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1 Introduction 

Development of new drugs is a challenging and time-consuming process. 
Indeed, to put a single new drug on the market takes an average of 15 years 
and costs about $800 million (USD).[1] The preclinical process requires the 
involvement of experts in various fields, for example biochemists, analytical 
chemists, X-ray crystallographers, molecular modelers, NMR specialists, 
pharmacologists, and medicinal and organic chemists. After a potential target 
(e.g., a receptor or an enzyme) is identified, it must undergo validation, which 
entails application of biological methods (e.g., experiments using transgenic 
animals) to establish whether the receptor or enzyme of interest is essential for 
development of the disease in question. Next, a large number of compounds 
are evaluated and, if all goes well, the work will result in a hit. This hit 
compound is subsequently optimized and evaluated with the goal of 
identifying a lead structure, which is assumed to have the potential to be 
further developed into a medicinal drug. Additional efforts are then made to 
optimize this lead with regard to effect, metabolism, pharmacokinetic and 
pharmacodynamic properties, and safety profile. The compounds with the 
greatest potential to be developed into safe and effective drugs are selected, 
and each is referred to as a candidate drug (CD). After that stage, it can be 
necessary to change the synthetic route of the CD to enable large-scale 
production of the compound before it can enter clinical trials, which are 
conducted in steps designated Phase I–IV. In Phase I, the drug is tested on a 
small group of subjects to evaluate its safety, determine safe dosages, and 
identify side effects. Phase II includes a larger group of individuals and entails 
analysis of the drug with regard to safety and optimal dose, and tests to prove 
effectiveness. Phase III involves an even larger number of subjects, and data 
on the CD are collected to assess effectiveness in comparison with existing 
therapies, side effects, and safety. Clinical trials are the most expensive part of 
the drug development process. Unfortunately, many CDs fail at this stage due 
to toxicity and/or lack of pharmacokinetic properties. If a substance does fulfill 
all the criteria in Phases I–III, it will be approved as a new drug, which is then 
further monitored in the final Phase IV.[2] 

It is very inspiring to use the power of organic synthesis as a tool in the 
search for new medicines (compounds) and thereby hopefully make a 
positive difference in the lives of people suffering from various diseases. 
The scope of this thesis includes the early stage of this important and 
challenging task, and the research that was performed focused on two 
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diseases and inhibition of two specific proteases: Alzheimer’s disease and 
the aspartic protease BACE-1, and hepatitis C and the serine protease NS3. 
It is my aspiration that the work I have performed will somehow make at 
least a small contribution to the development of new therapies. 

1.1 Proteases 
Proteases are enzymes that selectively catalyze the hydrolysis of peptide 
bonds, or, in other words, they accurately degrade proteins. These enzymes 
play important roles in the human body, because they are involved in protein 
synthesis, and they regulate numerous physiological processes, such as 
digestion, fertilization, immunological defense, growth, and coagulation.[3] 
Many proteases are also essential for propagation of diseases, and hence 
inhibition of different proteases is emerging as a promising approach in the 
treatment of maladies such as hepatitis C, HIV/AIDS, malaria, and 
Alzheimer’s disease (AD).[4] Most proteases are sequence-specific in that 
they hydrolyze a particular amide bond after a certain amino acid sequence. 
This sequence can be used as a starting point in the development of 
inhibitors of a specific protease. 

 
Figure 1. Schematic representation of the standard nomenclature of a protease-
substrate complex and the products of proteolytic cleavage. 

The standard nomenclature for the residues in a substrate/inhibitor complex was 
initially proposed by Schechter and Berger[5], and it is now widely used to 
describe the sites in such a complex that are recognized by the protease (Figure 
1). The residues situated in the N-terminal direction from the amide bond that 
are cleaved (scissile bond) by the protease, and they constitute the nonprime side 
and are designated Pn (n = 1, 2, etc.). The residues in the C-terminal direction are 
referred to as the prime side and are labeled Pn’, and the corresponding subsites 
in the enzyme are designated Sn and Sn’ for the N- and the C-terminal direction, 
respectively. Proteases are divided into different classes (aspartic, cysteine, 
metallo, and serine/threonine)[6] based on their catalytic mechanisms, and each 
class has several subclasses. Proteases that belong to the same subclass are often 
very similar, thus when designing a protease inhibitor it is important to consider 
possible inhibition of other proteases in the same subclass. The research 
presented in this thesis focused on two classes of these enzymes: the aspartic 
proteases (AD) and the serine proteases (hepatitis C). 
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1.2 Designing protease inhibitors 
A number of important properties should be taken into consideration when 
developing protease inhibitors as therapeutic agents.[3] To be effective 
biological tools, the inhibitors must be very potent and highly selective for a 
specific protease. Furthermore, to be suitable as potential drug candidates, 
protease inhibitors must have appropriate pharmacokinetic and 
pharmacodynamic characteristics. They should be minimally peptidic in 
nature, since peptides usually offer low bioavailability and poor 
pharmacological profiles. Moreover, to be potential low-molecular-weight 
drugs, they should exhibit significant inhibitory properties, low toxicity, 
good oral bioavailability, a high therapeutic index, and a clearance rate that 
will make it possible to administer only one or two doses (e.g., pills) a day. 
To facilitate the search for potential drug candidates, certain properties have 
been suggested to improve the chances of a compound being well tolerated. 
A guideline with respect to permeability and solubility is the empirical 
Lipinski’s “rule of five”, which postulates that a drug candidate should fulfill 
as many as possible of the following requirements: molecular weight � 500, 
� 5 hydrogen bond donors, � 10 hydrogen bond acceptors, and a calculated 
log P � 5.[7] Other properties have also been discussed with regard to oral 
bioavailability, for instance, the number of rotational bonds (� 10) and the 
polar surface area (� 140 Å2).[8] Protease inhibitors can be developed through 
natural product screening or by mimicking the natural peptide substrate and 
replacing the scissile amide bond with a non-cleavable isostere. In recent 
years, development of potential inhibitors has been improved by the 
introduction of computer-assisted substrate-based design using information 
on the three-dimensional (3D) structure of a substrate-inhibitor complex 
determined by NMR spectroscopy and/or X-ray crystallography. 
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1.3 Alzheimer’s disease 
Dementia is a cognitive disease that entails damage to the body in excess of 
what might be expected from normal aging. AD is the most common form of 
dementia, and it affects approximately 24 million people worldwide.[9] AD 
was first described by Alois Alzheimer in 1906, and it is a progressive brain 
disorder that gradually destroys a person’s ability to manage things like 
learning, reasoning, communicating, and carrying out daily activities. There 
are two forms of the disease, which are referred to as early-onset and late-
onset AD, and death occurs on average nine years after diagnosis.[10] Early-
onset AD represents < 2% of all cases[9], most of which arise before the age 
of 65 and are associated with a family history of dementia. The majority of 
AD cases are of the late-onset (or sporadic) type, occurring in people older 
than 65 and with less pronounced genetic inheritance. The greatest risk 
factor is aging: one in ten individuals over 65 and nearly half of those over 
85 are diagnosed with AD.[11,12] Today, the first-line treatment for mild to 
moderate AD includes administration of acetylcholinesterase (AChE) 
inhibitors (donepezil, rivastigmine, and galantamine) to improve cognitive 
function.[13] These agents increase the supply of acetylcholine to the brain, 
which is deficient in patients with AD. The N-methyl-D-aspartate (NMDA) 
receptor antagonist memantine has been approved for treatment of advanced 
AD,[14] and it is assumed that the NMDA antagonists provide beneficial 
effects by regulating levels of the neurotransmitter glutamate. Nevertheless, 
the pharmacotherapy that is currently available can reduce the symptoms but 
not the progression of the disease. 

AD is a complex disorder, and over the past two decades considerable 
efforts have been made to understand the underlying pathology.[15-17] With 
the exception of age, little is known about the main causes of late-onset AD, 
and hence research aimed at elucidating AD pathology has been focused on 
the early-onset form, in which mutations in different genes account for the 
disease progression. AD involves two major types of protein aggregates 
designated amyloid-� (A�) and tau. A� is the major component of senile 
plaque and consists of aggregated oligomer deposits, mainly the 42-residue 
fragment (A�42).[15] Tau is the main constituent of phosphorylated 
neurofibrillary tangles, which represent the other hallmark of AD.[18] Tangles 
are also found in other disorders, whereas A� plaques are fairly specific for 
AD.[19] As mentioned above, early-onset familial AD has proven to have a 
genetic component. From birth, different gene mutations lead to increased 
production of the A� peptide A�42, which can result in AD later in life.[9] 
Occurrence of the E4 variant of the apolipoprotein gene (designated ApoE4) 
increases the risk of developing the disease. ApoE4 is found in 
approximately 15% of the general population and in almost 50% of the 
familial AD cases.[9,20] It is also known that chromosome 21 carries the gene 
that encodes amyloid precursor protein (APP), and thus persons with 
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Down’s syndrome, which have an extra chromosome 21, can develop AD as 
early as their third decade of life.[21] Based on these and other findings, the 
amyloid cascade hypothesis was developed (Figure 2),[16,22] which states that 
accumulation of A� peptides in the central nervous system (CNS) triggers a 
neurotoxic cascade that leads to AD. 

 
Figure 2. The amyloid cascade hypothesis. 

Even if early- and late-onset AD differ with respect to initial pathology, they 
are considered to be similar in relation to their final clinical symptoms, and 
thus they are regarded as analogous diseases. Inasmuch as the biological 
mechanism behind early-onset AD is more thoroughly understood, it is 
widely accepted that patients with the more common late-onset form of the 
disease might be treated in a similar way.[9] 

1.3.1 Amyloid precursor protein and its proteolysis 
The most direct approach in the field of anti-amyloid therapy is to reduce the 
formation of A�, which is a proteolytic product of APP. APP is expressed in 
various tissues in the body, but the highest concentration is found in the 
CNS.[23] The true physiological function of this protein is yet to be 
determined. It is known that the degradation of APP is mediated by three 
proteases, which act along two competitive pathways (Figure 3).[10,17] The 
most common cleavage site, by �-secretase, is located in the A� region 
(grey), and that action releases a large soluble fragment (�-APPs) and a 
membrane anchored fragment (C83), the latter of which is metabolized to p3 
(pathologically innocent[9]) by �-secretase. The amyloid-forming pathway is 
initiated by �-secretase (BACE-1) cleavage of APP, which releases the �-
APPs fragment (soluble) and a C99 fragment. Intramembrane cleavage by �-
secretase at several neighboring positions produces the A� proteins, varying 
in length from 37 to 42 amino acids. The longer form, A�42, represents only 
5–10% of the total amount of A�, but it aggregates readily to form oligomers 
and finally amyloid plaque deposits.[24] The level of A� in the CNS is 
continuously relatively high, but this does not lead to aggregates in healthy 
individuals. Instead newly produced A� peptides are rapidly removed (T1/2 a 
few hours in the healthy brain),[25] and thus an effective clearance 
mechanism must exist. The list of mechanisms that might degrade the A� 
peptides is long, including enzymes such as brain proteases. Thus, it is more 
likely that monomeric species are preferred over aggregated forms.[9] The 
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ATP-binding transporter glycoprotein P (Pgp) may also constitute a pathway 
for A� peptide efflux.[26] 

APP

α-Secretase pathway β-Secretase pathway

α-APPs

γ-Secretase

C83

p3

β-APPs

γ-Secretase

C99

Aβ40Aβ42

Plaque

CytosolLumen

 
Figure 3. Pathways that process APP (not drawn to scale). 

Three strategies that can lead to the reduction of A�42 have been outlined: 
stimulation of �-secretase, inhibition of �-secretase, and inhibition of �-
secretase. Stimulation of �-secretase has been explored in the context of 
muscarinic (M1) receptor agonists.[27,28] Most of the APP enters the �-
secretase pathway, and thus the risk of possible side effects, by �-secretase 
stimulation is high. Therefore, the research on anti-amyloid agents has been 
focused on inhibition of the other two proteases. The highest concentration 
of �-secretase is in the brain, whereas the �-secretase complex is found in 
most tissues.[24] This indicates a selectivity problem since the latter enzyme 
has several other substrates. The best characterized is the Notch receptor, 
required not only for development of the nervous system, but also 
presumably for normal neurological function.[29] Several �-secretase 
inhibitors have been identified.[30] Since �-secretase cleavage not can occur 
in the �-secretase pathway without prior �-secretase (BACE-1) cleavage, 
inhibition of this protease might be a better approach. After a long search, 
BACE-1 (�-site APP cleaving enzyme 1) was finally identified in 1999,[31-35] 
and like APP, it is a type 1 membrane protein that together with its 
homologue BACE-2[36] (not linked to AD), forms a new branch of the pepsin 
family of aspartic proteases.[37] Genetic ablation of the BACE-1 gene in mice 
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reduces the production of A� to undetectable levels, and the animals are 
healthy and fertile.[38] Consequently, it seems that inhibition of BACE-1 is a 
good strategy for drug discovery. The research in this area has been further 
spurred by earlier knowledge gained from the development of inhibitors of 
other aspartic protease, such as renin and HIV-1 protease. 

1.3.2 Aspartic proteases 
Aspartic proteases (e.g., BACE-1) are a class of enzymes that use an aspartic 
acid (Asp) dyad to hydrolyze peptide bonds. Most of these proteases tend to 
bind to 6–10 peptide residues in the substrate, and that particular sequence 
can be used to design substrate-based inhibitors.[39] Some aspartic proteases 
also have one or more flaps that close down and cover the substrate/inhibitor 
to give rise to further interactions in the complex. It is generally believed 
that there is a water molecule located in the active site, which is activated by 
a deprotonated aspartic acid and makes a nucleophilic attack on the scissile 
amide carbonyl bond in the substrate (Figure 4, i). The other aspartic acid 
donates a proton to the nitrogen in the amide and forms a zwitterionic 
tetrahedral intermediate (ii) that collapses into two products: an acid 
fragment (N-terminal product) and an amine fragment (C-terminal product) 
(iii).[40] 

 
Figure 4. Mechanism of hydrolysis of a substrate by an aspartic protease. 
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1.3.3 BACE-1 inhibitors 
The development of aspartic protease inhibitors is a challenging task, and, as 
starting point, substrate analogues can be used in which the scissile bond has 
been replaced with a noncleavable isostere. Some common transition state 
(TS) isosteres are outlined in Figure 5. This strategy has been used as a 
departure point in the development of BACE-1 inhibitors, based on a 
sequence of the Swedish mutant APP, which differs in the P1 and P2 
position compared to natural APP.[41] Replacement of the cleavable scissile 
bond with a leucine-based statine isostere and an Asp to Val mutation in P1’ 
gave a peptidic inhibitor spanning from P10 to P4’.[33] About a year later (in 
2000), a potent inhibitor, A1 (OM99-2, Figure 6), in complex with the 
BACE-1 enzyme was reported, which provided useful information.[42,43] 
Further optimization performed by the same group with the aim of reducing 
the size of the inhibitor revealed A2 (hydroxyethylene isostere) as a potent 
compound.[44]  

 
Figure 5. A tetrahedral intermediate and examples of transition state (TS) isosteres 
comprising a secondary hydroxyl group as peptide bond replacement. 

In the search for BACE-1 inhibitors, several different TS isosteres have been 
used, which have been reviewed extensively.[41,45-48] Peptide-based inhibitors 
are often associated with difficulties crossing the blood-brain barrier (BBB), 
poor bioavailability, and susceptibility to Pgp transport.[26,49] Another aspect 
to consider is selectivity over other human aspartic proteases such as 
cathepsin D (CatD). CatD is involved in cellular protein catabolism, and it is 
expressed at high levels in all types of cells.[50] These requirements make the 
development of BACE-1 inhibitors particularly challenging. The inhibitor 
A3 reported by Kiso and coworkers[51] uses a norstatine motif as the TS 
isostere and a tetrazole moiety as a carboxyl isostere, which is believed to 
enhance the membrane permeability. Inhibitors A3 and A4 have shown good 
activity in both isolated enzyme assays (IC50) and cell-based assays 
(EC50).[51,52] Merck research laboratories made advances in this field by 
developing A5,[52] which is less peptidic but still has low cell membrane 
permeability. This characteristic was later improved by the development of 
A6.[53] If A1 is considered as the starting point, then, after nearly ten years, 
only one protease inhibitor (A7, CTS-21166) has completed a Phase I 
clinical trial.[54-56] 
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 Figure 6. Examples of published BACE-1 inhibitors. 

1.4 The hepatitis C virus 
At the beginning of the 1970s, after the development of diagnostic tests for 
hepatitis A and B, it became evident that some unknown infectious agent 
was responsible for the majority of the cases of hepatitis associated with 
blood transfusion (initially called non-A, non-B hepatitis).[57,58] The genome 
of this agent was cloned and isolated in 1989, and was subsequently named 
hepatitis C virus (HCV).[59] It has been estimated that approximately 2–3% 
of the world’s population is infected with HCV.[60] Before routine tests 
became available in the early 1990s, blood transfusion was the major risk 
factor.[61,62] A chronic infection is established in about 75–85% of people 
who are positive for HCV, and approximately 20% of those individuals 
eventually develop cirrhosis of the liver and are thus also at increased risk of 
end-stage liver disease and hepatocellular carcinoma.[63] HCV is the primary 
reason for liver transplantation in the developed world. Most individuals 
who carry the virus are unaware of their condition, and in many cases the 
infection may not become apparent until liver failure or liver cancer 
develops several years after the initial infection. Six different HCV 
genotypes[64] (and several subtypes, e.g., 1a and 1b) have been recognized 
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due to the high mutation rate of the virus (T1/2 only a few hours[65]), which 
makes it a challenging task to design therapeutical agents such as protease 
inhibitors. At present, the only available therapy for HCV infection is 
administration of PEGylated interferon-�, either alone or in combination 
with ribavirin. However, such treatment has limited efficacy and is poorly 
tolerated in individuals with complications (e.g., co-infection with HIV). 
Moreover, only about 40% of the patients with HCV genotype 1 show a 
sustained virological response to this therapy.[62,66] 

1.4.1  The HCV genome and life cycle 
HCV is a member of the genus Hepacivirus of the family Flaviviridae, and it 
infects only humans and chimpanzees,[67,68] primarily targeting the 
hepatocytes.[69] HCV consists of a single-stranded positive RNA genome 
made up of about 9600 nucleotides, which are surrounded by an envelope 
that facilitates attachment to and penetration of the host cells (Figure 7, i 
[a]).[57,62,70,71] Once inside a cell, an uncoating process takes place that 
liberates the viral RNA genome (i, [b] and ii), which together with newly 
synthesized RNA, serves as messenger RNA (mRNA) for the synthesis of a 
polyprotein (i, [c] and iii). In the endoplasmic reticulum (ER), this 
polyprotein is further cleaved at different positions by both cellular (host) 
and viral proteases into structural and non-structural (NS) proteins (i, [d]). 
The first cleavage product is the core protein, which forms the major 
constituent of the nucleocapsid. The envelope proteins (E1 and E2) are 
highly glycosylated and are believed to be the building blocks of the viral 
envelope. The short p7 may act as an ion channel.[72] Most of the NS proteins 
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B) are enzymes or cofactors that 
are required to catalyze and regulate replication of the HCV RNA genome. 
NS2/3 is a zinc-dependent metalloprotease that cleaves the site between NS2 
and NS3. NS3 contains a serine protease that is responsible for catalytic 
cleavage of the remaining NS proteins (which requires the cofactor NS4A), 
and it also exhibits helicase and NTPase activities, which together play an 
important role in viral replication. The rest of the NS proteins are involved in 
the viral replication process. It is believed that NS4B induces formation of 
the membranous web in which the replication occurs. NS5A is a 
phosphorylated metalloprotein, and NS5B is an RNA-dependent RNA 
polymerase that catalyzes replication of the viral RNA. The negative-
stranded RNA is subsequently used as a template to generate new positive-
stranded RNAs (i, [e]), which can either enter the viral cycle again or be 
encapsulated to give new virus particles (i, [f]). Finally, the viral fragments 
are released, presumably by transport through the Golgi compartment, and 
are ready to infect other hepatocytes (i, [g]). Practically all parts in the HCV 
life cycle, from entry into the host cell to the replication and formation of 
new virus particles, constitute potential targets for therapeutic antiviral 
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drugs.[73,74] One of the most promising of these is the possibility of inhibiting 
the NS3 serine protease, a task that is also considered in this thesis. 

 
Figure 7. (i) The HCV lifecycle, (ii) a schematic representation of the HCV genome 
and (iii) the polyprotein it encodes.  

1.4.2 The HCV NS3 protease 
As mentioned above, the multifunctional NS3 molecule consists of both a 
serine protease and an RNA helicase/NTPase, which are located in the N and 
the C terminus of the protein, respectively.[62,71] This enzyme is a member of 
the chymotrypsin super family of serine proteases, although it is unique in 
that it requires a structural zinc atom and a cofactor (NS4A) to be able to 
efficiently process its substrate.[75] NS3 causes maturation of the viral 
polyprotein by catalyzing cleavage at four of five sites in the NS region 
(Figure 7). The NS3/4A serine protease has emerged as a prime target for the 
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design of inhibitors in the battle against HCV, and such molecules that are 
highly potent have been found in a relatively short period of time.[76-78] 

1.4.3 Serine proteases 
Serine proteases are classified as trypsin-, elastase-, and chymotrypsin-like 
serine proteases, according to the amino acid found in the P1 position of the 
substrate.[79] The active site consists of a catalytic triad that comprises 
closely situated Ser195, His57, and Asp102 (chymotrypsin numbering), and 
an oxyanion hole (Gly193 and Ser195). 

 
Figure 8. General catalytic mechanism of serine proteases. 

The general catalytic mechanism of serine proteases can be described as 
follows (Figure 8). The catalytic triad cleaves the amide bond, and the 
oxyanion hole stabilizes the tetrahedral intermediates that are formed during 
the cleavage process.[4] The substrate interacts with the active site to form a 
complex in which the scissile bond is in proximity to Ser195. After 
activation by Asp102, the imidazole ring in His57 serves as a base catalyst 
and makes Ser195 more nucleophilic so that it can attack the substrate 
(Figure 8, i). The subsequent tetrahedral intermediate (ii) collapses, leading 
to expulsion of the amine fragment (C-terminal cleavage product). The 
carboxylic part of the substrate remains covalently bound to the enzyme (iii), 
and a water molecule makes a nucleophilic attack on the acyl-enzyme 
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complex, which results in a new tetrahedral intermediate (iv). The 
intermediate subsequently collapses under the assistance of the protonated 
His57 as catalyst to release the carboxylic fragment of the substrate (N-
terminal cleavage product). In doing so, the tetrahedral intermediate 
regenerates Ser195 (i), and the protease is then ready to hydrolyze another 
substrate. 

1.4.4 HCV NS3 inhibitors 
Substrate specificity studies of the NS3 serine protease have shown that this 
enzyme is susceptible to feedback inhibition by several of the N-terminal 
cleavage products released from the polyprotein (e.g., NS4A/NS4B and 
NS5A/NS5B; B1 in Figure 9).[80,81] These products were used as a starting 
point and were truncated and optimized to furnish novel HCV NS3 inhibitors 
spanning from P6 to P1. It was noted that, to reach optimal potency, these 
inhibitors (e.g., B2 in Figure 9[82,83]) had to have carboxylic acids in the C-
terminal and P6-P5 positions together with a cystine (Cys) residue in the P1 
position, which is not preferred from a medicinal perspective. However, it 
was also found that a difluoro analogue[84] was an equivalent replacement for 
Cys, and introduction of a vinylcyclopropane P1-moiety gave a 10-fold 
increase in potency.[85] Further optimization yielded potent inhibitors, as 
exemplified by B3,[86] which clearly demonstrated that the acidic P6-P5 
anchors were not required for protease inhibition. The large aromatic system 
enhanced the potency of the inhibitors and gave rise to favorable interactions 
with the helicase domain of the NS3 protease.[87] Early NMR studies of this 
class of inhibitors showed that the P1 and P3 groups are in close proximity 
to each other in the active conformation,[88] and thus macrocyclization 
between P1 and P3 would further reduce the peptidic nature of an inhibitor 
and lead to a more desirable pharmacokinetic profile. Use of this strategy 
and further refinement resulted in exceptionally potent and less peptidic 
inhibitors. A proof of concept was B4[86,89,90] (BILN-2061, ciluprevir), which 
was the first NS3 protease inhibitor to enter clinical trials. However, these 
trials have now been suspended due to toxicity issues.[91] Notwithstanding, 
B4 can be looked upon as a milestone in the research aimed at finding 
effective inhibitors of the HCV NS3 protease, and several other research 
groups have been inspired by this compound. Examples of B4-based 
inhibitors that are in clinical trials[92,93] include B5[94,95] (ITMN-191), in 
which the P1 carboxylic acid has been replaced with an acyl sulfonamide,[96] 
and B6[97] (TMC435, formerly TMC435350), which comprises the same P1 
carboxyl isostere and a cyclopentane moiety[98] as a P2 bioisostere to the 
previously used L-proline motif. Members of a separate class of NS3 
protease inhibitors contain a �-ketoamide and form covalent reversible 
adducts to the protease, and two examples of compounds in this group that 
are in clinical trials: B7[99-101] (SCH-503034, boceprevir) and B8[102,103] (VX-
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950, telaprevir). Interestingly, it has been found that HCV clones that had 
developed resistance to B4 were still sensitive to B8 and vice versa.[104] 
These findings suggest that, in analogy with the treatment of HIV/AIDS, 
combination therapy might also prove to be a beneficial strategy to combat 
HCV. 

 
Figure 9. A cleavage product and examples of published HCV NS3 protease 
inhibitors. 
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2 Aim 

The goal of the research underlying this thesis was to design and synthesize 
novel drug-like compounds with an inhibitory effect on a specific protease. 
From the beginning, the work was aimed at finding a new bioisostere to the 
previously used N-acyl-hydroxyproline motif (Figure 9), a 
hydroxycyclopentene derivative. The derivative was used as a scaffold for 
development of novel inhibitors of hepatitis C virus (HCV) NS3, a serine 
protease. Later, the main focus was redirected towards synthesis of inhibitors 
of the aspartic protease BACE-1, which is one of the most promising targets 
for future Alzheimer therapy. Despite the mentioned chronological order of 
the research work, in this thesis I have chosen to begin by describing the 
synthesis and evaluation of BACE-1 inhibitors, before considering the HCV 
NS3 inhibitors. 
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3 Design and synthesis of BACE-1 inhibitors 

3.1 Design of BACE inhibitors incorporating an O-
substituted hydroxyethylene isostere (Paper I) 

Starting from the known inhibitors discussed above (see section 1.3.3) our 
research group was interested in exploring extensions in the P1 position by 
incorporating different benzyloxy and phenyloxy (R1) moieties. The HE 
transition state analog was adopted as a central core, since this isostere is a 
good dipeptide mimetic and has been reported to have 10-fold higher 
potency compared to, for example, statine analogues.[105] 

 
Figure 10. Retrosynthetic analysis of HE-containing BACE-1 inhibitors. 

The retrosynthetic analysis of the generic structure C1 (Figure 10) could be 
varied orthogonally at different positions to furnish novel BACE-1 
inhibitors. We reasoned that C1 could be synthesized from C3 as follows. 
Opening of the lactone with amines (R2-NH2) would give intermediate C2. 
Reduction of the azide and subsequent peptide coupling with different acids 
(R3-CO2H) would provide the target compound (C1) with the preferred 
stereochemistry. O-alkylation of compound 10 followed by a Mitsunobu 
reaction would give C3, and we also assumed that it would be possible to 
produce 10 through a number of synthetic transformations of the acetal 5.[106-

109] In short, it could be done by hydrolysis of the acetal and deoxygenation 
of the alcohol (C2) followed by oxidation to the corresponding lactone. This 
lactone could then be alkylated, and subsequent deprotection would give 
intermediate 10. 
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3.1.1 Synthesis of HE-based BACE-1 inhibitors 
It was feasible to synthesize compound 5 (Scheme 1) from 1,2:5,6-di-O-
isopropylidene-�-D-glucofuranose (1) in a four-step protocol according to 
procedures described in the literature.[106-109] Treatment of 1 with 
thiocarbonyldiimidazole produced the thiocarbonyl derivative 2 (95%), and 
that thioester was subjected to a radical reaction with tributyltinhydride and 
AIBN as radical initiator to give the monodeoxy sugar 3 in a yield of 
99%.[110,111] Deprotection of the terminal isopropylidene group (C5,C6) by 
use of AcOH gave the diol 4 (85%). Protection of the alcohols as benzyl 
ethers using NaH and benzyl bromide furnished the desired compound 5 in a 
yield of 91%. 

 
Scheme 1. Synthesis of previously reported intermediates. Reagents and conditions: 
(i) thiocarbonyldiimidazole, THF, reflux; (ii) tributyltin hydride, AIBN, toluene, 
reflux; (iii) 70% AcOH (aq.), 0 °C; (iv) NaH, benzylbromide, DMF. 

The acetal (C1,C2) was removed by treatment with acidic MeOH to yield the 
methyl acetal 6 (94%) as a diastereomeric mixture (�/�, 11:2), which could 
be separated by flash column chromatography (Scheme 2).[112] Both 
diastereomers were used in the subsequent steps, since the anomeric center 
(C1) would be oxidized at those stages. 

 
Scheme 2. Reagents and conditions: (i) H2SO4, MeOH, 0 °C; (ii) thiocarbonyl-
diimidazole, THF, reflux; (iii) tributyltin hydride, toluene, reflux; (iv) mCPBA, 
BF3OEt, CH2Cl2; (v) LDA, THF, –78 °C; (vi) MeI; (vii) Pd/C, H2, EtOH. 

Using a protocol described above,[110,111] the alcohol in 6 (C2) was 
deoxygenated via the corresponding thioester to produce 7 (71%, two steps). 
This transformation turned out to be much cleaner (i.e., generated less by-
products) without AIBN as the initiator. The methyl acetal 7 was oxidized by 
use of mCPBA and BF3OEt (cat.), and that yielded lactone 8 (quant.), which 
was alkylated (at C2) with methyl iodine to furnish diastereomer 9 (66%) 
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exclusively.[113] To finalize the synthesis of the scaffold, the benzylethers 
were removed by hydrogenation (H2, Pd/C) to give the diol 10, which was 
decorated with different substituents in the search for new BACE-1 
inhibitors. A NOESY spectrum of 10 corroborated the R configuration at C2: 
H3� was in proximity to H2, whereas H3� was spatially correlated with both 
CH3 and H4

 (Figure 11). 

 
Figure 11. NOE correlations observed in the NOESY spectra of compounds 10, 17-
(R), and 18-(S). 

Synthesis of final products was performed according to two similar protocols 
that started from the diol 10 and furnished compounds with either O-benzyl 
or O-phenyl moieties in the C6 (P1) position (Scheme 3). Reacting 10 with 
dibutyltin oxide formed the corresponding tin acetal, which was opened with 
3,5-difluorobenzyl bromide or benzylbromide in the presence of TBAI (cat.) 
to provide the desired 6-O-benzylated compounds 11 and 12 in 81% and 
79% yield, respectively.[114] A Mitsunobu protocol (PPh3, DIAD, DPPA) was 
applied to gain access to the azides 13 and 14 (90–93%), with inversion of 
the configuration at C5.[115] 

 
Scheme 3. Reagents and conditions: (i) Bu2SnO, toluene, reflux; (ii) 3,5-
difluorobenzyl bromide or benzyl bromide, TBAI, toluene, 90 °C; (iii) PPh3, DIAD, 
DPPA, THF; (iv) DIAD, PPh3, CHCl3, reflux; (v) 3,5-difluorophenol, K2CO3, DMF, 
100 °C. 

For synthesis of the O-phenyl-substituted intermediates, the diol 10 was 
subjected to an intramolecular Mitsunobu reaction (PPh3, DIAD) to generate 
the epoxide 15 (63%).[116] Use of 3,5-difluorophenol to open 15 at the least 
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hindered position (C6) furnished 16 in 91% yield.[115] Unfortunately, 
epimerization occurred at C2 in 16, and the epimers could not be separated 
by either flash column chromatography or HPLC. Accordingly, the mixture 
16 was converted to the corresponding azides as described above to yield the 
separable diastereomers 17-(R) and 18-(S) (32% and 42%, respectively). To 
ascertain the absolute configuration at C2, nuclear overhauser effect 
spectroscopy (NOESY) was performed to obtain structural information on 
17 and 18 (Figure 11). The spectrum of 17 revealed NOE correlations 
between H4 and CH3 at C2, which is consistent with the (R) configuration. 
The spectrum of 18 disclosed that H4 is spatially correlated with H2, and that 
implies the (S) configuration. The lactones 13, 14, 17-(R), and 18-(S) were 
then further reacted with different amines (a–c) and carboxylic acid 
derivatives (d–f) to complete the synthesis (Scheme 4). Two different 
protocols were used to convert the lactones to the amides 19–24. To 
synthesize 19 and 21–24, the lactones were ring-opened with amine a or c in 
the presence of 2-hydroxypyridine to give the amides in 36–88% yield.[117] A 
protocol published by Basha et al.[118] was used to produce 20. In short, 
treatment of trimethylaluminum with cyclopropylamine (b) afforded the 
corresponding dimethylaluminum amide in situ, and then the lactone 13 was 
added to the solution to furnish amide 20 in 53% yield. This protocol was 
not successful with less reactive amines (e.g., amine a). Reduction of the 
azide in 19–24 with PPh3 and H2O provided the amines 25–30 (62–99%), 
which were then subjected to peptide coupling chemistry with the carboxylic 
acids (R3, d–f) using HATU/DIPEA in DMF to furnish the final products 
31–38 (17–77%). 

 
Scheme 4. Reagents and conditions: (i) R2 (a or c), DIPEA, 2-hydroxypyridine, 
THF (dry), reflux; (ii) R2

 (b), Me3Al, CH2Cl2; (iii) PPh3, MeOH, H2O; (iv) R3 (d[52], 
e, or f[53]), HATU, DIPEA, DMF. 
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3.1.2 Biological investigation of the HE-containing inhibitors 
All the inhibitors were screened against BACE-1 (IC50) and CatD (Ki), and 
the most interesting compounds were also evaluated in a cellular assay (Cell 
IC50) (Table 1). Comparing 31 and 36, the additional fluorine (P1 position) 
in 31 gave a slightly higher BACE-1 IC50 value (3.6 and 6.6 nM, 
respectively) and also increased the cellular activity and the selectivity 
against CatD. Contraction of the P1 tether restored the BACE-1 inhibitory 
properties (37-(R), IC50 = 3.1 nM) and improved the cellular IC50 value about 
28-fold (Cell IC50 = 160 nM). The BACE-1 S1´ pocket is relatively large and 
tolerates both (R) and (S) configuration of the P1’ methyl group (cf. 37-(R) 
and 38-(S)), which indicates that extensions in this position might improve 
potency and selectivity, a possibility that has been further evaluated by our 
research team.[119-121] Changing the P2-P3 sulfonamide moiety to the 
previously used Met-Val moiety (e.g., A2 in Figure 6) was not tolerated in 
this structural class (32, IC50 >10μM). Also, considering inhibitory 
properties, neither removal of the P3-phenyl capping group (33) nor 
replacement of the Bn-Val moiety with cyclopropylamine (34) or 4-
fluorobenzylamine (35) gave compounds that could potently inhibit the 
BACE-1 protease. 



 

 31

 
 

 
Table 1. Biological data on the final compounds. 

Compound Structure BACE-1  
IC50 (nM) 

CatD  
(nM) 

Cell (HEK293) 
IC50 (nM) 

31 

 

6.6 210 4500 

32 

 

10 000 0.63 N.D.a 

33 

 

1260 >5000 N.D. a 

34 

 

>10 000 >5000 N.D. a 

35 

 

3600 >5000 N.D. a 

36 

 

3.6 41 1000 

37-(R) 

 

3.1 59 160 

38-(S) 

 

10 120 340 

a not determined. 
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3.1.3 X-ray crystal structure results 
Inhibitor 31 was co-crystallized with BACE-1 to obtain an X-ray crystal 
structure (Figure 12, resolution 2.8 Å, PDB code 3IXK), which gave the 
following information. The secondary hydroxyl is positioned between the 
catalytic dyad (Asp32 and Asp228). Further important interactions with the 
enzyme are as follows: P3’ NH with Pro70 (flap), P2’ carbonyl (CO) with 
Tyr195, and P2’ NH with the backbone of Gly34. P1’ CO is in proximity to 
Thr72 (flap). P1 NH correlates spatially with Gly230, the P2 sulfonamide 
interacts with the backbone of Thr232 and Asn233, and also with the side 
chain of Arg235. The P3 NH forms hydrogen bonds with Gly230 and P3 CO 
does the same with Thr232. The hydrophobic interactions are important for 
the potency as well, such as the P3 phenyl group, which reaches down into 
the S3 subpocket (S3sp) to interact closely with the enzyme. 

 
Figure 12. X-ray crystal structure (PDB code 3IXK) of inhibitor 31 (orange) in 
complex with BACE-1 (white surface, flap residues shown in green). 
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3.2 Design of tert-OH-containing statine-like BACE-1 
inhibitors (Paper II) 

Most of the BACE-1 inhibitors reported in the literature use a secondary 
hydroxyl group as the transition state mimic (e.g., A3 and A5 in Figure 6). 
The change from a secondary to a tertiary hydroxyl group in the HIV-1 
protease inhibitors developed by our group gave better cell permeability 
while retaining the inhibitory properties,[122] and thus we used the same 
successful strategy in our search for BACE-1 inhibitors utilizing the tert-
hydroxyl statine motif. Generic structures of the final BACE-1 inhibitors 
(type I and type II) containing a quaternary center are depicted in Figure 13. 
Such structures could be synthesized from the lactone C4 by peptide 
coupling followed by hydrolysis of the lactone and a subsequent peptide 
coupling. C4 could be produced from C5 by intramolecular lactonization, 
and C5 could be synthesized from the �-hydroxy acid C6 (n = 1 or 2) by 
reported procedures.[123] The central core consists of two carboxyl group 
functionalities, and thus it could be used to produce two orthogonally 
different kinds of inhibitors designated type I and type II. 

 
Figure 13. Retrosynthetic analysis of the tert-OH-containing BACE-1 inhibitors. 

3.2.1 Synthesis of tert-OH-based statine-like BACE-1 
inhibitors 

Synthesis of the BACE-1 tert-hydroxyl-containing statine-based inhibitors 
started with protection of 2-hydroxy-3-phenyl-propionic acid (39, n = 1) or 
2-hydroxy-4-phenyl-butyric acid (40, n = 2) to produce the ketals 41 and 42 
(87% and 99%, respectively) (Scheme 5).[123] 

 
Scheme 5. Reagents and conditions: (i) pyridinium p-toluenesulfonic acid, di-
methoxy propane, CHCl3, 70 °C; (ii) LDA, THF (dry), –78 °C; (iii) methyl acrylate; 
(iv) TFA/H2O (6:1), 80 °C. 

Abstraction of the �-proton by LDA (–78 °C) followed by Michael addition 
to methyl acrylate provided 43 (36%) and 44 (44%). Next, intramolecular 
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cyclization with TFA/H2O (6:1) produced the corresponding lactones (45 
and 46), which, without further purification, were used in two different 
protocols to produce final inhibitors of types I and II (Scheme 7). Synthesis 
of the different building blocks used in the present work is outlined in 
Scheme 6. The anilines 50 and 51 were generated from 47 by peptide 
coupling chemistry with (R)-1-(4-fluorophenyl)-ethylamine or (R)-1-
phenylethyl-amine followed by mesylation (MsCl) of one of the aniline 
nitrogens to yield 48 and 49 (39–40%, two steps). Deprotonation (NaH in 
DMF) and subsequent addition of methyl iodide gave 50 and 51 (54–56%). 
The amines (c, d, f, g) were synthesized using standard amide bond-forming 
protocols, and amine a could be purchased. Boc-valine (52) was reacted with 
different amines to produce 53–56 (67–88%). Purification followed by Boc 
deprotection gave the amines (c, d, f, g), which were used directly without 
further purification. 

 
Scheme 6. Reagents and conditions: (i) (R)-1-(4-fluorophenyl)-ethylamine or (R)-1-
phenylethylamine, PyBOP, CH2Cl2; (ii) pyridine/DMF (1:3), MsCl; (iii) NaH, DMF, 
0 °C, MeI; (iv) amine (aniline, benzylamine, methyl-4-aminobenzoate or methyl-4-
(aminomethyl)benzoate), HATU or HCTU, DIPEA, DMF or CH2Cl2; (v) 4 M HCl 
in dioxane. 

To obtain type I inhibitors, the lactones (45 and 46, Scheme 7) were reacted 
with aniline 50 or 51 by peptide coupling (EDC/HOBt/DIPEA), which gave 
57–59 in 17–67% yield. Those lactones were opened with selected amines 
(a, c, d, or g) in the presence of 2-hydrolypyridine and DIPEA to furnish the 
final type I compounds 60–65 (50–72%) as diastereomeric mixtures 
(1:1).[117] Two of the compounds (64 and 65) contain a methyl ester, which 
was hydrolyzed (LiOH) to give final compounds 66 and 67 (R2 = e and h) 
bearing a carboxylic acid functionality in a yield of 76–77%. In the synthesis 
of type II compounds, the lactones (45 and 46) were diversified with a set of 
amines (R2 = a, c or f) to provide 68–71. When commercially available 
(1S,2R)-1-amino-indanol (a) was used, the diastereomers could be separated 
by flash column chromatography to yield the pure diastereomers 68-(A) and 
69-(B). The lactones were hydrolyzed by LiOH, and then the tertiary alcohol 
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was protected to prevent ring closure back to the lactones, which gave 74–78 
(49–87%, three steps). To obtain compounds 77-(A) and 78-(B) as pure 
diastereomers, the corresponding diastereomeric acid was purified by 
preparative HPLC. Compounds 72-(R) and 73-(S) were prepared according 
to a literature procedure in which the absolute configuration had been 
established from X-ray crystal structures (PDB code 2UY0) of HIV-1 
protease inhibitors synthesized from the intermediates.[123] The aniline 50 
was attached to the acids 72–78 by amide bond formation 
(EDC/HOBt/DIPEA) to furnish 79–85 in a yield of 31–76%. Finally, the 
protecting group (TBDMS) was removed using TBAF to give 86–92 (44–
84%) as final type II inhibitors. 

 
Scheme 7. Reagents and conditions: (i) 50 or 51, EDC, HOBt, DIPEA, CH2Cl2 
(dry), 40 °C; (ii) R2 (a, c, d or g), 2-hydroxypyridine, DIPEA, THF (dry), reflux; 
(iii) LiOH, dioxane/H2O (1:1); (iv) R2 (a, c, or f), EDC, HOBt, DIPEA, CH2Cl2 
(dry), 40 °C; (v) TBDMS-OTf, Et3N, CH2Cl2/THF (1:1); (vi) 1M K2CO3 (aq.), THF, 
MeOH (1:1:3); (vii) 50, EDC, HOBt, DIPEA, CH2Cl2 (dry); (viii) TBAF, THF. 

3.2.2 Biological evaluation of the type I and II inhibitors 
The biological data on the inhibitors in Table 2 indicates that the type II 
compounds are superior the type I analogues (cf. 63 and 90 with IC50 values 
of 5.6 and 0.45 μM, respectively). Further, marginally improved inhibitory 
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properties were achieved when a contraction was introduced in the P2’ 
region (cf. 91-(A) [0.23 μM] and 92-(B) [0.32 μM] with compound 90). 
 
Table 2. Data on the synthesized BACE-1 inhibitors. 

 
Cpd. R1 Structure (type I) IC50 

(μM) Cpd. R1 Structure (type II) IC50 
(μM) 

60 F 

 

> 10 86-(R) H 

 

4.6 

61 F 
 

5.9 87-(S) H 

 

2.5 

62 F 

 

> 10 88-(A) H 

 

0.57a 

63 H 

 

5.6 89-(B) H 

 

0.25a,b 

64 F 

 

> 10 90 H 

 

0.45a 

65 F 
 

4.0 91-(A) H 

 

0.23a,c,d 

66 F 

 

> 10 92-(B) H 

 

0.32a,d 

67 F 
 

> 10     

aCatD Ki > 5000 nM, bPapp (Caco-2) < 1×10-6 cm/s, cPapp (Caco-2) = 1.2×10-6 cm/s, dCatD was determined 
on a diastereomeric mixture (1:1). 
 

The stereo configuration of the tertiary alcohol seemed to be of minor 
importance. Interestingly, fairly potent inhibitors were attained when the 
indanolamine was chosen as the P2’ substituent (e.g., 89-(B), IC50 = 0.25 
μM), an approach that is more often used in HIV-1 protease inhibitors. One 
of the initial aims of this investigation was to improve the membrane 
permeability of the synthesized inhibitors, but, unfortunately, the degree of 
permeability was low (91-(A), Papp [Caco-2] = 1.2×10–6 cm/s). The CatD 
assay results revealed that the tested inhibitors are selective against CatD (> 
5000 nM). 
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3.3 Design of �-phenyl- and �-benzyl-norstatine 
analogues as BACE-1 inhibitors (Paper III) 

It is a common approach to use the norstatine motif as a TS isostere when 
designing aspartic protease inhibitors. For example, Kiso and coworkers 
employed a phenyl norstatine to develop inhibitors of enzymes such as HIV-
1 protease,[124] renin[125] and BACE-1 (e.g., A3[51] in Figure 6). As described 
in the previous section, we sought to identify inhibitors containing a tertiary 
hydroxyl group as the central core. A3 is a potent BACE-1 inhibitor (IC50 = 
8.2 nM), and thus it was used as the starting point in the development of 
inhibitors containing �-phenylnorstatine (n = 1) or �-benzylnorstatine (n = 2) 
(C7 in Figure 14). We adopted a solid-phase strategy to synthesize this class 
of compounds. Also, we reasoned that the epoxide C8 could be used to 
produce the quaternary center, which could be attached to the resin and 
opened with ammonia, after which attachment of Fmoc-protected residues 
could be effected to complete the synthesis. Access to C8 from C9 was 
achieved through attachment of tert-butyl-3-aminobenzoate. Synthesis of C9 
from C10 was feasible by epoxidation, and it was possible to produce C10 
from C11 according to literature procedures.[126,127] 

 
Figure 14. Retrosynthetic analysis of synthesis of BACE-1 inhibitors containing �-
phenylnorstatine (n = 1) or �-benzylnorstatine (n = 2). 

3.3.1 Synthesis of tert-OH-based norstatine BACE-1 inhibitors 
Racemic 93 and 94 were readily available in our laboratory and access to 
(R)-94 and (S)-94 was accomplished by chiral HPLC separation.[128] The 
absolute configuration was determined from the X-ray crystal structure of 
inhibitor (R)-101 (see Section 3.3.3). These intermediates were hydrolyzed 
by KOH in absolute EtOH, and the acids were coupled to tert-butyl-3-
aminobenzoate (HATU/DIPEA) to render 95, 96, (R)-96, and (S)-96 in 40–
46% yield (Scheme 8). Initially, other saponification protocols were applied 
(i.e., LiOH, dioxane/H2O, and 4 M HCl in dioxane), but they resulted in 
opening of the epoxide rather than hydrolysis of the ester. 
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Scheme 8. Reagents and conditions: (i) KOH, EtOH (99%); (ii) tert-butyl-3-
aminobenzoate, HATU, DIPEA, CH2Cl2 (dry), 40 °C; (iii) TFA, CH2Cl2; (iv) 2-
chlorotrityl chloride resin, DIPEA, CH2Cl2 (dry); (v) NH3 (g) DMF; (vi) Fmoc-R-
OH, PyBOP, DIPEA, DMF; (vii) 1, 20% piperidine/DMF; 2, Fmoc-R-OH, PyBOP, 
DIPEA, DMF; (viii) 99, PyBOP, DIPEA, DMF, DMSO, H2O; (ix) TFA (95% aq.), 
Et3SiH. 

The tert-butyl group in the intermediates was hydrolyzed (TFA) to the acids 
and then attached to the resin (2-chlorotrityl chloride resin) to produce 97, 
98, (R)-98, and (S)-98. The final inhibitors were diversified by the addition 
of Fmoc protected residues, and, finally, the tetrazole moiety 99[129] was 
connected to furnish the BACE-1 inhibitors 100–109 after cleavage from the 
resin and purification by HPLC (yield 3–17%, calculated from 95, 96, (R)-96 
or (S)-96). 

 
Scheme 9. Reagents and conditions: (i) NaOH, THF/MeOH/H2O (2:1:1), reflux; (ii) 
HCOH (30%, aq.) NHEt2; (iii) tert-butyl-3-aminobenzoate, HATU, DIPEA, CH2Cl2 
(dry), 40 °C; (iv) mCPBA, CH2Cl2, reflux. 

A slightly modified protocol starting from diethyl 2-phenylmalonate 110 was 
used to synthesize the inhibitors 113–116 bearing the �-benzylnorstatine 
core (Scheme 9). Hydrolysis of the esters and subsequent Knoevenagel 
reaction gave the �,�-unsaturated acid 111 (88%),[127] which was condensed 
with tert-butyl-aminobenzoate (HATU/DIPEA) to render 112 in a yield of 
40%. An epoxidation protocol (mCPBA) was used to obtain racemic 96 
(80%). The final inhibitors 113–116 were diversified by opening of the 
epoxide (NH3) followed by attachment of Fmoc-protected residues. Lastly, 
tetrazole 99 was attached to complete the synthesis (4–14%, calculated from 
96) essentially as previously described (Scheme 10). 
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Scheme 10. Reagents and conditions: (i) TFA, CH2Cl2, quantitative; (ii) 2-
chlorotrityl chloride resin, DIPEA, CH2Cl2 (dry); (iii) NH3 (g) DMF; (iv) Fmoc-R-
OH, PyBOP, DIPEA, DMF; (v) 1, 20% piperidine/DMF; 2, Fmoc-R-OH, PyBOP, 
DIPEA, DMF; (vi) 99, PyBOP, DIPEA, DMF, DMSO, H2O; (vii) TFA (95% aq.), 
Et3SiH. 

To confirm the importance of the quaternary center, inhibitors lacking this 
core (119–122, yield 12–35%, calculated from 117, Scheme 11) were 
produced from commercially available Fmoc-3-Abz-OH (117) and then 
diversified from 118 by solid-phase chemistry, as described above. 

FmocHN
OH

O

FmocHN
O

O

Fmoc- -Ala-OH

Fmoc-L-Leu-OH

Fmoc-L-Val-OH

Boc-L-DAP(Fmoc)-OH, Boc-D-DAP(Fmoc)-OH,
Fmoc-L-Ser(tBu)-OH or Fmoc-D-Ser(tBu)-OH

OH

O
N

HN
N N 119-122

i ii

ii

ii

ii

iii

iv

99

117 118  
Scheme 11. Reagent and conditions: (i) 2-chlorotrityl chloride resin, DIPEA, 
CH2Cl2 (dry); (ii) 1, 20% piperidine/DMF; 2, Fmoc-R-OH, PyBOP, DIPEA, DMF; 
(iii) 99, PyBOP, DIPEA, DMF, DMSO, H2O; (iv) TFA, Et3SiH. 
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3.3.2 BACE-1 inhibitory properties 
The complete structures of the synthesized BACE-1 inhibitors together with 
the inhibitory data (IC50) are summarized in Table 3. Compared to the 
inhibitor A3 (Figure 6) reported by Kiso and coworkers,[124,125] the change 
from the phenylnorstatine (secondary hydroxyl group) as TS mimic to the �–
phenylnorstatine containing a tertiary hydroxyl group as central core gave 
compound 100, which exhibited reduced BACE-1 inhibitory properties (IC50 
= 0.43 μM). Elongation of the P1 substituent by one carbon (�-
benzylnorstatine) resulted in an equipotent inhibitor (113, IC50 = 0.40 μM). 
For the corresponding chiral inhibitor, it was evident that the R configuration 
at the quaternary carbon was slightly better (cf. (R)-101 and (S)-102 with 
IC50 values of 0.19 and 1.4 μM, respectively). Based on these results, we 
decided to produce the inhibitors from the more easily accessible racemic 
intermediates 97 and 98. The BACE-1 protease is sensitive to modifications 
at different positions in this class of compounds, as summarized in Table 3. 
(R)-101 was co-crystallized with BACE-1, which revealed that the inhibitor 
interacts only with the prime side of the enzyme and that the N-terminal 
amine interacts with one of the catalytic aspartic residues and not the tertiary 
hydroxyl group (3.3.3). Thus, 115 and 116 containing a primary hydroxyl 
group in the N-terminal were produced in order to reach down into the 
catalytic site (the Asp dyad). However, this resulted in inactive inhibitors, 
which might also be explained by the one carbon contraction in the N-
terminal tetrazole moiety. Notably, one of the inhibitors lacking the tertiary 
hydroxyl group exhibited BACE-1 inhibitory properties (119, IC50 = 0.87 
μM). 
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Table 3. BACE-1 inhibition data for compounds 100–122. 

Cpd. Structure IC50 
(μM) Cpd. Structure IC50 

(μM) 

100 

 

0.43a 109 

 

> 10a 

(R)-101 

 

0.19 113 

 

0.40a 

(S)-102 

 

1.4 114 

 

>10a 

103 

 

0.68a 115 

 

>10a 

(R)-104 

 

>10 116 

 

>10a 

(S)-105 

 

>10 119 

 

0.87a 

106 

 

>10a 120 

 

>10a 

107 

 

>10a 121 

 

>10a 

108 

 

>10a 122 

 

>10a 

aDiastereomeric mixture (1:1).  
 

3.3.3 X-ray crystal structure results 
The X-ray crystal structure of the protein-inhibitor complex (Figure 15) 
revealed a different arrangement of (R)-101 compared to 31 (Figure 12). 
More precisely, the hydroxyl group in 31 is positioned between the catalytic 
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dyad, whereas the hydroxyl group in (R)-101 is located close to the protein 
surface. This compound binds solely to the prime side in the active site of 
the BACE-1 enzyme, and the N-terminal amine coordinates with only one of 
the catalytic residues (Asp228). Further interactions are as follows: the C-
terminal acidic moiety forms hydrogen bonds with Thr68 and Lys75, and the 
carbonyl next to the quaternary center coordinates with Arg128; Val NH 
correlates with Gly34, and the Val CO binds to Thr198; Leu CO interacts 
with Thr198, and the Leu NH with Pro70; tetrazole CO connects with 
Arg235, and one of the nitrogens interacts with Tyr198; the N-terminal DAP 
CO is in proximity to Thr72. 

 
Figure 15. X-ray crystal structure of the BACE-1 protease and inhibitor (R)-101 
(orange). The protein surface is shown in white and the flap residues (66–76) in 
green. 
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3.4 Design of ether-containing tert-OH-based BACE-1 
inhibitors (Paper IV) 

Several research groups have used the hydroxyl ethylamine isostere (HEA) 
to develop BACE-1 inhibitors. Stachel et al.[52] published a potent inhibitor 
(A5 in Figure 6) that contains this TS mimic, which led us to explore the 
possibility of moving the P1 substituent to the hydroxyl group in order to 
produce the corresponding tertiary hydroxyl analogue. Unfortunately, this 
modification resulted in modest inhibitors (for more information, see Paper 
IV and Table 4), and therefore we investigated a modified strategy using an 
inverted amide (also used in Paper II) next to the P2-P3 substituent (C12 in 
Figure 16). These compounds could be synthesized from the acid C13 by 
peptide coupling chemistry with 50. It was assumed that opening of the 
epoxide in C14 by a nucleophile (cyanide ion) and subsequent hydrolysis to 
give access to C13. Also, we thought it would be feasible to synthesize C14 
from 123 by applying protection and epoxidation protocols. 

 
Figure 16. Retrosynthesis of the target compounds. 

3.4.1 Synthesis of tert-OH BACE-1 inhibitors containing ether 
moieties in the P1 and P1’ positions 

The hydroxyl proton in diol 123 was abstracted by NaH (1 or 2 equivalents) 
and thereafter protected as di-benzyl ether or mono-protected as para-
methoxy benzyl (PMB) ether to produce 124 (20%)a or 125 (55%), 
respectively (Scheme 12). The remaining hydroxyl group in 125 was benzyl 
protected to furnish the ether 126 in a yield of 85%. Epoxidation of the 
alkenes by mCPBA rendered 127 and 128 in 79–97% yield. Subsequent 
opening of the epoxide with cyanide ion as the nucleophile at the less 
hindered position provided 129 and 130 (59–71%). The nitriles were 
hydrolyzed using two different protocols (i.e., alkali solution with or without 
H2O2)[130] to give the acids 131 and 132 (44–96%). To complete the 
synthesis, the acids were attached to aniline 50 by use of peptide coupling 
chemistry (HATU/DIPEA or EDC/HOBt) to yield the final BACE-1 
inhibitors 133 (20%) and 134 (65%), containing the inverted amide bond. 
The original strategy involved removal of the PMB protecting group (e.g., 
                               
a Obtained as a byproduct of the corresponding mono-benzylated compound used in the 
synthesis described in Paper IV. 
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by use of DDQ[131]) followed by oxidation (e.g., Swern[132]) of the formed 
alcohol to the aldehyde and subsequent diversification of different amines by 
reductive amination.[133] It was assumed that this approach would render tert-
OH-containing BACE-1 inhibitors with an inverted amide utilizing the HEA 
TS motif. Removal of the protecting group was successful, but the 
subsequent oxidation/reductive amination steps failed. Efforts to synthesize 
the corresponding di-methoxy analogue were also made, but failed in the 
final amide coupling protocol. 

OH
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O

N
H OBn

OH
OR1

O

HO
OBn

OH
OR1NC

OBn

O

OR2

OR1 OR1

127, R1 = Bn
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129, R1 = Bn
130, R1 = PMB

131, R1 = Bn
132, R1 = PMB
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124, R1 = R2 = Bn
125, R1 = PMB, R2 = H
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i or ii iii iv or v

vi or vii viii

OH
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H
N

O
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N
S
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i

20-55%

85%
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Scheme 12. Reagents and conditions: (i) 1, NaH, THF, 0 °C; 2, BnBr, TBAI; (ii) 1, 
NaH, THF, 0 °C; 2, PMBBr, TBAI; (iii) mCPBA, CH2Cl2; (iv) NaCN, LiClO4, 
MeOH, 60 °C; (v) KCN, LiClO4, CH3CN, 60 °C; (vi) KOH, H2O2 (aq.), MeOH, 
reflux; (vii) 1M NaOH (aq.), reflux; (viii) 50, HATU/DIPEA/DMF or 
EDC/HOBt/CH2Cl2. 

3.4.2 Biological data 
Compared to 135 and 136 (described further in Paper IV), it seems that the 
inverted amides (133 and 134) are better accommodated by the BACE-1 
protease (Table 4). Inhibitor 133, which contains two benzyl groups, had a 
BACE-1 IC50 value of 3.5 μM. In addition, incorporation of a para-methoxy 
yielded a 10-fold better inhibitor, 134 (IC50 = 0.38 μM), which was also 
selective against human CatD (> 5000 nM). 

 
Table 4. Biological data on the final BACE-1 inhibitors. 
Cpd. Structure IC50 (μM) Cpd. Structure IC50 (μM) 

133 

 

3.5 135 

 

8.4 

134 

 

0.38a 136 

 

6.4 

aCatD > 5000 nM. 
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4 Design and synthesis of HCV NS3 protease 
inhibitors 

4.1 Design of HCV NS3 protease inhibitors (Paper V) 
The N-acyl-L-proline motif (D1 in Figure 17) has previously been used to 
develop different protease inhibitors. Earlier studies in our laboratory that 
were focused on inhibition of thrombin revealed that N-acyl-L-proline could 
be replaced with a five-membered carboxylic isostere, exemplified by D2 
and D3.[134,135] 

 
Figure 17. N-Acyl-proline (D1), some previously reported N-acyl-proline isosteres 
(D2 and D3), and N-acyl-(4R)-hydroxyproline (D4) shown in comparison with the 
cyclopentene isostere (D5) and cyclopentane isostere (D6) used to develop novel 
HCV NS3 protease inhibitors. 

Several reported HCV NS3 protease inhibitors contain the N-acyl-(4R)-
hydroxyproline moiety (D4) as the central core (e.g., B3 and B4 in Figure 9), 
and hence we chose to use the 4-hydroxy-cyclopentene moiety (D5) as a 
scaffold in order to mimic the N-acyl-hydroxyproline. In parallel, our group 
also explored the use of a 4-hydroxy-cyclopentane (D6) as a bioisostere.[98] 

 
Figure 18. Retrosynthetic route to target compounds. 

Figure 18 depicts the generic structure of the target HCV NS3 protease 
inhibitors. According to the retrosynthetic analysis, the target compounds 
(D7) could be synthesized from D8 by two peptide couplings and one 
Mitsunobu reaction. D8 could be obtained by regioselective saponification 
of D9, which could be synthesized by reduction of D10. We reasoned that 
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D10 could be synthesized from the previously reported D11[136] by an 
olefination protocol. Initially, different olefination protocols were applied to 
D11 (Scheme 14), but unfortunately, these attempts resulted in the racemate. 
Therefore, we instead chose to use the more easily accessible syn derivative 
139 as starting material (Scheme 13). 

4.1.1 Synthesis of the cyclopentene scaffold 
The andydride 137 was opened in acidic methanol to obtain the diester, 
which was oxidatively cleaved (KMnO4) to deliver the corresponding diacid 
138 (93%, two steps, Scheme 13). Cyclization was achieved by treating the 
diacid with acetic anhydride, and subsequent decarboxylation furnished the 
ketone 139 (71%) via a mixed anhydride.[136,137] Reacting 139 with cupric 
bromide gave the �-brominated ketone, which was �-eliminated to the �,�-
unsaturated ketone 140 in 53% yield.[138] This protocol resulted in the 
racemic 140, and, as discussed above, attempts were made to synthesize the 
chiral ketone 140 from enantiomerically pure D11.[136] Two different 
protocols were tested: the above-described olefination method using cupric 
bromide and CaCO3, and a protocol with LDA/PhSeBr followed by 
oxidation/elimination (Scheme 14).[139] This strategy resulted only in the 
racemate. The racemization was corroborated by polarimetry and NMR 
analysis using a chiral shift reagent.b,[140]  

140
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O O

O
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Scheme 13. Reagents and conditions: (i) p-toluene sulfonic acid, MeOH, reflux; (ii) 
KMnO4 (aq.), 0 °C; (iii) 1. acetic anhydride, 130 ºC, 2. NaOAc, 130 °C; (iv) CuBr2, 
THF, reflux; (v) CaCO3, DMF, 100 ºC; (vi) NaBH4, MeOH, –30 ºC; (vii) LiOH, 0 
ºC, H2O/dioxane (1:1). 

The racemic 140 was reduced by NaBH4 (–30 °C, 7 min) to the alcohol 141 
(92%) in a diastereomeric ratio of 6:1 (syn/anti). Reduction at room 
temperature gave a ratio of 1:1, longer reaction time increased the 1,4-
reduction, and addition of CeCl3 did not decrease the competing 1,4-
reduction.[141] The minor product 141-anti could not be further purified; it 
was always contaminated with 141-syn. Therefore, 141-syn was converted to 
141-anti by the use of a Mitsunobu inversion protocol,c and NOESY 

                               
b Europium-tris[3-(heptafluoropropyl-hydroxymethylene)-(+)camphorate]. 
c (i) BnCO2H, PPh3, DIAD, THF; (ii) NaOMe, MeOH (52%, two steps). 
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experiments were performed on both the syn and the anti compound (Figure 
19).[142] 

 
Scheme 14. Attempts to synthesize chiral 140. Reagents and conditions: (i) CuBr2, 
refluxing THF; (ii) CaCO3, THF, 100 ºC; (iii) 1. LDA, –78 °C, THF, 2. PhSeBr; (iv) 
H2O2, CH2Cl2, 0 °C. 

In the NOSEY spectrum of 141-syn, both H1 and H4 correlate with H5�, 
which is consistent with the syn configuration (regarding the hydroxyl group 
and the �,�-unsaturated ester). The NOESY spectrum of 141-anti showed 
that H1 and H4 interact with different hydrogens (H5� and H5�, respectively) 
which indicates the anti configuration. The diastereomeric mixture 141 (6:1) 
was subjected to hydrolysis with 1.0 equivalent of LiOH, and after 
crystallization (hexane/diethyl ether), pure 142 (syn) was obtained (27%). 
The regioselectivity of the ester hydrolysis was corroborated by an HMBC 
spectrum of 142 (syn), which showed that both the alkene hydrogen and the 
hydrogens at the methyl ester correlate with the carbonyl carbon on the �,�-
unsaturated ester. The results of this experiment proved that the �,�-
unsaturated ester had been hydrolyzed, probably due to a possible NGP 
effect of the alcohol. 

 
Figure 19. NOE correlation of the compounds 141-syn and 141-anti, and the 
relevant interactions in the HMBC spectrum of 142. 
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4.1.2 Synthesis of the building blocks 
The building blocks were synthesized from commercially available and 
appropriately protected starting materials (Scheme 15, as well as f and g in 
Scheme 16 ). Amine h was synthesized from 143, which was protected as 
the tert-butyl ester, and the Z-group was subsequently deprotected by 
catalytic hydrogenation (27%, two steps). Amine i was synthesized from 
144.[90,143,144] Hydrolysis (LiOH) followed by protection of the amine as a 
carbamate (Fmoc) gave 145 (75%, two steps).[145] Protection of the acid to 
provide the tert-butyl ester (TBTA[146]) and subsequent deprotection of the 
Fmoc group (20% piperidine/DMF) furnished the building block i (17%, two 
steps). The free amine i was not stable after purification by flash column 
chromatography or storage at ambient temperature, which explains the low 
yield (17%). The yield was improved to 52%d when the crude amine i was 
directly coupled to 142 without further purification. R2OH was synthesized 
via an imine by reacting m-anisidine (146) with ethyl benzoyl acetate (147) 
followed by an intramolecular cyclization at high temperature.[90,147,148] 

Compounds a and b were synthesized using the same protocol. Protection 
of the D- and the L-amino acid (148 and 149) as methyl esters by MeI 
followed by deprotection of the carbamate (Boc) group delivered the amines 
150 and 151 (48% and 83%, two steps). These amines were then coupled 
with Z-D-Val-OH or Z-L-Val-OH (HATU/DIPEA), and subsequent 
deprotection (Z-group) by catalytic hydrogenation delivered a and b in 
yields of 95% and 77%, respectively. Compound 152 (tert-leucine) was used 
to synthesize c and d. Boc protection of the free amine followed by peptide 
coupling (HATU/DIPEA) with 151 gave compound 153 (59%, two steps), 
and removal of the Boc group[149] afforded the building block c. Access to 
the methyl amide derivative d was achieved by hydrolysis (LiOH) of the 
methyl ester in 153, followed by attachment of methylamine 
(HATU/DIPEA) and subsequent deprotection as described above (90%, 
three steps). The N-methylated derivative e was synthesized from 154 as 
follows. The nitrogen in 154 was condensed with paraformaldehyde to 
produce an imine that was attacked intermolecularly by the acid to form an 
oxazolidinone intermediate.[150] The oxazolidinone ring was hydrolyzed 
(LiOH) to produce the N-methylated acid, which was coupled to 
methylamine by peptide coupling chemistry (HATU/DIPEA) to give 155 
(90%, three steps). The Fmoc group was removed, and the amine that was 
formed was coupled with Boc-tert-leucine by peptide coupling chemistry 
(HATU/DIPEA), which was followed by deprotection of the Boc-group[149] 
to provide the desired product e. 

                               
d The yield was calculated from the Fmoc and tBu ester protected intermediate. 
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Scheme 15. Reagents and conditions: (i) Boc2O, DMAP, tert-butanol; (ii) H2, Pd/C, 
EtOH (95%); (iii) LiOH, dioxane/H2O (1:1); (iv) Fmoc-ONSu, NaHCO3, 
dioxane/H2O (2:1); (v) TBTA, 50 °C, CH2Cl2; (vi) 20% piperidine/DMF; (vii) 4 M 
HCl, toluene, reflux; (viii) diphenyl ether, 280 °C; (ix) Ag2O, MeI, acetone; (x) 
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4.1.3 Synthesis of the final products 
The cyclopentene scaffold 142 (syn) was used as a P2 building block; it was 
varied orthogonally in the P1 (R1) and the P3-P4 (R3) position, but was held 
constant in the R2 position (Scheme 16). During the entire process of 
synthesizing the desired final compounds, the intermediates consisted of two 
diastereomers, and ultimately a number of diastereomeric inhibitors were 
separated. The acid 142 was merged with three different amines (g–i) by 
peptide coupling chemistry (HATU/DIPEA) to furnish 156–158 (52–69%). 
The amides were subjected to a Mitsunobu reaction[90,151] (PPh3, DIAD) to 
attach the quinoline moiety (R2OH) to furnish 159–161 with inversion of the 
configuration (syn to anti).[90] The �,�-unsaturated methyl esters were 
hydrolyzed by LiOH (dioxane/H2O, 1:1) to yield the acids 162–164 (72–
97%). Various P3-P4 substituents (a–f) were attached by amide coupling 
(HATU/DIPEA or DDC/HOBt/DIPEA) to yield 165–176 (30–50%). Lastly, 
the tert-butyl esters in the P1 position were hydrolyzed to deliver the final 
products 177–188.[149]  

 
Scheme 16. Reagents and conditions: (i) HATU, DIPEA, R1NH2 (g–i), DMF, 0 ºC; 
(ii) R2OH, (methoxy-2-phenyl-quinolin-4-ol), PPh3, DIAD, THF; (iii) LiOH, 
H2O/dioxane (1:1); (iv) R3NH2 (a–f), DIPEA, coupling reagent (HATU/DMF or 
DCC/HOBt/THF); (v) Et3SiH, TFA, CH2Cl2. 

All the desired final products were purified by preparative HPLC, and five of 
the diastereomeric pairs were separated into chiral compounds (designated a 
and b, respectively). The chiral final inhibitors have either the 1R,4R or the 
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1S,4S stereochemistry in the cyclopentene ring, and the activity data on the 
chiral compounds (e.g., 183a and 183b) revealed that the inhibitory 
properties differ substantially between the diastereomers. Therefore, we 
assumed that the most active diastereomer (e.g., 183a) has the same 
stereochemistry (1R,4R) as the lead compound B3 (Figure 9), and the less 
active diastereomer (e.g., 183b) has the (1S,4S) stereochemistry of the 
cyclopentene moiety. 

Before concluding the discussion of the preparative part of the current 
research, comments in two areas should be made about the stability of the 
final compounds. First, when performing the Mitsunobu reaction, the 
equivalents of the reagents (DIAD and PPh3) must be kept under careful 
control. When PPh3 and DIAD were used in excess (> 2 equivalents) in the 
present work, the major product was the corresponding 1,4-DIAD adduct 
(E2) instead of the desired ether (Scheme 17); the identity of this byproduct 
was confirmed by crude NMR and MALDI-TOF mass spectrometry. This 
problem was solved by using less than two equivalents of the reagents. 
Second, it is necessary to explain why the use of 144 (Scheme 15) was 
rejected. That compound has an ethyl ester protecting group, and hence it is 
slightly more stable upon hydrolysis compared to the methyl ester, present in 
the scaffold. We initially tried 144 as a P1 substituent in the synthesis, but in 
the final hydrolysis step we observed a �-elimination of the R2 substituent in 
E3 rather than hydrolysis of the ethyl ester. To avoid that effect, we tested 
several reactions under different hydrolysis conditions (LiOH, KOH, HCl) 
and transesterfication,[152] but all failed. The problem was finally solved by 
switching the protecting group to the tert-butyl ester analogue (i). 
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Scheme 17. (i) The problems encountered with Michael addition and (ii) �-
elimination of the quinoline moiety (R2OH). 
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4.1.4 Biological data on the linear HCV NS3 protease inhibitors 
The activity data show that the final products with the (R,R) stereochemistry 
in the cyclopentene moiety in the P2 position (designated a, see Table 5) are 
more potent than the (S,S) diastereomers (designated b), as illustrated by 
comparing 182a (Ki = 102 nM) with 182b (Ki = 2560 nM). This indicates 
that the R,R derivatives have the same stereochemistry as the N-acyl-(4R)-
hydroxyproline that has been incorporated in previously reported inhibitors. 
This assumption was verified by NMR spectra (TOCSY, ROESY, and 
NOESY) of compounds 183a and 183b (see Paper V for more information). 
Compared to the N-acyl-hydroxyproline scaffold, the cyclopentene scaffold 
has a one-atom extension in the P3-P4 region (e.g., B3, Figure 9) and 
therefore yields inhibitors that contain two C termini. Most of the reported 
HCV NS3 inhibitors that utilize the N-acyl-hydroxyproline moiety have the 
L,L configuration in the P3-P4 position. This is true even for the 
cyclopentene scaffold: compare the D,D analogue 177a (Ki >2000 nM) with 
the L,L inhibitor 178 (Ki = 523 nM). This was further confirmed by 
comparing the 3D structure of 187a (L,L configuration at the P3-P4 position) 
superimposed with B3. The HCV NS3 protease activity was substantially 
improved when the vinylcyclopropane moiety that was previously used by 
Llinàs-Brunet and coworkers[76,85] was incorporated into the inhibitors 
(compare the P1-norvaline analogue 183a [Ki = 30 nM] with 186a [Ki = 1.1 
nM]). An acidic proton is essential for activity in the P1 position, as shown 
by comparison of the acid 186a (Ki = 1.1 nM) with the corresponding tert-
butyl ester 174 (Ki > 2000 nM). The methyl ester compound 186a has 
essentially the same potency as the corresponding methyl amide derivative 
187a (Ki = 1.3 nM). In contrast, the inhibitory properties were completely 
lost when the amide nitrogen in the P4 position in compound 187a was 
methylated to give 188 (Ki > 5000 nM). 
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Table 5. Biological data on the final compounds. 

 
Cpd. Structure Ki 

(nM)a Cpd. Structure Ki 
(nM)a 

177a 

 

> 2000 186a 

 

1.1 

178 
(anti) 

 

523 187a 

 

1.3 

179 
(anti) 

 

503 188 
(anti) 

 

>5000 

180 
(anti) 

 

280 182b 

 

2560 

181 
(anti) 

 

> 2000 183b 

 

> 2000 

182a 

 

102 186b 

 

108 

183a 

 

30 187b 

 

23 

184 
(anti) 

 

67 174 
(anti) 

 

> 2000 

185 
(anti) 

 

24 175 
(anti) 

 

> 2000 

aHCV NS3 1a. 
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4.2 Design of macrocyclic cyclopentene HCV NS3 
protease inhibitors (Paper VI) 

The discovery that the 4-hydroxy-cyclopentene moiety (D5 in Figure 17) 
could mimic the N-acyl-(4R)-hydroxyproline encouraged us to design a 
synthetic route to more rigid and less peptidic HCV NS3 inhibitors in 
analogy with the development of B4 (BILN-2061; Figure 9). The 
retrosynthetic analysis of the macrocyclic final compounds (D12) embracing 
the cyclopentene moiety indicated that they could be synthesized from the 
diolefin D13 by use of ring-closing metathesis (RCM) (Figure 20).[153] It was 
possible to use peptide coupling chemistry to obtain D13 from intermediate 
164 and different Boc-hydrazines D14 (n = 1 or 2) in order to vary the ring 
size. In parallel, macrocyclic cyclopentane compounds (Table 6) were 
evaluated, and the biological data revealed that, compared to the 13-, 15-, 
and 16-membered macrocyclic cyclopentane rings, the 14-membered ring 
gave a better fit into the S1–S3 pocket of the HCV NS3 enzyme. 
Furthermore, the hydrazide functionality gave rise to greater potency than 
the corresponding Boc derivative did (more information in Paper VI). 
Considering those observations, we focused on synthesizing 14- and 15-
membered rings by introducing the cyclopentene moiety in the P2 position. 

 
Figure 20. Retrosynthetic analysis of macrocyclic target compounds. 

4.2.1 Use of the cyclopentene moiety in the synthesis of 
macrocyclic HCV NS3 protease inhibitors 

The previously described intermediate 164 was reacted (HATU/DIPEA) 
with hydrazine (D14, n = 1 or 2; synthesis described in Paper VI) to produce 
the dienes 189 and 190 (79–81%) as diastereomeric mixtures (anti). RCM 
was applied to the dienes using 2nd generation Hoveyda-Grubbs catalyst to 
furnish the macrocycles 191 and 192 in 53–81% yield.[90,153] The Z 
configuration of the alkene was assumed due to ring strain. To complete the 
synthesis, the Boc- and the tert-butyl-group were removed by TFA[149] to 
afford the final inhibitors 193 and 194 (38–47%) as diastereomeric mixtures 
with respect to the anti stereochemistry of the cyclopentene ring. 
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Scheme 18. Reagents and conditions: (i) tert-butyl 2-(hex-5-enyl)hydrazine-
carboxylate or tert-butyl 2-(hept-6-enyl)hydrazine-carboxylate, HATU, DIPEA, 
DMF, 0 °C; (ii) Hoveyda-Grubbs catalyst 2nd generation, CH2Cl2, reflux; (iii) TFA, 
triethylsilane, CH2Cl2, reflux. 

4.2.2 NS3 inhibitory properties of the macrocyclic compounds  
Considering potency against NS3 protease, the inhibitors 193 and 194 (Ki 
values 15 and 110 nM, respectively) proved to be equivalent to the 
cyclopentane compounds 195 and 196 (6 nM and 120 nM, respectively) 
(Table 6). Unfortunately, it was difficult to separate the diastereomeric 
mixture of the final products 193 and 194 into chiral compounds, and hence 
reduced the inhibitory properties. The macrocyclic cyclopentene compounds 
also tended to be susceptible to Michael addition and �-elimination of the 
quinoline moiety, in analogy with the linear cyclopentene compounds (Paper 
V). These findings, together with the less convenient synthetic route, 
suggested that that route cannot produce inhibitors with favorable 
biopharmaceutical properties, and therefore further optimization was focused 
on the cyclopentane scaffold. This strategy turned out to be successful and 
resulted in B6 (TMC435; Figure 9), which is presently being evaluated in 
clinical trials (Phase IIa).[154] 

 

Table 6. Biological data on the macrocyclic HCV NS3 inhibitors. 

 
Cpd. Structure Ki 

(nM)a 
EC50 
(μM)b Cpd. Structure Ki 

(nM)a 
EC50 
(μM)b 

193 

 

15 5.4 195 

 

6 7.6 

194 

 

110 4.5 196 

 

120 >10 

aHCV NS3 1a, bHCV NS3 1b. 
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5 Summary 

5.1 BACE-1 inhibitors (Papers I–IV) 
Various transition state analogues were evaluated as a central core for the 
development of BACE-1 (aspartic) protease inhibitors. Initially, the 
hydroxyethylene (secondary hydroxyl) moiety was chosen, and that strategy 
generated inhibitors in the low nanomolar range (IC50), the most potent of 
which had an IC50 value of 3.6 nM (Paper I). One of the inhibitors was co-
crystallized with the BACE-1 enzyme to disclose valuable information about 
the binding mode of this structural class. The synthetic route utilized 
carbohydrates with naturally defined stereochemistry as inexpensive starting 
material, providing the lactone scaffold with excellent stereochemical 
control. The success of that approach was confirmed by NOESY 
experiments. The lactone scaffold was then functionalized in an orthogonal 
fashion to yield different BACE-1 inhibitors. 

In an attempt to improve membrane permeability, tertiary hydroxyl group 
analogues of the statine motif were synthesized (Paper II), and inhibitors in 
the low micromolar range were identified. The most promising of those 
compounds had a BACE-1 IC50 value of 0.23 μM, and it proved to be 
selective against the human aspartic protease cathepsin D but had low 
membrane permeability. The robust synthetic route could easily be varied to 
produce two different types of inhibitors with regard to the quaternary 
central core. 

Next, a new tertiary hydroxyl transition state isostere was evaluated with 
the aid of a solid-phase strategy to produce the �-phenylnorstatine and �-
benzylnorstatine isosteres (Paper III). Inhibitors in the low micromolar range 
were identified, and one of them (IC50 = 0.19 μM) could be crystallized with 
BACE-1 to disclose a new type of binding mode. In the X-ray crystal 
structure, this compound was found to bind solely to the prime side in the 
active site of the enzyme. 

Inhibitors containing the tertiary analogue of the previously used 
hydroxylamine isostere was also evaluated (Paper IV). It was noted that the 
synthetic route tolerated inversion of an amide bond next to the important 
hydroxyl group. In this structural class, such bond inversion had a favorable 
effect with regard to potency in inhibiting the BACE-1 enzyme. The most 
active inhibitor in this series had a BACE-1 IC50 value of 0.38 μM and was 
selective against cathepsin D. 
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5.2 HCV NS3 inhibitors (Papers V and VI) 
The novel hydroxycyclopentene moiety was proven to be an equipotent 
bioisostere to N-acyl-hydroxyproline in HCV NS3 (serine) protease 
inhibitors. The cyclopentene scaffold was synthesized from inexpensive 
starting materials, and its regio- and stereochemistry was confirmed by 
NOESY and HMBC experiments. By systematically optimizing the 
substituents in the P1 and P3-P4 positions on this scaffold, eighteen HCV 
NS3 serine protease inhibitors were produced. These compounds had a 
reversed peptide backbone in the P3-P4 region, and thus they had two 
carboxy terminals. The best linear inhibitor (Paper V) had a Ki value of 1.1 
nM. 

Encouraged by this result, rigidification (Paper VI) was applied to this 
structural class. This gave two potent macrocyclic HCV NS3 inhibitors, the 
most promising of which had a Ki value of 15 nM and an EC50 value of 5.4 
μM in a cell-based assay. Unfortunately, this cyclopentene moiety (4-
hydroxy-cyclopent-2-ene-1,2-dicarboxylic acid) was somewhat susceptible 
to Michael addition and �-elimination of the quinoline moiety. Nevertheless, 
the present work leading to production and evaluation of these compounds 
might provide useful information for future development of new HCV NS3 
protease inhibitors. 
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