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ABSTRACT 

 

        Noroviruses are the most common cause of acute gastroenteritis, accounting for over 23 

million cases annually in the U.S. alone. Norovirus infections constitute an important health 

problem for which there are no specific antiviral therapeutics or vaccines.  In this thesis, (a) 

structure-activity relationship studies were carried out using the acyclic sulfamide scaffold. 

Several derivatives based on this scaffold were found to inhibit norovirus in a cell-based replicon 

system and, (b)  a series of bisulfite adducts derived from representative transition state 

inhibitors (dipeptidyl aldehydes and α-ketomides) was synthesized and shown to exhibit anti-

norovirus activity in a cell-based replicon system. The ED50 of the most effective inhibitor was 

60 nM. This study demonstrates for the first time the utilization of bisulfite adducts of transition 

inhibitors in the inhibition of norovirus 3CL protease in vitro and in a cell-based replicon system. 

The approach described herein can be extended to the synthesis of the bisulfite adducts of other 

classes of transition state inhibitors of serine and cysteine proteases, such as α-ketoheterocycles 

and α-ketoesters. Taken together, this thesis describes the discovery of two novel classes of 

inhibitors of noroviruses.    
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CHAPTER 1 

INTRODUCTION 

 

1.1 The emerging importance of norovirus: 

Acute gastroenteritis, both epidemic and sporadic, is one of the most common diseases in 

humans and is globally responsible for substantial morbidity and mortality among persons of all 

ages, especially in the developing countries. Acute gastroenteritis, often referred to simply as the 

stomach or intestinal flu, is defined as the inflammation of the mucus membranes of the 

gastrointestinal tract and is characterized by vomiting, diarrhea, nausea and abdominal cramping 

and severe cases can often lead to dehydration and sometimes death in an affected individual. 

Noroviruses are now recognized as the most common cause of acute gastroenteritis in humans 

(1-3). The Center for Disease Control and Prevention reported that noroviruses (NV) account for 

over 96 % of all foodborne viral gastroenteritis, and over 23 million annual infections in the 

United States alone. It has furthermore been estimated that each year, NV causes 64,000 

episodes of diarrhea requiring hospitalizations, and 900,000 clinic visits among children in 

industrialized countries (4). Moreover, NV is estimated to cause up to 200,000 deaths of children 

less than 5 years of age in developing countries, and other studies have indicated that are 

responsible for more over half of all reported outbreaks of gastroenteritis (4). All these infections 

also cause considerably economic loss and outbreaks of gastroenteritis in hospitals have been 

estimated to cause annual expenses approaching or exceeding $ 184 million in supplies, staff 

time off, and closed beds in England alone (5). These facts highlight the impact of NV on 
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society, both in industrialized and developing countries. No vaccine, effective treatments are 

currently available. 

1.2 Clinical Manifestations and Transmission of Norovirus:  

Norovirus gastroenteritis is usually acute and self – limiting. But it may be more severe and 

prolonged in infants, elderly and immunocompromised individuals, because of their 

susceptibility to complications due to dehydration (4). Norovirus infections are characterized by 

acute onset of diarrhea, vomiting and may also be accompanied by variable systematic symptoms 

including low-grade fever, nausea, headache, abdominal pain, cramps, and myalgia. The 

incubation period is usually between 24 – 48 hours and the symptoms typically resolve in 12 – 

72 hours (6). The median duration of illness can be longer, lasting up to six weeks particularly in 

the elderly and young children (7-9). Prolonged viral shedding can also occur in transplant 

patients and other immuno-compromised individuals with symptoms lasting over two years (10-

11). Deaths have been reported in elderly during outbreaks in nursing homes and NV has been 

associated with necrotizing enterocolitis (4, 12, 13). Moreover, the presence of norovirus RNA in 

the blood of children with norovirus gastroenteritis and in the cerebrospinal fluid of a child with 

encephalopathy suggests that norovirus infection is probably not limited to the intestine and 

could disseminate to systemic sites (14, 15). Norovirus infection is usually self-limiting and need 

no extra treatment other than water, glucose and electrolyte substitution.  

Noroviruses are extremely contagious, with as few as less than 10 viral particles being able to 

cause infection, suggesting that approximately 5 billion infectious doses might be contained in 

each gram of feces during peak shedding (16, 17, 18).  Noroviruses are predominantly 

transmitted through the fecal-oral route either directly from person-to-person or indirectly 
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through consumption of contaminated food (fresh fruit, vegetables, bakery products, and 

bivalves molluscs like oysters, mussels) and water (drinking, ice and swimming). Transmission 

by contact with the contaminated environmental surfaces (like water taps, switches, public 

phones, computer mice and keyboards) and aerosolized vomitus might be account for the 

extensive spread of disease outbreaks in closed settings, such as restaurants, health care facilities 

including nursing homes and hospitals, long-term care centers, schools and institutional settings 

and cruise ships (2). Furthermore, many outbreaks have a combined transmission; viruses are 

introduced by food and subsequently spread through the closed setting by person to person 

transmission. Evidence of contamination of environmental surfaces with noroviruses has been 

documented during outbreaks in institutions suggesting that this may serve as a reservoir that 

sustains an outbreak (9). Moreover, modern lifestyles make people more vulnerable to norovirus. 

More elderly people live in communal settings, people eat more foods outside (that have been 

handled by a variety of potentially infected persons), consume fresh fruits and vegetables 

imported from the countries where crops are still irrigated with sewage-contaminated water and 

also more people than ever are travelling and being exposed to norovirus in hotels, airplanes and 

cruise ships (11).  

There are several characteristics that facilitate the norovirus spread during epidemics such as:   

(i) the very low infectious dose of norovirus (< 10 viral particles) (16), (ii) the stability of virus 

in relatively high concentrations of chlorine and at a wide range of temperatures ( from freezing 

to 60 
O
C) (19), (iii) prolonged asymptomatic viral shedding increases the risk for secondary 

spread (7), (iv) the lack of complete cross-protection against the diverse norovirus strains and an 

inadequate long-term immunity, lead to repeated infections throughout the life  (Table 1.1) (46).  
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Table 1.1 Characteristics of norovirus facilitating transmission during epidemics. 

  Characteristics Observations  Consequences 

Environmental stability Highly resistant to freezing, 

heating (up to 60°C) and 

survives relatively in high 

concentrations of chlorine. More 

stable to desiccation and extremes 

of pH. 

 Difficult to eliminate from 

contaminated water, 

leading to infections from: oysters, 

bathing water, and food irrigated 

with sewage-contaminated water. 

Prolonged asymptomatic 

shedding 

Patients can shed NV up to 

three weeks after the onset of 

symptoms. In experimentally 

infected adults, virus can be 

detected for a median of 4 weeks 

and up to 8 weeks. 

 Increased risk of secondary spread 

or especially problems with control 

regarding food handlers. 

Substantial strain 

diversity 

Multiple genetic, antigenic and 

receptor specific strains exist. 

 Reinfections by multiple antigenic 

types can occur more easily. 

Developed detection methods may 

not be sensitive for all strains, easy to 

underestimate prevalence. 

Low infectious dose Less than 10 virus particles are 

needed for symptomatic 

infection 

 Increases the risk of infection from 

person-to-person spread or droplet,  

secondary spread, or spread by food 

handlers. 

Lack of long-term 

immunity 

Symptomatic re-infection with 

the same strain can occur 

 Adults are not protected although 

infected as children.  

Difficult to develop vaccines with 

lifelong protection. 

     

These characteristics make it particularly difficult to control the propagation of the norovirus 

infection in the closed settings. 
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1.3 Classification: 

Norwalk virus, a prototype of Norovirus, belongs to the Caliciviridae family. The caliciviridae 

family is comprised of four genera: Norovirus, Sapovirus, Vesivirus and Lagovirus (20). NV and 

SV found in the genera Norovirus and Sapovirus respectively, infect humans, causing 

gastroenteritis, while other caliciviruses of veterinary importance feline calicivirus  (FCV), and  

rabbit hemorrhagic disease virus (RHDV), are found in Vesivirus and Lagovirus, respectively. 

Three additional genera have been proposed recently within the caliciviridae family: Nebovirus, 

a bovine enteric calicivirus (21); Recovirus, a rhesus enteric calicivirus (22), and Valovirus, a 

porcine enteric calicivirus (23). All seven genera infect animals, but only NV and SV contain 

strains that infect both humans and animals. Based on amino acid identity in the major structural 

proteins, Noroviruses can be classified into five distinct genogroups designated GI, GII, GIII, 

GIV, and GV (24). The strains that infect humans (human noroviruses) are primarily found in 

GI, GII, and GIV genogroups, whereas the strains infecting cows and mice are found in GIII and 

GV genogroups respectively (24). GII contains both porcine as well as human strains. NV 

genogroups exhibit a high diversity, members within a same genogroup differ by 45-61% in their 

capsid genes while strains in different genogroups differ by >50% (24). The NV genogroups can 

be further subdivided into genotypes or clusters.  Until today 35 such genotypes have been 

identified (8 GI, 21 GII, 3 GIII, 2 GIV, and 1 GV). The strains within same genotype differ by 0-

14% in capsid amino acid sequence. The NV strains are commonly named after the location in 

which they were first identified, e.g., Norwalk virus strain was first isolated from a 

gastroenteritis outbreak in Norwalk, Ohio (25). The GII.4 viruses have been associated with the 

majority of gastroenteritis outbreaks worldwide.  
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Figure1.1: Standard norovirus classification tree proposed for nomenclature. 
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1.4 Norovirus genome: 

Noroviruses are small non-enveloped viruses of approximately 27-32 nm in diameter, having 

icosahedral capsid symmetry (47). The viral genome consists of a single stranded positive sense 

RNA molecule of approximately 7.7 kb in length that is organized into three overlapping open 

reading frames (ORFs) (48, 49).  ORF1 encodes a 200-kDa nonstructural polyprotein which is 

co- and post- translationally processed by a virus encoded 3C-like protease (3CL
pro

) to generate 

six nonstructural proteins: p48, an amino-terminal protein of unknown function (~48 kDa); 2C-

like nucleoside triphosphatase (NTPase); p20 or p22 (depending on the genogroup), a 22 kDa 

2A-like protein; viral genome-linked protein (VPg), a protein that is covalently linked to the 5’ 

end of the NoV genomic and sub-genomic RNA; 3C-like protease (3CL
pro

); and 3D-like RNA-

dependent RNA polymerase (RdRp) (Figure 1.2) (26, 27, 59).  

 

 

 

 

 

 

 
 
 
 
 

Figure1.2: The genomic organization of Norovirus 

ORF2 (1.8 kb in length) encodes a 60-kDa major structural capsid protein (viral protein, VP1), 

and ORF3 (0.6 kb in length) encodes the minor basic structural protein (VP2). The 3’ end of the 

genome contains a polyadenylated tail.  

1.4.1 Norovirus Nonstructural proteins: 
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Expression of human norovirus strain, Southampton virus in bacteria and downstream in vitro 

assays suggested that p41 has NTPase activity but not helicase activity, despite containing a 

predicted helicase domain (50). NS4 protein (also referred to as p22 or p20 for NV GI and GII, 

respectively) occupies a position in the norovirus genome similar to that of 3A protein in 

picornavirus genomes. . The exact function of 3A-like protein is currently unknown, but has 

been suggested to be involved in cellular membrane trafficking and replication complex 

formation (28). The NV 3A-like protein inhibits host protein secretion through disassembly and 

the antagonism of Golgi apparatus (29). The VPg protein is covalently linked to the 5’ end of the 

norovirus genomic and sub-genomic RNA (51, 52, 53). Removal of VPg from calicivirus RNA 

has been shown to result in the loss of infectivity, and dramatically reduces translation in feline 

calicivirus RNA in vitro (51). The norovirus VPg has been shown to interact directly with host 

translation initiation factor eIF3 and with 40S ribosomal subunits suggesting VPg functions in 

initiation of protein synthesis on viral RNA (30, 31)(Table 1.2).  

Table1.2: The non-structural proteins and functions of Norovirus 

Protein Common name Function Cellular 

localization 

NS1-2 N-Terminal anchor membrane-bound replication 

complexes 

Endoplasmic 

reticulum 

NS3 NTPase Has NTPase activity Discrete foci in 

cytoplasm 

NS4 3A-like Inhibits host cellular protein secretion 

Involved in replication complex formation 

Endosomes 

NS5 VPg Recruits host translation initiation factors 

Protein primer for replication 

Unknown 

NS6 Protease Proteolytic processing of ORF1 polyprotein 

Inhibits translation of host proteins 

Cytoplasm; 

Mitochondria 

NS7 Polymerase Replication of viral genome  Cytoplasm; Nucleus 
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Recently, it has also been shown VPg that was uridylylated by the viral polymerase, function as 

protein primer during RNA replication, similar to that of picornavirus VPg (32). The NV RdRp 

is a non-structural protein involved in the replication of the genome (33).  

 

1.4.2 Norovirus structural proteins: 

 VP1 of norovirus genome ranges from 530-555 amino acids with 58-60 kDa molecular weight. 

The 3-dimensional structure of recombinant viral capsid analyzed by electron cryomicroscopy 

and X-ray crystallography revealed a T = 3 icosahedral symmetry with 180 molecules of capsid 

protein organized into 90 dimers (34, 35, 36, 37). The VP1 capsid protein contains two distinct 

domains: a conserved internal shell (S) domain, involved in the icosahedral contacts and a 

hypervariable protruding (P) domain, involved in the dimeric contacts. A flexible hinge connects 

the S and P domains (36). The shell domain is buried inside the capsid and is essential for the 

formation of icosahedral capsid shell. The P-domain is further divided into two sub-domains P1, 

a central stem domain and P2, the distal globular domain (Figure 1.3).  The P2 sub-domain is the 

most variable region of the capsid that forms the external surface of the viral capsid. The P2 sub-

domain is presumed to play a prominent role in receptor binding and immune reactivity and also 

responsible for histo-blood group antigen (HBGA) interactions associated with susceptibility to 

norovirus infections.  

ORF3 encoded VP2 is highly variable in sequence between strains, ranges from ~208-268 amino 

acids with calculated molecular weight of ~22-29 kDa (38). The function of VP2 involves the 

upregulation of VP1 expression. Furthermore, VP2 increases the stability of VP1 in the virus 

structure and protects VP1 from disruption or protease degradation (39). The highly basic 

properties of VP2 (an isoelectric point of greater than 10) suggests that it may function in  
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Figure1.3: Structure of Norwalk-virus like particle (VLP) as determined by cryo-EM at 22 
OA, and X-ray crystallography at 3.4 OA. A surface representation (top) and cross-section 

(bottom) are shown. 

 

encapsidation of the viral genome (40). Characterization of feline calicivirus suggested that VP2 

is essential for production of infectious virus (60, 61).  

1.5 Norovirus 3CL protease: 

Noroviruses encode a single protease designated 3C-like protease, which is responsible for the 

proteolytic processing of ORF1 polyprotein into the six nonstructural proteins (28, 41, 27, 55)  . 

The norovirus 3CL-protease shares structural and functional similarities to the picornavirus 3C 

protease (54, 55).  The characterization of NS6 protease of NV has revealed an active 

nucleophilic residue in the conserved GDCG motif common to chymotrypsin-like 3C proteases. 

The X-ray crystallographic analysis of the NS6 protease of three different strains (Chiba, 
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Norwalk, and Southampton) of human norovirus has revealed that the protein to be a cysteine 

protease with a chymotrypsin-like serine protease fold, consisting of two domains, an N-terminal 

and C-terminal domains, with the active site located in the center of the peptide-binding cleft 

formed at the interface of these two domains (Figure 1.4) (42, 43, 44).    

 

Figure1.4: SV3CLpro viewed through the β-barrel of domain II. The putative active site 

catalytic triad of residues Cys139, His30, and Glu54 indicated in red. 

 

NV
PRO

 domain I is comprised of a short N-terminal α-helix followed by a twisted β-sheet 

whereas domain II is composed of a six-stranded β-barrel. These two domains are connected by a 

large loop (44). Size exclusion chromatographic studies have revealed that NV
PRO

 is present as a 

dimer, with β-barrel of each NV
PRO

 monomer interacts along the crystallographic twofold axis to 
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form the dimer, which is stabilized by both Vander Waals and hydrogen bond interactions (44). 

The active site of cysteine protease typically possesses catalytic triad comprising Cys139, His30 

and potentially Glu54 which functions as a nucleophile, general base and an anion respectively 

(43, 45). Glu54 may keep His30 in an optimal orientation.  

1.6 Substrate Specificity of NV 3CLpro: 

The catalytic amino acid residues contained in an active site promote specific interactions that 

are necessary for proper binding and resulting catalysis. Specificity of numerous proteases is 

determined by enzyme – substrate interactions in an extended active site cleft. Complementarity 

shapes between the enzyme and substrate allow a greater amount of weak non-covalent 

interactions including electrostatic forces, Vander Waals forces, hydrogen bonding and 

hydrophobic interactions.  The nomenclature used for the interaction of a substrate with a 

protease is that of Schechter and Berger and is relative to the site of cleavage bond (scissile 

bond). The part of the substrate to the right side of the scissile bond is called the prime side, and 

to the left side is called the non-prime side. By convention, the sub-sites on the protease are 

called S (for sub-sites), and the substrate amino acid residues are called P (for peptides). The 

amino acid residues on the N-terminal side of the scissile bond are designated P3, P2, P1 and 

those residues on the C-terminal side are designated P1’, P2’, P3’…. The sub-sites on the 

protease that complement the substrate binding residues are designated S3, S2, S1, and S1’, S2’, 

S3’….  (Figure 1.5). 

NV 3CLpro cleaves the ORF1 encoded polyprotein at five different sites to generate six 

nonstructural proteins for replication. The enzyme will recognizes only a Glu or Gln residue in 
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the N-terminal side of the scissile bond and Gly or Ala in the C-terminal side of NV
PRO 

substrate 

(58).  

 

 

   

 
 

 
 
 
 
Figure1.5:  Standard Schechter and Berger nomenclature for substrate residues and 

corresponding binding sites.  

 
Two glutamine-glycine (Q/G) junctions (between the N-terminal/NTPase and NTPase/p20) are 

primarily cleaved from the polyprotein, followed by the two glutamate-glycine (E/G) junctions 

(between p20/VPg and protease/polymerase), and finally glutamate-alanine junction (between 

VPg/protease) (26, 56). Structural modeling of the protease-substrate interactions revealed that 

the enzyme specificity is defined by S1 and S2 sites, accommodating P1 and P2 residues of the 

substrate cleavage site (42), and suggests the following five residues may be important for 

substrate specificity: His157, Ala160, Ile109, Arg112, and Val114. . These residues are classified 

according to the standard convention, as the S1 pocket containing the first two residues, and the 

S2 pocket containing the latter three residues.  

The recognition of P1 residue by NV 3CLpro is mediated primarily by a specificity triad of 

residues composed of His157, Thr134 and Tyr143. The carbonyl side chain of the P1-Gln forms 

hydrogen bonds with the imidazole ring of His157 and the hydroxyl group of Thr134 (45, 57). 
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Tyr143 form hydrogen bond with the His157, for correct orientation of imidazole ring to 

hydrogen bond with the carbonyl side chain occupying the S1 site. This mode of interactions can 

also take place with P1-Glu and accounts for the ability of NV 3CLpro to cleave substrates with 

P1-Glu or P1-Gln. This specificity triad of S1 pocket is structurally conserved, not only between 

the NV and Chiba virus protease but also between various picornaviral 3C proteases (62, 63). 

The amide group of Ala160 residue in the S1 pocket forms hydrogen bonds with the carbonyl 

group of Val167. These two residues are surrounded by other hydrophobic residues, such as 

Leu121, Val99, Leu97, Ile87, and Val57; and important for hydrophobic interactions with S1 

pocket (Table 1.3) (43). 

Table1.3: Substrate cleavage specificity of SV 3CLpro. 

Cleavage site in  

norovirus polyprotein 

 P4 P3 P2 P1 * P1' P2' P3' P4'  

N Terminal/NTPase  F H L Q * G P E D  

NTPase/p22  F Q L Q * G K M Y  

P22/VPg  A T M E * G K N K  

VPg/3C
pro

  I S F E * A P P T  

3C
pro

/3D
pol

  T T L E * G G D K  

            

 

The three residues Ile109, Arg112, and Val114 of the S2 binding pocket form hydrophobic 

interactions with the enzyme. The hydrophobic nature of the S2 pocket implies the absence of 

any solvent molecules and a relative lack of hydrogen bond interactions between the enzyme and 

the substrate. The strong hydrophobic characteristics and relatively large size explains the ability 

of norovirus protease to recognize bulky hydrophobic amino acid residues in the P2 position of 
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the cleavage sites (44). An exception to this is the p20/VPg junction, which has a P2-Met. The 

side-chain of P3-Glu makes no specific interactions with the protease. 

1.7 Mechanism of NV 3CLpro: 

The mechanism of hydrolysis of the peptide bond by viral 3C-like protease involves in two steps: 

acylation and deacylation. In the first step (acylation step) the nucleophilic attack of carbonyl 

carbon by thiolate anion of cysteine residue, results in the formation of a covalently bound 

tetrahedral intermediate, followed by release of the substrate C-terminal part, and the generation 

of an intermediate acyl-enzyme form. The final step (deacylation step) includes release of the 

regenerated enzyme is mediated by nucleophilic attack of the thioester bond of  acyl-enzyme 

intermediate by a water molecule. The deacylation step also proceeds through a negatively 

charged tetrahedral transition state, which then releases the remaining peptide fragment and 

restores the active enzyme, completing the catalytic cycle (Figure 1.6).    

Structurally, chymotrypsin-like cysteine proteases rely on their oxyanion hole and catalytic triad 

to perform these reactions. The oxyanion hole consists of two backbone amide groups of Cys139 

and Gly137 that form hydrogen bonds to the negatively charged carbonyl oxygen of the 

tetrahedral transition state inermediates. Such hydrogen bonding stabilizes the negatively 

charged oxyanion of the transition states involved in acylation and deacylation steps, and thus 

plays a critical role in catalysis. The catalytic triad in the cysteine proteases of the chymotrypsin 

famiily is formed by the side chains of three conserved residues: His30, Glu54, and Cys139. 

The thiolate anion of Cys139 functions as a nucleophile, which attacks the carbonyl carbon of 

scissile bond and becomes part of the newly formed thioester linkage in the acyl-enzyme 

complex. This cysteine plays a central role in the reaction, hence the name Cysteine protease. 
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                                    Figure 1.6: Catalytic mechanism of Cysteine protease. 
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The His30 residue functions as a general acid and a general base during the course of the 

reaction. The general base catalysis is involved in the formation of the tetrahedral transition state 

intermediates, where the imidazole ring of His30 functions as a base and abstracts the proton 

from sulfhydryl group of Cys139, resulting in the formation of a reactive thiolate/imidazolium 

ion pair (Cys-S
-
/His-Im

+
) during the acylation step or from a water molecule during the 

deacylation step, facilitating the nucleophilic attack. This newly protonated imidazole ring then 

provides a general acid catalysis to assist the collapse of the tetrahedral transition state 

intermediates by transferring its proton to the leaving group (the scissile amide nitrogen during 

the acylation, and the S
γ
 of Cys139 during the deacylation). This sequential catalytic process by 

His30 can be summarized as a “pull and put” mechanism.   

(1) during the acylation, the imidazole group pulls off the proton from the sulfhydryl group 

of Cys139 then puts it on the leaving nitrogen of the scissile amide group;  

(2) during the deacylation, the imidazole group pulls off the proton from the water 

molecule , and then puts it back onto the S
γ
 of Cys139. 

As a “proton shuttle”, the imidazole of His30 is involved in a direct contact with the substrate, 

and a slight movement of the imidazole group may also be required for such function. Therefore, 

the position and orientation of the imidazole ring is critical for the catalysis. The carboxyl group 

of Glu54 serves to orient the imidazole ring of His30 in an appropriate fashion to function as an 

acid-base catalyst and also provides an appropriate electrostatic environment for stabilizing the 

tetrahedral intermediates. 
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1.8 Enzyme Inhibition: 

Enzyme inhibitors are molecules that can reduce or completely inhibit the enzyme catalytic 

activity either reversibly or irreversibly. The study of enzyme inhibitors provides valuable 

information about enzyme mechanism. Many inhibitors are substances that structurally resemble 

their enzyme’s substrate, and are commonly used to probe the chemical and conformational 

nature of a substrate-binding site as part of an effort to elucidate the enzyme’s catalytic 

mechanism. A large part of the modern pharmaceutical arsenal consists of enzyme inhibitors. 

Enzyme inhibitors are generally of two types: reversible and irreversible.  

1.8.1 Reversible inhibition: Traditionally reversible enzyme inhibitors have been classified as 

competitive, uncompetitive, and non-competitive. 

1.8.1.1 Competitive inhibition: Since a competitive inhibitor has a strong structural 

resemblance to the substrate, both the inhibitor and substrate compete for the same active site of 

the enzyme. In competitive enzyme inhibition, the inhibitor (I) binds the free enzyme reversibly 

to form enzyme – inhibitor complex (EI), that is catalytically inactive and cannot bind the 

substrate. The mechanism of competitive inhibition can be expressed as follows: 

 

 

  

 

Figure 1.7: Kinetic Scheme for Competitive Reversible Enzyme Inhibition. 
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The dissociation constant, kI , of inhibitor-binding step at equilibrium is:  

 

The formation of the enzyme-inhibitor complex therefore reduces the concentration of the free 

enzyme available for substrate binding, as a result, the rate of reaction decreases. A competitive 

inhibitor generally combines reversibly with the enzyme, and therefore, the effect of inhibitor 

can be minimized by increasing the substrate concentration. Competitive inhibitors are often 

similar in structure to the substrate and most protein inhibitors belong to this group (with few 

exceptions). Although protein inhibitors are infrequently used in drug development, the protease-

inhibitor complexes are well studied. Because a protein inhibitor typically occupies the active 

site of the protease in a substrate-like fashion, therefore the enzyme - inhibitor complex gives the 

most direct evidence on how the substrate binds, especially on the prime subsites of protease, 

providing the most accurate information for structure based inhibitor design. The mechanism of 

action of many drugs is associated with this type of inhibition.   

1.8.1.2 Uncompetitive inhibition:  The uncompetitive enzyme inhibitor has no structural 

similarity to the substrate. In the uncompetitive inhibition, the inhibitor binds only to the enzyme 

– substrate complex, it does not bind to the free enzyme. The binding of inhibitor to the enzyme 

– substrate complex, causes the structural distortion of active and allosteric sites of the 

complexed enzyme that inactivates the enzyme. The mechanism of uncompetitive inhibition can 

be expressed as follows: 
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Figure 1.8: Kinetic Scheme for Uncompetitive Reversible Enzyme Inhibition. 

The uncompetitive inhibition is only significant in multi-substrate enzymes, where the inhibitor 

competes with one substrate to which it has some structural similarity while it is uncompetitive 

for the other substrates. The dissociation constant,  

K
’
I , of inhibitor-binding step at equilibrium is:                   

1.8.1.3 Noncompetitive inhibition: The noncompetitive inhibitors bind both to the free enzyme 

and enzyme – substrate complex. The general mechanism of the noncompetitive inhibitors is: 

 

  

 

 

Presumably, a noncompetitive inhibitor binds to enzyme active sites that participate in both 

substrate binding and catalysis. The two dissociation constants for inhibitor binding are not 

necessarily equivalent.  

                                                     and                 
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1.8.2 Irreversible inhibition:  

In irreversible inhibition, the inhibitor is bound to the enzyme irreversibly through formation of a 

covalent bond, permanently inactivating the enzyme. The net effect is to remove enzyme from 

the reaction. Irreversible inhibitors provide a useful tool for studying reaction mechanism of the 

enzyme. The catalytic amino acid residues in the active site can sometimes be identified by 

determining which residue is covalently linked to an inhibitor after the enzyme is inactivated. 

For example, the compounds used to identify the catalytic cysteine and histidine residues of 

cysteine proteases are irreversible inhibitors of these enzymes. Irreversible in this context, 

however does not necessarily mean that the enzyme activity never returns, only that enzyme 

becomes dysfunctional for an extended (but unspecified) period of time. A compound that forms 

a covalent bond with an enzyme may lead to the formation of an E-I complex that regains 

activity slowly. There are other cases of irreversible inhibition in which no covalent bond forms 

at all, but the compound binds so tightly to the active site of the enzyme that the rate constant for 

release of the compound from the enzyme is exceedingly small. This, in effect, produces 

irreversible inhibition. Irreversible inhibitors include affinity labeling agents and mechanism-

based inhibitors.  

1.8.3 Transition-State Analog Inhibitors:  

According to the transition-state theory of enzymatic catalysis, an enzyme binds the altered 

substrate in the transition state more tightly than it binds the substrate in the ground state. This 

principle has provided a sound basis for designing a special class of enzyme inhibitors, called 

“transition-state analog inhibitors” (Wolfenden, 1969, 1972).  Hundreds of transition state analog 

inhibitors for various enzymes have been reported. Some are naturally occurring antibiotics, 
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while others were designated to investigate the mechanism of particular enzymes or to act as 

specific enzyme inhibitors for therapeutic or agricultural use. Most of the transition state analog 

inhibitors exhibit simple competitive inhibition.  

There are two tetrahedral transition states in the catalytic pathway during the catalytic cycle of 

cysteine proteases. One is involved in the acylation, and the other in the deacylation. Peptidyl 

aldehydes were first described as “transition state analog” inhibitors of cysteine proteases. They 

form reversible covalent adducts with cysteine proteases, in which the active site cysteine sulfur 

reacts with the aldehyde to form hemithioacetal. The hemithioacetal hydroxyl group interacts 

with the oxyanion hole. Only the Pn – Sn  binding interactions between the enzyme and inhibitor 

exist in this adduct, while the Pn
’
 – Sn

’ 
interactions are excluded because of the nature of the 

aldehyde structure. This adduct can thus be considered as the transition state analog of the 

deacylation step. Peptidyl aldehydes have often been used for the crystallographic study of 

cysteine proteases. Activated ketones, such as α-ketoamides, α-ketoheterocycles, α-ketoesters, 

have been successfully used in the design of cysteine protease inhibitors. 

1.9 Research Goals: 

The goals of the research described in this thesis are: 

a) Design, synthesis, and evaluation of acyclic sulfamide derivatives as inhibitors of  

noroviruses. 

b) Design, synthesis, and evaluation of transition state analog inhibitors of norovirus 3CL 

protease. 
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CHAPTER 2 

DESIGN, SYNTHESIS, AND EVALUATION OF ACYCLIC 

SULFAMIDE DERIVATIVES AS INHIBITORS OF NOROVIRUSES. 

 

2.1 Inhibitor Design Rationale.  

The design of acyclic sulfamide norovirus inhibitors (structure (II), Figure 2.1) was based on the 

following considerations: a) cyclic sulfamide derivatives  

  

 

 

 

 

Figure2.1: Design rationale of acyclic norovirus inhibitor. 

(structure (I), Figure 2.1) have been shown to have low micromolar antiviral activity against 

noroviruses in a cell-based replicon system; b) the presence of the m-phenoxyphenyl moiety 

enhances anti-norovirus activity; c) norovirus inhibition is sensitive to the nature of the 

heterocyclic ring (structure (I), Figure 2.1) (64) and, d) the potential use of natural and unnatural 

amino acids provide distinct advantages in terms of stereochemical control, structural diversity, 

and physical properties. We reasoned that amino acid-derived acyclic sulfamide derivatives 

(structure (II), Figure 2.1) may possess anti-norovirus activity by interacting with the same 
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cellular and/or viral molecular target(s) as (I). Furthermore, the high synthetic tractability and 

multiple points of diversity associated with compound (II) were additional significant features 

that rendered (II) worthy of exploration. Thus, acyclic sulfamide derivatives 6a-d were designed 

to mimic cyclosulfamide derivatives B and C (64, 65, 66)(Figure 2.1), with a morpholine moiety 

attached for making the corresponding water-soluble hydrochloride salts. In addition, short linear 

alkyl chains were initially used to probe and explore the contribution of hydrophobic 

interactions.  

2.2 Chemistry: 

The syntheses of N-(m-phenoxybenzyl)-substituted acyclic sulfamide derivatives proceeded 

uneventfully and are shown in Schemes 2.1-2.3.  

 Scheme 2.1: Synthesis of NV acyclic sulfamide inhibitors (6a-d, 7a-b,d). 
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Briefly, chlorosulfonyl isocyanate was added dropwise to tert-butanol kept in an ice bath and 

the resulting mixture was stirred with an appropriate amino acid hydrochloride (Gly, Ala, Nva, 

Met) in the presence of triethylamine, yielding compounds 1a-d. The sulfamides were selectively 

alkylated with m-phenoxybenzyl alcohol using the Mitsunobu reaction to give compounds 2a-d 

(Scheme 2.1). Removal of the Boc group transformed compound 2a into compound 3a. 

Hydrolysis of the methyl ester followed by deblocking gave compounds 5a-d which were 

subsequently coupled to 2-(morpholino)ethylamine to give compounds 6a-d. Compounds 6a-b 

and 6d were converted to the corresponding hydrochloride salts 7a-b and 6d using 4M HCl in 

dioxane (Scheme 2.1).  Treatment of compound 2a with sodium hydride followed by the addition 

of iodomethane or benzyl bromide gave compounds 8a-b (Scheme 2.2). Hydrolysis of the methyl 

ester followed by 

Scheme 2.2: Synthesis of NV acyclic sulfamide inhibitors (11a-b, 12a-b). 
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deblocking gave compounds 9a-b which were then coupled with 2-(morpholino)ethylamine  to 

give compounds 11a-b. These were subsequently converted to their corresponding salts 12a-b 

using 4M HCl/dioxane. Coupling of acid 5a with an array of structurally-diverse amines 

(Scheme 2.3) yielded compounds 13a-g. Compounds 13h and 13i were obtained from the 

hydrolysis of compounds 13d and 13e, respectively. 

Scheme 2.3: Synthesis of NV acyclic sulfaminde inhibitors (13a-j). 
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2.3 Experimental Section 

General:  

    The 
1
H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. Melting 

points were determined on a Mel-Temp apparatus and are uncorrected. Reagents and solvents 

were purchased from various chemical suppliers (Aldrich, Acros Organics, TCI America, and 

Bachem). Silica gel (230-450 mesh) used for flash chromatography was purchased from Sorbent 

Technologies (Atlanta, GA). Thin layer chromatography was performed using Analtech silica gel 

plates to determine the compound purity. The TLC plates for all the compounds were eluted 

using two different solvent systems and visualized using iodine and/or UV light. Each individual 

compound was identified as a single spot on TLC plate (purity was > 95% as evidenced by 
1
H 

NMR).  

Synthesis of compounds 1a-d. Representative synthesis. 

Methyl 2-(N-(tert-butoxycarbonyl)sulfamoylamino)acetate 1a: To a solution of N-

chlorosulfonyl isocyanate (11.32 g; 80 mmol) in dry methylene chloride (120 mL) cooled in an 

ice bath was added dropwise a solution of t-butyl alcohol (5.93 g; 80 mmol) in dry methylene 

chloride (120 mL). The resulting mixture was added dropwise to a mixture of glycine methyl 

ester hydrochloride (10.05 g; 80 mmol) and triethylamine (16.16 g; 160 mmol) in dry methylene 

chloride (120 mL) kept at 0 
o
C. The ice bath was removed and the reaction mixture was allowed 

to stir at room temperature overnight. The resulting solution was washed sequentially with 5% 

aqueous HCl (3 x 100 mL) and brine (100 mL). The organic layer was separated, dried over 

anhydrous sodium sulfate, filtered, and the solvent was removed on the rotary evaporator, 
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leaving compound 1a as a white solid (14.56 g; 68% yield), mp 98-100 
o
C. 

1
H NMR (CDCl3): δ 

1.44 (s, 9H), 3.79 (s, 3H), 3.99 (d, 2H), 5.70 (t, J = 23.1Hz, 1H), 7.38 (s, 1H). 

Compounds 1b-d were prepared using a similar procedure.  

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)sulfamoylamino)propanoate 1b: White solid, (9.69 g; 

69% yield), mp 102-104 
o
C. 

1
H NMR (CDCl3): δ 1.45 (s, 9H), 3.79 (s, 3H), 4.20-4.25 (m, 1H), 

5.79 (d, 1H). 

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)sulfamoylamino)pentanoate 1c:  White solid, (11.81 g; 

76% yield), mp 103-105 
o
C. 

1
H NMR (CDCl3): δ 0.97 (t, J = 22.7 Hz, 3H), 1.38-1.53 (m, 2H), 

1.47 (s, 9H), 1.60-1.83 (m, 2H), 3.79 (s, 3H), 4.19 (m, 1H), 5.65 (d, 1H). 

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)sulfamoylamino)-4-(methylthio)butanoate 1d:  White 

solid, (4.44g; 52% yield), mp 78-80 
o
C. 

1
H NMR (CDCl3): δ 1.45 (s, 9H), 1.95-2.03 (m, 2H), 

2.05 (s, 3H), 2.60 (t, J = 27.3, 2H), 3.79 (s, 3H), 5.90 (d, 1H), 7.42 (s, 1H). 

Methyl 2-(N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)acetate 2a: To a 

solution of triphenyl phosphine (4.52 g; 17.2 mmol) and 3-phenoxybenzyl alcohol (3.44 g; 17.2 

mmol) in THF (20 mL) kept in an ice bath was added a solution of 1a (4.61 g; 17.2 mmol) and 

diisopropyl azodicarboxylate (95%, 3.66 g; 17.2 mmol) in THF (20 mL). The reaction mixture 

was stirred at 0 
o
C for 2 h and monitored by TLC. The solvent was removed on the rotary 

evaporator, leaving a yellow oil which was purified by flash chromatography (silica gel/ethyl 

acetate/hexane) to yield a white solid (6.33 g; 82% yield), mp 75-77 
o
C. 

1
H NMR (CDCl3): δ 

1.49 (s, 9H), 3.65 (d, 2H), 3.72 (s, 3H), 4.79 (s, 2H), 4.77 (t, J = 13.6 Hz, 1H), 6.90-7.03 (m, 

4H), 7.10 (d, 2H), 7.30-7.39 (m, 3H).  
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Compounds 2b-d were synthesized using a similar procedure. 

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)-propanoate 2b:  

White solid, (6.25 g; 70% yield), mp 41-43 
o
C. 

1
H NMR (CDCl3): δ 1.29 (d, 3H), 1.49 (s, 9H), 

3.69 (s, 3H), 3.75-3.89 (m, 1H), 4.69-4.87 (q, J = 63.6 Hz, 2H), 5.99 (d, 1H), 6.90-7.06 (m, 4H), 

7.05-7.15 (t, J = 27.3 Hz, 2H), 7.23-7.37 (m, 3H). 

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)-pentanoate 2c:  

White solid, (3.22 g; 65% yield), mp 63-65 
o
C. 

1
H NMR (CDCl3): δ 0.89 (t, J = 27.7 Hz, 3H), 

1.23-1.79 (m, 4H), 1.49 (s, 9H), 3.69 (s, 3H), 3.75-3.89 (q, J = 27.7 Hz, 1H), 4.68-4.87 (q, J = 

63.6 Hz, 2H), 5.85 (d, 1H), 6.92, d, 1H), 7.0 (d, 2H), 7.10 (d, 2H), 5.25-5.35 (m, 5H). 

(RS)-Methyl 2-(N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)-4-

(methylthio)butanoate 2d:  Colorless oil, (3.41g; 65% yield). 
1
H NMR (CDCl3): δ 1.49 (s, 9H), 

2.55 (t, J = 19.0 Hz, 2H), 3.70 (s, 3H), 3.90 (q, J = 23.8 Hz, 1H), 4.68-4.88 (q, J = 76.2 Hz, 2H), 

6.0 (d, 2H), 6.93 (d, 2H), 7.0 (s, 2H), 7.11 (m, 2H), 7.28-7.40 (m, 3H). 

Methyl 2-(N-(3-phenoxybenzyl)sulfamoylamino)acetate 3a: Compound 2a (3.6 g; 8.0 mmol) 

was treated with trifluoroacetic acid (20 mL) and stirred at room temperature for 20 min while 

monitoring the disappearance of the starting material by TLC. Excess trifluoroacetic acid was 

removed on the rotary evaporator, leaving a yellow residue which was treated with diethyl ether 

(10 mL). The solvent was removed and the residue was washed twice with diethyl ether, leaving 

a yellow oil (2.95 g; 100% yield). 
1
H NMR (CDCl3): δ 3.75 (s, 3H), 3.80 (s, 2H), 4.21 (s, 2H), 

4.91-5.09 (s, 1H), 6.90-7.15 (m, 6H), 7.23 (m, 3H). HRMS (ESI) calculated m/z for 

C16H19N2O5S [M+H]
+
 351.1015; found 351.1610. 
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2-(N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)acetic acid 4a: A solution of 

compound 2a (18.3 g; 40.7 mmol) in THF (100 mL) was treated with a solution of lithium 

hydroxide (0.96 g; 40.7 mmol) in water (40 mL). The reaction mixture was stirred at room 

temperature for 1.5 h until the staring material disappeared (as shown by TLC). The solvent was 

removed and the residue was diluted with water (50 mL). The basic solution was extracted with 

ethyl ether (2 x 25 mL). The pH of the aqueous layer was adjusted to ~2 with 6 M HCl (~20 mL) 

and the acidified solution was extracted with ethyl acetate (3 x 100 mL). The combined organic 

extracts were dried using anhydrous sodium sulfate, filtered, and concentrated, leaving a white 

solid (14.87 g; 85% yield), mp 115-117
 o

C. 
1
H NMR (CDCl3): δ 1.39 (s, 9H), 3.71 (d, 2H), 4.73 

(s, 2H), 6.90-7.19 (m, 5H), 7.37-7.44 (m, 4H), 8.10 (t, J = 15.8 Hz, 1H). 

(RS)-2-(N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)propanoic acid 4b: 

White solid (2.06 g; 71% yield), mp 130-132
 o

C. 
1
H NMR (CDCl3): δ 1.40 (d, 3 H), 1.43 (s, 9H), 

3.83-3.97 (m, 1 H), 4.69-4.89 (q, J = 55.4 Hz, 2H), 5.97 (d, 1H), 6.95 (d, 1 h), 7.0 (m, 2H), 7.05-

7.15 (m, 2H), 7.28-7.38 (m, 4H). 

(RS)-2-(N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)pentanoic acid 4c: 

White solid (1.44 g; 63% yield), mp 117-119
 o

C. 
1
H NMR (CDCl3): δ 0.85-0.95 (t, J = 27.7 Hz, 

3H), 1.30-1.50 (m, 2H), 1.42 (s, 3H), 1.53-1.80 (m, 2H), 3.81-3.88 (m, 1H), 4.68-4.89 (q, J = 

64.6 Hz, 2H), 5.84 (d, 1H), 6.92 (d, 1H), 7.0 (d, 2H), 7.12 (m, 2H), 7.25-7.37 (m, 3H). 

(RS)-2-(N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoylamino)-4-

(methylthio)butanoic acid 4d: White solid (3.11 g; 97% yield), mp 181-183 
o
C. 

1
H NMR 

(CDCl3): δ 1.44 (s, 9H), 1.83-2.00 (m, 2H), 2.05 (s, 3H), 2.57 (t, J = 18.8 Hz, 2H), 3.98-4.02 (m, 
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1H), 4.64-4.89 (q, J = 70.3 Hz, 2H), 6.02 (d, 1H), 6.93 (d, 1H), 7.00 (m, 3H), 7.11 (t, J = 18.8 

Hz, 2H), 7.25-7.37 (m, 3H).  

2-(N-(3-Phenoxybenzyl)sulfamoylamino)acetic acid 5a: Compound 4a (1.50 g, 3.44 mmol) was 

treated with trifluoroacetic acid (15 mL) and the reaction mixture was stirred at room 

temperature for 30 min.  Excess trifluoroacetic acid was removed, leaving a yellow residue 

which was treated with diethyl ether (10 mL). The solvent was removed on the rotary evaporator 

and the same process was repeated two more times to remove traces of acid, leaving a white 

solid (1.18 g; 100% yield), mp 97-99
 o

C. 
1
H NMR (DMSO): δ 3.58 (s, 2H), 4.02 (s, 2H), 6.89 (d, 

1H), 7.00-7.19 (m, 4H), 7.21-7.44 (m, 4H). 

(RS)-2-(N-(3-Phenoxybenzyl)sulfamoylamino)propanoic acid 5b: White solid (1.10 g; 91% 

yield), mp 130-132
 o

C. 
1
H NMR (CDCl3): δ 1.20 (d, 3H), 3.80-3.98 (m, 1H), 4.00 (m, 2H), 6.91 

(d, 1H), 7.01 (d, 2H), 7.09-7.20 (m, 2H), 7.30-7.43 (m, 5H).  

(RS)-2-(N-(3-Phenoxybenzyl)sulfamoylamino)pentanoic acid 5c:  White solid (0.84 g; 92% 

yield), mp 78-80
 o
C. 

1
H NMR (CDCl3): δ  0.93 (t, J = 28.1 Hz, 3H), 1.31-1.50 (m, 2H), 1.52-1.80 

(m, 2H), 3.95-4.03 (q, J = 28.1 Hz, 3H), 4.09 (s, 2H), 5.09 (d, 1H), 6.89-7.08 (m, 4H), 7.15 (t, J = 

18.2 Hz, 1H), 7.26-7.39 (m, 3H). 

(RS)-4-(Methylthio)-2-(N-(3-phenoxybenzyl)sulfamoylamino)butanoic acid 5d:  Light yellow 

oil (1.62 g; 73% yield). 
1
H NMR (CDCl3): δ 1.79-1.95 (m, 2H), 1.21 (s, 3H), 2.43-2.60 (m, 2H), 

4.03-4.20 (s, 3H), 5.80 (s, 1H), 6.85 (d, 1H), 6.93-7.12 (m, 4H), 7.21-7.37 (m, 4H). 

N-(2-Morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide 6a: To a solution 

of compound 5a (0.48 g; 1.42 mmol) in 15 mL dry THF was added carbonyldiimidazole (0.23 g; 

1.42 mmol and the solution was stirred at room temperature for 20 min.  A solution of 4-(2-
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aminoethyl)-morpholine (0.185 g; 1.42 mmol) in THF (5 mL) was added and the solution was 

stirred at room temperature overnight. The solvent was removed, leaving a yellow oil which was 

taken up in ethyl acetate (40 mL) and washed with water (2 x 20 mL) and brine (2 x 20 mL). The 

organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated, leaving a 

crude product which was purified by flash chromatography (silica gel/ethyl acetate/hexane) to 

give a light yellow oil (0.24 g; 38% yield). 
1
H NMR (CDCl3): δ 2.40-2.49 (m, 6H), 3.34-40 (q, J 

= 22.7 Hz, 2H), 3.63 (s, 2H), 3.63-3.70 (m, 4H), 4.20 (s, 2H), 6.65 (s, 1H), 6.95 (d, 1H), 7.00 (m, 

3H), 7.05-7.18 (m, 2H), 7.30-7.40 (m, 3H). HRMS (ESI) calculated m/z for C21H29N4O5S 

[M+H]
+
 449.1859; found 449.1854. 

(RS)-N-(2-Morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)propanamide 6b: White 

solid (0.35 g; 34% yield), mp 113-115
 o

C. 
1
H NMR (CDCl3): δ 1.39 (d, 3H), 2.36-2.56 (m, 6h), 

3.32 (q, J = 18.8 Hz, 2H), 3.65 (t, J = 14.1 Hz, 14H), 3.84-3.93 (m, 1H), 4.20 (d, 2H), 4.95 (s, 

1H), 5.05 (s, 1H), 6.55 (s, 1H), 6.95 (d, 1H), 6.99-7.18 (m, 4H), 7.26-7.40 (m ,4H). HRMS (ESI) 

calculated m/z for C22H31N4O5S [M+H]
+
 463.2015; found 463.2014. 

(RS)-N-(2-Morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)pentanamide 6c: Light 

yellow oil (0.20 g; 25% yield). 
1
H NMR (CDCl3): δ 0.79-1.00 (t, J = 65.6 Hz, 3H), 1.20-1.42 (m, 

2H), 1.49-1.72 (m, 2H), 2.20-2.49 (m, 6H), 3.23-3.39 (m, 2H), 3.53-3.71 (m, 4H), 3.70-3.80 (q, J 

= 28.1 Hz, 1H), 4.19 (s, 2H), 5.30-5.50 (s, 1H), 5.60-5.80 (s, 1H), 6.79 (s, 1H), 6.82-7.17 (m, 

5H), 7.20-7.40 (m, 3H). HRMS (ESI) calculated m/z for C24H35N4O5S [M+H]
+
 491.2328; found 

491.2290. 

(RS)-4-(Methylthio)-N-(2-morpholinoethyl)-2-(N-(3-

phenoxybenzyl)sulfamoylamino)butanamide 6d: Colorless oil (0.17 g; 9% yield). 
1
H NMR 
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(CDCl3): δ 1.95-2.03 (q, J = 28.8 Hz, 2H), 2.09 (s, 3H), 2.35-2.50 (m, 6H), 2.50-2.69 (m, 2H), 

3.23-3.43 (m, 2H), 3.64 (t, J = 18.2 Hz, 4H), 4.00-4.08 (q, J = 28.1 Hz, 1H), 4.19 (d, 2H), 5.00 (t, 

J = 28.1 Hz, 1H), 5.51 (d, 1H), 6.62 (t, J = 18.2 Hz, 1H), 6.94 (d, 1H), 7.00 (m, 2H), 7.02-7.18 

(m, 2H), 7.29-7.38 (m, 3H). HRMS (ESI) calculated m/z for C24H35N4O5S2 [M+H]
+
 523.2049; 

found 523.2036. 

N-(2-Morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide hydrochloride 7a: 

Compound 6a (0.20 g; 0.45 mmol) was treated with 4 M HCl in dioxane (10 Ml; 40 mmol) and 

the solution was stirred at room temperature for 20 min. The solvent was removed, leaving a 

yellow oil which was treated with diethyl ether (20 mL) and then concentrated again. The residue 

was treated with a mixture of methylene chloride (5 mL) and hexane (10 mL) and the solvent 

was removed, leaving a yellow solid (0.10 g; 46% yield), mp 140-142
o
C. 

1
H NMR (DMSO): δ  

3.10-3.23 (m, 2H), 3.40-3.49 (s, 2H), 3.51-3.69 (m, 6H), 3.88-3.93 (m, 4H), 4.03 (d, 2H), 6.90 

(d, 1H), 7.00 (d, 2H), 7.05-7.19 (m, 2H), 7.30-7.43 (m, 3H), 7.55 (t, J = 21.4 Hz, 1H), 8.19 (s, 

1H). HRMS (ESI) calculated m/z for C21H29N4O5S [M+H]
+
 449.1859; found 449.1864. 

(RS)-N-(2-Morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)propanamide 

hydrochloride 7b:  White solid (0.25 g; 100% yield), mp 166-168
 o

C. 
1
H NMR (DMSO): δ 1.21 

(d, 3H), 3.10-3.23 (m, 2H), 3.40-3.49 (q, J = 18.8 Hz, 1H), 3.51-3.69 (m, 6H), 3.88-3.93 (m, 4H), 

4.03 (d, 2H), 6.90 (d, 1H), 7.00 (m, 2H), 7.07-7.19 (m, 2H), 7.30-7.43 (m, 3H), 7.55 (t, J = 26.1 

Hz, 1H), 8.21 (s, 1H). HRMS (ESI) calculated m/z for C22H31N4O5S [M+H]
+
 463.2015; found 

463.2009. 

(RS)-4-(Methylthio)-N-(2-morpholinoethyl)-2-(N-(3-phenoxybenzyl)sulfamoyl-

amino)butanamide hydrochloride 7d: Yellow solid (0.13 g; 94% yield), mp 107-109
 o

C. 
1
H 



34 
 

NMR (CDCl3): δ 1.70-1.99 (m, 2H), 2.11 (s, 3H), 2.51 (m, 2H), 2.75-2.99 (m, 2H), 3.10-3.20 (m, 

1H), 3.20-3.39 (m, 2H), 3.40-3.55 (m, 1H), 3.71-4.42 (m, 7H), 5.05 (d, 2H), 6.95 (d, 1H)7.00-

7.18 (m, 3H), 7.20-7.40 (m, 5H), 7.90 (t, J = 25.0 Hz, 1H), 8.80 (s, 1H), 9.60-9.80 (s, 1H). 

HRMS (ESI) calculated m/z for C24H35N4O5S2 [M+H]
+
 523.2049; found 523.2043. 

Methyl 2-((N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoyl) (methyl)amino)acetate 8a: 

To a chilled solution of compound 2a (2.25 g; 5 mmol) in acetonitrile (10 mL) was added NaH 

(60% w/w; 0.24 g; 6 mmol). After stirring for 30 min, iodomethane (0.85 g; 6 mmol) was added. 

The reaction mixture was allowed to warm up to room temperature and stirred overnight. The 

reaction mixture was refluxed for 2.5 h and monitored by TLC. The solvent was removed, 

leaving a residue which was taken up in methylene chloride (75 mL) and washed with 5% HCl 

(3 x 25 mL), and brine (3 x 25 ml). The organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated, leaving a yellow oil (2.05 g; 89% yield).
1
H NMR (CDCl3): δ  1.44 (s, 

9H), 2.85 (s, 3H), 3.71 (s, 3H), 4.03 (s, 2H), 4.83 (2H), 6.93 (d, 2H), 7.0 (d, 2H), 7.12 (m, 2H), 

7.29-7.38 (m, 3H). 

Methyl 2-(benzyl(N-(tert-butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoyl)amino)-acetate 8b: 

Colorless oil, (0.36 g; 22% yield). 
1
H NMR (CDCl3): δ 1.45 (s, 9H), 3.73 (s, 3H), 3.90 (s, 2H), 

4.48 (s, 2H), 4.80, (s, 2H), 6.89 (d, 2H), 6.98 (d, 2H), 7.04-7.35 (m, 9H). 

2-((N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoyl)(methyl)amino)acetic acid 9a: A 

solution of compound 8a (1.87 g; 4.03 mmol) in THF (10 mL) was treated with a solution of 

lithium hydroxide (0.12 g; 5 mmol) in 5 mL H2O. The reaction mixture was stirred at room 

temperature for 1.5 h and monitored by TLC. The solvent was removed and the residue was 

diluted with water (20 mL) and washed with ethyl ether (2 x 25 mL).  The aqueous layer was 
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separated and the pH was adjusted to ~2 using 6 M HCl (~3 mL). The acidified aqueous layer 

was extracted with ethyl acetate (2 x 40 mL) and the organic layer was dried over anhydrous 

sodium sulfate, filtered, and concentrated, leaving a colorless oil (1.15 g; 64% yield). 
1
H NMR 

(CDCl3): δ 1.44 (s, 9H), 2.81 (s, 3H), 4.10 (s, 2H), 4.82 (s, 2H), 6.93 (d, 2H), 7.0 (d, 2H), 7.13 

(d, 2H), 7.28-7.37 (m, 3H). 

2-(benzyl(N-(tert-Butoxycarbonyl)-N-(3-phenoxybenzyl)sulfamoyl)amino)acetic acid 9b: 

Colorless oil, (0.33 g; 88% yield). 
1
H NMR (CDCl3): δ 1.43 (s, 9H), 3.99 (s, 2H), 4.44 (s, 2H), 

4.80 (s, 2H), 6.89-6.98 (m, 3H), 7.01-7.36 (m, 10H). 

2-(Methyl(N-(3-phenoxybenzyl)sulfamoyl)amino)acetic acid 10a: A solution of compound 9a 

(1.0 g, 2.22 mmol) in trifluoroacetic acid (10 mL) was stirred at room temperature for 20 min 

while monitoring the disappearance of the starting material by TLC. Excess trifluoroacetic acid 

was removed, leaving a yellow residue which was treated with diethyl ether (10 mL). The 

solvent was removed again on the rotary evaporator and the residue was washed with ether 

twice, leaving a yellow oil (0.73 g; 95% yield). 
1
H NMR (CDCl3): δ 2.89 (s, 3H), 4.00 (s, 2H), 

4.21 (s, 2H), 6.90-7.15 (m, 7H), 7.25-7.39 (m, 3H). 

2-(Benzyl(N-(3-phenoxybenzyl)sulfamoyl)amino)acetic acid 10b: Light yellow oil (0.20 g; 84 

% yield). 
1
H NMR (CDCl3): δ 3.93 (s, 2H), 4.30 (s, 2H), 4.43 (s, 2H), 4.91-4.98 (s, 1H), 6.90-

7.18 (m, 5H), 7.23-7.40 (m, 8H). 

2-(Methyl(N-(3-phenoxybenzyl)sulfamoyl)amino)-N-(2-morpholinoethyl)acetamide 11a: To a 

solution of compound 10a (0.65 g; 1.86 mmol) in dry THF (15 mL) was added 

carbonyldiimidazole (0.30 g; 1.86 mmol) and the solution was stirred at room temperature for 20 

min (starting material disappeared, as monitored by TLC). A solution of 4-(2-aminoethyl)-
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morpholine (0.24 g; 1.86 mmol) in THF (5 mL) was added and the reaction mixture was stirred 

at room temperature overnight. The solvent was removed on the rotary evaporator, leaving a 

yellow oil which was taken up in ethyl acetate (40 mL), and washed with water (2 x 20 mL) and 

brine (2 x 20 mL). The organic layer was dried, filtered, and concentrated, leaving a light yellow 

oil (0.45 g; 52% yield). 
1
H NMR (CDCl3): δ 2.40-2.53 (m, 6H), 2.86 (s, 3H), 3.36-3.40 (q, J = 

27.3 Hz, 2H), 3.65-3.72 (t, J = 27.3Hz, 4H), 3.79 (s, 2H), 4.28 (d, 2H), 5.26 (t, J = 22.7, 1H), 

6.71( s, 1H), 6.90-7.17 (m, 5H), 7.25-7.39 (m, 3H). HRMS (ESI) calculated m/z for 

C22H31N4O5S [M+H]
+
 463.2015; found 463.1996. 

2-(Benzyl(N-(3-phenoxybenzyl)sulfamoyl)amino)-N-(2-morpholinoethyl)acetamide 11b: 

Colorless oil (0.10 g; 42 % yield). 
1
H NMR (CDCl3): δ 2.42-2.53 (m, 6H), 3.25-3.35 (q, J = 23.4 

Hz, 2H), 3.63-3.72 (t, J = 18.8 Hz, 4H), 3.78 (s, 2H), 4.30 (d, 2H), 4.39 (s, 2H), 5.85-5.95 (t, J = 

18.8 Hz, 1H), 6.50-6.59 (s, 1 H), 6.90- 7.12 (m, 6H), 7.23-7.37(m, 7H). HRMS (ESI) calculated 

m/z for C28H35N4O5S [M+H]
+
 539.2328; found 539.2336. 

2-(Methyl(N-(3-phenoxybenzyl)sulfamoyl)amino)-N-(2-morpholinoethyl)acetamide 

hydrochloride 12a: Compound 11a (0.42 g; 0.9 mmol) was treated with 4 M HCl in dioxane (10 

mL, 40 mmol) and stirred at room temperature for 20 min.   Removal of the solvent left a yellow 

oil which was treated with diethyl ether (20 mL). The solvent was removed and the residue was 

treated with a mixture of methylene chloride (5 mL) and hexane (10 mL) and the solvent was 

removed, leaving a yellow oil (0.30 g; 67% yield). 
1
H NMR (CDCl3): δ 2.79-2.98 (s, 2H),  2.99 

(s, 3H), 3.24 (s, 2H), 3.60-3.81 (m, 6H), 3.91-4.00 (m, 2H), 4.10-4.19 (m, 2H), 4.35 (d, 2H), 6.90 

(d, 2H), 6.99-7.20 (m, 5H), 7.28-7.38 (m, 3H), 7.84 (t, J = 20.0 Hz, 1H), 8.66 (t, J = 20.0 Hz, 

1H). HRMS (ESI) calculated m/z for C22H31N4O5S [M+H]
+
 463.2015; found 463.2006. 
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2-(Benzyl(N-(3-phenoxybenzyl)sulfamoyl)amino)-N-(2-morpholinoethyl)acetamide 

hydrochloride 12b: Light yellow oil (0.04 g; 69% yield). 
1
H NMR (CDCl3): δ 2.80-2.95 (s, 2H), 

3.21-3.29 (t, J = 27.3 Hz, 2H), 3.51-3.80 (m, 6H), 3.89-4.01 (m, 2H), 4.02-4.23 (m, 2H), 4.38 (d, 

2H), 4.42 (s, 2H), 6.90 (d, 1H), 7.00 (d, 2H), 7.03-7.14 (m, 4H), 7.20-7.45 (m, 6H), 8.25 (t, J = 

27.3 Hz, 1H), 8.55 (t, J = 27.3 Hz, 1H). HRMS (ESI) calculated m/z for C28H35N4O5S [M+H]
+
 

539.2328; found 539.2328. 

N-(Furan-2-ylmethyl)-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide 13a: To a solution 

of compound 5a (0.34 g; 1.00 mmol) in 15 mL dry THF was added carbonyl diimidazole (0.16 g; 

1.00 mmol) and the reaction mixture was stirred at room temperature for 20 min.  A solution of 

2-furfurylamine (0.097 g; 1.00 mmol) in THF (5 mL) was added and the solution was stirred at 

room temperature overnight. The solvent was removed, leaving a yellow oil which was taken up 

in ethyl acetate (30 mL) and washed with water (2 x 20 mL) and brine (2 x 20 mL). The organic 

layer was dried over anhydrous sodium sulfate and the solvent was removed, leaving a light 

yellow oil which was treated with diethyl ether (40 mL). A white precipitate formed which was 

collected by suction filtration (0.23 g; 55% yield); mp 110-112
o
C. 

1
H NMR (DMSO): δ 3.50 (d, 

2H), 4.02 (d, 2H), 4.28 (d, 2H), 6.23 (s, 1H), 6.39 (s, 1H), 6.90 (d, 1H), 7.00 (d, 2H), 7.09-7.19 

(m, 2H), 7.23-7.45 (m, 4H), 8.29 (t, J = 20.7 Hz, 1H). HRMS (ESI) calculated m/z for 

C20H21N3O5SNa [M+Na]
+
 438.1100; found 438.1095. 

N-Benzyl-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide 13b: White solid (0.30 g; 69% 

yield), mp 142-144
 o

C. 
1
H NMR (DMSO): δ 3.48 (s, 2H), 4.01 (d, 2H), 4.25 (d, 2H), 6.88 (d, 

1H), 6.99 (d, 2H), 7.04-7.16 (m, 2H), 7.20-7.41 (m, 9H), 7.46 (s, 1H), 8.35 (t, J = 20.7 Hz, 1H). 

HRMS (ESI) calculated m/z for C22H23N3O4SNa [M+Na]
+
 448.1307; found 448.1311. 



38 
 

N-Phenethyl-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide 13c: White solid (0.28 g; 64% 

yield), mp 127-129
 o

C. 
1
H NMR (DMSO): δ 2.69 (t, J = 25.0 Hz, 2H), 3.22-3.37 (m, 2H), 3.40 

(d, 2H), 4.00 (d, 2H), 6.85 (d, 1H), 7.00 (d, 2H), 7.05-7.44 (m, 11H), 7.89 (t, J = 10.0 Hz, 1H). 

HRMS (ESI) calculated m/z for C23H25N3O4SNa [M+Na]
+
 462.1463; found 462.1447. 

(RS,RS)-Methyl 4-(2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamido)-

cyclohexanecarboxylate 13d: Colorless oil (0.07 g; 15% yield). 
1
H NMR (CDCl3): δ 1.48-1.60 

(m, 2H), 1.62-1.75 (m, 3H), 1.80-1.95 (m, 3H), 2.43-2.53 (m, 1H), 3.60 (d, 2H), 3.65 (s, 3H), 

3.87-3.97 (m, 1H), 4.20 (d, 2H), 5.02-5.15 (m, 2H), 6.23 (d, 2H), 6.88-7.14 (m, 7H), 7.24-7.36 

(m, 2H). HRMS (ESI) calculated m/z for C23H29N3O6SNa [M+Na]
+
 498.1675; found 498.1676. 

(RS)-Methyl 1-(2-(N-(3-phenoxybenzyl)sulfamoylamino)acetyl)piperidine-4-carboxylate 13e:  

To a solution of compound 5a (0.34 g; 1.00 mmol) in dry THF (10 mL) was added 

carbonyldiimidazole (0.16 g; 1.00 mmol) and the solution was stirred at room temperature for 20 

min.  A solution of methyl piperidine-4-carboxylate (0.14 g; 1.00 mmol) in THF (5 mL) was 

added and the reaction mixture was stirred at room temperature overnight. The solvent was 

removed and the residue was taken up in ethyl acetate (30 mL) and washed with water (2 x 20 

mL) and brine (2 x 20 mL). The organic layer was dried over anhydrous sodium sulfate and the 

solvent was removed, leaving a light yellow oil. Addition of diethyl ether (40 mL) yielded a 

white precipitate which was collected by suction filtration (0.21 g; 46% yield), mp 93-95
o
C. 

1
H 

NMR (CDCl3): δ 1.58-1.75 (m, 2H), 1.90-2.00 (m, 2H), 2.50-2.62 (m, 1H), 2.85-2.96 (t, J = 37.5 

Hz, 1H), 3.00-3.11 (t, J 37.5 Hz, 1H), 3.51-3.61 (d, 1H), 3.69 (s, 3H), 3.80 (s, 2H), 4.20 (d, 2H), 

4.21-4.31 (d, 2H), 4.68 (t, J = 18.8 Hz, 1H), 5.43 (s, 1H), 6.90-7.15 (m, 6H), 7.22-7.35 (m, 3H). 

HRMS (ESI) calculated m/z for C22H27N3O6SNa [M+Na]
+
 484.1518; found 484.1506. 
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Ethyl 4-(2-(N-(3-phenoxybenzyl)sulfamoylamino)acetyl)piperazine-1-carboxylate 13f: White 

solid (0.38 g; 53% yield), mp 95-97
 o

C. 
1
H NMR (CDCl3): δ 1.23-1.32 (t, J = 27.7 Hz, 3H), 3.31 

(m, 2H), 3.43-3.54 (m, 4H), 3.58 (m, 2H), 3.80 (s, 2H), 4.15-4.23 (m, 3H), 4.55 (t, J = 18.5 Hz, 

1H), 5.38 (s, 1H), 6.90-7.15 (m, 7H), 7.27-7.38 (m, 2H). HRMS (ESI) calculated m/z for 

C22H28N4O6SNa [M+Na]
+
 499.1627; found 499.1614. 

N-(4-Benzylpiperazine)-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide 13g: White solid 

(0.39 g; 53% yield), mp 125-127
 o

C. 
1
H NMR (CDCl3): δ 2.37-2.45 (t, J = 34.6 Hz, 4H), 3.25-

4.33 (t, J = 34.6 Hz, 2H), 3.53 (s, 2H), 3.55-3.43 (t, J = 34.6 Hz, 2H), 3.80 (s, 2H), 4.20 (s, 2H), 

4.29-4.40 (s, 1H), 5.35-5.46 (s, 1H), 6.90-7.15 (m, 5H), 7.22-7.39 (m, 8H). HRMS (ESI) 

calculated m/z for C26H31N4O4S [M+H]
+
 495.2066; found 495.2073. 

 (RS,RS)-4-(2-(N-(3-Phenoxybenzyl)sulfamoylamino)acetamido)cyclohexane-carboxylic acid  

13h: A solution of compound 13d (0.17 g; 0.36 mmol) in THF (5 mL) was treated with a 

solution of lithium hydroxide (0.03 g; 1.00 mmol) in water (1 mL) and the reaction mixture was 

stirred at room temperature for 0.5 h (monitored by TLC until the disappearance of the staring 

material). The solvent was removed on the rotary evaporator and the residue was diluted with 

water (20 mL). The pH was adjusted to ~2 using 6M HCl (~2 mL) and the aqueous layer was 

extracted with ethyl acetate (2 x 30 mL). The organic layer was dried over anhydrous sodium 

sulfate, filtered, and concentrated, leaving a white solid (0.16 g; 100% yield), mp 156-158
 o

C. 
1
H 

NMR (DMSO): δ 1.41-1.59 (m, 2H), 1.62-1.75 (m, 3H), 1.80-1.96 (m, 3H), 2.43-2.53 (m, 1H), 

3.60 (d, 2H), 3.62-3.71 (m, 1H), 4.05 (d, 2H), 5.90 (d, 1H), 6.91 (d, 1H), 7.00 (d, 2H), 7.06-7.19 

(m, 2H), 7.30-7.43 (m, 3H), 7.70 (d, 1H). HRMS (ESI) calculated m/z for C22H27N3O6SNa 

[M+Na]
+
 484.1518; found 484.1501. 
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(RS)-1-(2-(N-(3-Phenoxybenzyl)sulfamoylamino)acetyl)piperidine-4-carboxylic acid 13i: A 

solution of compound 13e (0.10 g; 0.22 mmol) in THF (5 mL) was treated with a solution of 

lithium hydroxide (0.03 g; 1.00 mmol) in water (1 mL) and the reaction mixture was stirred at 

room temperature for 0.5 h (monitored by TLC until the disappearance of the staring material). 

The solvent was removed on the rotary evaporator and the residue was diluted with water (10 

mL). The pH was adjusted to ~2 using 6M HCl (~2 mL) and the aqueous layer was extracted 

with ethyl acetate (2 x 30 mL). The organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated, leaving a white solid (0.06 g; 61% yield), mp 151-153
 o

C. 
1
H NMR 

(CDCl3): δ 1.30-1.60 (m, 4H), 1.78-1.86 (m, 2H), 2.59 (m, 1H), 2.70-2.80 (t, J = 37.5 Hz, 1H), 

3.00-3.10 (t, J = 37.5 Hz, 1H), 3.61-3.70 (d, 1H), 3.73 (d, 2H), 4.04 (d, 2H), 4.06-4.15 (d, 1H), 

6.80 (t, J = 18.8 Hz, 1H), 6.89 (d, 1H), 7.00 (d, 2H), 7.09-7.17 (m, 2H), 7.30-7.42 (m, 3H). 

HRMS (ESI) calculated m/z for C21H25N3O6SNa [M+Na]
+
 470.1362; found 470.1373. 

N-(4-Benzylpiperazine)-2-(N-(3-phenoxybenzyl)sulfamoylamino)acetamide hydrochloride 

(13j): Compound 13g (0.20 g; 0.45 mmol) was dissolved with 4 M HCl in dioxane (10 mL; 40 

mmol) and stirred at room temperature for 20 minutes. Upon the reaction completion, the excess 

HCl and solvent were removed under vacuum, leaving the crude product as a yellow oil. This oil 

was redissolved in diethyl ether (2 x 10 mL) and then concentrated to dryness to give the pure 

product as a white solid (0.18 g, 63% yield), mp 168-170
o
C. 

1
H NMR (DMSO): δ 2.37-2.45 (t, J 

= 34.6 Hz, 4H), 3.25-4.33 (m, 2H), 3.40 (s, 2H), 3.53 (s, 2H), 3.55-3.43 (m, 2H), 4.20 (d, 2H), 

4.29-4.43 (s, 1H), 6.85 (d, 1H), 7.00 (m, 2H), 7.04-7.15 (q, 29.5 Hz, 1H), 7.29-7.40 (m, 3H), 

7.41-7.58 (m, 2H). HRMS (ESI) calculated m/z for C26H31N4O4S [M+H]
+
 495.2066; found 

495.2068. 
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2.4 Biochemical Studies: 

The effects of the synthesized compounds were examined in NV replicon-harboring cells (HG23 

cells) and the results are summarized in Table 1.
 
Detailed procedures for studying the antiviral 

effects using HG23 cells have been reported elsewhere (67, 68, 69, 70). 

One-day old, 80-90% confluent HG23 cells were treated with varying concentrations of each 

compound to examine its effects on the replication of NV (0 [mock-DMSO] - 10 μM) and cell 

cytotoxic effects (0 - 320 μM). At 24 or 48 hrs of treatment, the NV protein or genome were 

analyzed with Western blot analysis or qRT-PCR, respectively. The ED50s of the compounds for 

NV genome levels were determined at 24 hr post-treatment. The cytotoxic effects of the 

compounds on HG23 cells were determined using a cell cytotoxicity assay kit (Promega, 

Madison, WI) to calculate the median toxic dose (TD50) at 48 hr of treatment.                    

 

2.5 Results and Discussion: 

The potency of methionine-derived compound 6d  compared favorably to those of cyclic 

compounds A-C (Figure 2.1) and had an improved therapeutic index >27 relative to compounds 

A-C which can be largely ascribed to an improvement in cellular cytotoxicity. It should be noted 

that the corresponding hydrochloride salt (compound 7d, Table 2.1) of compound 6d had a 

comparable ED50 and a greatly improved TD50 (therapeutic index ~54, Table 2.1). The 

hydrochloride salt (compound 7a, Table 2.1) of glycine derivative 6a was the least toxic and had 

the highest therapeutic index (TI ~ 65).  Compounds 7a and 7d displayed 3 to 4-fold 

improvement in their therapeutic indices when compared to cyclic sulfamides A-C (Figure 2.1). 
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These observations prompted us to keep the glycine core constant throughout the rest of the 

optimization process.  

Table 2.1: Inhibitory activity of acyclic sulfamides. 

   Compound ED50 (μM)
a 

TD50(μM)
b 

3a >10 ND
b
 

6a 8.5±1.9 165±15 

6b >10 ND 

6c >10 ND 

6d 4.5±2.1 124±25 

7a 5.1±1.5 330±32 

7b >10 ND 

7d 4.3±2.1 230±34 

11a 5.2±2.5 320±24 

11b 3.8±2.1 45±13 

12a 10.1±4.3 235±45 

12b 3.9±2.8 55±12 

13a >10 ND 

13b 8.1±2.7 47±15 

13c >10 ND 

13d >10 75±21 

13e >10 ND 

13f 8.2±3.5 130±25 

13g 5.5±2.4 145±20 

13h >10 ND 

13i >10 ND 

13j 5.7±2.8 120±14 
b
Average of two independent experiments ± standard deviation; 

b
ND: not determined due to high ED50 value. 

    

 Given R
1
 as hydrogen, a methyl or benzyl group was introduced at R

2
 before the removal of Boc 

and ester hydrolysis. Compound 11a, substituted with a methyl group at R
2
 gave a 2-fold 

improvement in both ED50 and TD50 compared to its parent compound 6a, whereas compound 

11b with R
2
 = benzyl had a slightly improved potency and ~8-fold higher toxicity versus 

compound 11a. The insensitivity of the ED50s to substitution at R
2
 (with and without 

substitution) suggests that the sulfamide N-H does not engage in hydrogen bonding interactions. 
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Further insights into the nature of the interactions these compounds engage in will have to await 

the establishment of the identity of the molecular target. It should be noted that the acyclic 

sulfamides described herein do not inhibit NV 3C protease. Hydrochloride salt 12a had a lower 

TI than its parent compound 11a (TI ~ 24 versus ~63), while compounds 11b and 12b had 

comparable TIs.  

The R
3
 diversity site was probed by synthesizing an array of structurally-diverse amides 

(compounds 13a-j, Scheme 3) which in some cases incorporated polar groups in their structure to 

enhance aqueous solubility. Among compounds 13a-j, potency and cytotoxicity were sensitive to 

the nature of R
3
. Compound 13g and the corresponding hydrochloride salt 13j had the best 

profile with TIs 26 and 21, respectively.  

    In summary, the studies described herein have demonstrated that functionalized acyclic 

sulfamides exhibit potent anti-norovirus activity in a cell-based replicon system. Taken together, 

several acyclic sulfamide derivatives (6d, 7a, 7d, 11a, 13g) exhibited improved therapeutic 

indices compared to the corresponding cyclic sulfamide derivatives. These results, coupled with  

the synthetic tractability and multiple points of diversity present in (II), hold significant promise 

for the development of anti-norovirus therapeutics. Future studies will aim at probing further 

general structure (II) using natural and unnatural amino acids.   
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CHAPTER 3 

DESIGN, SYNTHESIS, AND EVALUATION OF TRANSITION STATE ANALOG 

INHIBITORS OF NOROVIRUS 3CL PROTEASE. 

3.1 Inhibitor Design Rationale: 

The rationale underlying the studies described herein rested on the following considerations: (a) 

bisulfite adducts of amino acid-derived isocyanates are readily-accessible, stable, water-soluble 

solids which function as latent isocyanates. These adducts have been shown to be highly 

effective, time-dependent, irreversible inhibitors of mammalian serine proteases, such as 

neutrophil elastase, cathepsin G, and proteinase 3 (71, 72);  (b) bisulfite adducts of aldehydes, 

methyl or cyclic ketones, and α-ketoesters are readily-synthesized, stable solids having high 

aqueous solubility. Treatment of the addition products with acid or base yields the precursor 

carbonyl compounds (73); 

 

 

 

 

 

 

Figure3.1: Design rationale of bisulfite adducts of NV transition state analog inhibitors.  
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(c) we hypothesized that the bisulfite adducts of transition state (TS) analog inhibitors of 

proteases (serine and cysteine), such as peptidyl aldehydes, α-ketoamides, and others could 

potentially function as a latent form of the precursor TS analog inhibitor (Figure 3.1), generating 

the active form of the inhibitor in the gastrointestinal tract and blood plasma. In principle, the 

bisulfite adducts could also function as transition state mimics (74); and (d) the high aqueous 

solubility and pH-dependent equilibria between the precursor carbonyl compound and adduct 

were also envisaged to have a significant effect on the pharmacokinetics and ADMET 

characteristics of the precursor TS analog inhibitors; and, (e) norovirus infection in 

immunocompromised individuals, children and the elderly frequently requires hospitalization 

that could potentially necessitate intravenous administration of an anti-norovirus therapeutic. It 

was envisioned that the bisulfite adducts might be suitable candidates for fulfilling such a role.  

3.2 Chemistry: 

Reaction of an appropriate amino acid ester hydrochloride with trichloromethyl chloroformate 

yielded the corresponding isocyanate which was subsequently reacted with an appropriate 

alcohol in the presence of triethylamine to yield carbamate derivative 2a-j. Hydrolysis with 

lithium hydroxide in aqueous THF followed by coupling with a glutamine surrogate (75) yielded 

ester 4a-h which was further elaborated to yield aldehydes 6a-j via sequential reduction to the 

alcohol with lithium borohydride, followed by Dess-Martin oxidation (76, 77). Likewise, 

reaction of aldehyde 6 (R
1
 = benzyl, R

2
 = isobutyl) with cyclopropyl isonitrile followed by 

treatment with acetic acid yielded alcohol 8 which was oxidized to form the corresponding α-

ketoamide 9. The generated aldehyde and α-ketoamide bisulfite adducts were readily obtained by 

stirring aldehydes 6a-j and α-ketoamide 9 with sodium bisulfite (78). 
 



46 
 

Scheme 3.1: Synthetic scheme of NV protease inhibitors (6a-j, 7a-j, 9, 10). 
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Table 3.1: Variation at R
1 
and R

2
 position 

compound R
1 

R
2
 

2a - 7a Benzyl Isobutyl 

2b - 7b Benzyl n-propyl 

2c - 7c Benzyl n-butyl 

2d - 7d Benzyl Cyclohexylmethyl 

2e - 7e Benzyl Benzyl 

2f - 7f Isobutyl p-fluorobenzyl 

2g - 7g Isobutyl m-fluorobenzyl 

2h - 7h Isobutyl 2-phenethyl 

2j - 7j Isobutyl 2-cyclohexylethyl 

 

 

Scheme 3.2: Synthetic scheme of glutamine surrogate. 
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3.3 Experimental Section 

General:  

    The 
1
H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. Melting 

points were determined on a Mel-Temp apparatus and are uncorrected. Reagents and solvents 

were purchased from various chemical suppliers (Aldrich, Acros Organics, TCI America, and 

Bachem). Silica gel (230-450 mesh) used for flash chromatography was purchased from Sorbent 

Technologies (Atlanta, GA). Thin layer chromatography was performed using Analtech silica gel 

plates to determine the compound purity. The TLC plates for all the compounds were eluted 

using two different solvent systems and visualized using iodine and/or UV light. Each individual 

compound was identified as a single spot on TLC plate (purity was > 95% as evidenced by 
1
H 

NMR).  

 

Synthesis of compound 11:  To a stirred solution of N-boc-L-glutamic acid (61.75 g, 250 mmol) 

in dry DMF (500 ml) were added NaHCO3 (95%, 126.01 g, 1500 mmol) and CH3I (from Arcos) 

(141.0 g, 1000 mmol) sequentially, and let it stirred at R.T for 5 days. Most of the DMF was 

removed by vacuum oil pump (connected under hood). The residue was taken up in ethyl acetate 

(600 ml) and the organic layer was washed with brine (2 x 100 ml). Organic layer was dried over 

anhydrous sodium sulfate, filtered, and solvent was removed on rotary evaporator left thick 

yellow oil (~75 g) and purified by chromatography (silica gel/hexane/ethyl acetate = 7 / 1) to 

give dimethyl ester as white solid (63.89 g, 92.88 % yield). 
1
H NMR (CDCl3): δ 1.41 ( s, 9H), 

1.90-2.01 (m, 1H), 2.19-2.23 (m, 1H), 2.55-2.69 (m, 2H), 3.68 (s, 3H), 3.75 (s, 3H), 4.35 (d, 1H), 

5.18 (d, 1H). 
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Synthesis of Compound 12: A stirred solution of lithium bis(trimethylsilyl)amide 

(hexamethyldisalazide, LiHMDS in THF (259.2 ml, 1M, 259.2 mmol)  was added dropwise to a 

solution of Compound 11 (33g, 120 mmol) in anhydrous THF (360 ml), at -78
o
C( using dry ice 

with acetone) under N2 atmosphere. The resulting mixture was stirred at -78
o
C for 1h. 

Bromoacetonitrile (TCI) (15.54g, 128.4 mmol) was added dropwise to the reaction mixture over 

a period of 1h while maintaining the temperature below -70
o
C. The reaction mixture was stirred 

at -78
o
C for additional 5h and then quenched by adding cold methanol (24 ml) in one portion and 

stirred for 30 min. The resulting methoxide was then quenched by adding cold acetic acid (24 

ml) in THF (144 ml) in one portion. After stirring for 30 min, the cooling bath was removed and 

replaced with water bath. The reaction mixture was allowed to warm up to room temperature and 

then poured into a saturated brine solution (600 ml). The organic layer was separated, and the 

aqueous layer was extracted with ethyl acetate (2 x 400 ml). Organic layers were combined, 

dried over anhydrous sodium sulfate, and concentrated under rotovac left reddish oil (43.48 g). 

The reddish oil was diluted in methylene chloride (500 ml) treated with silica gel (50 g) and 

activated carbon (2-3 scoops). The slurry was then filtered by Hirsh funnel and washed with 

methylene chloride (50 ml). The yellow filtrated was concentrated by rotovac to afford yellow 

oil (27.15 g, 71.98% yield), which was purified by flash chromatography (silica gel/hexane/ethyl 

acetate = 3: 1) left light yellow oil (21.00 g, 55.70% overall yield). 
1
H NMR (CDCl3): δ 1.42 (s, 

9H), 2.16-2.20 (m, 2H), 2.78-2.80 (m, 2H), 2.82-2.91 (m, 1H), 3.78 (s, 6H), 4.40 (m, 1H), 5.08 

(d, 1H).  

Synthesis of Compound 13: A pink solution of CoCl2.6H2O (from Arcos) (5.95 g, 25 mmol) and 

Compound 12 (15.7 g, 50 mmol) in methanol (300 ml) was stirred vigorously and cooled to 0 

o
C while NaBH4 (7.56 g, 200 mmol) was added in portion over 30 min. The reaction was stirred 
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at R.T for 24 h (monitor by TLC to ensure that the reaction is completed). Most of the methanol 

was removed under rotovac, leaving a viscous black oil, which was taken up with ethyl acetate 

(400 ml), and washed with brine (200 ml). The mixture was let stand in the separatory funnel for 

2 h, at which time the two layers separated (incompletely). To the organic layer with cloudy 

aqueous layer in separatory funnel was added 5% HCl (150 ml) (to make the solution clear and 

easier for layer separation). The organic layer was separated, and the aqueous layer was extracted 

with ethyl acetate (2 x 200 ml). Organic extracts were combined, dried over sodium sulfate, 

filtered, and solvent was removed by rotavac, leaving a crude green oil (13.09 g), which was 

purified by flash chromatography (silica gel/hexane/ethyl acetate = 1 : 1 ) left white solid ( 8.26 

g, 57.8 % yield), mp = 85-87
o
C. 

1
H NMR (CDCl3): δ 1.43 (s, 9H), 1.77-1.90 (m, 2H), 2.05-2.18 

(m, 1H), 2.40-2.50 (m, 2H), 3.31-3.39 (m, 2H), 3.74 (s, 3H), 4.25-4.31 (m, 1H), 5.51 (d, J = 9.09 

Hz, 1H).  

 

Compound 14: A solution of HCl in dioxane (4M; 30 ml) was added to a solution of Compound 

c (2.57 g, 9 mmol) at R.T with stirring. The mixture was stirred for 2 H, then concentrated under 

rotovac to yield a crude salt (2.93 g, overweigh). The crude compound was used for next reaction 

without any purification. 
1
H NMR (CDCl3): δ 1.60-1.80 (m, 1H), 1.80-2.00 (m, 1H), 2.00-2.10 

(m, 1H), 2.51-2.63 (m, 1H), 3.20 (m, 2H), 3.79 (s, 2H), 4.10-4.22 (s, 1H), 8.00 (s, 1H), 8.40-8.70 

(s, 2H). 
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Representative synthesis of amino acid methyl ester isocyanates: 

L-Norvaline methyl ester isocyanate: 

L-Norvaline methyl ester hydrochloride (16.80 g, 100 mmol) was placed in a dry 500-mL RB 

flask and then dried overnight on the vacuum pump. Flush with nitrogen and then dry 1, 4-

dioxane (200 mL) was added. Trichloromethyl chloroformate (29.67 g, 150 mmol) was added 

and the reaction mixture was refluxed for 10 hours. The solvent was removed on the rotary 

evaporator (connected under the hood) and the residue was vacuum distilled to yield pure 

isocyanate as colorless oil (13.72 g, 87.38 % yield).
 1

H NMR (CDCl3): δ 0.95 (t, J=7.3Hz, 3H), 

1.37-1.50(m, 2H), 1.67-1.86(m, 2H), 3.81(s, 3H), 4.02-4.07(m, 1H). 

L-Norleucine methyl ester isocyanate: Colorless oil (16.23 g, 92.84 % yield), 
1
H NMR (CDCl3): 

δ 0.82-0.93 (m, 3H), 1.19-1.39 (m, 4H), 1.60-1.82 (m, 2H), 3.75 (s, 3H), 4.34-4.40 (m, 1H).  

L-Leucine methyl ester isocyanate: Colorless oil (16.50 g, 94.39 % yield), 
1
H NMR (CDCl3): δ 

0.88-.98(m, 6H), 1.57-1.72 (m, 2H), 1.78-1.90 (m, 1H), 3.81 (s, 3H), 4.02-4.07(m, 1H). 

L-β-Cyclohexyl alanine methyl ester isocyanate: Colorless oil (13.35 g, 93.42 % yield), 
1
H 

NMR (CDCl3): δ 0.82-1.02 (m, 2H), 1.08-1.34 (m, 3H), 1.44-1.56 (m, 1H), 1.57-1.82 (m, 7H), 

3.80 (s, 3H), 4.04-4.10 (m, 1H). 

Representative synthesis of Compounds 2a-j: 

Compound 2a: Corresponding acid is commercially available. 

Compound 2b: Benzyl alcohol (2.16 g, 20 mmol) was dissolved in dry acetonitrile (15 mL). 

Triethylamine (6.07 g, 60 mmol) was added, followed by L-Norvaline methyl ester isocyanate 

(3.14 g, 20 mmol). The resulting solution was refluxed for 1 h and then allowed to cool to the 
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room temperature. Solvent was removed on the rotavac and the residue was taken up with ethyl 

acetate (75 mL). The organic layer was washed with 5 % HCl (2 x 20 mL) and brine (20 mL). 

Organic layer was separated, dried over anhydrous sodium sulfate. Filtered off and concentrated 

on the rotary evaporator to leave yellow colored oil (5.48 g, overweight). 
1
H NMR (CDCl3): δ 

0.9 (t, J=7.30Hz, 3H), 1.25-1.40 (m, 2H), 1.53-1.65 (m, 1H), 1.70-1.81 (m, 1H), 3.70 (s, 3H), 

4.31-4.38 (m, 1H), 5.07 (s, 2H), 5.45 (d, J=8.2Hz, 2H), 7.26-7.34 (m, 5H).  

Compound 2c: Yellow oil (5.58 g, 100 % yield), 
1
H NMR (CDCl3): δ 0.89 (t, J=6.90Hz, 3H), 

1.21-1.36 (m, 4H), 1.57-1.68 (m, 1H), 1.75-1.86 (m, 1H), 3.71 (s, 3H), 4.33-4.39 (m, 1H), 5.10 

(s, 2H), 5.45 (d, J=8.2Hz, 1H), 7.26-7.37 (m, 5H). 

Compound 2d: Colorless oil (4.44 g, 99.32 % yield) 
1
H NMR (CDCl3): δ 0.81-0.98 (m, 2H), 

1.07-1.25 (m, 3H), 1.27-1.38 (m, 1H), 1.42-1.50 (m, 1H), 1.55-1.71 (m, 5H), 1.78 (d, J=12.36Hz, 

1H), 3.70 (s, 3H), 4.36-4.44 (m, 1H), 5.06 (s, 2H), 5.18 (d, J=8.5Hz, 1H), 7.26-7.35 (m, 5H). 

Compound 2e: Corresponding acid is commercially available. 

Compound 2f: Yellow oil (5.70 g, 95.95 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 6H), 

1.44-1.76 (m, 3H), 3.71 (s, 3H), 4.34-4.43 (m, 1H), 5.06 (s, 2H), 5.32 (d, J=8.6Hz, 1H), 7.02 (t, 

J=8.7Hz, 2H), 7.29-7.35 (m, 2H). 

Compound 2g: Yellow oil (5.41 g, 91.07 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz,  

6H), 1.44-1.76 (m, 3H), 3.73 (s, 3H), 4.35-4.43 (m, 1H), 5.07 (s, 2H), 5.31 (d, J=8.6Hz, 1H), 

6.93-7.14 (m, 3H), 7.26-7.35 (m, 1H). 
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Compound 2h: Yellow oil (5.48 g, 93.52 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz,  

6H), 1.44-1.76 (m, 3H), 2.91 (t, J=7.0Hz, 2H), 3.70 (s, 3H), 4.26 (t, J=7.1Hz, 2H), 4.33-4.41 (m, 

1H), 5.28 (d, J=8.6Hz, 1H), 7.16-7.23 (m, 3H), 7.25-7.32 (m, 1H). 

Compound 2j: Yellow oil (5.80 g, 96.86 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 6H), 

1.06-1.41 (m, 4H), 1.43-1.77 (m, 12H), 3.71 (s, 3H), 4.09 (t, J=7.0Hz, 2H), 4.33-4.41 (m, 1H), 

5.20 (d, J=8.6Hz, 1H). 

Representative synthesis of Compounds 3a-j: 

Compound 3a: Commercially available. 

Compound 3b: A solution of ester compound, compound 2a (5.15 g, 19.41 mmol) in 

tetrahydrofuran (30 ml) was treated with 1M LiOH (40 mL). The reaction was stirred for 1 H at 

R.T, and monitored by T.L.C until disappearance of ester. Most of the solvent was evaporated 

off under rotovac. Water (25 ml) was added to dilute the solution, and was extracted with ethyl 

acetate (50 ml) to remove impurities. The solution was acidified to pH 2-3 by using 5% 

hydrochloride acid (20 ml), and then was extracted with ethyl acetate (3 x 100 ml). Organic layer 

was dried over anhydrous sodium sulfate, filtered, and solvent was evaporated off under rotovac 

left colorless oil (4.68 g, 96.09 % yield). 
1
H NMR (CDCl3): δ 0.91 (t, J=7.20Hz, 3H), 1.30-1.45 

(m, 2H), 1.58-1.71 (m, 1H), 1.72-1.88 (m, 1H), 4.34-4.43 (m, 1H), 5.10 (s, 2H), 5.40 (d, 

J=8.1Hz, 1H), 7.25-7.39 (m, 5H), 9.40-10.40 (brs, 1H).  

Compound 3c:  Colorless oil (4.15 g, 93.00 % yield), 
1
H NMR (CDCl3): δ 0.89 (t, J=7.0Hz, 3H), 

1.23-1.41 (m, 4H), 1.59-1.74 (m, 1H), 1.77-1.94 (m, 1H), 4.34-4.44 (m, 1H), 5.10 (s, 2H), 5.35 

(d, J=8.2Hz, 1H), 7.27-7.40 (m, 5H), 9.06-9.72 (brs, 1H). 
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Compound 3d: Colorless oil (3.97 g, 99.00 % yield), 
1
H NMR (CDCl3): δ 0.78-1.02 (m, 2H), 

1.05-1.29 (m, 3H), 1.33-1.46 (m, 1H), 1.48-1.57 (m, 1H), 1.59-1.76 (m, 5H), 1.81 (d, J=12.2Hz, 

1H), 4.38-4.47 (m, 1H), 5.10 (s, 2H), 5.26 (d, J=8.6Hz, 1H),  7.27-7.40 (m, 5H), 9.12-9.67 (brs, 

1H). 

Compound 3e: Commercially available. 

Compound 3f: Colorless oil (4.87 g, 96.05 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 

6H), 1.50-1.61 (m, 1H), 1.64-1.80 (m, 2H), 4.35-4.44 (m, 1H), 5.07 (s, 2H), 5.26 (d, J = 8.6Hz, 

1H), 6.98-7.07 (m, 2H), 7.27-7.36 (m, 2H), 9.41-10.02 (brs, 1H). 

Compound 3g: Colorless oil (4.65 g, 94.51 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 

6H), 1.50-1.61 (m, 1H), 1.64-1.80 (m, 2H), 4.36-4.45 (m, 1H), 5.10 (s, 2H), 5.33 (d, J = 8.6Hz, 

1H), 6.93-7.14 (m, 3H), 7.25-7.35 (m, 1H), 9.10-9.66 (brs, 1H). 

Compound 3h: Colorless oil (4.46 g, 92.53 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 

6H), 1.46-1.81 (m, 3H), 2.92 (t, J = 7.0 Hz, 2H), 4.30 (t, J = 7.0 Hz, 2H), 4.34-4.44 (m, 1H), 5.16 

(d, J = 8.6 Hz, 1H), 7.16-7.36 (m, 5H), 9.55-10.38 (brs, 1H). 

Compound 3j:  Colorless oil (4.79 g, 91.41 % yield), 
1
H NMR (CDCl3): δ 0.94 (d, J = 5.7 Hz, 

6H), 1.06-1.41 (m, 4H), 1.43-1.77 (m, 12H), 4.06-4.18 (m, 2H), 4.33-4.44 (m, 1H), 5.25 (d, 

J=8.6Hz, 1H), 9.80-9.98 (brs, 1H). 

Representative synthesis of Compounds 4a-j: 

Compound 4a: Crude of compound 14 (4.93 g, 13.27 mmol) and Compound 3a (3.52 g, 13.27 

mmol) were dissolved in dry N, N’-dimethyl formamide (60 mL), and mixture was cooled to 

0
O
C. N, N’-diisopropylethylamine (5.17 g, 40 mmol), 1-Hydroxybenzotriazole monohydrate 
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(HOBt.H2O) (2.45 g. 16 mmol) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) 

(3.06 g, 16 mmol) were added sequentially. The ice bath was removed and the reaction mixture 

was stirred at R.T overnight. Solvent was removed by the vacuum oil pump and the residue was 

taken up with ethyl acetate (200 mL) and washed sequentially with  5 % HCl (2 x 50 mL), 

saturated sodium bicarbonate (2 x 50 mL) and brine (50 mL). Organic layer was separated, dried 

over anhydrous sodium sulfate. Filtered off and solvent was removed under rotary evaporator to 

left yellow oil crude, which was purified by flash chromatography (silica gel/hexane/ethyl 

acetate) to give white solid (4.75 g, 83.04 % yield).  
1
H NMR (CDCl3): δ 0.99 (d, 6H), 1.40-1.95 

(m, 6H), 2.10-2.25 (m, 2H), 2.25-2.45 (m, 2H), 3.20-3.35 (m, 2H), 3.60-3.75 (s, 3H), 4.30-4.38 

(m, 1H), 4.40-4.45 (m, 1H), 5.00-5.20 (s, 2H), 5.50 (d, 1H), 6.40 (s, 2H), 7.20-7.40 (m, 5H), 7.92 

(d, 1H). 

Compound 4b: Colorless oil (2.58 g, 68.44 % yield).  
1
H NMR (CDCl3): δ 0.91 (t, J = 7.2Hz, 

3H), 1.30-1.48 (m, 2H), 1.56-1.69 (m, 1H), 1.74-1.91 (m, 3H), 2.07-2.24 (m, 1H), 2.28-2.52 (m, 

2H), 3.21-3.36 (m, 2H), 3.71 (s, 3H), 4.24-4.39 (m, 1H), 4.42-4.53 (m, 1H), 5.10 (s, 2H), 5.63 (d, 

J = 8.4Hz, 1H), 6.43 (s, 1H), 7.27-7.41 (m, 5H), 7.98 (d, J = 6.8Hz, 1H).  

Compound 4c: Colorless oil (2.57 g, 65.89 % yield), 
1
H NMR (CDCl3): δ 0.89 (t, J=7.0Hz, 3H), 

1.23-1.41 (m, 3H), 1.57-1.71 (m, 1H), 1.75-1.93 (m, 3H), 2.07-2.24 (m, 2H), 2.26-2.48 (m, 2H), 

3.20-3.36 (m, 2H), 3.70 (s, 3H), 4.16-4.36 (m, 1H), 4.42-4.53 (m, 1H), 5.09 (s, 2H), 5.63 (d, J = 

8.4Hz, 1H), 6.44 (s, 1H), 7.27-7.42 (m, 5H), 7.96 (d, J = 6.9Hz, 1H).  

Compound 4d: Colorless oil (2.89 g, 67.84 % yield), 
1
H NMR (CDCl3): δ 0.82-1.03 (m, 2H), 

1.05-1.30 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.57-1.94 (m, 9H), 2.07-2.23 (m, 1H), 
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2.25-2.55 (m, 2H), 3.22-3.36 (m, 2H), 3.72 (s, 3H), 4.20-4.40 (m, 1H), 4.42-4.52 (m, 1H), 5.10 

(s, 2H), 5.42 (d, J = 8.5Hz, 1H), 6.23 (s, 1H), 7.27-7.40 (m, 5H), 7.85 (d, J = 7.0Hz, 1H).  

Compound 4e: Colorless oil (4.57 g, 76.31 % yield), 
1
H NMR (CDCl3): δ 1.72-1.90 (m, 2H), 

2.05-2.16 (m, 1H), 2.18-2.40 (m, 2H), 2.95-3.17 (m, 2H), 3.20-3.33 (m, 2H), 3.70 (s, 3H), 4.41-

4.51 (m, 1H), 4.55-4.66 (m, 1H), 5.10 (s, 2H), 5.57 (d, J = 8.3Hz, 1H), 6.09 (s, 1H), 7.13-7.40 

(m, 10H), 7.74 (d, J = 6.7Hz, 1H). 

Compound 4f: Colorless oil (3.00 g, 73.89 % yield), 
1
H NMR (CDCl3): δ 0.95 (d, J = 6.0Hz, 

6H), 1.45-1.57 (m, 1H), 1.61-1.76 (m, 2H), 1.78-1.97 (m, 2H), 2.08-2.24 (m, 1H), 2.31-2.53 (m, 

2H), 3.24-3.40 (m, 2H), 3.72 (s, 3H), 4.25-4.39 (m, 1H), 4.41-4.52 (m, 1H), 5.04 (s, 2H), 5.34-

5.53 (m, 1H), 6.25-6.50 (m, 1H), 7.02 (t, J = 8.6Hz, 2H), 7.32 (t,         J = 8.1Hz, 2H), 7.99 (d, J 

= 5.4Hz, 1H). 

Compound 4g: Colorless oil (3.20 g, 78.81 % yield), 
1
H NMR (CDCl3): δ 0.96 (d, J = 6.2Hz, 

6H), 1.46-1.58 (m, 1H), 1.62-1.76 (m, 2H), 1.78-1.97 (m, 2H), 2.07-2.24 (m, 1H), 2.28-2.54 (m, 

2H), 3.23-3.39 (m, 2H), 3.72 (s, 3H), 4.27-4.39 (m, 1H), 4.41-4.52 (m, 1H), 5.08 (s, 2H), 5.55 (d, 

J = 8.7Hz, 1H), 6.46 (s, 1H), 6.94-7.14 (m, 3H), 7.25-7.36 (m, 1H), 8.04 (d, J = 6.7Hz, 1H).  

Compound 4h: Colorless oil (2.20 g, 57.44 % yield), 
1
H NMR (CDCl3): δ 0.95 (d, J = 6.2Hz, 

6H), 1.41-1.56 (m, 1H), 1.59- 1.74, (m, 2H), 1.77-1.95 (m, 2H), 2.08-2.24 (m, 1H), 3.34-3.54 (m, 

2H), 2.92 (t, J = 6.9Hz, 2H), 3.26-3.39 (m, 2H), 3.72 (s, 3H), 4.19-4.37 (m, 3H), 4.41-4.52 (m, 

1H), 5.29 (d, J = 8.8Hz, 1H), 6.23 (s, 1H), 7.18-7.34 (m, 5H), 7.93 (d, J = 6.6Hz, 1H).  

Compound 4j: Colorless oil (3.02 g, 74.01 % yield), 
1
H NMR (CDCl3): δ 0.96 (d, J = 6.4Hz, 

6H), 1.07-1.25 (m, 3H), 1.29-1.40 (m, 1H), 1.44-1.56 (m, 5H), 1.59-1.93 (m, 9H), 2.10-2.28 (m, 
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1H), 2.33-2.57 (m, 2H), 3.27-3.43 (m, 2H), 3.72 (s, 3H), 4.00-4.17 (m, 2H), 4.34-4.58 (m, 2H), 

5.30 (d, J = 8.7Hz, 1H), 6.68 (s, 1H), 7.96 (d, J = 6.6Hz, 1H). 

Representative synthesis of Compounds 5a-j: 

Compound 5a: A solution of Compound 4a (4.64 g, 10.70 mmol) in anhydrous THF (30 mL) 

was treated with Lithium borohydride (2M in THF, 10 mL, 20 mmol) drop wise followed by 

absolute ethyl alcohol (25 mL). The reaction mixture was stirred at R.T overnight. The reaction 

mixture was acidified by adding 5 % HCl and adjusted the pH to ~2. Then the solvent was 

removed by rotary evaporator and the residue was taken up in ethyl acetate (150 mL). The 

organic layer was washed with brine (40 mL). Organic layer was separated, dried over anhydrous 

sodium sulfate, filtered and concentrated under the rotavac to left white solid (4.30 g, 99.07 % 

yield), mp 63-65 
O
C. 

1
H NMR (CDCl3): δ 0.99 (d, 6H), 1.40-2.10 (m, 8H), 2.25-2.45 (m, 2H), 

3.20-3.35 (m, 2H), 3.40-3.69 (m, 2H), 3.90-4.01 (s, 1H), 4.20-4.27 (m, 1H), 5.00-5.20 (s, 2H), 

5.40 (d, 1H), 5.98 (s, 2H), 7.20-7.40 (m, 5H), 7.80 (d, 1H). 

Compound 5b: colorless oil ( 2.13 g, 91.41 % yield). 
1
H NMR (CDCl3): δ 0.92 (t, J=7.1Hz, 3H), 

1.29-1.43 (m, 2H), 1.49-1.67 (m, 2H), 1.71-1.86 (m, 2H), 1.93-2.09 (m, 1H), 2.27-2.52 (m, 2H), 

2.60-3.00 (brs, 1H), 3.17-3.36 (m, 2H), 3.47-3.71 (m, 2H), 3.92-4.08 (m, 1H), 4.13-4.27 (m, 1H), 

5.08 (s, 2H), 5.74 (d, J=7.5Hz, 1H), 6.40 (s, 1H), 7.25-7.42 (m, 1H), 7.76 (d, J=6.6Hz, 1H).   

Compound 5c: Colorless oil (2.24 g, 96.13 % yield), 
1
H NMR (CDCl3): δ 0.90 (t, J=7.0Hz, 3H), 

1.22-1.38 (m, 4H), 1.48-1.67 (m, 2H), 1.70-1.87 (m, 2H), 1.96-2.11 (m, 1H), 2.28-2.50 (m, 2H), 

3.14-3.36 (m, 2H), 3.49-3.74 (m, 2H), 3.93-4.04 (m, 1H), 4.17-4.27 (m, 1H), 5.08 (s, 2H), 5.77 

(d, J=7.5Hz, 1H), 6.59 (s, 1H), 7.21-7.42 (m, 5H), 7.71 (d, J=7.2Hz, 1H).  
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Compound 5d: Colorless oil (2.56 g, 97.70 % yield), 
1
H NMR (CDCl3): δ 0.77-0.99 (m, 2H), 

1.03-1.26 (m, 3H), 1.28-1.39 (m, 1H), 1.41-1.85 (m, 10H), 1.93-2.07 (m, 1H), 2.25-2.50 (m, 2H), 

3.16-3.34 (m, 2H), 3.47-3.72 (m, 2H), 3.91-4.04 (s, 1H), 4.17-4.33 (s, 1H), 5.10 (s, 2H), 5.63 (d, 

J=7.8Hz, 1H), 6.45 (s, 1H), 7.22-7.42 (m, 5H), 7.69 (d, J=7.1Hz, 1H).  

Compound 5e: Colorless oil (3.95 g, 93.38 % yield), 
1
H NMR (CDCl3): δ 1.41-1.54 (m, 1H), 

1.65-1.98 (m, 2H), 2.07-2.41 (m, 2H), 2.88-3.16 (m, 2H), 3.18-3.31 (m, 2H), 3.35-3.49 (m, 2H), 

3.65 (s, 1H), 3.81-3.93 (m, 1H), 4.39-4.56 (m, 1H), 5.07 (s, 2H), 5.67 (d, J=8.2Hz, 1H), 6.12 (s, 

1H), 7.07-7.40 (m, 10H), 7.53 (d, J=6.6Hz, 1H).  

Compound 5f: Colorless oil (2.32 g, 86.24 % yield), 
1
H NMR (CDCl3): δ 0.81-0.99 (m, 6H), 

1.30-1.84 (m, 5H), 1.93-2.12 (m, 1H), 2.26-2.56 (m, 2H), 3.16-3.41 (m, 2H), 3.47-3.73 (m, 2H), 

3.81 (s, 1H), 3.93-4.06 (m, 1H), 4.20-4.45 (m, 1H), 5.03 (s, 1H), 5.77 (d, J=7.5Hz, 1H), 6.59 (s, 

1H), 7.02 (t, J=8.4Hz, 2H), 7.20-7.40 (m, 2H), 7.71 (d, J=7.2Hz, 1H).  

Compound 5g: Colorless oil (2.72 g, 93.79 % yield), 
1
H NMR (CDCl3): δ 0.81-0.99 (m, 6H), 

1.38-1.86 (m, 5H), 1.93-2.13 (m, 1H), 2.22-2.56 (m, 2H), 3.17-3.37 (m, 2H), 3.48-3.73 (m, 2H), 

3.80 (s, 1H), 3.93-4.05 (m, 1H), 4.16-4.33 (m, 1H), 5.07 (s, 2H), 5.73 (d, J=8.0Hz, 1H), 6.55 (s, 

1H), 6.90-7.16 (m, 3H), 7.20-7.41 (m, 1H), 7.70 (d, J=7.0Hz, 1H).  

Compound 5h: Colorless oil (1.86 g, 93.93 % yield), 
1
H NMR (CDCl3): δ 0.81-0.98 (m, 6H), 

1.34-1.87 (m, 5H), 1.95-2.13 (m, 1H), 2.26-2.54 (m, 2H), 2.78-2.97 (m, 2H), 3.16-3.38 (m, 2H), 

3.47-3.74 (m, 2H), 3.86-4.50 (m, 5H), 5.49 (s, 1H), 6.59 (s, 1H), 7.10-7.33 (m, 5H), 7.71 (d, 

J=7.1Hz, 1H).  

Compound 5j: Colorless oil (2.49 g, 92.22 % yield), 
1
H NMR (CDCl3): δ 0.83-0.99 (m, 6H), 

1.07-1.25 (m, 3H), 1.29-1.40 (m, 1H), 1.44-1.56 (m, 5H), 1.59-1.88 (m, 9H), 1.97-2.13 (m, 1H), 
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2.33-2.54 (m, 2H), 3.22-3.40 (m, 2H), 3.54-3.75 (m, 1H), 3.87-4.50 (m, 6H), 5.35 (s, 1H), 6.55 

(s, 1H), 7.69 (d, J = 7.2Hz, 1H).  

Representative synthesis of Compounds 6a-j: 

Compound 6a: Compound 5 (2.02 g, 5 mmol) was dissolved in anhydrous dichloromethane (50 

mL) under a nitrogen atmosphere and cooled to 0
O
C. Dess-Martin periodinane reagent (15 % wt 

in dichloromethane, 31.39 g, 11.1 mmol) was added with stirring. The ice bath was removed and 

the reaction mixture was stirred at RT for 1 h under the nitrogen atmosphere. The reaction was 

monitored by TLC until the starting material was disappeared.  10 % aqueous sodium thiosulfate 

(20 mL) was added and stirred for another 5 min. The solution was poured into a separatory 

funnel and the aqueous layer was separated. The organic was washed once more with 10 % 

aqueous sodium thiosulfate (20 mL), followed by saturated sodium bicarbonate (2 x 20 mL), 

water (2 x 20 mL) and brine (20 mL). The organic layer was separated and dried over anhydrous 

sodium sulfate. Filtered off and concentrated under the rotary evaporator leaving yellow oil 

crude, which was purified flash chromatography (silica gel/methylene chloride/ethyl 

acetate/methanol) to left white solid (1.18 g, 58.50 % yield), mp 76-78 
o
C. 

1
H NMR (CDCl3): δ 

0.95 (d, 6H), 1.40-2.00 (m, 6H), 2.00-2.20 (d, 2H), 2.20-2.50 (m, 2H), 3.20-3.40 (m, 2H), 4.20-

4.50 (m, 1H), 5.10 (s, 2H), 5.30-5.40 (m, 1H), 5.90 (s, 1H), 7.20-7.40 (m, 5H), 8.31 (m, 1H), 

9.43 (s, 1H). 

Compound 6b: White solid (0.88 g, 45.00 % yield), mp 63-65 
O
C.

 1
H NMR (CDCl3): δ 0.95 (t, 

J=7.2Hz, 3H), 1.32-1.47 (m, 2H), 1.54-1.72 (m, 1H), 1.75-2.10 (m, 4H), 2.24-2.53 (m, 2H), 

3.22-3.39 (m, 2H), 4.16-4.38 (m, 2H), 5.10 (s, 2H), 5.56 (d, J=8.1Hz, 1H), 6.15 (s, 1H), 7.27-

7.43 (m, 5H), 8.37 (d, J=5.7Hz, 1H), 9.48 (s, 1H). 
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Compound 6c: White solid (0.72 g, 44.72 % yield), mp 62-64 
O
C. 

1
H NMR (CDCl3): δ 0.80-0.94 

(m, 3H), 1.23-1.40 (m, 4H), 1.47-2.14 (m, 5H), 2.21-2.54 (m, 2H), 3.17-3.42 (m, 2H), 4.15-4.54 

(m, 2H), 5.10 (s, 2H), 5.52 (d, J=8.1Hz, 1H), 6.08 (s, 1H), 7.25-7.42 (m, 5H), 8.36 (d, J=5.3Hz, 

1H), 9.48 (s, 1H).  

Compound 6d: White solid (1.03 g, 58.19 % yield), mp 64-66 
O
C. 

1
H NMR (CDCl3): δ 0.81-

1.03 (m, 2H), 1.06-1.28 (m, 2H), 1.32-1.44 (m, 1H), 1.45-1.55 (m, 1H), 1.58-2.10 (m, 10H), 

2.24-2.54 (m, 2H), 3.24-3.40 (m, 2H), 4.20-4.43 (m, 2H), 5.04-5.23 (m, 2H), 5.40 (d, J=8.2Hz, 

1H), 6.14 (s, 1H), 7.27-7.40 (m, 5H), 8.30 (d, J=5.6Hz, 1H), 9.48 (s, 1H).  

Compound 6e: White solid (1.06 g, 60.57 % yield), mp 67-69 
O
C. 

1
H NMR (CDCl3): δ 1.66-1.90 

(m, 3H), 1.95-2.41 (m, 2H), 2.97-3.19 (m, 2H), 3.21-3.42 (m, 2H), 4.16-4.27 (m, 1H), 4.37-4.67 

(m, 1H), 5.06 (s, 2H), 5.57 (d, J=8.3Hz, 1H), 6.04 (s, 1H), 7.12-7.40 (m, 10H), 8.19 (d, J=5.8Hz, 

1H), 9.24 (s, 1H).  

Compound 6f: White solid (0.90 g, 53.57 % yield), mp 60-62 
O
C. 

1
H NMR (CDCl3): δ 0.96 (d, 

J=6.1Hz, 6H), 1.41-1.73 (m, 3H), 1.76-2.10 (m, 3H), 2.23-2.51 (m, 2H), 3.21-3.39 (m, 2H), 

4.15-4.38 (m, 2H), 5.04 (s, 2H), 5.39 (d, J=8.5Hz, 1H), 6.13 (s, 1H), 7.0 (t, J=8.6Hz, 2H), 7.26-

7.36 (m, 2H), 8.38 (d, J=5.7Hz, 1H), 9.46 (s, 1H). 

Compound 6g: White solid (0.61 g, 48.41 % yield), mp 65-67 
O
C. 

1
H NMR (CDCl3): δ 0.85-

1.02 (m, 6H), 1.45-2.14 (m, 6H), 2.24-2.62 (m, 2H), 3.18-3.43 (m, 2H), 3.17-3.56 (m, 2H), 5.10 

(s, 2H), 5.57 (d, J=8.2Hz, 1H), 6.31 (s, 1H), 6.94-7.15 (m, 3H), 7.27-7.26 (m, 1H), 8.34 (d, 

J=5.4Hz, 1H), 9.48 (s, 1H).  
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Compound 6h: White solid (0.71 g, 42.51 % yield), mp 60-62 
O
C. 

1
H NMR (CDCl3): δ 0.96 (d, 

J=6.0Hz, 6H), 1.39-2.15 (m, 6H), 2.24-2.55 (m, 2H), 3.22-3.41 (m, 2H), 3.98-4.64 (m, 4H), 5.29 

(d, J=8.3Hz, 1H), 6.21 (s, 1H), 7.13-7.34 (m, 5H), 8.36 (d, J=5.6Hz, 1H), 9.48 (s, 1H).  

Compound 6j: White solid (0.44 g, 63.77 % yield), mp 58-60 
O
C. 

1
H NMR (CDCl3): δ 0.84-1.00 

(m, 6H), 1.10-1.28 (m, 3H), 1.30-1.41 (m, 1H), 1.44-1.59 (m, 5H), 1.62-1.77 (m, 9H), 1.79-2.15 

(m, 2H), 2.29-2.56 (m, 1H), 3.29-3.47 (m, 2H), 4.00-4.20 (m, 2H), 4.27-4.40 (m, 2H), 5.23 (d, 

J=8.5Hz, 1H), 6.24 (s, 1H), 8.34 (d, J=5.6Hz, 1H), 9.49 (s, 1H).  

Representative synthesis of Compounds 7a-j: 

Compounds 7a: Compound 6a (0.50 g, 1.24 mmol), sodium bisulfite (0.119 g, 1.12 mmol), 

ethyl acetate (2 mL), ethanol (1.2 mL) and water (0.40 mL) were combined and heated 50
O
C 

using a water bath. The reaction mixture was stirred for 3 h and then allowed cool to ambient 

temperature. The solution was filtered and washed with ethanol (5 mL). The filtrate was dried 

over anhydrous sodium sulfate, filtered, and concentrated leaving colorless oil, which was 

treated with ethyl ether (2 x 5 mL) to give white solid (0.47 g, 74.8 % yield), mp 135-137 
O
C. 

1
H 

NMR (DMSO): δ 0.80-0.95 (d, 6H), 1.38-2.00 (m, 6H), 2.00-2.50 (m, 2H), 3.20-3.40 (m, 2H), 

4.20-4.39 (m, 1H), 4.40-4.50 (m, 1H), 5.10 (s, 2H), 5.25 (d, 1H), 5.40 (d, 1H), 7.20-7.41 (m, 

5H). 

Compounds 7b: White solid (0.17 g, 60.71 % yield), mp 141-143 
O
C. 

1
H NMR (DMSO): δ 0.77-

0.91 (m, 3H), 1.19-1.39 (m, 2H), 1.41-1.82 (m, 5H), 1.86-2.24 (m, 2H), 2.96-3.18 (m, 2H), 3.81-

4.07 (m, 3H), 4.17-4.29 (m, 1H), 5.02 (s, 2H), 5.39 (d, J = 5.74 Hz, 1H), 5.51 (d, J = 6.13 Hz, 

1H), 7.23-7.44 (m, 5H). 



62 
 

Compound 7c: White solid (0.32 g, 64.00 % yield), mp 144-146 
O
C. 

1
H NMR (DMSO): δ 0.72-

0.91 (m, 3H), 1.12-1.34 (m, 4H), 1.39-1.83 (m, 5H), 1.88-2.25 (m, 2H), 2.87-3.20 (m, 2H), 3.80-

4.12 (m, 3H), 4.17-4.30 (m, 1H), 5.02 (s, 2H), 5.45 (d, J = 6.08 Hz, 1H), 5.59 (d, J = 6.16 Hz, 

1H), 7.23-7.44 (m, 5H). 

Compound 7d: White solid (0.32 g, 61.54 % yield), mp 145-147 
O
C. 

1
H NMR (DMSO): δ 0.72-

0.94 (m, 2H), 1.00-1.81 (m, 14H), 1.86-2.26 (m, 2H), 2.93-3.18 (m, 2H), 3.80-4.10 (m, 3H), 

4.17-4.27 (m, 1H), 5.02 (s, 2H), 5.37 (d, J = 6.00 Hz, 1H), 5.49 (d, J = 6.23 Hz, 1H), 7.25-7.40 

(m, 5H). 

Compound 7e: White solid (0.30 g, 57.00 % yield), mp 146-148 
O
C. 

1
H NMR (DMSO): δ 1.46-

1.67 (m, 1H), 1.73-2.29 (m, 3H), 2.63-2.78 (m, 1H), 2.90-3.18 (m, 4H), 3.95-4.32 (m, 4H), 4.85-

4.99 (m, 2H), 7.10-7.38 (m, 10H). 

Compound 7f: White solid (0.35 g, 71.42 % yield), mp 140-142 
O
C. 

1
H NMR (DMSO): δ 0.75-

0.91 (m, 6H), 1.26-1.70 (m, 5H), 1.88-2.25 (m, 3H), 2.85-3.25 (m, 2H), 3.58-4.47 (m, 4H), 5.02 

(s, 2H), 5.25 (d, J = 6.1 Hz, 1H), 5.40 (d, J = 6.2 Hz, 1H), 7.08-7.91 (m, 4H).   

Compound 7g: White solid (0.25 g, 58.18 % yield), mp 144-146 
O
C. 

1
H NMR (DMSO): δ 0.75-

0.91 (m, 6H), 1.24-1.69 (m, 5H), 1.88-2.26 (m, 3H), 2.85-3.25 (m, 2H), 3.58-4.47 (m, 4H), 5.01 

(s, 2H), 5.25 (d, J = 6.1 Hz, 1H), 5.40 (d, J = 6.2 Hz, 1H), 7.08-7.91 (m, 4H).   

Compound 7h: White solid (0.30 g, 68.18 % yield), 143-145 
O
C. 

1
H NMR (DMSO): δ 0.75-0.90 

(m, 6H), 1.32-1.65 (m, 5H), 1.86-2.25 (m, 3H), 2.78-2.91 (m, 2H), 2.98-3.18 (m, 2H), 3.80-3.28 

(m, 6H), 5.41 (d, J = 6.0 Hz, 1H), 5.55 (d, J = 6.2 Hz, 1H), 7.15-7.40 (m, 5H).  
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Compound 7j: White solid (0.21 g, 65.62 % yield), mp 144-146 
O
C. 

1
H NMR (DMSO): δ 0.77-

0.96 (m, 6H), 1.04-1.25 (m, 3H), 1.29-1.48 (m, 5H), 1.51-1.78 (m, 9H), 1.87-2.22 (m, 4H), 3.00-

3.19 (m, 2H), 3.81-4.09 (m, 5H), 4.17-4.27 (m, 1H), 5.50 (d, J = 5.86 Hz, 1H), 5.64 (d, J = 6.2 

Hz, 1H). 

Synthesis of Compound 8: The solution of Compound 6a (0.66 g, 1.65 mmol) in ethylacetate (8 

mL) was kept at 0 
O
C, added acetic acid (0.114 g, 1.90 mmol) followed by cyclopropyl 

isocyanide (0.113 g, 1.66 mmol). The reaction mixture was stirred at room temperature for 18 

hours. Then the solution was concentrated in vacuo and the residue was dissolved in methanol (8 

mL) and treated with an aqueous solution of potassium carbonate (0.54 g, 3.97 mmol) in water 

(7.5 mL). The reaction mixture was stirred at room temperature for 2 hours. Methanol was 

removed on rotary evaporator and the aqueous layer was extracted with ethylacetate (3 X 40 

mL). The combined organic layers were washed with 5 % HCl (2 X 35 mL) and brine (35 mL). 

The organic layer was dried over anhydrous sodium sulfate, filtered off, and concentrated on the 

rotavac to give white crystalline solid (0.46 g, 57.5 % yield) mp 72-74 
O
C. 

Synthesis of Compound 9: Compound 5 (0.32 g, 0.66 mmol) was dissolved in anhydrous 

dichloromethane (30 mL) under a nitrogen atmosphere and cooled to 0
O
C. Dess-Martin 

periodinane reagent (15 % wt in dichloromethane, 4.07 g, 1.44 mmol, 2.2 eq) was added with 

stirring. The ice bath was removed and the reaction mixture was stirred at RT for 1 h under the 

nitrogen atmosphere. The reaction was monitored by TLC until the starting material was 

disappeared.  10 % aqueous sodium thiosulfate (20 mL) was added and stirred for another 5 min. 

The solution was poured into a separatory funnel and the aqueous layer was separated. The 

organic was washed once more with 10 % aqueous sodium thiosulfate (20 mL), followed by 

saturated sodium bicarbonate (2 x 20 mL), water (2 x 20 mL) and brine (20 mL). The organic 
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layer was separated and dried over anhydrous sodium sulfate. Filtered off and concentrated under 

the rotary evaporator leaving yellow oil crude, which was purified flash chromatography (silica 

gel/methylene chloride/ethyl acetate/methanol) to left white solid (0.26 g, 81.25 % yield) mp 

107-109 
O
C.  

Synthesis of compound 10: Compound 9 (0.60 g, 1.24 mmol), sodium bisulfite (0.119 g, 1.12 

mmol), ethyl acetate (2 mL), ethanol (1.2 mL) and water (0.40 mL) were combined and heated 

50
O
C using a water bath. The reaction mixture was stirred for 3 h and then allowed cool to 

ambient temperature. The solution was filtered and washed with ethanol (5 mL). The filtrate was 

dried over anhydrous sodium sulfate, filtered, and concentrated leaving colorless oil, which was 

treated with ethyl ether (2 x 5 mL) to give white solid (0.46 g, 74.8 % yield), mp 156-158 
O
C. 

3.4 Results and Discussion: 

The interaction of the generated compounds with norovirus 3CLpro was investigated in vitro as 

previously described. The activity of the compounds against norovirus was also investigated in a 

cell-based system (67, 68, 69, 70, 79) and the combined results are listed in Table 3.2.  As shown 

in Table 3.2 the dipeptidyl aldehydes exhibited low to sub-micromolar inhibitory activity toward 

NV 3CLpro in vitro. The enzyme shows a strong preference for an R
2 

= isobutyl, which is in 

agreement with the known substrate specificity of the enzyme. The strong preference of NV 

3CLpro for a P2 Leu is supported by substrate specificity studies using peptidyl p-nitroanilide 

substrates and X-ray crystallographic studies (44).
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Table 3.2 Inhibitory activity of compounds 6a-j, 7a-j, 9, 10 

 

 

 

 

a
CC50: All compounds except 6j and 7j showed no toxicity up to 320 µM (CC50: > 320µM). The 

CC50 values for 6j and 7j were 210 µM, and 240 µM, respectively. 

b
Not determined (see text for comments).    

Compound
a 

R1 R2 R3 IC50 

(μM) 

ED50 

(μM) 

6a benzyl Isobutyl CHO 0.6 0.2 

7a benzyl Isobutyl CH(OH) SO3Na
 

-
b 

0.3 

6b benzyl n-propyl CHO 6.1 2.3 

7b benzyl n-propyl CH(OH) SO3Na -
b 

1.5 

6c benzyl n-butyl CHO 4.5 1.2 

7c benzyl n-butyl CH(OH) SO3 Na -
b 

1.3 

6d benzyl cyclohexylmethyl CHO 0.5 0.05 

7d benzyl cyclohexylmethyl CH(OH) SO3 Na -
b 

0.06 

6e benzyl benzyl CHO 5.1 1.8 

7e benzyl benzyl CH(OH) SO3Na -
b 

1.1 

6f p-fluorobenzyl Isobutyl CHO 1.8 0.5 

7f p-fluorobenzyl Isobutyl CH(OH) SO3 Na -
b 

0.4 

6g m-fluorobenzyl Isobutyl CHO 0.7 0.3 

7g m-fluorobenzyl Isobutyl CH(OH) SO3Na -
b 

0.2 

6h 2-phenylethyl Isobutyl CHO 1.9 1.1 

7h 2-phenylethyl Isobutyl CH(OH) SO3Na -
b 

1.0 

6j 2-cyclohexylethyl Isobutyl CHO 0.6 0.3 

7j 2-cyclohexylethyl Isobutyl CH(OH) SO3 Na -
b 

0.3 

9  3.4 1.1 

10  5.3 0.8 
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The results in Table 3.2 suggest that replacement of the isobutyl group by a cyclohexylmethyl 

group at R
2
 yields an inhibitor that is equipotent to 6a (Table 3.2, compounds 6a and 6d). 

However, the ED50 of compound 6d was found to be an order of magnitude lower than that of 6a, 

presumably because of better cellular permeability. The nature of the “cap” (R
1
) which projects 

toward the S3 pocket and beyond was briefly explored by replacing the benzyl group with meta- 

and para-fluorobenzyl, 2-phenylethyl, and 2-cyclohexylethyl. The m-fluorobenzyl and 2-

cyclohexylethyl groups were equipotent to the benzyl group, and about 2-fold better than the 

other substitutions (Table 4.2, compounds 6a, 6g, 6j versus 6f and 6j). 

     The activity of the bisulfite adducts of the synthesized aldehydes was investigated in a cell-

based system. The potency trends observed with the precursor aldehydes were generally 

reflected in the corresponding bisulfite salts, with bisulfite 7d (R2 = cyclohexylmethyl) being the 

most potent. In order to determine the nature of the active species, the behavior of aldehyde 6a 

and its corresponding bisulfite salt 7a was examined by mass spectroscopy. In separate 

experiments, compounds 6a and 7a were dissolved in dimethyl sulfoxide and diluted 1 to 1000 in 

either acetonitrile or water and examined by MS and tandem MS-MS. In acetonitrile the 

expected peaks for aldehyde 6a were 404.4 M + H+ (dominant peak) and 426.3 M+Na. The mass 

spectra of bisulfite salt 7a using negative mode detection, showed a dominant peak at 484.5 for 

(M-1)-, a loss of H+ from the sulfonic acid moiety. Aldehyde 6a in aqueous solution showed 

peaks corresponding to the aldehyde (404.6), the aldehyde + sodium (426.4) and hydrated 

aldehyde + sodium (444.2) in positive mode. In water, bisulfite adduct 7a displayed a dominant 

peak at 484.5 in negative mode and the relative intensities of this parent ionand other ions 

remained unchanged over 24 h (a time course study was carried out). In the case of 6a, the 

hydrated form was the dominant species after only five minutes exposure to water, while 7a 
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remains unchanged as the bisulfite form after 24 h. The results indicate that the bisulfite adduct 

of 7a is stable in aqueous solution; however, in buffer solution, pH 7.4, compound 7a gradually 

dissociates into the corresponding aldehyde 6a within an hour, rapidly becoming hydrated. These 

observations are in agreement with the results of X-ray crystallographic studies showing that 

incubation of bisulfite adduct 7a with norovirus 3CLpro in buffer solution results in the 

formation of an enzyme-aldehyde complex, with the active site cysteine residue covalently 

bonded to the carbonyl carbon of aldehyde 6a. 
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CHAPTER 4 

CONCLUSIONS 

 

 

    The rationale underlying the design of bisulfite adducts of transition state inhibitors of 

norovirus 3CL protease is described herein. The utilization of bisulfite adducts of transition state 

inhibitors of serine and cysteine proteases in the in vitro and cell-based inhibition of norovirus 

3CL protease has been described for the first time. Compounds 6d, 7d were found to be the most 

effective inhibitors of the enzyme, with potency ED50 50 nM and ED50 60 nM, respectively, and 

low cytotoxicity.  Future studies include optimization and further evaluation of these compounds 

and clinical development as potential norovirus drugs. 
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