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1 Introduction 

1.1 Drug Discovery and Drug Development 
The combination of a greater understanding of disease processes and the 
development of new drugs for their treatment has improved the quality of 
life throughout the world. The pharmaceutical industry's goal is to discover, 
develop and market new drugs acting at known targets or directed towards 
novel targets for improved treatment of diseases. Preferably, the drug is 
taken orally and must be absorbed in the lumen, transported to and be pre-
sent at an adequate concentration to act upon the target and finally be safely 
eliminated from the body. Furthermore, the drug must be selective and not 
interfere with any other important biological process. This is not an easy or 
inexpensive task and requires the collective knowledge of scientists from of 
various fields, for example biochemists, X-ray crystallographers, molecular 
modelers, medicinal and organic chemists, analytical chemists, pharmacolo-
gists and pharmacokinetics.1 

The drug development process can be divided into four stages: drug dis-
covery, preclinical studies, clinical trials and drug approval (Figure 1). The 
drug discovery stage starts with identifying a potential target (e.g. an enzyme 
or a receptor) which must then be validated to ensure that the target is essen-
tial for development of the disease in question. Next, a large number of 
compounds (~10,000) are generated with the goal of finding active mole-
cules (hits). The hits are further improved in an iterative manner with regards 
to affinity to the target, chemical stability, in vitro selectivity and solubility 
 

 
Figure 1. A general representation of the drug development process. CDs, candidate 
drugs. 
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into leads (~250 compounds). The leads enter preclinical trials where the 
effect, potency, metabolism, pharmacokinetic and pharmacodynamic proper-
ties, and safety profile are studied and optimized in animal models. If the 
lead optimization is successful, the compounds with the greatest potential to 
be developed into a safe and effective drug are selected and are referred to as 
candidate drugs (CDs). At this stage the synthetic route and formulation of 
the CDs are developed to allow large-scale production of the compounds 
before they enter clinical trials. The clinical trials are conducted in steps 
designated Phase I-IV. In Phase I, the drug is tested on a small group of 
healthy volunteers to establish its pharmacokinetic parameters, determine a 
safe dosage, and identify the dosage at which the first side effects appear. In 
Phase II, a group of 100–500 patients is selected, primarily to evaluate the 
efficacy, optimal dose and safety of the drug.1 This phase has the highest 
attrition rate and only around 40% of all CDs entering Phase II make it 
through to Phase III.2 A larger group of patients is involved in Phase III trials 
and additional information about safety, effectiveness and side effects is 
gathered in order to evaluate the overall benefit-risk relationship of the drug 
in comparison with existing therapies.1 The overall success rate of all CDs 
entering the very costly and time-consuming Phase I-III clinical trials are 
around 10%2 but for the few that are successful, a drug application can be 
sent to the authorities for approval to take the drug to the market. After at-
taining approval, the drug is further monitored for unexpected long term side 
effects (Phase IV).1 

This thesis focus primarily on the use of medicinal chemistry in the gen-
eration of hits, and to some extent leads, in the early stages of drug discovery 
with the aim of finding novel structures which act against the infectious dis-
eases hepatitis C and tuberculosis (TB). 

1.2 Infectious Diseases 
Infectious diseases claims as many as 15 million deaths each year and are the 
second most common cause of death worldwide after cardiovascular dis-
eases.3 Infectious diseases are caused by pathogenic microorganisms, such as 
bacteria, viruses, parasites or fungi and are spread, directly or indirectly, 
from one person to another. Significant effort has been put into identifying 
new and effective ways to combat these diseases. Moreover, many of the 
pathogens exhibit extremely fast mutation rates, leading to the emergence of 
drug resistance and in some cases, extreme drug resistance. Consequently, 
there are a continuous need for the development of new therapeutic agents 
and effective combination therapies against infectious diseases. 
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1.2.1 Hepatitis C 
In the mid 1970s, it was reported that individuals got infectious hepatitis 
(inflammation of the liver) from blood transfusions even though the blood 
had been screened for hepatitis A and B viruses. The new hepatitis type was 
designated non-A, non-B hepatitis.4 The new virus was first cloned and iden-
tified in 1989 and is now referred to as Hepatitis C Virus (HCV).5 The virus 
was initially mainly transmitted via unscreened blood transfusions, injection 
drug abuse and other unsafe injections using contaminated equipment. How-
ever, the blood transfusion transmission route has now been practically 
eliminated in developed countries since a screening test for HCV was devel-
oped in 1990.6 

Today, approximately 130–170 million people are chronically infected 
with HCV worldwide. Each year, 3–4 million people are newly infected with 
the virus and more than 350 000 people die from HCV-related liver dis-
eases.7 The virus is spread worldwide with the highest incidence in Africa 
and Asia. Egypt has an extraordinarily high prevalence of HCV (14%) as a 
consequence of contaminated syringes used in a nationwide vaccination 
program against a parasitic worm from the 1950s to the early 1980s.8 

HCV can be divided into six genotypes, each consisting of a variable 
number of subtypes. The genotypes are unevenly spread through the world 
but the most prevalent, genotype 1, accounts for about 60% of global infec-
tions. Genotype 3 is most common in Australia and genotype 4 is most 
common in Africa.9 

1.2.1.1 Course of HCV Infection and Current Treatment Options 
Infection with HCV occurs in two stages: the acute and chronic phase. The 
acute infection phase is often asymptomatic; about 20% will fully recover 
while the remainder will develop chronic HCV. A chronic infection can re-
main stable and asymptomatic for decades without a clinical diagnosis. 
Around 20% of those with a chronic infection will develop cirrhosis in 10–
20 years and may ultimately need liver transplantation. These cirrhotic indi-
viduals also have an increased risk of developing liver cancer.10 

Since 1990, treatment has consisted of a combination of pegylated inter-
feron-α and ribavirin taken for 24 to 48 weeks. Interferon-α is an immuno-
modulator that boosts the immune response and has to be administered by 
injection. The antiviral ribavirin is a nucleoside antimetabolite that inhibits 
ribonucleic acid (RNA) replication. The success rate for this treatment regi-
men is about 55%, varying considerably depending on the HCV genotype and 
with individual factors. Moreover, the regimen is associated with severe side 
effects such as anemia and depression.11 The recent addition of the direct-
acting non-structural (NS)3 protease inhibitors, boceprevir and telaprevir has 
increased the probability of a sustained virological response and now the 
standard treatment consists of combination therapy of the mentioned drugs. 
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1.2.1.2 The HCV Life Cycle and the Viral Proteins 
The circulating hepatitis C virions in the blood stream often aggregate with 
low density lipoproteins (LDLs) and very low density lipoproteins (VLDLs), 
which seem to be important for hepatocyte infectivity. The first step in the 
viral life cycle is attachment to the hepatocytes, which is the primary target 
cell for HCV (Figure 2). It has been speculated that this attachment (a) is 
mediated by the LDL receptor and the glycosaminoglycans (GAGs). The 
virions enter the cell by endocytosis which is associated with several other 
receptors and cell surface structures. After cell entry, the envelope and nu-
cleocapsid disintegrate (b) and the viral positive-sense RNA is released. The 
viral RNA is translated (c) to a large polyprotein that is proteolytically 
cleaved (d) into the structural proteins (C, E1 and E2), p7 and the non-
structural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) whose func-
tions are described below. The non structural proteins together with the 
endoplasmatic reticulum form a membranous web (the replication complex). 
This membranous web uses positive-sense RNA to synthesize negative-
sense RNA (e) which then serves as a template for the excess production of 
positive-sense RNA (f). New virus particles are assembled (g) from the viral 
structural proteins and the positive-sense RNA, followed by release from the 
cell (h).12 

 
Figure 2. The Hepatitis C Virus life cycle. GAG, glycosaminoglycans; LDLR, low 
density lipoprotein receptor; RNA, ribonucleic acid. 

The first structural protein is the core protein (C) which forms the viral nu-
cleocapsid (Figure 2). E1 and E2 proteins are envelope glycoproteins that are 
important for virion-cell attachment. The p7 protein is believed to construct 
an ion channel, which is involved in the secretion of virus particles. The non-
structural region of the polyprotein holds the NS2 protease which cleaves the 
link between the NS2 and NS3 enzymes. NS3 is a multifunctional enzyme 
that encompasses both a serine protease and an RNA helicase domain, a 
more detailed description can be found in the following section, which also 
covers the NS4A protein. The complete role of NS4B is unknown but one of 
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its functions is to induce the formation of the membranous web. Likewise, 
the NS5A is also thought to be a part of the membranous web and is reported 
to be involved in RNA replication. The last non-structural protein in the viral 
polyprotein is the NS5B RNA polymerase, which catalyzes viral RNA repli-
cation. This viral enzyme has been extensively characterized and NS5B has 
emerged as a target for antiviral intervention.12  

1.2.1.3 HCV NS3 Protease 
NS3 protease is a serine protease that is located at the N-terminal part of the 
NS3 protein. The protease is responsible for cleavage of the HCV polypro-
tein to liberate most of the NS proteins (Figure 2) and is essential for viral 
replication. The first two crystal structures to be discovered, in 1996, were 
isolates of the protease domain of the NS3 protein with13 and without14 the 
cofactor NS4A. The cofactor is thought to help anchor the NS3 protease to 
the membranous web15 and it also enhances the proteolytic efficacy of the 
enzyme.16 This enzyme differs from related proteases in that the active site is 
shallower, without the defined pockets that normally offer anchor points for 
the substrates.13 Some years later the, the crystal structure of the full length 
NS3 protein was solved and it was discovered that the active site is situated 
between the protease and the helicase domains (Figure 3). The NS3 protein 
was co-crystallized with the co-factor NS4A and the C-terminal cleavage 
product bound to the active site.17 Since the helicase is positioned on top of 
the active site, it could also interact with substrates or inhibitors.18-21 

 
Figure 3. Surface representation of the full-length NS3 protein and the protease 
activation part of NS4A (pdb code 1CU1).17 The helicase is shown in blue, the pro-
tease domain in green, and the NS4A activating region in magenta. The P6-P1 
cleavage product from the NS3/4A cleavage site, which represents the C-terminal of 
the helicase, is shown in yellow. The catalytic triad is shown in red. 
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When discussing substrates and inhibitors of proteases, the nomenclature of 
Schechter and Berger22 is used to designate the substrate/inhibitor side 
chains (P3, P2, P1, P1', P2' and P3') that bind to the corresponding subsites 
(S3, S2, S1, S1', S2' and S3') of the protease (Figure 4). The amide bond to 
be cleaved, the scissile bond, is situated between the P1 and P1' residues. 

 
Figure 4. A schematic representation of the substrate/inhibitor backbone and the 
side chains (P) that bind to the corresponding subsites (S) in the protease. The scis-
sile amide bond is located between the P1 and P1' residues. 

 
Figure 5. General catalytic mechanism for serine proteases with the amino acid 
sequence numbers corresponding to the HCV NS3 serine protease. (A) The peptide 
binds to the active site of the serine protease exposing the carbonyl of the scissile 
amide bond to nucleophilic attack by Ser139. His57 acts as a base and extracts the 
proton from the Ser139 hydroxyl group. (B) The tetrahedral intermediate formed is 
stabilized by the oxyanion-hole residues Gly137 and Ser139. The collapse of the 
tetrahedral intermediate is aided by the subtraction of a proton from the protonated  
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His57 followed by liberation of the C-terminal part of the substrate. (C) A water 
molecule attacks the acyl-enzyme complex via base-assisted catalysis of His57. (D) 
Collapse of the second tetrahedral intermediate is again aided by His57, leading to 
the liberation of the N-terminal part of the substrate and the protonation of Ser139. 
(E) The catalytic triad has been regenerated and the N-terminal cleavage product is 
released.23 HCV; hepatitis C virus; Asp, aspartic acid; Gly, glycine; His, histidine; 
Ser, serine. 

As for other serine proteases, the catalytic triad in the HCV NS3 protease 
comprises a serine, a histidine and an aspartic acid. The general catalytic 
mechanism for a serine protease23 is shown in Figure 5 with the amino acid 
sequence numbers corresponding to the HCV NS3 serine protease. 

1.2.1.3.1 NS3 protease inhibitors 
In 1998, two research groups recognized that NS3 protease was inhibited by 
its N-terminal cleavage product (see Figure 5E), by identified potent 
hexapeptide inhibitors (Figure 6). The hexapeptides were derived from the 
amino acid sequence at NS4A/4B (A)24 and NS5A/5B (B).25 Initial structure-
activity relationships (SARs) revealed a strong preference for a cysteine in 
position P1 and both research groups showed that the C-terminal carboxylic 
acid was crucial for affinity to the enzyme.24-25 The researchers at Boehringer 
Ingelheim who found peptide B started extensive optimization processes 
which ultimately lead to BILN-2061 (Figure 7). Briefly, the key modifica-
tions of the initial lead B were the development of the chemically stable 
vinylcyclopropyl derivative to replace the cysteine moiety in P1. The S2 
pocket was found to be large and consequently an optimized heteroaromatic 
group was added to the proline in P2. Carbamate capping groups were then 
investigated on the N-terminal of P3, these could replace the P6-P4 amino 
acids without losing affinity for the protease. Finally, macrocylization be-
tween the P1 and P3 residues led to the discovery of BILN-2061 which had a 
sub nanomolar affinity for the NS3 protease.26 BILN-2061 was the first NS3 
protease inhibitor to enter clinical trials and established the proof-of-concept 
in humans. Unfortunately, the development of this compound was stopped in 
Phase II due to cardiac toxicity in rhesus monkeys.27 Luckily, the toxicity 
was compound-dependent rather than class-specific and BILN-2061 has 
subsequently served as a lead structure for the development of several other 
HCV NS3 protease inhibitors, some of which are depicted in Figure 7. 

 
Figure 6. The acylated hexapeptides corresponding to the P6-P1 amino acid se-
quences to cleavage sites NS4A/4B (A)24 and NS5A/5B (B).25 
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Figure 7. HCV NS3 protease inhibitors on the market or in clinical development. 
Dissociation constant (Ki) values are for genotype 1 and are reported for the product-
based inhibitors: BILN-2061,28 BI-201335,29 TMC-435,30 RG-722731 and MK- 
700932 and the electrophilic inhibitors: telaprevir33 and boceprevir.34 

Two HCV NS3 protease inhibitors, telaprevir and boceprevir, reached the 
market in May of 2011 (Figure 7). They were approved for treatment of 
HCV genotype 1 as part of combination therapy with pegylated interferon-α 
and ribavirin. These inhibitors comprise an electrophilic P1 α-keto amide 
that reacts and binds covalently but reversible by the catalytic Ser139. One 
limitation associated with the use of electrophilic warheads is the potential 
selectivity problem, since they can react covalently with various nucleo-
philes in the body.23 However, contrary to expectations, selectivity for these 
inhibitors was achieved by structural optimization.34-35 Another structural 
difference of telaprevir and boceprevir, aside from the electrophilic warhead, 
is that they do not possess a large P2 group like all the product-based inhibi-
tors. 

Several product-based NS3 protease inhibitors are now in clinical devel-
opment as monotherapy or as part of combination therapy with pegylated 
interferon-α and ribavirin. Two of these, which have structural similarities to 
BILN-2061, have reached Phase III clinical trials: BI-201335, a linear ver-
sion, and TMC-435, which does not have a P3 capping group. Furthermore, 
both inhibitors encompass an acyl sulfonamide bioisostere that has replaced 
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the carboxylic acid, which corresponds to the C-terminal cleavage product. 
Two other inhibitors are in Phase II: the P1-P3 macrocyclic RG-7227, which 
have a new type P2 residue, and MK-7009, which is cyclized between P2 
and the P3 capping group. All the inhibitors in Figure 7, have a central 
proline mimic and the product-based inhibitors also shares a vinyl cyclopro-
pyl moiety. 

1.2.1.3.2 NS3 Drug Resistance 
HCV is very prone to mutate due to the NS5B RNA polymerase which cata-
lyze the replication of the viral genome. The enzyme has a large error rate 
and it also lacks a proofreading capacity.36-37 As 1012 new virions can be 
produced per day,38 an infected individual will carry numerous mutated vari-
ants of the virus. Indeed, the encouraging data from early clinical trials of 
HCV-specific protease inhibitors have been hampered by subsequent studies 
demonstrating the early selection of drug resistant variants.39-41 There is also 
a high risk of cross resistance development as the NS3 protease inhibitors 
have structural similarities and thus give rise to similar drug resistant HCV 
strains as indicated from in vivo and in vitro studies. 42-44 

When discussing mutations that eventually result in amino acid substitu-
tion, the general format AXB is used. The letter A represents the amino acid 
found in the wild type and X denotes the position in the amino acid sequence 
while B indicates the amino acid which has been inserted. 

The most frequent sites of mutation which give rise to cross resistance are 
depicted in Table 1.42,44 As can be seen, mutations in the genome corre-
sponding to substitution of A156 or R155 have been observed for all the 
inhibitors while amino acid substitution of D168 seems to be associated only 
with the product-based inhibitors that comprise large P2 groups. The aspect 
of resistance-profiling and drug development that effectively inhibits the 
drug resistant strains will be very important for the next generation of HCV 
NS3 inhibitors.42,44 Future therapy will most likely consist of a combination 
of drugs targeting different viral targets, with a therapy regimen that must be 
strictly followed to prevent drug resistant strains from prevailing. 

Table 1.42 The three major amino acid substitutions that gives rise to cross resis-
tance.a 

 
aX, mutations found in human clinical studies; O, mutations documented from in vitro ex-
periments; A, alanine; D, aspartic acid; H, histidine; K, lysine; Q, glutamine; R, arginine; T, 
threonine; V, valine. The inhibitor structures can be found in Figure 7. 
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1.2.2 Tuberculosis 
1.2.2.1 A Historical Perspective of Tuberculosis 
TB has an ancient history in mankind and signs of the disease have been 
found in mummies from Egypt dated back as early as 3000 BC.45 Although 
TB may have been common in populations many hundred years ago, it was 
not until the industrial revolution in the 18th century that it started to become 
an epidemic and, by the mid-19th century, TB was the leading cause of death 
in the European region. Treatment at the time consisted of fresh air, a 
healthy diet and rest at sanatoriums.46 The origin of the disease was un-
known until 1882, when Robert Koch showed that TB was caused by infec-
tion with the bacterium Mycobacterium tuberculosis (Mtb).47-48 He was later 
awarded the Nobel Prize in 1905 for his discovery. The only treatment with 
effect at this time, in the late 19th and early 20th centuries, was a surgical lung 
collapse procedure. The approach was widely used but could not be applied 
to the broader population and it is not known how effective this treatment 
was.49 

A major breakthrough came in 1921, when the live attenuated vaccine, 
Bacille Calmette-Guérin (BCG), was developed. However, it was not until 
the introduction of freeze-drying in 1943, which enabled mass production of 
the BCG vaccine, that vaccination campaigns could be initiated.46 BCG vac-
cination displays variable efficacy and results from clinical trials reveal a 
protective effect ranging from only 0 to 80%, although these studies were 
performed much later.50 In 1948, a major TB control campaign was initiated 
in European countries, which focused on tuberculin testing followed by BCG 
vaccination for nonreactors. During the following 3 years, nearly 30 million 
people were tested for tuberculin and nearly 14 million were vaccinated with 
BCG.49 

Another milestone in TB history came in 1944, when streptomycin be-
came the first chemical with proven clinical effect; in 1952, Selman A. 
Waksman was awarded the Nobel Prize for his discovery. When the highly 
potent drug isoniazid, the first orally available bactericidal entity, was intro-
duced in 1952, it was possible for the first time to effectively treat TB. With 
the addition of rifampicin in 1965 and the introduction of combination che-
motherapy, the duration of treatment could be “shortened” to 6 months. The 
implemented TB control programs reduced the incidence rapidly in industri-
alized countries. Unfortunately, the same effect was not observed in the de-
veloping world where the great burden of the disease resided. Alongside a 
steady decline in TB incidence in the industrialized countries, the TB control 
programs were gradually subsumed into general healthcare programs in the 
1970s and 1980s. The general feeling was that TB was conquered and was 
no longer a serious threat. Sanatoriums closed and TB was neglected.46,49 

However, the victory over the disease was declared too early. The neglect 
of TB control programs and the emerging drug resistant Mtb strains, in com-
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bination with the human immunodeficiency/acquired immune deficiency 
syndrome (HIV/AIDS) epidemic in the early 1980s, resulted in a sharp in-
crease in the incidence of TB. Furthermore, socioeconomic crises and insuf-
ficient health services in many countries enabled the disease to flourish yet 
again.46 The World Health Organization (WHO) estimated in 1990 that one 
third of the world's population was infected with Mtb and that 8 million peo-
ple acquired active TB each year. Furthermore, the disease was associated 
with millions of deaths annually.51 The TB problem could no longer be ig-
nored and a few years later, in 1993, WHO declared the disease a global 
emergency. Since 1993, major efforts have been made to combat the disease 
but no effective TB drugs have reached the market since the introduction of 
rifampicin in 1965. Despite impressive progress, mainly due to implement-
ing TB control programs worldwide, TB remains a major public-health prob-
lem.46 

Today, WHO estimates that one third of the world's population (2 billion 
people) carry the bacilli and last year, nearly 9 million people became sick 
with TB. Most of the new cases were reported from Asia (59%) and Africa 
(26%), but the European region (5%) and the WHO region of the Americas 
(3%) were also represented (Figure 8). Furthermore, in 2011, 1.1 million 
deaths were TB-related and an additional 0.35 million died from a co-
infection by Mtb and HIV, which results in nearly 4 000 deaths per day.52 
These devastating figures, together with the fact that the first-line drug regi-
men is over 50 years old, emphasizes the importance of continuing and in-
tensifying the research to identify novel treatments for this ancient disease. 

 
Figure 8. Estimated incidences of tuberculosis in 2010. Figure reproduced with kind 
permission from the World Health Organization.53 
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1.2.2.2 Pathogenesis of Tuberculosis  
The bacilli spread through the air via aerosol droplets from people with ac-
tive TB (see below) in their lungs. Recipients need only to inhale a small 
number of the droplets to become infected but will not necessarily become 
sick with the disease; only 5–10% of all infected people will develop active 
TB, i.e. become sick, during their lifetime.54 The inhaled droplets are small 
enough to penetrate into the terminal alveoli of the lungs, where the bacteria 
are attacked and phagocytosed by macrophages.46 Normally the newly 
formed phagosomes fuse with acidic lysosomes within the macrophages and 
the pathogens are enzymatically exterminated.55 However, Mtb has the abil-
ity to remodulate the machinery of the macrophages and halt their matura-
tion, with consequences such as the inhibition of the phagosome-lysosome 
fusion.54 Mtb are also able to trigger the macrophages to invade the lung 
tissue, upon which the host responds by recruitment of several types of im-
mune cell to form a cellular mass called a granuloma, also known as a tuber-
cle. Here, inside the macrophages, embedded in the granulomas, the Mtb 
divide very slowly. The immune system can hold the bacterial population at 
this stage, called dormant-, latent- or inactive TB, for decades. But if the 
immune system is weakened, for example by old age, malnutrition or co-
infection with HIV, the granulomas rupture and spill thousands of viable and 
infectious bacilli into the lungs. This stage is called active TB; the bacilli 
often cause irritation in the airways with a resulting cough which facilitates 
the spread of the bacilli.56 When uncontrolled by the immune system, Mtb 
can also spread to other parts of the body and, when dividing, it causes ex-
tensive tissue destruction and cavitary lesions.46 

1.2.2.3 Available Treatment and Drug Resistance 
Mtb divide extremely slowly. Their outer cell wall is rich with peptidogly-
cans and mycolic acids,57 forming a waxy envelope that makes the bacterium 
very hard to target with chemotherapeutic agents due to its impermeability. 

The current treatment regimen consists of combination therapy with the 
first-line drugs rifampicin, isoniazid, ethambutol and pyrazinamide for 2 
months followed by continued rifampicin and isoniazid for 4 months (Figure 
9). Although the therapy has a success rate of 90%,52 this has to be weighed 
against the 6 months of treatment and the severe side effects such as hepto-
toxicity, peripheral neurotoxicity and gastrointestinal problems associated 
with the drugs.58 The most potent anti-TB drug, isoniazid, is a prodrug that is 
activated inside the bacteria to target cell-wall biosynthesis by inhibiting 
mycolic acid synthesis.59 Ethambutol inhibits arabinogalactan synthesis 
which is a major structural component in the cell-wall,60 while rifampicin 
inhibits the RNA polymerase.61 The mechanism of action of pyrazinamide is 
unclear; it is a prodrug that is transformed to the pyrazinoic acid and is 
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thought to disrupt the membrane potential and thereby inhibit transport func-
tions62 and/or inhibit fatty acid synthesis.63 

Resistance to all anti-TB drugs has been reported, both as single-drug re-
sistance and multi-drug resistance (MDR-TB).64 MDR-TB is defined as re-
sistance to at least rifampicin and isoniazid, two of the most potent first-line 
drugs. Almost 50% of MDR-TB cases worldwide are estimated to occur in 
China and India but the highest prevalence, up to 28% of the new TB cases, 
is found in countries of the Russian Federation. Extensively drug resistant 
Mtb strains (XDR-TB) have also been reported from all continents.65 XDR-
TB is defined as MDR-TB with additional resistance to at least a 
fluoroquinolone [which inhibit the bacterial deoxyribonucleic acid (DNA) 
gyrase function] and at least one second-line injectable aminoglycoside anti-
biotic (which inhibit the bacterial ribosomes in the translation process). The 
outcome of XDR-TB is discouraging, with a treatment success rate of only 
30-50%.66 The growing numbers of MDR-TB and XDR-TB cases underline 
the urgent need for development of new TB-specific drugs.67 

 
Figure 9. The first-line anti-tubercular drugs. 

1.2.2.4 Ribonucleotide Reductase 
The ribonucleotide reductase (RNR) enzyme reduces ribonucletides to the 
corresponding deoxyribonucleotides, which are the building blocks in DNA 
synthesis and repair. RNR has been targeted in cancer therapy and antiviral 
drug development.68 This iron-dependent enzyme is constructed from two 
large subunits (R1) and two small subunits (R2) which associate to form a 
bioactive heterodimeric tetramer.69 The reduction sequence proceeds through 
a mechanism where the radical is generated in the R2 subunit and trans-
ported through a network of residues to the active site situated in the R1 
subunit.70 There are several different strategies for inhibiting RNR activity. 
One approach is to inhibit the protein-protein association between the R1 
and R2 subunits. This was first demonstrated for the herpes simplex virus in 
1986: peptides corresponding to the R2 subunit's C-terminal end could com-
pete for binding to R1 and thus hinder the association between the subunits, 
which is critical for RNR activity.71-72 This approach has been used to inhibit 
the RNR enzymes of several other species; for example; mammals,73 Es-
cherichia coli,74 Chlamydia trachomatis75 and Mtb.76  
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While the prokaryotic and eukaryotic R1 and R2 subunits are highly con-
served around the active site and radical transfer residues, there are consider-
able differences in the amino acid sequences at the R2 C-terminus.77 The 
differences between the heptapeptides, corresponding to the mammalian and 
Mtb C-terminus of R2, are depicted in Figure 10. Both C-terminals have a 
phenylalanine, but the third amino acid from the C-terminal end in Mtb R2 is 
a tryptophan whereas the corresponding amino acid in mammalian R2 is the 
considerably smaller alanine. Furthermore, the Mtb R2 C-terminal contains 
more carboxylic acid groups than its human counterpart, which contains more 
lipophilic amino acid residues. This suggests that selectivity could be 
achieved for protein-protein association inhibitors, targeting the R1-R2 inter-
action. In addition, it has been shown in knockout studies78-79 that the genes 
coding for the R1 and R2 subunits of Mtb-RNR are required for optimal bac-
terial growth, which makes Mtb RNR an appealing target for drug discovery. 

 
Figure 10. The human and Mtb heptapeptides, corresponding to the respective spe-
cies C-terminus R2 subunit. 

1.3 2(1H)-Pyrazinones provide a Versatile Scaffold 
In the last two decades, 2(1H)-pyrazinones have emerged as useful starting 
materials for the synthesis of biologically interesting compounds. As the 
2(1H)-pyrazinone scaffold allows easy introduction of a variety of diverse 
chemical groups, it is possible to address a wide range of biological targets.80 
The following section will describe and highlight 2(1H)-pyrazinone synthe-
sis and the scaffold applications in medicinal chemistry. 

1.3.1 Pyrazinones as Core Structures in Medicinal Chemistry 
Substituted 2(1H)-pyrazinones have widespread biological activity; they 
have been used, for example, as µ-opioid receptor agonists,81 non-nucleoside 
HIV-1 reverse transcriptase inhibitors82 and somatostatin analogs.83 The 
2(1H)-pyrazinone scaffold has also been exploited in a number of protease 
inhibitors (Figure 11), targeting; caspase-3 (C),84 thrombin (D),85 tissue fac-
tor VIIa (E),86 prolyl oligopeptidase (F),87 mast cell tryptase(G)88 and HCV 
NS3 (H).89  
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Figure 11. 2(1H)-Pyrazinone-containing protease inhibitors with their targets. 

In protease inhibitors, the 2(1H)-pyrazinone core is of particular interest 
as proteases recognizes their natural substrates in an extended β-strand con-
formation.90-91 The scaffold has the capacity to induce an extended confor-
mation and make the structure rigid while retaining nearly all the hydrogen-
bond interactions present in the proteases' natural substrates (Figure 12). In 
addition, potency will be increased if the inhibitor is rigidified in the bioac-
tive conformation. 

 
Figure 12. Comparison of the hydrogen bonding network, corresponding to a pep-
tide in a β-strand conformation (left) and the mimicking 2(1H)-pyrazinone scaffold 
(right). HBA: hydrogen-bond acceptor, HBD: hydrogen-bond donator. 

1.3.2 Synthesis of the 2(1H)-Pyrazinone Core 
There are a number of synthetic routes to the 2(1H)-pyrazinone core.80,92 One 
powerful cyclization method, used in the synthesis of compounds E-H (Fig-
ure 11), was developed by Hoornaert et al. in 1983.93 This synthetic proce-
dure, illustrated in Figure 13, starts with a Strecker type reaction between a 
primary amine (1) and an aldehyde (2) to form an iminium ion, which in turn 
is attacked by a cyanide ion (3) to give an α-amino nitrile (4). The amino 
group of 4 is then acylated by oxalyl chloride, followed by addition of HCl 
over the nitrile functionality. The formed imine tautomerises into the corre-
sponding enamine, creating more nucleophilic amine that then mediates the 
ring closure to the cyclic pyrazine-2,3-dione. In the next step, the C-3 ketone 
reacts with a second molecule of oxalyl chloride creating a very good leav-
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ing group that is finally substituted by a chlorine to give the N-1, C-6 disub-
stituted 3,5-dichloro-2(1H)-pyrazinones (5).92-93 As reactions with free-base 
α-amino nitriles (4) might give symmetrical oxamides (I, Figure 13) in reac-
tion with oxalyl chloride, the hydrochloric salts are used instead of the free 
amine.92  

 
Figure 13. The proposed 3,5-dichloro-2(1H)-pyrazinone cyclization mechanism.92 
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2 Aims of the Studies 

The overall aim of the work presented in this thesis was to design and syn-
thesize new chemical entities, useful as lead compounds targeting the infec-
tious diseases; hepatitis C and tuberculosis. 

The hepatitis C work is a part of an ongoing project with the long-term 
goal of designing and synthesizing novel hepatitis C virus (HCV) NS3 pro-
tease inhibitors with decreased peptidic character and unique resistance pro-
files. The specific aims were: 

 
• to develop a fast, microwave-assisted, synthetic strategy to obtain 

2(1H)-pyrazinones incorporating amino acids in the N-1 position 
and amino functionalities in the C-3 position; 
 

• to explore the N-1 amino acid-containing 2(1H)-pyrazinone scaf-
fold as a P3-P2 building block in HCV NS3 protease inhibitors;  

 
• to evaluate the performance of the developed inhibitors on drug 

resistant variants of the HCV NS3 proteases.  
 
 

The goals of the M. tuberculosis ribonucleotide reductase (RNR) project 
were: 

 
• to build a SAR of the affinity for the RNR R1 subunit of a new 

class of compounds derived from a virtual screen; 
 
• to design and synthesize Mtb RNR inhibitors that have anti-

tubercular activity (MIC ≤ 8 µg/mL). 
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3 2(1H)-Pyrazinone-based HCV NS3 
Protease Inhibitors 

3.1 Rapid Synthesis of the 2(1H)-Pyrazinone Core and 
Initial Biological Evaluation (Paper I) 

3.1.1 Background 
As discussed in section 1.3.1, derivatives of 2(1H)-pyrazinones have wide-
spread biological activities87-88,94 and are known β-strand86,89 conformation 
inducers.80,92 In addition, a P2-proline based 2(1H)-pyrazinone has previ-
ously been used in electrophilic inhibitors of HCV NS3 protease (H,89 Figure 
11, section 1.3.1). Taking this into consideration, it would be interesting to 
see if the 2(1H)-pyrazinone core could be incorporated into our newly de-
veloped product-based P2-phenylglycine HCV NS3 inhibitors (J and K, 
Figure 14).95 The scaffold would thus replace the tert-leucine unit, decrease 
the peptide character and make the peptidomimetic rigid in an elongated 
conformation which it was hoped would be beneficial for affinity for the 
NS3 protease. This could be explored by inserting the nitrogen of amino 
acids, and espe-cially phenylglycine, into the N-1 position of the 2(1H)-
pyrazinone core, and incorporating amino functionalities in the C-3 position, 

 

 
Figure 14. Comparison of the core structures of the para-substituted phenylglycine-
containing J and K and the corresponding pyrazinone scaffold L. The tert-leucine 
subunit (bold in J and K) would be replaced by the pyrazinone core (bold in L). 
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synthesis of N-1, C-3 disubstituted 2(1H)-pyrazinones,80,92 the most applica-
ble and straight forward synthesis was developed by Hoornaert et al.93 (see 
section 1.3.2). The authors also showed that the C-3 chlorine could be selec-
tively substituted, selectively over the C-5 halogen by an amine in an ethano-
lic ammonia solution at room temperature.93 This approach not only gave 
access to the desired N-1, C-3 disubstituted 2(1H)-pyrazinone core but the 
choice of aldehyde also offered a variable C-6 position. However, only the 
simplest amino acid, glycine, had been incorporated in the N-1 position.80,92 
Thus, it was not known if more complex amino acids could be included in 
the synthesis or if the amino acids would racemize during the harsh acidic 
cyclization step. Although the substitutions of the C-3 chlorine have been 
explored extensively80,92 no carbamate functionalities had been directly in-
corporated. 

Two, at the time recent 2(1H)-pyrazinone reviews80,92 and the references 
therein were examined to assess the conditions for synthesizing the 2(1H)-
pyrazinone core. The Strecker type reaction to the α-amino nitrile was most 
commonly performed in one-pot using dichloromethane (DCM) as solvent. 
After purification of the intermediate, the hydrochloride salt of the α-amino 
nitriles was attained by HCl gas enrichment in diethyl ether. No improve-
ments in the cyclization step had been achieved since 1983 when Hoornaert 
et al. published the cyclization of α-amino nitriles with 5 equiv. of oxalyl 
chloride in 1,2-dichlorobenzene at 100 °C for 4–6 hours to obtain the 2(1H)-
pyrazinone products (5) in 40–67% yield.93 Comparable results for the cycli-
zation step were achieved by refluxing DCM over-night.80,92 

3.1.2 Method Improvement 
The aim herein was to adapt the synthesis of the 2(1H)-pyrazinone core to a 
convenient microwave-assisted procedure, without purification of the α-
amino nitriles, and preferably with the same solvent. A problem with adapt-
ing the pyrazinone cyclization step to closed reaction vials was that CO and 
CO2 are released in the final step of the mechanism (Figure 13, section 
1.3.2). During the initial trials, using n-butylamine (1a), acetaldehyde (2a) or 
benzaldehyde (2b) and trimethylsilyl (TMS)-cyanide (3), it was found that 
the Strecker type reaction (Scheme 3, Step 1) was high yielding, without 
formation of by-products, if the aldehyde (1.2 equiv.) and TMS-cyanide (1.1 
equiv.) were used in small excesses over the amine (1 equiv.), with either 
DCM or 1,2-dichlorobenzene as solvents. However, HCl gas enrichment in 
diethyl ether was superior to DCM or 1,2-dichlorobenzen for practical rea-
sons in Step 2: bubbling HCl gas through the solutions of α-amino nitrile in 
DCM or 1,2-dichlorobenzene often resulted in the formation of a sticky oil 
on the glass wall of the vial that was incompatible with the following mi-
crowave-heated cyclization step (Scheme 3, Step 2). The solvent 1,2-
dimethoxyethane (DME) was thought to be a potentially good alternative for 
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the whole process as it closely resembles diethyl ether. Unfortunately, this 
was not the case; HCl enrichment in diethyl ether was still superior to that in 
DME. Nevertheless, the Strecker type reaction performed well in DME and, 
after HCl enrichment, in diethyl ether; the hydrochloric α-amino nitrile 
reached full conversion in the cyclization step in only 10 min using micro-
wave heating and DME as solvent. The drastic time reduction from hours to 
minutes was achieved by reducing the oxalyl chloride load (from 5 to 2.5 
equiv.) while increasing the temperature gradually to 170 °C without exceed-
ing 20 bars pressure, which is the upper safety limit for the microwave 
equipment. Note that 2 equiv. oxalyl chloride is needed to cyclize 1 equiv. α-
amino nitrile into the corresponding 3,5-dichloro-2(1H)-pyrazinone. 

Scheme 1. One-pot two-step microwave accelerated synthesis of N-1, C-6-
disubstituted 3,5-dichloro-2(1H)-pyrazinones.a 

 
 
aReagents and conditions. Step1: DME, MW, 10 min, 60–170 °C; Step 2: (i) HCl 
gas, diethyl ether; (ii) oxalyl chloride, DME, MW, 10 min, 170 °C. 

3.1.3 The Rapid Microwave-Assisted Protocol 
The one-pot, two-step microwave-assisted procedure (Scheme 1) was evalu-
ated under the following conditions: 1.0 mmol of primary amines (1a-h), 1.2 
equiv. of aldehydes (2a-e) and 3 mL DME were loaded into a 5 mL micro-
wave process vial and stirred for 30 s before 1.1 equiv. of TMS-cyanide (3) 
was added. The vial was capped and then irradiated with microwaves for 10 
min at the temperature specified in Table 2 (Scheme 1, Step 1). The choice 
of reaction temperature in the Strecker reaction to reach full consumption of 
1, was not self-evident but varied considerably with different reactant com-
binations. A temperature difference of 20 °C was used on at least three sepa-
rate reactions to optimize the temperature so that 1 was fully consumed 
within 10 min. The solvent switch was performed by evaporating the DME 
from the vial and adding 5 mL diethyl ether, and thereafter HCl gas was 
bubbled through the reaction mixture. The diethyl ether was removed under 
a stream of nitrogen gas to give the crude hydrochloric salt of 4. The cycliza-
tion was initiated by addition of 3 mL DME and 2.5 equiv of oxalyl chloride 
(Scheme 1, Step 2). The vial was sealed and stirred for 30 s at room tempera-
ture and the overpressure was released before irradiation with microwaves 
for 10 min at 170 °C (creating a pressure of 10–17 bars). After cooling to 
room temperature, the solvent was evaporated and the crude N-1, C-6-
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disubstituted 3,5-dichloro-2(1H)-pyrazinone 5 was purified by silica gel 
flash chromatography. 

The preparative results of the two-step methodology are presented in Ta-
ble 2. In those cases where it was difficult to identify the optimal reaction 
temperature for Step 1, several temperatures were employed and the results 
were evaluated by completing the ring closure and determining the isolated 
yield of pyrazinone product 5. Generally the reactive primary amines 1a-d 
gave moderate to good two-step yields in reaction with acetaldehyde 2a (55–
79%). The corresponding reactions with benzaldehyde (2b, entry 2 and 8) 
gave slightly lower yields compared with 2a (entries 1 and 7, respectively). 
The same trend was seen with meta- and para-bromobenzaldehydes (2c and 
2d) which gave the corresponding pyrazinone product 5c and 5d in 57% and 
43% isolated yields, respectively. Although the acetaldehyde (2a) gave ro-
bust yields (>55%) with amines 1a-d, the yield dropped considerably to 29% 
in reaction with the weakly nucleophilic aniline (1e). Next, the ester pro-
tected amino acids 1f-h were used in the synthesis with 2a, which resulted in 
moderate yields of 5j, 5k and 5m (44–63%). The use of paraformaldehyde 
produced only minor quantities of the α-amino nitrile in reaction with 1g and 
1h. Instead, another type of formaldehyde-releasing reagent was exploited, 
i.e. sodium hydroxymethanesulfonate (2e),96-97 which increased the conver-
sion into the α-amino nitriles at high temperatures (170 °C). After HCl en-
richment and cyclization with oxalyl chloride, the products 5l and 5n were 
isolated in 38% and 54% yields, respectively. Product 5o was synthesized 
without microwave heating in Step 1, instead, the Strecker reaction was per-
formed at ambient temperature for 20 hours before performing Step 2. The 
para-methoxy substituted phenylglycine derivative 5o was isolated in a 32% 
two-step yield, which was somewhat lower than the corresponding unfunc-
tionalized phenylglycine 5k (44%). Furthermore, scale-up to 2 or 5 mmol 
(entries 10 and 13, respectively) gave comparable yields to the analogous 1 
mmol reactions. When the protocol was performed at a 5 mmol scale (entry 
13), the 5 mL microwave process vial was exchanged for a 20 mL vial and 
the reaction temperature in Step 2 was decreased to 145 °C for 25 min to 
keep the reaction pressure under 20 bar. When comparing the results from 
Table 1 with available literature data,93,98-101 the developed one-pot, two-step 
microwave protocol provided the same or a slightly improved outcome with 
respect to the isolated yield of pyrazinone 4 using classical heating. In the 
case of preparative handling and reaction speed, the microwave protocol was 
superior with reaction times reduced from days or hours down to 2 × 10 min. 
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Table 2. Evaluation of the one-pot, two-step method according to Scheme 1.a 

 
aStep 1 was performed with 1.0 mmol of 1, 1.2 equiv. of 2, and 1.1 equiv. of 3 in 3.0 mL of 
DME with microwave heating in a sealed 5 mL vial for 10 min at the stated temperature. Step 
2 was carried out, after cooling and exchange of DME for 5.0 mL diethyl ether, by enrichment 
with HCl gas, evaporation, and addition of 3.0 mL DME and 2.5 equiv. oxalyl chloride. The 
sealed reaction vial was microwave heated to 170 °C for 10 min. b Isolated yield. Purity >95% 
by HPLC-ELSD. c2.0 mmol scale reaction. d5.0 mmol scale reaction in a 20 mL vial and the 
temperature and time in step 2 changed to 145 °C for 25 min. eThe reaction was performed at 
ambient temperature over night. Thereafter, 0.6 equiv. 2a and 0.6 equiv. 3 were added and the 
reaction was stirred at ambient temperature for 7 hours before performing Step 2. 
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To examine the degree of epimerization of the amino acid comprising 
pyrazinones 5j-n, the C-3 chlorine was substituted for a (1S,2R)-1-amino-2-
indanol (6, Table 3). By reacting 5j-n with 6 in acetonitrile, the correspond-
ing diastereomeric products 7j-n were produced as specified in Table 3. The 
diastereomeric ratios of the crude products 7j-n were determined by high-
performance liquid chromatography-evaporative light-scattering detector 
(HPLC-ELSD) as an indirect measure of the epimerization in products 5j-n. 
The second diastereomer of 7j and 7n was not observed in by this method, 
which also was supported by that only one product could be detected in 1H- 
nuclear magnetic resonance (NMR) analysis. Gratifyingly, the valine and 
phenylalanine derivatives 7j, 7m and 7n showed a very small degree of 
epimerization (diastereomeric ratio: ≥97:3) but the sensitive phenylglycine 
comprising pyrazinones 7k and 7l were almost fully racemized (di-
astereomeric ratios: 54:47 and 46:44, respectively). 

Table 3. Epimerization evaluation by substituting the C-3 chlorine for (1S,2R)-cis-1-
amino-2-indanol (6).a 

 
aReagents and conditions: A 2.0 mL MW vial was loaded with 2(1H)-pyrazinones 5j-n (0.05–
0.15 mmol), (1S,2R)-1-amino-2-indanol 6 (3 equiv.) and MeCN (2.0 mL). The reactions were 
then irradiated by microwaves as stated to reach >95% consumption of 5j-n. 

The low yield of 5i (29%, Table 2, entry 9) with the weakly nucleophilic 
aniline (1e) indicated incomplete conversion from 1e to the corresponding α-
amino nitrile. Thus, to evaluate the yield for Step 2 and to obtain comparable 
data to those in the literature, the reaction mixture from Step 1 was passed 
through a short column of silica gel before the final cyclization. The pure α-
amino nitrile 4a (Table 4) was enriched with HCl gas in diethyl ether for 5 
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min and thereafter smoothly cyclized with oxalyl chloride in DME, employ-
ing microwave heating at 170 °C for 10 min. As expected, the one-step pro-
tocol produced a significally higher yield of 5i (70%) than the one-pot, two-
step method (29%, Table 2). The same strategy was explored for the pure α-
amino nitriles 4b-f, which gave products 5o-s in good yields (56–86%). 
When compared with reported analogous cyclizations under classical condi-
tions, the microwave approach gave improved or at least similar isolated 
yields to those reported in the literature.93,102-104  

Table 4. Evaluation of the cyclization step to N-1, C-6-disubstituted 3,5-dichloro-
2(1H)-pyrazinones 5i and 5o-s.a 

 
aReagents and conditions: The cyclization was carried out with 1.0 mmol of 4 in 5.0 mL Et2O, 
by enrichment with HCl gas, and thereafter a change of solvent to 3.0 mL DME and addition 
of 2.5 equiv. oxalyl chloride. The sealed reaction vial was thereafter irradiated with micro-
wave at 170 °C for 10 min. bIsolated yield. Purity >95% by LC-ELSD. cLiterature yield: 5i,102 
5p,93 5q.103 dLiterature yield reported for the two-step process.104 
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3.1.4 HCV NS3 Protease Inhibition 
The next objective was to investigate whether the pyrazinone scaffold could 
replace a traditional di-peptide and serve as a P3-P2 motif in an HCV NS3 
protease inhibitor.95 To evaluate the concept, both synthetically and bio-
chemically, it was decided to initially evaluate a simple unsubstituted P2-
phenylglycine in combination with the P3-pyrazinone. The reactive C-3 
chlorine of the N-1 phenylglycine derivatives 5k and 5o was substituted for 
a Boc-protected amine in a palladium-catalyzed amide N-arylation 
reaction105-106 to give the N-monoarylated products 8 and 9 in 51% and 7% 
yield, respectively (Scheme 2). The major factor causing the moderate and 
low yields was cleavage of the Boc group. LiOH-mediated ester hydrolysis 
of 8 followed by standard N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-
b]pyridine-1-yl-methylene]-N-methylmethanaminium (HATU)-promoted 
peptide coupling with 10 afforded compound 11 in 29% two-step isolated 
yield. The same ester hydrolysis was employed on ethyl ester 11, achieving 
isolation of the diastereomeric pure carboxylic acids 12a and 12b after care-
ful reversed-phase (RP)-HPLC separation. The acyl sulfonamide 13107 was 
incorporated in 8 and 9 by the same synthetic strategy to give compounds 14 
and 15, which were both were isolated as 1:1 mixtures of epimers. The β-
strand mimetics 12a, 12b, 14 and 15 were evaluated for their inhibitory ac-
tivity against the full-length HCV NS3 protease108 (see section 3.2.4 for de-
tails) and were found to have inhibitory activity with dissociation constant 
(Ki)-values from 4.3 to 12.5 µM. A direct comparison with inhibitor J95 
(Figure 14, section 3.1.1), which contains a tert-leucine segment that has 
been replaced by the 2(1H)-pyrazinone core in 15, revealed retained activity 
(Ki = 5.4 µM vs 7.2 µM). The para-methoxy substituent is not important for 
inhibitory potency as the unsubstituted phenylglycine-based 14 was equipo-
tent with 15 (4.3 vs 7.2 µM). Removing the acyl sulfonamide, which is pre-
sent in the majority of NS3 protease inhibitors in clinical trials (Figure 7, 
section 1.2.1.3.1), resulted in a 2.5-fold loss of affinity (comparing 14 with 
12a and 12b). Furthermore, the direction of the phenyl ring within the new 
2(1H)-pyrazinone scaffold does not seem be of importance, as 12a and 12b 
were equipotent (11–12.5 µM). In contrast, inhibitor J95 (Figure 14, section 
3.1.1) showed a 6-fold difference between the S and R configurations of the 
para-methoxy-phenylglycine substituent (5.4 µM and 34 µM, respectively). 
Furthermore, the most potent inhibitor 14, with a Ki of 4.3 µM was around 
20-fold less potent than the very best tert-leucine containing inhibitor K95 
(0.18 µM, Figure 14, section 3.1.1) which bears a large P2 group. Taking 
account for initially using the small unsubstituted phenylglycine as the P2 
group, the new P3 pyrazinone-based peptidomimetics were seen as good 
starting points for a new structural class of product-based HCV NS3 inhibi-
tors. 
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Scheme 2. Synthesis of 2(1H)-pyrazinone containing peptidomimetics and bio-
chemical evaluation against HCV NS3 protease.a 

 
aReagents and conditions: a) Boc-NH2, Pd(OAc)2, Xantphos, Cs2CO3, DME, for 5k MW, 30 
min, 100 °C, for 5o 48 h, 80 °C; b) LiOH, THF, H2O, rt, 7–48 h; c) 10, HATU, DIPEA, DMF, 
rt, 5 days; d) 13, HATU, DIPEA, DCM, rt, 18–36 h.  

3.1.5 Summary (Paper I) 
A rapid, versatile, one-pot, two-step microwave protocol for the preparation 
of N-1- and C-6-decorated 3,5-dichloro-2(1H)-pyrazinones was developed 
and evaluated. Comparable yields were obtained in 2 × 10 min while classi-
cal reaction sequences required hours or days of heating. In the procedure, a 
modified Strecker reaction was employed to generate an α-amino nitrile 
which was then cyclized to the 2(1H)-pyrazinone under microwave heating. 
The beneficial alignment of the CO and NH groups, together with the rigid-
ity of the pyrazinone ring, suggested that the scaffold could be used as a β-
strand inducer. This hypothesis was evaluated using the microwave method 
to construct new 3-carbamoyl-5-chloro-2(1H)-pyrazinone N-1-carboxylic 
acid scaffolds that were incorporated into four HCV NS3 protease inhibitors. 
The potency of the inhibitors (Ki = 4.3–12.5 µM), combined with their 
unique structure, supported continued exploration of pyrazinone based HCV 
NS3 protease inhibitors. 

3.2 Achiral HCV NS3 Protease Inhibitors (Paper II) 
3.2.1 Background 
The fast synthesis of 2(1H)-pyrazinones and incorporation into simple HCV 
protease inhibitors (Paper I) indicated that it could be worthwhile to pursue 
this novel type of HCV NS3 protease inhibitor further. As no beneficial ef-
fect was seen for the para-methoxy phenyl P2 group, it was decided to con-
tinue with the unsubstituted phenylglycine-based 14 as the lead structure 
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(Figure 15a). One of the problems with this structure was the unstable tert-
butyl carbamate, used as the C-3 substituent. We also wanted to explore 
possible alternatives for the vinyl cyclopropyl moiety, situated in the P1 
position, that was originally optimized for the P2 proline-based inhibitors. It 
was also considered interesting to see how well this new structural class of 
inhibitors would handle drug resistant variants of the NS3 protease. 

3.2.2 Design Strategy 
The groups under investigation were the unstable C-3 carbamate function, 
the P2 phenyl group and the P1-P1' acidic moiety. Computer docking of the 
2(1H)-pyrazinone class of inhibitors into the NS3 active site is difficult be-
cause of its shallowness and undefined substrate pockets. Nonetheless, dock-
ing studies were thought to be a good way to generate ideas for a more suit-
able C-3 substituent. Furthermore, the initial docking studies suggested that 
moving the P2 phenyl from the N-1 glycine residue to the R6 position of the 
pyrazinone core would place the phenyl in the same chemical space, directed 
towards the S2 pocket (Figure 15b). The idea was very appealing as it would 
remove one of the stereo centers. To find well suited P1-P1' groups for the 
new pyrazinone scaffold, it was decided to explore a more flexible cyclopro-
pyl alanine derivative34,109 and an aromatic P1-P1' scaffold previously devel-
oped in our group.110 

 
Figure 15. a) The pyrazinone containing lead structure 14 and its expected binding 
mode in the NS3 protease b) The P2 group side-chain transfer from the amino acid 
residue to the R6 position of the 2(1H)-pyrazinone core. 

3.2.3 Synthesis 
The reactive imidoyl chloride at C-3 was substituted for primary amines as 
outlined in Scheme 4.1. By using the mild base diisopropylethylamine 
(DIPEA) and the amines 16a-f in small excess (1.2 equiv.) over the pyrazi-
none 5k, the products 17a-c were isolated in good to moderate yields (65–
89%) after microwave irradiation at 100 °C for 60 min (Scheme 3). The less 
reactive amines (16d-f) were used in larger excess (3–3.5 equiv.) and the 
heating was prolonged to 150 min at 100 °C to render the C-3 amino-
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functionalized pyrazinones 17d-f in 76-94% yields. The methyl ester pro-
tected derivatives 17a-f were hydrolyzed in a newly developed protocol by 
employing microwave heating (at 120 °C for 45 min) of an aqueous MeCN 
solution of K2CO3 and the esters. The acids were then coupled with building 
block 13107 by standard HATU coupling to give the final inhibitors 18a-f. 

 

Scheme 3. Microwave-assisted nucleophilic substitutions of the C-3 chlorine with 
primary amines, followed by peptide bond formation to produce inhibitors 18a-f.a 

 
aReagents and conditions: a) R3NH2, DIPEA, MeCN, MW, 60–150 min, 100 °C; b) K2CO3, 
H2O, MeCN, 45 min, 120 °C; c) 13, HATU, DIPEA, DCM, reflux, over-night. 

The synthesis of the P1-P1' building blocks 22111 and 26 started with the 
commercially available carboxylic acids 19 and 23, which were pre-
activated with 1,1-carbonyldiimidazole (CDI) before addition of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and the sulfonamides 20 and 24 
(Scheme 4). The derivatives 21 and 25, isolated in moderate yields (46% and 
47%, respectively), were treated with HCl in 1,4-dioxane for 3 h followed by 
evaporation to give the Boc-deprotected products 22 and 26. Complete deg-
radation of the carbamate functionality of 8 was observed when the micro-
wave-promoted hydrolysis with potassium carbonate112 was employed. Con-
sequently, the previously used LiOH-mediated hydrolysis had to be used to 
suppress the Boc-deprotection. The corresponding carboxylic acid of 8 was 
then reacted with the P1-P1' building blocks 22 or 26 by HATU-mediated 
peptide coupling in refluxing DCM over-night. The final inhibitors 27a and 
27b were isolated in 8% and 25% yields, respectively; these low yields were, 
again, partially due to Boc-decomposition but also incomplete peptide-bond 
formation. 
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Scheme 4. Synthesis and incorporation of P1-P1' building blocks 

 
aReagents and conditions: a) CDI, DBU, THF, rt, over-night; b) 4 M HCl, 1,4-dioxane, rt, 3 h; 
c) LiOH, THF, H2O, 7 h; d) 22 or 26, HATU, DIPEA, DCM, reflux, over-night. 

The amine 16d was also introduced into the C-3 position of pyrazinones 
5l,q-s (Scheme 5) to give 28a-d in 58-76% yields. Hydrolysis with potas-
sium carbonate in H2O/MeCN112 and incorporation of aromatic acyl sul-
fonamide 26 provided the final inhibitors 29a-d in poor yields (11–19%) 
after RP-HPLC purification. 

 
Scheme 5. Synthesis of C-3 amine-substituted 2(1H)-pyrazinones and incorporation 
of the aromatic acyl sulfonamide 26 as P1-P1' group. 

 
Reagents and conditions: a) 16d, DIPEA, MeCN, MW, 150 min, 100 °C; b) K2CO3, H2O, 
MeCN, 45 min, 120 °C; c) 26, HATU, DIPEA, DCM, reflux 8 h then rt, 60 h. dCompound 
28b was isolated after the hydrolysis due to solubility issues and the yield refers to the two-
step process. 

3.2.4 HCV NS3 Protease Inhibition Assay 
The inhibitory potency of the synthesized compounds was assessed in a fluo-
rescence resonance energy transfer assay against the full-length NS3/4A 
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(protease-helicase/co-factor) enzyme (genotype 1a), for both the wild type 
(Table 5 and 6) and three drug resistant strains (Table 7).108 The assay meas-
ured the enzyme's capacity, in the presence of an inhibitor, to hydrolyze a 
depsipeptide (one of the peptide bonds is exchanged for an ester functional-
ity, Figure 16). The depsipeptide comprises a fluorescent 5-[(2-
aminoethyl)amino]naphthalene-1-sulfonic acid (EDANS) group near the N-
terminal and a quenching 4-[{4-(dimethylamino)phenyl}diazenyl]benzoic 
acid (DABCYL) group in the C-terminal region. When the assay well is 
subjected of light (λ = 330 nm), it is absorbed by the EDANS group, which 
in turn emits the light (λ = 550 nm). If the DABCYL group is in close prox-
imity, as in the depsipeptide, it will quench the light (λ = 550 nm) by absorp-
tion. Alternatively, when the depsipeptide has been hydrolyzed the emitted 
light from the EDANS group is not as likely to be quenched by the DAB-
SYL group. The difference can be measured spectroscopically to estimate a 
half-maximal inhibitory concentration (IC50) value. The Ki value is then cal-
culated from the IC50 value, using the average of three separate experiments, 
with the standard deviations. The evaluations against the drug resistant NS3 
protease variants (A156T, D168V, R155K) were performed in the same way. 

 
Figure 16. Schematic representation of the depsipeptide that is hydrolyzed by the 
HCV NS3 protease. The fluorescent EDANS group has absorption and emission 
maxima at 330 nm and 550 nm, respectively, and the quenching DABCYL group 
has good absorption at 550 nm. 

3.2.4.1 Vitality value 
Besides measuring the Ki value, the vitality values (V) were also calculated 
for the inhibitors. When an amino acid substitution corresponding to a muta-
tion occurs in an enzyme, the enzyme's catalytic efficacy usually decreases. 
If an inhibitor has a lower Ki value for the wild type enzyme than for the 
mutated variant, the inhibitory effect could be interpreted as more effective 
against the wild type and the mutated variant could be seen as favored from 
an evolutionary point of view, but this assumption is not necessarily true. A 
more appropriate comparison would be to see how fast both the enzymes 
could produce the enzymatic cleavage product in the presence of the inhibi-
tor. The wild type could still produce the product faster than the mutated 
variant, even though the inhibitor has higher affinity for the wild type. A 
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better comparison could be obtained by calculating the vitality value (V), 
which compensates for the catalytic efficacy of the respective wild type and 
mutated forms. If, for example, V > 1, the mutation is favorable for the mu-
tated enzyme compared to the wild type in the presence of the inhibitor. In 
other words, at specific inhibitor concentrations, the mutated enzyme pro-
duces larger quantities of product than the wild type. Conversely, if V < 1, 
the mutated enzyme is disadvantaged compared to the wild type in the pres-
ence of the inhibitor. 

3.2.5 Results and Discussion 
Computer-aided docking was used to suggest suitable replacements for the 
unstable tert-butoxycarbonyl group in the C-3 position. The evaluated cap-
ping groups are shown in Table 5a (18a-f) As the docking of 14 to the NS3 
protease did not reveal any crucial interactions with the oxygens of the Boc 
group, two oxygen-free analogs were suggested (18a and 18b, Table 5a). 
Compound 18a (Ki = 6.8 µM) was more or less equipotent with the reference 
tert-butylcarbamate 14 (4.3 µM), while the phenyl analog 18b was slightly 
less active (8.3 µM). Introduction of a basic morpholine group (18c) was not 
beneficial for potency (11 µM). Compounds 18d-f were synthesized in pur-
suit of a hydrogen bond interaction with the back-bone NH of Cys159 (Fig-
ure 17), as the docking studies indicated that it could be reached by moving 
the carbonyl one step further out compared to the Boc carbonyl. This idea 
was also supported by X-ray studies of electrophilic inhibitors where a simi-
lar carbonyl produced the sought after hydrogen bond interaction.113 Since 
molecular modeling suggested that the primary amide of glycine (18d) 
would fit best into the active site, it was also used to evaluate the side chain 
group transfer from the amino acid to the pyrazinone core, which will be 
discussed later (Table 6). However, biological evaluation of 18d-f did not 
support a strong hydrogen bond with Cys159, as no gains in affinity (10–28 
µM) were achieved compared to 14 (4.3 µM). 

Two alternative acyl sulfonamide P1-P1' groups were also examined for 
the vinyl cyclopropyl building block 13. One was an α-amino acid based, 
cyclopropyl alanine derivative (22), used in highly potent inhibitors during 
the development of boceprevir.34,109 The other was an aromatic P1-P1' group 
(26) that was the most potent P1-P1' group in another study of product-based 
NS3 protease inhibitors, which aimed at a less peptide like inhibitor.110 The 
Boc-protected amine was used as the C-3 substituent to obtain a direct com-
parison with 14. Unfortunately, the cyclopropyl alanine unit in 27a was half 
as potent as the lead structure 14 (4.3 vs 9.6 µM, Table 5b). Encouragingly, 
the aromatic P1-P1' group in compound 27b was as potent as 14 (3.8 vs 4.3 
µM). 
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Figure 17. The expected primary amide analog of 29d docked in the active site of 
NS3 protease. Hydrogen bond interactions are shown as red dotted lines. The sought 
hydrogen bond interaction was between the pyrazinone C-3 capping group carbonyl 
and the backbone of Cys159. A; alanine, C; cysteine; F, fenylalanine; H, histidine; 
K, lysine; Q, glutamine; R, argenine; S, serine; V, valine. 

 

Table 5. Biochemical evaluation of P3 capping and P1-P1' groups. 

 

Molecular modeling indicated that a benzyl substituent on the R6 position of 
the pyrazinone core would locate the phenyl in the same region as the phenyl 
in N-1 phenylglycine. To evaluate the hypothesis, compounds 29a-d were 
synthesized and the results are shown in Table 6. Unfortunately, three of the 
inhibitors 29a, 29c and 29d had hydrolyzed from the intended primary am-
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ide into the corresponding carboxylic acid. The intermediate esters 28a, 28c 
and 28d passed all characterization steps and, notably, intermediate 28b was 
isolated after the microwave-promoted hydrolysis; they all had the primary 
amide intact. This indicates that the hydrolysis occurred during the long 
HATU peptide coupling. This makes the results shown in Table 6 inconclu-
sive, but some trends can still be seen. The phenylglycine containing inhibi-
tor 29a with an unsubstituted R6 position was equipotent with inhibitors 29c 
and 29d, which have a hydrogen in the R2 position and the R6 position is 
occupied by either a phenyl or benzyl group (Ki for 29a 2.3 µM vs 29c 3.0 
µM and 29d 1.5 µM). The results indicated that the P2 group transfer was 
successful and that a benzyl substituent in the R6 position (29d, 1.5 µM) had 
resulted in somewhat higher potency than a phenyl group (29d, 3.0 µM). 
The aim had also been to study how the absence of large groups in the R2 
and R6 positions influenced the inhibitory activity. At this point, comparison 
of inhibitors 29b (R2 = H, R6 = Me) and 18d (R2 = Ph, R6 = Me) was the 
only possibility but, taking into account their standard deviations, no differ-
ence in potency was seen between the two. Taken together, the results sup-
port the possibility to moving away from the chiral N-1 amino acid function-
alities and instead decorating the R6 position. In combination with the aro-
matic P1-P1' building block, this would appear to offer an opening for 
achiral inhibitors, which are very uncommon amongst the HCV NS3 inhibi-
tors, and where the future structural optimizations can be focused on the R6 
substituent. 

Table 6. Evaluation of the transfer of the P2 side chain to the R6 position of the 
2(1H)-pyrazinone core. 

 
 aExp, expected; bObs, observed; 
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3.2.5.1 Evaluation Against Drug Resistant NS3 Variants 
The five most potent inhibitors (14, 27b, 29a, 29c and 29d) were selected for 
studies against the drug resistant NS3 protease, A156T and D168V strains 
and the results are depicted in Table 7. Inhibitor 27b revealed an improved 
potency against the drug resistant strains versus the wild-type, while the 
other inhibitors showed similar or a small decrease in potency. The highest 
vitality values were found for inhibitor 14, which might be explained by the 
common P1-P1' group, as found in inhibitors in clinical trials (Figure 7, sec-
tion 1.2.1.3.1) from which the resistant strains had originated. The inhibitor 
with the lowest overall vitality values was again compound 27b (A156T and 
D168V, V = 0.5). Compounds 29a, 29c and 29d also performed well against 
the mutants, especially against the A156T variant, with relatively small vital-
ity values (0.4–0.9). The first HCV NS3 protease inhibitor to reach clinical 
trials, BILN-2061, when evaluated at the same laboratory, had vitality values 
of 1200 against A156T and 3200 against D168V.28 Comparing these results 
with the vitality values obtained indicate that the losses are virtually negligi-
ble. However, BILN-2061 was highly optimized towards the wild type NS3 
protease and is still more potent against mutated variants than the com-
pounds presented in Table 7 (BILN-2061, Ki values: wild type, 0.089 nM; 
A156T, 0.12 µM; and D168V 0.20 µM).28 

Table 7. Evaluation against the drug resistant NS3 variants A156T and D168V.a 

 
        aV, vitality value. WT, wild-type; A, alanine; T, threonine; D, aspartic acid; V, valine. 
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3.2.6 Summary (Paper II) 
A series of novel HCV NS3 protease inhibitors combining a 2(1H)-
pyrazinone P3 scaffold with either a P2 phenylglycine or a glycine moiety 
was designed and synthesized. Molecular modeling suggested that the 
chemical space occupied by the aromatic side-chain of the P2 phenylglycine 
could be reached from position six of the pyrazinone core. A switch between 
the two positions was easily accomplished by the versatile synthetic route 
applied in the pyrazinone synthesis. Of three P1-P1' residues evaluated, an 
aryl-substituted scaffold was chosen, in combination with the new P3-P2 
block. These structural modifications not only produced the best inhibitor in 
this series but also provided a new type of rigid and achiral inhibitor. Al-
though these inhibitors are in the micromolar range, and still in the early 
drug discovery phase, the collected advantages of easy synthesis, unique 
structure, achirality and a promising resistance profile support further struc-
tural optimization, starting with extended P2 substituents. 

3.3 Extended P2 Substituents Directed Toward the S2 
Pocket (Paper III) 

3.3.1 Background 
A series of 2(1H)-pyrazinone-based inhibitors produced in paper II showed 
low micromolar activity against HCV NS3 protease and the new structural 
class also performed well against the mutated NS3 variants. The results indi-
cated that the P2 group could be transferred from the amino acid residue to 
the pyrazinone core with retained activity, but a direct comparison was ham-
pered by an unstable C-3 substituent. To further confirm the assumption, a 
more suitable C-3 moiety was sought so that the P2 group transfer could be 
re-evaluated. Pyrazinone 27b (Figure 18), which contained the N-1 phenyl-
glycine, C-3 tert-butyl carbamate and the aromatic P1-P1' group was decided 
on as the new lead compound. 

 
Figure 18. The lead structure 27b and the planned modification strategies.  
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3.3.2 Design Strategy 
As no good alternative for the C-3 tert-butyl carbamate had been found in 
Paper II, it was decided to evaluate the structurally similar and more stable 
tert-butyl urea unit (Figure 18), which is present in the approved electro-
philic NS3 inhibitor boceprevir (Figure 7, section 1.2.1.3.1). As P2 groups 
were to be explored from the C-6 position of the pyrazinone ring, the deriva-
tives had to be introduced from the corresponding aldehydes in the first step 
of the synthetic route. When introducing the diversity early in the synthesis, 
the same synthetic steps had to be performed on each P2 moiety evaluated. 
In Paper I, aryl bromides had been incorporated in the pyrazinone C-6 posi-
tion (5c and 5d, Table 2) and this strategy was very appealing as the bromide 
would allow metal-catalyzed derivatization in the later stages. However, 
selectivity issues could arise between the aryl bromide and the pyrazinone C-
3 chlorine in the planned Buchwald-Hartwig type urea coupling. With the 
potential time saving in mind, the route seemed worth exploring. It was also 
considered interesting to study the 2(1H)-pyrazinone scaffold in combination 
with an electrophilic P1-P1'. The α-ketoamide unit of boceprevir was se-
lected, as the compound was considered to most resemble the planned C-3 
tert-butyl urea pyrazinone. 

3.3.3 Synthesis 
The 2(1H)-pyrazinone core synthesis started from the benzyl ester protected 
glycine 1j (yield determining) which was reacted with the aldehydes 30a-c 
and 30h-k and TMS-cyanide to give the corresponding α-amino nitriles as 
depicted in Scheme 6. The intermediates were flushed through a plug of 
silica, enriched with HCl gas in diethyl ether, and thereafter cyclized with 
oxalylchloride in DME by employing microwave heating at 145–170 °C for 
10–25 min (1j loading 1–5 mmol) or reflux over-night (1j loading 20–25 
mmol). No significant yield difference was observed between the two heat-
ing conditions, which gave products 30a-c and 30h-k in 28–66% two-step 
yields. The quite low yield of 33a (28%) was mostly dependent on a trouble-
some Strecker type reaction. The other desired C-6 residues were not com-
mercially available as the aldehydes, instead the alcohols 32d-g and 32l-n, 
were exploited. The carboxylic acids 31f and 31g, available in-house, were 
reduced in reaction with lithium aluminium hydride to the corresponding 
alcohols 32f and 32g. The alcohols 32d-g and 32l-n were oxidized to the 
corresponding aldehydes by employing a sulfur trioxide-pyridine complex, 
dimethylsulfoxide (DMSO) and triethylamine in DCM at ambient tempera-
ture for one hour. The Strecker type reaction was then performed by trapping 
the aldehydes in situ by addition of 1j and TMS-cyanide. After refluxing the 
reaction mixture for one hour, the α-amino nitriles were purified, enriched 
with HCl gas and cyclized with oxalyl chloride to give the products 33d-g 
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and 33l-n in 25–43% three-step yields, which were generally somewhat 
lower yield than when starting from the aldehydes. Next, the C-3 chlorine of 
5s and 33a-n was substituted for the tert-butyl urea 34 by a Buchwald-
Hartwig coupling to give products 35a-o in 46–89% yields. Complete C-3 
selectivity over the C-5 position was achieved in all cases and, more surpris-
ingly, the reaction also offered complete selectivity for the C-3 position over 
the aryl bromides in compounds 35i-n. The esters of compounds 35a-n were 
then hydrolyzed using the microwave promoted protocol with potassium 
carbonate in aqueous acetonitrile112 without affecting the urea functionality. 
The 
  
Scheme 6. Synthesis of N-1 glycine, C-3 urea-substituted 2(1H)-pyrazinones. 

 
aReagents and conditions: a) LiAlH4, THF, -78 °C–rt, quantitative; b) pyridine sulfur trioxide 
complex, Et3N, DMSO, DCM, rt, 1 h; c) 1j, TMS-cyanide, DIPEA, reflux, 1 h; d) Dess Mar-
tin periodinane, DCM, rt, 30 min; e) TMS-cyanide, DIPEA, DME, MW 110–170 °C, 10 min 
or reflux, 30 min; f) enrichment with HCl gas in Et2O; g) oxalyl chloride, DME, MW 145 °C 
for 25 min or reflux over night; h) 33, Pd(OAc)2, Xantphos, Cs2CO3, DME, MW 100–110 °C, 
15 min or reflux for 0.5–1 h; i) K2CO3, H2O, MeCN, MW, 110 °C, 15 min; j) 26, POCl3, 
pyridine, -15 °C–rt, 0.5–3 h; kThe two/three step yields of 33 were determined by 1j using 
either alcohols 31d-h,i-n (reaction steps b, c, f, g) or aldehydes 32a-c,i-k (reactions steps e, f, 
g). lDess Martin oxidation. mMicrowave heated reactions at 100 °C for 15 min. nReflux 0.5–1 
h. oThe peptide bond formation was mediated by HATU and the reaction was stirred at rt for 
48 h. 
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subsequent carboxylic acid intermediates were then coupled with the aro-
matic P1-P1' building block 26 in reaction with phosphoryl chloride110 at -15 
°C to room temperature for 0.5–3 hours in pyridine to give 36a-n in poor to 
moderate yields (14–66%). Compound 37o was synthesized in a HATU-
mediated amide bond formation between 36o with 26.  

By employing the same synthetic strategy as that described above, the fi-
nal inhibitors 40a and 40b were synthesized starting from amine 1g and al-
dehyde 2f (Scheme 7). Palladium-catalyzed substitution of the C-3 chlorine 
of 5k and 37 for the tert-butyl urea 34 gave the derivatives 39a and 39b, 
which were hydrolyzed and coupled with 26 to afford the final inhibitors 40a 
and 40b. The electrophilic P1 subunit 44 was synthesized by a slightly modi-
fied literature procedure.34 The aldehyde 41 was reacted with potassium cya-
nide at low temperature114 to afford 42 in 88% yield as a 1:1 mixture of 
 
Scheme 7. Synthesis of inhibitors bearing electrophilic P1-P1' groups and reference 
compounds. 

 
aReagents and conditions: a) TMS-cyanide, DIPEA, DME, reflux, 30 min; b) i, HCl gas, 
Et2O, ii, oxalyl chloride, DME, reflux, over night; c) 33, Pd(OAc)2, Xantphos, Cs2CO3, DME, 
MW, 100–110 °C, 15–20 min; d) K2CO3, H2O, MeCN, MW, 110 °C, 15 min; e) 26, POCl3, 
pyridine, -15 °C–rt, 1.5–2 h; f) KCN, acetic acid, MeOH, DCM, 0 °C, 3 h; g) H2O2, LiOH, 
MeOH, 0 °C, 3 h; h) HCl, 1,4-dioxane, rt, 30 min. i) to 45: 35o, 44, HATU, DIPEA, DMF, 0 
°C, 2.5 h; j) to 46: 39a, 44, HATU, DIPEA, DCM, rt, ultra sound for 5 min; (k) EDCI, 
DMSO, dichloroacetic acid, DCM, rt, 4–6 h. 
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diastereomers. Following the literature procedure,34 the nitrile 42 was hydro-
lyzed in a basic hydrogen peroxide solution to provide the α-hydroxyamide 
43. Next, the Boc group was removed in acidic dioxane followed by evapo-
ration to give the P1 building block 44. The benzyl and methyl esters 35o 
and 39a were hydrolyzed and coupled with building block 44 to give the α-
hydroxyamides 45 and 46. The peptide coupling to 45 was HATU-promoted 
but when analogues conditions were used in the synthesis of 46, only small 
amounts of the product were isolated. Instead, the starting materials were 
solubilized by the use of an ultrasonic bath115 which unexpectedly gave full 
consumption of 39a after 5 min and product 46 could be isolated in 85% 
yield. The following oxidation with 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDCI), DMSO and dichloroacetic acid in DCM gave the α-
ketoamides 47 and 48 in moderate to poor yields (64% and 13%, respec-
tively). The low yield of 48 was mainly due to dimerization of the product 
during the purification. Furthermore, the cyclobutylmethyl moieties of 47 
and 48 were very prone to epimerize and the products were isolated as a 
50:50 enantiomeric/diastereomeric mixture. 

The aryl bromide comprising pyrazinones 36i-n were decorated with 3-
pyridyls as depicted in Scheme 8. Through palladium-catalyzed Suzuki-
Miyaura cross-couplings with 3-pyridylboronic acid, the final products 37a-f 
were afforded in 20–69% yield. Although large excess (5 equiv.) of the bo-
ronic acid was used, the corresponding C-5 substitution was never observed. 

 
Scheme 8. Decoration of the aryl bromide containing pyrazinones 36i-n. 

 
aReagents and conditions: a) 3-pyridylboronic acid, Pd(PPh3)2Cl2, Na2CO3, H2O, EtOH, 
DME, MW, 120 °C, 15 min, 20–69%. 

3.3.4 Results and Discussion 
Gratifyingly, the exchange of the unstable carbamate function (27b) for the 
corresponding urea functionality (40a) produced an inhibitor that was ten 
times more potent (Table 8, Ki = 3.8 µM vs 0.39 µM, respectively). Next, the 
P2 group side transfer was re-evaluated to reveal that moving the phenyl 
from the amino acid residue of 40a (0.39 µM) to the C-6 position of the 
pyrazinone core gave an achiral and equipotent inhibitor (36o, 0.66 µM). To 
confirm the importance of a P2 group, compound 36a, which lacked aro-
matic groups in both the amino acid residue and the C-6 position of the 
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pyrazinone ring, was evaluated; it showed a considerable loss in potency (1.9 
µM). Having two potential aromatic P2 residues (40b) did not improve the 
potency compared to 36o or 40a, which contained one bulky P2 residue, 
either in the glycine moiety or on the pyrazinone core (0.70 µM, vs 0.66 µM 
and 0.39 µM, respectively). The electrophilic α-ketoamide as the P1-P1' 
group, which is present in the potent inhibitor boceprevir (0.014 µM, Figure 
7, section 1.2.1.3.1),34 did not give the anticipated improvement in potency 
in inhibitors 47 (7.1 µM) and 48 (6.2 µM). The less peptidic, aromatic P1-
P1' residue, had ten times better inhibitory potency than the α-ketoamide 
residue in combination with the P3 pyrazinone scaffold, when comparing 
inhibitors 36o and 40a (0.66 and 0.39 µM, respectively) with 47 and 48 (7.1 
and 6.2 µM, respectively). 

Table 8. Evaluation of the P2 side chain transfer and electrophilic P1 groups. 
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Since the P2 group transfer to the pyrazinone core was successful and no 
activity was gained with the electrophilic P1-P1' group, the following explo-
ration of elongated C-6 substituents was performed with N-1 glycine, the 
aromatic P1-P1' building block and the stable urea functionality in the C-3 
position. 

As shown above, a P2 group is important for activity, this is exemplified 
by compound 36a, which lacks the P2 side chain (Ki =1.9 µM, Table 9). The 
introduction of a benzyl group in the C-6 position of the pyrazinone core 
resulted in a potency of 0.66 µM (36o). Extending the benzyl substituent by 
one sp3 carbon gave an inhibitor that was five times more potent (36b, 0.12 
µM vs 36o, 0.66 µM). Further elongation of the saturated spacer did not 
improve the affinity (36d, 0.14 µM) and replacing one carbon for oxygen in 
36c decreased the potency by a factor of four (36c, 0.56 µM vs 36d, 0.14 
µM). Using the larger aromatic moieties, the 2- and 1-methylnaphthalenes, 
in inhibitors 36e and 36f gave a two-fold improvement in affinity for the 
NS3 enzyme compared with the corresponding benzyl substituent in 36o 
(0.33 and 0.29 vs 0.66 µM). Exchanging the aromatic phenyl in 36b for a 
saturated cyclohexyl (36g) gave an equipotent inhibitor (0.12 vs 0.11 µM, 
respectively) and the same inhibitory activity was also observed for the n-
pentyl comprising 36h (0.16 µM). 

The bromo-substituted phenyl and benzyl containing 36i-n were synthe-
sized in hope of getting an indication of the direction in which further substi-
tutions would be allowed. In the enzymatic evaluation, the ortho- and meta-
bromo functionalized benzyls were slightly more potent (36m, Ki = 0.29 µM 
and 36n, 0.25 µM) than the others (36i-l, 0.38–0.60 µM). Disappointingly, 
the potency differences among 36i-n were too small to get an indication of 
the preferred substituent direction. It was then decided to substitute all the 
bromines of 36i-n for a larger 3-pyridyl in the search for a potential interac-
tion with the S2 pocket. A pyridyl was chosen because many of the product-
based HCV NS3 protease inhibitors in clinical trials bear nitrogen-containing 
aromatic rings in the P2 residue. The resulting para- and meta-3-pyridylaryl 
carrying inhibitors 49a and 49b (0.44 and 0.39 µM) were equipotent with 
their corresponding bromo analogs 36i and 36j (0.38 and 0.60 µM). In con-
trast, the ortho-pyridyl 49c (2.1 µM) lost considerably in inhibitory activity 
compared to the ortho-bromide 36k (0.40 µM). The same trend was ob-
served for the benzyl-pyridyls 49d-f compared with the benzyl-bromides 
(36i-n); the para-analogs were equipotent (0.54 vs 0.44 µM), the meta-
pyridyl lost some potency compared to the meta-bromide (0.81 vs 0.29 µM) 
and the ortho-pyridyl was over four times less potent than the ortho-bromide 
(1.1 vs 0.25 µM). Although molecular modeling looked promising, no im-
portant interactions with the S2 pocket were established with the pyridyl 
substituents as they were equipotent with or of lower potency than the corre-
sponding bromides. 
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The study revealed that the unstable carbamate functionality could suc-
cessfully be exchanged for the corresponding urea P3 capping group. Fur-
thermore, the side chain transfer of the P2 group to the pyrazinone core was 
beneficial, especially after elongation which, in combination with the aro-
matic P1-P1' group, produced unique achiral inhibitors with improved po-
tencies. These encouraging results support the further exploration and opti-
mization of the 2(1H)-pyrazinone structures for inhibition of HCV NS3 pro-
tease. 

Table 9. Evaluation of C-6 substituents. 
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3.3.4.1 Evaluation Against Mutated NS3 Variants 
On the basis of their inhibitory potencies and structural diversity, the three 
inhibitors 36g, 40a and 49a were selected for evaluation against the resistant 
enzyme variants A156T, D168V and R155K (Table 10). Again it was shown 
that this type of inhibitors performs well against the mutated strains with 
relatively small decreases in inhibitory activity (potency decreased by up to 
four-fold) compared to the inhibitor Ki values against the wild-type. Com-
pound 36g, with the aliphatic P2 residue anchored on the pyrazinone ring, 
showed better Ki values and vitality values than compounds 40a and 49a 
against all the mutants. Despite all three inhibitors showing decreased po-
tency against R155K, the vitality values were less than 1. This indicated that 
the compounds inhibited the mutated form more effectively than the wild-
type protease. Although the inhibitors 36g, 40a and 49a were not as active 
against the mutated enzymes as wild-type NS3 protease, the comparatively 
small drop in activity indicates that they are quite insensitive to the muta-
tions, which merits further drug optimization of this unique class of inhibi-
tors. 

Table 10. Evaluation on the mutant NS3 variants A156T, D168V and R155K. 

 
aV, vitality value. WT, wild-type; A, alanine; T, threonine; D, aspartic acid; V, valine; 

R, argenine; K, lysine. 

3.3.5 Computer Docking and Suggested Binding Position 
Figure 19 (left) shows compound 49b docked in the protease binding site of 
the full-length NS3 protein. The binding mode of this inhibitor shows that 
the rigid 2(1H)-pyrazinone core induces a β-sheet conformation. Potential 
hydrogen bond interactions between the inhibitor and the NS3 protease 
amino acids are highlighted. In addition molecular modeling suggests an 
intramolecular hydrogen bond between one of the urea NH groups and the 
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N-4 nitrogen of the pyrazinone core, which might explain the 10-fold po-
tency improvement from the carbamate 27b and urea 40a (Table 8, Ki = 3.8 
and 0.39 µM, respectively).  

The macrocylic inhibitor TMC-435 is currently one of the two product-
based NS3 protease inhibitors that have progressed furthest in clinical trials 
(Figure 7, section 1.2.1.3.1). Figure 19 (right) shows the docked pose of 
compound 49b overlaid with the crystals structure of protease bound TMC-
435 (the enzyme is not shown). The backbones of the inhibitors aligns quite 
well and the pyridyl comprising substituent in the C-6 position of the pyrazi-
none core seem to reach up to the same area as occupied by the large aro-
matic P2 group of TMC-435, supporting that similar binding mode could be 
achieved with an optimized pyrazinone scaffold. For instance, the small 
pyridyl group in 49d could be expanded in the search for beneficial interac-
tions with the large S2 pocket. 

    
Figure 19. To the left: compound 49b docked into the NS3 enzyme active site; the 
grey surface represents the protease domain; the blue surface represents the helicase 
domain; key hydrogen bond interactions with the indicated amino acids are shown 
as red dotted lines. To the right: the docked compounds 49b (orange carbons) and 
TMC-435 (green carbons). 

3.3.6 Summary (Paper III) 
Starting from a pyrazinone-phenylglycine based NS3 protease inhibitor (Ki = 
3.8 µM), a stable urea P3 capping group was found that replaced the unsta-
ble C-3 carbamate functionality. The C-3 urea was also beneficial for affin-
ity to the NS3 protease (Ki = 0.39 µM), possibly related to an intramolecular 
hydrogen bond which retains the bioactive conformation. An electrophilic 
P1-P1' group was not beneficial for inhibitory potency in combination with 
the P3 pyrazinone scaffold. Furthermore, transfer of the P2 side chain of N-1 
glycine to the C-6 position of the pyrazinone core was allowed which also 
resulted in achiral inhibitors in combination with an aromatic P1-P1'group. 
The exploration of C-6 groups with elongated aromatic, heteroaromatic and 
aliphatic derivatives, lead to the discovery of the most potent ethyl-
cyclohexyl substituent (0.11 µM). This class of compounds also performed 
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well on the drug resistant NS3 variants A156T, D168V and R155K with low 
loss of potency. Taken together, the potencies of the unique and achiral pep-
tidomimetic inhibitors of the HCV NS3 protease were further improved 
which encourages the future exploration and optimization of this new class 
of 2(1H)-pyrazinone based inhibitors. 
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4 Small Molecule Inhibitors of Protein-Protein 
Interaction - Targeting Mtb-RNR (Paper IV) 

4.1 Background 
As discussed in section 1.2.2.4, RNR is composed of two R1 and two R2 
subunits and the C-terminus of R2 is fundamental for the association of the 
heterodimeric tetramer. It was first reported for herpes simplex virus RNR 
that peptides corresponding to the C-terminal end of R2 hindered the R1-R2 
association, thus inhibiting the enzyme.71-72 The same strategy has been used 
for inhibition of Mtb RNR: the acetylated heptapeptide (M) was found to 
have inhibitory activity (Figure 20).76 On further investigation it was found 
that hepta- or hexapeptides were needed to retain the potency.116 The same 
authors also explored N-terminal truncations of peptide M, with the N-
teminal acetyl group exchanged for the larger 9-fluorenylmethyloxycarbonyl 
group (Fmoc). Surprisingly, it was shown that the three N-terminal amino 
acids in M could be replaced by the Fmoc group to give N, without losing 
much affinity for the R1 subunit. It was even possible to truncate the tetra-  
 

 
Figure 20. The sequence of events regarding Mtb RNR inhibitors that lead to the 
discovery of compounds 68-70. aReported by Yan et al.76 bReported by Ericsson et 
al.117 cReported by Muthas et al. (unpublished results). 118 KD2,dissociation constant 
(affinity for the Mtb R1 subunit). 
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petide N further, to Fmoc-tryptophan (O), which had comparable activity to 
the original heptapeptide M (dissociation constant KD2 = 12.4 µM vs 8.3 µM, 
respectively).117 Intrigued by these results, Muthas et al. (unpublished re-
sults)118 employed a combined shape- and structure-based virtual screen 
based on O, which resulted in compounds 68-70 with similar affinity for Mtb 
R1 subunit (KD2 = 3.4–5.7 µM). Compounds 68-70 were selected as good 
starting points and the SARs of this compound class were subsequently ex-
plored and their antimycobacterial activity evaluated. 

4.2 Design Strategies 
Two different design strategies for preparing analogs of 68-70 were applied 
in parallel. The first was a medicinal chemistry based approach, which ex-
amined the influences of the carboxylic acid and the halogen substituents of 
the hit compounds 68-70 (Figure 20). The second approach was to perform a 
focused hierarchical design of experiments (FHDoE)119 based on compound 
69, which turned out to have strongest affinity for R1 of the three hits after 
re-evaluation (discussed in section 4.5). In the FHDoE approach, the chemi-
cal space close to the hit structure is explored, thus increasing the probability 
of generating new inhibitors. The design was based on the central 2-carbon 
keto spacer and commercially available heteroaryl/aryl- amines and alcohols 
close in chemical space to the reference building blocks 104 and 51 were 
selected in a systematic manner (Figure 21).  

 
Figure 21. The hit compound 69 and the template heteroaryl/aryl amine and alcohol 
building blocks 104 and 51 upon which the focused hierarchical experimental design 
was based. 

4.3 Synthesis 
The synthesis of compounds 54-77, from the medicinal chemistry design 
approach, started with O-alkylation of 1-naphthol (51) with ethyl 2-
bromoacetate (50) to give 52 (Scheme 9). Using sodium hydroxide in aque-
ous THF, the ethyl ester 52 was hydrolyzed to afford 53 quantitatively. The 
subsequently formed carboxylic acid was then converted to the acid chloride 
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by reaction with oxalyl chloride and catalytic amounts of DMF before cou-
pling with various aryl/heteroaryl amines to give compounds 54-67 and 78-
80 in poor to excellent yields (20–94%). To attain the carboxylic acids 68-72 
and 81 the corresponding ethyl- and methyl esters 56-60 and 80 were hydro-
lyzed in a mixture of potassium carbonate, water and acetonitrile by employ-
ing microwave heating at 120 °C for 15 min.112 The acyl sulfonamide 73 was 
synthesized from the aryl bromide 64 in a carbonylative palladium-catalyzed 
reaction with methanesulfonamide.120-121 Compound 74 was attained in a 
diethyl phosphonate arylation with 64,122 and the phosphonic acid 75 was 
liberated by treatment of 74 with bromotrimethylsilane.123 Through a Su-
zuki-Miyaura cross-coupling, a 4-pyridyl group was incorporated into 64 to 
afford 76 in good yield (76%).124 The tetrazole 77 was attained by reacting 
the nitrile 67 with sodium azide and ammonium chloride in DMF at a high 
temperature (170 °C).125 
 
Scheme 9. Synthetic route to compounds 54-80.a 

 
aReagents and conditions: a) NaH, THF, rt, 30 min; b) NaOH, H2O, THF, rt, 2 h; c) oxalyl 
chloride, catalytic DMF, DCM, rt, 30 min; d) R1-NH2, Et3N, DCM; e) K2CO3, H2O, MeCN, 
MW, 120 °C, 15 min; f) to 73: methanesulfonamide, DBU, Mo(CO)6, trans-bis(acetato)bis[o-
(di-o-tolylphosphino)benzyl]dipalladium, (tert-butyl)3PHBF4, 1,4-dioxane, MW, 140 °C, 15 
min; g) to 74: diethyl phosphonate, Cs2CO3, Pd(PPh3)4, THF, MW, 120 °C, 10 min; h) to 76: 
4-pyridylboronic acid, Na2CO3, Pd(PPh3)2Cl2, H2O, EtOH, DME, MW, 120 °C, 30 min; i) 
TMSBr, DCM, rt, over night; j) sodium azide, ammonium chloride, DMF, MW, 170 °C, 1 h. 
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Several strategies were used to synthesize the diverse structures derived 
from the FHDoE approach. As depicted in Scheme 10, the synthesis of com-
pounds 84-91,102 and 103 started with acylation of 82 with 2-bromoacetyl 
chloride to give 83. A variety of aryl/heteroaryl alcohols were then alkylated 
with 83 by heating a DMF mixture of the two and cesium carbonate to 80 °C 
for 15 min. Conveniently, both the methyl ester and most of the carboxylic 
acid derivatives were obtained in acceptable amounts in the alkylation proto-
col, except in the case of carboxylic acids 91 and 103. These were obtained 
by hydrolyzing the corresponding methyl esters 90 and 102 in the micro-
wave protocol with potassium carbonate as base in water and acetonitrile.112 
The commercially available phenoxy acetic acids 92 and 93 were converted 
into the acid chloride analogs and coupled with pyrazine- and pyrimidine 
amine moieties to yield 94 and 95. The remaining entities were synthesized 
by acylating the aryl/heteroaryl amine with 2-bromoacetyl chloride or 2-
bromoacetyl bromide and then, after extraction, using the intermediate to 
alkylate the aryl/heteroaryl hydroxyl derivatives. The O-alkylation was car-
ried out either in refluxing acetone with potassium carbonate and potassium 
iodide to give 96 and 97 in 21-22% yields, or in DMF with cesium carbonate 
to give the final products 98-101 in 8-35% yields. 

 
Scheme 10. Synthetic route to compounds 84-91 and 94-103.a 

 
aReagents and conditions: a) DIPEA, anhydrous DCM, 0 °C–rt, 30 min; b) R-OH, Cs2CO3, 
DMF, MW, 80 °C, 15 min; c) K2CO3, H2O, MeCN, MW, 120 °C, 20 min, 61–98%; d) oxalyl 
chloride, catalytic DMF, anhydrous DCM, rt, 30 min; e) R2-NH2, DIPEA, anhydrous DCM, 1 
h; f) triethylamine, anhydrous DCM, -78 °C–rt, 30 min; (g) R-OH, K2CO3, KI, acetone, re-
flux, 1 h, or R-OH, Cs2CO3, DMF, 40–80 °C, 15–60 min. 
 



 61

4.4 Assays 

4.4.1 Mtb R1 Affinity Assay for KD2 Determinations 
When a fluorescence labeled probe is excited with plane-polarized light, 
plane-polarized light will be emitted back in the same plane, provided that 
the probe remains stationary throughout the excited state. If the labeled 
probe is free in solution, it is likely to rotate and tumble out of this plane 
during the excited state and thus emit light in a different plane from the exci-
tation light plane i.e. the light is depolarized. However, if the probe interacts 
closely with a significantly larger structure (i.e. the Mtb R1 protein), the 
random tumbling will slow down and the emitted light remains highly polar-
ized. 

In the competitive fluorescence polarization (FP) assay, the labeled probe 
and the inhibitor compete for binding to the R1 protein. When the concentra-
tion of the inhibitor is increased, the fluorescence labeled probe is forced out 
into solution, which can be detected as a decrease of polarized light. The 
fluorophore used in this assay was 5-(dimethylamino)naphthalene-1-
sulfonamide (DANSYL), which was incorporated via a Gly-Ser-Gly linker 
to the heptapeptide corresponding to the C-terminus of Mtb R2 (Figure 22). 
Plane polarized light at 340 nm wavelength was used to excite the DANSYL 
group and the emitted plane-polarized light was measured at 535 nm. To 
assure that the compounds did not interfere with the probe signal, a reference 
value called fluorescence intensity (FI) was calculated for each inhibitor 
concentration. Ideally, the FI value should stay constant when the inhibitor 
concentration increases. However, if a drastic increase in FI with increasing 
inhibitor concentration is observed, it indicates that the calculated KD2 value 
might be underestimated, i.e. the compounds might be false positive. Thus, a 
reliable KD2 value could not be obtained for the compounds that showed this 
tendency. 

 
Figure 22. The amino acid sequence of the peptidic probe. The fluorescent DAN-
SYL group is marked in bold. 

The interaction between the protein and the probe, and the interaction be-
tween the protein, probe and ligand are described by two different binding 
models, which are illustrated in Figure 23.126 The dissociation constant of the 
probe-R1 protein complex (KD1) can be determined in the direct binding 
model and the KD1-value can then be used in the competitive binding model 
to calculate the dissociation constant of ligand-R1 complex (KD2-value for 
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the screened compounds). The KD2 determinations were performed as re-
ported by Ericsson et al. 117 and given in Table 11 and 12 as the average of 
three separate experiments, with the standard deviations. 

 
Figure 23. The direct- and competitive-binding models. The components are de-
noted as follows: R1, the free Mtb R1 protein; P, the free probe; R1-P, the complex 
of R1 protein and probe; L, the free ligand (inhibitor); R1-L, the complex of the 
protein and the ligand. KD1 is the dissociation constant of the R1 – P interaction, and 
KD2 is the dissociation constant of the R1 – L interaction. 

4.4.2 Mtb In Vitro Assay for MIC determination 

The antimycobacterial activity was determined as the minimum inhibitory 
concentration (MIC) for Mtb cell growth, measured using the resazurin me-
tabolism assay.127-128 Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) 
is a blue indicator dye that is reduced by metabolically active cells to re-
sorufin (7-hydroxy-3H-phenoxazin-3-one) which is pink in color. The assay 
is performed by incubating an Mtb (H37Rv) culture with varying concentra-
tions of the inhibitor for 5 days. Thereafter, resazurin is added to each well 
and the plates are re-incubated for an additional day before evaluation 
through spectroscopic measurements. MIC values were defined as the lowest 
drug concentration which prevented a color change, from blue to pink or 
yielding > 80% inhibition in quantitative terms. 

Note that the assay only measures the antimycobacterial effect and does 
not give an answer to why the bacteria are not viable. The tested compounds 
or its metabolites can affect the sought target but can also interact with any 
other essential bacterial process. 

4.4.3 Mtb RNR Activity Assay for IC50 determination 
The capacity of the selected compounds to inhibit the activity of Mtb RNR 
was measured in an assay that monitored the reduction of cytidine diphos-
phate (CDP)129 and the assay was performed as reported by Nurbo et al.116 In 
brief: varying concentrations of the inhibitor were incubated with tritium 
labeled CDP and the Mtb R1 and R2 subunits at 37 °C for 45 min. Thereaf-
ter, the product [3H]deoxycytidine diphosphate (dCDP) and the substrate 
[3H]CDP were hydrolyzed to produce [3H]deoxycytidine and [3H]cytidine, 
respectively. These were then separated by column chromatography and the 
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IC50 values were determined from measurement of the radioactive decay in 
the fractions containing the [3H]deoxycytidine product. The IC50 values re-
ported in Table 13 are the averages of three separate experiments, with the 
standard deviations. 

4.4.4 Mtb RNR versus Human RNR Selectivity Assay 

To assess whether the compounds were more selective for Mtb RNR than for 
human RNR, the affinity for the respective R1 subunits was determined by 
using a slightly modified version of the FP assay (section 4.4.1). For Mtb, 
the DANSYL-labeled probe (Figure 22) was added to a solution of the Mtb 
R1 subunit and the FP signal was determined. Next, the inhibitor was added 
at a concentration of 20 µM and the decrease in the FP signal was monitored 
and determined as the percentage reduction. The percentage reduction for the 
human R1 subunit was obtained in the same way, with the corresponding 
DANSYL-labeled C-terminus of the human R2 subunit used as the probe. 
The selectivity index could was then calculated by dividing the percentage 
reduction value obtained for Mtb R1 by that obtained for human R1. 

4.4.5 Solubility and Stability Determinations 
Two standard solutions of the compound (2.5 µM and 50 µM) in phosphate 
buffered saline (PBS) at pH 7.4/acetonitrile (1:1) were prepared. By using 
HPLC with ultraviolet (UV) detection, a rough three-point calibration curve 
was developed by injecting the two standard solutions and forcing the curve 
through the origin. For the solubility assessments, a 100 µM solu-
tion/suspension of the compound in PBS at pH 7.4 was used. The solution 
was left for 18 hours at ambient temperature before filtration and injection 
into the HPLC system. The UV response was then evaluated against the 
calibration curve to determine the rough solubility in PBS at pH 7.4 and the 
results are shown in Table 13. Note that a standard deviation of 10% should 
be included, in the solubility measurement values. The stability was deter-
mined by injecting the 50 µM standard solution into the HPLC system again 
after 24 hours and determining the concentration of the inhibitor in compari-
son with the calibration curve. 

4.5 Results and Discussion 
Compounds 54 and 55 were prepared during the search for the most conven-
ient synthetic route to the carboxylic acid derivatives 68-70 (Table 11a). The 
butyl containing 54 had no affinity for Mtb R1 protein (KD2 > 150 µM) but 
had antimycobacterial effect (MIC = 32 µg/mL), suggesting that the com-
pound or an active metabolite thereof, was acting on another target. Con-
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trary, the unsubstituted phenyl 55 had affinity for the Mtb R1 subunit but 
lacked antimycobacterial effect (KD2 = 23 µM, MIC > 256 µg/mL). The 
methyl esters 56-58 of the three hits were also considered interesting but, 
unfortunately, 56 and 57 interfered with the probe signal and 58 had low 
solubility, and thus no KD2 value could be determined. Furthermore, they all 
lacked activity against Mtb (MIC > 256 µg/mL). 

Of the re-synthesized virtual screening hits 68-70 (Table 11a), the chlo-
rine and bromine comprising ortho-carboxylic acids 69 and 70 had the high-
est binding affinities (KD2 = 6.9 and 11 µM, respectively), while the ortho-
carboxylic acid 68 had 3–5 times less affinity to R1 (35µm). Conversely, 68 
had a greater antimycobacterial effect (MIC = 32 µg/mL) than compounds 
69 and 70 (64 µg/mL). 

As the carboxylic acid group seemed to be important for activity, the 
para- and meta-carboxylic acid analogs of 68 were explored (Table 11b). 
The para-ethyl ester 59 was equipotent with ortho-carboxylic acid 68 but 
lacked inhibitory activity in the bacterial assay (KD2 = 27 µM, MIC > 256 
µg/mL). The corresponding meta-ethyl ester 60 absorbed light in the same 
region as the DANSYL group, so no reliable KD2 value could be attained. 
Both esters (59 and 60) were inactive against the Mtb bacteria (>256 
µg/mL). Hydrolysis of 59 and 60 gave the para- and meta-carboxylic acids 
71 and 72, which were weakly active in the whole-cell assay (MIC = 128) 
but had no affinity for the R1 subunit, indicating that the ortho positioning of 
the carboxylic acid is important for affinity for the R1 protein. 

The influence of the halogen substituent was examined by preparing 
compounds 61-64 (Table 11b). Removing the ortho-carboxylic acid group of 
69 gave the inactive meta-chloro analog 61, while detaching the acid func-
tionality of 70 yielded compound 62, which retained some affinity for the R1 
subunit (KD2 = 58 µM) but lost all activity in the whole-cell assay(MIC > 
256 µg/mL). The meta- and ortho-bromides 63 and 64 both lacked R1-
affinity and inhibitory antimycobacterial activity. 

Next, a set of carboxylic acid isosteres was synthesized to further explore 
the importance of an acidic group in the ortho-position (68). Replacing this 
group with a sulfonic acid gave 65, which lacked affinity for Mtb R1 (Table 
11c). The acyl sulfonamide 73 gave no readout in the FP assay because it 
interfered with the signal from the probe; however, in the whole-cell assay it 
was equipotent with 68 (MIC of 32 µg/mL). In a synthetic route to acquire 
the reverse acyl sulfonamide of 73, 2-aminobenzenesulfonamide was used to 
trap the acid chloride of 52 (Scheme 9) but because of poor selectivity be-
tween the arylamine and the sulfonamide, the di-acylated product 66 was 
obtained in large amounts instead. This compound had approximately six-
fold stronger Mtb R1 affinity than 68 (6.0 vs 35µM). In fact 66 was equipo-
tent with the best compound identified so far, i.e. 69 (KD2 = 6.9 µM). Re-
garding the MIC values, the acyl sulfonamide 66 was also equipotent to 69 
but half as potent as 68 (64, 64 and 32 µg/ml, respectively). Both the ortho- 
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Table 11. Biological evaluation of the affinity for Mtb R1subunit and the antimyco-
bacterial effect of the compounds derived from the medicinal chemistry approach.a 

 
aFP, fluorescence polarization; KD2, dissociation constant (affinity to Mtb R1 protein); MIC, minimum 
inhibitory concentration; ND, not determined; High FI, the compound interfered with the probe signal. 
 
diethyl phosphonate (74) and the phosphonic acid (75) were evaluated and, 
surprisingly, the phosphate ester 74 (KD2 = 57 µM) and not the phosphonic 
acid 75 (KD2 >150 µM) had affinity for R1. However, 74 was not active on 
the Mtb bacteria. The biologically inactive nitrile 67, was used as an inter-
mediate in the synthesis of the ortho-tetrazole 77, which had a KD2 value half 
that of the ortho-carboxylic acid 68 (16 and 35 µM, respectively). However, 
the exchange of the carboxylic acid for the tetrazole resulted in decreased 
potency against the TB bacteria (68 and 77, MIC = 32 and 64 µg/mL). A 
basic 4-pyridyl group in the ortho position (76) was not beneficial for affin-
ity for Mtb R1 compared to the ortho-carboxylic acid 68 (72 vs 35 µM, re-
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spectively). Furthermore, the 4-pyridyl containing 76 was inactive in the 
whole-cell bacterial assay. 

To summarize Table 11, the compounds with a carboxylic acid group (68, 
69, 70), an acylsulfonamide (66 and 73) or a tetrazole group (77), in the or-
tho position of the phenyl ring had both affinity for the Mtb R1 subunit of 
the RNR enzyme (KD2 ≤ 35) and antimycobacterial activity (MIC ≤ 64 
µg/mL). 

In the other approach to exploring the SAR of this compound class, both 
the phenylamine and naphthol parts of 69 were varied using FHDoE. In the 
synthetic route to these compounds, the carboxylic acids were masked as 
methyl esters to ease the synthesis and isolation. The esters were also con-
sidered interesting and were therefore included in the biochemical evaluation 
(Table 12). From the 1-naphthol comprising compounds 78-81, the ortho-
hydroxyethyl 78 and the triazine 79 showed affinity for the R1 protein 
(KD2 = 30 and 14 µM, respectively) while the pyridine ester 80 interfered 
with the FP assay. None of the compounds 78-80 were active against Mtb. 
The pyridine carboxylic acid 81 had moderate antimycobacterial activity but 
lacked affinity for R1 (MIC = 64 µg/mL, KD2 > 150 µM). 

Keeping the reference aryl amine 104 intact and varying the phenol part 
in accordance with the design gave compounds 85, 87, 89, and 91, and the 
corresponding methyl esters 84, 86, 88 and 90 (Table 12). The 2-substitited 
quinoline compound 85 had moderate antimycobacterial activity with an 
MIC of 64 µg/mL but the affinity for R1 could not be determined. The cor-
responding methyl ester 84 had good affinity for R1 (11 µM), although the 
compound was inactive in the whole-cell bacterial assay. Amongst the ortho-
substituted carboxylic acids 87, 89 and 91, the indole comprising 89 had the 
highest affinity for the R1 subunit (11 µM), while compounds 87 and 91 
showed three- to four-fold loss of affinity (32 and 43 µM, respectively). The 
indole derivative 89 also had the best antimycobacterial activity of the three 
(MIC = 16 µg/mL). The KD2 values could not be determined for the esters 86 
and 90 because of low solubility, or for 88 because it interfered with the 
probe signal. These compounds also lacked antimycobacterial activity. 

Varying both hetero/aryl moieties simultaneously according to the design, 
gave compounds 94-100 (Table 12); of these, compound 100 turned out to 
be very interesting. It had good affinity for the R1 protein (KD2 = 16 µM) and 
also the best antimycobacterial activity of all the inhibitors prepared (MIC = 
8 µg/mL).  

Because many of the compounds interfered with the assay conditions, no 
clear SAR regarding the affinity for the Mtb R1 subunit could be established 
to guide the following design. Nevertheless, encouraged by the results from 
the FHDoE-derived compounds 89 and 100, which both showed good affin-
ity for the R1 protein (KD2 = 11–16 µM) and also had promising antimyco-
bacterial effects (MIC = 8–16 µg/mL), it was decided to explore these 
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Table 12. Biological evaluation of the affinity for Mtb R1subunit and antimycobac-
terial effect of the FHDoE derived compounds. 

 
aCompounds derived using the FHDoE approach. FP, fluorescence polarization; KD2, dissociation con-
stant (affinity to Mtb R1protein); MIC, minimum inhibitory concentration; ND, not determined; High FI, 
the compound interfered with the probe signal. 
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structures further by switching their heteroaryl/aryl groups. The acetami-
dopyridine in combination with the indole moiety gave compound 101 that 
was inactive against Mtb and no KD2-value could be attained due to fluores-
cence interference with the probe. The ortho-carboxylic acid meta-chlorine 
linked to the n-pentylphenyl in compound 103 had no affinity for R1 but it 
had moderate antimycobacterial effect (MIC = 64 µg/mL). No affinity or 
whole-cell data could be obtained for the corresponding methyl ester 102 
because of poor solubility. 

A series of assays were performed to further profile the compounds that 
had antimycobacterial activity and that showed the highest affinity for R1. 
The results are shown in Table 13. To gain support for the compounds acting 
on RNR, they were tested in an orthogonal assay that monitored the reduc-
tion of tritium labeled CDP. In agreement with the R1 affinity (KD2 values) 
the activity of the Mtb-RNR enzyme was inhibited by all tested compounds 
(IC50s 4–61 µM). Interestingly, compared to the reference heptapeptide M 
(IC50 of 40 µM) the considerably smaller compounds performed very well. 
The 1-naphthyl containing 69 was the most potent compound, with an IC50 
of 4 µM, whereas 89, which encompass a 5-indolyl, had the highest IC50 
value (61 µM). Because of the low solubility of compound 100 (0.5 µM) an 
IC50 value could not be obtained, but the compound was determined to cause 
35% inhibition at 1 µM. In the FP affinity assay, the same solubility prob-
lems were not observed for 100 (KD2 of 16 µM). 

We also studied whether the compounds were selective for human R1 
subunit by using a modified version of the FP assay (Table 13). The com-
pounds were evaluated at a concentration of 20 µM for the human and Mtb 
R1 subunits, and the percentage reduction of the FP signal was determined 
from the respective probes. Compounds 66, 69, and 100 had similar percent-
age reduction values in the Mtb FP assay (30–34%) to those of the reference 
peptide M (28%) while the 5-indole comprising 89 had slightly lower affin-
ity (13%). The acyl sulfonamide containing 73 had the best percentage re-
duction value of them all (47%), although precipitation of the compound was 
observed in the assay. When the selectivity indices from this assay were 
inspected, most compounds showed no preference or a very small preference 
for the Mtb R1 subunit. Compound 66 was the most selective of the evalu-
ated compounds with a selectivity index of 2.4. 

The stability of the compounds (66, 69, 73, 89 and 100) was assessed us-
ing the chromatographic method described in section 4.4; the recovery was 
over 95% for all compounds after 24 hours in PBS at pH 7.4. The results 
from the solubility determination in the same buffer system are shown in 
Table 13. All compounds containing a carboxylic acid or an acidic acyl sul-
fonamide had moderate to good solubility (68–80 µM) while the acetami-
dopyridine combined with the n-pentylphenyl in 100 was poorly soluble (0.5 
µM). 
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Table 13. Profiling of the most active compounds.a 

 
aFP, florescence polarization; KD2, dissociation constant (affinity to Mtb R1); MIC, minimum 
inhibitory concentration; RNR, ribonucleotide reductase; Hu, human; PBS, phosphate buff-
ered saline, ND, not determined. 

4.6 Summary (Paper IV) 
Mtb RNR hits, found from a virtual screening program, were explored to 
develop a SAR of the affinity for the Mtb-R1 subunit. The medicinal chemis-
try approach found that an ortho-carboxylic acid was important for both 
affinity for the R1 protein and antimycobacterial activity. The ortho-
carboxylic acid could be replaced by either an acyl sulfonamide or a tetra-
zole bioisostere. The two compounds with the greatest antimycobacterial 
activity (89 and 100), which also had affinity for the Mtb R1 subunit were 
found from an FHDoE approach using one of the hit structures as the basis. 
The investigation of SARs was difficult because many of the compounds 
interfered with the assay conditions. Further evaluation of the most promis-
ing hits showed that all the compounds with affinity for the Mtb R1 subunit 
also inhibited the activity of the RNR enzyme, indicating that these small 
inhibitors successfully hindered the association of Mtb R1 and R2 proteins. 
These low molecular weight compounds offer potential for further optimiza-
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tion to improve both the antimycobacterial activity and the poor selectivity 
versus the human R1 subunit. 
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5 Concluding Remarks 

This thesis describes the design and synthesis of novel inhibitors of HCV 
NS3 protease and Mtb RNR. The specific results and conclusions are as fol-
lows: 
 

• A rapid one-pot, two-step microwave protocol for the preparation of 
N-1 amino acid-containing 2(1H)-pyrazinones was developed. Com-
parable yields were obtained in 2 × 10 min, while classical reaction 
sequences required hours or days of heating. Amino functionalities 
were then successfully incorporated into the C-3 position, either by 
nucleophilic substitutions or palladium-catalyzed couplings. 
 

• The 2(1H)-pyrazinone scaffold was explored as a P3-P2 building 
block in NS3 protease inhibitors. Several submicromolar 2(1H)-
pyrazinone-containing inhibitors were developed through a series of 
optimization steps from inhibitor J, constituting promising achiral 
peptidomimetic leads for further optimization. Furthermore, the new 
compound class showed low micromolar activity against drug resis-
tant HCV NS3 variants. 
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• It was difficult to find a consistent SAR for the binding affinity of the 
studied molecules for the Mtb R1 protein. However, the presence of a 
carboxylic acid group, an acyl sulfonamide, or a tetrazole group in the 
ortho position of the phenyl ring seemed to be important in obtaining 
affinity for the Mtb R1 subunit. 

 
 
• One RNR inhibitor with an MIC of 8 µg/mL was identified. This 

compound had affinity for the R1 subunit and inhibitory activity 
against Mtb RNR. 
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