Amazon Speed Ion Trap equipped with an Apollo II Electrospray Ionizer.  

 

Following irradiation of the same solution of 64 with a mercury lamp for 60 minutes 

followed by MS analysis, the two main peaks now correspond to the molecular weight of 

the carbene covalently (MW=505.1 g/mol) inserted into methanol (MW=537.1 g/mol), 

similarly complexed with a sodium ion (560.2 g/mol) or a potassium ion (576.2 g/mol) 

(Figure 35).   

 

 

556.2 

572.2 M + K
+
= 
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Figure 35. Mass spectrum (zoomed in for clarity) of photoactivatable compound 64 in 

methanol, after 60 minutes of irradiation. The two major peaks (shown) correspond to the carbene 

generated from 64 covalently inserted into methanol (MW=537.1 g/mol), complexed with Na+ 

(560.2) or with K+ (576.2). 

 

 

 

 

 

 

 

 

 

a Experiment details and conditions: A solution of 64 (50M in methanol) was irradiated for 60 

minutes with mercury lamp at constant temperature (~23°C). The solution was then injected into 

a Bruker Amazon Speed Ion Trap equipped with an Apollo II Electrospray Ionizer. 

 

The carbene covalent-insertion product could be one of two isomers, resulting from 

carbene insertion into methanol at one of the carbon-hydrogen bonds (Figure 36, left) or 

the oxygen-hydrogen bond (Figure 36, right). This experiment confirms the 

photoactivatable analog is indeed reactive with desired carbene formation, following 

irradiation using a 320nm cutoff filter. Importantly, the carbene is capable of covalent 

insertion into a substrate.   

M + K
+
= 

556.2 

560.2 
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576.2 
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Figure 36. Two possible carbene covalent insertion products following the photolysis of 64 

in methanol. The carbene can insert into methanol at one of the carbon-hydrogen bonds (left) or 

the oxygen-hydrogen bond (right).  

        

 

E. Photoaffinity Labeling of HCV NS3 Helicase: Approach  

The first step in our photoaffinity labeling approach is incubation of the photoreactive 

inhibitor analog (64) with the protein of interest (NS3h), where the inhibitor should 

coordinate to its respective binding pocket. The inhibitor-protein complex is then 

irradiated with a mercury lamp for one hour at 0°C. Ideally, the photoreactive analog will 

covalently insert into the binding pocket. NS3h is then enzymatically digested; resulting 

peptides are separated using a nanoflow HPLC and subsequently analyzed by MS/MS on 

a Bruker 12T Apex IV Fourier Transform ICR equipped with a nano-electrospray ionizer. 

The resulting spectra are then analyzed using Peaks® software, which systematically 

identifies MS/MS peptide fragmentation patterns consistent with a preprogrammed 

protein sequence and enzymatic digest. Peaks® provides the user with a percent protein 

sequence coverage, which corresponds to the number of peptides identified with high 

confidence divided by the total number of peptides that should be found based on the 

enzymatic digest. The program is also capable of identifying peptide(s) covalently linked 

to an inhibitor based on a change in mass, thus identifying the binding pocket within the 

protein. Once modified amino acid residues have been identified, molecular modeling 
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(likely through a collaboration) can be used to identify interactions between the inhibitor 

and protein within the binding pocket.   

Prior to photoaffinity labeling NS3h, it was first necessary to optimize the 

denaturation and enzymatic digestion conditions for the protein. A poor enzymatic digest 

(large number of missed cleavages), would likely result in a low percent protein sequence 

coverage; Peaks® identifies peptide fragmentation patterns consistent with an optimal 

enzyme digest. In addition, a poor digest will lead to larger peptide fragments due to 

missed cleavages. Peptides of large mass are increasingly difficult to identify using 

MS/MS fragmentation patterns.  

For denaturation of NS3h, Rapigest® (a surfactant), was used along with standard 

heating protocols. Disulfide bonds were subsequently reduced with beta-mercaptoethanol 

(BME). These conditions resulted in 20% protein sequence coverage by Peaks® 

(following HPLC separation and MS/MS analysis). In an attempt to increase coverage, 

thiols were alkylated using iodoacetamide following reduction. However, this did not 

change the results. Next, urea was used for denaturation instead of the surfactant. Once 

again, Peaks® only identified 20% of the digested protein. Changing the denaturing 

reagent to guanidine hydrochloride similarly resulted in no increase of coverage. 

Interestingly, when guanidine hydrochloride was used along with dithiothreitol (DTT) 

and iodoacetamide, the sequence coverage increased to 36%. In an attempt to identify 

additional peptide fragments, chymotrypsin was used for digestion. Using the previously 

optimized denaturing conditions, the chymotrypsin digest similarly resulted in 36% 

sequence coverage. Unfortunately, a large number of peptide fragments identified in the 
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chymotrypsin digest significantly overlap with those found using trypsin. As a result, the 

combined protein sequence coverage was only increased to 49% (Figure 37).  

Figure 37. Snapshot of combined NS3h sequence coverage (49%) using Peaks®. Both 

chymotrypsin and trypsin were used for enzymatic digestion. Peptide fragments underlined in 

blue were identified by Peaks® with low probability of error. Fragments underline in grey, are de 

novo identified sequences which are only a partial match of the desired peptide fragment; de novo 

fragments are not included in the total percent coverage. Post-translational modifications are 

represented by ‘d’ (deamidation), ‘c’ (acetamide alkylated cysteine), and ‘o’ (oxidation).      

 

 

Although the sequence coverage was not ideal, the photoaffinity labeling experiment 

was conducted with NS3h (~40 M) and various concentrations (0.5-500 M) of 

photoaffinity probe 64. Following irradiation of the inhibitor-protein complex, the 

enzyme was denatured and digested using the previously described conditions which 

provided the highest percent sequence coverage. At all inhibitor concentrations tested, 
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Peaks® was only able to identify a maximum of 36% protein coverage in both the trypsin 

and chymotrypsin digests, for a combined coverage of 49%. Unfortunately, no inhibitor-

bound peptides were identified. It is likely that the covalent modification lies somewhere 

in the 51% of unidentified protein.  

 

F.  Future Work 

In order to increase the probability of identifying inhibitor-bound peptide(s), the 

protein sequence coverage using Peaks® needs to be increased. This can likely be 

accomplished through further optimization of the denaturing/digesting conditions of 

NS3h. Using the described conditions, Peaks® has only identified two peptides that 

contain cysteine. It is it therefore hypothesized that the conditions used to denature the 

protein, and subsequently reduce/alkylate cysteine residues, are inefficient. Intact 

disulfide bonds could lead to large undigested protein segments and complicate the 

peptide identification process. To further increase protein sequence coverage, other 

enzymes can be used for digestion in hopes of identifying peptide fragments that do not 

overlap with those found using trypsin and chymotrypsin.   
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Chapter 5: Experimental 

 

A. General: Chemistry Methods 

Proton and carbon nuclear magnetic resonance spectra (1H NMR and 13C NMR) were 

obtained using a JEOL ECX400 spectrometer. Abbreviations used for peak multiplicity 

in 1H NMR data are: s=singlet, bs=broad singlet, d=doublet, dd=doublet of doublets, 

t=triplet, td=triplet of doublets, q=quartet, m=multiplet. High resolution mass spectra 

were obtained on a Bruker Apex IV ITCR spectrometer. Low resolution mass spectra 

were obtained on a PerkinElmer AxION 1 DSA TOF or a Bruker Amazon Speed Ion 

Trap equipped with an Apollo II Electrospray Ionizer.  

Thin layer chromatography on silica gel was performed using EMD 60F glass plates. 

Fisher Scientific silica gel 60 (230-400 mesh) was used for flash chromatography. ACS 

grade solvents were used for chromatography without further purification.  

Reactions ran “under inert atmosphere” were conducted under argon gas. Reaction 

vessels were arranged so that the system could be flame dried in vacuo and subsequently 

filled with argon using a mercury bubbler, and left under positive argon pressure. 

Anhydrous solvents were used in all reactions ran under inert atmosphere. THF was 

purchased from Fisher Scientific, distilled from sodium metal, and stored over 4 Å 

molecular sieves under argon. Anhydrous dioxane was purchased from Acros Organics. 

Anhydrous chloroform was obtained via distillation following stirring over molecular 

sieves (4 Å, powder). All other solvents were purchased from Fisher Scientific and used 

without further purification. Deuterated chloroform was purchased from Acros Organics. 
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Deuterated DMSO was purchased from Cambridge Isotope Laboratories Inc. All other 

chemicals were obtained from commercial sources and used without further purification. 

“Concentrated under reduced pressure” refers to the removal of solvent on a rotary 

evaporator at 40-55˚C and subsequent drying under lower pressure with a direct drive 

high-vacuum pump. All percent yields are based on 1H NMR spectra.          

   

B. Synthesis 

i. Chapter 2 

2-Benzyloxybenzoic acid (5). K2CO3 (5.01g, 36.4 mmol) was added to a solution of 

salicylic acid (2.00g, 14.5 mmol) in acetone (26.4mL) under inert atmosphere. The slurry 

was refluxed for 45 minutes and cooled to room temperature. A solution of benzyl 

bromide (4.34mL, 36.3 mmol) in acetone (16.5mL) was added slowly over a ten minute 

period. The reaction mixture was refluxed for 36 hours and then cooled to room 

temperature. Solids were removed via filtration and washed with CH2Cl2 (2x10mL). The 

filtrate was diluted with 80mL CH2Cl2 and transferred to a separatory funnel. The 

solution was washed with H2O (2x100mL) and brine(100mL), dried with MgSO4, 

filtered, and concentrated under reduced pressure to give a pale yellow oil (5.67g). Crude 

benzyl-2-benzyloxybenzoate was used without further purification. 1H NMR (400 MHz, 

CDCl3) 1H, dd, J=7.8Hz, J=1.8Hz),  7.27-7.45 (11H, m),  7.00 (2H, m),  5.34 

(2H, s),  5.16 (2H, s). NaOH (1.74g, 43.5mmol) was dissolved in 21mL 90% EtOH(aq). 

The alkali solution was added to a flask containing 5.67g crude benzyl-2-

benzyloxybenzoate. The reaction was refluxed for 20 hours. The reaction mixture was 



69 

 

cooled to room temperature and acidified to pH=1-2 with 50mL 1M HCl. The solution 

was transferred to a separatory funnel and extracted with EtOAc (3x75mL). The 

combined organic phases were extracted with saturated NaHCO3 (3x100mL). The 

aqueous phase was acidified to pH=1-2 with 6M HCl and extracted with EtOAc 

(3x100mL). The combined organic phases were washed with brine (100mL), dried with 

MgSO4, filtered, and concentrated under reduced pressure to give a yellowish brown oily 

solid (3.02g). Product was recrystallized from EtOAc:hexane to give 2.30g white 

crystalline solid (70% yield;two steps). 1H NMR (400MHz, CDCl3)  8.21 (1H, dd, J= 

7.8Hz, J= 1.8Hz), 1H, m),  7.37-7.45 (5H, m),  7.15 (2H, m),  5.30 (2H, s). 

Methyl 2-((2-benzyloxybenzoyl)amino)-3-hydroxybenzoate (6).  Methyl 3-

hydroxyanthranilate (0.250g, 1.50 mmol) and 5 (0.512g, 2.24 mmol) were dissolved in 

chloroform (29.7mL) under inert atmosphere. Dichlorotriphenylphosphorane (1.79g, 5.39 

mmol) was then added and the reaction mixture was refluxed 2.5 hours. The solution was 

cooled to room temperature and transferred to a separatory funnel with 30mL CHCl3. The 

solution was washed with 4M HCl (2x25mL), saturated NaHCO3 (2x 25mL), and brine 

(25mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give a 

brown oil with clumps of white solid. Crude product was purified via flash 

chromatography (100% CH2Cl2) to give 0.423g of a brown solid (76% yield). 1H NMR 

(400 MHz, CDCl3)  12.31 (1H, s), 9.25 (1H, bs), 8.26 (1H, dd, J=7.9Hz, J= 1.9Hz), 

7.58 (1H, dd, J= 7.7Hz, J= 1.6Hz), 7.40-7.49 (3H, m), 7.26-7.34 (4H, m), 7.20 

(1H, t, J= 8.2Hz), 7.08 (1H, J= 7.6Hz), 7.02 (1H, d, J= 8.4Hz), 5.47 (2H, s), 3.77 

(3H, s).  
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Methyl 2-(2-benzyloxyphenyl)benzoxazole-4-carboxylate (7).  Toluene (22.4mL) 

was added to a flask containing 6 (0.386g, 1.02mmol) and pyridinium p-toluene sulfonate 

(0.514g, 2.05mmol) equipped with a Dean-Stark trap. The reaction mixture was refluxed 

for 23 hours and then cooled to room temperature. The resulting slurry was transferred to 

a separatory funnel containing 50mL saturated NaHCO3. The solution was extracted with 

EtOAc (3x50mL). Combined organic phases were washed with brine (50mL), dried with 

MgSO4, filtered, and concentrated under reduced pressure to give a brown solid. Crude 

product was purified via flash chromatography (5% EtOAc in CH2Cl2) to give 0.336g 

desired compound as a yellow solid (91% yield). 1H NMR (400 MHz, CDCl3) 8.27 

(1H, dd, J= 7.8Hz, J= 1.8Hz), 8.04 (1H, dd, J= 7.8Hz, J= 0.9Hz), 7.75 (1H, dd, J= 

8.2Hz, J= 1.4Hz), 7.65 (2H, d, J= 7.8Hz), 7.50 (1H, m), 7.41 (3H, m), 7.32 (1H, 

m), 7.13 (2H, m), 5.30 (2H, s), 4.01 (3H, s). 

Methyl 2-(2-phenyl)benzoxazole-4-carboxylate (3). Compound 7 (0.200g, 0.556 

mmol) was shaken with Pd/C (10%, 0.0200g) in methanol (10mL) under 45 PSI of H2 for 

4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give 0.144 g pure product as a yellowish-white 

solid (99% yield). 1H NMR (400MHz, CDCl3)  (1H, s),  (1H, d, J= 8.0 Hz), 

 (1H, dd, J= 7.6 Hz, J= 1.6 Hz),  (1H, d, J= 9.2 Hz),  (2H, m), 

 (1H, d, J= 8.0 Hz),  (3H, s). Previously characterized via 13C and HRMS.73 

2-(2-Phenyl)benzoxazole-4-carboxylic acid (8). NaOH (0.553 mL, 5M (aq)) was 

added to a solution of 3 (0.044 g, 0.163 mmol) in THF (1.1 mL) and the mixture was 

refluxed overnight. The reaction mixture was cooled to RT and concentrated under 
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reduced pressure. The remaining solids were resuspended in HCl (5 mL, 1M) and 

isolated via vacuum filtration. Solids were washed with H2O (3 x 5 mL) and dried under 

reduced pressure to give 0.029 g of desired compound as a white solid. 1H NMR (400 

MHz, d6-DMSO) 11.80 (1H, bs), 8.10 (1H, d, J= 7.6Hz), 8.03 (1H, dd, J= 7.6 Hz, 

J= 1.6 Hz), 7.97 (1H, dd, J= 7.6 Hz, J= 0.80 Hz), 7.57-7.51 (2H, m), 7.13 (1H, d, J= 

8.4 Hz), 7.10-7.06 (1H, m). Previously characterized via 13C and HRMS.54 

Methyl 2,3-diaminobenzoate (9). Methyl 2-amino-3-nitrobenzoate (1.00g, 5.10 

mmol) was shaken with Pd/C (10%, 0.0980g) in ethanol (30mL) under 45 PSI of H2 for 4 

hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give 0.850g pure product as a dark brown solid 

(99% yield). 1H NMR (400MHz, CDCl3)  (1H, dd, J= 8.2Hz, J= 1.4Hz),  

(1H, dd, J= 7.3Hz, J= 1.4Hz),  (1H, t, J= 7.8Hz).  

Methyl 2-amino-3-((2-(benzyloxy)benzoyl)amino)benzoate (10). 1-1’-

Carbonyldiimidazole (0.586g, 3.61 mmol) and 5 (0.687g, 3.01 mmol) and were dissolved 

in THF and stirred for 30 minutes under inert atmosphere. 9 (0.500g, 3.01 mmol) was 

added and the reaction mixture was refluxed for 18 hours The reaction mixture was 

cooled to room temperature and transferred to a separatory funnel along with EtOAc 

(50mL). The solution was washed with saturated NaHCO3 (2x50mL), H2O (2x50mL), 

and brine (50mL), dried with MgSO4, filtered, and concentrated under reduced pressure 

to give 1.36g of a reddish-brown oil. Crude product was purified via flash 

chromatography (5% EtOAc in CH2Cl2) to give 0.679g pure product as an orange-yellow 

glassy solid (59% yield). 1H NMR (400MHz, CDCl3)  (1H, bs),  (1H, dd, J= 
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7.8Hz, J= 1.8Hz),  (1H, dd, J= 8.2Hz, J= 1.4Hz),  (7H, m),  (2H, 

m),  (1H, t, J= 8.3Hz),  (2H, bs),  (2H, s),  (3H, s). 

Methyl 2-(2-(benzyloxy)phenyl)-1H-benzimidazole-4-carboxylate (11). Glacial 

acidic acid (11mL) was added to a flask containing 10 (0.424g, 1.11 mmol) and the 

solution was refluxed for 19 hours under inert atmosphere. The reaction mixture was 

cooled to room temperature and transferred to a flask containing approximately 25g of 

ice and 30mL H2O. The acid was neutralized with 50mL saturated NaHCO3 and the 

aqueous phase was extracted with CH2Cl2 (3x75mL). Combined organic phases were 

washed with saturated NaHCO3 (1x50mL), H2O (2x75mL), and brine (75mL), dried with 

MgSO4, filtered, and concentrated under reduced pressure to give 0.432g pure desired 

product as a reddish brown solid (99% yield). 1H NMR (400MHz, CDCl3)  (1H, 

bs),  (1H, dd, J= 7.8Hz, J= 1.8Hz),  (1H, d, J= 8.3Hz),  (1H, dd, J= 

7.8Hz, J= 0.9Hz),  (2H, m),  (4H, m),  (1H, t, J= 7.8Hz),  

(2H, m),  (2H, s),  (3H, s). 

Methyl 2-(2-(hydroxy)phenyl)-1H-benzimidazole-4-carboxylate (12). 11 (0.215g, 

0.600 mmol) was shaken with Pd/C (10%, 0.0200g) in methanol (10mL) under 45 PSI of 

H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give 0.159g pure product as a yellowish-white 

solid (99% yield). 1H NMR (400MHz, CDCl3)  (1H, bs),  (2H, m),  

(1H, dd, J= 8.2Hz, J= 1.4Hz),  (2H, m),  (1H, dd, J= 7.4Hz, J= 0.9Hz),  

(1H, m),  (3H, s). Previously characterized via 13C and HRMS.73 
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2-(2-(Benzyloxy)phenyl)-1H-benzimidazole-4-carboxylic acid (13). To a flask 

containing 11 (0.432g, 1.21 mmol) in THF (8.80mL), was added 5M NaOH (5.42mL). 

The reaction mixture was refluxed for 22 hours and then cooled to room temperature. The 

solution was acidified to pH=1-2 with 6M HCl (10mL) and solids were removed via 

vacuum filtration. Solid precipitate was washed with H2O (2x10mL) and dried under 

reduced pressure to provide 0.269g of pure product as a brownish-white solid (65% 

yield). 1H NMR (400MHz, d6-DMSO)  (1H, d, J= 7.4Hz),  (1H, d, J= 8.2Hz), 

 (1H, d, J= 7.4Hz),  (3H, m),  (2H, m),  (2H, 

m),  (1H, t, J= 7.4Hz),  (2H, s).  

2-(2-(Benzyloxy)phenyl)-N-methyl-1H-benzimidazole-4-carbamide (14). 

Methylamine (2M in THF, 0.149mL, 0.297 mmol) and 13 (0.0950g, 0.270 mmol) were 

dissolved in chloroform (5.4mL) under inert atmosphere. Dichlorotriphenylphosphorane 

(0.414g, 1.24 mmol) was then added and the reaction mixture was refluxed for 21 hours. 

The solution was cooled to room temperature and transferred to a separatory funnel with 

50 mL H2O. The aqueous phase was extracted with EtOAc (3x50mL). Combined organic 

phases were washed with 1M HCl (50mL), saturated NaHCO3 (50mL), and brine 

(50mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give an 

off-white solid. Crude product was purified via flash chromatography (50% EtOAc in 

CH2Cl2) to give 0.0225g desired compound as an off-white solid (23% yield). 1H NMR 

(400MHz, CDCl3) 10.72 (1H, bs), 9.91 (1H, bs),8.60(1H, dd, J= 7.3Hz, J= 

1.8Hz),8.14 (1H, dd, J= 7.3Hz, J= 1.4Hz),7.45-7.54 (5H, m),7.29-

7.37(2H,m),7.18(3H, m), 5.33 (2H, s), 3.18 (3H, d, J= 4.1Hz). 13C NMR (100 

MHz, CDCl3) δ166.4, 156.4, 150.9, 143.7, 135.7, 134.2, 131.7, 130.6, 129.0, 128.6, 



74 

 

128.0, 124.6, 124.3, 122.0, 121.8, 118.0, 113.5, 113.0, 71.4, 51.8.  HRMS calculated for 

C22H19N3O2 [M+D]+ 359.1477, found; 359.1396‡. 

 

2-(2-(Hydroxy)phenyl)-1H-benzimidazole-4-carboxylic acid (15). 13 (0.0500g, 

0.145 mmol) was shaken with Pd/C (10%, 0.020g) in methanol (10mL) under 45 PSI of 

H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give 0.0210g pure product as an off-white solid 

(57% yield). 1H NMR (400MHz, d6-DMSO)  (1H, d, J= 7.8Hz), (1H, d, J= 

8.2Hz), (1H, d, J= 7.4Hz), (2H, t, J= 7.3Hz), (1H, d, J= 

7.8Hz), (1H, t, J= 7.3Hz). Previously characterized via 13C and HRMS.73 

2-(2-(Hydroxy)phenyl)-N-methyl-1H-benzimidazole-4-carbamide (16). 14 

(0.0225g, 0.063 mmol) was shaken with Pd/C (10%, 0.0200g) in methanol (10mL) under 

45 PSI of H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The 

filtrate was concentrated under reduced pressure to give 0.0141g pure product as an off-

white solid (84% yield). 1H NMR (400MHz, d6-DMSO)  (1H, bs),  (1H, m), 

 (2H, m),  (1H, t, J= 8.2Hz),  (1H, t, J= 7.8Hz),  (1H, m), 

 (1H, m),  (3H, bs). δ166.3, 156.5, 150.9, 143.6, 135.3, 134.6, 131.4, 130.4, 

129.0, 128.4, 128.2, 124.5, 113.5, 113.1, 71.3, 51.8.   LRMS calculated for C15H13NO2, 

[M+H]+ 268.10; found 268.13. 

                                                 
‡ Sample submitted for mass spectrometric analysis sat for approximately 24 hours in CDCl3 prior 

to analysis.  
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Dimethyl 2,2’-((2,2’-disulfanediylbis(benzoyl))bis(azanediyl))bis(3-

hydroxybenzoate) (17). 2,2’-Dithiodibenzoic acid (0.100g, 0.326 mmol) and 1-1’-

carbonyldiimidazole (0.127g, 0.782 mmol) were dissolved in THF (3mL) and stirred for 

30 minutes under inert atmosphere. Methyl 3-hydroxyanthranilate (0.109g, 0.652 mmol) 

was added and the reaction mixture was refluxed for 21 hours. The reaction mixture was 

cooled to room temperature and transferred to a separatory funnel along with 30mL H2O 

and extracted with EtOAc (3x30mL). Combined organic phases were washed with H2O 

(2x50mL) and brine (50mL), dried with MgSO4, filtered, and concentrated under reduced 

pressure to give a light brown solid. Crude product was purified via flash 

chromatography (5% EtOAc in CH2Cl2) to give 0.0640g desired compound as a 

yellowish orange solid (33% yield). 1H NMR (400MHz, CDCl3)  (1H, s),  

(1H, s),  (2H, d, J= 11.0Hz),  (1H, d, J= 7.4Hz),  (1H, t, J= 7.8Hz), 

 (2H, m),  (1H, m),  (3H, s). 

Dimethyl 2,2’-(disulfanediylbis(2,1-phenylene))bis(benzoxazole-4-carboxylate) 

(18). Pyridinium p-toluene sulfonate (0.0465g, 0.185 mmol) and 17 (0.0560g, 0.0926 

mmol) were dissolved in toluene (3mL) in a flask equipped with a Dean-Stark trap under 

inert atmosphere. The reaction mixture was refluxed for 17 hours. The solution was then 

cooled to room temperature and transferred to a separatory funnel along with 30mL 

EtOAc. The solution was washed with saturated NaHCO3 (2x30mL), H2O (30mL), and 

brine (30mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give a yellowish orange solid. Crude product was purified via flash chromatography (5% 

EtOAc in CH2Cl2) to give 0.0195 grams desired product as a dark yellow solid (37% 

yield). 1H NMR (400MHz, CDCl3)  (1H, dd, J= 7.3Hz, J= 1.4Hz),  (1H, d, J= 
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7.8Hz),  (1H, d, J= 7.8Hz),  (1H, d, J= 8.2Hz),  (1H, t, J= 7.8Hz), 

 (1H, m),  (1H, t, J= 6.8Hz),  (3H, s). LRMS calculated for 

C30H20N2O6S2 [M+H]+ 569.08, found; 569.08. HRMS calculated for C30H20N2O6S2 

[M+Na]+ 591.0660, found; 591.0683. 

Methyl 2-(2-sulfanylphenyl)benzoxazole-4-carboxylate (19). Triphenylphosphine 

(0.0646g, 0.246 mmol) and 18 (0.0700g, 0.123 mmol) were dissolved in a mixture of 

acetone (1mL) and methanol (3mL). HCl (0.300mL, 6M) was then added to the solution 

and the reaction mixture was stirred for 1 hour. The solution was then transferred to a 

separatory funnel along with H2O (30mL) and extracted with EtOAc (3x30mL). 

Combined organic phases were washed with brine (30mL), dried with MgSO4, filtered, 

and concentrated under reduced pressure to give a pinkish orange solid. Crude product 

was purified via flash chromatography (5% EtOAc in CH2Cl2) to give 0.0399g desired 

product as orange crystals (57% yield). 1H NMR (400MHz, d6-DMSO)  (1H, 

bs),(1H, dd, J= 7.8Hz, J= 1.8Hz), (1H, dd, J= 7.8Hz, J= 1.4Hz), 

(1H, dd, J= 7.8Hz, J= 1.4Hz), (2H, m), (1H, td, J= 8.2Hz, J= 1.4Hz), 

(1H, m), (3H, s). 13C (100MHz, CDCl3) 166.0, 162.9, 150.8, 141.3, 

138.8, 132.1, 130.1, 127.4, 126.9, 126.1, 125.1, 124.0, 122.5, 115.1, 52.9.  HRMS 

calculated for C15H11NO3S [M]+ 286.0532, found; 286.0532. LRMS calculated for 

C15H11NO3S, [M-H]- 284.05; found, 284.03.  

2-Chloro-4,6-dimethoxy-1,3,5-triazine. Cyanuric chloride (1.00g, 5.42 mmol) was 

added to a slurry of methanol (3.1mL), H2O (0.271mL), and NaHCO3 (0.911g, 10.84 

mmol) and the reaction mixture was stirred until CO2(g) production ceased. The reaction 

mixture was then refluxed for 30 minutes. The mixture was then cooled to room 
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temperature and solids were removed via vacuum filtration. The precipitate was washed 

with H2O (3x10mL) and dried under reduced pressure to give 0.380g desired product as a 

white solid (40% yield). 1H NMR (400MHz, d6 -DMSO)  (6H, s). LRMS 

calculated for C5H6ClN3O2 [M+H]+ 176.010, found; 176.007. 

Dimethyl 3,3’-((2,2’-disulfanediylbis(benzoyl))bis(azanediyl))bis(2-

aminobenzoate) (20).-Chloro-4,6-dimethoxy-1,3,5-triazine (0.115g, 0.652 mmol) was 

dissolved in THF (2.0mL) and cooled to -5°C under inert atmosphere. N-

Methylmorpholine (0.717mL, 0.652 mmol) was added to the reaction mixture and the 

solution was stirred at -5°C for 10 minutes. 2,2’-Dithiodibenzoic acid (0.100g, 0.326 

mmol) was then added to the solution and the mixture was stirred for 2 hours at -5°. 9 

(0.109g, 0.652 mmol) and N-methylmorpholine (0.358mL, 0.326 mmol) were then added 

and the reaction mixture was stirred for 2 hours at -5°C. The solution was then stirred at 

room temperature for 18 hours. The reaction mixture was transferred to a separatory 

funnel along with CH2Cl2 (30mL) and washed with saturated NH4Cl (30mL), saturated 

NaHCO3 (30mL), H2O (2x30mL), brine (30mL), dried with MgSO4, filtered, and 

concentrated under reduced pressure to give a brown solid. Crude product was purified 

via flash chromatography (10% EtOAc in CHCl3) to give 0.0482g pure product as a 

reddish brown solid (25% yield). 1H NMR (400MHz, CDCl3)  (1H, d, J= 7.8Hz), 

(1H, dd, J= 8.2Hz, J= 1.4Hz),  (1H, m),  (1H, d, J= 8.2Hz),  

(1H, m),  (1H, dd, J= 7.8Hz, J= 1.4Hz),  (1H, t, J= 8.0Hz),  (2H, bs), 

 (3H, s). 

Dimethyl 2,2’-(disulfanediylbis(2,1-phenylene))bis(1H-benzimidazole-

carboxylate) (21). 20 (0.196g, 0.326 mmol) was dissolved in glacial acetic acid (3.0mL) 
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and refluxed for 36 hours. The reaction mixture was cooled to room temperature and 

neutralized with saturated NaHCO3 (75mL). The solution was extracted with CH2Cl2 

(3x75mL). Combined organic phases were washed with saturated NaHCO3 (75mL), H2O 

(75mL), and brine (75mL), dried with MgSO4, filtered, and concentrated under reduced 

pressure to give 0.120g desired product as a dark yellow crystalline solid (68% yield). 1H 

NMR (400MHz, CDCl3)  (1H, bs),  (1H, d, J= 8.3Hz),  (2H, m), 

 (1H, dd, J= 7.8Hz, J= 1.4Hz),  (1H, t, J= 7.8Hz),  (2H, m),  (3H, 

s).  

Methyl 2-(2-sulfanylphenyl)-1H-benzimidazole-4-carboxylate (22). Sodium 

borohydride (9.21mg, 0.244 mmol) and 21 (0.0345g, 0.0609 mmol) were dissolved in a 

mixture of THF (0.400mL) and ethanol (0.400mL) under inert atmosphere and the 

solution was stirred for 2 hours. The reaction mixture was acidified with HCl (10mL, 

1M), EtOAc (30mL) was added, and the phases were separated. The organic phase was 

washed with brine (10mL), dried with MgSO4, filtered, and concentrated under reduced 

pressure to give 0.0156g desired product as a yellowish orange solid (90% yield). NMR 

(400MHz, d6-DMSO)  (3H, m),  (2H, m),  (1H, m),  (1H, m), 

 (3H, s).  13C (100MHz, CDCl3)  166.9, 151.3, 144.1, 135.0, 134.6, 132.7, 130.6, 

130.5, 128.5, 125.2, 122.1, 113.4, 52.4. 

2-(2-Benzyloxyphenyl)benzoxazole-4-carboxylic acid (23). To a flask containing 7 

(0.334g, 0.929 mmol) in THF (6.2mL), was added 5M NaOH (3.12mL). The reaction 

mixture was refluxed for 2.5 hours and then cooled to room temperature. The solution 

was acidified to pH=1-2 with 1M HCl (30mL) and transferred to a separatory funnel. The 

aqueous phase was extracted with EtOAc (3x50mL). Combined organic phases were 
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washed with H2O (2x50mL) and brine (50mL), dried with MgSO4, filtered, and 

concentrated under reduced pressure to give 0.299g of pure product as a viscous yellow 

oil (92% yield). 1H NMR (400MHz, CDCl3) 8.23 (1H, dd, J= 7.8Hz, J= 1.8Hz), 

1H, d, J= 7.8Hz), 7.78 (1H, dd, J= 8.3Hz, J= 0.9Hz), 3H, m), 

7.50 (1H, t, J= 8.2Hz), 7.43 (2H, m), 7.36 (1H, m), 7.12-7.20 (2H, m), 5.30 (2H, 

s).  

2-(2-Benzyloxyphenyl)-N-methyl-benzoxazole-4-carbamide (24). Methylamine 

(2M in THF, 0.138mL, 0.278 mmol) and 23 (0.145g, 0.415 mmol) were dissolved in 

chloroform (5.5mL) under inert atmosphere. Dichlorotriphenylphosphorane (0.331g, 

0.994 mmol) was then added and the reaction mixture was refluxed for 21 hours. The 

solution was cooled to room temperature and transferred to a separatory funnel along 

with 50mL CH2Cl2. The solution was washed with 1M HCl (2x25mL), saturated 

NaHCO3 (2x 50mL), and brine (50mL), dried with MgSO4, filtered, and concentrated 

under reduced pressure to give a brown solid. Crude product was purified via flash 

chromatography (20% EtOAc in CH2Cl2) to give 0.0715g pure desired compound as an 

off-white solid (72% yield). 1H NMR (400MHz, CDCl3) 9.00 (1H, bs), 8.20 (2H, t, J= 

6.4Hz),  (1H, d, J= 8.2Hz),  (3H, m), 7.27-7.45 (4H, m), 7.16-7.20 (2H, 

m),  (2H, s),  (3H, d, J= 4.6Hz). 13C NMR (100 MHz, CDCl3) δ 165.1, 162.0, 

158.0, 150.2, 139.6, 136.4, 133.5, 131.5, 128.7, 128.2, 127.2, 125.5, 124.9, 124.1, 121.2, 

115.8, 113.8, 113.3, 70.8, 26.3. HRMS calc. for C22H18N2O3 [M+Na]+ 381.1198; found 

381.1216. 

N-Benzyl-2-(2-benzyloxyphenyl)benzoxazole-4-carbamide (25). Benzylamine 

(0.048mL, 0.440 mmol) and 23 (0.154g, 0.440 mmol) were dissolved in chloroform 
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(9mL) under inert atmosphere. Dichlorotriphenylphosphorane (0.528g, 1.58 mmol) was 

then added and the reaction mixture was refluxed for 19 hours. The solution was cooled 

to room temperature and transferred to a separatory funnel with CHCl3 (50mL). The 

solution was washed with 4M HCl (2x50mL), saturated NaHCO3 (2x 50mL), and brine 

(50mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give 

0.815g of a brown solid. Crude product was purified via flash chromatography (10% 

EtOAc in CH2Cl2) to give 0.152g pure desired compound as a yellowish white solid 

(80% yield). 1H NMR (400MHz, CDCl3) 9.62 (1H, bs), 8.23 (1H, dd, J= 7.8Hz, J= 

1.3Hz), 8.13 (1H, dd, J= 7.8Hz, J= 1.8Hz), 7.70 (1H, dd, J= 6.9Hz, J= 0.9Hz), 7.45-

7.50 (4H, m), 7.18-7.37 (8H, m), 7.10 (2H, m), 5.17 (2H, s), 4.64 (2H, d, J= 

5.5Hz). 13C NMR (100 MHz, CDCl3) δ 164.5, 162.3, 157.8, 150.4, 139.7, 138.8, 136.6, 

133.5, 131.5, 128.6, 128.5, 128.0, 127.6, 127.1, 126.8, 125.7, 124.8, 123.9, 121.1, 115.8, 

114.0, 113.5, 70.6, 43.6. HRMS calc. for C28H22N2O3 [M+H]+ 435.1630; found 

435.1711. 

2-(2-Benzyloxyphenyl)-N,N-dimethyl-benzoxazole-4-carbamide (27) . 

Dimethylamine, (2M in THF, 0.190mL, 1.50 mmol) and 23 (0.132g, 0.379 mmol) were 

dissolved in chloroform (7.5mL) under inert atmosphere. Dichlorotriphenylphosphorane 

(0.328g, 0.985 mmol) was then added and the reaction mixture was refluxed for 17 hours. 

The solution was cooled to room temperature and transferred to a separatory funnel with 

CHCl3 (30mL). The solution was washed with 1M HCl (30mL), H2O (2x 30mL), and 

brine (30mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give 0.592g of brown solid. Crude product was purified via flash chromatography 

(CH2Cl2:EtOAc, 1:2) to give 0.103g pure desired compound as an off-white solid (73% 
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yield). 1H NMR (400MHz, CDCl3) 8.17 (1H, dd, J= 7.8Hz, J= 1.4Hz), 7.59 (3H, m), 

7.50 (1H, m), 7.38-7.46 (4H, m), 7.34 (1H, m), 7.12 (2H, m), 5.23 (2H, s), 

3.16 (3H, s), 2.88 (3H, s). 13C NMR (100 MHz, CDCl3) δ 168.3, 162.5, 157.7, 150.4, 

139.0, 136.6, 133.0, 131.8, 128.6, 127.9, 127.3, 125.0, 123.7, 122.8, 121.2, 116.7, 113.8, 

111.5, 70.9, 39.0, 35.4. HRMS calc. for C23H20N2O3 [M+H]+ 373.1474; found 373.1546. 

2-(2-Benzyloxyphenyl)benzoxazole-4-carbamide (28). 1-1’-Carbonyldiimidazole 

(0.0717g, 0.442 mmol) and 23 (0.129g, 0.373 mmol) were dissolved in THF and stirred 

for 30 minutes under inert atmosphere. Ammonia (0.5M in THF, 7.37mL, 3.69 mmol) 

was added and the reaction mixture was refluxed for 18 hours. The reaction mixture was 

cooled to room temperature and transferred to a separatory funnel along with EtOAc 

(30mL). The solution was washed with 1M HCl (2x15mL), H2O (30mL), and brine 

(30mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give a 

brown oil. Crude product was purified via flash chromatography (20% EtOAc in CHCl3) 

to give 0.0840g pure product as a white crystalline solid (66% yield). 1H NMR (400MHz, 

CDCl3) 8.77 (1H, bs), 8.24 (1H, dd, J= 8.2, J= 1.8Hz), 8.13 (1H, dd, J= 7.8Hz, J= 

1.4Hz), 7.70 (1H, dd, J= 7.8Hz, J= 0.9Hz), 7.54-7.59 (3H, m), 7.39-7.46 (4H, m), 

7.21 (1H, d, J= 8.3Hz), 7.16 (1H, td, J= 7.8Hz, J= 0.9Hz), 5.45 (1H, bs), 5.23 

(2H,s). 13C NMR (100 MHz, CDCl3) δ 161.8, 158.2, 150.0, 136.3, 133.6, 131.2, 128.7, 

128.5, 128.0, 125.7, 124.8, 121.1, 113.8, 113.4, 71.0. HRMS calc. for C21H16N2O3 

[M+H]+ 345.1161; found 345.1240.  

2-(2-Hydroxyphenyl)-N-methyl-benzoxazole-4-carbamide (29). 24 (0.0682g, 

0.190 mmol) was shaken with Pd/C (10%, 0.050g) in methanol (4mL) under 45 PSI of H2 

for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 
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concentrated under reduced pressure to give 0.0516g pure product as an off-white solid 

(99%). 1H NMR (400MHz, CDCl3) 10.48 (1H, bs), 8.22 (1H, d, J= 8.2Hz), 8.09 

(1H, d, J= 7.8Hz),  (1H, bs),  (1H, d, J= 8.2Hz), 7.51 (2H, m),  (1H, 

d, J= 8.2Hz), 7.10 (1H, t, J= 7.3Hz),  (3H, d, J= 4.6Hz). 13C (100MHz, CDCl3) 

164.7, 163.6, 158.4, 149.1, 137.3, 134.7, 127.9, 126.7, 125.6, 124.1, 120.4, 117.6, 

113.7, 110.1, 26.8. HRMS calculated for C15H12N2O3 [M]+ 269.0920, found; 269.0919.  

N-Benzyl-2-(2-hydroxyphenyl)benzoxazole-4-carbamide (30). 25 (0.081g, 0.186 

mmol) was shaken with Pd/C (10%, 0.050g) in 5mL methanol under 45 PSI of H2 for 6 

hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated reduced pressure to give 0.0580g pure product as solid white needles (90%). 

1H NMR (400MHz, CDCl3) 10.14 (1H, bs), 8.25 (1H, dd, J= 7.8Hz, J= 0.9Hz), 8.18 

(1H, bs), 8.06 (1H, dd, J= 8.2Hz, J= 1.8Hz), 7.76 (1H, dd, J= 8.2Hz, J= 0.9Hz), 

7.38-7.54 (6H, m), 7.33 (1H, m), 7.10 (1H, dd, J= 8.2Hz, J= 0.9Hz), 7.04 (1H, td, 

J= 7.6Hz, J= 0.9Hz), 4.80 (2H, d, J= 6.0Hz). 13C (100MHz,CDCl3)  163.9, 163.6, 

158.5, 149.2, 138.1, 137.6, 134.37, 129.1, 127.9, 127.8, 127.7, 126.8, 125.6, 124.0, 120.3, 

117.7, 113.8, 110.0, 44.2.  HRMS calculated for C21H16N2O3 [M]+ 345.1233, found; 

345.1232. 

Synthesis of N-Butyl-2-(2-hydroxyphenyl)benzoxazole-4-carbamide (31):§ 

                                                 
§ A different route than that reported in the document was used for the synthesis of 31. This route 

proved less efficient and was thus not used for the synthesis of any other benzoxazole amides. 31 

was included in Scheme 5 for ease of interpretation. Intermediate 27 was in fact, never 

synthesized due to the change in synthetic route. 
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N-Butyl-3-hydroxy-2-nitrobenzamide. 3-Hydroxy-2-nitrobenzoic acid (0.250g, 

1.37 mmol) was dissolved in dioxane (2.74mL) under inert atmosphere. A solution of 

dicyclohexylcarbodiimide (0.311g, 1.51 mmol) and benzene (0.010mL) in dioxane 

(1.35mL) was added to the reaction mixture and the mixture was stirred for 15 minutes. 

A solution of butylamine (0.135mL, 1.37 mmol) and triethylamine (0.210mL, 1.51 

mmol) in dioxane (1.37mL) was then added and the reaction mixture was stirred for 20 

hours. The slurry was then transferred to a separatory funnel and acidified to pH=1-2 

with 50mL 1M HCl. The aqueous phase was extracted with EtOAc (3x50mL). Combined 

organic phases were washed with H2O (50mL) and brine (50mL), dried with MgSO4, 

filtered, and concentrated under reduced pressure to yield a yellowish-brown oil. Desired 

product was achieved via flash chromatography (50% EtOAc in CH2Cl2) as a light brown 

oil (0.303g, 93% yield). 1H NMR (400MHz, CDCl3)  (1H,m),  (1H, dd, J= 

8.2Hz, J= 1.4Hz),  (1H, dd, J= 7.4Hz, J= 1.4Hz),  (1H, bs),  (2H, m), 

 (2H, m),  (2H, m),  (3H, t, J= 7.3Hz). 
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2-Amino-N-butyl-3-hydroxybenzamide.  N-Butyl 3-hydroxy-2-nitrobenzamide 

(0.300g, 1.64 mmol) was shaken with Pd/C (10%, 0.0550g) in ethanol (11mL) under 45 

PSI of H2 for 2 hours. Pd/C was removed via vacuum filtration through celite. The filtrate 

was concentrated under reduced pressure to give 0.260g pure product as a brown solid 

(76% yield). 1H NMR (400MHz, d6-DMSO)  (1H, bs),  (1H, bs),  (1H, 

dd, J= 7.8Hz, J= 1.4Hz),  (1H, dd, J= 7.8Hz, J= 1.4Hz),  (1H, t, J= 7.8Hz), 

 (2H, q, J= 6.9Hz),  (2H, m),  (2H, m),  (3H, t, J= 7.3Hz). 

N-Butyl-3-hydroxy-2-((2-hydroxybenzoyl)amino)benzamide. Benzotriazole 

(0.468g, 3.93 mmol) was dissolved in 7.5mL 50% THF in CH2Cl2 under inert 

atmosphere. Thionyl chloride (0.0911mL, 1.25 mmol) was added and the solution was 

stirred for 45 minutes. Salicylic acid (0.173g, 1.25 mmol) and THF (5mL) was then 

added and the solution was stirred for 2 hours. A solution of 2-amino-N-butyl-3-

hydroxybenzamide (0.260g, 1.25 mmol) and triethylamine (0.261mL, 1.87 mmol) in THF 

(7mL) was then added and the reaction mixture was stirred for 18 hours. The reaction 

mixture was transferred to a separatory funnel along with 50mL saturated NaHCO3 and 

extracted with EtOAc (3x50mL). The combined organic phases were washed with H2O 

(4x50mL) and brine (50mL), dried with MgSO4, filtered, and concentrated under reduced 

pressure to give a brownish yellow solid. Crude product was purified via flash 

chromatography (20% EtOAc in CHCl3) to give 0.199g of a yellowish white powder 

(49% yield). 1H NMR (400MHz, CDCl3)  (1H, bs), (1H, s),  (1H, s), 

(1H, dd, J= 8.2Hz, J= 1.4Hz), (1H, m),  (2H, m),  (1H, dd, J= 

7.4Hz, J= 2.3Hz),  (2H, m),  (1H, bs),  (2H, m),  (2H, m),  

(3H, t, J= 7.3Hz).  
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N-Butyl-2-(2-hydroxyphenyl)benzoxazole-4-carbamide (31). N-Butyl-3-hydroxy-

2-((2-hydroxybenzoyl)amino)benzamide (0.199g, 0.606 mmol) was added to a solution 

of pyridinium p-toluene sulfonate (0.305g, 1.21 mmol) in toluene (13.3mL) under inert 

atmosphere. The reaction vessel was equipped with a Dean-Stark trap and refluxed for 23 

hours. The solution was cooled to room temperature and transferred to a separatory 

funnel along with 50mL saturated NaHCO3. The solution was extracted with EtOAc 

(3x50mL). Combined organic phases were washed with H2O (3x50mL) and brine 

(50mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give a 

solid yellow powder. Pure product was achieved via flash chromatography (10% EtOAc 

in CHCl3) as a white powder (0.0324g, 17% yield). 1H NMR (400MHz, CDCl3)  

(1H, s),  (1H, dd, J= 7.8Hz, J= 1.4Hz),  (1H, dd, J= 8.3Hz, J= 1.8Hz),  

(1H, bs),  (1H, dd, J= 7.8Hz, J= 0.9Hz),  (2H, m),  (1H, dd, J= 8.3Hz, 

J= 0.9Hz),  (2H, m),  (2H, m),  (2H, m),  (3H, t, J= 7.3Hz). 13C 

(100MHz, CDCl3) 164.0, 163.6, 158.5, 149.1, 137.4, 134.7, 127.9, 126.6, 125.6, 124.2, 

120.3, 117.6, 113.6, 110.0, 39.8, 31.7, 20.4, 13.9. HRMS calculated for C18H18N2O3 [M]+ 

311.1390, found; 311.1387. 

2-(2-Hydroxyphenyl)-N,N-dimethyl-benzoxazole-4-carbamide (32). 27 (0.934g, 

0.251 mmol) was shaken with Pd/C (10%, 0.01g) in methanol (5mL) under 45 PSI of H2 

for 3 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give 0.0667g pure product as a glassy yellow 

solid (94%). 1H NMR (400MHz, CDCl3) 8.04 (1H, dd, J= 7.8Hz, J= 1.4Hz), 7.66 

(1H, d, J= 7.8Hz), 7.42-7.51 (3H, m), 7.11 (1H, d, J= 8.2Hz), 7.03 (1H, td, J= 

7.8Hz, J= 0.9Hz), 3.23 (3H, s), 2.99 (3H, s). 13C (100MHz, CDCl3)  167.9, 163.7, 
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158.9, 148.9, 136.8, 134.2, 127.9, 127.4, 125.8, 124.5, 119.9, 117.6, 111.8, 110.2, 39.0, 

35.4. HRMS calculated for C16H14N2O3, [M]+ 283.1077, found; 283.1075. 

2-(2-Hydroxyphenyl)benzoxazole-4-carbamide (33). 28 (0.0844g, 0.245 mmol) 

was shaken with Pd/C (10%, 0.020g) in 10mL ethanol under 45 PSI of H2 for 6 hours. 

Pd/C was removed via vacuum filtration through celite. The filtrate was concentrated 

under reduced pressure to give 0.0600g pure product as a glassy yellow solid (96%). 1H 

NMR (400MHz, CDCl3) 10.40 (1H, bs), 8.23 (1H, dd, J= 7.8Hz, J= 0.9Hz), 8.09 

(1H, dd, J= 7.8Hz, J= 1.8Hz),  (1H, dd, J= 8.2Hz, J= 0.9Hz), 7.74 (1H, bs), 

7.50-7.55 (2H, m), 7.15 (1H, dd, J= 8.2Hz, J= 0.9Hz), 7.08 (1H, td, J= 7.8Hz, J= 

0.9Hz), 5.97 (1H, bs). 13C (100MHz, d6-DMSO)  165.6, 163.2, 158.1, 150.0, 138.8, 

134.7, 130.0, 125.7, 125.6, 125.1, 120.4, 118.0, 114.4, 111.8. HRMS calculated for 

C14H10N2O3 [M]+ 255.0764, found; 255.0764.   

Methyl 1-benzyl-2-(2-(benzyloxy)phenyl)benzimidazole-4-carboxylate (34). DMF 

(2mL) was added to a flask containing 11 (0.100g, 0.279 mmol) and Cs2CO3 (0.137g, 

0.419 mmol) under inert atmosphere. Benzyl bromide (0.0365mL, 0.307 mmol) was 

added to the slurry and the reaction mixture was stirred for 18 hours at room temperature. 

The reaction mixture was transferred to a separatory funnel along with H2O (30mL). The 

aqueous phase was extracted with CH2Cl2 (3x30mL). Combined organic phases were 

washed with brine (50mL), dried with MgSO4, filtered, and concentrated under reduced 

pressure to give a yellowish oil. Crude product was purified via flash chromatography 

(10% EtOAc in CH2Cl2) to give 0.0770g pure product as a fluffy off-white solid (61.4% 

yield). 1H NMR (400MHz, CDCl3)  (1H, dd, J= 7.3Hz, J= 1.4Hz),  (1H, dd, 
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J= 7.3Hz, J= 1.8Hz),  (1H, m),  (2H, m),  (6H, m),  (1H, 

m),  (1H, m),  (2H, m),  (2H, s),  (2H, s),  (3H, s). HRMS 

calc. for C29H24N2O3 [M+H]+ 449.1787; found 449.1860. 

Methyl 1-benzyl-2-(2-(hydroxy)phenyl)benzimidazole-4-carboxylate (35). 34 

(0.0730g, 0.163 mmol) was shaken with Pd/C (5%, 6.00mg) in methanol (8mL) under 30 

PSI of H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate 

was concentrated under reduced pressure to give a bright yellow solid. Crude product was 

purified via flash chromatography (5% EtOAc in CH2Cl2) to give 0.0450g of a bright 

yellow solid (77% yield). 1H NMR (400MHz, CDCl3)  (1H, dd, J= 7.3Hz, J= 

1.4Hz),  (7H, m),  (3H, m),  (1H, m),  (2H, s),  

(3H, s). 13C (100MHz, CDCl3) 166.8, 159.9, 153.5, 139.3, 136.6, 135.3, 132.4, 129.5, 

128.3, 126.8, 126.5, 125.8, 123.1, 120.5, 118.9, 118.6, 114.7, 112.3, 52.4. HRMS 

calculated for C22H18N2O3 [M]+ 359.1390, found; 359.1389. 

 1-Benzyl-2-(2-(benzyloxy)phenyl)benzimidazole-4-carboxylic acid (36). Benzyl 

bromide (0.415mL, 0.349 mmol) and 11 (0.100g, 0.279 mmol) were dissolved in THF 

(2mL) under inert atmosphere. NaH (0.0335g, 1.40 mmol) was added and the reaction 

mixture was stirred for 4 hours. The reaction was then quenched with HCl (30mL, 1M), 

transferred to a separatory funnel, and extracted with EtOAc (3x30mL). Combined 

organic phases were washed with H2O (2x30mL) and brine (30mL), dried with MgSO4, 

filtered, and concentrated under reduced pressure to give a yellow solid. Crude product 

was recrystallized from EtOAc:Hexane which gave 0.0671g desired product as a white 

crystalline solid (55% yield).  1H NMR (400MHz, CDCl3)  (1H, dd, J= 6.4Hz, J= 
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2.3Hz),  (3H, m),  (5H, m),  (5H, m),  (2H, m), 

 (2H, m), (2H, s), (2H, s). 13C NMR (100 MHz, CDCl3) δ 166.4, 

157.7, 156.8, 152.5, 136.0, 135.0, 134.6, 133.0, 132.6, 129.0, 128.8, 128.32, 128.25, 

127.2, 126.8, 125.8, 123.7, 121.7, 119.4, 116.1, 113.5, 71.0, 49.3. HRMS calc. for 

C28H22N2O3 [M+H]+ 435.1630; found 435.1710. 

1-Benzyl-2-(2-(benzyloxy)phenyl)-N-methyl-benzimidazole-4-carbamide (37). 36 

(0.141g, 0.323 mmol) was dissolved in CH2Cl2 (1.5mL) and cooled to -5°C under inert 

atmosphere. N-Methylmorpholine (0.0355mL, 0.323 mmol) and -chloro-4,6-dimethoxy-

1,3,5-triazine (0.0567g, 0.323 mmol) were then added to the solution and the mixture was 

stirred for 2 hours at -5°. Methylamine (2M in THF, 0.808mL, 1.61 mmol) and N-

methylmorpholine (0.0355mL, 0.323 mmol) were then added and the reaction mixture 

was stirred for 2 hours at -5°C. The solution was then stirred at room temperature for 23 

hours. The reaction mixture was transferred to a separatory funnel along with CH2Cl2 

(30mL) and washed with 1M HCl (3x30mL), saturated NaHCO3 (30mL), H2O (30mL), 

brine (30mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give a yellowish-white solid. Crude product was purified via flash chromatography (20% 

EtOAc in CH2Cl2) to give 0.0863g pure product as a white solid (60% yield). 1H NMR 

(400MHz, CDCl3)  (1H, dd, J= 7.8Hz, J= 1.2Hz),  (1H, dd, J= 7.3Hz, J= 

1.4Hz),  (1H, m), (2H, dd, J= 8.2Hz, J= 0.9Hz), (8H, m),  

(1H, td, J= 7.3Hz, J= 0.9Hz),  (1H, d, J= 8.7Hz),  (2H, m),  (2H, s), 

 (2H, s),  (3H, s). 
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1-Benzyl-2-(2-hydroxyphenyl)-N-methyl-benzimidazole-4-carbamide (38). 37 

(0.0863g, 0.193 mmol) was shaken with Pd/C (5%, 8.0mg) in methanol (8mL) under 30 

PSI of H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate 

was concentrated under reduced pressure to give 0.0795g desired product as a white solid 

(98% yield). 1H NMR (400MHz, CDCl3)  (1H, s),  (1H, bs),  (1H, dd, 

J= 5.5Hz, J= 3.2 Hz),  (7H, m),  (3H, m),  (1H, m), 

 (2H, s),  (3H, d, J= 4.6Hz). 13C (100MHz, CDCl3) 165.9, 157.4, 152.2, 

138.8, 135.8, 135.4, 132.7, 129.5, 128.3, 127.9, 125.8, 125.4, 123.8, 123.3, 119.9, 118.0, 

113.9, 112.9, 49.4, 26.6. HRMS calculated for [M]+ 358.1550, found; 358.1547. 

1-Benzyl-2-(2-(hydroxy)phenyl)benzimidazole-4-carboxylic acid (39). 36 (0.0671 

g, 0.154 mmol) was shaken with Pd/C (5%, 0.020g) in methanol (8mL) under 30 PSI of 

H2 for 4 hours. Pd/C was removed via vacuum filtration through celite. The filtrate was 

concentrated under reduced pressure to give the desired product as a grey solid. (57% 

yield). 1H NMR (400MHz, d6-DMSO)  (1H, bs),  (1H, d, J= 7.3Hz),  

(1H, d, J= 7.8Hz),  (1H, d, J= 6.4Hz),  (2H, m),  (3H, m), 

 (2H, t, J= 6.9Hz), (1H, m), (2H, s). 13C (100MHz, d6-DMSO)  

166.9, 153.7, 141.1, 136.8, 136.2, 132.6, 131.0, 129.3, 128.2, 127.1, 125.2, 123.2, 119.7, 

117.2, 116.3, 115.7, 49.2, 31.2. HRMS calculated for C21H16N2O3 [M]+ 345.1234, found; 

345.1232.

Methyl 2-(1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylate (41). 1-Hydroxy-

2-napthoic acid (0.200g, 1.06 mmol) and 1-1’-carbonyldiimidazole (0.207g, 1.28 mmol) 

were dissolved in THF (6mL) and stirred for 30 minutes under inert atmosphere. Methyl 

3-hydroxyanthranilate (0.210g, 1.06 mmol) was added and the reaction mixture was 
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refluxed for 19 hours. The reaction mixture was cooled to room temperature and 

transferred to a separatory funnel along with H2O (50mL) and extracted with EtOAc 

(3x50mL). Combined organic phases were washed with H2O (50mL) and brine (50mL), 

dried with MgSO4, filtered, and concentrated under reduced pressure to give 0.558g of a 

light brown solid. Crude product amide 40 was dissolved in m-xylene (34.4mL) and 

pyridinium p-toluene sulfonate (0.816g, 3.25 mmol) was added to the solution. The 

reaction mixture was refluxed overnight. The solution was then cooled to room 

temperature and 75mL saturated NaHCO3 was added. The solution was extracted with 

EtOAc (3x100mL). Combined organic phases were washed with H2O (2x100mL) and 

brine (100mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give a dark brown solid. Crude product was purified via flash chromatography (10% 

EtOAc in CHCl3) to give 0.105g desired compound as a reddish brown solid (30% yield; 

two steps). 1H NMR (400MHz, CDCl3)  (1H, d, J= 8.2Hz),  (1H, dd, J= 

7.8Hz, J=1.0 Hz),  (1H, d, J= 8.7Hz),  (2H, d, J= 8.3Hz),  (2H, 

m),  (2H, m),  (3H, s). 13C (100MHz, CDCl3) 166.4, 165.7, 162.3, 

149.6, 138.0, 135.7, 130.9, 129.4, 128.7, 128.5, 127.7, 124.6, 124.4, 124.0, 120.7, 119.7, 

115.0, 101.9, 52.6. HRMS calculated for C19H13NO4 [M]+ 320.0917, found; 320.0917.  

Methyl 2-(3-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylate (42). 3-Hydroxy-

2-napthoic acid (0.200g, 1.06 mmol) and 1-1’-carbonyldiimidazole (0.207g, 1.28 mmol) 

were dissolved in THF (6mL) and stirred for 30 minutes under inert atmosphere. Methyl 

3-hydroxyanthranilate (0.210g, 1.06 mmol) was added and the reaction mixture was 

refluxed overnight. The reaction mixture was cooled to room temperature and transferred 

to a separatory funnel along with 50mL H2O and extracted with CH2Cl2 (3x50mL). 
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Combined organic phases were washed with H2O (50mL) and brine (50mL), dried with 

MgSO4, filtered, and concentrated under reduced pressure to give 0.359g of a dark brown 

solid. Crude amide was dissolved in m-xylene (22mL) and pyridinium p-toluene 

sulfonate (0.523g, 2.08 mmol) was added to the solution. The reaction mixture was 

refluxed for 22 hours. The solution was then cooled to room temperature and 75mL 

saturated NaHCO3 was added. The solution was extracted with CH2Cl2 (3x75mL). 

Combined organic phases were washed with H2O (2x100mL) and brine (100mL), dried 

with MgSO4, filtered, and concentrated under reduced pressure to give a greenish brown 

solid. Crude product was purified via flash chromatography (10% EtOAc in CHCl3) to 

give 0.0950g desired compound as a reddish brown solid (28% yield; two steps). 1H 

NMR (400MHz, CDCl3)  (1H, s)  (1H, dd, J= 7.8Hz, J= 1.4Hz),  (2H, 

m)  (1H, d, J= 8.3Hz),  (3H, bm),  (1H, m),  (3H, s). 13C 

(100MHz, CDCl3) 165.6, 164.0, 154.7, 150.0, 139.5, 137.2, 129.1, 128.9, 127.7, 127.5, 

126.7, 125.3, 124.2, 121.7, 115.1, 112.2, 112.0, 52.6. HRMS calculated for C19H13NO4 

[M]+ 320.0917, found; 320.0917. 

Methyl 2-(2-hydroxynaphthalen-1-yl)benzoxazole-4-carboxylate (43). 2-Hydroxy-

1-napthoic acid (0.200g, 1.06 mmol) and 1-1’-carbonyldiimidazole (0.207g, 1.28 mmol) 

were dissolved in THF (6mL) and stirred for 30 minutes under inert atmosphere. Methyl 

3-hydroxyanthranilate (0.210g, 1.06 mmol) was added and the reaction mixture was 

refluxed for 17 hours. The reaction mixture was cooled to room temperature and 

transferred to a separatory funnel along with H2O (50mL) and extracted with EtOAc 

(3x50mL). Combined organic phases were washed with H2O (50mL) and brine (50mL), 

dried with MgSO4, filtered, and concentrated under reduced pressure to give 0.548g of a 
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light brown solid. Crude product amide was dissolved in m-xylene (34.4mL) and 

pyridinium p-toluene sulfonate (0.816g, 3.25 mmol) was added to the solution. The 

reaction mixture was refluxed overnight. The solution was then cooled to room 

temperature and 75mL saturated NaHCO3 was added. The solution was extracted with 

EtOAc (3x100mL). Combined organic phases were washed with H2O (2x100mL) and 

brine (100mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give a dark brown solid. Crude product was purified via flash chromatography (10% 

EtOAc in CHCl3) to give 0.0980g desired compound as a reddish brown solid (28% 

yield; two steps). 1H NMR (400MHz, CDCl3)  (1H, d, J= 8.7Hz),  (1H, d, J= 

7.8Hz),  (2H, dd, J= 8.3Hz, J= 3.6Hz),  (1H, d, J= 7.8Hz),  (1H, m), 

 (2H, m),  (1H, d, J= 9.2Hz),  (3H, s). 13C (100MHz, CDCl3) 166.4, 

165.7, 162.3, 149.6, 138.0, 135.7, 130.9, 129.4, 128.7, 128.5, 127.7, 124.6, 124.4, 124.0, 

120.7, 119.7, 115.0, 101.9, 52.6. HRMS calculated for C19H13NO4 [M]+ 320.0917, found; 

320.0917.  

Methyl 3-hydroxy-2-((quinolin-8-ylcarbonyl)amino)benzoate (44). Oxalyl 

chloride (0.527mL, 5.77 mmol) was added to a solution of quinoline-8-carboxylic acid 

(0.125g, 0.722 mmol) in CH2Cl2 (36.1mL) under inert atmosphere. DMF (5-7 drops) was 

then added and the solution was stirred for 2 hours. Solvent was removed via distillation 

and remaining residue was dried in vacuo for 30 minutes. The residue was then dissolved 

in CH2Cl2 (54mL). A solution of pyridine (1.80mL, 22.4 mmol) and methyl 3-

hydroxyanthranilate (0.142g, 0.722 mmol) in CH2Cl2 (22mL) was then added and the 

reaction mixture was stirred for 19 hours. The reaction was quenched with H2O (50mL) 

and transferred to a separatory funnel along with CH2Cl2 (50mL). The organic phase was 
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washed with H2O (4x100mL) and brine (100mL), dried with MgSO4, filtered, and 

concentrated under reduced pressure to give a brown solid. Crude product was purified 

via flash chromatography (5% EtOAc in CH2Cl2) to give 0.136g desired compound as a 

yellow solid (59% yield). 1H NMR (400MHz, CDCl3)  (1H, dd, J= 4.6Hz, 

J=1.8Hz), (1H, dd, J= 7.3Hz, J= 1.4Hz), (1H, dd, J= 8.2Hz, J= 

1.8Hz), (1H, dd, J= 8.2Hz, J= 1.4Hz), (1H, t, J= 7.8Hz), (2H, 

m), (1H, dd, J= 8.2Hz, J= 1.8Hz), (1H, m), (3H, s). 13C 

(100MHz, CDCl3) 167.3, 165.4, 151.5, 149.5, 145.3, 137.6, 134.7, 133.1, 128.5, 127.6, 

127.4, 126.6, 126.5, 125.3, 124.2, 123.1, 121.5, 52.2. HRMS calculated for C18H14N2O4 

[M+Na]+ 345.0852, found; 345.0852. 

Methyl 2-(quinolin-8-yl)benzoxazole-4-carboxylate (45). m-Xylene (7mL) was 

added to a flask containing 44 (0.104g, 0.323 mmol) and pyridinium p-toluene sulfonate 

(0.162g, 0.646 mmol) under inert atmosphere. The reaction mixture was refluxed for 18 

hours. The reaction mixture was then cooled to room temperature and 50mL saturated 

NaHCO3 was added. The solution was transferred to a separatory funnel and extracted 

with EtOAc (3x50mL). Combined organic phases were washed with H2O (3x50mL) and 

brine (50mL), dried with MgSO4, filtered, and concentrated under reduced pressure to 

give a reddish purple solid. Crude product was purified via flash chromatography (5% 

EtOH in CHCl3) to give 0.0810g desired compound as a reddish brown solid (84% yield). 

1H NMR (400MHz, CDCl3)  (1H, dd, J= 4.2Hz, J= 1.8Hz), (1H, dd, J= 

7.3Hz, J= 1.4Hz), (1H, dd, J= 8.2Hz, J= 1.8Hz), (1H, dd, J=7.8Hz, 

J=0.9Hz),  (1H, dd, J= 7.8Hz, J= 1.4Hz), (1H, dd, J= 8.2Hz, 

J=0.9Hz), (1H, t, J= 7.8Hz), (1H, dd, J= 8.2Hz, J= 4.1Hz), (1H, t, 
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J=7.8Hz),  (3H, s).  13C (100MHz, CDCl3) 166.1, 164.7, 152.1, 151.8, 146.1, 

141.4, 136.8, 133.7, 132.2, 128.7, 127.2, 126.1, 124.6, 122.4, 121.9, 115.5, 52.7. HRMS 

calculated for C18H12N2O3 [M]+ 305.0921, found; 305.0919.  

 

ii. Chapter 3 

 

Benzyl 1,5-bis-benzyloxy-naphthalene-2-carboxylate.  Benzyl chloride (1.5mL, 

13mmol) was added to a mixture of 1,5-dihydroxynaphthalene-2-carboxylic acid (0.539g, 

2.64mmol), K2CO3 (2.45g, 17.7mmol), and DMF (5.4mL) under inert atmosphere and the 

mixture was refluxed for four hours. The reaction mixture was then cooled to room 

temperature, diluted with H2O (100mL), and extracted with EtOAc (3x200mL). 

Combined organic phases were washed with H2O (5x200mL) and brine (200mL), dried 

over Na2SO4, filtered, and concentrated under reduced pressure. Crude product was 

purified via flash chromatography (SiO2, 15% Hexanes in CH2Cl2, Rf  0.38) to give 0.68g  

desired product as a brown oil (55% yield). 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 

8.7 Hz, 1H),  δ 7.89 (d, J = 8.7 Hz, 1H), δ 7.83 (d, J = 8.7 Hz, 1H), δ 7.53-7.30 (m, 16H), 

δ 6.98 (d, J = 7.3 Hz, 1H), δ 5.40 (s, 2H), δ 5.25 (s, 2H), δ 5.12 (s, 2H). The isomeric 

ester en route to compound 2, benzyl 1,7-bis-benzyloxy-naphthalene-2-carboxylate, 

was synthesized analogously and purified via flash chromatography (SiO2, 40% hexanes 

in CH2Cl2, Rf 0.39) to give desired product as a brown oil (64% yield). 1H NMR (400 

MHz, CDCl3) δ 7.78 (d, J = 8.6 Hz, 1H), δ 7.75 (d, J = 8.7 Hz, 1H), δ 7.56 (d, J = 8.7 Hz, 

2H), δ 7.52-7.28 (m, 16H), δ 5.40 (s, 2H), δ 5.06 (s, 2H), δ 4.99 (s, 2H). 
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1,5-Bis-benzyloxynaphthalene-2-carboxylic acid (46).  Benzyl 1,5-bis-

benzyloxynaphthalene-2-carboxylate (0.556g, 1.17mmol) was dissolved in MeOH 

(6.4mL). NaOH (1.25mL, 40% aqueous) was added and the reaction mixture was 

refluxed for 18 hours. The reaction mixture was then cooled to room temperature, diluted 

with H2O (65mL), and acidified to a pH~4 with citric acid. The mixture was extracted 

with EtOAc (3x100mL) and the combined organic phases were washed with H2O 

(2x100mL) and brine (100mL), dried over MgSO4, filtered, and concentrated under 

reduced pressure. Crude product was purified via flash chromatography (SiO2, 40% 

hexanes in CH2Cl2, Rf 0.13) to give 0.507g desired product as an off-white solid (92% 

yield). 1H NMR (400 MHz CDCl3) δ 8.26 (d, J = 8.7 Hz, 1H), δ 8.08 (d, J = 8.7 Hz, 1H), 

δ 7.83 (d, J = 8.7 Hz, 1H), δ 7.55-7.38 (m, 11H), δ 7.06 (d, J = 7.3 Hz, 1H), δ 5.28 (s, 

2H), δ 5.23 (s, 2H). The isomeric acid en route to compound 2, 1,7-bis-

benzyloxynaphthalene-2-carboxylic acid, was synthesized analogously and purified via 

flash chromatography (SiO2, 40% hexanes in CH2Cl2, Rf 0.13) to give desired product as 

a white solid (90% yield). 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.2 Hz, 1H), δ 7.84 

(d, J = 8.7 Hz, 1H), δ 7.68 (d, J = 8.7 Hz, 1H), δ 7.51-7.30 (m, 12H), δ 5.14 (s, 2H), δ 

5.12 (s, 2H). 

Methyl 2[((1,5-bis-benzyloxy-naphthalene-2-carboxyl)-amino)]-3-

hydroxybenzoate (47).  CDI (0.245g, 1.51mmol) was dissolved in THF (7.4mL). Acid 

46 (0.484g, 1.26mmol) was added and the mixture was stirred under inert atmosphere at 

room temperature until CO2(g) production ceased.  Methyl 3-hydroxyanthranilate 

(0.211g, 1.26mmol) was then added and the mixture was refluxed for 19 hours. The 

reaction mixture was cooled to room temperature, diluted with H2O (50mL), and 
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extracted with CH2Cl2 (3x50mL).  Combined organic phases were washed with H2O 

(50mL) and brine (50mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure.  Crude product was purified via flash chromatography (SiO2, 20% hexanes in 

CH2Cl2, Rf 0.40) to give 0.225g desired compound as a reddish-brown oil (33% yield). 1H 

NMR (400 MHz, CDCl3) δ 8.24 (d, J = 8.7 Hz, 1H), δ 8.03 (d, J = 8.7 Hz, 1H), δ 7.91 (d, 

J = 8.7 Hz, 1H), δ 7.60 (dd, J = 7.8 Hz, J = 1.4 Hz, 1H), δ 7.54 (d, J = 7.3 Hz, 2H), δ 

7.49-7.42 (m, 3H), δ 7.39-7.36 (m, 6H), δ 7.32 (dd, J = 9.6 Hz, J = 1.4 Hz, 1H), δ 7.21 (t, 

J = 7.8 Hz, 1H), δ 7.03 (d, J = 7.8 Hz, 1H), δ 5.29 (s, 2H), δ 5.18 (s, 2H), δ 3.77 (s, 3H). 

The amide en route to compound 2, methyl 2[((1,7-bis-benzyloxy-napthalene-2-

carboxyl)-amino)]-3-hydroxybenzoate, was synthesized analogously and purified via 

flash chromatography (SiO2, 20% hexanes in CH2Cl2, Rf 0.31) to give desired product as 

a reddish-brown oil (43% yield). 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.7 Hz, 1H), 

δ 7.81 (d, J = 8.7 Hz, 1H), δ 7.67 (d, J = 8.7 Hz, 1H), δ 7.61 (dd, J = 7.8 Hz, J = 1.8 Hz, 

1H), δ7.56 (d, J = 2.2 Hz, 1H), δ 7.43-7.27 (m, 12H), δ 7.22 (t, J = 7.8 Hz , 1H), δ 5.10 (s, 

2H), δ 5.06 (s, 2H), δ 3.80 (s, 3H). 

Methyl 2'-(5-benzyloxy-1-hydroxynaphthlen-2-yl)benzoxazole-4'-carboxylate (2). 

Compound 47 (0.223g, 0.418mmol) was added to a solution of PPTS (0.212g, 

0.836mmol) in m-xylene (3.4mL) and the mixture was refluxed for 9 hours under inert 

atmosphere. The reaction mixture was then cooled to room temperature, NaHCO3 (75 

mL) was added, and the mixture was extracted with CH2Cl2 (3x50mL).  Combined 

organic phases were washed with H2O (2x50mL) and brine (50mL), dried over Na2SO4, 

filtered, and concentrated under reduced pressure. Crude product was purified via flash 

chromatography (SiO2, 100% CH2Cl2, Rf  0.34) to give 0.110g desired product as a 
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yellow solid (52% yield). 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 8.2 Hz, 1H), δ 8.09 

(dd, J = 7.3 Hz, J = 1.0 Hz, 1H), δ 7.96 (q, J = 8.7 Hz, 2H), δ 7.83 (dd, J = 8.7 Hz, J = 1.0 

Hz, 1H), δ 7.55-7.35 (m, 7H), δ 7.06 (d, J = 7.3 Hz, 1H), δ 5.27 (s, 2H), δ 4.10 (s, 3H).  

13C NMR (100 MHz, CDCl3)
 δ 165.7, 165.4, 157.9, 154.4, 149.9, 139.7, 136.7, 128.7, 

128.6, 128.2, 127.53, 127.49, 126.2, 124.5, 121.5, 121.1, 116.3, 115.0, 113.8, 108.7, 

103.8, 70.4, 52.5. Anal. calcd for C26H19NO5: C,73.40; H, 4.50; N, 3.29. Found: C, 73.43; 

H, 4.51; N, 3.17. m.p.; 183.5-185˚C.  Methyl 2'-(7-benzyloxy-1-hydroxynapthalen-2-

yl)benzoxazole-4'-carboxylate (1), was synthesized analogously and purified via flash 

chromatography (SiO2, CH2Cl2, Rf 0.31)  to give 0.074g desired product as a yellow solid 

(34% yield). 1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J = 7.8 Hz, J = 1.0 Hz, 1H), δ 7.91 

(d, J = 2.2 Hz, 1H), δ 7.88 (d, J = 8.3 Hz, 1H), δ 7.82 (dd, J = 8.3 Hz, J = 1.0 Hz, 1H), δ 

7.75 (d, J = 9.2 Hz, 1H), δ 7.53 (d, J = 7.3 Hz, 2H), δ 7.47-7.34 (m, 6H), δ 5.27 (s, 2H), δ 

4.10 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 165.8, 165.5, 157.23, 157.20, 149.9,  139.7, 

136.8, 131.9, 129.4, 128.7, 128.2, 127.9, 127.5, 126.0, 124.5, 122.0, 121.0, 120.0, 119.3, 

114.9, 103.6, 103.3, 70.3, 52.5. Anal. calcd for C26H19NO5: C,73.40; H, 4.50; N, 3.29. 

Found: C, 72.81; H, 4.43; N, 3.22. m.p; 181.5-183 °C. 

 

iii. Chapter 4 

 

7-Hydroxy-3,4-dihydronaphthalen-1(2H)-one (48). 7-Methoxy-1-tetralone (3.00 g, 

17.02 mmol) was added to a slurry of aluminum chloride (5.80 g, 42.56 mmol) and 

anhydrous toluene (75 mL) in a flame dried round bottom flask under inert atmosphere. 

The reaction mixture was refluxed for 30 minutes and then quenched with ice water (75 
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mL). The mixture was then extracted with EtOAc (3x75mL). Combined organic extracts 

were washed with H2O (2x75mL) and brine (75mL). The organic phase was then dried 

over MgSO4, filtered, and concentrated under reduced pressure to give a light-orange 

solid (3.06g). Crude product was recrystallized from EtOAc:Hexane to give a 2.80g of 

brown crystalline solid (~99% yield). 1H NMR (400 MHz, d6-Acetone) δ 8.44 (1H, bs), δ 

7.36 (1H, d, J = 3.2 Hz), δ 7.16 (1H, d, J = 8.4 Hz), δ 7.00 (1H, dd, J = 8.0 Hz, J = 2.8 

Hz), δ 2.89-2.83 (2H, m), δ 2.5 (2H, t, J = 6.8 Hz), δ 2.07-1.99 (2H, m). 

7-Benzyloxy-3,4-dihydronaphthalen-1(2H)-one (49). Anhydrous acetone (52 mL) 

was added to 48 (2.627 g, 16.20 mmol) and K2CO3 (4.48 g, 32.40 mmol) in a flame-dried 

round bottom flask under inert atmosphere. Benzyl bromide (2.91 g, 17.00 mmol) was 

added to the slurry and the reaction mixture was refluxed overnight. The slurry was then 

diluted with H2O (50 mL) and the aqueous phase was extracted with EtOAc (3x50 mL). 

Combined organic phases were washed with brine (50 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure to give a pale brown solid (4.509 g). Crude 

product was recrystallized from MeOH:H2O to give 3.987 g white needle-like crystals 

(97% yield).  1H NMR (400 MHz, CDCl3) δ 7.62 (1H, d, J= 2.8 Hz), δ 7.45-7.30 (5H, m), 

δ 7.18-7.16 (1H, m), δ 7.13-7.10 (1H, m), δ 5.09 (2H, s), δ 2.9 (2H, t, J = 6.0 Hz), δ 2.64 

(2H, t, J= 6 Hz), δ 2.15-2.08 (2H, m). 

Ethyl 7-(benzyloxy)-1-oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate (50). 

NaH (853 mg, 34.70 mmol) was added to a solution of diethylcarbonate (5.59g, 5.7 mL, 

47.4 mmol) in anhydrous THF (44 mL) in a flake dried round bottom flask equipped with 

an addition funnel under inert atmosphere. A solution of 49 (3.98 g, 15.8 mmol) in THF 

(25 mL) was added dropwise to the reaction mixture through the addition funnel, over a 
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period of 20 minutes. The solution was the refluxed overnight. The reaction was 

quenched with HCl (50 mL, 1M) and transferred to a separatory funnel. The aqueous 

phase was extracted with EtOAc (3 x 50 mL). Combined organic phases were washed 

with brine (1 x 75 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressured to give a dark brown oil (5.294). The crude product, a mixture of keto:enol 

(1:0.4) tautomers slightly contaminated with diethylcarbonate, was used without 

purification. 

Ethyl 7-(benzyloxy)-2-bromo-1-oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate 

(51). Potassium acetate (1.55g, 15.8 mmol) and acetic acid (37 mL) were added to 50 

(~5.117 g, ~15.8 mmol) in a round bottom flask under inert atmosphere and the solution 

was cooled on an ice bath for 5 minutes. Pyridinium tribromide (5.05 g, 15.8 mmol) was 

added to the slurry and the solution was stirred in an ice bath for 30 minutes and then 

overnight at RT. The reaction mixture was then diluted with CH2Cl2 (75 mL) and 

transferred to a separatory funnel. The organic phase was washed with H2O (2 x 75 mL), 

NaHCO3 (2 x 75 mL), and brine (75 mL), dried over MgSO4, filtered, and concentrated 

under reduced pressure to give a brown oily solid (6.169 g). The crude product, slightly 

contaminated with diethylcarbonate, was used without purification.  

Ethyl 7-(benzyloxy)-1-hydroxy-2-naphthoate (52). 51 (~1.00 g, ~2.48 mmol) was 

dissolved in anhydrous ACN (8 mL) in a flame dried round bottom flask equipped with 

an addition funnel under inert atmosphere. DBU (0.780 mL, 793mg, 5.21 mmol) was 

dissolved in ACN (2 mL) in attached addition funnel and the mixture was added 

dropwise to the reaction flask over 15 minutes. The reaction was then stirred overnight. 

The reaction was quenched with HCl (50 mL, 1 M) and transferred to a separatory 
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funnel. The mixture was extracted with EtOAc (3 x 50 mL). Combined organic phases 

were washed with H2O (50 mL) and brine (50 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure to give a light brown solid (0.826 g). Crude product 

was purified via flash chromatography (5% hexanes in CHCl3, Rf 0.61) to give 597 mg 

desired compound as an off-white solid (75% yield). 1H NMR (400 MHz, CDCl3) δ 12.02 

(1H, s), δ 7.93 (1H, d, J= 2.8 Hz), δ 7.67 (2H, t, J= 8.8 Hz), δ 7.51-7.50 (2H, m), δ 7.43-

7.39 (2H, m), δ 7.37-7.32 (2H, m), δ 7.24 (1H, d, J= 8.4 Hz), δ 5.21 (2H, s), δ 4.46 (2H, 

q, J= 6.8 Hz), δ 1.45 (3H, t, J= 7.2 Hz). 13C NMR (100 MHz, CDCl3) δ 171.2, 159.8, 

156.9, 136.7, 132.6,  129.1, 128.6, 128.1, 127.8, 125.7, 122.2, 122.1, 118.3, 106.2, 103.2, 

70.2, 61.4, 14.3. HRMS calc. for C20H18O4 [M+Na]+ 345.1103; found 345.1103. 

7-(Benzyloxy)-1-hydroxy-2-naphthoic acid (53) KOH (6.5 mL, 5 M) was added to 

a solution of 52 (0.597 g, 2.03 mmol) in THF (12.5 mL) and the solution was refluxed for 

48 hours. The mixture was then acidified with HCl (50mL, 1M) and extracted with 

EtOAc (3 x 50 mL). Combined organic phases were washed with brine (50 mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure to give 0.481 g of the 

desired product as a light brown solid (88 % yield). 1H NMR (400 MHz, d6-DMSO) δ 

7.84 (1H, d, J= 8.4 Hz), δ 7.65 (1H, d, J= 2.8 Hz), δ 7.6 (1H, d, J= 8.8 Hz), δ 7.50-7.47 

(2H, m), δ 7.40-7.36 (3H, m), δ 7.33-7.30 (2H, m), δ 5.23 (2H, s). 13C NMR (100 MHz, 

d6-DMSO) δ 173.5, 159.6, 156.9, 137.3, 132.6, 129.9, 128.9, 128.4, 128.2, 125.5, 123.0, 

122.3, 118.7, 106.8, 103.4, 69.9. 

Methyl 2-(7-(benzyloxy)-1-hydroxy-2-naphthamido)-3-hydroxybenzoate (54). 

CDI (0.550 g, 3.39 mmol) was added to a solution of 53 (0.832 g, 2.83 mmol) in 

anhydrous THF (26 mL) in a flame dried round bottom flask under inert atmosphere. The 
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solution was stirred for 30 minutes. Methyl 3-hydroxyanthranilate (0.473 g, 2.83 mmol) 

was then added and the reaction was refluxed overnight. The mixture was then cooled to 

RT and concentrated under reduced pressure. EtOAc (20 mL) was then added and the 

mixture was filtered. Solids were further dried under reduced pressure (0.640 g). The 

crude product was suspended in EtOAc (10 mL), stirred for 10 minutes, and filtered. 

Solids were washed with cold EtOAc (10 mL), giving 0.490 g of the desired product as a 

yellow solid (40% yield).  1H NMR (400 MHz, CDCl3) δ 7.84 (1H, d, J= 2.4 Hz), δ 7.73-

7.68 (3H,m), δ 7.53-7.50 (2H, m), δ 7.43-7.40 (3H, m), δ 7.38-7.33 (3H, m), δ 7.24-7.21 

(1H, m), δ 5.23 (2H, s), δ 3.98 (3H, s). 

Methyl 2-(7-(benzyloxy)-1-hydroxynaphthalen-2-yl)benzo[d]oxazole-4-

carboxylate (1).** PPTS (0.555 g, 2.21 mmol) was added to a flame dried round bottom 

flask containing 53 (0.490 g, 1.11 mmol) in p-xylene (9 mL) and the mixture was stirred 

at 130°C for 48 hours. The solution was transferred to a separatory funnel with H2O (50 

mL) and extracted with CHCl3(3 x 50 mL). Combined organic phases were washed with 

H2O (50 mL) and brine (50 mL), dried over MgSO4, filtered, and concentrated under 

reduced pressure to give 0.406 g of desired compound as a yellow solid (86% yield). 1H 

NMR (400 MHz, CDCl3) δ 8.08 (1H, dd, J= 7.6 Hz, J= 0.8 Hz), δ 7.90 (1H,d, J= 2.8 Hz), 

δ 7.88 (1H,d, J= 8.8 Hz), δ 7.82-7.80 (1H, m), δ 7.75  (1H, d. J= 8.8 Hz), δ 7.53-7.51 

(2H, m), δ 7.45-7.32 (6H, m), δ 5.25 (2H, s), δ 4.09 (3H, s). 

                                                 
** Compound 1 was synthesized previously via a different route, as described in the experimental 

for Chapter 3. The compound was fully characterized in the experimental found for Chapter 3. 

The 1H NMR of 1 via this route, matches that obtained in Chapter 3. 
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2,2,2-Trifluoro-1-m-tolylethanone (55). Magnesium turnings (0.332 g, 13.7 mmol) 

were added to a solution of m-bromotoluene (2.00 g, 11.7 mmol) in anhydrous ether (6.7 

mL) in a flame dried round bottom flask equipped with an addition funnel under inert 

atmosphere. The slurry was vigorously stirred and agitated with an ultrasonicator for 

approximately 20 minutes or until reflux began. When the self-sustaining reflux ceased, 

the mixture was refluxed for 10 minutes and then chilled to 0°C in an ice bath. A solution 

of trifluoroacetic acid (0.298 mL, 3.90 mmol) in ether (6.7 mL) was slowly added 

through attached addition funnel and the reaction was stirred at 0°C for an hour. The 

mixture was then refluxed for 20 minutes and then cooled to RT. The reaction was 

pipetted into an acidic ice bath (30 g ice, 10 mL 12M HCl) and then extracted with ether 

(3 x 30 mL). Combined organic phases were washed with NaHCO3 (2 x 50 mL) and 

brine (50 mL), dried over MgSO4, and solvent was carefully removed via simple 

distillation as the product was found to be quite volatile (max heat source 

temperature~52°C). The crude product (~0.700 g), along with toluene dimers, was used 

without further purification. 

 2,2,2-Trifluoro-1-m-tolylethanone oxime (56). Hydroxlamine HCl (0.407 g, 5.85 

mmol) was added to a round bottom flask containing 55 (~0.667 g, ~3.90 mmol) in a 

mixture of absolute ethanol (3.35 mL) and pyridine (7.36 mL) under inert atmosphere. 

The reaction was heated to 80°C for two hours and then cooled to RT. The solution was 

diluted with ether (50 mL) and washed with H2O (3 x 30 mL) and brine (30 mL), dried 

over MgSO4, filtered, and carefully concentrated on a rotary evaporator without heating 

to give a pale yellow oil. Crude product was purified via flash chromatography (CH2Cl2, 

Rf 0.43) to give 0.607 g of desired product as a yellow oil (81%, two step yield). 1H NMR 
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(400 MHz, CDCl3). All signals reported for both isomers obtained (E/Z), although it is 

not immediately clear which signals correspond to which isomer. δ 8.38 (1H, bs), δ 8.15 

(0.63H, s), δ 7.38-7.33 (1H,m), δ 7.31-7.27 (6H, m), δ 2.40  (1.9H, s), δ 2.39 (3H, s). 

 2,2,2-Trifluoro-1-m-tolylethanone-O-tosyloxime (57). Diisopropylethylamine 

(0.247 g, 1.91 mmol) and dimethylaminopyridine (0.016 g, 0.130 mmol) were added to a 

round bottom flask containing 56 (0.328 g, 1.73 mmol) in anhydrous CH2Cl2 (3 mL) 

equipped with an addition tower under inert atmosphere. The solution was cooled in an 

ice bath and p-toluenesulfonyl chloride (0.331 g, 1.73 mmol) was added through the 

addition tower. The solution was stirred for 40 mins in ice bath followed by 3 hours at 

RT. The mixture was then diluted with CH2Cl2 (30 mL), transferred to a separatory 

funnel, and washed with H2O (2 x 30 mL) and brine (30 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure to give the desired compound (E/Z isomers) as 

an off-white solid (0.530 g, 89% yield). 1H NMR (400 MHz, CDCl3), All signals reported 

for both isomers obtained (E/Z). Some integral values are not integers, as some isomeric 

signals overlap, δ 7.91-7.87 (4.25H, m), δ 7.42-7.28 (7.9H, m), δ 7.24-7.13 (3.9H, m), δ 

2.48 (1.73H, s), δ 2.46 (3H, s), δ 2.38 (1.73H, s), δ 2.37 (3H, s). 

3-m-Tolyl-3-(trifluoromethyl)diaziridine (58). Anhydrous ether (8 mL) was added 

to a bomb containing 57 (0.530 g, 1.54 mmol) and the solution was chilled to -78°C 

under a stream of Ar(g). Ammonia was bubbled through the reaction mixture for 7 

minutes at -78°C while stirring. The bomb was then sealed and the reaction was stirred at 

-78°C for 1.5 hours and then overnight at RT. The chamber was then opened and excess 

ammonia was allowed to escape. Once the majority of ammonia had dissipated, the 

solution was transferred to a separatory funnel using both CH2Cl2 and H2O as needed. 
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The solution was diluted with CH2Cl2 (50mL) and washed with H2O (3 x 30 mL) and 

brine (30 mL), dried over MgSO4, filtered, and carefully concentrated using a rotorary 

evaporator without heating to give the desired product (0.249 g, 80% yield). ). 1H NMR 

(400 MHz, CDCl3) δ 7.41-7.40 (2H, m), δ 7.30-7.28 (1H,m), δ 7.25-7.22 (1H,m), δ 2.77 

(1H, bd, J= 8.4 Hz), δ 2.38 (3H, s), δ 2.22 (1H, bd, J= 9.2 Hz). 

3-m-Tolyl-3-(trifluoromethyl)-3H-diazirine (59). Triethylamine (0.316 g, 3.12 

mmol) was added to a solution of 58 (0.211 g, 1.04 mmol) in CH2Cl2 (5.6 mL) in a round 

bottom flask under inert atmosphere. The solution was cooled to 0°C and I2 (0.291 g, 

1.15 mmol) was added. The reaction was stirred at RT for 2 hours and then diluted with 

CH2Cl2 (30 mL) and transferred to a separatory funnel. The solution was washed with 

NaOH (2 x 30 mL, 1 M), H2O (3 x 30 mL), Na2SO3 (2 x 30 mL), and brine (30 mL), 

dried over MgSO4, filtered, and carefully concentrated using a rotary evaporator without 

heating to give 0.220 g of an oily dark brown liquid. Crude product was used without 

further purification.  

 3-(3-(Bromomethyl)phenyl)-3-(trifluoromethyl)-3H-diazirine (60). Compound 59 

(~0.522 g, ~2.61 mmol) was dissolved in CCl4 (10.4 mL) in a round bottom flask under 

inert atmosphere. The solution was heated to 85°C and NBS (0.511 g, 2.87 mmol, 

recrystallized from H2O) was added and the mixture was stirred for 10 minutes. AIBN 

(0.128 g, 0.782 mmol) was then added and the reaction was refluxed for 2.5 hours. The 

mixture was cooled to RT and pentane (10 mL) was added and the slurry was stirred for 5 

minutes. The mixture was then filter through glass wool and the filtrate was carefully 

concentrated on a rotaryevaporator to give a brown oil. Crude product was purified via 
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flash chromatography (pentane, Rf  0.58) to give the desired product plus dibrominated 

impurity (0.438 g), and was used without further purification. 

Methyl 2-(7-(benzyloxy)-1-(((trifluoromethyl)sulfonyl)oxy)naphthalen-2-

yl)benzo[d]oxazole-4-carboxylate (61). Triethylamine (0.0928g, 0.917 mmol) was 

added to a slurry of 1 (0.150 g, 0.353 mmol) in anhydrous CH2Cl2 (2 mL) in a flame 

dried round bottom flask equipped with an addition tower under inert atmosphere. The 

slurry was cooled to 0°C and triflic anhydride (0.129 g, 0.458 mmol) was slowly added. 

The reaction was stirred at 0°C for 20 minutes and then overnight at RT. The mixture was 

then pipetted into an acidic ice bath (10g ice, 20 mL 0.5M HCl) and stirred for 5 minutes. 

The solution was then transferred to a separatory funnel and extracted with CH2Cl2 (3 x 

25 mL). Combined organic phases were washed with H2O (30 mL) and brine (30 mL), 

dried over MgSO4, filtered, and concentrated under reduced pressure to give the desired 

product as a brown solid (0.175 g, 89% yield) 1H NMR (400 MHz, CDCl3) δ 8.29 (1H, d, 

J= 8.8 Hz), δ 8.12 (1H,dd, J= 7.6 Hz, J= 1.2 Hz), δ 7.94 (1H,d, J= 8.4 Hz), δ 7.88-7.83 

(2H, m), δ 7.61 (1H, d, J= 2 Hz), δ 7.53-7.49 (3H, m), δ 7.45-7.35 (4H, m), δ 5.24 (2H, 

s), δ 4.08 (3H, s). 13C NMR (100 MHz, CDCl3) δ 165.8, 158.8, 151.4, 142.9, 140.9,  

135.9, 132.0, 129.8, 128.5, 128.4, 128.3, 127.7, 125.4, 124.2, 122.8, 120.5, 118.3, 115.1, 

101.6, 70.3, 52.5. HRMS calc. for C27H18F3NO7S [M+H]+ 558.0756; found 558.0836. 

Methyl 2-(7-(hydroxy)-1-(((trifluoromethyl)sulfonyl)oxy)naphthalen-2-

yl)benzo[d]oxazole-4-carboxylate (62). Thioethane (1 mL) was added to a slurry of 61 

(0.395 g, 0.709 mmol) in anhydrous CH2Cl2 (2 mL) in a round bottom flask equipped 

with an addition tower under inert atmosphere. Borontrifluoride etherate (1.11 g, 7.79 

mmol) was slowly added and the reaction was heated to 40°C for 19 hours. The reaction 
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was cooled to RT and concentrated under reduced pressure using a secondary ice trap. 

Remaining solids were dissolved in CH2Cl2 (30 mL), transferred to a separatory funnel, 

and washed with H2O (2 x 30 mL) and brine (30 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure to give a yellow oil (0.373 g). Crude product was 

purified via flash chromatography (10% EtOAc in CH2Cl2, Rf 0.48) to give 0.233 g of 

desired product as a yellow solid (70% yield). 1H NMR (400 MHz, CDCl3) δ 8.17 (1H, d, 

J= 8.0 Hz), δ 8.13 (1H, dd, J= 8.0 Hz, J= 0.8 Hz), δ 7.86-7.82 (2H, m), δ 7.78 (1H, d, J= 

8.8 Hz), δ 7.54-7.50 (2H, m), δ 7.27-7.26 (1H, m), δ 6.30 (OH), δ 4.09 (3H, s). 

Methyl 2-(1-hydroxy-7-((3-(3-trifluoromethyl)-3H-diazirin-3-

yl)benzyl)oxy)naphthalen-2-yl)benzo[d]oxazole-4-carboxylate (64). Bromide 60 

(0.078 g, 0.279 mmol, 0.522 mL in CH2Cl2) was added to a flame dried round bottom 

flask containing 62 (0.087 g, 0.186 mmol) under inert atmosphere. Anhydrous acetone 

(1.5 mL) and K2CO3 (0.051 g, 0.372 mmol) were added and the reaction was refluxed 

overnight. The reaction mixture was diluted with CH2Cl2 (30 mL), transferred to a 

separatory funnel, washed with H2O (2 x 30 mL) and brine (30 mL), dried over MgSO4, 

filtered, and concentrated under reduced pressure to give a light brown solid (0.106 g). 

Crude product was purified via flash chromatography (CH2Cl2, Rf  0.39) to give 0.046g of 

an impure mixture containing the desired compound. The product (impure) was dissolved 

in anhydrous THF (1 mL) in a round bottom flask under inert atmosphere. TBAF (0.140 

mL, 1 M in THF) was added and the solution was stirred at RT overnight. The reaction 

mixture was concentrated under reduced pressure to give a brown oil. Crude product was 

purified via flash chromatography (10% EtOAc in CH2Cl2, Rf  0.26) to give the desired 

compound 64 (~0.018g) with minor (~3%) impurities (~18 % yield). 1H NMR (400 MHz, 
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CDCl3) δ 8.18 (1H, d, J= 8.8 Hz), δ 8.07 (1H,dd, J= 8.0 Hz, J= 1.2 Hz), δ 7.83 (1H, d, J= 

8.8 Hz), δ 7.71-7.68 (3H, m), δ 7.49 (1H, d, J= 2.8 Hz), δ 7.47-7.42 (2H, m), δ 7.36 (1H, 

bs), δ 7.27 (1H, bs), δ 7.24-7.22 (1H, m), δ 5.26 (2H, s), δ 5.21 (OH,), δ 3.91 (3H, s). 

Methyl 2-(1,7-dihydroxynaphthalen-2-yl)benzo[d]oxazole-4-carboxylate (65). 

Pd/C (10%, 0.06g) was added to a solution of 1 (0.175 g, 0.394 mmol) in ethanol (15 mL) 

in a Parr shaker. The flask was sealed, charged with H2 (60 PSI) and shaken for 48 hours. 

The slurry was vacuum filtered through celite. The filtrate with concentrated under 

reduced pressure to give 0.132 g of the desired product (71% yield). 1H NMR (400 MHz, 

d6-DMSO) δ 8.15 (1H, dd, J= 8.4 Hz, J= 0.8 Hz), δ 8.01 (1H,dd, J= 7.6 Hz, J= 0.8 Hz), δ 

7.82 (1H, d, J= 8.8 Hz), δ 7.77 (1H, d, J= 8.8 Hz), δ 7.61 (1H, d, J= 2.4 Hz), δ 7.57 (1H, 

t, J= 8.4 Hz), δ 7.48 (1H, d, J= 8.4 Hz), δ 7.23 (1H, dd, J= 8.8 Hz, J= 2.4), δ 3.97 (3H, s). 

13C NMR (100 MHz, d6-DMSO) δ 165.3, 165.0, 156.5, 156.2, 149.9, 139.2, 130.8, 

130.1, 127.5, 126.0, 125.6, 121.9, 120.4, 120.1, 118.9, 116.2, 105.3, 103.2, 52.8. 

Successful Preparation of Methyl 2-(1-hydroxy-7-((3-(3-trifluoromethyl)-3H-

diazirin-3-yl)benzyl)oxy)naphthalen-2-yl)benzo[d]oxazole-4-carboxylate (64). 

Anhydrous DMF (0.5 mL) and anhydrous acetone (1 mL) were added to a flame dried 

round bottom flask containing 65 (0.135 g, 0.401 mmol) under inert atmosphere. 

Anhydrous acetone (0.50 mL) was added to a flask containing bromide 60 (0.112 g, 

0.401 mmol) and the solution was cannulated into the reaction vessel. K2CO3 (0.111 g, 

0.802 mmol) was added to the solution and the reaction was stirred at 60°C overnight. 

The slurry was transferred to a separatory funnel, diluted with CH2Cl2 (50 mL), washed 

with NH4Cl (30 mL), H2O (4 x 30 mL), and brine (30 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure to give a brown oily solid (0.194 g). Crude 
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product was purified via flash chromatography (50% ether in hexane, Rf  0.29) to give 

0.032 g of the desired compound as a white flakey solid (14% yield).  1H NMR (400 

MHz, CDCl3) δ 8.18 (1H, d, J= 8.8 Hz), δ 8.07 (1H,dd, J= 8.0 Hz, J= 1.2 Hz), δ 7.83 (1H, 

d, J= 8.8 Hz), δ 7.71-7.68 (3H, m), δ 7.49 (1H, m), δ 7.47-7.42 (2H, m), δ 7.36 (1H, bs), δ 

7.27 (1H, bs), δ 7.24-7.22 (1H, m), δ 5.26 (2H, s),  δ 3.91 (3H, s).  19F NMR (376 MHz, 

CDCl3, δ 0.00 for CF3CO2H) δ 10.4. 13C NMR (100 MHz, CDCl3) δ 165.9, 163.3, 154.9, 

154.1, 151.3, 141.4, 138.4, 131.9, 130.1, 129.9, 129.3, 129.2, 129.1, 127.2, 126.3, 125.6, 

124.62, 124.60, 123.9, 12.1, 120.5, 116.4, 114.8, 105.3, 76.0, 52.3. 13C NMR (100 MHz, 

d6-benzene) δ 165.4, 162.8, 155.3, 154.2, 151.2, 141.7, 139.2, 131.7, 130.3, 129.9, 129.0, 

128.9, 127.0, 125.9, 124.4, 124.2, 123.7, 122.7, 120.4, 116.7, 114.2, 105.2, 75.3, 51.4. 

C.  Biochemical Methods 

i.  NS3 Helicase Assays 

 

Expression and purification of HCV NTPase/helicase. The NTPase/helicase 

domain was expressed in E.coli BL21 harboring the pET21b::HCVH plasmid encoding 

461 aa from the COOH terminus of the NS3 protein. The bacterial culture was grown at 

37°C until OD600 = 0.6-0.8. Isopropyl--d-thiogalactopyranoside (IPTG) was added to a 

final concentration of 0.3 mM to overexpress the protein for about 4 h at 37°C. The 

bacteria were collected by centrifugation at 5000 x g and the pellet was stored at –80°C. 

Cells were suspended in Tris/glycerol/Triton X-100 (TGT) buffer (20 mM Tris-HCl pH 

7.5, 10 % glycerol, 0.05 % Triton X-100, 200 mM NaCl), mechanically homogenized 

and disrupted by sonication. The soluble proteins were separated by centrifugation at 

12000 x g for 20 min from the insoluble cell components. 
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After centrifugation the supernatant was mixed overnight with 3 mL nickel-charged 

resin equilibrated with TGT buffer. The mixture was transferred onto a column. The 

column was washed and bound proteins were eluted in an imidazole gradient (0-250 

mM). 

To improve the purity of the fractions containing HCV NTPase/helicase those 

fractions were combined and rechromatographed on nickel-charged resin. The fractions 

obtained after elution showed high purity of the enzyme. Samples containing the protein 

were concentrated by ultrafiltration with a 50 kDa membrane (Amicon Ultra Centrifugal 

Filter Devices, Millipore). 

Production of substrate for helicase assays. The substrate for the helicase assays 

was obtained by annealing two partially complementary oligonucleotides with a sequence 

corresponding to that described previously by Gallinari et al.34 The release strand was 5´-

end labeled with [-32P]ATP using T4 polynucleotide kinase (MBI, Fermentas) as 

recommended by the manufacturer (MBI, Fermentas). For the annealing reaction, the 

labeled oligonucleotide was combined at molar ratio of 1:10 with the template strand, 

denatured for 5 min at 96°C and slowly renatured by bringing it to room temperature. 

The resulting duplex substrate was mixed with 25% (v/v) glycerol and bromphenol blue, 

electrophoresed on a 15% native Tris/borate/EDTA (TBE) polyacrylamide gel, visualized 

by autoradiography. 

ATPase activity assay. The reaction mixture (final volume 20 μL) containing 20 mM 

Tris-HCl pH 7.5, 10% glycerol, 0.05% Triton X-100, 2 mM MgCl2, 100 μM [-32P]ATP 

(0.5  μCi) and HCV NTPase/helicase. The reaction proceeded for 30 min, at 37°C and 
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was terminated by addition of 20 mM EDTA. Afterwards, 1 μL of each sample were 

separated by thin layer chromatography (TLC) in 0.4 M KH2PO4 pH 3.4. The plate was 

dried and exposed to a Kodak X-ray film at – 80 °C. Parts of the plates corresponding to 

the non-hydrolyzed ATP and the Pi were cut out and Cerenkov radiation was measured. 

Helicase activity assay. The helicase activity was tested with 0.5 pmol of HCV 

NTPase/helicase incubated in the following reaction mixture: 20 mM Tris-HCl pH 7.5, 

10% glycerol, 0.05% Triton X-100, 2 mM MgCl2, 100 μM ATP and dsDNA or dsRNA 

as substrate. The reaction was conducted for 30 min at 37°C and stopped by addition of 5 

μL of termination buffer (100 mM Tris-HCl pH 7.5, 20 mM EDTA, 0.5% SDS, 0.1% 

Triton X-100, 25% glycerol, 0.1% bromophenol blue). The samples were separated on a 

15% TBE polyacrylamide gel containing 0.1% SDS. The gels were dried and exposed to 

Kodak X-ray films at -70°C. Subsequently, the parts of the gels corresponding to the 

released strand, and to the duplex substrate, were cut out and 32P radioactivity was 

measured.  

Gel Mobility Assay. The compounds were studied in regard to their nucleic acid 

intercalatory or binding properties using the dsNA migration retardation assay. dsDNA 

and dsRNA (both 20 nM) were incubated for 60 min at room temperature with 20, 100 

and 500 μM compounds in 20 mM Tris pH 7.5, and then submitted to electrophoresis in 

1% agarose gel in 1× TAE. The gel was subsequently stained with EtBr. 

 

ii.  HCV Replicon Assays 
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Compounds were dissolved in dimethyl sulfoxide, stored at -20ºC protected from 

light, and further diluted in culture medium prior to use. 

The Huh 5-2 and Huh 9-13 HCV subgenomic replicon-containing cells were provided 

by Prof R Bartenschlager (University of Heidelberg, Heidelberg, Germany). Huh 5.2 

cells, containing the hepatitis C virus genotype 1b I389luc-ubi-neo/NS3-3’/5.1 replicon 

were sub-cultured in DMEM supplemented with 10% FCS, 1% non-essential amino 

acids, 1% penicillin/streptomycin and 2% Geneticin at a ratio of 1:3 to 1:4, and grown for 

3-4 days in 75 cm² tissue culture flasks. One day before addition of the compound, cells 

were harvested and seeded in assay medium (DMEM, 10% FCS, 1% non-essential amino 

acids, 1% penicillin/streptomycin) at a density of 6 500 cells/well (100 μL/well) in 96-

well tissue culture microtiter plates for evaluation of anti-metabolic effect and 

CulturPlate (Perkin Elmer) for evaluation of the antiviral effect. The microtiter plates 

were incubated overnight (37 °C, 5% CO2, 95-99% relative humidity), yielding a non-

confluent cell monolayer. 

The evaluation of the anti-metabolic as well as antiviral effect of each compound was 

performed in parallel. Four-step, 1-to-5 compound dilution series were prepared for the 

first screen, to collect data for a more detailed dose-response curve, an eight-step, 1-to-2 

dilution series was used. Following assay setup, the microtiter plates were incubated for 

72 hours (37 °C, 5% CO2, 95-99% relative humidity). For the evaluation of anti-

metabolic effects, the assay medium was aspirated, replaced with 75 μL of a 5% MTS 

solution in phenol red-free medium and incubated for 1.5 hours (37 °C, 5% CO2, 95-99% 

relative humidity). Absorbance was measured at a wavelength of 498 nm and optical 

densities were converted to percentage of untreated controls. For the evaluation of 
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antiviral effects, assay medium was aspirated and the cell monolayers were washed with 

PBS. The wash buffer was aspirated, and 25 μL of Glo Lysis Buffer (Promega) was 

added allowing for cell lysis to proceed for 5 min at room temperature. Subsequently, 50 

μL of Luciferase Assay System (Promega) was added, and the luciferase luminescence 

signal was quantified immediately (1000 ms integration time/well, Safire, Tecan). 

Relative luminescence units were converted into percentage of untreated controls. 

The EC50 and EC90 (values calculated from the dose-response curve) represent the 

concentrations at which 50% and 90% inhibition, respectively, of viral replication is 

achieved. The CC50 (value calculated from the dose-response curve) represents the 

concentration at which the metabolic activity of the cells is reduced by 50 % as compared 

to untreated cells.  

A concentration of compound is considered to elicit a genuine antiviral effect in the 

HCV replicon system when the anti-replicon effect is well above the 70% threshold at 

concentrations where no significant anti-metabolic activity is observed. 

Compounds that reproducibly matched the above-outlined selection criteria were 

evaluated for selective antiviral activity in the Huh 9-13 replicon system. A similar assay 

setup was used as described above; the antiviral and anti-metabolic effect of the 

compounds was evaluated in parallel. The anti-metabolic activity of the compounds was 

quantified as outlined above. For the evaluation of the antiviral effect, assay medium was 

aspirated and the plates with dry monolayer were stored at -80 °C awaiting extraction. 

Following thawing of the plates at room temperature, the cell monolayer was lysed with 

100 µL of cell-to-cDNA lysis buffer (Invitrogen). Lysis of the cells was allowed to 

proceed for 10 min at room temperature after which all liquid was transferred to a PCR 
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plate (Axygen). The PCR plate was incubated for 15min at 75 °C (T3, Biometra). The 

lysate was diluted 1:2 with RNase/DNase-free water, after which 5 µL was transferred to 

a real-time PCR plate (Applied Biosystems). Replicon RNA content was quantified using 

a real-time quantitative one-step RT-PCR method (RT-qPCR). Per sample, 20 µL master 

mix was added containing 12.5 µL 2x RT-qPCR mix (Low Rox One-Step RT-qPCR 

master mix, Abgene), 0.125 µL of a 60 µM forward primer solution (5’-CCA GAT CAT 

CCT GAT CGA CCA G-3’, final [ ] of 300 nM), 0.125 µL of a 60 µM reversed primer 

solution (5’-CCG GCT ACC TGC CCA TTC-3’, final [ ] of 300 nM), 0.3µL of a 5 µM 

probe solution (5’-ACA TCG CAT CGA GCG AGC ACG TAC-3’, final [ ] of 60 nM) 

and 6.825 µL of DNase/RNase-free water (ACROS). The samples were analyzed using a 

SDS7500F (Applied Biosystems, standard thermocycling profile: 30 min at 48 °C, 10 

min at 95 °C, 40 cycles of 15 sec at 95 °C and 1 min at 60 °C). Replicon RNA quantities 

were converted to percentage of untreated controls, allowing to calculate EC50 and EC90 

values. Similar as for the Huh 5-2 assay, a compound is only considered to be a selective 

inhibitor of HCV replication when clear inhibition of virus replication is observed at 

concentrations that do not elicit a significant anti-metabolic effect on the host cells. 

Vital Stains to assess pleiotropic effects on the host cell: Nile Red was obtained 

from Sigma, Monodansylcadaverine and LipiTOX Red Neutral lipid stain was obtained 

from life technologies. Huh 9-13 cells were seeded in glass bottom 35 mm culture dishes 

(Mattek) at a density of 25.000 cells/dish in complete DMEM without G418 at 37°C and 

5% CO2. The next day medium was replaced by complete DMEM containing either the 

proper dilution of the compound tested or DMSO. The cells were further incubated for 3 

days at 37°C and 5% CO2 after which the medium was replaced with complete medium 
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without neutral red and either Nile Red (2 µg/ml), Monodansylcadaverine (50 µM) or 

LipiTOX Red Neutral lipid stain (diluted 1/1000). Next, the cells were incubated for an 

additional 30 minutes at 37°C and 5% CO2 after which the cells were imaged using a 

laser-scanning SP5 confocal microscope (Leica Microsystems) equipped with a DMI 

6000 microscope and an Acousto optical beam splitter. For nile red the yellow-gold 

fluorescence was monitored at an excitation wavelength (λex) of 552 nm and an emission 

wavelength (λem) of 636 nm; the red fluorescence was monitored at λex of 485 nm and 

λem of 525 nm. Monodansylcadaverine was imaged at λex of 340 nm and λem 530 nm of 

and LipiTOX Red Neutral lipid stain was assessed at λex of 577 nm and λem 609 nm. 

 

D. Photoaffinity Labeling 

 

Resuspension of NS3 helicase: Purified and lyophilized NS3h was received from Dr. 

Andrea Baier at the John Paul II Catholic University of Lublin. Protein of unknown mass 

was reconstituted in protein buffer (20mM Tris HCl pH= 7.5, 30 mM NaCl) until a final 

concentration of ~40 M was reached, as determined by measuring the absorbance at 280 

nm on a Thermofisher Nanodrop 1000 UV-VIS spectrophotometer using an extinction 

coefficient of 51760 cm-1M-1. Insoluble matter was removed via centrifugation at 10xg at 

2°C. Resuspended protein was aliquoted and stored at -80°C until further use.  

Denaturation and digestion of NS3 helicase: Methodology adapted from that 

suggested by Promega®, as listed on Trypsin Gold® protocol. NS3h in protein buffer (19 

uL of ~40 M) was added to a microcentrifuge tube. Guanidine HCl (29 mgs), H2O (10 
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L, ultrapure), and DTT (10 L of 100 mM, final concentration 20 mM) were added and 

the solution was heated at 95°C for 20 minutes in a dry heat bath. The solution was then 

cooled to RT, iodoacetamide (5 L of 440 mM, final concentration of 40 mM) was 

added, and then mixture was incubated for 30 minutes at RT in the dark. The solution 

was then diluted with 50 mM NH4HCO3 (305 L, pH=7.8) such that the final 

concentration of guanidine HCl was < 1M. Trypsin (42.6 L, 50 g/mL in AcOH) or 

chymotrypsin (8.52 L, 0.25 g/mL in 1 mM HCl) was added such that NS3h:enzyme 

was (20:1 w/w) and the solution was heated to 37°C (trypsin) or 25°C (chymotrypsin) for 

24 hours. The solution was then lyophilized and resuspended in H2O (20-50 L, 

ultrapure) such that a suitable concentration for HPLC MS/MS was achieved. The 

solution was stored at 0°C until analysis. 

Photoaffinity labeling of NS3 helicase: A solution of photoactivatable analog in 

DMSO (1 L) was added to NS3h in protein buffer (19 L, ~40 M) to a final inhibitor 

concentration ranging from 0.5-500 M. The mixture was gently agitated and then 

incubated for 30 minutes at temperature ranging from 3°C-37°C. The inhibitor-protein 

complex was then irradiated with a Hg lamp, at a distance of ~6 inches, using a 320 nm 

cutoff filter in an ice bath for 60 minutes. The protein was then denatured and digested 

with either trypsin or chymotrypsin. The solution was then lyophilized and resuspended 

in H2O (20-50 L, ultrapure) such that a suitable concentration for HPLC MS/MS was 

achieved. The solution was stored at 0°C until analysis. The solution was then injected 

(10 L) into a nanoflow HPLC using ACN:H2O gradient elution and subsequently 

analyzed via MS/MS on a Bruker 12T Apex IV Fourier Transform ICR equipped with a 

nano-electrospray. The data were then analyzed using Peaks® 7.0. 
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