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Abstract

Cysteine proteases have become promising targets for drug development, particularly
in light of recent advancements in treating COVID-19 with nirmatrelvir, a covalent
reversible inhibitor of the SARS-CoV-2 main protease (MP). Given the wide range of
cysteine proteases found in various organisms, the potential applications of covalent
cysteine protease inhibitors to address parasitic, viral, cancerous, and autoimmune
diseases are numerous. However, achieving effective drug delivery to target sites and
minimizing off-target effects requires the development of selective scaffolds with
optimal physicochemical properties.

In this dissertation, | present the development of selective (F-)vinylsulfon(at)e-based
cysteine protease inhibitors with beneficial pharmacokinetic properties, focusing on
three target proteases from the cathepsin family as examples: Trypanosoma brucei
cathepsin L (7TbCatL, rhodesain), Schistosoma mansoni cathepsin B1 (SmCB1), and
human cathepsin S (CatS).

Molecular docking studies combined with enzyme and phenotypic assays were crucial
for the inhibitor design and evaluation. The results of these studies have been
essential in guiding the development of inhibitors with enhanced efficacy and
selectivity. Moreover, valuable insights into the biodistribution and metabolism of
several compounds have been obtained through in vivo studies as well as in vitro
metabolism studies. To further improve efficacy, targeted drug delivery strategies
were explored in one of the projects.
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Kurzdarstellung

Cysteinproteasen sind zu  vielversprechenden  Zielstrukturen fur die
Arzneimittelentwicklung geworden, insbesondere angesichts der jungsten
Fortschritte bei der Behandlung von COVID-19 mit Nirmatrelvir, einem kovalent-
reversiblen Inhibitor der SARS-CoV-2 Main Protease (MP™). Angesichts des breiten
Spektrums an Cysteinproteasen, die in verschiedenen Organismen vorkommen, gibt
es zahlreiche potenzielle Anwendungsmadglichkeiten fur kovalente Cysteinprotease-
Inhibitoren zur Behandlung von parasitéaren, viralen, cancerogenen und
Autoimmunkrankheiten. Um jedoch einen effektiven Wirkstofftransport an die Zielorte
zu erreichen und Off-Target-Effekte zu minimieren, ist die Entwicklung selektiver
Strukturen mit optimalen physikochemischen Eigenschaften erforderlich.

In dieser Dissertation wird die Entwicklung selektiver auf (F-)Vinylsulfon(at)en
basierender Cysteinprotease-Inhibitoren mit vorteilhaften pharmakokinetischen
Eigenschaften prasentiert, mit Fokus auf drei Zielproteasen aus der Cathepsin-
Familie: Trypanosoma brucei cathepsin L (TbCatL, rhodesain), Schistosoma mansoni
cathepsin B1 (SmCB1) und das humane Cathepsin S (CatS).

Molekulare Docking-Studien in Verbindung mit Enzymassays und phanotypischen
Tests waren entscheidend fur die Entwicklung und Bewertung der Inhibitoren. Die
Ergebnisse dieser Studien waren ausschlaggebend fur die Entwicklung von
Inhibitoren mit verbesserter Wirksamkeit und Selektivitat. Dartber hinaus wurden
durch /n-vivo-Studien und /n-vitro-Metabolismus-Studien wertvolle Erkenntnisse Uber
die biologische Verteilung und den Metabolismus einiger Substanzen gewonnen. Um
die Wirksamkeit weiter zu verbessern, wurden in einem der Projekte Strategien zur
gezielten Verabreichung (,targeted delivery“) verfolgt.
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MS mass spectrometry

NMR nuclear magnetic resonance

NTS newly transformed schistosomula
NVU neurovascular unit

PAMPA parallel artificial membrane permeability assay
P-gp P-glycoprotein

PPB plasma protein binding
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ThCatL Trypanosoma brucei cathepsin L
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INTRODUCTION

Introduction

1 Relevance of Physicochemical Properties and ADME

Parameters in Drug Design

Imagine a world where every medication you take is specifically designed to target
the cause of your disease. This is the reality of modern drug design, where we use a
variety of tools and techniques to develop targeted treatments. In this process, one of
the most important aspects is to consider the physicochemical properties of potential
drugs. These parameters, such as lipophilicity, solubility, and molecular weight, can
greatly impact a drug's effectiveness and safety, and must be carefully evaluated to
develop successful treatments. Here, | will discuss the effect of physicochemical
parameters on pharmacokinetic properties and how structural modifications of
covalent cysteine protease inhibitors can affect their selectivity profiles and efficacy.

1.1Rule of Five

Optimizing lead structures with high biological activity towards drug candidates in drug
development requires the consideration of physicochemical parameters. The concept
of “less is more” is embodied in the widely used LIPINSKI rule of five in drug design."-2
This guideline states that a drug candidate should not violate certain physicochemical
parameters, including molecular weight, lipophilicity, often represented by the logP
value, and hydrogen bond donors (HBD) and acceptors (HBA). By following these
criteria, drugs have the potential to be orally bioavailable and effectively penetrate cell
membranes to interact with target proteins, leading to enhanced efficacy.?

MOLECULAR WEIGHT

The LIPINSKI rule of five states that the molecular weight of a drug candidate should
not exceed 500 Dalton. This restriction on molecular weight is based on the idea that
larger molecules are more likely to have decreased solubility and increased
permeability, which can lead to reduced efficacy and increased toxicity.? Large
lipophilic compounds can accumulate in membranes or various tissues and cause
adverse effects. On the other hand, some large molecules might have reduced
permeability and therefore rely on active transport.®
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PARTITION COEFFICIENT

The logP value, or partition coefficient, serves as a metric for a molecule's lipophilicity.
It is calculated as the logarithmic ratio of a molecule’s concentration in n-octanol to its
concentration in water. This fundamental parameter in drug development is used to
predict a drug’s solubility, permeability, and (oral) bioavailability. A higher logP value
indicates elevated lipophilicity, which affects a drug's capacity to pass across cell
membranes and interact with target structures. It is a valuable tool to improve the
pharmacokinetic and pharmacodynamic properties of a drug and, thus, plays a critical
role in evaluating a molecule's suitability as a drug candidate.*° In LIPINSKI's rule of
five, the logP value should not exceed five."? Nevertheless, it should also be
considered that compounds with low logP values, thus hydrophilic or even charged,

are also not likely to be permeable.®
HYDROGEN BONDS

The rule of five also states that a drug candidate should have no more than five
hydrogen bond donors and no more than ten acceptors.? In drug design, if's
important to consider the number of HBD and HBA, since these functional groups can
affect a drug's solubility, stability, and bioavailability.” If a drug has too many HBD and
HBA, it may be more likely to form unwanted H-bonds with other molecules in the
body, reducing efficacy and increasing toxicity.® Still, hydrogen bonds can improve
solubility and stabilize conformations.”

EXTENDED RULE OF FIVE

The extended rule of five, also known as the VEBER rule, is a modification of the
LIPINSKI rule of five that includes additional parameters for drug-like properties.® In
addition to the modified original parameters of molecular weight (500-700 Da),
lipophilicity (logP < 7.5), and HBA/HBD (10/5), the extended rule of five adds
constraints on a molecule's rotatable bonds (< 15) and polar surface area (PSA, <
140 A?).° These additional parameters contribute to a more comprehensive evaluation
of a molecule's potential as a drug candidate. The idea behind the extended rule of
five is that drugs with too many rotatable bonds or a too large polar surface area tend
to have lower stability and bioavailability.'® Increased rotational degrees of freedom
may lead to a larger diffusional cross section, influencing permeability. A large polar
surface can also reduce passive diffusion. Adhering to this rule can improve the
chances of success for drug candidates. However, it should be noted that these
guidelines are not absolute and a molecule that violates one or more of these
parameters may still have therapeutic potential (e.g., antiviral agents like ritonavir).’

2
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Three examples for drugs within or beyond the rule of five, that are orally bioavailable
after all, are shown in Figure 1.

LIPINSKI (extended) VEBER beyond
rule of five rule of five rule of five
| o
s
(g Oy B,
< o= ol INEDe :
~o AN M L - e ¥
. L_w ' : oM
o— [ j“jn
. o< L
omeprazole itraconazole ritonavir
pratan pump inhibitor antimycotic agent HIV protease inhibitor

molecular weight 3452 Da \/ molecular weight 705.6 Da \/ molecular weight 720.9Da X

logP 2.2 v/ logP 57 v/ logP 6.0 v
H-bond donors 1 +/ H-bond donors 0 +/ H-bond donors 4 v
H-bond acceptors 6 ~ H-bondacceptors 9 +/ H-bond acceptors 9 v
rotatable bonds " +/ rotatable bonds 18 X
polar surfacearea 101 A*  «/ polarsurfacearea 20242 X

\/ Lieinsk rule of five \/ modified VEBER rule of five x beyond rule of five

Figure 1. Examples for drugs that are within the scope of LIPINSKI's rule of five (omeprazole,
left),’" the extended rule of five (itraconazole, middle)® or beyond the rule of five (ritonavir,
right).? Physicochemical parameters retrieved from the NATIONAL CENTER FOR BIOTECHNOLOGY
INFORMATION (PubChem, 2023).12

1.2 ADME Parameters

Pharmacokinetics, often referred to as “what the body does to the drug”, is the study
of how a drug is absorbed (A), distributed (D), metabolized (M), and eliminated (E)
from the body, in short: ADME (Figure 2)."*'° This field of study is critical in
determining the dosing and administration route of a drug, as well as understanding
the factors that can impact its efficacy and safety. By carefully analyzing the
pharmacokinetic properties of a drug, we can optimize its therapeutic effect and
minimize unwanted side effects. The study of pharmacokinetics is an essential part of
drug design and development, allowing us to better understand the dynamic
relationship between a drug and the body."®'” The ADME parameters are highly
dependent on the drug’s physicochemical parameters.'®
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Figure 2. ADME exemplified for peroral administration — schematic overview of some
important aspects. The figure was partly generated using SERVIER MEDICAL ART, provided by
SERVIER, licensed under a Creative Commons Attribution 3.0 open license.

ABSORPTION (A)

As described above, the LIPINSKI rule of five plays an important role in a drug’'s
absorption in the intestines. Oral bioavailability refers to the fraction of a drug that
enters the bloodstream after peroral administration and can reach its target site in the
body."¥?0 |t is influenced by several factors, including the drug's solubility, stability,
and metabolism in the intestine and liver. Cell permeability, especially via passive
diffusion, remains crucial for oral bioavailability.?'2

DISTRIBUTION (D)

Several factors affect the distribution, depending on the tissue. Firstly, the cell
permeability that is determined by physicochemical properties, such as logP and
PSA.2'22 Usually, passive diffusion across membranes is critical, but in some cell
types or tissues, active transport is key.?® In others, efflux from cells is involved,
limiting distribution in some tissues, e.g., by P-glycoprotein (P-gp) in brain tissue (see
chapter 1.2.1).24-%" Another factor influencing the biodistribution is plasma protein
binding (PPB).%*- Lipophilic drugs like phenytoin adsorb to plasma proteins, such as
serum albumin, which immensely improves their plasma solubility.3' PPB generally
prolongs a drug’s plasma half-life, since only the free drug amount is essential for the

4



INTRODUCTION

effect as well as metabolism and excretion. Adsorption to serum albumin is a steady
state between the bound and unbound fraction.®®> When the unbound drug is
metabolized and excreted, new drug is released from plasma protein binding. This
prolongs the half-life compared to drugs that are completely unbound and thus,
metabolized and excreted more rapidly.3334 The distribution volume is a fundamental
concept in pharmacokinetics that helps to characterize drug distribution in the body.
Defined as the theoretical volume of fluid required to account for the total amount of
drug in the body, this parameter takes into consideration the dynamic interplay
between drug concentration and the various physiological compartments.3>%¢ The
physicochemical parameters of a drug can greatly influence its distribution volume.?”
For example, drugs with high lipophilicity tend to have a larger distribution volume, as
they can more easily penetrate cell membranes and distribute to lipid-rich tissues. On
the other hand, drugs with high hydrophilicity tend to have a smaller distribution
volume, as they are more restricted to the extracellular fluid compartment. Other
physicochemical factors such as molecular weight, protein binding, and ionization can
also impact the distribution volume of a drug.3” Understanding these parameters and
their effects on drug distribution is crucial for predicting drug efficacy and toxicity.*8

METABOLISM (M)

A drug’s lipophilicity also has a major effect on its metabolization.?**® The more
lipophilic, the higher the metabolism rate in hepatocytes since this usually requires
phase | and phase Il reactions to enable excretion (see chapter 1.2.2). Higher
metabolization rates lead to a potentially higher first-pass effect which reduces a
drug’s half-life.414? The first-pass effect refers to the phenomenon where a drug, upon
oral administration, is absorbed into the bloodstream through the intestinal wall,
transported directly to and then metabolized by the liver before reaching the systemic
circulation. This metabolic process can result in a significant decrease in the drug’s
bioavailability, as a portion of the dose may be metabolized or eliminated before
reaching its intended target site. The extent of the first-pass effect varies depending
on the drug and individual factors, such as liver function and blood flow to the liver.4'-

43

EXCRETION (E)

Drugs can be excreted from the body in various ways. Most commonly, they are
excreted by the bile or kidneys, but also via sweat, the mammary or salivary glands,
and the lungs.*4*°> Again, passive diffusion is crucial. Nevertheless, depending on the
substance, there may be additional active transport processes.*® Biliary excretion
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includes lipophilic drugs and their metabolites.*” In the enterohepatic circulation, the
drug is secreted into the intestinal lumen via the bile where it can be reabsorbed,
prolonging its half-life.#34° The enterohepatic circulation is critical for drugs like
digitoxin or steroids as well as endogenous hormones.”® Here, the drugs are
eventually excreted in the feces. Renal excretion is highly regulated.*447>1 There are
three main processes: glomerular filtration, active secretion, and passive
reabsorption. Kidneys can excrete substances with a molecular weight up to 5 kDa,
retaining most proteins. Generally, renal excretion includes more hydrophilic drugs,
often with molecular weights < 500 Da.*? Understanding the relative contribution of
renal and biliary excretion to drug elimination is important for optimizing drug dosing
and reducing the risk of toxicity.

1.2.1 Blood-Brain Barrier

The blood-brain barrier (BBB) is a selectively permeable membrane that separates
the blood circulating in the body from the central nervous system (CNS). It is one of
three barrier structures in the CNS — BBB, blood-CSF barrier, and arachnoid
epithelium.>® Composed of specialized cells, such as astrocytes and endothelial cells,
the BBB helps to protect the delicate neural tissue of the brain and spinal cord from
harmful substances and pathogens that may be present in the bloodstream. Its
structure is unique, with tight junctions between cells that prevent large molecules and
most toxins from passing through. While this serves a vital protective function, it can
also hinder drug delivery to the brain.>4-¢

ANATOMY

The BBB is a cellular and biochemical structure consisting of five major parts, the
neurovascular unit (NVU): endothelial cells (EC), pericytes, astrocytes, immune cells,
and basement membrane.®” The area between the basement membrane and the
neurons is called VIRCHOW-ROBIN space and contains interstitial fluid with residing
microglia.

EC are bound together by tight junctions to prevent transport through the paracellular
space.®®% Too large or too polar molecules (e.g., glucose) can enter the CNS via
transport proteins.®°

Pericytes cover the EC layer and regulate the blood flow in the CNS with their long
membrane extensions, and maintain the BBB permeability.51-62
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Astrocytes are glial cells known primarily for their maintenance functions within the
BBB microenvironment, such as innate immune regulation, electrochemical activity
monitoring, and parenchymal water balance 535

Immune cells that are usually present in the CNS include perivascular macrophages
and microglia. The macrophages mainly phagocytose cell debris, waste products, and
pathogens.5> Microglia are accountable for innate immunity, antigen presentation, and
neuronal development.5®

The basement membrane is a highly intricate matrix of biomolecules that envelops
the vascular tube and pericytes. Itis part of the extracellular matrix (ECM), and comes
into direct contact with the astrocyte endfeet. Additionally, it contains many structural
support molecules (collagen IV, laminins, heparine sulfate proteoglycans, and
fibronectin). Consisting of two layers comprising different laminins, it serves as both
physical barrier and scaffold for chemical signals.”-%3

Figure 3 shows a schematic overview of the BBB.

cerebrospinal fluid

\ ¢ . - ; ; 7 i 1
T Yo 4 ) © .~ ... heurons

astrocyte - '\r / P e, /) ’..\:1}' 7
NS e v, ¢ TR

.o f___ - (y \jl [/ ..
Sp A, .f“* & 4
fidl_“ ~& &

0,, 4 ~
small molecules *_w/“ 5 —— microglial cell {

<400 Da pe”c"te \endothelial

cell
passive : s lo blood

0, diffusion efﬁuxpumps RMT ion channels vessel

Figure 3. Overview of cells and transport mechanisms of the blood-brain barrier. Adapted from
SHARIF ET AL. (2018) and XIAO ET AL. (2020).6%70 CMT, carrier-mediated transport; RMT,
receptor-mediated transport. The figure was partly generated using SERVIER MEDICAL ART,
provided by SERVIER, licensed under a Creative Commons Attribution 3.0 open license.
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PHYSIOLOGY

The BBB endothelial cells contain two transporter types — nutrient and efflux
transporters.”""2 For example, GLUT1 supplies brain cells with vital glucose, and
GLUT1 levels are higher in the brain than in peripheral tissues.” Additionally,
receptor-mediated transport (RMT) systems provide iron, amyloid proteins, or low-
density lipoprotein (LDL) that carries cholesterol and lipids. Foreign, potentially toxic,
materials must be eliminated from the CNS as well as metabolic waste products.
Therefore, efflux pumps hydrolyze adenosine triphosphate (ATP) in order to generate
energy to move compounds against their concentration gradients. A prominent
example is P-glycoprotein (Mdr1, P-gp) that transports small lipophilic molecules from
brain cells into the vascular lumen.”".74-76

In addition to physical barriers and transport mechanisms, the NVU has other ways
to regulate the BBB. Pericyte-mediated regulation involves glutamate, which triggers
the release of nitric oxide and prostaglandin E2, relaxing pericyte extensions.””.’®
These cells also contain receptors for platelet-derived growth factor (PDGF), crucial
for barrier formation and integrity, which has been demonstrated using knock-out and
knock-down mutants in rodent models.”s-' Pericytes direct astrocyte foot projections
and reduce levels of leukocyte adhesion molecules. Still, their impact on other
transport molecules is limited, implying their main role is to limit paracellular influx of
substances to the CNS. Astrocyte-mediated regulation contributes to the BBB
integrity by secreting ang1 to upregulate the tight junction expression .22 Additionally,
astrocytes reduce vascular permeability by secreting TGF-B to stimulate the
expression of P-gp.82 They secrete angiotensin converting enzyme-1 (ACE-1) to
increase angiotensin Il and induce vasoconstriction, limiting the blood flow.??
Astrocytes also regulate BBB permeability by secreting apolipoprotein E, which
regulates tight junction integrity via Lrp1.8* Moreover, astrocytes regulate the
production of aquaporin-4, which is necessary for water transport into the CNS .88

OVERCOMING THE BLOOD-BRAIN BARRIER

Again, several physicochemical parameters influence the extent to which substances
can passively cross the BBB. Small lipophilic molecules (< 500 Da) are more likely to
cross the barrier via passive diffusion.?”-* Charged molecules have more difficulty but
positively charged ones (amine groups, etc.) penetrate the BBB more easily than
negatively charged ones (carboxyl acids, etc.).>>® The negative charge is repelled by
the negatively charged endothelial cells.
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Some compounds can actively cross the BBB by binding to specific transporters that
are expressed on the BBB's endothelial cells. For instance, amino acids and glucose
are known to utilize specific transporters to facilitate BBB crossing.®¢3#% The unique
capillaries in the BBB possess extra mechanisms to regulate transport, in- and efflux
to the brain. Small gases (N2, O;) can penetrate the BBB whereas bivalent cations
(Ca**, Mg?*) rarely pass.®” An important regulator is P-gp, an active efflux pump.’*76-%°
Many lipophilic molecules are substrates of P-gp (digoxine, loperamide, etc.).9%-%2
Therefore, even if they can pass the BBB in the first place, they do not remain in brain
tissue.

Other drugs can be metabolized into more lipophilic forms that more likely cross the
BBB. A prime example is fingolimod, an immunomodulatory agent used in the
treatment of Multiple Sclerosis. Fingolimod is a prodrug of a sphingosine 1-phosphate
(S1P) receptor agonist that can traverse the BBB and is subsequently metabolized in
brain tissue. It is phosphorylated by sphingosine kinase, generating its active form,
fingolimod phosphate. Notably, fingolimod phosphate, due to its negative charge,
would not have been able to penetrate the BBB on its own.93.94

In summary, a drug's ability to cross the blood-brain barrier is dependent on its
molecular size, lipophilicity, charge, binding to transporters, and metabolism. These
factors should be considered when designing drugs that target the central nervous

system.

1.2.2 Metabolism

Drug metabolism refers to the biochemical transformation of drugs and other
xenaobiotics in the body, involving a series of enzymatic reactions that modify the
chemical structure and properties of these compounds.® This process is essential for
the elimination of drugs from the body, as well as for the activation or inactivation of
their pharmacological effects. Drug metabolism occurs mainly in the liver and other
organs, where several enzymes, including cytochrome P450s (CYP), flavin-
containing monooxygenases, and UDP glucuronosyltransferases, catalyze a variety
of reactions, such as oxidation, reduction, hydrolysis, and conjugations.3940.96.57 The
inter-individual variability in drug metabolism, due to genetic, environmental, and
lifestyle factors, can have significant implications for drug efficacy and safety, as well
as for drug interactions and personalized medicine.*® Understanding the mechanisms
and regulation of drug metabolism is thus crucial for developing and optimizing
effective and safe therapies.' The biotransformation of drugs typically involves two

phases: phase | and phase Il metabolism.%
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PHASE | BIOTRANSFORMATION

Phase | is the initial step, involving the conversion of the parent compound into one
or more metabolites through oxidation, reduction, or hydrolysis reactions, among
others. The enzymes primarily participating in phase | metabolism are the cytochrome
P450 (CYP) enzymes, which are found mainly in the liver but also in other tissues
such as the intestine and brain.3940.97.99.100 These enzymes play a critical role in
determining a drug's pharmacokinetics, efficacy, and potential for toxicity. Other
important phase | enzymes are hydrolases (e.g., esterases) or N-
acetyltransferases.'.192 Phase | metabolism can increase the hydrophilicity of a drug,
making it more readily excreted by the body. However, it can also generate toxic
intermediates (e.g., metabolism of acetaminophen) that require further metabolism by
phase Il enzymes to prevent harm (Figure 4).103.104

PHASE Il BIOTRANSFORMATION

Phase Il drug metabolism usually follows phase | metabolism and involves the
conjugation of the parent compound or its phase | metabolites with endogenous
compounds, such as glucuronic acid, sulfate, or amino acids. This process, known as
conjugation, highly increases the hydrophilicity of the drug or its metabolites,
facilitating their excretion through the urine or feces.'%>'% The major enzymes
involved in phase Il are UDP glucuronosyltransferases (UGTs), sulfotransferases
(SULTSs), and glutathione S-transferases (GSTs), among others.'%7-"13 Unlike phase |
metabolism, phase |l biotransformation does not involve creating new chemical
groups on the drug but rather adding pre-existing functional groups. By detoxifying
and eliminating toxic and potentially hazardous metabolites arising from phase |
reactions, phase Il metabolism plays a crucial role in safeguarding the body (Figure
4)_111,113

Figure 4 illustrates the biotransformation of acetaminophen, a prime example. The
majority of acetaminophen is rapidly glucuronidated, skipping phase |
metabolism.194.114.11> Nonetheless, phase | reactions like deacetylation or oxidation via
CYP2E1 can occur. The oxidation results in the hepatotoxic metabolite NAPQI, a
Michael acceptor that can react with all sorts of proteins to form adducts
(biotoxification).'*'"> To detoxify, GST has to attach a glutathione residue to NAPQI,
which can be transformed to the mercapturic acid derivative.'%4116
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Figure 4. Biotransformation of acetaminophen, phase | and phase |l metabolism including
biotoxification. The figure was partly generated using SERVIER MEDICAL ART, provided by
SERVIER, licensed under a Creative Commons Attribution 3.0 open license.

Some drugs and metabolites may also be transported out of cells and into the blood
or urine by efflux transporters, such as P-gp, which is often referred to as "phase lll
metabolism”. However, this process is not considered a distinct phase of drug

metabolism, but rather a part of the excretion process.""’
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2 Proteases

Proteases, also known as peptidases or proteinases, are enzymes that catalyze the
hydrolysis of peptide bonds in proteins, thereby breaking down large protein
molecules into smaller peptides and amino acids. Once considered nonspecific
degrading enzymes, they have emerged as key players in mediating signaling
pathways and specific cleavage processes in all living organisms.18.11° Approximately
600 proteases have been identified in the human genome.'?%12! These enzymes are
substantial for numerous physiological processes, such as protein digestion, blood
coagulation, immune response, apoptosis, and cellular signaling.'?? They also play
essential roles in regulating protein turnover, folding, and degradation. Protein
turnover is crucial for all cellular processes and thus highly regulated, maintaining
cellular homeostasis and responding to changes in the environment or disease
states.'>-'2> Proteases are highly diverse in structure, function, and substrate

specificity, making them attractive targets for drug discovery.

Dysregulation of protease function is associated with various diseases, such as
osteoporosis, cardiovascular diseases, neurodegenerative disorders, inflammation,
and cancer, where uncontrolled and increased proteolytic activity is a common
feature.21126.127 Not to be missed are exogenous proteases from parasites, viruses,
or bacteria, which can be essential in infectious diseases.'?-'3" Consequently,
protease inhibitors have emerged as promising therapeutic agents to combat
protease-associated diseases (see chapter 4).

2.1 Classification and Nomenclature

Proteases are classified according to the Enzyme Commission (EC) system. They are
hydrolases (EC 3), more precisely peptidases (EC 3.4)."32 There are two main sorts,
endo- and exopeptidases. Endopeptidases cleave peptide bonds within a peptide
chain, while exopeptidases cleave at the N- or C-terminus (amino- or
carboxypeptidases).''®"? Another way to classify proteases is related to their active
site residue mainly responsible for catalysis (MEROPS system).'3® It comprises five
protease classes: aspartate, cysteine, metallo-, serine, and threonine proteases.3*
Based on their evolutionary origin and tertiary structure, these protease classes are
further divided into superfamilies (clans) and families. '*313* Figure 5 shows the
protease classification after EC and MEROPS with focus on relevant cysteine
proteases.
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Figure 5. Classification of (cysteine) proteases according to EC and MEROPS, Papain

structure: pdb 1ppp.133-136

A protease’s binding pocket can be characterized according to a nomenclature by

SCHECHTER and BERGER (Figure 6)."*" Here, the active site is divided into subsites,

each occupied by the substrate’s amino acid side chains. Beginning at the cleavage

site, residues towards the substrate’s N-terminus (non-primed site) are labeled P1 —

Pn whereas residues towards the C-terminus (primed site) are labeled P1’ — Pn'.

Accordingly, the respective binding pockets/subsites are labeled S1 — Sn and

S1'-8n'.
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Figure 6. SCHECHTER and BERGER nomenclature of protein active site and substrate side
chains. Cleavage site indicated in red.!¥’

2.2 Cysteine Proteases

Cysteine proteases are ubiquitous enzymes. They are found in a variety of organisms,
including viruses, bacteria, fungi, parasites, plants, and mammals.’?® As already

discussed in chapter 2.1, they are classified into nine clans and 69 families according

to their tertiary structure and evolutionary origin (Figure 5).

Each clan incorporates the characteristic catalytic triad (or dyad), but different protein

folds, indicating a convergent evolution of the catalytic mechanism (Scheme 1).738

H, H. H,
L}@—His L’>—Hls h':}@_"'s
W :

H

ch’\ 2 acylation deacylation o
R1 N‘R _b“ ( _’" ?_R‘I
( b OAR'" R?-NH, HO
2 @
rs S rs R2_N HZ
Cys Cys Cys

Scheme 1. Catalytic steps for peptide bond hydrolysis by cysteine proteases (catalytic dyad).
Catalytic cysteine in blue, histidine in magenta.

The ion pair mechanism is widely accepted and supported by experimental and
computational evidence for clan CA cysteine proteases.’®® %2 The active site
cysteine's nucleophilicity is amplified through the enzymatic environment, which
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involves a basic histidine residue serving as a proton acceptor (catalytic dyad). This
leads to the formation of a highly nucleophilic thiolate/imidazolium pair pre-
catalytically.™® This is experimentally confirmed by potentiometric ionization state
determination and QM/MM studies, with evidence suggesting strong preference for
the ionic state within the enzyme's environment.’#"-144 For most clan CA proteases,
the proper orientation of the histidine is facilitated through hydrogen bonding of an
asparagine or aspartate residue (catalytic triad), an essential factor to preserve the
ion pair ground state.° Additional factors include a dipole moment arising from a
nearby a-helix and a complex hydrogen bond network in the active site
environment.’39-143.146 From a mechanistic point of view, peptide bond hydrolysis in
cysteine proteases occurs in two main steps: acylation and deacylation (Scheme 1).
In the acylation stage, the nucleophilic cysteine thiolate attacks the peptide bond's
carbonyl carbon, producing an acyl-enzyme intermediate. The following deacylation
occurs via base catalysis. The imidazole nitrogen of the active site histidine
deprotonates a water molecule, which then attacks the thioester intermediate’s
carbonyl-C, resulting in the final cleavage products.

Within a clan, cysteine proteases are classified into families, based mainly on their
sequence and tertiary structure similarities. The largest family is C1, incorporating
papain-like proteases.'’ It features parasitic cysteine proteases (Trypanosoma brucei
cathepsin L, Schistosoma mansoni cathepsin B1, etc.) as well as human cathepsins
(e.g., cathepsins B, K, L, S). These are further discussed in the following chapter.
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3 Cysteine Cathepsins as Drug Targets

Cysteine cathepsins are found in humans and various other organisms and exhibit
high sequence and structural similarity among themselves. Due to this similarity, off-
target effects must be considered.

3.1 Disease Relevant Cathepsins

Cathepsins are relevant in many physiological and pathological processes. Table 1
shows several disease relevant cathepsin-like proteases and their functions.

Cathepsins are primarily endopeptidases that operate within endolysosomal
compartments, with some being expressed constitutively in all tissues while others
are regulated and occur mainly in specific cell types.'#8149 Cathepsin K (CatK), for
example, is specifically expressed in osteoclasts and plays a crucial role in bone
remodeling."® On the other hand, cathepsin S (CatS) is predominantly expressed in
immune cells and is essential for antigen presentation.''-'>* While cathepsins are
mainly located in lysosomal compartments, recent research has also shown that
some of them have extracellular roles. For instance, CatS is secreted and plays a role
in degrading the extracellular matrix (ECM)."*° In addition, the upregulation of certain
cathepsins is associated with several invasive and degenerative diseases, such as
osteoporosis, rheumatoid arthritis, and cancer.’*¢-1%% Cysteine cathepsins, in
particular, have been found to play critical roles in tumor progression and migration
by promoting extracellular matrix degradation and angiogenesis.#8:15%.160 While small
molecule cysteine protease inhibitors have demonstrated a reduction in tumor
invasion in vitro, the question remains as to whether both the extracellular and
intracellular enzyme pools need to be targeted for effective treatment.8.161 Despite
the challenges, inhibiting cathepsins still represents a promising approach to mitigate
tumor progression.162-164
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Table 1. Disease relevant cysteine cathepsins (C1 family) and their functions.

enzyme organism functions disease
T. brucei host protein degradation,
cathepsin L / BBB crossing, immune )
_ Trypanosoma ) Human African
rhodesain ) evasion o
: brucei _ Trypanosomiasis
T. brucei host protein and
cathepsin B transferrin degradation
_ _ tissue invasion, immune
T. cruzi cathepsin | Trypanosoma _ _ _
) ) evasion, parasite Chagas disease
L / cruzain cruzi
development
S. mansoni Schistosoma | host protein degradation, _ o
) ) ) schistosomiasis
cathepsin B1 mansoni parasite development
o Plasmodium _ _ )
falcipains _ hemoglobin degradation malaria
falciparum
_ lysosomal protein cancer,
cathepsin B _ _ »
degradation, apoptosis pancreatitis
cathepsin K bone resorption/modeling osteoporosis
lysosomal protein
cancer,
cathepsin L degradation, antigen .
human _ hyperplasia
processing
ECM turnover, antigen
_ presentation and auto-immune
cathepsin S ) _
processing, macrophage | diseases, cancer
polarization

ECM = extracellular matrix.

3.2 Cathepsin S in Tumor Microenvironment

Parts of this chapter have been published in a review in 2020."%° Cysteine cathepsins
are a group of 11 proteases, out of which five (cathepsins B, H, K, L, and S) have
been repeatedly implicated in the progression of solid cancers.'®® They are a group of
lysosomal proteases that mainly function in intracellular protein catabolism. However,
certain cathepsins, such as CatB, CatH, CatK, CatL, and CatS, are also expressed
on the cell surface and can degrade ECM proteins. CatS, in particular, can break
down various collagens, elastin, laminin-5, cell surface receptors such as protease-
activated receptor-2, and cell adhesion molecules like E-cadherin and junctional
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adhesion molecule B (JAM-B).'%® This proteolytic activity is key in tissue remodeling,

cancer cell growth, and metastasis.

The expression and activity of cysteine cathepsins are upregulated in chronic
inflammation and cancer, with CatB and CatS being overexpressed in various
cancers, including follicular lymphoma, gastric, colon, brain, breast, and pancreatic
cancer.164167.168 Thege cathepsin-mediated mechanisms can enhance ECM turnover
and angiogenesis, promoting tumor expansion and securing cancer nutrient supply.
They can also suppress the T-cell-mediated anti-cancer immune response located in
the tumor microenvironment (TME).

Cancer cells have developed several mechanisms to escape immune surveillance,
including limited tumor antigen presentation, secreting factors that polarize non-tumor
antigen-presenting cells (APC) towards an M2-type, and inhibiting the activation of
tumor-destroying CD8+ T cells. M2-type APCs induce tumor tolerogenic regulatory
CD4+ T cells (Treg) while suppressing the cytotoxic CD8+ T cells responsible for
eliminating tumor cells.'¢”:16%.170 CatB and CatS have a particularly devastating effect
on anti-tumor immune responses by polarizing myeloid APCs towards an M2-
phenotype, favoring the expansion of myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs), and decreasing cytotoxic CD8+ T cells while

promoting Treg cells.166.171

CatS is also involved in antigen processing and presentation, enhancing the
expression of major histocompatibility complex class Il (MHC-II) and antigen loading
on myeloid cells, including cancer epithelia.’™-'%3172 However, while antigen
presentation via MHC class | (MHC-I) activates cytotoxic CD8+ T cells, MHC-II
presentation in the TME usually activates CD4+ Treg cells. This can actively suppress
the immune response towards cancer cells.'®170.173 A mouse model has suggested
that inhibiting CatS activity decreases overall T cell immunity under physiological
conditions but increases CD8+ T cell immunity when cancer cells are present.'*

Overall, inhibiting cysteine cathepsins, such as CatS, appears to be a promising
approach to restrain tumor growth and enhance the immune response against

tu mors. 151-153,167

3.3 Cathepsin Structure

Discovering the crystal structure of numerous cathepsin-like proteases has led to a
deeper understanding of their molecular composition.'”>:176 Despite differences in their

specific functions, the tertiary structure of these proteases remains remarkably
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conserved across the family. These proteases are produced in an inactive form, pre-
pro-cathepsins, consisting of a signal domain (pre-peptide), an N-terminal pro-domain
(pro-peptide), and a catalytic domain, with the pro-domain serving multiple crucial
purposes.'””-'"° Not only does it ensure correct folding and trafficking, but it also acts
as a reversible inhibitor, preventing premature proteolytic activity.'8-'82 An example
for this would be T. brucei cathepsin L (TbCatL, rhodesain).'®* The N-terminal signal
peptide directs the protease into the lumen of the endoplasmatic reticulum where it is
cleaved off by a signal peptidase, generating the inactive pro-cathepsin.'”® The N-
terminal pro-domain occupies the active site cleft of the catalytic domain in rhodesain,
preventing substrate binding as shown by the superposition of the crystal structures
in Figure 7. The proteolytic activity is only activated after autocatalytic cleavage (cis
activation) or cleavage by other proteases (frans activation) in the lysosome, allowing
the proteases to perform their functions effectively in their designated

compartments. '84-186

pro-cathepsin (inactive)

cathepsin (active) \

[ signal domain pro domain

pre-pro-cathepsin (inactive)

Figure 7. Schematic overview of the protease domains. The inactive precursor (pre-pro-
cathepsin) is converted into the active form after cleavage of the signal peptide and pro-
domain. Crystal structure overlay of active rhodesain (pdb 2p7u, purple) and pro-rhodesain
(pdb 7avm blue) with the highlighted pro-peptide (yellow). The pro-peptide blocks the active
site residues and thus, hinders substrate cleavage.!76.183
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The structural resemblance can be confirmed by superposition of crystal structures.
Figure 8 reveals that rhodesain (TbCatL) shares a high sequence identity (45%) and
structural similarity (59%) with human CatL, which is underlined by the root mean
square deviation (RMSD) of 1.34 A."®” RMSD is a measure of the distance between
two sets of coordinates in three-dimensional space, often used to quantify the
structural similarity between two molecules or protein structures. It measures the
average deviation of the atoms between two structures after optimal alignment,
providing an overall measure of the differences in their spatial arrangement.'88.189

B D RMSD = 1.337 A

1:2P7U.A

2:2YJ8.A | 46.0

1:2P7U.A

2:2Y18.4A

Figure 8. (A) Crystal structure overlay of rhodesain (pdb 2p7u, purple) and human cathepsin
L (pdb 2yj8, deepteal).'®0.19! Superposition performed with MOE."® (B) Calculated identity.
(C) Calculated similarity. (D) Calculated RMSD.

The remarkable structural resemblance between interspecies cathepsins becomes
even more apparent when comparing Schistosoma mansoni cathepsin B1 (SmCB1)
with its human equivalent, cathepsin B (CatB). CatB-like proteases possess a unique
feature in the form of an occluding loop, a flexible region absent in CatL-like
proteases. Under acidic conditions (pH <5.5), the occluding loop structure is
responsible for the enhanced carboxypeptidase activity of CatB since it blocks part of
the active site cleft.”> This allows for two histidine residues located within the
occluding loop (Figure 9, yellow), which are partly protonated under acidic conditions,
to form ionic interactions and specifically target the C-terminal carboxyl group of a
substrate peptide at the P2' position, giving preference to the cleavage of a C-terminal
dipeptide.’® Conversely, at pH values above 5.5, the normal endopeptidase activity
of cathepsin B is favored.’™ This unique feature of cathepsin B highlights its versatile
activity and emphasizes its importance in various biological processes.
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1 2 RMSD = 1.025 A

1:353R.A E
2:1GMY.A | 57.5

1:353R.A

2:1GMY. A 72.4

1: 353R.A

2: 1GMY.A i_-|'1.=;'!]7

Figure 9. (A) Crystal structure overlay of SmCB1 (pdb 3s3r, deep purple) and human
cathepsin B (pdb 1gmy, salmon), occluding loop histidines in yellow.'9%'% Superposition
performed with MOE.'®” (B) Calculated identity. (C) Calculated similarity. (D) Calculated
RMSD.

As illustrated in Figure 9, the sequence identity between parasitic SmCB1 and human
CatB is 56%, while their structural similarity is 71%, resulting in an RMSD of 1.02 A ¢

This high degree of similarity highlights the evolutionary conservation of cathepsin
structure and function across species, despite their diverse biological roles. It also
suggests the potential for cross-species inhibition of cathepsins, which could be
leveraged for the development of broad-spectrum therapeutics targeting cathepsin
activity.

However, there are still remarkable differences between cathepsins of the same
species, e.g., cathepsins B and L (Figure 10). They only share about 25-30%
sequence identity and 38-45% structural similarity with an RMSD of 2.21 A after
alignment in MOE."®" This is due to the fact that some cathepsins have special
features, such as the occluding loop in CatB-like proteases mentioned earlier. Other
important differences arise from the active site which is discussed in the following
chapter 3.4. These distinctions are crucial to develop selective inhibitors.
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12 RMSD = 2.207 A

1:2YJ8.A
2:1CMY.A
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1: 2YJ8.A 2:23

2: 1GMY.A
1 2

Figure 10. (A) Crystal structure overlay of human CatL (pdb 2yj8, deepteal) and human CatB
(pdb 1gmy, salmon).19.1% Superposition performed with MOE.'87 (B) Calculated identity.
(C) Calculated similarity. (D) Calculated RMSD.

3.4 Active Site

The structure of C1 cysteine proteases such as cathepsins, represented by cathepsin
S (CatS) complexed with the vinylsulfone morpholino-Leu-hPhe-W(CH=CH-SO,-Ph)
in Figure 11, reveals a conserved active site in the protease family, with slight

variations among different cathepsin-like proteases.'":1%

"

Figure 11. CatS active site (pdb 1npz) with vinylsulfone ligand morpholino-Leu-hPhe-
Y(CH=CH-S02-Ph) in violet.’¥” Important residues in deepteal.

The inhibitor interacts with four different regions around the active site, including three
non-primed (S1-S3) and one primed site (S1°). The substrate specificity is
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predominantly influenced by the S2 pocket, which favors large hydrophobic side
chains such as L-phenylalanine, L-leucine or even larger residues like
cyclohexylalanine, especially due to Phe211 between S2 and S3.19%197 |t can flip,
therefore allowing bulkier residues in S2 compared to other cathepsins, such as CatB
or CatL."" Although L-arginine is preferred in the S1 pocket, L-homophenylalanine is
also tolerated. This is advantageous with regards to physicochemical properties since
the charged L-arginine residue can decrease permeability compared to L-
homophenylalanine. Both the S3 and S1’ pockets are relatively unstructured and lack
specificity for particular side chains.’¥”-% These observations highlight the potential
for rational drug design against cathepsin-like cysteine proteases by exploiting the

subtle differences in the active site.
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4 Covalent Protease Inhibitors

Covalent drugs have been known since the 19" century, even though their covalent
mechanism of action often remained elusive until they were clinically tested or even
until after they were approved. Prominent examples are aspirin, penicillin antibiotics,
acetaminophen or clopidogrel.'#*-202 Nevertheless, many medicinal chemists have
been hesitant to introduce chemically reactive electrophilic groups into the structure
of potential drugs to avoid toxicity or selectivity problems.’® Hepatotoxicity in
particular is of relevance, since electrophilic Michael acceptors can bind covalently to
liver proteins, as has been shown for acetaminophen.?’® Here, metabolism to the
highly reactive intermediate is essential for toxicity (see chapter 1.2.2). These
concerns have limited the development of covalent drugs for a long time.

However, covalent drugs have reemerged (Figure 12).294-297 Since the beginning of
the 215t century, scientists have begun to introduce mildly reactive electrophilic groups
into drug candidates to address nucleophilic residues in target proteins, a process
known as targeted covalent inhibition (TCI).28.299 |n contrast to the coincidental
development of covalent drugs without knowing their mode of action (“serendipity”),
this method relies on a structure-guided approach. Fine-tuning the chemical reactivity
and selectivity of covalent drug candidates is possible due to advanced computational
methods.?%8210 Designing a targeted covalent ligand can improve its inhibition
properties compared to non-covalent drugs.2°°2'
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Figure 12. Covalent drug development — a timeline. Coincidental covalent drugs are
highlighted in yellow, targeted covalent inhibitors are highlighted in light red. Protease
inhibitors are framed in red.
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One of the first approved targeted covalent protease inhibitors is the proteasome
inhibitor bortezomib to treat multiple myeloma.?"' Many other protease inhibitors
targeting viral proteases (e.g., boceprevir for hepatitis C virus, nirmatrelvir for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)) have been approved as
well as anti-diabetic drugs targeting dipeptidyl peptidase IV (e.g., saxagliptin).212-21°
Apart from covalent protease inhibitors, several covalent kinase inhibitors have been
developed for cancer treatment (e.g., afatinib).?'¢2'"

Still, there are some limitations to the electrophilic groups (“warheads”). Depending
on the active site residue (cysteine, serine, etc.), warheads can be more or less
suitable. Appropriate warheads for cysteine proteases are discussed in chapter 4.1.

4 1 Cysteine Protease Inhibitors

Cysteine protease inhibitors usually consist of a peptidomimetic recognition unit that
is required for non-covalent interactions in the active site. These interactions bring the
warhead into position, i.e., at the right angle and distance from the nucleophilic
cysteine. After the warhead is in the correct position, the covalent reaction with the
nucleophilic residue can occur, reversibly or irreversibly modifying the active site
cysteine (see chapter 4.2). There are few existing examples of non-covalent cysteine

protease inhibitors 21220

The electrophilic moiety has to be well chosen since highly reactive groups lead to
selectivity issues. Nitriles are widely used due to their mild electrophilicity and
reversibility, resulting in fewer off-target effects (see chapter 4.2.2).22'?22 A prominent
example is nirmatrelvir (Paxlovid®), a covalent inhibitor of the SARS-CoV-2 main
protease (MP™®), that has been on the market since 2021 (Figure 12), the first oral
treatment for COVID-19.2'4223 |t marks a milestone not only in the COVID-19
treatment, but also in drug development since it is the first approved targeted covalent
cysteine protease inhibitor with a high impact. It is used in combination with ritonavir,
which acts as a “booster” to reduce the rapid metabolism of nirmatrelvir by
CYP3A.214224 However, nitriles can also react with serine residues, which again limits
their selectivity.?2>2?6 Saxagliptin (Onglyza®) inhibits the serine protease dipeptidyl
peptidase IV and was first approved by the FDA in 2009 for the treatment of type 2
diabetes mellitus (Figure 12).2%

A frequently used warhead that almost exclusively reacts with cysteines is the
vinylsulfone moiety.??*2*' Contrary to nitriles, unsubstituted vinylsulfones react
irreversibly with the active site cysteine but still exhibit no activity towards endogenous
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thiol-containing nucleophiles.?*? Their mechanism of action and possible modifications

are described in chapter 4.3.

4 2 Covalent-Reversible vs. Covalent-Irreversible Inhibition

Different electrophilic groups result in different modes of inhibition. Acrylamides bind
irreversibly to their target whereas nitriles can dissociate again.Z*3-23° Therefore, we
distinguish covalent-irreversible from covalent-reversible inhibitors. They differ in their
covalent inhibition course (chapter 4.2.1), leading to different advantages and

disadvantages (chapter 4.2.2).

4.2.1 Covalent Inhibition Course

The reaction of a covalent inhibitor with its target protein is more complex than that of
non-covalent compounds and consists of at least two steps.3® Figure 13 illustrates
the simplest two-step mechanism.

k3
kq
5 Fa
=
>
z [ reversible inhibition
@ AGg ks > Ka
= i irreversible inhibition
» Kk, ~0

inhibition course

Figure 13. Energy diagram for the inhibition mechanism of a covalently reacting ligand. Figure
modified after SCHIRMEISTER et al.237

In the first step, the ligand’s recognition unit brings the molecule in position, forming
a non-covalent enzyme-inhibitor complex (E--I). This reaction features non-covalent
interactions of the ligand with the active site residues. It is reversible but can lead to
conformational changes that enable “slow-tight binding”. The ICs, value can be used
to describe this first step. It is the inhibitor concentration that leads to 50% inhibition.2*8
However, it is still dependent on the substrate concentration [S] and the MICHAELIS-
MENTEN constant K, which is a measure for the substrate’s affinity.23° Therefore, the
Kivalue (Ki = k2/k1) is more suitable, also to compare different compounds. It describes
the non-covalent complex as a measure for the ligand’s affinity to the target protein
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with non-covalent interactions.23¢ 1Cs values can be converted into K values with the
CHENG-PRUSOFF equation for competitive inhibitors:%8

IC5

a+ g

i

When the reactive electrophilic moiety is in the correct position, hence sufficiently
close and in the right angle, it can undergo a covalent reaction with a nucleophilic
residue (cysteine, serine, threonine, etc.). This is described in step two, resulting in
the covalent complex (E-l). Depending on product stability, the reaction can be
reversible or irreversible. If k4 >> 0, the reaction can be reversible, but if k4 ~ 0, the
reaction is irreversible. If ks << ks, the reaction is slowly reversible, whereas inhibitors
with ks = ks often show a one-step mechanism like non-covalent reversible

binders.236-240

For irreversible inhibition, the reaction is highly exothermic, so reversing the covalent
reaction would require a too high large activation energy. The reaction course can be

described as follows:2%6

ki ki
E+]| =—m/m E-] ———» E—I
kz
\ J
Y
Ki

N

N

k2nd

Here, the first-order rate constant describing step two, the covalent reaction’s velocity,
ki (or Kinact) is equal to ks in Figure 13. In addition to K; and ki, the second-order rate
constant kxna can be determined for irreversible inhibitors:24!

konda = K.
It combines the formation and decomposition of the non-covalent complex as well as
the complete irreversible inhibition process. A well-known warhead that undergoes a

covalent-irreversible Michael addition with active site cysteines is the vinylsulfone

mOIBty-231 232

Covalent reversible inhibitors form a weaker covalent bond than irreversible ligands.
They can be subdivided into time-independent and time-dependent inhibitors based
on their progress curves in enzyme assays. Depending on ks and K4, they can react
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in a one-step or two-step mechanism (see above). Reversible time-dependent
inhibitors often react in a slowly reversible manner (ks >> k), thus imitating progress
curves from irreversible inhibitors (“two-step mechanism”, see Figure 14). Figure
14A and 14C both display biphasic progress curves that indicate a two-step
mechanism and are difficult to distinguish. To differentiate, further experiments have
to be conducted (e.g., dilution assays).

A irreversible B reversible C (slowly) reversible

S

&

o

substrate turnover [U]
substrate turnover [U]
substrate turnover [U]

time [s] time [s] time [s]

Figure 14. Schematic progress curves for different inhibitors at different concentrations.
Control without added inhibitor in black. (A) Progress curves for irreversible inhibitors. Biphasic
progress curves indicate time-dependency. (B) Progress curves for reversible, non-time-
dependent inhibitors. Linear progress curves indicate time-independency. (C) Progress curves
for reversible, time-dependent inhibitors. Biphasic progress curves indicate time-dependency.

Time-independent inhibitors have linear progress curves (“one-step” mechanism,
ks = ka) that allow the calculation of an ICs, value that can further be transformed into
the K; value using the CHENG-PRUSOFF equation.?®8 The progress curves for time-
dependent inhibitors, such as irreversible or slowly reversible inhibitors, are biphasic
(Figure 14). Forming the non-covalent complex (E--1) is reflected in the higher slope
in the beginning. After positioning the warhead in the active site, the covalent bond is
forming (E-I), resulting in a slope flattening in case of time-dependent inhibitors.
Those inhibitors do not react or react very slowly back to the non-covalent complex,
thus blocking the binding pocket for prolonged periods of time. This results in a slower
substrate turnover, hence the flattening of the slope.

For slowly reversible inhibitors, the overall reaction with the target protein can be
described as follows:236-240
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The inhibition constants can be determined using the slow-binding equation:23¢
Vi — Vg
[P]= v, -t+ - [1 —exp(—kgps - t)] + off
obs

Plotting the kobs Values against the inhibitor concentrations [I] results in the following
equation from which K@ can be derived:23¢
ks - [1]
kops = ks + (—m5——
obs 4 (K.app + [I])

1

K#P®, the apparent K, is equivalent to the ICs, for time-independent inhibitors. It can
be used in the CHENG-PRUSOFF equation to calculate Ki.**>*® The rate constants ks
and k4 can often be determined since ks << ks for slowly reversible tight binders.23¢
Additional to Ki, which describes the non-covalent complex, the global dissociation
constant Ki* for the total covalent inhibition can be derived using the following
equation:

K;

Ki‘ = k3

a+ g

Reversible, slow-tight binders can be differentiated from irreversible inhibitors with
various methods, such as dilution assays. In this method, the target enzyme is pre-
incubated with the inhibitors and the mixture is then diluted with assay buffer
(approximately 100-fold), followed by substrate addition. If the inhibition is reversible,
the enzymatic activity will recover.237.242

4.2.2 Pros and Cons

Historically, covalent inhibitors have been avoided as drug candidates since they are
associated with several disadvantages (Figure 15). As mentioned in chapter 4, they
or their metabolites can react covalently with off-target proteins, such as liver proteins.
These off-target modifications are problematic for irreversible inhibitors. They can
result in (hepato-)toxicity or other adverse events.?43244 Additionally, irreversibly
bound ligands remain bound even after the target protein is degraded, leading to
haptenization, and thus triggering an immune response.?*> Nevertheless, covalent
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inhibitors have some advantages. Due to the covalent reaction, the residence time at
the target site is usually prolonged, which can improve efficiency and allow dosage
reduction.z33.246 Another advantage is reduced sensitivity to pharmacokinetic effects
and resistance.?*

Modifying the ligands to be covalently reversible is an elegant way to minimize the
disadvantages while preserving the advantages of covalent inhibition, as shown in
Figure 15.24/

A

unspecific
binding ligand
non-covalent -
P N reversible O . P
off-target protein f inhibition & proteolysis 7 - Y
< / T . T
~ ra
target protein T
B
unspecified
reaction ligand with warhead
covalent
irreversible -
irreversible inhibition proteolysis £ — -
off-target modification - v /5
- toxicit - ‘
v target protein Te—
haptenization
= immune reaction
C reversible
unspecified
reaction ligand with warhead
covalent .,.
A Y reversible = " . X
off-target protein : inhibition proteclysis A ; Y
! L il
e v
target protein T

Figure 15. Inhibitor mode of action and potential side effects. Ligand in dark blue, warhead in
red, target protein in light blue and off-target protein in green. (A) Non-covalent reversible
inhibitor. Unspecific binding as well as binding to the target protein is reversible. (B) Covalent-
irreversible inhibitor. Unspecified reactions with off-target proteins can lead to toxicity.
Proteolysis results in haptenization potentially triggering immune-related side effects.
(C) Covalent-reversible inhibitor. Improved residence time through covalent binding without
risk of haptenization or irreversible off-target modifications.

4.3 Vinylsulfones and -sulfonates as Cysteine Protease Inhibitors

Vinylsulfones are known to be covalent-irreversible cysteine protease inhibitors (see
4.1).176231.232 A prominent example is pan-cathepsin inhibitor K11777 that has already
entered clinical trials for Chagas disease in the past (Figure 16).24*2°0 Apart from
that, many other cathepsin-like proteases are targets for K11777. There are studies
regarding parasitic diseases like Human African Trypanosomiasis (HAT),
schistosomiasis or leishmaniasis. Other irreversible vinylsulfone-based inhibitors to
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treat parasitic diseases, such as schistosomiasis, include WRR-286 and WRR-391,
that were both based on the K11777 scaffold and found to be highly active against
the parasite’s major cysteine protease SmCB1 with subnanomolar affinity.2>!

Inhibiting human cathepsins like CatB can decrease the cell entry of coronaviruses or
filoviruses. More recently, a study revealed that inhibiting human CatL with K11777
reduces the processing of the SARS-CoV-2 spike protein, blocking the infection in

human and monkey cells.?*?

Vi

o0 — ¥ =
L ] ..

L. tropica cysteine protease
- treatment of leishmaniasis

human cathepsin L T. cruzi cathepsin L (cruzain
- cleavage of SARS-CoV-2 spike protein | - treatment OP Chaga(s diseasL,

human cathepsin B
-> coronavirus and filovirus entry |

T. brucei cathepsin L (rhodesain)
- treatment of Human African
Trypanosomiasis

S. mansoni cathepsin B1 (SmCB1)
-> treatment of schistosomiasis

Figure 16. Structure and targets of K11777 and the resulting effects upon its inhibition.
K11777 is a potential drug for the treatment of various diseases by targeting cathepsin-like
proteases in humans (CatL, CatB) and parasites (trypanosomes, schistosomes, Leishmania
parasites). The figure was partly generated using SERVIER MEDICAL ART, provided by SERVIER,
licensed under a Creative Commons Attribution 3.0 unported license.

In preclinical investigations, K11777 was found to have an acceptable
pharmacokinetic profile, was orally bioavailable, safe in various animals, and non-
mutagenic.176-231.250253.254 Tq further improve the K11777 scaffold and warhead

reactivity, ||| 2~ [ have conducted several studies on

the parasitic cysteine protease rhodesain.?>%2°¢

Based on their work, | performed further optimizations in terms of pharmacokinetic
properties and selectivity profile for rhodesain and other cathepsin targets. | have
worked with irreversible as well as reversible inhibitors. Introducing a fluorine in the
a-position of the vinylsulfone double bond results in covalent-reversible inhibitors.’
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Scheme 2 shows the schematic reaction mechanisms of irreversible vs. reversible
vinylsulfone-based inhibitors.

Both inhibitor types undergo a Michael-type addition with the nucleophilic cysteine
residue in the active site.?*? The arising carbanion is then protonated, leading to a
covalent enzyme-inhibitor complex. Depending on its stability (see chapter 4.2.1), the
reaction can be reversed.
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Scheme 2. Inhibition mechanism of irreversible and reversible vinylsulfone derivatives.
R!" = peptidomimetic recognition unit, R2 = Ph for vinylsulfones or OPh for vinylsulfonates.
(A) Irreversible vinylsulfon(at)es. After Michael addition to the active site cysteine, the formed
covalent bond is stable, and the enzyme is blocked irreversibly. (B) Reversible fluorinated
vinylsulfon(at)es. The resulting covalent bond is not as stable and can be cleaved to reverse
the reaction.

The projects in this thesis focus on reversible and irreversible vinylsulfon(at)e-based
inhibitors for several cathepsin-like proteases, namely the parasitic proteases
Trypanosoma brucei cathepsin L (TbCatL, rhodesain), Schistosoma mansoni
cathepsin B1 (SmCB1), and human cathepsin S (CatS). The inhibitors were designed
with regard to selectivity towards off-target cathepsins and optimized physicochemical
properties.
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Projects and Objectives

The results presented in this dissertation belong to the four following projects, with
three already published or in manuscript form to be submitted for publication.

Project 1: Investigating the Pharmacokinetic Properties of Rhodesain Inhibitors

The background and results of this project have already been published in the Journal
of Medicinal Chemistry in 2021: “Fluorovinylsulfones and -Sulfonates as Potent
Covalent Reversible Inhibitors of the Trypanosomal Cysteine Protease Rhodesain:
Structure—Activity Relationship, Inhibition Mechanism, Metabolism, and In Vivo
Studies.” J. Med. Chem. 2021, 64, 16, 12322 — 12358 (see chapter 1).

Project 2: Optimizing the Physicochemical Properties of New Schistosoma

mansoni Cathepsin B1 Inhibitors

This project was part of an Open Lab Initiative with ||| flij The background
and results of this project are presented in the manuscript “Dual Strategy to Design
New Agents Targeting Schistosoma mansoni: Advancing Phenotypic and SmCB1
Inhibitors for Improved Efficacy” to be submitted to ACS Infectious Diseases (see
chapter 2).

Project 3: Designing Potent and Selective Covalent Reversible Cathepsin S

Inhibitors as Potential Inmunomodulators in Cancer Therapy

This project was part of the CRC1066 (Q5 subproject). The background and results
of this project are discussed in the manuscript “New subnanomolar cathepsin S
inhibitors with high selectivity: Optimizing covalent-reversible a-fluorovinylsulfones
and -sulfonates as potential immunomodulators in cancer” that has been submitted to
ChemMedChem in March 2023 (see chapter 3).

Project 4: Improving the Efficiency of Cathepsin S Inhibitors by Nanocarrier-

Mediated Delivery

This project was part of the CRC1066 (Q5 subproject), continuing project 3. The
background and results are presented in chapter 4.
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1 Publications

1.1 Research Articles
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PROJECT 1: INVESTIGATING THE PHARMACOKINETIC PROPERTIES OF RHODESAIN INHIBITORS

Results and Discussion

1 Fluorovinylsulfones and -Sulfonates as Potent Covalent
Reversible Inhibitors of the Trypanosomal Cysteine Protease
Rhodesain: Structure-Activity Relationship, Inhibition

Mechanism, Metabolism, and In Vivo Studies

4 1Summary and Own Contribution

Human African Trypanosomiasis (HAT, African sleeping sickness) is a severe
parasitic disease classified as a neglected tropical disease (NTD).%°" The causative
protozoan parasites are trypanosomes (Trypanosoma brucei, T. b.), transmitted to
humans via tsetse flies.?*® The pathophysiology of HAT is shown in Figure 17.

BBB crossi_ng

2y L = L -

2 -

»hemolymphatic stage* sneurological stage*
stage | )
death
Figure 17. Pathophysiology of Human African Trypanosomiasis.

Trypanosomes are transmitted from infected to healthy humans via tsetse flies. Firstly, the
patients develop a hemolymphatic stage of the trypanosomal infection with unspecific
symptoms. After crossing the blood-brain barrier (BBB), the trypanosomes infect brain tissue
resulting in more severe symptoms and, eventually, death.

The parasitic infection starts with the hemolymphatic stage (stage |) with rather
unspecific symptoms (e.g., headache, fever, pruritus).2°° During disease progression,
the trypanosomes cross the blood-brain barrier (BBB), proceeding to the neurological
stage (stage Il). Stage Il is characterized by sleep disturbances, leading to coma and
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death if left untreated.?*® However, most available drugs (e.g., melarsoprol, suramin)
show severe toxicity, poor bioavailability, and need long-time administration due to
their lack of efficiency, resulting in an urgent need to develop new therapies against
HAT 260

Parasite development and disease progression rely on rhodesain (ThCatL), a major
trypanosomal cysteine protease (Figure 18). Rhodesain is a cathepsin L-like
protease from the papain family involved in degrading host immunoglobulins, iron
acquisition, turning over variant surface glycoproteins, and crossing the
BBB.176.183.259.261 Rhodesain is considered a promising target for drug development
against HAT 262

Figure 18. Crystal structure of rhodesain (PDB: 2p7u) with K11777 bound in the active site.176
(A) Structural overview. (B) K1177 (dark grey) in the active site bound covalently to Cys25
(red label).

Here, we designed, synthesized, and evaluated a series of fluorinated vinylsulfones
and -sulfonates based on the K11777 scaffold, resulting in covalent reversible
rhodesain inhibitors with a high affinity, low cytotoxicity, and improved
antitrypanosomal activity and selectivity towards human cathepsins. Furthermore, we
investigated their biodistribution, especially their ability to cross the BBB. Our findings
suggest that compound 2d-(H) crosses the BBB and accumulates in brain tissue,
making it a potential candidate for further optimizations to develop new drugs against
HAT.

The resulting article was published in the Journal of Medicinal Chemistry titled
“Fluorovinylsulfones and -sulfonates as potent covalent reversible inhibitors of the
trypanosomal cysteine protease rhodesain: structure-activity relationship, inhibition
mechanism, metabolism, and in vivo studies”.?*?

My contribution to the publication is shown in Figure 19 and consisted of re-
synthesizing vinysulfone-based inhibitors (1, 2d-(H)) that were previously designed
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by | >~ I to investigate their pharmacokinetic

properties.2°°:2%

metabolite characterization biodistribution & CNS penetration

synthesizing test
compounds

synthesizing test
compounds

in vivo studies: GOETHE E
biodistribution UNIVERSITAT
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Sl dali results via LC-MS
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Figure 19. Workflow for project 1.

Own contribution: (re-)synthesis of 1, 2d-(H), synthesis of their putative metabolites
(1a, 1b, 2I), microsomal stability assays, HPLC-MS assays for metabolite
characterization, fluorometric enzyme assays for metabolites and 2d-(H),
biodistribution studies in collaboration with [|ilij fom Pror. Dr. [
-’s group, sample preparations from tissues, HPLC-MS method for tissue-derived
samples, writing parts of the article and the supporting information, preparing figures
(18, 19), schemes (4-6), and tables (7, 8).

Contribution from others: original design of the compounds (1-4l), molecular
docking experiments, synthesis of compounds 1-4l, fluorometric enzyme assay for
compounds 1-4l, ESI-MS and MALDI-MS experiments, MTT assay, QM/MM
calculations, rhodesain expression and purification, anti-trypanosomal activity assay,

writing of the original draft.

Supporting Information is available at the following link:
https.://pubs.acs.org/doi/10.1021/acs.jmedchem. 1c01002 ?goto=supporting-info
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1.2 Publication

Reprinted with permission from “Journal of Medicinal Chemistry” published by the

American Chemical Society. © 2021, American Chemical Society

Journal of
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ABSTRACT: Rhodesain is a major cysteine protease of
Tryp brucei rhod vw.se,apathogen causing Human African
Trypanosomiasis, and a validated drug target. Recently, we
reported the develop of a-halovi ' Ifi as a new class
of covalent reversible cysteine protease inhibitors. Here, a-
fluorovinylsulfones/-sulfonates were optimized for rhodesain
based on molecular modeling approaches. 2d, the most potent
and selective inhibitor in the series, shows a single-digit nanomolar
affinity and high selectivity toward mammalian cathepsins B and L.
Enzymatic dilution assays and MS experiments indicate that 2d is 2
slow-tight binder (K, = 3 nM). Furthermore, the nonfluorinated
2d-(H) shows favorable metabolism and biodistribution by

tH,
2d(X=F) 2d-(H) (X = H)
slowly reversible irreversible
KiRhao) = 3nm Ki(Rho) = 0.45 nm
KiCatL) = T8 nm KjCall) = 8.2 nm
KiCat8) > 11 ym KjCatB) = 348 nu

accumulation in mice brain tissue after intraperitoneal and oral administration. The highest antitrypanosomal activity was observed
for inhibitors with an N-terminal 2,3-dihydrobenzo[ b][1,4]dioxine group and a 4-Me-Phe residue in P2 (2e/4e) with nanomolar
ECg values (0.14/0.80 uM). The different mechanisms of reversible and irreversible inhibitors were explained using QM/MM

calculations and MD simulations.

M INTRODUCTION

Human African Tryp iasis (HAT, sleeping sickness) is a
severe disease classified as a neglected tropical disease (NTD).'
HAT is caused by the protozoan parasite Trypanosoma brucei (T.
brucei), which is transmitted to humans via the bite of the Tsetse
fly.” Sleeping sickness is fatal if left untreated Pentamidine and
suramin are used to treat the early, hemolymphatic stage of the
disease, while eflornithine and melarsoprol and the combination
therapy nifurtimox- eﬂormd:une target the Iate, neurologxa]
stage of the disease.” Recently, the nitroimid ini

was introduced as the first oral treatment of both, stzge-l and
stage-2 T. b. gambiense HAT." However, most available drugs
show severe toxicity, poor bioavailability, and need long-time
administration due to theirlack of efficiency.’ Therefore, there is
an urgent need to develop new therapies against this disease and,
in addition, T. brucei can serve as a valuable model organism for
other pathogenic kinetoplastid diseases. The cysteine protease
rhodesain (ThCatL) is essential for the development of the
parasite and for the progression of the disease.%” Inhibition of
the parasitic cysteine protease activity has been validated as a

© 2021 The Authors. Published by
American Chemical Sodety

<7 ACS Publications

drug target in vitro and in vivo." Ce tly, rhod
represents a promising target for the deve]opmem of safer drugs
against HAT.

Rhodesain belongs to the papain family of cysteine proteases
and shares high structural similarity with the human cathepsins,
especially cathepsin L ( CatL; sequence identity 44.7%, similarity
59.19%, C,.RMSD 1.35 A).”'° A prominent inhibitor of papain-
family cysteine proteases is K11777, a peptide-based vinyl-
sulfone that mimics the autoinhibition of prorhodesain and that
reacts in a Michael-type addition with the active-site cysteine
(Figure 1).'®"! The arising carbanion is protonated, resulting in
the irreversible formation of the covalent enzyme inhibitor
complex. Substitution of the hydrogen at the a-position of the
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Published: August 11, 2021
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Figure 1. Structures and inhibition mechanisms of irreversible (K11777; A) and covalent reversible (1; B) peptide-based vinylsulfones.
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Figure 2. Structures of compounds 2a 4L

double bond by fluorine (compound 1) generates an a-
fluorovinylsulfone, which can undergo a reversible Michael-
type addition with thiols (Figure 1).I

The development of covalent inhibitors has seen a resurgence
in academia as well as in the industry during the past decade."?
There is much debate on the advantages and disadvantages of
covalent inhibition, especially concerning reversible covalent
inhibition mechanisms.'* On the one hand, covalent reversible
inhibitors alleviate some of the concems arising from covalent

40

irreversible protein modifications, such as toxicity emerging
from off-target effects - idiosyncratic toxidty,m and hapteniza-
tion,'” but maintain benefits such as enhanced potency and
prolonged residence times. '8 In recent studies with reversible
fluorinated vinylsulfones and their irreversible counterparts, it
was shown that the electrophilic group, the so-called warhead,
and not the binding of the peptidic recognition unit limits the
kinetics of inhibition of the protease and that the fluorinated
vinylsulfone warhead reduces the rate constant of binding.”**"

https://fdoiorg/10.1021/acs jmedchem. 1c01002
1 Med. Chem. 2021, 64, 12322 12358
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Scheme 1. Synthesis of Building Blocks 13 17
(a), (b) or (c)

O aa O aa X (d) or (e) aa X
AN — o ECLL .
"N JLHJ\}\S%R v© H,ﬁ)\ASO,R
o
VI aa=hPhe (a) 8 R =Ph, X =F, aa = hPhe ()13  Y=CIl,R=Ph,X=F, aa=hPhe
Vil aa = Met 9 R =0Ph, X = F, aa = Met 14 Y =Cl,R=0Ph, X =F, aa = hPhe
VIl aa = Cys(Bn) (Z)-9 R =0Ph, X =F, aa = Cys(Bn) {Z)-14 Y = Cl, R = OPh, X = F, aa = hPhe
(b)10 R =Bn, X =F, aa = hPhe 14+(H) Y = CI|, R = OPh, X = H, aa = hPhe
(c) 9-{H) R =0OPh, X =H, aa = hPhe 15 Y =Cl, R =Bn, X =F, aa = hPhe
1 R=Ph, X =F, aa = Met e) 16 ¥ =TFA, R =Ph, X =F, aa = Met
12 R=Ph, X=F, aa = Cys(Bn) 17 Y =TFA R=Ph, X =F, aa = Cys(Bn)

“Reagents and conditions: aa = amino acid side chain; (a) NaH, THF, 0 °C, 1 h,22 43%; (b) KHMDS, THF, 78 °C for 20 min, 1 h at rt, 47%;
(c) LHMDS, THF, 78 °C for 30 min, 12 h at it, 54 75%; (d) 4 M HCl in dioxane, rt, 30 min, quant,; and (e) TFA, DCM, 0 °C, 1 h, quant.

Scheme 2. Preparation of Phosphonates 5§ 7

OH
(a) 0. s-‘p
-
1

w

R
q‘se-o (c) pe Y n ,"5"00
— - 1} 1l
CH, O \—p-oE 0" )—p-ort
OEt F  OEt
Il R=Ph 5 R=Ph
(e) IV R=0Ph 6 R=0Ph
V. R=Bn 7 R=Bn

s 9 0
o~ P
1~ “PO(OEt); $° Py
f 4-: Jeg OFt
[

“Reagents and conditions: (a) Ms-Cl, TEA, EtOAc, 0 °C to rt, 30 min, 92%; (b) diethyl chlorophosphite (DECP), KHMDS, THF, 78to 60°C,
1 b, 74%; (c) DECP, n-BuLi, THF, 0 °C, 1 h, 52%; (d) NaH, THF, 0 °C to =, 4 h, 84%; (e) mCPBA, DCM, 0 °C to rt, 12 h, 99%; and (f)

Selectfluor, KHMDS, THF/DMF, 78 °Ctort, 3 h, 48 62%.

Based on the previously reported structure of the covalent
reversible inhibitor 1,' in the present study we performed
structure activity relationship (SAR) studies to optimize
inhibition potency for rhodesain and selectivity against human
cathepsins B and L using molecular docking approaches.
Additionally, quantum chemical-based computations were
performed to get further information about the differences in
the inhibition mechanisms of K11777 and its fluorinated
counterpart 1. These studies were performed because in our
previous study, the computed reaction energies for X =F and X
= H in the a-position of the warhead (Figure 1) did not differ
significantly. Thus, the transition from irreversible to reversible
inhibition by exchange of hydrogen by fluorine could not be
explained conclusively. The covalent behavior of the com-
pounds was experimentally evaluated with MS studies, and
reversibility was demonstrated with enzymatic dilution and
dialysis assays.

Furthermore, the ADME parameters of « d 1 and the
optimized inhibitor 2d-(H) were investigated via in vitro
metabolism studies and in vivo mouse studies in order to
determine their organ distribution and their accumulation in
brain tissue, thus evaluating their potential as candidates for the
treatment of stage-2 HAT.

12324

B RESULTS AND DISCUSSION

Design of Inhibitors. Structural variations of the fluorinated
vinylsulfone 1 (Figure 1B) were inspired by peptide-based
inhibitors of thodesain, which contain structural elements at the
P3, P2, and P1’ 1:Nmsitio|'l.e=2l that are known to either enhance
potency against rhodesain and/or increase selectivity against
CatL and CatB**™** For the P3 position, introduction of
aromatic and heteroaromatic systems was reported to favor
inhibition of rhodesain over CatL and CatB.”*~** Introduction
of an additional methyl group to the 3- or 4-position of the
phenylalanine aromatic ring at the P2 position can improve
potency and selectivity for rhodesain.”” Additionally, the
extension of the phenyl ring at the warhead into the S1’ pocket
via linker atoms increases potency for rhodesain.”* Based on
these observations, a virtual library of 511 modified compounds
was generated. These compounds were docked at rhodesain
(crystal structure of rhodesain bound to K11777, protein
databank (PDB) 2p7u’') using FlexX* and DOCKTITE,” as
reported previously (Table S1)."> The noncovalent enzyme
inhibitor complex was generated with FlexX, and the scores
reflect whether the designed compounds have an improved
noncovalent affinity compared to the starting vinylsulfone 1.
Only compounds with a comparable or higher score were
selected for synthesis. In addition, the covalent complex was
modeled with DOCKTITE. In this case, the scores (Table S1)

it ps=/id olong/10.1021/acs jmedchem. 1001002
A4 Med. Chem. 2021, 64, 12322 12358
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Scheme 3. Synthesis of Compounds 2a 4l from Building Blocks 13 17

13 Y =CI,R=Ph, X =F, aa = hPhe

14 Y =Cl, R =0Ph, X =F, aa =hPhe
(Z)-14 Y = Cl, R = OPh, X = F, aa = hPhe
14-(H) Y = Cl, R = OPh, X = H, aa = hPhe

R?

IXR?=
X RZ=

S

15 ¥ =Cl, R=Bn, X =F, aa = hPhe
16 Y =TFA, R=Ph, X =F, aa=Met
17 Y =TFA, R =Ph, X =F, aa = Cys(Bn)
aa X
v@H@N SO,R
Ph
o]
H
Bcc’N\._)L
z H
B
18 R=Ph,X=FR'=H | .
19 R=0Ph,X=F R'=H \ i
(219 R=0Ph,X=F, R'=H R
20 R=Bn, X=F R'=H
21 R=Ph, X =F, R = 3-Me
22 R=0Ph,X=F, R = 3-Me
23 R=Bn, X =F, R"=3-Me
24 R=Ph, X =F, R = 4-Me
25 R=0Ph,X=F, R' = 4-Me
25-(H) R = OPh, X = H, R" = 4-Me
26 R=Bn, X =F, R = 4-Me

“Reagents and conditions: (a) TBTU, HOBt, DIEA, DMF, 0 °C to rt, 12 h, 59

’\

o
N

N OH
H

o]
N-MePip
4-Pyr

H O aa X
2
SV
(o]

24, (2)-2a, 2j, 2k

3a,4a
4j - 41

(a)

X
i/k 9 P i/u
NP sor 9 3 \)L SO,R

\O\ 27-35

N\)I‘ SO,R

2b-2i
3b - 3i
4b - 4i

81%; (b) TBTU, HOBt, DIEA, DCM, 0°C to 1t, 12 h, 69 83%;

R!

(c) 4 M HCl in dioxane, 1t, 30 min, quant; and (d) TBTU, DIEA, DCM, 0 °C to rt, 12 h, 62 84%.

may be interpreted in terms of stability of the protein-bound
state.

Based on the results obtained from docking, a series of
compounds (2a 4i) were selected for synthesis and subsequent
evaluation of SAR (Figure 2). For all selected compounds,
scores obtained from both docking approaches were generally
higher when compared to starting compound 1 (Table S1).
Depending on the substitution pattern of the warhead at the P1’
position, compounds can be subdivided into aromatic
fluorovinylsulfones (phenyl substituent at P1’, cpds 4a 4i),
aliphatic fluorovinylsulfones (benzyl group at P1’, cpds 3a 3i),
and fluorovinylsulfonates (phenol ester at P1’, cpds 2a 2k).

Based on noncovalent docking (Table S1), compounds (4j
41) with methionine and S-benzylcysteine at P1 were suggested
to show a comparable (yet slightly lower) affinity to the
respective molecules with a homophenylalanine residue. There-
fore, these compounds were incduded in the present study and
investigated for their potency.

Chemistry. Compounds 2a 41 (Figure 2) were synthesized
using Horner Wadsworth Emmons fl—u;“’E) chemistry as the
key step (Scheme 1). The required boc-protected amino-
aldehydes (VI VIII) were prepared using Weinreb chemistry.
The appropriate phosphonates (5 7) were synthesized in three
different ways (Scheme 2). The preparation of phosphonate 5
has been published previously.' Phosphonates 6 and 7 were
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obtained by fluorination of the respective nonhalogenated
precursors (IV, V) with Selectfluor in the presence of KHMDS.
The nonhalogenated precursors (III V) were synthesized
according to literature procedures. S

HWE olefination of the aldehydes (VI VII) with the
respective phosphonates (5 7) provided the correspondin
boc-protected vinylsulfones (8 12) as mistures of (E)/(Z)-
isomers (Scheme 1), whereby the (E)-isomer was generally
favored under the employed conditions. Overall yields ranged
from 59 to 75%. The (E)-isomers were isolated by column
chromatography in acceptable yields (41 63%) and used for the
next steps. In the case of vinylsulfonate 9, the (Z)-isomer was
also isolated ((Z)-9, yield 22%). In the next step, the boc-group
was removed using standard protocol, either 4 M HCI in
dioxane or TFA in DCM, giving the amine building blocks 13
17 in quantitative yields (Scheme 2). These building blocks were
subjected to peptide chemistry based on the boc strategy with
TBTU/HOB as the coupling reagent (Scheme 3). The desired
compounds (2a 41) were obtained after one or two coupling
and deprotection steps.

The metabolites of compounds 1 and 2d-(H), namely 1a, 1b,
and 2l, were synthesized using similar procedures to that
described above. For the N-demethylated metabolite la
(Scheme 4), vinylsulfone 13 was coupled with XIIL After
removal of the boc group, 1a was obtained with a yield of 93%.

htt; psﬂdu Long/1 01021/ acs jmedchem. 101002
1 Med. Chem. 2021, 64, 12322 12358
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Scheme 4. Synthesis of the N-Demethylated Metabolite 1a”

S S
00/“‘\. i— ° QYH\i - L ° Q HE)CJ’\OH

NH,

X 13

“Reagents and conditions: (a) (1) triphosgene, DCM, 0 °C, 1 h, 85%. (2) 1-Boc piperazine, THF, rt, 18 h, 50%, (b) LiOH, THF, 0°Ctort, 3 h,
74%, (c) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 12 h, 45%, and (d) 4 M HCl in dioxane, 1t, 1 h, 93%.

Scheme 5. Synthesis of the N-Oxidized Metabolite 1b“

e e

o o
\N/ﬁ 4o ‘\.'h/\ o “‘ﬁ/\ o
® H
k,NYN - o~ (a) @/N\H/H . o0~ {b) K/NYN\.:)J\OH
e e "0
X 37 38
o2

“Reagents and conditions: (a) mCPBA, DCM, 0 °C, 16 h, 52%; (b) LiOH, THF, 0 °C to rt, 3 h, 53%; and (c) HOBt, TBTU, DIEA, DCM/DMF,
0 °C to rt, 24 h, 23%.

In Scheme 5, the preparation of the metabolite 1b, the N-
oxide of compound 1, is described. The synthesis started with
compound IX, which was oxidized with mCPBA,” resulting in and then oxidized with mCPBA.* The resulting compound 40

ester 37, which was hydrolyzed with LiOH. Compound 38 was was hydrolyzed to 41 and then coupled with 34-(H), yielding
then coupled with vinylsulfone 13, yielding compound 1b. the N-oxide 2L

The N-oxidized metabolite 21 of compound 2d-(H) was

prepared as shown in Scheme 6. Isonicotinic acid was esterified

12326 httpsy//doi.org/1 0.1021/acs jmedchem. 1c01002
A Med.
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Scheme 6. Synthesis of the N-Oxidized Metabolite 21 of Compound 2d-(H)"

o o
(a) UJ (b) o (c)
= oH ——= —_— ~ —_— = l OH
Nl P | o e | o g,N\
N. 7 0’3 & ®
39 40 4
e
@®
i e of o " i °@
@):” o SN <, _— “\-)\N 8
e : H 0 : H Lae)
ol \ : o BN j °
41
34-H) 2

“Reagents and conditions: (a) ethanol, H,S0,, reflux, 24 h, 73%; (b) mCPBA, DCM, 0 °C, 16 h, 29%; (c) LiOH, THE, 0 °C to rt, 3 h, 90%; and
(d) HOBt, TBTU, DIEA, DCM, 0 °C to rt, 24 h, 13%.

Table 1. Inhibition Data for Compounds 2a 2k”
Ph

Ao
CTIOTD

Jo

substitution rhodesain CatL CatB

Cpd R LS K/um” K}/uM” K/uM® K /M s1” K/um
2a H 4-Pyr 0.098% 0.015% 0.258% 0.060° 4 17
(Z)-2a H 4-Pyr 0.525° nd. nd nd
2b H DHBD 0.045° 0,009 nd. nd nd nd

2d 4-Me 4-Pyr 0,024% 0,003 0313 0.078% 2% 38%

2e 4Me DHBD 0.098° 0.007* 0.348% 0.039¢ 6 14%"
2f 4-Me 3,5F,Ph 0.034% 0.005% nd. nd nd nd

28 3Me 4Py 0.094° 0.007° 0.266° 0.030° 4 50%"
2h 3-Me DHBD 0,059 0.010¢ ad. nd nd nd
24 3-Me 3,5F;Ph 0.152% 0.021% nd. ad ad ad
2§ H OBn 0.158° nd. nd nd
2k H N-MePip 0.108° nd. nd nd

“Ki* denotes the dissociation constant of the high-affinity complex
(see the text). “Calculated with method 2 (Dixon equation).’

in the case of biphasic, time-dependent inhibition. bCalculated with method 1
9K (CatL) /K (thodesain). “Calculated from ICg value with the Cheng Prusoff

equation,” 7% inhibition at 11 uM inhibitor concentration (single measurement). ¥Mean value of three independent assays; standard deviations

less than 10%.

Enzyme Assays. Inhibition of rhodesain was tested with the
ﬂuotogenic substrate Cbz-Phe-Arg-AMC as described previ-
ously.'** For the three series of compounds, the results from
the fluorometric enzyme assays with rhodesain and the related
ma lian enzymes cathepsin L and B are summarized in
Tables 1 3.

For benzyl and phenyl fluorovinylsulfones (cpds 3a 3i, 4a
41), the progress curves for inhibition of thodesain were found to
be linear in all cases, indicating a fast reversible inhibition
(exemplarily shown for compound 3d in Figure 3A and for 4a in
Figure 3B). In order to confirm the competitive behavior of
these compounds, 1Cy, values were measured at seven different
substrate concentrations. ICy, values were found to increase
linearly with ascending substrate concentration, showing
competitive inhibition (Figure 3C,D). This was assumed to be
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the case for all compounds of the series. Consequently, ICg
values were converted to K, values using the Cheng Prusoff
relationship (Tables 2 and 3).%

Reversibility was confirmed by dilution assays, that is, the
enzyme was incubated with an excess of inhibitor (10-fold the
ICy, concentration) to ensure full inhibition. Then, the mixture
was diluted 100-fold to yield an inhibitor concentration of 0.1-
fold the ICg, concentration. In the case of reversible inhibition,
the enzyme activity should recover, whereas in the case of
irreversible inhibition, it should not. For both compounds (3d,
4a), enzyme activity recovers after dilution, whereas for the
irreversible inhibitor K11777 used as a control, enzyme activity
does not recover (Figure 4A).

For vinykulfonates (2a 2k), the progress curves for
inhibition of rhod were not linear for most of the

it ps=/id olong/10.1021/acs jmedchem. 1001002
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Table 2. Inhibition Data for Compounds 3a 3i

the presence of the inhibitor). To distinguish between these two
scenarios, dilution assays were performed (see above),

i ily for inhibitor 2d (Figure 4A). The results
H 9 o deaﬂy indicate that vinylsulfonate 2d is a reversible inhibitor,
RZTN\)Lﬁ :"\© but dissociates significantly slower ¢ d to compounds 4a
o = 0 and 3d, indicating a tight covalent reversible inhibition
D according to the following inhibition mechanism, with K =
R' ky/k, as the dissociation constant of the initial noncovalent
. L = o enzyme inhibitor (E I) complex and K as the dissociation
tant of the final covalent, high-affinity complex (E 1)*
cpd R [S K/pM KM SI° K/pM
3 H 4Pyr 0053  0226° 4 44%" Et] lm B | bl gy
» H DHBD  0046° nd ad  ad ke k
x H 35FPh 01247  ad ad nad N K )
3d 4Me 4Py oo1s?  oas1? 12 3sw” v
3¢  4Me  DHBD oos’ 00767 6 8%" K
3f  4Me 35FPh 0029° nad ad ad
3  3Me 4Py 0.0617 0122 2 L7 For these inhibitors, the initial (v) and steady-state (v,)
3h 3Me  DHBD 0092’  nd ad  nad velocities in the presence of the inhibitor as well as the pseudo-
3 3Me 3,5F,Ph 0.380° nd nd nd first order rate constants kg, were determined for the different

“K,(CatL)/K,(rhodesain). *% mh.llmwn at 11 yuM (single measure-
ment). “Single measurement. “Mean value of three independent
assays; standard deviations less than 10%.

compounds (2a 2i), but showed time-dependency (exempli-
fied for 2d in Figure SA). Inhibition by all vinylsulfonates was
found to be competitive with respect to the substrate (Figure
5B). Time-dependent inhibition is typical for irreversible
inhibitors but may also be observed for covalent reversible
inhibition. In the case of irreversible inhibition, the progress
curves reach a plateau value with the terminal enzyme activity,
that is, the steady-state velocity of substrate turnover in the
presence of the inhibitor, v, = 0. For covalent reversible
inhibition, time-dependent progress curves reflect a biphasic
behavior with the terminal enzyme activity in the presence of the
inhibitor v, # 0, but with v, < y; (v, = the initial enzyme activity in

inhibitor concentrations by fitting the progress curves (shown
for cpd 2d in Figure SA) to the slow-binding equation (off =
offset)**

[P] = 1, X t + ——5[1 — exp(—ky, X )] + off
IF"abq
The kg, values were replotted against the inhibitor

concentrations [I] (Figure 5C) with the equation®
ky % [1] ]

KPP+ 1]
to yield the apparent dissociation constant Ki* of the initial
enzyme inhibitor complex, as well as the rate constants k; and
h of the second inhibition step (Method 1). Because the
ds display competitive inhibition with respect to the
s'ubstratz (F:gure 5B), the K™ value was converted to K, for the

knbs=k4+[

Table 3. Inhibition Data for Compounds 4a 41

“'\lrn‘j‘u"\ig’@

S

substitution rhodesain CatL CatB
cpd R' R aa K/uM KJ/uM s1° KJ/uM
1 H N-MePip hPhe 0.190°¢ 0.023° 01 047"
4a H 4-Pyr hPhe 0,032 0.110° 3 337
4b H DHBD hPhe 0.012° 0.033° 3 4817
4 H 3,5-F,Ph hPhe 0.035° nd. nd nd.
4d 4Me 4Pyr hPhe 0.008° 0.115° 14 208"
4e 4Me DHED hPhe 0.005° 0.023° 5 34%"
4 4Me 3,5-FyPh hPhe 0.010° nd. nd nd.
4% 3Me 4Py hPhe 0.025° 0.049° 2 03s*
4h 3Me DHED hPhe 0.035° nd. ad nd.
4 3Me 3,5-F,Ph hPhe 0.329° nd. nd nd.
4 H N-MePip Met 0.360° 0.173° 05 120%
4k " 4Pyr Met 0.056° 0.577° 10 617¢
4 H N-MePip Cys(Bn) 0.630° 0.628° 1 862!

2K CatL)/K,(rhodesain ). ®% inhibition at 11 4M. “Ref 12 ; n.d.: not determined. “Single measurement. “Mean value of three independent assays;

standard deviations less than 10%.
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Figure 3. (A) Example for progress curves for inhibition of rhodesain by o d 3d. Inhibitor concentrations in M. (B) Example for progress

curves for inhibition ofrhod by comp d 4a. Inhibit concenh'ahom in #ML (C) Dependence of inhibition potency (IC, values) on substrate
concentration for inhibition of rhodesain by compound 3d. Inc g IC, values at ascending substrate concentrations show competitive inhibition.
The K; value is obtained as the intercept of the regression line with the y-axis (K; = 25 nM). (D) Dependence of inhibition potency (IC;; values) on the
substrate concentration for inhibition of rhodesain by compound 4a. Increasing ICs, values at ascending substrate concentrations prove competitive
inhibition. The K; value is obtained as the intercept of the regression line with the y-axis (K; = 47 nM).
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Figure 4. (A) Dilution assays show reversible inhibition of rhodesain (see the text). For all compounds, enzyme activity did recover after dilution,
except for the irreversible vinylsulfone K11777 (control). Compound 3d showed faster ibility than compound 4a. Vinylsulfonate 2d can be
idered a tight-binding, slowly ible inhibitor. (B) Dilution assays of several compounds of the series of vinylsulfonates. In the case of
compound 2d, which showed two-step inhibition in the enzyme assay, enzymatic activity recovers slower compared to vinylsulfonates 2k and 2a-(Z),
which did not show biphasic behavior. The ireversible inhibitor K11777 was used as a control.

&

initial inhibitor complex with the Cheng Prusoff equation.’” KF = K
1 k“
The Ki* value as the dissociation constant of the final complex 1+ (k_,)
was calculated from
12329 htt; psﬂdu.u'gf‘l 0.1021/acs jmedchem. 101002
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Figure 5. (A) Example for progress curves for inhibition of rhodesain by compound 2d. Curve shape indicates time-dependent inhibition. Inhibitor
concentrations in uM. (B) Dependence of inhibition potency (1C; values) from the substrate concentration for inhibition of rhodesain by compound
2d. Increasing IC, values at ascending substrate concentrations show competitive inhibition. The K value is obtained as the intercept of the regression
line with the y-axis (K; = 19 nM). (C) Plot of the rate constants kg, for the progress curves of compound 2d from Figure 5A as a fanction of the
inhibitor concentration. k, is obtained from the intercept of the regression curve with the y-axis. The maximum valie of kg, at infinite inhibitor
concentration provides the sum of k; and k,. The concentration of inhibitor yielding a half-maximal value of k,, is equal to KFF,

Both dissociation constants, K; and KG¥, were also calculated
by fitting the initial (v) and steady-state (v,) velocities,
respectively, against the inhibitor concentrations using the
Dixon equation (Method 2)“

W _ I

¥ I

o ()

K¥P was obtained from fitting v, against [I] and K{*" from
fitting v, against [I] (wp is the substrate turnover velocity in the
absence of the inhibitor), and both constants were converted
into K; and K¥ with the Cheng Prusoff equation.’*

A comparison of the dissodation constants for inhibition of
rhodesain by inhibitors 2a 2i obtained by both methods is
shown in Table 4.

The data show that both methods yield similar dissociation
constants for the initial low-affinity as well as for the final high-
affinity complex proving that both methods are reliable. For all
compounds, the rate constant of dissociation of the final
complex (k,) was found to be slower than the rate constant of
association (k,), indicating tight binding of these inhibitors.
Interestingly, vinylsulfonates (Z)-2a, 2k, and 2j did not show
time dependency ofinhibition, but linear progress curves similar
to the benzyl and phenyl vinylsulfones. Dilution assays for these
three vinylsulfonates [(Z)-2a, 2k, and 2j] indicated a
significantly faster recovery of the enzyme activity compared
to the time-dependent inhibitor 2d [shown for compound (Z)-
2a and 2k in Figure 4B].

Table 4. Inhibition Data and Kinetic Parameters k; and k, for
Time-Dependent Inhibition of Rhodesain by Compounds
2a 2i

method 2

hod 1 (slow-binding equation)® (Dimnequaﬁon)b

Cpd  K/uM  KFuM  kfs ' kfs' KM KF/uM
2a 0.098 0.015 0.055 0.010 0.110 0.008
2b 0045 0.009 0.045 0.011 0.060 0.005
2d 0.024 0.003 0.075 0.010 0.022 0.002
2e 0.098 0.007 0.065 0.005 0.124 0.002
2 0.034 0.005 0.049 0.009 0052 0.004
2g 0.094 0.007 0.062 0.005 0.089 0.004
2h 0.059 0.010 0.074 0.015 0.068 0.006
1 0.152 0.021 0.055 0.010 0155 0.024

“Calculated with slow-binding equation (see the text). *Calculated
with the Dixon equation (see the text).” Mean values of three
independent assays, standard deviations less than 10%.

To further quantify the degree of reversibility for the different
warheads, compounds 2d, 3d, and 4d with kientlc,al recognition
units were subjected to a dialysis expenmmt * Here, rhodesain
was incubated with an excess of inhibitor (10-fold the ICs,
concentration) to ensure full inhibition. Then, the mixture was
dialyzed against a continuous flow of enzyme buffer using a 3.5
kDa cut-off dialysis tubing.** Samples were taken after 10, 30, 60,
and 120 min and analyzed for their residual enzyme activity with
the standard fluorometric assay. The results are presented as the
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fractional activity of uninhibited rhodesain, which was subjected
to dialysis in the same experiment (Figure 6). Compound 3d

100 —

i Il cpd2d

80 — Il cpddad

b B cpd3d

80 W k1777
= 1
8 40

20

o

10 30 60 120
time / min
Figure 6. Dialysis experiment for compounds 2d, 3d, 4d, and K11777.
Rhodesain was incubated with the inhibitors at a concentration of 10-
fold the respective IC;, value. The mixture was dialyzed against a
continuous flow of buffer. Samples were taken after 10, 30, 60, and 120
min and the substrate was added to measure the residual enzyme
activity. K11777 was used as an irreversible control

showed the fastest reversibility (89% recovery after 1 h), which is
in accordance with findings from the dilution assay. Compound
4d dissociated significantly slower (47% recovery after 1 h).
Vinylsulfonate 2d displayed the slowest reversibility (29% after 1
h), which supports the tight-binding nature of the inhibition
with the formation of a very stable high-affinity complex.
K11777 was used as an irreversible control, showing no recovery
of the enzymatic activity.

The most potent compounds of each series were also tested
against the human enzymes CatL and CatB. For the tested
vinylsulfonates (2a, 2d, 2e, and 2g), a biphasic behavior was also
observed for inhibition of CatL. In these cases, K| and K;* values
were calculated with the Dixon equation (Table 2)."" For
inhibition of CatB, no biphasic behavior was observed for these
compounds (2a, 2d, 2e, and 2g). This can be explained with the
low affinity of the compounds for CatB. Notably, compounds
2d, 2e, and 2g showed only very weak inhibition at
concentrations of up to 11 pM.

Discussion of SAR. Comparison of the K; values for
rhodesain of the starting compound 1 (K, = 190 nM) with the
P3-modified analogues 4a 4c demonstrates that the exchange
of N-methyl piperazine against aromatic residues with no or only
limited basicity significantly enhances inhibition potency (e.g.,
cpd 4b with K, = 12 nM). This is also reflected by the scores
obtained from docking for these compounds, for example, for 4b
noncovalent affinity as well as the stability of the covalent
complex are predicted to be higher (Table S1). Additionally,
compounds 4a 4c showimproved selectivity for rhodesain over
the human cathepsins. Lead compound 1 shows a higher affinity
forhuman CatL (K, =23 nM) than for rhodesain (K = 190 nM),
while P3-modified compounds 4a and 4b slightly favor
inhibition of rhodesain (3-fold). Furthermore, selectivity for
rhodesain over CatB is dramatically enhanced by these structural
variations. Thisis a remarkable improvement (2-fold) compared
to the weak selectivity of starting compound 1. A furtherincrease
in potency for rhodesain is observed for compounds with an
additional 4-methyl substituent at the phenylalanine aromatic
ring (4d 4f), with compound 4e (K; = 5 nM) being the most
potent inhibitor in the series of phenyl vinylsulfones. As
suggested from noncovalent docking, this increase in potency
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may be directly attributed to additional hydrophobic inter-
actions of the 4-methyl group with lipophilic residues lining the
52 pocket (Ala208, Leul60, Figure 7), which is also reflected in

Figure 7. Noncovalent binding mode of compound 4b (light blue,
FlexX score: 31.2, Hyde score: 10.0 kcal mol ') and 4e (green,
FlexX score: 32.5, Hyde score: 117 kcal mol ') as predicted by
FlexX. The electrophilic f-carbon of the fluorovinylsulfone warhead
comes in close proximity to the nucleophilic sulfur of Cys25 (3.0 A).
The sulfone group forms hydrogen bonds with Gln19 and Trp184. The
recognition unit forms hydrogen bonds to Gly66 and Aspl61. The
additional 4-methyl group of 4e at the phenylalanine aromatic ring
points into a hydrophobic cavity between Ala208 and Leu 160, resulting
in additional lipophilic interactions compared to compound 4b.

higher scores compared to compounds 4a 4c (Table S1).
Additionally, introduction of the 4-methyl substituent further
increases selectivity against CatL (14-fold for 4d). In contrast,
incorporation of a 3-methyl substituent (4g 4i) does reduce
potency and selectivity compared to compounds 4a 4c. In
particular, the combination of the 3-methyl substituent and the
3,5-difluorophenyl moiety (4i) is not advantageous: compound
4i displayed significantly reduced potency (K; = 329 nM). The
considerable difference compared to compound 4e with a 4-
methyl substituent (K, = 10nM) cannot be explained exdusively
with the slightly reduced docking scores (Table S1).

Within the set of benzyl vinylsulfones (3a 3i), the SAR
relationships are very similar compared to phenyl vinylsulfones
(4a 4i). Consequently, compounds 3d and 3e with a 4-methyl
substituent and a 4-pyridyl or DHBD moiety, respectively, are
the most potent and most selective inhibitors (3d: K, = 15 nM,
12-fold selectivity over CatL). Remarkably, compound 3d
showed even lower activity against CatB (35% inhibition at 11
#M) compared with its counterpart 4d. Again, compound 3i
with a 3-methyl substituent and 3,5-difluorophenyl residue
shows noticeably lower potency (K, = 380 nM). Comparison of
inhibitory potency for benzyl and phenyl vinylsulfones with the
same recognition unit (e.g., 3a vs 4a) reveals that the benzyl
substituent at the warhead has a negative influence on inhibition
potency. In general, benzyl vinylsulfones have slightly increased
K; values compared to their phenyl counterparts.

These findings cannot be correlated with scores from docking,
which generally predicted a higher affinity for compounds with a
benzyl group at P1’. Computational condusions to explain these
differences between theory and experiment would be desirable,
but are difficult because the differences in K values result from
an increase in binding energy of less than 1kcal mol ™ ( eg,3dK;
=0.015 uM,i.e, AG= 11.10 keal mol™ vs 4d K, = 0.008 uM,
ie, AG= 1149 kcal mol™"), which is out of the scope of even
high-level quantum chemical computations. Possibly, entropic

https://fdoiorg/10.1021/acs jmedchem. 1c01002
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effects due to the higher flexibility of the benzyl group in the
noncovalent enzyme inhibitor complex may contribute.

The results from dilution and dialysis assays revealed that
benzyl vinylsulfones are faster reversible than their phenyl
counterparts, which may be explained with a lower reaction
energy for the covalent bond-forming step, resulting in a weaker
covalent bond.

Comparison of the K| values of starting compound 1 (K;= 190
nM) and the corresponding vinylsulfonate 2k (K; = 108 nM)
demonstrates a nearly 2-fold improvement in affinity for
rhodesain. The increase in potency may be partly attributed to
the enlarged substituent at P1’. The results from noncovalent
docking suggest that the vinylsulfonate moiety extends further
into the S1’ pocket and forms nonpolar interactions with
Trpl184 (Figure 8), which is also reflected by the slightly

ASP-161

Figure 8. Overlay of noncovalent docking poses of compound 1
(magenta, FlexX score: 279, Hyde score: 6.2 kcal mol ') and
compound 2k (gold, FlexXscore: 28.4,Hyde score: 8.8kcalmol ).
The enlarged vinylsulfonate moiety of compound 2k extends further
into the 51' pocket and the aromatic ring can form additional
hydrophobic interactions with Trp184 (7 #-stacking interactions).

enhanced scores. Again, substitution of the N-methyl piperazine
against aromatic residues (cpds 2a 2i) furtherimproves affinity
for rhodesain. Additionally, and in contrast to compound 2k,
compounds 2a 2i show a biphasic, time-dependent inhibition
mechanism.

Dilution and dialysis experiments demonstrated reversibility
for compound 2d (Figures 4 and 6), which is, however,
significantly slower compared to vinylsulfonate 2k, which
supports the tight-binding properties of 2d. The related
vinylsufones (3d and 4d) do not show two-step inhibition,
indicating that a combination of the properties of the
fluorovinylsulfonate warhead with appropriate noncovalent
interactions is required for tight binding. This is further
supported by vinylsulfonate 2j with a Cbz group at P3, which
also does not show time-dependent inhibition. Among the tight-
binding compounds, 2d shows the highest potency for rhodesain
with a dissociation constant of the initial encounter complex K;=
24 nM, and with a high-affinity complex formed in the second
step (K3 = 3 nM). Especially, the covalent complex is predicted
to be very stable (Figure 9B). This is in excellent accordance
with the high scores obtained from both docking approaches for
compound 2d (Table S1). Notably, compound 2d showed good
selectivity over the human cathepsins, with 26-fold selectivity
against CatL and virtually no activity against CatB (38% at 11
#M), which is a significant improvement compared to the
starting compound 1.

». ASP-161

y [
Figure 9. (A) Non-covalent docking pose of compound 2d predicted
with FlexX (FlexX score: 34.3, Hyde score: 38). (B) Geometry of
the covalent complex between rhodesain and compound 2d as
predicted with DOCKTITE [score (affinity AG, kcal mol '): 6.2,
DSX score:  195.5]. The combination of the vinylsulfonate aromatic
ring extending further into the 51’ pocket and forming lipophilic
interactions with Trp184, additional hydrophobic interactions of the 4-
methyl group at phenylalanine aromatic ring with the S2 pocket and the
preferred 4-pyridyl group at P3 results in a high athnity of compound 2d
for the binding site. This is reflected from higher scores obtained from
both docking approaches compared to its analogues (Table S1).

Assuming that inhibitor binding to CatL and CatB is similar to
rhodesain binding and that the binding mode is not largely
altered for the compounds presented herein compared to
K11777, which is also suggested by the docking (Figures 7 9),
the underlying molecular mechanisms for selectivity can be
explained by analysis of the known X-ray structures. Rhodesain
shares an overall sequence identity of 44.7% and similarity of
59.1% with CatL and 27.9% identity and 47.4% similarity with
CatB, as well as a highly similar fold with an C,-RMSD of 1.35
and 2.15 A, respectively, known from crystal structures available
in the PDB*® (entries, rhodesain: 2p7u,'" CatL: 2xul,** and
CatB: 3ai8).*” For residues forming the binding site (defined as
all amino acids within 6 A of reference ligand K11777) identity/
similarity even increase to 59.1%/70.2% for CatL and 40.4%/
49.1% for CatB. Nevertheless, slight structural differences of
residues forming the S1 3 sites can be observed, explaining the
selectivity profile of the compounds under investigation.
Additionally, CatB, divergent from CatL and rhodesain, contains
a so-called occluding loop (residues 104 124), which is crucial
for this enzyme’s exopeptidase acti\rity.“S This loop structure
closes upon the S’ sites. Neither phenyl- nor benzylfluorovi-
nylsulfone nor fluorovinylsulfonate moieties of the compounds
within this study reach far enough toward this sites to form
interactions, but incontrast may even cause clashes with the
residues of CatB (Figure 10A). Further focusing on the S1 site
reveals one residue of the CatB ocduding loop, which provides

https://fdoiorg/10.1021/acs jmedchem. 1c01002
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rhodesain surface is shown in gray for orientation. (A) Whole protease structures depicted as cartoons with the CatB occluding loop highlighted. (B)
Close view of §1 site residues. CatB-unique occluding loop shown in the upper right with Glul22 as a selectivity determining feature over CatB. (C)
Close view of 2 site residues. (D) Close view of $3 site residues reveals acidic Glu63 and Asp69 in cathepsins to form ionic interactions with the basic

center of compound K11777, which is absent in compounds with more favorable selectivity profiles.

an explanation for selectivity (Figure 10B). Glul22 reaches
toward the S1 pocket, not only making this site more polar, but
also narrower, clashing with the homophenylalanine moiety of
the inhibitors and thereby causing selectivity over CatB. Within
the 52 pocket, the largest differences were found for CatB as well
(Figure 10C). CatB Glyl97 shows a different orientation than
the corresponding residues Leul60 in rhodesain and Met161 in
CatL. Additionally, Ala208/214 (enumeration is rhodesain/
CatL) is exchanged to Glu246, Met69/70 to Pro76, and Leu67/
69 to Tyr75. These differences all together result in a more open
and polar pocket within CatB, which leads to a higher affinity for
rhodesain and CatL for inhibitors carrying (3- or 4-methyl)-
phenylalanine moieties. Additionally, the selectivity for
rhodesain over CatL introduced by the 4-methyl substitution
(compounds 2d, 3d, and 4d) is likely to be caused by non-polar
interactions with Leul60 being more favorable compared to the
Catl. Metl61, which is slightly more distant and potentially
impaired in its flexibility upon binding. The most significant
improvement in selectivity was the displacement of N-methyl
piperazine by 4-pyridine or less pronounced by DHDB
(compounds 2d, 2e, 3d, 3e, 4d, and 4e). Within the S3 site,
acidic amino acids Glu63 and Asp69 are found in CatL and
CatB, respectively, while in rhodesain Phe6l sits at the
corresponding position (Figure 1D). By the removal of the
positively charged N-methyl piperazine, the loss of potential
ionic interactions only with the off-target cathepsins is,
therefore, likely to improve the selectivity profile of these
compounds. Additionally, the Tyr75 residue in CatB compared
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to Leu in rhodesain and CatL results in a smaller §3 pocket and
an enhanced selectivity over CatB, too.

In contrast to all other compounds in this study, the geometry
of the double bond of compound (Z)-2a has a (Z)-
configuration. Because (Z)-isomers are obtained as side
products from HWE olefination, it was obvious to explore the
influence of the geometry of the double bond on inhibitory
potency. Compared to the (E)-isomer 2a (K = 15 nM),
compound (Z)-2a (K, = 525 nM) shows markedly reduced
potency and forms no high-affinity complex, indicating that the
(Z)-configuration of the double bond is not favorable.

Compounds with a modified P1 residue (4j 41) showed
reduced potency for rhodesain compared to the counterparts
with homophenylalanine, which was already anticipated from
non-covalent docking scores. Nevertheless, compound 4k, with
methionine at P1 and the 4-pyridyl moiety at P3, is still a potent
inhibitor of rhodesain (K, = 56 nM).

MS Analysis. Covalent protein ligand interactions were
verified by ESI MS for compounds 2a, (Z)-2a, and 2j and
MALDIL-TOF MS for K11777, 1, 2a, 2j, and 2k.

In all three cases (2a, (Z)-2a, and 2j), the protein ligand
adduct resulting from Michael addition was detected in the ESI
mass spectra. The observed mass shift corresponds to the mass
of the inhibitor [exemplified for compound 2a in Figure 11; for
compounds (Z)-2a and 2j, see Figure $2], which shows covalent
bond formation.

To further elucidate possible differences in binding mode
related to compound variability, especially to confirm the

https://fdoiorg/10.1021/acs jmedchem. 1c01002
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Figure 11. Intact protein ligand adducts obtained by mass
spectrometry for compound 2a. The observed shift corresponds to

the mass of the inhibitor considering the charge state of the protein (m/
z=11%).

covalent inhibition, a representative subset of compounds
covering the majority of synthesized modifications was selected
and analyzed by MALDI-TOF MS. The aim here was to analyze
whether these modifications impede covalent bond formation
between the catalytic thiolate and the vinyl moiety. ESIMS isa
softer method in terms of transition to the gas phase, where non-
covalent adducts can be found as well as covalent adducts.
Depending on the matrix, MALDI-TOF MS can discriminate
between covalent and non-covalent binding: the formation of
non-covalent adducts can be suppressed by using an addic
matrix, which was attributed to the disruption of salt bridges and
the subsequent destabilization of the non-covalent protein
ligand complex.*®~*' Therefore, MALDI-TOF MS was applied
to further investigate the binding mode, *****?

In terms of warhead modification, vinyl sulfone K11777, a-
fluorovinylsulfone 1, and a-fluorovinylsulfonates 2a, 2j, and 2k
were evaluated. Furthermore, the selected subset differed in

their substituents in the P3 position, namely isonicotinyl amide
(2a), benzylcarbamate (2j), and 4-methylpiperazine-1-carbox-
amide (K11777, 1, and 2k), while sharing the preceding Phe-
hPhe motif in P2 and P1, respectively. K11777 was used as a
known, structurally equivalent control compound for its
analogous, though covalent irreversible binding mode. A non-
covalent inhibitor of rhodesain (42) carrying a fluorodinitro-
benzene moiety as an aromatic electrophile was chosen as a
control substance for its different inhibition mode (Figure 12)
compared to the vinylsulfones. The compound forms a tight 7-
complexwith the catalytic thiolate, the adduct mass of which was
detectable in ESI MS experiments with rhodesain. "

For all evaluated a-fluorovinyl analogues (1, 2a, 2j, and 2k),
covalent adducts with rhodesain were observed by MALDI-
TOF MS. The resulting spectra consisted of a broad peak
corresponding to the protein (ca. 23.3 kDa),** and a second
peak corresponding to the covalent protein inhibitor adduct
(ca. 23.8 kDa) that shows a mass shift corresponding to the mass
of the respective compound (Figure 12). The observed
multiplicity of the peaks was attributed to additions of matrix
molecules [m(sinapinic acid) = 224 Da] to rhodesain, as similar
phenomena are described in the literature.’” The four
fluorovinyl derivatives (1, 2a, 2j, and 2k) behaved like the
irreversible control substance K11777, while the non-covalent
inhibitor (42) did not show any detectable adduct signals under
the evaluated conditions. Apart from that, an adduct of 42 was
found with ESI MS as published previously.*”**** The identical
behavior of K11777 and the a-fluorovinylsulfones/-sulfonates
in the MALDI-TOF MS experiments could be observed using
two different matrices, sinapinic acid and a mixture of @-cyano-
4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid,®
respectively, the latter data are shown in the Figure S1. These
findings, combined with the results from ESIMS and the dialysis

Figure 12. MALDI-TOF mass spectra of thodesain (ca. 23 kDa) in the p
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and dilution assays, clearly show that the a-fluorovinylsulfones
and -sulfonates are indeed covalent reversible inhibitors of
rhodesain.

Comparison of the Inhibition Mechanisms of K11777
and 1 by QM/MM Modeling. In our previous study,'” the
computed reaction energies of K11777 and 1 differed only
marginally so that the computational results could hardly explain
the transition from irreversible to reversible inhibition. In that
study, both reaction pathways had been calculated starting from
the X-ray structure of the covalent enzyme inhibitor complex of
K1177 with rhodesain (PDB: 2p7u) going backwards from the
covalent toward the non-covalent complex. To generate the
reaction path for 1, the hydrogen atom had been substituted for
fluorine in the X-ray structure. It had been necessary to start the
computations from the X-ray structure of the covalent complex
because no experimental information on the non-covalent
complex was available. Moreover, such procedures had been
very successful to explin the stereo- and regioselectivity of
various epoxide- and aziridine-based inhibitors and to predict
improved inhibitors.*®~*" However, such approaches can be
error-prone in cases when the geometries of the covalent and
non-covalent enzyme inhibitor complexes differ largely,
especially when substitution leads to large differences in the
non-covalent complex.

To obtain more reliable insights into possible differences
between the non-covalent enzyme-inhibitor complexes of
K11777 and 1, at first, non-covalent structures starting from
the X-ray structure of K11777 with rhodesain (PDB: 2p7u)
were calculated. For 1, the hydrogen atom in the a-position was
substituted by fluorine. These structures then were used as
starting points for MD simulations ( 10 times 10 ns sequences for
each compound). Exemplarily, Figure 13 presents the

_180:'180—_‘_?.:5-:‘- ‘17;55! !_i » ;?}:E‘ LR L

-210/150 4 .
-240/120 <
-270/90 4 5
-300/60 -

Dihedral angle (4H;C3C:H;) [°]

Simulation time per MD simulation [ns]

Figure 13. Variation of the dihedral angle #H>C3C*H? along the MD
simulations (sequences of 10.0 ns, respectively) for K11777 with X =H
(in red) and the fluorinated vinylsulfone with X = F (in black). Figure
13 defines the dihedral angle and gives the corresponding o ion of

found for the <H3C3C*H? angle. In the following, we
denominate alignments with 40° < ZH>C*C*H” < 40° (Figure
14) as “H-orientation”. For 1, «H*C*C*H* adopted values
between 120 and 190° (170°), that is, the warhead of the
compound oscillates around a position, where the F-atom is
oriented toward the backbone NH groups of Cys25, Ser24, and
the side-chain NH, group of GInl9 (Figure 14b), but mainly
adopts positions with £H*C*C*H* > 180°. In the following,
geometries with  190° < #HC’C’H* < 120° are denomi-
nated “F-orientation”.

During the MD simulation, K11777 populated both H-
(~80%) and F-orientation (=20%) indicating that both
alignments are energetically quite similar. In contrast, 1
predominantly adopted the F-orientation due to attractive
interactions with the NH backbone group of Cys25, the side
chain NH, group of GInl9 (known as the oxyanion hole of
rhodesain), and the NH backbone group of Ser24. Similar
variations in the structures upon fluorination were reported in
the literature).> 5%

While the orientation of the recognition unit (in Figure 14
given in purple) remained fixed in the torsional motion around
2H’C3C’H’, the relative positions between the attacked double
bond of the inhibitor and the involved side chains of Cys25 and
His162 changed drastically as shown in Figure 15. In both cases,
a syn-addition takes place because the thiolate group of Cys2$
and the protonated imidazole ring of His162 are found to be on
the same side of the double bond (Figure 15), but for the H-
orientation, the CS bond of the Cys25 side chain is orthogonally
oriented with respect to the C'C* double bond while it is
oriented in parallel for the F-orientation. The position of the
protonated imidazole ring of His162 also changed accordingly.

To calculate the influence of the different orientation of the
warhead of K11777 and 1 on the inhibition mechanism (Figure
1), the corresponding reaction paths were computed. However,
due to the large number of local minima for the non-covalent
complex (the reactant) and the covalent complex (the product)
in combination with the roughness of the underlying potential
energy surface (PES), the appropriate picture of the inhibition
reaction is not that of a single reaction path with one starting
point, one transition state, and one product, but that of a very
rough PES with various energetically similar pathways starting
from and ending at slightly different reactants and products. To
achieve representative pathways, we performed geometry
optimizations starting from two selected snapshots of the MD
simulation for each inhibitor and computed the reaction paths
starting from the obtained minima. The geometrical parameters
of the respective minima are given in Table S2.

To characterize the reaction mechanism, we first computed
two-dimensional scans using the distances R( Seps C,) and
R(H, C;) as main reaction parameters (Figure 14). The
resulting transition states served as starting points for

the warhead in the active site. Please note that ZH?C?C*H? = 150° is
equal to £HC’C*H? = 210°

fluctuations in the dihedral angle 2HC’C*H? (see Figure 14
for definition) for five different MD samplings. A variation of
ZH3CPC*H? from 0 to +180° describes the rotation of the
inhibitor around the C3C” single bond, adjacent to the double
bond. Due to this rotation, the C'X bond (X = H1, F) moves
from the Gly23-oriented side to the opposite side (Figure 14).
For K11777, mainly values between 40and 40° ( 320°) were
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subsequent IRC (intrinsic reaction paths) simulations,®® the
course of which generally gives good insights into the reaction
mechanism (reaction barrier, reaction energy, and structural
changes in the course of the reaction ). More details are given in
the Experimental Section. In Figure 15, representative IRCs for
K11777 starting from the H-orientation and 1 starting from the
F-orientation are compared. Figure 16 also sketches the
geometry variations along the IRCs. Further information on
the geometries is given in Table §3. Additional paths starting
from other reactant minima showing similar shapes can also be
found in the Supporting Information (Figures $4 and S7).

https://fdoiorg/10.1021/acs jmedchem. 1c01002
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Figure 14. Sketch of the predominant orientation of the warheads (bold) in the active site during the MD simulations given in Figure 13. (a) H-
orientation: predominant conformations of K11777 (X = H) with 40° < #H’C?*C*H’< 40° (b) F-orientation: predominant conformations for the

fluorinated vinylsulfone 1, with 190° < #H’C’C’H? <

120°. For more information, see the text.
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Figure 15. Relative orentation of Cys25 and His162 moieties with
respect to the double bond of the vinylsulfone group attacked by Cys25,
(a) for K11777 (X = H) in the H-orientation, and (b) for the
fluorinated vinylsulfone (X = F) in the F-orientation.

Figure 16 shows considerable differences in the IRCs of both
compounds. While the reaction pathway for the inhibition of
rhodesain by K11777 passes over a barrier of about 12 kcal
mol ™" and has an exothermic reaction energy of about 20 keal
mol ™!, we predict a thermoneutral reaction for the inhibition
reaction of 1 with a very high barrier of 25 kcal mol™". The small
reaction barrier and the strong exothermicity nicely explain why
K11777 is an efficient irreversible inhibitor.

The different shapes of the reaction pathways presented in
Figure 16 may result from the different orientation of the olefin
in the active site or from changes in the electronic structure due
to the fluorine substitution in 1. To obtain more insights, the
reaction of K11777 from the F-orientation was computed. For
this purpose, we first computed the energy profile of the
torsional motion of the C'C* double bond around the dihedral
angle ZH3CC*H ( Figure $3). As expected from the MD
simulations, for K11777, the energy difference between the H-
and the F-orientation was found to be small (1 2 kcal mol™") so
that the reaction could take place from both orientations.
However, the two-dimensional scan starting from the F-
orientation predicted barriers of about 33 kcal mol ™" and nearly
isothermal reactions (AE,, = 3 kcal mol™"). This indicates

that the different starting orientations are leading forces for the
observed differences. Attempts to generate IRCs failed, possibly
because the paths energetically lie above the path given in Figure
15a.

This finding could also indicate that a reaction of 1 starting
from the H-orientation is more favorable. To answer this
question, we calculated a two-step mechanism for inhibitor 1.In
the first step, 1 was found to twist from the F- into the H-
orentation (variation of <H*C?C?H?). Starting from the
obtained local minimum, we then calculated the course of
inhibition by compound 1 starting from the H-orientation as the
second step of the overall inhibition reaction. The result of this
two-step inhibition reaction is shown in Figure 17.

Figure 17 indicates that the shape of the reaction path of 1, if it
starts from the H-orientation, resembles the path found for
K11777 (Figure 16). Starting from the H-orientation (Figure
17, structure 3), the reaction proceeds over a barrier of about 18
kecal mol™! and has a reaction energy of about 12 keal mol .
However, the exothermicity of the whole reaction drops to only

4 kcal mol™!, due to the previously necessary transition from
the F- to the H-orientation. Other reaction courses given in the
Supporting Information provide a similar picture (Figures $8
$10).

Our investigation revealed that the differences between
K11777 and 1 are mainly due to the interaction between the
fluorine atom and the oxyanion hole of thodesain, which induces
a flip of the olefin group of the warhead within the active site.
This change in the orientation significantly complicates the
further course of the inhibition reaction. Asa result, for inhibitor
1, a two-step mechanism becomes more favorable, which
contains a torsional movement from the F- to the H-orientation
before the actual covalent Michael-type reaction can take place
leading to a considerably reduced exothermicity. These
differences nicely explain the switch from the irreversible
(K11777) to the reversible (1) inhibition mode and are in line
with all experimental data, which indicate a covalent, but
reversible bond formation for various fluorinated inhibitors.

htt; psﬂdu.ugf‘l 01021/ acs jmedchem.1c01002
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Figure 16. Representative intrinsic reaction coordinate (IRC) simulation of the inhibition reaction of K11777 (a) and 1 (b). Selected geometrical

parameters of the indicated structures are summarized in Table 53.

Antitrypanosomal Activity and Toxicity. Selected
compounds were tested for antitrypanosomal activity and
cytotoxicity (Table 5). Trypanocidal activity was measured
against T. brucei brucei TC211°%% or T. brucei brucei BS449, as
described previously. 3657 Cytotoxicity was measured for
selected compounds in the macrophage cell line J774.1 and in
HelLa cells as described before.*> Most inhibitors tested
showed significantly improved antitrypanosomal activity
compared to starting compound 1. This correlates very well
with the higher inhibitory potency of the compounds for
rhodesain. The compounds also displayed an improved safety
profile by showing no relevant cytotoxicity in HeLa cells or in
the J774.1 macrophage cell line. Most interestingly, from the
hPhe series, the compounds with N-terminal DHBD group and
4-Me-Phe residue at the P2 position (2e, 4e) exhibited highest

54
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antitrypanosomal potency with the sulfonate 2e being the most
potent compound (ECg, = 0.14 pM), similarly active to the
irreversible K11777. Also, within the 4-Pyr series, the
compounds with 4-Me-Phe residue (2d, 3d, and 4d) are more
potent than those with Phe at P2 position (2a, 4a). Probably, the
higher lipophilicity and thus better membrane permeability of
these compounds contribute to their better antitrypanosomal
activity. No differences are observed between the various
warheads (phenyl vinylsulfonate 2d, benzyl vinylsulfone 3d, and
phenyl vinylsulfone 4d). Within the N Me-Pip series (1, 4j, and
41), the compound with Cys(Bn) in the P1 position (41) is most
active (3.0 uM) despite being a much less-potent inhibitor of
rhodesain. This observation may be explained with the relatively
high toxicity of the compound, which seems to be also

htt; psﬂdu.ugf‘l 01021/ acs jmedchem.1c01002
1 Med. Chem. 2021, 64, 12322 12358
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Table 5. Antitrypanosomal Activity and Cytotoxicity of Selected Compounds”

, H O aa X o
R\H/N\E)'ku)\/l\sﬂr

o] | 2
=

&R

R1
substitution T. b. b. ECg/puM cytotaxicity CCg/uM
cpd R R! [S aa X 48h J7741 Hela
K11777 Ph H N-MePip hPhe H 0.18 + 0.03"¢ 41* >107
1 Ph H N-MePip hPhe F 125 + 04° 38 10+2
2a OPh H 4-Pyr hPhe F 48+ 09 nd >100
2d OPh 4-Me 4-Pyr hPhe F 19 + 1.8° nd >100
Ze OFPh 4-Me DHBD hPhe F 0.14 + 0.05° nd >100
3d Bn 4-Me 4-Pyr hPhe F 14+ 09° nd >100
4a Ph H 4-Pyr hPhe F In+04 >100 >100
4d Ph 4-Me 4-Pyr hPhe F 19+ 1.2¢ n.d >100
4e Ph 4-Me DHBD hPhe F 0.80 + 0.5° nd >100
4 Ph H N-MePip Met F 141 + 0.6° 43 T7T+8
41 Ph H N-MePip Cys(Bn) F 30+ 01° 87 8+04

“n.d. not determined. "See ref 12. “T. brucei brucei TC211. “See ref 58.

“T. brucei brucei BS449.

connected to the N-Me-Pip moiety (compounds K11777, 1, 4j,
and 41).

Selectivity over Serine and Threonine Proteases. For
selected compounds, inhibitory potency against other proteases
(the threonine protease 208 proteasome and the serine protease
NS2B/NS3 of the Dengue virus) was tested (Table 6). The
activity of the compounds against the different catalytically
active subunits of the proteasome (trypsin-like, caspase-like, and
a-chymotrypsin-like) was tested separately by the use of spedific
fluorogenic substrates (see Experimental Section). Most
compounds showed no relevant inhibition (less than 50%) at
concentrations of 11 uM. Highest percentage inhibition was
observed in the case of the caspase-like activity for compounds
2d (44%) and 4a (41%). Inhibitor 41 was the only compound
that showed relevant inhibition of the a-chymotrypsin-like
activity of the proteasome (71% at 11 uM).

12338

In Vitro Metabolism. The metabolism of compounds 1 and
2d-(H) was investigated using rat liver microsomes and an
NADPH-generating system. The covalent cysteine protease
inhibitor K11777 was used as a control Previous in vitro
metabolism studies by Jacobsen and co-workers revealed three
metabolites of K11777 depicted in Figure 18.%

Compound 1 (fluorinated K11777) also showed N-
demethylation (1a) and N-oxidation (1b) as shown in Figure
5$13. The metabolites were analyzed via LC MS fragmentation.
Additionally, the potential metabolites were synthesized as
described in the Chemistry section, and their fragments and
retention times were compared to those found in the
metabolism studies to ensure the identity of the metabolites.
In contrast to the reported metabolism of K11777, the j-
hydroxy homophenylalanine derivative®* did not occur, neither
in the experiments with compound 1 nor in those with K11777.

https://fdoiorg/10.1021/acs jmedchem. 1c01002
1 Med. Chem. 2021, 64, 12322 12358
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Table 6. Inhibition Data for 20S Proteasome and Dengue NS2B/NS3 Protease for Selected Compounds

w9 r 0
Ra\él’”\;)]\ﬂb\ij

[

substitution human 208 proteasome/%" dengue
cpd R R R 2 trypsin caspase a-chymotrps. NS2B/NS3%*
1 Ph H N-MePip hPhe nd. 16 13 ni
2a OPh H 4-Pyr hPhe nd. 2 11 ni.
2d OPh 4-Me 4-Pyr hPhe 10 44 20 ni
2e OPh 4-Me DHBD hPhe ni 31 n 11
3d Bn 4-Me 4Pyr hPhe ni ni ni. ni.
4a Ph H 4-Pyr hPhe ni. 41 10 ni.
4b Ph H DHBD hPhe ni 26 ni nd
4d Ph 4Me 4Py hPhe 12 28 13 nd
4 Ph H N-MePip Met ni. 18 ni nd
4 Ph H N-MePip Cys(Bn) 14 ni 7 13
“% inhibition at inhibitor concentrations of 11 uM; ni = <10% inhibition at 11 4M; and nd. = not determined.
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v e | ;
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Figure 18. Metabolites of K11777 as published by Jacobsen and co-workers.” N-Demethylation at the N-methyl pip moiety (A) and N-
oxidation (B) are the major metabolic reactions. Additionally, a f-hydroxy homophenylalanine metabolite was found (C).
Table 7. Assay Results of the Metabolites
Ph
BeP
2
R\g, \:)LN = RY
= H
.,
substitution thodesain
opd B R RY X K/am kfs ! kypg/m 's !
1 H N-MePip S0,Ph F 190°* na na,
la H Pip 50;Ph F 192 + 40" na na.
2d-(H) Me 4Py SO,Ph H 045 + 0.06 0020 46 % 10°
b | Me 4-Pyr-N-oxide SO4Ph H 150 £ 0.46 0018 12 x 10°

9See ref 12. *K; calculated from the Cheng Prusoff equation;"” na. not applicable.

The metabolism studies of 2d-(H) only resulted in a single
metabolite, the N-oxidized derivative 21 as shown in Figure S14.
Inorder to verify the structure, the metabolite was synthesized as
described in the Chemistry section and retention times and
fragments were compared as described above.

The synthesized metabolites were also tested in the
fluorometric enzyme assay in order to determine their K; values.
The assays were performed as described in the Enzyme assays
section and the results are shown in Table 7.

The demethylation of compound 1 to its metabolite 1a does
not decrease its inhibitory activity significantly. Both, compound

12339
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2d-(H) and its metabolite 21, show a good inhibition of
rhodesain in the low nanomolar range. Therefore, it can be
concluded that the metabolites retain most of the inhibitory
potency of the parent drug.

In Vivo Distribution. Compound 1 as an example for a
covalent reversible and compound 2d-(H) as an example fora
covalent irreversible inhibitor were tested for their biodistribu-
tion in vivo in wild type CD1 mice. Their biodistribution after
oral (p.o.) or intraperitoneal (i.p.) application was investigated
by LC MS analysis of plasma samples and brain tissues to
determine the ability of the compounds to cross the blood

it ps=/id olong/10.1021/acs jmedchem. 1001002
A4 Med. Chem. 2021, 64, 12322 12358
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brain barrier. The compounds were chosen for the in vivo assays
based on their differences in the mode of inhibition (covalent
reversible vs irreversible) and based on their physicochemical
properties (Table 8), which are similar for compound 2d-(H)
and its fluorinated counterpart 2d.

Table 8. Comparison of 1, 2d, and 2d-(H) in Terms of
Physicochemical Properties and the Mechanism of Inhibition

cpd inhibition mode SlogP (cale)®  TPSA [A"] (cale)®
1 covalent reversible 3.96 98.82
2d covalent reversible 507 114.46
2d-(H) covalent irreversible 477 114.46

“Calculated using MOE.°

Compound 1 was found in plasma samples but not in the
brain homogenate, whereas compound 2d-(H) could be found
in both, plasma and brain tissue after i.p. and p.o. administration,
respectively (Figures 19, S15, and S16). Therefore, it can be
conduded that 2d-(H) is able to cross the blood brain barrier
due to its higher lipophilicity. An accumulation of this
compound was also suggested because of a higher AUC after
multiple oral administration compared to a single dose i.p.
administration, thus making it a possible candidate for the
treatment of stage-2 HAT.

Furthermore, the distribution of the compounds in the brain
extracellular space was also investigated via microdialysis. Only
compound 2d-(H) could be found in the dialysate with recovery
rates from the plasma concentration between 0.8 and 6% of
plasma values after ip. injection. This indicates that the
lipophilic compound 2d-(H) reaches higher concentrations
intracellularly than in the extracellular fluid.

Notably, the mice treated with the compounds did not show
any signs of toxification.

It can be concluded that the optimization of compound 1
through SAR studies not only enhanced the inhibitory potency
against rhodesain and the selectivity over CatB and CatL but
also resulted in a potential drug candidate for stage-2 HAT with
a higher lipophilicity (calc. S log P = 4.77 compared to 3.96 for
1) that is able to cross the blood brain barrier and accumulate in
brain tissue.

B CONCLUSIONS

In this study, compound 1 (K; = 190 nM, ECy, (T. brucei) = 12.5
uM), which was recently identified as a covalent reversible
cysteine protease inhibitor by the application of a quantum-
chemical-based design pr#ot{mo],lz was optimized in terms of
inhibitory potency and selectivity for rhodesain. Based on the
results obtained from molecular docking and MD simulations, a
series of compounds with a modified recognition unit and an
altered substitution pattern of the warhead were synthesized.
Introduction of aromatic residues at P3 significantly enhanced
the potency for rhodesain (4b: K, = 12 nM) and increased the
trypanocidal activity against T. brucei [4a: ECgy (T brucei) = 3.0
uM]. Incorporation of a 4-methyl substituent at the phenyl-
alanine aromatic ring additionally improved selectivity against
human cathepsins (4d: K; = 8 nM, 12-fold selectivity over CatL,
more than 200-fold selectivity over CatB). By alteration of the
substitution pattern of the warhead, two new dasses of covalent
reversible cysteine protease inhibitors with distinct properties
were obtiined. The compounds from the series of benzyl
fluorovinylsulfones (cpds 3a 3i) showed a similar potency
compared to the respective analogues with phenyl substituents
(4a 4i) but were significantly more rapidly reversible in
dilution and dialysis assays. Several compounds in the series of
fluorovinylsulfonates (2a 2i) showed a biphasic inhibition
mechanism, with the formation of a single digit nanomolar, high-
affinity complex in the second step (2d: K = 3 nM). This
complex was shown to dissociate markedly slower in dialysis
experiments for compound 2d. Therefore, compound 2d
represents a potent, tight binding, and slowly reversible inhibitor
of rhodesain. Furthermore, compound 2d shows selectivity over
CatL (26-fold) and is only a weak inhibitor of CatB (38% at 11
uM). In addition, no relevant off-target activity against
threonine and serine proteases was observed and the
cytotoxicity profile improved considerably. Compounds with a
DHBD moiety at the N-terminus and 4-Me-Phe in the P2
position (2e, 4¢) are not only nanomolar inhibitors of thodesain,
but are most promising with regard to their the antitrypanoso-
mal activity and cytotoxicity profile, with ECg values
comparable to those of the irreversible inhibitor K11777
(ECs =0.14 0.80 uM) and no cytotoxic effects against HeLa
cells (ECgy > 100 uM).

Microsomal stability assays revealed N-oxidation of the 4-Pyr
substituent in the P3 position of 2d-(H). However, this does not
seem to reduce the inhibitory potency. Moreover, the
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Figure 19. (A) Compound 1 wasfound in mouse plasma after 1 and 3 h, but not in the brain homogenate afteri.p. and p.o. administration, respectively.
(B) Compound 2d-(H) showed plasma levels and distribution in brain tissue after bothi.p. and p.o. administration. Both diagrams show the average
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accumulation of 2d-(H) in mouse brain tissue, which did not
occur with 1, indicates a correlation of CNS permeation with the
physicochemical properties of the tested inhibitors, such as
SlogP values. These findings confirm that the optimized covalent
reversible fluorovinylsulfonates should be further investigated as
possible candidates for the treatment of both stage-1 and -2
HAT.

Based on these features, the high-affinity, lipophilic, and
selective reversible a-fluorovinylsulfones and sulfonates as
inhibitors of rhodesain may serve as a basis for the future
development of effective and non-toxic drugs for the treatment
of HAT.

In addition, we used mass spectrometry to demonstrate the
formation of a covalent bond. Using QM/MM and MD
computations, we could attribute the differences in inhibition
mechanisms between K11777 (irreversible) and 1 (reversible)
to the interaction between the fluorine atom and the oxyanion
hole of rhodesain. Due to this interaction, the olefin group of the
warhead flips in the active site significantly complicating the
further course of the inhibition reaction and leading to a
considerably reduced exothermicity and thus a reversible
inhibition.

M EXPERIMENTAL SECTION

Syntheses. General. All reagents and solvents were of analytical
grade quality and purchased from Sigma-Aldrich, Alfa Aesar, Acros, or
TCL Chemicals were used without further purification. Solvents were
purified by distillation and desiccated by standard methods if necessary.
'H and C spectra were recorded on a Bruker Fourier 300 using
DMSO-dg, CDCL;, or CD,Cl, asa solvent, Chemical shifts § are given in
parts per million (pgm) using residual proton peaks of the solvent as the
internal standard ('H/"C: DMSO: 2.50/39.52 ppm, CHCl;: 7.26/
77.16 ppm, CH,CL: 5.32/54.00 ppm). The purity of the compounds
was determined via HPLC-MS (& = 254 nm). All compounds are >95%
pure according to HPLC analysis. High-resolution mass spectra were
obtained on a Waters Q-TOF-Ultima 3-instrument. Alternatively, the
mass spectra were obtained from an LC MS system consisting of a
1100 series HPLC system from Agilent with an Agilent Poroshell 120
EC-Cy3 150 % 2.10 mm, 4 ym column. The mobile phase was 80%
acetonitrile, 10% H,0, and 10% of a 0.1% solution of formic acid in
water. Detection wavelength was 254 nm. The molecular mass was
detected using an Agilent 1100 series LC/MSD Trap with electron
spray ionization (ESI) in positive mode. Purification with a preparative
HPLC system was performed with a Varian PrepStar system (model
218) with an Agilent Zorbax XDB-C18 21.2 X 150 mm, § ym column.
Column chromatography was performed with silica gel (0.06 0.02 mm
or 0.040 0.063 mm) obtained from Carl Roth. All reactions were
monitored by thin-layer chromatography using Macherey-Nagel
ALUGRAM Xira SIL G/UV254 silica gel 60 plates for detection at
254 nm. Melting points were determined in open capillaries using a
Stuart SMP10-instrument. Optical rotation [a ]} was measured on an
P3000 polarimeter from Kruss at 22 °Cand isreportedincm®g 'dm .

Synthesis of Starting Materials. Phenyl Methanesulfonate®’ .
Phenol (2.35 g, 1.0 equiv) was dissolved in EtOAc and cooled to 0 °C.
TEA (6.93 mL, 2.0 equiv) and methanesulfonyl chloride (2.52 mL, 1.3
equiv) were added successively and the mixture was allowed to warm to
rt. After stirring for 30 min, the sohtion was washed with water (3x)
and brine (1x) and was dried with Na,SO,. Evaporation of the solvent
yielded phenyl methanesulfonate (1) as a colorless powder £3.95 &
92%). Spectral data matched those reported in the literature.”

D.ierhyi{{benzyfrhlo)memyi)phosphonarez (). Benzyl mercaptan
(0.84 mL, 1.0 equiv) was dissolved in THF and cooled to 0 °C. NaH
(60% in mineral oil, 0.32 g, 1.0 equiv) was added in portions and the
mixture was stirred for 15 min. Diethyl iodomethylphosphonate (1.24
mL, 1.0 equiv) was added dropwise and the mixture was stirred for 3.5 h
at rt. THF was removed in vacuo and EtOAc was added. The organic
phase was washed with water (2x) and brine (1X) and dried with
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Na,S0, After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless liquid. Yield: 1.66 g (84%). "H NMR (300
MHz, CDCL): 5743 7.21 (m, 5H),425 4.08 (m, 4H),3.90 (s, 2H),
254 (d, Jy p=12.9 Hz, 2H), 1.34 (t, ] = 7.1 Hz, 6H). ’C NMR (75
MHz, CDCL): 6 137.3, 129.4, 128.7, 127.4, 62.7 (d, Jo » = 6.7 Hz),
37.0 (J p =29 Hz), 23.8 (Jo p= 150 Hz), 166 (Jo p=6.0 Hz). 'H
NMR data are consistent with the literature.””
Diethyl((phenylsulfony)methyl)phosphonate' (Ill). To a solution
of methyl phenyl sulfone (3.81 g, 24 mmol) in dry THF, n-BuLi (2.5 M
inhexane, 21.5 mL, 60 mmol ) was added at 0 °C with stirring. After 30
min, diethyl chlorophosphate was added dropwise and the reaction
mixture was stirred at 0 °C for 1 h. 25 mL of a saturated solution of
ammeoninm chloride was added and the volatiles were evaporated. The
residue was extracted with DCM and the combined extracts were
washed with brine, dried with sodium sulfate, concentrated under
reduced pressure, and purified by column chromatography (light
petroleum/EtO Ac 1:5) to afford the title compound as a colorless oil,
which solidified upon slzndlal"ﬁ (411 g 52%). NMR data were
consistent with the literature.”
Phenyl(diethoxyphosphoryl)methanesulfonate (IV). Phenyl meth-
anesulfonate (I, 2.5 g, 1.0 equiv) was dissolved in THF and cooled to
78 °C. KHMDS (1.0 M in THF, 15 mL. 1.1 equiv) was added
dropwise and the mixture was stirred for an additional 15 min. Diethyl
chlorophosphate (1.5 mL, 0.7 equiv) was added slowly and stirred for 1
hat 60°C. The reaction wasquenched by addition of glacial AcOH (1
mL) and then allowed to warm to rt. THF was removed in vacuo and
EtOAc was added to the residue. The solution was washed with water
(2x) and brine (1x) and then dried with Na,SO,. Evaporation of the
solvent gave a crude product, which was purified by column
chromatography (petroleum ether/EtOAc 1:1 to 1:3), yielding the
title compound as a colorless liquid (3.3 g, 74%). "H NMR (300 MHz,
CDCly): §7.52 7.29 (m, 5H), 436 4.20 (m,4H),3.81(d,J,; =17
Hz, 2H), 1.44 1.31 (m, 6H). C NMR (75 MHz, CDCL,): & 149.4,
130.2, 127.8, 122.3, 64.2 (d, Jc p= 6.5 Hz), 47.3 (d, Jc p = 139 Hz),
16.4 (d, Jc p=6.3 Hz).
Diethyl((benzylsulfonyl)methyl)phosphonate®® (V). Compound 1T
(2.55 g, 1.0 equiv) was dissolved in DCM and cooled to 0 °C.
Subsequently, mCPBA (77%, 5.8 g, 3.0 equiv) was added in portions
and the mixture was stired for 12 h at 1t. Then, the solution was filtered
and washed with 1 M NaOH (4x), water (1x), and brine (1x) and
dried with Na,S0,. After evaporation of the solvent, the title compound
was obtained as a colorless oil. Yield: 2.82 g (99%). '"H NMR (300
MHz, CDCL): §7.57 7.47 (m,2H),7.44 7.34 (m, 3H),4.60 (s, 2H),
424 (dq,] =8.1,7.1 Hz, 4H), 3.36 (d, ] = 16 Hz, 2H), 1.37 (dt, J= 7.1,
0.4 Hz, 6H). ’C NMR (75 MHz, CDCL,): §131.2,129.3,129.2, 128.2,
63.9(d,Jc p=6.5Hz),604,480(d,J; ,=140 Hz), 16.50 (cI,JfC p=
6.4 Hz). Spectral data are consistent with the literature. 1263
(S) tert Butyl(1 oxo 4 phenylbutan 2 yllcarbamate (V). 1-Ho-
mophenylalanine (5.0 g 28 mmol) was dissolved in THF (15 mL)
and a solution of Na,COj; (3 g, 28 mmol)) in 100 mL of water wasadded
followed by di-tert-butyl dicarbonate (31 mmol) in 75 mL THE. The
mixture was stirred overnight, diluted with water (100 mL), and
extracted with CH,Cl,. The aqueous layer was acidified with KHSO, to
pH 3 and extracted with CH,Cl,. The combined organic extracts were
dried with sodium sulfate and concentrated under reduced pressure to
give crude boc-L-homophenylalanine (7.0 g, 89%). This crude material
(4.91g, 18 mmol) was dissolved in DCM (100 mL) and cooled to 0 °C.
EDC HCI (4.05 g, 21 mmol), HOBt (3.23 g 21 mmol), and DIEA
(13.5 mL, 78 mmol) were added and the mixture was stirred for 15 min
before N,0-dimethylhydroxylamine hydrochloride (2.06 g 21 mmol)
was added. The mixture was allowed to warm to rt and was stirred for 18
h. DCM was removed under reduced pressure, water (60 mL) was
added, and the suspension was extracted with EtOAc. The combined
organic extracts were washed with saturated aq NaHCO; (5x) and
brine, dried with sodium sulfate, and concentrated under reduced
pressure to give tert-butyl (5)-(1-(methoxy(methyl)amino)-1-oxo-4-
phenylbutan-2-yl)carbamate as a crude yellow oil (5.64 g, 99%), which
was used in the next step without further purification. "H NMR (300
MHz, DMSO-d,): §7.46 7.18 (m, SH), 5.28 (d,] =9.3 Hz, 1H), 473
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(s, 1H), 3.67 (s, 3H), 3.21 (s, 3H), 2.88 2.61 (m, 2H),2.18 179 (m,
2H), 1.52 (s, 9H). The crude oil (4.05 g, 12.5 mmol) was dissolved in
dry diethyl ether (130 mL) and cooled to 0 °C. LiAlH, (0.59 g 15.7
mmol) was added portion wise. The mixture was stirred for 30 min and
subsequently quenched by addition of aqueous KHSO, (0.33 M, 65
mL). The organic phase was sepamated, and the aqueous phase was
extracted with diethyl ether. The combined organic exiracts were
washed with 3 M HCI, saturated aq NaHCQ, and brine, dried with
sodium sulfate, concentrated under reduced pressure, and purified by
column chromatography (light petroleum/EtOAc 3:1), yielding the
title compound as a colorless solid (2.44 g, 74%). "H NMR (300 MHz,
CDCl,): §9.55 (s, 1H), 740 7.13 (m, 5H), 5.08 (d, ] = 4.1 Hz, 1H),
4.26 (g, ] = 59 Hz, 1H), 2.87 2.63 (m, 2H), 235 2.06 (m, 1H),
2.02 177 (m, 2H), 147 (s, 9H). *C NMR (75 MHz, CDCL,): &
199.6, 155.6, 140.7, 128.8, 128.7, 126.5, 80.4, 59.7, 3.6, 31.2, 28.4.
NMR data are consistent with the literature.”

(S) tert Butyl{4 (methylthio) 1 oxobutan 2 yl)carbamate (VI).
Boc-1-Met-OH (2.43 g, 1.0 equiv) was dissolved in DCM and cooled
to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL, 3.0 equiv) were
added successively, and the mixture was stirred until all materials were
solubilized. To this mixture, TBTU (3.12 g, 1.0 equiv) was added in one
portion and then stirred for 15 min at 0 °C. N,0-Dimethylhydroxyl-
amine hydrochloride (1.0 g, 1.1 equiv) was added in one portion and
the mixture was stirred for 12 h at rt. DCM was removed in vacuo, and
the residue was diluted with EtOAc. The organic layer was washed with
water (5x), conc. NaHCO; (2x), and 1 Maq HCI (2x) and dried with
Na,S0, After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1), yielding tert-
butyl (5)-(1-methoxy(methyl) mﬁm)#(mthy]ﬂn’o)-l-mobutan-l-
yl)carbamate as a colorless oil (2.42 g 85%). 'H NMR (300 MHz,
CDCLy): 6523 (d, ] =7.7 Hz, 1H), 4.78 (s, 1H), 3.77 (5, 3H), 3.20 (s,
3H),2.68 242 (m,2H),2.08 (5,3H),2.05 192 (m,1H), 1.89 171
(m, 1H), 1.42 (s, 9H). *C NMR (75 MHz, CDCL,): & 172.7, 1557,
79.9, 61.8, 50.0, 32.6, 32.3, 30.3, 28.5, 15.6. This material (2.42 g, 1.0
equiv) was dissolved in THF and cooled to 0 °C. LiAIH, (0.41 g, 1.3
equiv) was added in portions and stirred for 30 min. The mixture was
diluted with 50 mL diethyl ether and then 1 M KHSO, (50 mL) was
added carefully. The layers were separated, and the aqueous phase was
extracted twice with diethyl ether. The combined organic layers were
washed with 1 MHCI (2x), saturated aq NaHCO);, and brine, and then
dried with Na,50,. After evaporation of the solvent, the residue was
purified by column chromatography (petroleum ether/EtOAc 2:1) to
give the title compound as a colorless solid (1.49 g, 77%). '"H NMR.
(300 MHz, CDCL,): 59.63 (s, 1H), 5.21 (s, 1H), 439 4.11 (m, 1H),
2.56 (t, ] =7.2 Hz, 2H), 2.34 213 (m, 1H), 2.07 (5, 3H), 1.99 1.83
(m, 1H), 1.44 (s, 9H). '*C NMR (75 MHz, CDCL,): & 199.2, 155.6,
80.4, 59.1, 29.9, 28.8, 28.4, 15.5. NMR data are consistent with the
literature.

(R) tert Butyl(1 (benzylthio) 3 oxopropan 2 yl)carbamate (V).
L-Cysteine hydrochloride (5.20 g, 1.0 equiv) was dissolved in 60 mL 2
M NaOH and 150 mL EtOH. To the mixture, 5.64 g (3.92 mL, 1.0
equiv) benzyl bromide is added dropwise. After stiring for 1 h, the
mixture is neutralized by addition of conc. HCL The precipitate is
collected by filtration and washed with water, diethyl ether, and ethanol
5-Benzyl L-cysteine is obtained as a colorless solid and directly used for
the next step (6.4 g.91%). "H NMR (300 MHz, D,0):57.50 7.24 (m,
5H),4.17 (q,] = 6.5 Hz, 1H), 3.88 3.71(s,2H),3.09 2.87 (m, 2H).
3C NMR (75 MHz, D,0): § 171.7, 138.2, 129.3, 129.1, 127.8, 51.8,
35.5,30.7. S-Benzyl 1-cysteine (3.0 g, 1.0 equiv) was dissolved in THF
(50 mL), and K,CO; (2.94 g 1.5 equiv) and water (50 mL) were
added. Di-ber['-bul‘y]-dica.rbomte (3.’2.5 g 105 equiv) dissolved in 50
mL THF was added dropwise and stirred for 12 h at t. THF was
removed in vacuo and the residue was extracted twice with DCM. The
aqueous layer was acidified to pH 3 by addition of 1 M KHS0, and
extracted with DCM (3x). The combined organic layers were washed
with brine (2x), dried with Na,SO,, and evaporated under reduced
pressure to give crude boc-S-benzyl 1-cysteine asa colorless oil (3.05 g
69%). 'H NMR (300 MHz, DMSO-d,): §7.38 7.03 (m, 5H), 4.14
4.02 (m, 1H), 3.71 (s,2H), 2.67 (m, 2H), 1.35 (s, 9H). *C NMR (75
MHz, DMSO-dy): 5 1726, 155.4, 138.3, 1289, 128.4, 1269, 78.3, 532,

39.5,35.2, 32.4, 28.2. This material (3.05 g 1.0 equiv) was dissolved in
DCM and cooled to 0 °C. HOBt (1.49 g, 1.0 equiv) and DIEA (5.0 mL,
3.0 equiv) were added successively, and the mixture was stirred until all
materials were solubilized. To this mixture, TBTU (3.40 g, 1.0 equiv)
was added in one portion and then stirred for 15 min at 0 °C, N,0-
Dimethylhydroxylamine hydrochloride (1.0 g, 1.1 equiv) was added in
one portion and the mixture was stirred for 12 h at rt. DCM was
removed in vacuo, and the residue was diluted with EtOAc. The organic
layer was washed with water (5x), conc. NaHCO; (2x),and 1 M aq
HCI(2x) and dried with Na,SO,. After evaporation of the solvent, the
residue was purified by column chromatography (petroleum ether/
EtOAc 2:1), yielding (R)-tert-butyl (3-(benzylthio)-1-(methoxy-
(methylJamino )-1-oxopropan-2-yl)carbamate as a colorless oil (3.25
£ 95%). 'H NMR (300 MHz, CDCL): §7.42 7.15 (m, 5H), 528 (d,]
= 8.6 Hz, 1H), 4.84 4.59 (m, 1H), 3.67 (s, 3H), 3.21 (5, 3H), 2.83
2.54 (m, 2H), 2.15 1.77 (m, 2H), 1.50 (s, 9H). *C NMR (75 MHz,
CDCL): & 1732, 155.7, 141.3, 128.7, 128.5, 126.1, 61.6, 502, 38.8,
34.7,31.8,28.5. The above compound (3.0 g, 1.0 equiv) was dissolved
in diethyl ether and cooled to 0 °C. LiAlH, (0.42 g 1.3 equiv) was
added in portions and stirred for 30 min. The mixture was diluted with
50 mL diethyl etherand then 1 M KHSO, (50 mL) was added carefully.
The layers were separated, and the aqueous phase was extracted twice
with diethyl ether. The combined organic layers were washed with 1 M
HCI (2x), saturated aq NaHCO;, and brine, and then dried with
Na,S0, After evaporation of the solvent, the residue was purified by
column chromatography (petroleum ether/EtOAc 2:1) to give the title
compound as a colorless solid (1.70 g 68%). 'H NMR (300 MHz,
CDCL,): §9.46 (s,2H),7.32 7.21 (m, 13H), 529(d, J = 21.5 Hz, 2H),
432 4.16 (m, 2H), 3.67 (s, SH), 2.86 2.70 (m, 5H), 1.39 (s, 24H).
3C NMR (75 MHz, CDCl,): § 198.8, 137.7, 129.1, 128.8, 127.3, 80.6,
77.2, 593, 37.1, 30.8, 28.4. NMR data are consistent with the
literature, "

(5) 2 (4 Methylpiperazin 1 ium 1 carboxamido) 3 phenylpropa
noate'? (IX). L-Phenylalanine methyl ester hydrochloride (2.0 g 1.0
equiv) was suspended in CH,CI, and 25 mL of a saturated aqueous
solution of NaHCO; was added. At 0 °C, triphosgene (0.92 g, 0.3
equiv) was added and the mixture was allowed to stir for 30 min at this
temperature. Subsequently, the organic phase was separated, and the
aqueous phase was extracted with three portions of DCM. The
combined organic extracts were washed with brine, dried with Na,SO,,
and concentrated under reduced pressure. The residue was dissolved in
THEF and cooled to 0 °C. N-Methyl piperazine (0.93 g, 1.03 mL, 1.0
equiv) was added dropwise. After stirring for 1 h, THF was removed
under reduced pressure and the residue was diluted with EtOAc.
Aqueous work-up was performed with water (1X), saturated ag
NaHCO; (1x), and brine (1x). The organic layer was dried with
Na,S0, and evaporated. The crude product was purified by column
chromatography (CH,Cl,/MeOH 9:1), giving methyl (4-methylpiper-
azine-1-carbonyl)-L-phenylalaninate as a colodess oil. Yield: "H NMR.
(300 MHz, CDCl,): § 7.30 7.10 (m, 3H), 7.04 (d, J = 7.3 Hz, 2H),
477 (d, J = 7.3 Hz, 1H), 4.61 (m, 1H), 3.61 (s, 3H), 329 3.11 (m,
4H), 3.00 (m, 2H), 2.22 (, ] = 5.0 Hz, 4H), 2.16 (s, 3H). This material
(3.0g, 9.4 mmol) was dissolved in THF (20 mL) and LiOH (1.4 g, 33.4
mmol) in 10 mL water was added. The mixture was stired for 18 h atrt
and the volatiles were removed under reduced pressure. Water was
added to the residue and the pH was adjusted to 2 with 1 M aq HCL
The title compound was crystallized at 4 °C along with some LiCl and
collected by filiration. Recrystallization from methanol gave the pure
compound as a colorless powder. "H NMR (300 MHz, DMSO-dy): §
7.33 7.05 (m, SH), 6.68 (d, ] = 7.9 Hz, 1H), 428 4.09 (m, 1H),
3.50 3.16 (m, 4H), 2.98 (m, 2H), 2.46 2.30 (m, 4H), 2.25 (s, 3H).
13C NMR (75 MHz, DMSO-d,): & 174.6, 157.1, 139.0, 129.4, 1280,
126.1, 56.0, 53.1, 4.8, 42.7, 39.5, 36.9.

Isonicotinoyl . phenylalanine® (X). To a solution of L-phenyl-
alanine ethyl ester hydrochloride (2.50 g, 10.88 mmol) and TEA (4.5
mlL, 32.65 mmol) in DCM, isonicotinoyl chloride hydrochloride (1.93
£,10.88 mmol) was added in small portions. The mixture was stirred for
3 h, washed with a saturated solution of NaHCOj, dried with Na,SO,,
and concentrated under reduced pressure. Ethyl isonicotinoyl-i-
phenylalaninate (2.84 g, yield 87%) was obtained as a yellowish oil,
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which crystallized upon standing and was used in the next step without
further purification. 'H NMR (300 MHz, DMSO-d,): §9.18 (d,] =7.7
Hz, 1H), 8.73 (d, ] = 52 Hz, 2H), 7.69 (d, ] = 5.2 Hz, 2H), 7.37 7.12
(m,5H),4.75 4.57 (m,1H),4.10 (g,J =7.1 Hz, 2H), 3.05 321 (m,
2H), 1.14 (t, = 7.1 Hz, 3H). *C NMR (75 MHz, DMSO-d,): § 171.3,
165.0, 1503, 140.6, 137.4, 129.1, 128.3, 126.6, 121.3, 60.7, 54.4, 45.7,
39.5, 36.2, 14.0. The above compound (2.84 g 9.53 mmol) was
dissolved in water (30 mL) and THF (30 mL), then LiOH (1.20g, 28.6
mmol) was added. The mixture was stirred for 2 h before the organic
solvent was removed under reduced pressure and the aqueous residue
was neutralized with 1 M aq HCL The title compound was crystallized
at 4 °C along with LiCl Recrystallization from methanol gave the pure
product as a colorless powder (1.59 g, 62%). 'H NMR (300 MHz,
DMSO-d;): 68.76 8.57 (m,2H), 8.22 (d, J =7.3 Hz, 1H),7.71 7.57
(m,2H), 725 6.99 (m, SH), 4.26 (td, [ = 7.4, 4.6 Hz, 1H), 3.27 2.95
(m, 3H). '3C NMR (75 MHz, DMSO-dy): § 171.9, 163.4, 150.2, 142.1,
139.5, 129.4, 127.7, 125.6, 121.0, 56.1, 37.2.

11 (Tritylthio)undecanoic Acid (XI). Triphenylmethyl chloride
(0.63 g 1.0 equiv) was dissolved in DCM (5 mL). Thereto, a solution
of 11-mercaptoundecanoic acid (MUA) (0.5 g, 1.0 equiv) in DCM (15
mL) was added dropwise. The mixture was stirred for 2 h at rt. DCM
was removed by distillation, and the residue was purified by column
chromatography (petroleum ether/EtOAc 2:1). 'H NMR (300 MHz,
CDCL,): 57.40 (d, ] =7.6 Hz, 6H),7.31 7.09 (m, 9H),2.32 (t,] =7.1
Hz 2H),2.11 (t, = 7.3 Hz, 2H), 1.60 (g, | = 7.4 Hz, 2H), 146 0.95
(m, 14H). *C NMR (75 MHz, CDCI,): 5 179.7, 145.2, 129.8, 127.9,
126.6,66.5, 34.1, 32.2, 29.5, 20.32,29.27, 29.16, 29.12, 28.7, 24.8.NMR
data are consistent with the literatmre.'

tert Butyl (S) 4 ((1 Ethoxy 1 oxo 3 phenylpropan 2 yl)
carbamoyl)piperazine 1 carboxylate (Xll). To a stirred solution of
0.798 g 1-boc piperazine in THEF, a suspension of 0.860 g (S)-ethyl-2-
isocyanate-3-phenylpropanoate in THF was added dropwise. The
mixture was stirred for 18 h and the solvent was removed under reduced
pressure, The residue was extracted with EtOAc and the combined
extracts were washed with a saturated solution of NaHCO), and brine,
dried with Na,50,, and concentrated under reduced pressure, resulting
in a colorless oil (0.81 g, 50%). 'H NMR (300 MHz, CDCl,): § 7.49
7.33 (m, 3H), 729 7.18 (m, 2H), 5.10 4.83 (m, 1H), 4.28 (dgq, ] =
15.5,7.2 Hz, 2H),3.70 3.57 (m, 1H), 3.57 3.48 (m,4H), 348 3.35
(m, 4H),329 3.22 (m, 2H), 160 (s, 9H), 1.39 (td, ] = 7.1, 3.3 Hz,
3H). *C NMR (75 MHz, CDCl): § 172.6,156.5, 154.6, 136.3, 129.3,
128.5, 127.0, 80.2, 61.4, 60.4, 54.37, 43.9, 38.4, 28.4, 211, 14.2.

(t, ] =7.4 Hz, 1H), 7.61 (t,] = 7.7 Hz, 2H), 5.38 (dd, J;; = 45.5 Hz,
u §=6.6 Hz, 1H),440 4.18 (m,4H), 1.35 (t,] =7.1 Hz, 6H). NMR
data were consistent with the literature.'*
Phenyl{diethoxyphosphoryl)fluoromethanesulfonate (6). Phos-
phonate IV (1.73 g, 1.0 equiv) was dissolved in THF (15 mL) and
cooled to 78 °C. KHMDS (1 M in THF, 7.0 mL, 1.25 equiv) was
added dropwise and the mixture was stirred for an additional 30 min.
Selectfluor (3.0 g, 1.5 equiv) was added in one portion and the mixture
was stirred for 5 min. Then, DMF (12 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. ag NH,CI (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3%) and brine (2x) and dried with Na,SO,. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (petroleum ether/EtOAc 1:1), yielding the
title compound as a colorless oil (0.95 g 52%). '"H NMR (300 MHz,
CDCLy): 67.50 7.39 (m,2H),7.39 7.28 (m,3H),5.63 (dd, Jy =45
Hz, J;, ,=7.2Hz, 1H),4.45 4.25(m, 4H), 1.39 (tdd, ] =7.1,2.0,0.7
Hz, 6H). ’C NMR (75 MHz, CDCL): § 149.6, 130.3, 128.0, 122.2,
93.4(dd, Jo §=232Hz, ] p=162Hz),657 (dd, Jo p=107Hz, Jo &
=6.7 Hz), 1644 (d, Jc » = 5.8 Hz).
Diethyl((benzylsulfonyl)fluoromethyl)phosphonate (7). Phospho-
nate V(3.77 g 1.0 equiv) was dissolved in THF (40 mL) and cooled to
78 °C. KHMDS (1 M in THF, 15.4 mL, 1.25 equiv) was added
dropwise and the mixture was stirred for an additional 30 min
Selectfluor (6.55 g 1.5 equiv) was added in one portion and the mixture
was stirred for 5 min. Then, DMF (24 mL) was added in one portion
and the mixture was allowed to warm to 0 °C. After stirring for 3 h, the
reaction was quenched with conc. NH,Cl (5 mL) and THF was
removed in vacuo. EtOAc was added and the organic phase was washed
with water (3%) and brine (2x) and dried with Na,SO,. The solvent
was removed under reduced pressure and the residue was purified by
column chromatography (DCM/EtOAc 9:1), yielding the title
compound as a colorless oil (1.92 g 48%). 'H NMR (300 MHz,
CDCl,): 7.51 7.32 (m, SH), 528 (dd, J;; s =45Hz Ji; p=7.1 Hz,
1H), 467 449 (m,2H),4.42 421 (m,4H), 1.39 (td, J= 7.1, 0.7 Hz,
6H). PC NMR (75 MHz, CDCl): & 131.4, 129.5, 129.2, 125.8, 95.2
(dd, Jo § =228 Hz, Jc p = 161 Hz), 654 (dd, Je § =63 Ha, J p= 62
Hz), 57.5,16.5 (d, Jo p = 5.8 Hz).
HWE Olefination (Compounds 8 12). Procedure A. The specified
phosphonate (1.0 equiv) was dissolved in THF and cooled to 0 °C.
NaH (60% in mineral oil, 1.1 equiv) was added in portions and the

(4 (tert Butaxycarbonyl)piperazine 1 carbonyl) . phenylalanii
(XIl). 0.81 g of compound XII was dissolved in THF and cooled to 0
°C. A solition of 0.29 g LiOH in water was added dropwise and the
mixture was stirred for 3 h at room temperature. The solvent was
removed under reduced pressure and the pH of the residue was
adjusted to 2 with 1 M HCI. The residue was extracted with ethyl
acetate and the combined extracts were washed with brine, dried with
Na,S0,, and concentrated under reduced pressure. The crude product
was dissolved in diethyl ether, n-pentane was added, and the product
was crystallized at 4 °C, giving a colorless solid (0.56 g, 74%). '"H NMR.
(300 MHz, CDCly): §9.39 (5, 1H),7.25 7.14(m, 3H),7.14 7.04 (m,
2H),5.05 (d,J=7.1 Hz,NH),4.61(q,] =6.2Hz, 1H), 3.30 (dd, J=7.9,
4.0 Hz, 4H), 324 3.09 (m, 4H), 3.04 (dd, ] = 14.0, 6.8 Hz, 2H), 1.39
(s, 9H). BC NMR (75 MHz, CDCl,): & 174.7, 157.5, 154.8, 1364,
129.5, 1287, 127.2, 80.6, 54.9, 43.7, 37.5, 28.5.

Preparation of Phosphonates 5 7. Diethyl{fluoro
(phenylsulfonyl)methyl)phosphonate'**” (5). To a stirred solution
of phosphonate III (1.54 g, 1.0 equiv) in THF, KHMDS (1 M in THF,
6.59 mL, 1.25 equiv) was added dropwise at 80 °C. After 30 min at
this tempemature, Selectfluor (2.80 g, 1.5 equiv) in 10 mL DMF was
added and the reaction mixture was stirred for 3 h, slowly warming to 0
°C. 15 mL ofa saturated solution of ammonium chloride was added and
the volatiles were evaporated. The residue was extracted with DCM and
the combined extracts were washed with a saturated solution of
NaHCO, and brine, dried with Na,50,, concentrated under reduced
pressure, and purified by column chromatography (light petroleum/
EtOAc 1:6) to afford the title compound as a colorless solid. Yield: 1.0 g
(62%). "H NMR (300 MHz, CDCL,): §8.01 (d, ] = 7.5 Hz, 2H), 7.74

60

was stirred for 15 min. The corresponding boc-protected
aminoaldehyde (1.0 equiv) was added in one portion, and the mixture
was allowed to warm to rt. After stirring for 1 h, EtOAc was added and
the organic phase was extracted with water, saturated ag NaHCQOj, and
brine and finally dried with Na,SO,. Evaporation of the solvent under
reduced pressure provided the boc-protected vinylsulfones as a crude
mixture of E/Z isomers. Purification and separation of the isomers were
achieved by column chromatography. The products were obtained as
colodess solids.

Procedure B. The specified phosphonate (1.0 equiv) was dissolved
in THF and cooled to 78 °C. KHMDS (1 M in THF, 1.0 equiv) or
LHMDS (1 Min THF, 1.0 equiv) was added dropwise and it was stirred
foradditional 20 min. The respective aldehyde (1.0 equiv) was added in
one portion and the mixture was allowed to warm to rt over a period of 1
h. After stirring for an additional hour at rt, EtOAc was added and the
organic phase was extracted with water (2X) and brine (1x).
Evaporation of the solvent under reduced pressure gave the crude
product as E/Z isomers. Purification by column chromatography
allowed the isolation of the desired (E)-isomers. The products were
obtained as colorless solids.

tert Butyl {S,? {1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 y.f)carbanmre’ (8). Prepared following procedure A using 0.35 g
of phosphonate 5, 0.3 g boc-homophenylalaninal or boc-homopheny-
lalanine aldehyde or boc-hPhe-H (VI), and 0.05 g NaH in 6 mL THE.
Column dlromatoqraph)ﬁ petroleum ether/EtOAc 3:1. (E)-isomer:
Yield 0.20 g (41%). '"H NMR (300 MHz, CDCL,): §7.95(d,J = 7.6 Hz,
2H), 7.70 (t, J = 7.4 Hz, 1H), 7.58 (t, ] = 7.6 Hz, 2H), 7.36 7.16 (m,
3H),7.12 (d,J=7.1 Hz,2H), 6.19 (dd, Ji; =323 Hz, Jy y=7.1Hz,
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1H), 4.61 (s, 1H), 4.46 (s, 1H), 2.74 2.52 (m, 2H), 200 177 (m,
2H), 1.39 (s, 9H). BC NMR (75 MHz, CDCl,): § 154.9,154.7 (d, ¢ &
=300 Hz), 140.5,137.2,134.7,129.61, 128.8, 128.7,128.4,126.4, 118.4
(d, Jo ¥ =4.6Hz), 80.3,46.4 (d, Jc & = 2.7 Hz), 36.2, 32.0, 28.3. (Z)-
isomer: Yield 0.10 g (21%). '"H NMR (300 MHz, CDCL,): §8.09(d, ] =
4.2Hz, 2H),7.69 (t,] =7.4 Hz, 1H), 7.57 (t,] =7.7Hz, 2H), 7.37 7.12
(m, SH), 5.81 (dd, Jy ¢ = 21 Hz, Jy yy = 10 Hz, 1H), 535 5.18 (m,
1H), 470 (s, 1H), 2.89 2.62 (m, 2H), 2.14 1.86 (m, 2H), 1.46 (s,
9H). ®C NMR (75 MHz, CDCL): § 155.0, 152.7 (d, Jo ¢ =293 Hz),
141.0,137.7,134.7, 129.5,129.1, 128.7, 128.5,126.3, 1214 (d, Jo s =
11 Hz), 80.0, 46.6 (d, Jo ¢ = 5 Hz), 37.3, 32.3, 28.5.

Phenyl (5,E) 3 ((tert Butoxycarbonyllamino) 1 fluoro 5 phenyl
pent 1 ene 1 sulfonate (9). Prepared following procedure A using
0.66 g of phosphonate 6, 0.53 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 0.09 g NaH in
12 mL THF. Column chromatography: petroleum ether/EtOAc 5:1.
(E)-isomer: Yield 0.38 g (43%). '"H NMR (300 MHz, CDCl,): §7.46
7.32 (m, 2H), 7.32 7.15 (m, 6H), 7.10 (d, ] = 7.0 Hz, 2H), 5.91 (dd,

u r=313Hz, J 4y=86Hz, 1H),4.68 427 (m,2H),2.66 2.43(m,
2H),1.97 1.66 (m,2H), 1.43 (s, 9H). °C NMR (75 MHz, CDCL,): &
154.8, 150.8, 148.9 (d, Jo s = 296 Hz), 1402, 130.2, 128.8, 1284,
128.0, 126.5,122.4 (d, Jc ¢ =4.1 Hz), 122.3, 804,463 (d, Jc =21
Hz), 35.9, 31.9, 28.4. (Z)-isomer: yield 0.22 g (22%). '"H NMR (300
MHz, CDCL): §7.44 7.32 (m, 2H), 7.32 7.13 (m, 6H), 7.04 (d, ] =
7.2 Hz, 2H), 6.14 (br, 1H), 4.88 4.44 (br, 2H), 2.59 2.46 (m, 1H),
2.46 229 (m, 1H), 1.84 (br, 1H), 1.42 (br, 1H), 1.43 (s, 9H). °C
NMR (75 MHz, CDCL): § 154.8, 1493, 147.5 (d, Jo & = 296 Hz),
140.7,130.1, 128.5, 128.4, 128.1,126.3,124.1 (d, Jc ¢ =9.9 Hz), 1224,
80.4, 47.1 (d, Jo ¢ = 3.6 Hz), 36.3, 32.0, 28.4.

Phenyl (S,E) 3 ((tert Butoxycarbonyl)amino) 5 phenylpent 1
ene 1 sulfonate (9 (H)). Prepared following procedure B using 1.45
g of phosphonate IV, 1.24 g boc-homophenylalaninal or boc-
homophenylalanine aldehyde or boc-hPhe-H (VI), and 60 mL 1 M
LHMDS in 25 mL THF. Column chromatography: cycohexane/
EtOAc 5:1. (E)-isomer: Yield 0.80 g (41%). '"H NMR (300 MHz,
CDCl,): 6 743 735 (m, 2H), 7.35 727 (m, 3H), 7.27 7.20 (m,
3H),7.18 7.10 (m, 2H), 6.76 (dd, ] = 15.1, 5.1 Hz, 1H), 6.48 (dd, ] =
15.1, 1.5 Hz, 1H), 4.58 (d, ] = 8.2 Hz, 1H), 4.33 (s, 1H), 2.77 2.52 (m,
2H),1.98 1.72 (m,2H), 1.49 (s, 9H). >*C NMR (75 MHz, CDCL): §
154.9, 150.4, 149.6, 140.2, 130.0, 128.8, 1284, 127.4, 126.6, 1244,
122.6, 80.5, 51.0, 35.6, 32.0, 28.4.

tert Butyl (SE) (1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
ylcarbamate (10). Synthesized following procedure B using 0.92 g
phosphonate 7, 0.74 g boc-homophenylalaninal or boc-homophenyla-
lanine aldehyde or boc-hPhe-H (VI), and 2.8 mL KHMDS (1 M in
THF) in 14 mL THEF. Column chromatography: DCM/EtOAc 100:1.
(E)-isomer: yield: 0.57 g (47%). "H NMR (300 MHz, CDCL,): §7.39
7.16 (m, 8H), 7.10 (d, J = 7.0 Hz, 2H), 5.76 (dd, Jy; ¢ =328Hz, Ji; y=
8.1 Hz, 1H), 459 4.38 (m, 2H), 4.35 (s, 2H), 2.62 2.38 (m, 2H),
1.91 164 (m, 3H), 145 (s, 9H). ’C NMR (75 MHz, CDCl,): §
154.8, 152.1 (d, Jo ¢ = 300 Hz), 140.5, 131.0, 129.5, 129.2, 1287,
128.4,126.8,126.4,1209 (d, ] =3.1Hz), 80.3,58.9,46.1,36.2, 31.8,
28.5. The (Z)-isomer was not isolated.

tert Butyl (S,E) (1 Fluoro 5 (methyithio) 1 (phenylsulfonyl)pent
1 en 3 yl)carbamate (11). Synthesized following procedure B using
0.93 g phosphonate 5, 0.75 gboc-Met-H,and 3.15 mL. LHMDS (1 Min
THF) in 20 mL THF. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: Yield 0.88 g (75%). '"H NMR (300 MHz,
CDCl,): §7.94(d,] =7.8Hz, 2H),7.70 (t, ] = 7.3 Hz, 1H), 7.58 (1, ] =
7.6Hz,2H), 621 (brd, Ji; 5 = 31.5 Hz, 1H), 4.74 (brs, 1H), 4.55 (brs,
1H), 2.57 2.40 (m, 2H), 2.07 (5, 3H), 2.00 1.78 (m, 2H), 1.37 (s,
9H). ®C NMR (75 MHz, CDCL): § 154.9, 154.7 (d, Jo ¢ = 300 Hz),
137.1,134.7,129.6,128.8,118.0 (d, Jc s=4.6Hz), 80.4,46.0(d, Jo z=
1.0 Hz), 33.8, 302, 28.3, 15.7. The (Z)-isomer was not further
characterized.

tert Butyl (RE) (1 (Benzylthio) 4 fluoro 4 (phenylsulfonyl)but 3
en 2 yl)carbamate (12). Synthesized following procedure B using 0.55
g phosphonate §, 0.55 gboc-L-Cys(Bn)-H, and 1.85 mL LHMDS (1 M
in THE) in 10 mL THE. Column chromatography: Petroleum ether/
EtOAc 3:1. (E)-isomer: yield 044 g (54%). '"H NMR (300 MHz,

CDCLy): 6 8.00 792 (m, 3H), 7.75 7.53 (m, SH), 7.30 7.27 (m,
3H),6.23(dd, Jy g=318Hz,Jy y=8.5Hz, 1H),4.83 (s, 1H),4.59 (s,
1H), 3.70 (s, 2H), 2.73 2.44 (m, 2H), 1.39 (s, 9H). *C NMR (75
MHz, CDCL,): § 1569, 154.8, 137.5, 137.1, 135.0, 134.7, 1297, 129.6,
12922, 129.0, 1289, 128.8, 127.5, 117.5, 80.5, 46.0, 36.7, 35.4, 28.4.

Peptide Chemistry. Coupling Protocols. Procedure C. The
specified carboxylic acid (1.0 equiv) and HOBt (1.0 equiv) were
dissolved in DCM (8 mL) and cooled to 0 °C. DIEA (3.0 equiv) was
added slowly, and the mixture was stirred until all materials were
solubilized. TBTU (1.0 equiv) was added in one portion and the
mixture was stirred for 15 min at 0 °C. The specific amine (1.0 equiv)
was dissolved in DCM and added dropwise to the reaction mixture.
After stirring for 12 h at rt, DCM was removed in vacuo and the residue
was dissolved in EtOAc. The organic phase was washed with water
(5%), conc. NaHCOj; (2x), and 1 M ag HCI (2x) and then dried with
Na,S0,. Evaporation of the solvent gave the crude product, which was
purified by column chromatography.

Procedure D. The specified carboxylic acid (1.0 equiv) and TBTU
(1.0 equiv) were dissolved in DCM and cooled to 0 °C. DIEA (3.0
equiv) was added and the mixture was stirred for 15 min. The respective
amine (1.0 equiv) was added in one portion. After stirring for 12 hatrt,
DCM was removed in vacuo, and the residue was dissolved in EtOAc.
The organic phase was washed with water ($X), conc. NaHCO, (2x),
and 1 M aq HCI (2x) and then dried with Na,SO,. Evaporation of the
solvent gave the crude product, which was purified by column
chromatography.

Procedure E. The respective carboxylic acid (IX or X, 1.0 equiv) and
HOBt (1.0 equiv) were dissolved in DMF (5 mL) and cooled to 0 °C.
DIEA (3.0 equiv) was added and the mixture was stirred for 15 min.
The respective amine (1.0 equiv) was added in one portion and the
mixture was stirred for 12 h at rt. EtOAc was added and aqueous work-
up was performed with 5% aq LiCl (5X), water (2x), and saturated aq
NaHCO; (2x). After evaporation of the solvent, the residue was
purified by column chromatography.

Removal of Boc Groups. Procedure F. Boc-protected compounds
(8 10) were dissolved in 4 M HCl/dioxane solution (§ 10 mL). After
stirring for 30 min at rt, dioxane was evaporated in vacuo and the
residue was washed several times with diethyl ether. The precipitate was
collected and dried under reduced g The amines were obtained
as hydrochloride salts and were sufficiently pure to be used in the next
step without further purification.

Procedure G. Boc-protected compounds (11 12) were dissolved in
DCM (10 mL) and cooled to 0 °C. 1 mL TFA was added dropwise, and
the resulting mixture was stirred for 1 h. After evaporation to dryness in
high vacuum, the residue was washed with diethyl ether and collected
by filtration. The amines were obtained as TFA saltand directly used for
the next step.

(S,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en 3 amine
Hydrochloride (13). Prepared following procedure F using 0.60 g of
compound 8 in 12 mL 4 M HCl/dioxane. Yield: 0.47 g (93%). '"H NMR.
(300 MHz, DMSO-d;): & 8.65 (s, 3H), 8.03(d, J=7.8 Hz, 2H), 7.89 (%,
J=7.3Hz, 1H),7.77 (t, J=7.6Hz, 2H), 7.32 7.13(m, 3H),7.06 (d,] =
7.3Hz,2H),6.54(dd, iy =33 Hz, Jy 11=9.8 Hz, 1H), 409 3.90 (m,
1H),2.62 234 (m,2H),2.25 2.07(m,1H),2.07 189 (m,1H). ®C
NMR (75 MHz, DMSO-d;): 6 1552 (d, Jc & = 301 Hz), 139.9, 1359,
135.6, 130.2, 128.54, 128.45, 128.1, 1262, 114.5 (d, J¢ ¢ = 3.7 Hz),
45.0(d, Jo =27 Hz), 334 (d, Jo ¢ =14 Hz),305.

Phenyl (S,E) 3 Amino 1 fluoro 5 phenylpent 1 ene 1 sulfonate
Hydrochloride (14). Prepared following procedure F using 0.3 g of
compound 9 in 7 mL 4 M HCl/dioxane. Yield: 0.23 g (89%). '"H NMR.
(300 MHz, DMSO-dg): §8.72 (s, 3H), 7.56 7.47 (m,2H),747 7.37
(m, 3H), 7.31 (t, ] = 7.2 Hz, 2H), 7.26 7.19 (m, 1H), 7.19 7.09 (m,
2H),6.42(dd, Ji; s =32 Hz, Ji; y =9.7Hz 1H), 415 (td, ] = 9.2, 53
Hz, 1H),2.48 2.32(m,2H),2.19 2.01(m,1H),2.00 181 (m, 1H).
13C NMR (75 MHz, DMSO-d,): & 149.3 (d, J¢ & = 300 Hz), 1486,
1400, 1306, 128.5, 128.4, 128.1, 1263, 122.0, 1184 (d, J. 4 =32Hz),
452 (d,Jo ¢ =22 Hz), 404, 333, 304,

Phenyl (5,Z) 3 Amino 1 fluoro 5 phenylpent 1 ene 1 sulfonate
Hydrochloride (14 (Z)). Prepared following procedure F using 0.2 g
of compound 9-(Z) in 7 mL 4 M HCl/dioxane. Yield: 0.16 g (93%). '"H
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NMR (300 MHz, DMSO-d): & 8.68 (s, 3H), 7.59 7.45 (m, 2H),
744 7.13(m,6H),7.08 698 (m,2H),6.73(dd, ]y ¢ =212Hz, J »
=10.6 Hz, 1H), 427 (q,] = 7.8, 1H), 229 2.02 (m, 2H), 1.95 1.80
(m,1H), 1.68 1.47 (m, 1H). *C NMR (75 MHz, DMSO-d,): 5 148.3,
148.1 (d, Jo ¢ = 288 Hz), 140.1, 130.6, 128.7, 1284, 128.0, 126.1,
1221, 120.6 (d,] = 16 Hz), 45.9 (d, Jc 5= 6.7 Hz), 34.3, 30.2.

Phenyl (S,E) 3 Amino 5 phenylpent 1 ene 1 sulfonate Hydro
chloride (14 (H)). Prepared following procedure F using 0.78 g of
compound 9-(H) in 14 mL 4 M HCl/dioxane. Yield: 0.34 g (51%). 'H
NMR (300 MHz, DMSO-d): & 8.64 (s, 3H), 7.50 7.41 (m, 2H),
7.41 734 (m, 2H), 734 7.24 (m, 3H), 724 7.17 (m, 1H), 7.16
7.10 (m, 2H), 6.81 (dd, J;; ;s = 15.3,6.8 Hz, 1H), 4.15 3.95 (m, 1H),
2.61 238 (m, 2H), 2.10 1.84 (m, 2H). *C NMR (75 MHz, DMSO-
dg): 5 149.0, 1453, 140.3, 130.1, 1285, 1282, 127.6, 127.6, 1262,
122.6, 50.1, 33.3, 30.4.

(S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3 amine Hy
drochloride (15). Prepared following procedure F using 0.46 g of
compound 10 in 10 mL 4 M HCl/dioxane. Yield: 0.37 g (95%). 'H
NMR (300 MHz, DMSO-d,): & 8.66 (s, 3H), 748 7.27 (m, 7H),
7.26 7.09 (m,3H),6.13(dd, Ji; 5=33 Hz,Jiy ;=99 Hz, 1H),4.87 (s,
2H),4.04 (td, ] = 9.3, 5.0 Hz, 1H), 2.39 (t,] = 8.1 He, 2H),2.13 197
(m, 1H),1.91 1.74 (m, 1H). C NMR (75 MHz, DMSO-d): § 154.1
(d, Je & = 304 Hz), 1402, 131.2, 129.0, 128.7, 128.5, 12822, 127.0,
126.2,115.7 (d, Jo =2.9Hz),57.6,45.0(d, Jc ¢=22Hz),33.5,304.

(S,E) 1 Fluoro 5 (methylthio) 1 (phenylsulfonyl)pent 1 en 3
aminium 2,2,2 Trifluoroacetate (16). Prepared following procedure G
with 0.88 g compound 11. Yield: 0.60 g (65%). '"H NMR (300 MHz,
DMSO-d,): 57.89 7.82 (m, 2H), 7.82 7.63 (m, 1H),7.57 7.52 (m,
2H), 621 (d, Jy § = 32 Hz, 1H), 446 (m, 1H), 2.69 2.41 (m, 2H),
2.06 (s, 3H), 2.05 1.75 (m, 2H).

(RE) 1 (Benzylthio) 4 fluoro 4 (phenylsulfonyl)but 3 en 2 ami
nium 2,2,2 Trifluoroacetate (17). Prepared following procedure G
with 0.44 g compound 12. Yield: 0.37 g (81%). '"H NMR (300 MHz,
DMSO-d;): 6 8.04 (s, 3H), 7.95 7.84 (m, 2H), 7.77 7.55 (m, 4H),
7.25 7.19 (m,4H),6.44 (dd, Ju ¢ =30Hz Ji n=9.1Hz, 1H),4.20
4.01 (m, 1H), 3.71 (s, 2H), 291 2.62 (m, 2H). *C NMR (75 MHz,
DMSO-d,): & 161.4, 160.8, 155.5, 136.6, 135.5, 135.0, 129.9, 129.7,
129.2, 129.1, 128.9, 127.9, 117.3, 113.5, 111.1, 77.2, 46.2, 36.2, 33.3.

tert Butyl ((S) 1 ({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)
pent 1 en 3 yl)Jamino) 1 oxo 3 phenylpropan 2 yl)carbamate
(18). Synthesized following procedure C with 0.180 g compound 13,
0.135 g boc-1-Phe-OH, 0.162 g TBTU, 0.078 g HOBt, and 0.265 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 021 g (73%). 'H NMR (300 MHz, CDCl,): §
8.00 7.89 (m, 2H), 7.79 7.68 (m, 1H), 7.67 7.55 (m, 2H), 7.39
7.12 (m, 8H), 7.10 7.00 (m, 2H),6.00 (dd, J; ¢ =32 Hz, Jy =85
Hz, 1H), 5.82 (d, ] = 8.0 Hz, 1H), 491 (s, 1H), 4.69 (quint, J= 7.7 Hz,
1H),4.20 (q,J = 7.5 Hz, 1H),3.04 (dd, ] = 13.7,6.6 Hz, 1H),2.95 (dd, ]
=13.7,7.6 Hz, 1H), 2.52 (t, ] = 7.2 Hz,2H), 1.96 175 (m, 2H), 1.40
(s,9H). '*C NMR (75 MHz, CDCl,): 5 170.8, 155.6,154.8 (d, Jo =
301 Hz), 140.4, 137.1, 136.6, 134.8, 129.7, 129.4, 129.0, 128.8, 128.7,
128.4,127.3,126.4,117.3 (d, ] =47 Hz), 80.6, 56.2,45.0, 38.4, 35.7,
31.8,284.

Phenyl (S,E) 3 ((S) 2 ((tert Butoxycarbonyllamino) 3 phenylpro
panamido) 1 fluoro 5 phenylpent 1 Ene 1 sulfonate (19). Synthe-
sized following procedure C with 0.160 g compound 14, 0.114 g boc-
Phe-OH, 0.138 g TBTU, 0.066 g HOBt, and 0225 mL DIEA.
Purification by column chromatography ( petroleum ether/EtOAc 3:1).
Yield: 0.20 g (78%). '"H NMR (300 MHz, CDCL): § 747 7.35 (m,
2H),7.35 7.10 (m, 9H),7.08 6.95 (m, 4H), 5.65 (d,] =7.9 Hz, 1H),
5.60 (dd, J; 5 =32 Hz, Jy u = 8.3 Hz, 1H), 5.02 (d, ] = 7.1 Hz, 1H),
4.68 (q, | = 7.4 Hz, 1H), 4.18 (dd, | = 8.6, 5.6 Hz, 1H), 3.04 (dd, ] =
13.4,6.2 Hz, 1H), 2.85 (dd, ] = 13.4, 8.4 Hz, 1H), 2.55 2.35 (m, 2H),
1.83 160 (m, 2H), 141 (s, 9H). ¥C NMR (75 MHz, CDCl,): §
170.8, 155.8, 149.4, 149.0 (d, Jo § = 297 Hz), 147.0, 140.1, 136.5,
130.2, 129.3, 129.0, 128.8, 128.4, 128.0, 127 .4, 126.6, 122.5, 121.3 (d,
Je & =5.1Hz), 80.6, 56.2, 44.8, 38.7, 35.3, 31.7, 28.4.

Phenyl (5,Z) 3 ((S) 2 ((tert Butoxycarbonyllamino) 3 phenylpro
panamido) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (19 (Z)). Syn-
thesized following procedure C with 0.128 g compound 14-(Z),0.091 g
bocL-Phe-OH, 0.110 g TBTU, 0.053 g HOB, and 0.204 mL DIEA.
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Purification by column chromatography ( petroleum ether/EtOAc 3:1).
Yield: 0.150 g (81%). '"H NMR (300 MHz, CDC,): § 746 7.08 (m,
13H),6.97 (d,] = 6.8 Hz, 2H), 594 5.59 (m, 2H), 4.96 (s, 1H), 4.80
(q,J=82Hz,1H),425 4.11 (m, 1H),3.14 2.87 (m,2H),2.44 2.17
(m, 2H), 1.82 1.61 (m, 1H), 1.53 142 (m, 1H), 1.41 (s, 9H). °C
NMR (75 MHz, CDCL,): & 171.0, 155.6, 149.2, 148.0 (d, J &= 289
Hz), 140.6,136.7,130.2, 129.5, 128.9, 128.6,128.4, 128.1, 127 2, 126.3,
123.0,123.0 (d, ] =12 Hz), 80.6,56.1,46.1 (d, ] ; = 5.9 Hz), 385,
35.7,31.8,28.4.

tert Butyl ((S) 1 ({(SE) 1 (Benzylsulfonyl) 1 fluore 5 phenylpent
1 en 3 yl)amino) 1 oxo 3 phenylpropan 2 yl)carbamate (20). Syn-
thesized following procedure C with 0.230 g compound 15, 0.165 g
boc-L-Phe-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL DIEA.
Purification by column chromatography (petroleum ether/EtOAc 3:1).
Yield: 0.30 g (85%). '"H NMR (300 MHz, CDCl,): § 742 7.15 (m,
11H),7.13 697 (m,4H),5.68 (d,]=8.0Hz, 1H),5.53 (dd, J;; ¢ =33
Hz, J;; 1= 8.9 Hz, 1H), 4.99 (br 5, 1H), 4.68 (quint, | = 7.8 Hz, 1H),
4.35(s,2H),4.18 (q, ] = 79 Hz, 1H), 3.03 (dd, ] = 13.5, 6.4 Hz, 1H),
291 (dd, J = 13.5, 8.0 Hz, 1H), 249 2.29 (m, 2H), 1.70 1.56 (m,
2H), 1.42 (s, 9H). '*3C NMR (75 MHz, CDCL): § 170.6, 155.6, 152.3
(d, Jo ¢ = 301 Hz), 140.3, 136.6, 131.0, 129.5, 129.4, 129.2, 129.0,
128.7, 128.4, 127.3, 126.7, 126.5, 119.7 (d, Jo ¢ = 4.0 Hz), 80.6, 58.8,
56.2,44.7 (d, Jo ¢ = 1.3 Hz), 38.6,35.5 (d, Jo ¢ = 1.4 Hz), 31.7, 28.4.

tert Butyl ((S) 1 ({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)
pent 1 en 3 yl)lamino) 1 oxo 3 (m tolyl)propan 2 yl)carbamate
(21). Synthesized following procedure C with 0.220 g compound 13,
0.173 g boc-1-Phe(3-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and
0.330 mL DIEA. Purification by column chromatography (petroleum
ether/EtOAc 3:1). Yield: 0.28 g (77%). "H NMR (300 MHz, CDCL):
58,00 7.88 (m,2H),7.76 7.65 (m, 1H), 7.64 7.53 (m,2H),7.31
7.12 (m, 4H),7.11 6.88 (m, SH), 6.04 (dd, Ji; ¢=32.1Hz,J; =84
Hz, 1H), 5.93 (d, ] = 8.0 Hz, 1H), 4.92 (s, 1H), 4.78 4.59 (m, 1H),
421(q, J=7.3 He, 1H), 3.01 (dd, ] = 13.8, 6.6 Hz, 1H), 2.92 (dd, ] =
13.8, 7.5 Hz, 1H), 2.58 2.46 (m, 2H), 2.31 (s, 3H), 1.93 177 (m,
2H), 1.41 (s, 9H). *C NMR (75 MHz, CDCL): 5 170.9, 155.62, 154.9
(d, Jo & = 303 Hz), 140.4, 138.7, 137.1, 136.5, 134.8, 130.1, 129.7,
128.9,128.8, 128.7, 128.4, 128.1,126.4, 126.4, 117.4 (d, ] y=3.6Hz),
80.6, 56.2, 45.2, 382, 35.8, 31.8, 28.4, 21.5.

Phenyl (S,E) 3 ((S) 2 ((tert Butoxycarbonyl)amina) 3 (m tolyl)
propanamida) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (22). Syn-
thesized following procedure C with 0.280 g compound 14, 0.210 g
boc-L-Phe(3-Me)-OH, 0.242 g TBTU, 0.115 g HOBt, and 0.40 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.34 g (75%). 'H NMR (300 MHz, CDCL,): 5 7.40
(t,J = 7.3 Hz, 2H), 7.35 7.08 (m, 7H), 7.08 7.00 (m, 3H), 6.91 (s,
1H), 6.80 (d, J= 7.3 Hz, 1H),5.78 (d,] = 7.7 Hz, 1H), 5.65 (dd, J; ¢ =
31.4Hz, i y=8.3Hz, 1H), 5.04 (s, 1H), 4.70 (quint, | =8.2,7.0 Hz,
1H), 4.18 (quint, | = 8.7, 8.0 Hz, 1H), 3.01 (dd, ] = 13.3, 6.1 Hz, 1H),
2.83(dd, J=13.3, 8.6 Hz, 1H), 2.55 2.37 (m, 2H), 2.28 (5, 3H),1.81
165 (m, 2H), 1.42 (s, 9H). 3C NMR (75 MHz, CDCl,): § 1709,
155.6, 149.4, 149.0 (d, Jo ¢ = 297 Hz), 140.2, 138.7, 1365, 130.2,
130.0, 128.9, 128.8, 128.4, 128.1, 128.0, 126.5, 126.4, 122.4, 121.3 (d,
Jo £=49Hz), 80.6, 56.2,44.9 (d, Jo = 1.2Hz), 38.5,354 (d,Jc x =
0.9 Hz), 31.7, 28.4, 21.4.

tert Butyl ((S) 1 ({(SE) 1 (Benzylsulfonyl) 1 fluore 5 phenylpent
1 en 3 yl)amino) 1 oxo 3 (m tolyl)propan 2 yl)carbamate (23).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-L-Phe(3-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.28 g (69%). 'H NMR (300 MHz, CDCl,): §
7.41 7.2 (m, 9H),7.04 (d,] = 7.3 Hz, 3H), 6.94 (5, 1H), 6.85 (d,] =
7.3 Hz,1H),5.73 (d, J=7.8 Hz, 1H), 556 (dd, Jy ¢ =328 Hz, Ji; =
8.8 Hz, 1H), 4.99 (s, 1H), 4.69 (quint, ] =8.3,7.8 Hz, 1H), 4.34 (s, 2H),
4.18(q,J = 8.7 Hz, 1H), 3.01 (dd, ] = 13.6, 6.5 Hz, 1H), 2.87 (dd, ] =
13.6, 7.9 Hz, 1H), 2.49 2.33 (m, 2H), 2.30 (s, 3H), 1L.72 1L.57 (m,
2H), 1.42 (5, 9H). '*C NMR (75 MHz, CDCL): § 170.7, 155.6, 152.3
(d, Je & = 301 Hz), 140.4, 138.7, 1365, 131.1, 130.1, 129.5, 129.2,
128.9,128.7, 1284, 128.1, 126.7, 126.5, 119.8 (d, Jo ¢ =4.2 Hz), 80.6,
58.8,56.2,44.8 (d, ] ;= 1.3 Hz), 384, 35.6, 31.7, 28.4, 21.5.
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tert Butyl ((S) 1 ({(5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)
pent 1 en 3 yl)amino) 1 oxo 3 (p tolyl)propan 2 yl)carbamate
(24). Synthesized following procedure C with 0.200 g compound 13,
0.173 g boc-1-Phe (4-Me)-OH, 0.198 g TBTU, 0.095 g HOBt, and 0.30
mL DIEA. Purification by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.25 g (77%). "H NMR (300 MHz, CDCL,): 57.94
(d, J = 7.8 Hz, 2H), 7.70 (t, ] = 7.2 Hz, 1H), 7.59 (t, ] = 7.6 Hz, 2H),
7.35 692 (m,9H),6.03 (dd, J;; s =320 Hz, J;; = 8.4Hz, 1H),5.89
(d, J= 8.0 Hz, 1H), 4.93 (s, 1H), 4.70 (quint, | = 7.4 Hz, 1H), 420 (q,
=7.2Hz, 1H), 3.01 (dd, ] = 13.6, 6.4 Hz, 1H),2.91 (dd, | = 13.6,7.6 Hz,
1H),2.52 (t,J= 7.5Hz, 2H), 2.33 (5, 3H),1.95 177 (m,2H),1.41 (s,
9H). '*C NMR (75 MHz, CDCL): 5 170.9, 155.6, 154.8 (d, J ¢ =301
Hz), 140.4, 137.2, 137.0, 134.7, 133.4, 129.70, 129.65, 129.3, 128.8,
128.7,128.4,126.4,1174 (d, ] =44 Hz), 80.5, 56.2,45.0, 38.0, 35.8,
31.8,284,21.2.

Phenyl (S,E) 3 ((5) 2 ((tert Butoxycarbonyl)amina) 3 (p tolyl)
propanamido) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (25). Syn-
thesized following procedure C with 0.292 g compound 14, 0.220 g
boc-L-Phe(4-Me)-OH, 0.252 g TBTU, 0.121 g HOBt, and 0.410 mL
DIEA. Purfication by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0.39 g (83%). 'H NMR (300 MHz, CDCl,): §
7.47 7.35 (m,2H),7.35 7.15 (m,6H),7.10 6.98 (m,4H), 692 (d, ]
=8.0Hz, 2H),5.75 (d, ] =79 Hz, 1H), 5.62 (dd, J;; 4=31Hz,Jy y=
9.0 Hz, 1H), 5.05 (d, ] = 7.8 Hz, 1H), 4.70 (quint, | = 7.7 Hz, 1H),
4.20 4.08 (m, 1H), 3.00 (dd, ] =13.5,6.1 Hz, 1H),2.81 (dd, ] = 13.5,
8.3Hz, 1H), 2.53 2.36 (m,2H),2.29(s,3H),1.83 162 (m, 2H), 1.41
(s,9H). '*C NMR (75 MHz, CDCL,): § 170.9, 155.6, 149.4, 149.0 (d,
Jo & =297 Hz), 14022, 137.0, 133.3, 130.2, 129.7, 129.2, 128.8, 1284,
128.0, 126.5, 122.4, 121.4, 121.3, 80.6, 56.3, 44.8 (d, Jc ¢ = 1.5 Hz),
383,354,317, 284,211

Phenyl (S,E) 3 ((5) 2 ((tert Butoxycarbonyl)amina) 3 (p tolyl)
propanamido) 5 phenylpent 1 ene 1 sulfonate (25 (H)). Synthe-
sized following procedure C with 0.34 g compound 14-(H), 0.28 g
boc-L-Phe(4-Me)-OH, 0.32 g TBT'U, 0.14g HOBt, and 0.70 mL DIEA.
Purification by column chromatography (cyclohexane/EtOAc 4:1).
Yield: 0.24 g (42%). '"H NMR (300 MHz, CDCL): § 742 7.32 (m,
2H),7.31 7.02(m,12H),6.52 (dd, ], ,, =15.2,4.6Hz, 1H), 5.92 (dd,
Ju u=37.5,118 Hz, 2H), 5.00 (s, 1H), 463 4.47 (m, 1H), 431 4.18
(q, 1H), 3.08 2.89 (m, 2H), 2.62 2.42 (m, 2H), 2.31 (s, 3H), 1.88
1.60 (m, 2H), 1.43 (s, 9H). '*C NMR (75 MHz, CDCL): § 1711,
149.5,149.1,140.1,137.3,133.0,129.8 (d, ] = 3.6 Hz), 129.1 (d, ] = 6.7
Hz), 128.6,128.3,127.3, 126.4, 124.4,122.6,56.5,49.2, 35.1, 31.7, 28.3,
21.0.mp 93 95°C.

tert Butyl ((S) 1 ({(SE) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent
1 en 3 yl)amina) 1 oxo 3 (p tolyl)propan 2 yl)carbamate (26).
Synthesized following procedure C with 0.230 g compound 15, 0.174
g boc-1-Phe(4-Me)-OH, 0.200 g TBTU, 0.095 g HOBt, and 0.325 mL
DIEA. Purfication by column chromatography (petroleum ether/
EtOAc 3:1). Yield: 0290 g (79%). 'H NMR (300 MHz, CDCL): §
7.43 7.14 (m, 8H),7.12 699 (m, 4H),6.96 (d, ] = 7.4 Hz, 2H), 5.66
(d,J=7.8Hz, 1H),5.54(dd, J;; s = 329Hz, J;; =87 Hz, 1H), 498
(s, 1H), 4.69 (quint, | = 8.3 Hz, 1H), 4.34 (5,2H),4.15(q,/ = 7.8, 7.4
Hz, 1H),3.01(dd, J = 13.6,5.9 Hz, 1H), 2.85 (dd, ] = 13.6, 8.0 Hz, 1H),
2.54 2.33(m,2H),2.30 (s,3H),1.70 1.55 (m, 3H), 1.42 (s, 9H). °C
NMR (75 MHz, CDCL): § 170.7, 155.6, 152.3 (d, Jo § = 301 Hz),
140.4, 137.0, 133.4, 131.0, 129.7, 129.5, 129.3, 129.2, 128.7, 1284,
126.7, 126.5, 119.8 (d, Jo ¢ = 4.0 Hz), 80.5, 58.8, 56.2,44.7 (d, Jo ¢ =
1.6 Hz), 38.1, 35.6, 31.7, 28.4, 21.2.

(S) 1 ({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en 3
yllamino) 1 oxo 3 phenylpropan 2 aminium Chloride (27). Synthe-
sized by following procedure F with 0.21 g of compound 18 in 10 mL 4
M HCl/dioxane. Yield: 0.19 g (99%) The crude product was used
without further purification and characterization for the next step.

(S) 1 {((S,E) 1 Fluoro 1 {phenoxysulfonyl) 5 phenylpent 1 en 3
yllamino) 1 oxo 3 phenylpropan 2 aminium Chloride (28). Synthe-
sized byfollowing procedure F with 0.20 g of compound 19 in 8 mL 4 M
HCI/dioxane. Yield: 0.18 g (99%). The crude product wasused without
further purification and characterization for the next step.

(S) 1 {((52) 1 Fluoro 1 (phenoxysulfonyl) 5 phenylpent 1 en 3
yllamino) 1 oxo 3 phenylpropan 2 aminium Chloride (28 (Z)).
Synthesized by following procedure F with 0.15 g of compound 19-

(Z) in 8 mL 4 M HCl/dioxane. Yield: 0.13 g (99%). The crude product
was used without further purification and characterization for the next

step.
e})S) 1 ({((S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3 yl)
amino) 1 oxo 3 phenylpropan 2 aminium Chioride (29). Synthe-
sized by following procedure F with 0.30 g of compound 20 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

(S) 1 ({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en 3
ylamino) 1 axo 3 (m tolyl)propan 2 aminium Chloride (30). Syn-
thesized by following procedure F with 0.28 g of compound 21 in 8 mL
4 M HCl/dioxane. Yield: 0.25 g (99%). The crude product was used
without further purification and characterization for the next step.

(S) 1 {((S,E) 1 Fluoro 1 {phenoxysulfonyl) 5 phenylpent 1 en 3
ylamino) 1 axo 3 (m tolyl)propan 2 aminium Chloride (31). Syn-
thesized by following procedure F with 0.34 g of compound 22 in 10
mL4 MHCI/dioxane. Yield: 0.30g (99%). The crude product was used
without further purification and characterization for the next step.

(S) 1 {((5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3 yl)
amino) 1 oxo 3 (m tolyl)propan 2 aminium Chloride (32). Synthe-
sized by following procedure F with 0.28 g of compound 23 in 8 mL 4 M
HCI/dioxane. Yield: 0.25 g (99%). The crude product wasused without
further purification and characterization for the next step.

(S) 1 ({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en 3
ylamino) 1 axo 3 (p tolyl)propan 2 aminium Chloride (33). Syn-
thesized by following procedure F with 0.25 g of compound 24 in 8 mL
4 M HCl/dioxane. Yield: 0.22 g (99%). The crude product was used
without further purification and characterization for the next step.

(S) 1 {((S,E) 1 Fluoro 1 (phenoxysulfonyl) 5 phenylpent 1 en 3
ylamino) 1 axo 3 (p tolyl)propan 2 aminium Chloride (34). Syn-
thesized by following procedure F with 0.39 g of compound 25 in 10
mL4 MHCI/dioxane. Yield: 0.34 g (99%). The crude product was used
without further purification and characterization for the next step.

(5) 1 Oxo 1 (((SE) 1 (phenoxysulfonyl) 5 phenylpent 1 en 3 yl)
amino) 3 (p tolyl)propan 2 aminium Chloride (34 (H)). Synthesized
by following procedure F with 0.20 g of compound 25-(H) in4 mL 4 M
HC/dioxane. Yield: 0.15 g (89%), colorless solid. 'H NMR (300 MHz,
DMSO-d;): §9.06 (d, ] = 8.4 Hz, 1H), 8.57 (s, 3H), 748 7.38 (m,
2H),7.37 721 (m, SH),7.20 697 (m, 7H), 6.58 (dd, ] = 153, 4.4
Hz, 1H), 6.21 (dt, ] = 15.3, 2.1 Hz, 1H), 4.46 (s, 1H), 4.17 (s, 1H),
317 294 (m, 2H), 2.63 2.50 (m, 2H), 2.23 (d, ] = 2.7 Hz, 3H),
1.82 162 (m, 2H). >C NMR (75 MHz, DMSO-d,): § 167.8, 150.5,
149.1,141.1, 136.4, 131.7,130.0,129.2 (d, ] = 5.5 Hz), 128.3 (d, ] = 6.1
Hz), 127.4, 125.9, 123.4, 122.6, 53.5, 49.2, 34.3, 311, 20.7.

(S) 1 {{((5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3 yl)
amino) 1 oxo 3 (p tolyl)propan 2 aminium Chloride (35). Synthe-
sized by following procedure F with 0.29 g of compound 26 in 10 mL 4
M HCl/dioxane. Yield: 0.26 g (99%). The crude product was used
without further purification and characterization for the next step.

Phenyl (S,E) 1 Fluoro 3 ((S) 2 (isonicotinamide) 3 phenylpropa
namido) 5 phenylpent 1 ene 1 sulfonate (2a). Synthesized by fol-
lowing procedure E with 0.14 g of compound 14, 0.10 g compound X,
0.13 g TBTU, 0.062 HOBt, and 021 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3 to 0:1. Yield: 0.16 g
(73%), colorless solid. mp 71 73 °C. 'H NMR (300 MHz, CDCl,): §
8.70(d, = 5.9 Hz, 2H), 7.64 (d, ] = 6.0 Hz, 2H), 7.51 (d, ] = 7.6 Hz,
1H),7.45 7.34 (m,2H),7.34 7.11(m,9H),7.12 7.02(m, 2H), 697
(d,J = 6.6 Hz, 2H), 6.22 (d, ] = 7.6 Hz, 1H), 5.61 (dd, Ji;  =31.0Hz,
Ju 1=92Hz, 1H),4.80 4.62 (m,2H),3.22 (dd,J=13.3,6.2 Hz, 1H),
296 (dd, J = 13.3, 9.0 Hz, 1H), 2.52 2.27 (m, 2H), 1.82 1.55 (m,
2H). BC NMR (75 MHz, CDCL,): § 1702, 164.8, 149.3,149.2 (d, ]
=297 Hz), 147.2, 142.1,139.9, 136.0, 130.3, 129.3, 129.1, 128.8, 128.3,
128.1, 127.7, 126.6, 122.4, 121.8, 120.94 (d, Jo ¢ = 4.8 Hz), 55.7, 44.9
(d,Jo =19Hz),38.9,353,31.7.mp71 73°C.LC MS (ESLm/z):
[M + H]* caled for Cy,HyoFN,O;S, 588.20; found, $88.3. Purity: 97%.
[a]# 10° (c 0.5, CHCL).

Phenyl (5,Z) 1 Fluoro 3 ((S) 2 (isonicotinamido) 3 phenylpropa
namido) 5 phenylpent 1 ene 1 sulfonate (2a (Z)). Synthesized by
following procedure E with 0.10 g of compound 14-(Z), 0.073 g
compound X, 0.086 g TBTU, 0.041 g HOBt, and 0.14 mL DIEA.
Column chromatography: petrolenm ether/EtOAc 1:3. Yield: 0.12 g
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(79%), colorless solid. '"H NMR (300 MHz, CDCL,): 58.65 (d,] = 5.5
Hz, 2H), 7.85 (d, ] = 7.4 Hz, 1H), 7.60 (d, ] = 5.3 Hz, 2H), 744 7.07
(m,14H),6.98 6.83(m,2H),6.38 (d,J=7.2 Hz, 1H), 5.58 (dd, J; ¢ =
20.5Hz, Ji; ;; =10.1 Hz, 1H), 4.96 (dt, ] = 14.8, 6.6 Hz, 1H), 4.77 (g, ]
=7.7Hz, 1H), 3.24 (dd, ] = 13.5, 6.6 Hz, 1H),3.08 (dd, ] = 13.4,8.7Hz,
1H), 2.37 222 (m, 1H), 220 2.08 (m, 1H), 1.69 1.52 (m, 1H),
1.43 132 (m, 1H). ®C NMR (75 MHz, CDCly): § 1707, 164.9,
149.3, 149.1, 148.25 (d, Jo ¢ = 290 Hz), 141.9, 1403, 1364, 1302,
129.5, 129.0, 128.6, 128.7, 1282, 127.5, 126.4, 122.5 (d, Jo = 11.4
Hz),122.3,121.8,55.8,45.9 (d,Jc s=5.5Hz),38.6,358(d, Jc s=23
Hz), 3L6.mp 173 175 °C.LC MS (ESL m/z): [M + H] caled for
C4,H3,FN,O,S, 588.20; found, 588.3. Purity: 95%. [a]f 13° (c 0.5,
CHCL).

Phenyl (S,E) 3 ((S) 2 (2,3 Dihydrobenzo[b][1,4]dioxine 6 carbox
amido) 3 phenylpropanamido) 1 fluoro 5 phenylpent 1 ene 1
sulfonate (2b). Synthesized by following procedure D with 0.10 g of
compound 28, 0.035 g 14-benzodioxane-6-carboxylic acid, 0.062 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (71%), colorless solid. '"H NMR (300
MHz, CDCL,): §7.46 7.35 (m,2H),7.35 7.10 (m, 11H),7.04 (d,] =
6.5 Hz, 2H), 696 6.80 (m, 4H), 6.60 (d, ] = 7.4 Hz, 1H), 5.60 (dd,
Ju g =310 Hz, Jy; iy = 9.0 Hz, 1H), 482 (q, ] = 7.4 Hz, 1H), 4.67
(quint, ] =7.8 Hz, 1H), 434 4.19 (m,4H), 3.17 (dd, ] = 13.2, 6.2 Hz,
1H),2.96 (dd, ] = 13.2, 8.6 Hz, 1H), 245 226 (m, 2H), 1.72 152
(m, 2H). BC NMR (75 MHz, CDCL,): 5 1709, 167.0, 149.4, 149.0 (d,
Je & =297 Hz), 147.0, 143.6, 140.1, 136.3, 130.2, 129.4, 129.0, 128.6,
128.3,128.0,127.4, 126.4,122.4,121.4 (d, Jo =44Hz),120.7,117.5,
116.8, 64.7, 64.3, 55.2, 44.8 (d, Jo y =2.0Hz),38.9,352 (d, Jo = 1.5
Hz), 31.6. mp 167 168 °C.LC MS (ESL m/z): [M + H]" caled for
CysH EN,O-S, 645.2; found, 645.3. Purity: 98%. [alf 12° (¢ 1,
CHCL).

Phgny.f (S,E) 1 Fluoro 3 ((5) 2 (isonicotinamida) 3 (p tolyl)
propanamida) 5 phenylpent 1 ene 1 sulfonate (2d). Synthesized
by following procedure D with 0.12 g of compound 34, 0.028 g
isonicotinic acid, 0.073 g TBTU, and 0.12 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.10 g (77%),
colorless solid. "THNMR (300 MHz, CDCI,): 5 8.69 (d, ] = 3.5 Hz, 2H),
7.56(d,J=3.5Hz,2H),7.44 7.36 (m,3H),7.36 7.12 (m,7H), 7.06
(d,J =7.7 Hz,2H), 7.01 6.88 (m, 4H), 6.29 (d, ] = 7.7 Hz, 1H), 5.62
(dd, Jy ¢=31.0Hz,J,; 1y=9.1Hz 1H),4.81 4.63 (m, 2H),3.16 (dd, ]
=13.4,5.7 Hz, 1H),2.92 (dd,] =12.9,9.6 Hz, 1H), 247 2.30 (m, 2H),
227 (s, 3H), 1.80 1.56 (m, 3H). ’C NMR (75 MHz, CDCl,): §
170.3, 165.3, 150.4, 1493, 1492 (d, Jc ¢ = 297 Hz), 141.0, 139.9,
137.4, 132.8, 130.2, 129.8, 129.2, 128.8, 1282, 128.1, 126.6, 122.4,
121.2,1209 (d, Jo ¢=5.2Hz),55.6,44.8 (d, Jo ¢= 1.6 Hz), 38.6,35.4,
316, 21.1. mp 78 79 °C. LC MS (ESI, m/z): [M + H]* caled for
Cy3H;,FN,O,S, 602.21; found, 602.3. Purity: 97%. [a]y 8° (c 0.5,
MeOH).

Phenyl (S,E) 3 ((S) 2 (Isonicotinamido) 3 ((p tolyl)
propanamido) 5 phenylpent 1 ene 1 sulfonate (2d (H)). Synthe-
sized by following procedure D with 0.21 g of compound 34-(H),
0.054 g isonicotinic acid, 0.014 g TBTU, and 0.28 mL DIEA. Column
chromatography: cyclohexane/EtOAc 1:3. Yield: 0.080 g (35%),
colodess solid. '"H NMR (300 MHz, CDCL): 5 8.71 (d, ] = 13.0 Hz,
2H), 7.65 (d, ] = 21.2 Hz, 2H), 7.52 7.41 (m, 1H), 742 7.32 (m,
1H), 7.32 723 (m, 3H), 722 7.15 (m, 4H), 7.15 7.03 (m, 2H),
7.02 690 (m, 2H), 6.71 6.59 (m, 1H), 6.51 (dd, J = 15.2, 5.1 Hz,
1H),6.32(d,] =7.7Hz, 1H), 599 (dd,] =15.2, 1.5Hz 1H), 492 4.73
(m, 1H), 4.53 (s, 1H), 329 3.13 (m, 1H), 3.07 (dd, J = 13.5, 8.9 Hz,
1H),2.60 2.40 (m,2H),2.32 (s, 3H), 1.83 1.58 (m, 3H). "C NMR
(75 MHz, CDCL): 8 170.5, 164.5, 149.4, 148.7, 139.9, 137.6, 132.7,
129.9,129.1,128.7, 128.3, 127 4, 126.5, 124.6, 122.5, 126.6, 55.9, 49.6,
351,317,211 mp 84 86°C.LC MS (ESL m/z): [M+ H]" calced for
Cy3Hy3N;0,S, 584.21; found, 584.3. Purity: 98%. [a]y 11° (c 0.5,
MeOH).

Phenyl (S,E) 3 ((S) 2 (2,3 Dihydrobenzo[b][1,4]dioxine 6 carbox
amido) 3 (p tolyl)propan amido) 1 fluoro 5 phenylpent 1 ene 1
sulfonate (2e). Synthesized by following procedure D with 0.100 g of
compound 34, 0.034 g 1 4-benzodioxane-6-carboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
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ether/EtOAc 2:1. Yield: 0.094 g (78%), colorless solid. 'H NMR (300
MHz, CDCL,): 5§ 7.46 7.35 (m, 2H), 7.34 723 (m, SH),7.23 7.12
(m,4H),7.03 (d,] = 79 Hz, 2H), 697 6.88 (m, 4H), 6.88 6.78 (m,
2H),6.58 (d, J =7.7 Hz, 1H), 561 (dd, Jy; ¢ =312 Hz, Ji; y=9.1Hz,
1H), 4.85 4.60 (m, 2H), 434 420 (m, 4H), 3.12 (dd, ] = 133, 6.1
Hz, 1H),2.91 (dd, ] = 133, 8.6 Hz, 1H), 2.44 2.30 (m,2H), 2.26 (s,
3H),1.72 1.55 (m,2H). C NMR (75 MHz, CDCl,): § 170.9, 166.8,
149.4, 1489 (d, Jo ¢ = 296 Hz), 147.1, 143.6, 140.1, 137.1, 1332,
130.2, 129.6, 129.3, 128.6, 128.3, 128.0, 1264, 122.4,121.5 (d, J¢c ¢ =
4.6 Hz), 120.6, 117.5, 116.8, 64.7, 64.3, 553, 44.7 (d, Jo 5= 1.7 Hz),
38.5,35.3,31.6,21.1. mp 92 93 °C.LC MS (ESL, m/z): [M + H]*
caled for C34H,FN, 0.8, 659.22; found, 659.3. Purity: 95%. [a]f 26°
(c 1, MeOH).

Phenyl (5,E) 3 ((5) 2 (3,5 Difluorobenzamido) 3 (p tolyl)
propanamida) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (2f). Syn-
thesized by following procedure D with 0.10 g of compound 34,0030 g
3,5-diflvorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
chromatography: petroleum ether/EtOAc 3:1. Yield: 0.097 g (81%),
colorless solid. '"H NMR (300 MHz, CDCl): § 746 7.10 (m, 12H),
7.04(d,J=7.8Hz,2H),699 6.84 (m, 5H), 623 (d, ] =7.7 Hz, 1H),
5.58(dd, Ju ¢=310Hz, Jy u =92 Hz,1H),4.80 4.60 (m, 2H), 3.15
(dd, J = 13.3, 6.0 Hz, 1H), 2.91 (dd, ] = 13.3, 9.1 Hz, 1H), 249 231
(m, 2H), 2.26 (s, 3H), 1.73 156 (m, 2H). *C NMR (75 MHz,
CDCl,): 8 170.6, 164.9 (t, Jo 5 = 2.6 Hz), 163.0 (dd, J = 251, 12
Hz), 149.3, 149.2 (d, J¢ ¢ = 297 Hz), 1400, 137.4, 136 .8 (t, Jc = 8.5
Hz), 132.9,130.2, 129.8, 129.2, 128.7, 128.3, 128.1, 126.6, 122.4, 121.0
(d, ] = 5.0 Hz), 110.5 (dd, Jo ¢ =26.2, 8.8 Hz), 1074 (t, Jo = 254
Hz), 55.8, 449 (d, Jo ¢ = 2.4 Hz), 385,354 (d, Jo ¢ = 1.6 Hz), 317,
211 mp 175 177 °C. LC MS (ESL m/z): [M + H]" caled for
Cuﬂalir}Nzoss, 637.20; found, 637.2. Purity: >99%. [a]Z 7° (c 0.5,
CHCL).

Phenyl (5,E) 1 Fluoro 3 ((S) 2 (isonicotinamido) 3 (m tolyl)
propanamido) 5 phenylpent 1 ene 1 sulfonate (2g). Synthesized
by following procedure D with 0.11 g of compound 31, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.096 g (77%),
colodess solid. 'HNMR (300 MHz, CDCL,): § 8.62 (d, ] = 4.6 Hz, 2H),
749 (d,] =4.0Hz, 2H),7.39 7.03 (m, 11H), 6.97 (d,] =7.3 Hz, 1H),
694 6.81 (m, 3H), 6.74 (d, ] =7.3 Hz, 1H), 6.10 (d, ] = 7.5 Hz, 1H),
5.57(dd, Jy ¢=310Hz, Ji y=9.1Hz, 1H),4.74 4.50 (m,2H), 3.11
(dd, J = 13.1,5.7 Hz, 1H), 2.88 2.78 (m, 1H), 239 2.21 (m, 2H),
217 (s, 3H), 1.72 149 (m, 2H). C NMR (75 MHz, CDCl): §
1702, 165.3, 150.3, 149.33, 149.25 (d, Jo 5 = 297 Hz), 147.3, 141.2,
139.9, 138.9, 136.0, 130.2, 130.0, 129.0, 128.8, 128.5, 1282, 128.1,
126.6,126.4,122.4,121.2,1209 (d, ] 5=5.0Hz),555,45.0(d, Jc 5=
2.0 Hz), 38.9,35.4,31.6, 21.4.mp 67 68 °C.LC MS (ESI, m/z): [M
+ HJ caled for Cy3Hy,FN;O,S, 602.21; found, 602.3. Purity: >99%.
[a]} 8° (c 0.5, CHCL,).

Phenyl (S,E) 3 ((S) 2 (2,3 Dihydrobenzo[b][1,4]dioxine 6 carbox
amido) 3 (m tolyl)propanamide) 1 fluoro 5 phenylpent 1 ene 1
sulfonate (2h). Synthesized by following procedure D with 0.10 g of
compound 31, 0.034 g 1 4-benzodioxane-6-catboxylic acid, 0.060 g
TBTU, and 0.10 mL DIEA. Column chromatography: petroleum
ether/EtOAc 2:1. Yield: 0.088 g (72%), colorless solid. 'H NMR (300
MHz, CDCL,): §7.37 7.27 (m,2H),7.27 6.99 (m, 10H),6.94 (d,] =
7.7 Hz, 1H), 691 6.80 (m, 3H), 6.80 6.70 (m, 3H), 6.52(d, ] =7.7
Hz, 1H), 557 (dd, Jy ¢ =31L1Hz, J £ =9.1 Hz, 1H),4.73(q,] = 7.9
Hz, 1H),4.59 (quint, ] = 7.6 Hz, 1H), 426 4.09 (m, 4H),3.07 (dd, ] =
13.4,6.3 Hz, 1H), 2.85 (dd, ] = 13.4, 8.5 Hz, 1H), 2.38 2.19 (m, 2H),
2.15 (s, 3H), 1.65 1.46 (m, 2H). ’C NMR (75 MHz, CDCl): §
1709, 166.9, 149.4, 149.0 (d, Jo ¢ = 297 Hz), 147.1, 143.6, 140.1,
1387, 136.3, 130.2, 130.1, 128.8, 128.6, 128.3, 1282, 128.0, 1268,
126.5,126.4,122.4,121.4 (d, Jo  =3.6 Hz), 120.6,117.5, 116.8, 64.7,
64.3,55.2,44.9 (d, Jo 5= 11Hz),38.8,353,31.6,21.4. mp 126 128
°C.LC MS (ESIL m/z): [M+ H]" caled for C3H FN,0,S, 659.22;
found, 659.3. Purity: 98%. [a]F 3° (c 0.5, MeOH).

Phenyl (S,E) 3 ((S) 2 (3,5 Difluorobenzamido) 3 (m tolyl)
propanamida) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (2i). Syn-
thesized by following procedure D with 0.10 g of compound 31,0.030g
3,5-difluorobenzoic acid, 0.060 g TBTU, and 0.10 mL DIEA. Column
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chromatography: petroleum ether/EtOAc 3:1. Yield: 0.075 g (62%),
colorless solid. 'H NMR (300 MHz, CDCL): § 7.36 7.27 (m, 2H),
7.28 7.03 (m, 10H),7.03 6.94 (m,2H),694 6.80 (m,4H),6.74 (d,
J=74Hz,1H),5.82 (d,] =7.7 Hz, 1H), 5.54 (dd, Jy; ¢ =309Hz, J y
=9.1Hz, 1H),4.68 4.52(m,2H), 3.10 (dd, J = 13.4, 6.0 Hz, 1H), 2.80
(dd,J=13.3,9.1 Hz, 1H), 241 221 (m,J=7.2Hz,2H),2.19 (5, 3H),
1.68 157 (m, 2H). *C NMR (75 MHz, CDCL): § 170.3, 165.0 (t,
Jo §=27Hz), 163.0 (dd, J; =251,12 Hz), 149.4, 1493 (d, J¢ ¢ =
298 Hz), 139.9, 139.0, 137.0, 136.9, 136.8, 136.1, 130.2, 130.0, 129.1,
128.8, 128.5, 128.3, 128.1, 126.6, 126.4, 122.4, 1209 (d, ] ¢=5.0Hz),
1105 (dd,J ¢=26,8.7Hz), 107.5 (t,Jc z=25Hz),55.6,45.0(d, J; &
=2.3Hz),38.8,35.4,31.6,21.4.mp 129 130°C.LC MS (ESI, m/z):
[M + H]" caled for C34H;,F;N,04S, 637.20; found, 637.3. Purity: 96%.
[@]® 9° (c 0.5, MeOH).

Phenyl (S,E) 3 ((5) 2 (({(Benzyloxy)carbonyllamino) 3 phenylpro
panamido) 1 fluoro 5 phenylpent 1 ene 1 sulfonate (2j). Synthe-
sized by following procedure E with 0.090 g of compound 14, 0.076 g
Cbz-L-Phe-OH, 0.082 g TBTU, 0.039 g HOBt, and 0.13 mL DIEA.
Column chromatography: petrolenm ether/EtOAc 2:1. Yield: 0.12 g
(789%), colorless solid. "H NMR (300 MHz, CDCL): 5748 7.14 (m,
17H), 7.06 6.92 (m, 4H), 5.56 (dd, Ju ¢ =31.1 Hz, Jy u = 9.0 Hz,
2H), 5.32 (d,J = 5.7 Hz, 1H), 5.06 (s,2H), 4.68 (quint, ] = 7.5 Hz, 1H),
4.22(d, ] = 6.6 Hz, 1H), 3.07 (dd, ] = 13.4, 6.0 Hz, 1H), 2.83 (dd, ] =
13.4, 8.6 Hez, 1H),2.52 2.30 (m, 2H), 1.80 1.64 (m, 2H). *C NMR
(75 MHz, CDCl;): & 170.3, 156.4, 149.4, 149.0 (d, J¢ ¢ = 297 Hz),
140.1, 136.2, 136.1, 130.2, 129.3, 129.1, 128.8, 128.7, 128.5, 128.3,
128.2, 128.0, 127.5, 126.6, 122.5, 121.1 (d, Jo ¢ = 4.6 Hz), 67.4, 56.6,
449 (d, Jo = 1.1 Hz), 389, 352, 31.7. mp 127 128 °C. LC MS
(ESL m/z): [M + H caled for C4,H,,FN,0,S, 617.21; found, 617.4.
Purity: >99%. [a]F 17° (c 0.5, CHCL).

Phenyl (5,E) 1 Fluoro 3 ((S) 2 (4 methylpiperazine 1 carboxami
do) 3 phenylpropanamido) 5 phenylpent 1 ene 1 sulfonate (2k).
Synthesized by following procedure E with 0.11 g of compound 14,
0.086 g compound IX, 0.095 g TBTU, and 0.155 mL DIEA. Column
chromatography: DCM/MeOH 95:5. Yield: 0.096 g (59%), colorless
solid. 'H NMR (300 MHz, CDCL,): §7.45 7.35 (m, 2H), 7.35 7.14
(m,10H),7.06 6.93(m,4H),6.62 (d,]=7.6 Hz, 1H), 5.62 (dd, Jy; =
312Hz, Jy y=9.1Hz 1H),5.21 (d, ] =7.6 Hz, 1H), 4.66 (quint, | =
7.7 Hz, 1H), 445 (q,] =7.9Hz, 1H),3.42 324 (m,4H),3.05(dd, ] =
134,6.5 Hz, 1H), 2.88 (dd, ] = 13.4, 8.4 Hz, 1H), 249 2.33 (m, 6H),
2.31 (s, 3H), 1.78 1.52 (m, 3H). ¥C NMR (75 MHz, CDCl,): §
1718, 156.9, 149.4, 1489 (d, Jo ¢ = 297 Hz), 1402, 136.8, 130.2,
129.4, 128.9,128.7, 128.4, 128.0, 127.3, 126.5, 122.4, 121.5 (d, Jo ¢ =
5.1Hz), 56.1, 54.4, 45.9, 44.7, 43.6, 39.1, 35.4, 31.6. mp 109 110 °C.
LC MS (ESI, m/z): [M + H]* caled for C;,H,,FN,OS, 608.26;
found, 609.3. Purity: >99%. [a]F 10° (c 0.5, CHCL).

N ((S) 1 ({(S5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamino) 1 oxo 3 phenylpropan 2 yl)isonicotinamide (3a). Syn-
thesized by following procedure E with 0.11 g of compound 15,
0.080 g compound X, 0.095 g TBTU, 0.045 g HOBt, and 0.155 mL
DIEA. Column chromatography: pure EtOAc. Yield: 0.14 g (81%),
colorless solid. 'H NMR (300 MHz, DMSO-dy): & 8.97 (d, J =7.9 Hz,
1H),8.71(d, J = 4.4 Hz, 2H), 835 (d,] = 7.8 Hz, 1H), 7.70 (d,] = 4.4
Hz,2H), 744 7.08 (m, 15H), 5.81 (dd, Jy; z=34.1Hz,J =88 Hz,
1H),4.75 (s,2H), 470 4.50 (m,2H),3.19 2.87 (m,2H),2.49 239
(m, 3H), 1.86 1.56 (m, 2H). *C NMR (75 MHz, DMSO): & 170.4,
164.8, 1514 (d, Jo ¢ = 298 Hz), 1502, 140.9, 140.9, 137.9, 1310,
129.1, 128.8, 128.6, 128.30, 128.29, 128.1, 127.5, 1264, 1259, 121.4,
1204 (d, Jc ¢ = 3.8 Hz), 57.6, 55.0, 43.7 (d, Jo &= 2.0 Hz), 37.0, 35.0,
309. mp 169 171 °C. LC MS (ESI, m/z): [M + H]" caled for
Cy3Hy,FN;0,S, 586.22; found, 5864. Purity: 96%. [alg 9° (c 0.5,
MeOH).

N ((S) 1 ({(S5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamino) 1 oxo 3 phenylpropan 2 yl) 2,3 dihydrobenzo[b][1,4]
dioxine 6 carboxamide (3b). Synthesized by following procedure D
with 0.100 g of compound 29, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to pure EtOAc. Yield: 0.096 g (75%),
colodess solid. "H NMR (300 MHz, DMSO-dy): 5 8.44 (d, J = 8.1 Hz,
1H), 824 (d,] =8.0Hz, 1H), 745 7.09 (m, 17H), 6.89 (d, ] = 8.3 Hz,

1H), 5.82 (dd, Jy §=34.2Hz, Jy; y =9.0Hz, 1H),4.74 (s, 2H), 4.65
447 (m, 2H), 434 4.16 (m,4H),3.11 291 (m,2H),2.48 2.35 (m,
2H), 1.87 1.54 (m, 2H). *C NMR (75 MHz, DMSO-d;): & 1710,
165.4, 151.3 (d, Jo ¢ = 297 Hz), 146.1, 142.8, 140.9, 1382, 1310,
129.1, 128.7, 128.6, 1283, 128.1, 127.5, 127.0, 1262, 1259, 1209,
1205 (d, Jo & = 3.9 Hz), 1166, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d,
Jc & = 24 Hz), 36.9, 35.0, 30.9. mp 204 206 °C (decomposition).
LC MS (ESI, m/z): [M + H]" caled for C34H;FN,O,8, 643.23;
found, 643.3. Purity: >99%. [a] 7° (c 0.5, CHCl,/MeOH 1:1).

N ((S) 1 ({(S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamina) 1 axo 3 phenylpropan 2 yl) 3,5 difluorobenzamide (3c).
Synthesized by following procedure D with 0.120 g of compound 29,
0.037 g 3,5-difluorobenzoic acid, 0.075 g TBTU, and 0.12 mL DIEA.
Column chromatography: petroleum ether/EtOAc 3:1. Yield: 0.094 g
(659%), colorless solid. "H NMR (300 MHz, DMSO-d,): 5 8.86 (d, ] =
82 Hz, 1H), 8.35 (d,] = 7.9 Hz, 1H), 7.56 7.41 (m, 3H), 7.41 7.10
(m, 16H),5.81 (dd, Jy ¢ = 342 Hz, Jy y =9.1 Hz, 1H), 4.75 (s, 2H),
4.69 4.51 (m, 2H),3.09 (dd, ] = 13.7, 5.1 Hz, 1H),2.97 (dd, ] = 13.7,
10.1 Hz, 1H),2.49 2.40 (m,2H), 1.86 1.57 (m, 2H). *C NMR (75
MHz, DMSO-d;): § 170.48,163.7 (t, Jc =28 Hz), 1622 (dd, Jc s =
251,12 Hz), 1514 (d, J¢ &= 298 Hz), 140.9, 1379, 137.4 (t, Jc : =8.5
Hz),137.3,131.0,129.1, 128.8, 128.6, 128.3,128.1, 127.5, 126 .4, 126.0,
120.4 (d, Jo ¢ =4.1 Hz), 110.8 (dd, Jo =27, 8.7Hz), 1069 (t, Jo : =
26 Hz), 57.6, 552, 43.7 (d, J¢ & = 2.3 Hz), 37.0, 35.0, 30.9. mp 194
196 °C (decomposition). LC MS (ESI, m/z): [M + H]" calcd for
Cy,H;,EN,0,S, 621.2; found, 621.3. Purity: >99%. [a]5 6° (c 0.5,
CHCI

).

N ((S) 1 ({(S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yl)amino) 1 axo 3 (p tolyl)propan 2 yl)isonicotinamide (3d). Syn-
thesized by following procedure D with 0.11 g of compound 35,0026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.091 g (73%),
colorless solid. 'THNMR (300 MHz, CDCI,): 5 8.69 (d, ] = 6.0 Hz, 2H),
7.61 7.53(m,2H),7.43 7.28 (m,6H),7.25 7.14(m,3H),7.07 (d,]
=7.8 Hz,2H),7.01 6.88 (m, 4H), 6.19 (d, J = 7.9 Hz, 1H), 5.55 (dd,
Ju 5 =326 Hz, Ji; y=92Hz, 1H), 476 4.59 (m, 2H), 4.36 (s, 2H),
3.14(dd, J = 13.5, 6.0 Hz, 1H), 2.93 (dd, ] = 13.4, 8.6 Hz, 1H), 2.44
2.19 (m, 5H), 1.75 1.50 (m, 2H). ®C NMR (75 MHz, CDCL): §
1702, 165.1, 152.5 (d, Jo ¥ = 301 Hz), 141.3, 140.1, 137.3, 132.8,
131.0, 129.8, 129.5, 129.3, 129.2, 128.7, 1283, 126.7, 1265, 121.3,
119.4 (d, Jo ¢ =4.3Hz), 58.7, 55.6,44.7 (d, Jc =22 Hz), 38.4, 35.6
(d, Jo § = 1.6 Hz), 31.6, 21.2. mp 181 183 °C.LC MS (ESL m/z):
[M + H]* caled for C,,H,,FN;0,S, 600.24; found, 600.4. Purity: 95%.
[a]f 13° (c 0.5, MeOH).

N ((S) 1 ({(5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamino) 1 oxo 3 (p tolyl)propan 2 yl) 2,3 dihydrobenzo[bjf1,4]
diaxine 6 carbaxamide (3e). Synthesized by following procedure D
with 0.110 g of compound 35, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0.067 g TBTU, and 0.108 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1 to 0:1. Yield: 0.10 g (76%), colorless solid.
'H NMR (300 MHz, DMSO-d;):  8.41 (d, J = 8.0 Hz, 1H), 8.23(d, | =
8.0 Hz, 1H), 743 7.23 (m, 9H), 7.23 7.11 (m, SH), 7.04 (d, ] = 7.9
Hz, 2H),6.89 (d, ] =8.4 Hz, 1H), 5.81 (dd, Jy s =343 Hz, J; u=9.1
Hz, 1H), 4.74 (s, 2H), 463 4.47 (m,2H), 432 4.18 (m, 4H),3.05
2.87 (m, 2H), 2.49 2.39 (m, 2H), 2.22 (s, 3H), 1.86 1.57 (m, 2H).
13C NMR (75 MHz, DMSO-d,): § 171.0, 165.4, 151.3 (d, J¢ ¢ = 297
Hz), 146.0, 142.8, 140.9, 135.14, 135.10, 131.0, 129.0, 128.8, 128.7,
128.6,128.3,127.5,127.0,125.9,121.0,120.5 (d, Jo =3.7 Hz), 1166,
116.5, 64.3, 64.0, 57.6, 55.1, 43.6 (d, Jo & = 1.6 Hz), 36.6, 35.0, 30.9,
20.6. mp 193 195 °C. LC MS (ESL m/z): [M + H]" caled for
CyH,7FN, 0,8, 657.25; found, 657.4. Purity: 97%. [a]p 8° (c 0.5,
CHCL/MeOH 1:1).

N ((5) 1 ({(5,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamina) 1 oxo 3 (p tolyl)propan 2 yl) 3,5 difluorobenzamide
(3f). Synthesized by following procedure D with 0.12 g of compound
35, 0.036 g 3,5-difluorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 3:1 to pure
EtOAc. Yield: 0.12 g (81%), colorless solid. '"H NMR (300 MHz,
DMSO-d;): 58.82 (d,] = 8.1 Hz, 1H), 8.32 (d, ] = 8.0 Hz, 1H), 7.61
7.40 (m, 3H), 7.40 7.23 (m, 8H),7.23 7.10 (m, 5H),7.05 (d,]J=7.9
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Hz, 2H), 5.79 (dd, J ¢ = 33.9 Hz, Ji; i = 9.3 Hz, 1H), 475 (s, 2H),
4.65 4.48 (m, 2H), 3.02 (dd, ] = 13.5,5.1 Hz, 1H),2.92 (dd, ] = 13.6,
10.0 Hz, 1H), 2.48 2.39 (m, 1H), 2.22 (s, 3H), 1.83 156 (m, 2H).
13C NMR (75 MHz, DMSO-d,): § 170.5, 163.86, 163.7 (t, Jc s = 2.6
Hz), 162.1 (dd, Jo ¢ =251, 12 Hz), 151.3 (d, Jo ¢ = 298 Hz), 140.9,
1374 (t,Jo ¢= 8.4 Hz),135.3,134.8,131.0,129.0, 128.7, 128.6, 128.3,
127.5, 126.0, 120.4 (d, Jo ¢ = 4.0 Hz), 110.8 (dd, J = 26, 8.4 Hz),
106.9 (t.r Je =25 H.’z.), 57.6,55.3, 437 (d: Je g=15 H.’z.), 36.6, 35.0,
30.9,20.6.mp 196 198 °C (decomposition). LC MS (ESI, m/z): [M
+ H]* caled for CyHy,F;N,0,8, 635.22; found, 635.3. Purity: 95%.
[al# 9° (c 0.5, MeOH/CHCI, 1:1).

Phenyl (5,E) 1 Fluore 3 ((S) 2 (isonicotinamido) 3 (m tolyl)
propanamido) 5 phenylpent 1 ene 1 sulfonate (3g). Synthesized
by following procedure D with 0.11 g of compound 32, 0.026 g
isonicotinic acid, 0.067 g TBTU, and 0.11 mL DIEA. Column
chromatography: petroleum ether/EtOAc 1:3. Yield: 0.086 g (69%),
colorless solid. "THNMR (300 MHz, CDCI,): 5 8.68 (d, ] = 4.7 Hz, 2H),
7.56(d,J = 5.7 Hz, 2H), 7.40 (d, ] = 7.6 Hz, 1H), 7.37 728 (m, 5H),
7.25 7.11 (m, 4H),7.04 (d,] = 7.6 Hz, 1H), 699 6.90 (m, 3H), 6.84
(d,J=7.5Hz,1H),6.24 (d, ] = 7.8 Hz, 1H), 5.57 (dd, J;;  =32.5Hz,
Ji w=9.1Hz, 1H),4.78 4.58(m,2H),4.36(s,2H),3.15(dd, J=13.4,
6.2 Hz, 1H), 2.93 (dd, ] = 13.4, 8.5Hz, 1H), 2.43 226 (m, 2H), 2.24
(s, 3H), 1.74 1.48 (m, 2H). *C NMR (75 MHz, CDCl;): & 1702,
165.2, 1525 (d, Jo ¢ = 301 Hz), 150.3, 141.2, 140.1, 138.8, 136.0,
131.0, 130.0, 129.5, 129.2, 129.0, 128.7, 1284, 128.3, 126.7, 1265,
126.5,121.2, 1194 (d, Jo ¢ = 4.1 Hz), 58.7, 55.5,44.8 (d, Jc § =23
Hz), 38.7, 35.6, 35.7, 31.6, 21.4. mp 81 82 °C. LC MS (ESL, m/z):
[M + HJ* caled for C,H,,FN; 0,8, 600.24; found, 600.4. Parity: 95%.
[a]E 7° (c 0.5, MeOH).

N ((S) 1 (((S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamina) 1 oxo 3 (m tolyl)propan 2 yl) 2,3 dihydrobenzo{b][1,4]
diaxine 6 carboxamide (3h). Synthesized by following procedure D
with 0.11 g of compound 32, 0.037 g 1,4-benzodioxane-6-carboxylic
acid, 0,067 g TBTU and 0.11 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 0:1. Yield: 0.094 g (69%), colorless
solid. '"H NMR (300 MHz, DMSO-d;): 5 8.43 (d, ] = 8.1 Hz, 1H), 825
(d,J=8.0Hz,1H),746 7.23 (m,9H),7.23 7.03 (m,6H),6.97 (d, ]
=7.2Hz,1H),690(d,] =8.3Hz 1H),5.83(dd, Ji; z=342Hz, J; =
9.0 Hz, 1H), 474 (s, 2H), 464 4.49 (m, 2H), 439 4.17 (m, 4H),
3.08 2.86 (m, 2H), 2.49 2.38 (m, 2H), 2.23 (5, 3H), 1L.87 1.55 (m,
2H). BC NMR (75 MHz, DMSO-d;): §171.0,165.5,151.3 (d, J¢ ¢ =
298 Hz), 146.1, 142.8, 140.9, 138.2, 137.0, 131.0, 129.8, 128.7, 1286,
128.3, 127.9,127.5, 127.1,126.9, 126.2, 125.9, 120.9, 120.5 (d, Jo ¢ =
4.2 Hz), 116.6, 116.5, 64.3, 64.0, 57.6, 55.0, 43.6 (d, J 5 = 09 Hz),
36.9,35.1,30.9,21.0.mp 188 190°C.LC MS (ESL, m/z): [M + H]*
caled for Cy;H;,FN,0,S, 657.25; found, 657.4. Purity >99%. [a]} 11°
(c 0.5, CHCIL;).

N ((S) 1 ({(S,E) 1 (Benzylsulfonyl) 1 fluoro 5 phenylpent 1 en 3
yllamino) 1 oxo 3 (m tolyl)propan 2 yl) 3,5 difluorobenzamide
(3i). Synthesized by following procedure D with 0.12 g of compound
32, 0.036 g 3,5-diflvorobenzoic acid, 0.073 g TBTU, and 0.12 mL
DIEA. Column chromatography: petroleum ether/EtOAc 2:1. Yield:
0.11 g (77%), colorless solid. 'H NMR (300 MHz, DMSO-d): 4 8.83
(d,J=8.1Hz,1H),833(d,J= 7.8 Hz, 1H), 7.61 7.02 (m, 17H), 6.98
(d,J=7.1Hz, 1H),5.81 (dd, J;; = 34.1Hz, J;; ; =9.0 Hz, 1H), 474
(s,2H),4.67 4.46 (m,2H), 3.04 (dd, ] = 13.5, 4.7 Hz, 1H), 2.93 (dd, ]
=13.5, 4.7 Hz, 1H), 248 2.39 (m, 2H), 2.23 (s, 3H), 1.83 1.59 (m,
2H). ®C NMR (75 MHz, DMSO-d;): 170.5, 163.8 (t, ] =27 Hz),
162.1 (dd, Jo ¢ = 247 Hz, 13 Hz), 1513 (d, Jo ¢ = 298 Hz), 1409,
137.9,137.5(t, Jo s=8.5Hz),137.1,131.0,129.8, 128.8, 128.6, 128.3,
128.0,127.5,127.0,126.2,126.0,12042 (d, J- §=3.5Hz), 110.8 (dd,
Je §=25Hz 8.6 Hz), 1068 (t,Jc §=26Hz),57.6,55.2,43.7 (d,Jc ¢=
2.0 Hz), 369, 35.0, 309, 21.0. mp 176 178 °C. LC MS (ESL m/z):
[M+HJ* caled for CiHy3F3N, 0,8, 635.22; found, 635.3. Purity >99%.
[al# 6° (c 0.5, CHCL).

N ((S) 1 (((SE) 1 F.fuom 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yl)amino) 1 oxo 3 phenylpropan 2 yl)isonicotinamide (4a).’’
Synthesized by following procedure E with 0.14 g of compound 13,
0.107 g compound X, 0.13 g TBTU, 0.062 g HOBt,and 0.21 mL DIEA.
Column chromatography: DCM/MeOH 19:1. Yield: 0.17 g (75%),

66

colodess solid. 'H NMR (300 MHz, CDCL,): 58.71 (br, 2H), 7.95 (d, ]
=7.5Hz,2H),7.76 7.54(m,5H),7.50(d,J=7.4Hz 1H),7.40 7.08
(m, 8H), 6.99 (d, ] = 6.4 Hz, 2H), 6.40 (d, ] = 7.7 Hz, 1H), 6.03 (dd,
u ¢ =31.9Hz, Ji y= 8.8 Hz, 1H), 487 4.60 (m, 2H), 3.21 (dd, ] =
13.5, 6.3 Hz, 1H), 3.08 (dd, ] = 13.5, 8.2 Hz, 1H), 249 (t, ] = 74 Hz,
2H),1.96 1.68 (m,2H). C NMR (75 MHz, CDCl,): §170.3, 164.9,
155.1 (d, Jc § = 301 Hz), 149.4, 1421, 1402, 137.1, 1362, 134.9,
129.7,129.4,129.1, 128.8, 128.7, 128.3, 127.7, 126.50, 121.7, 117.0 (d,
Je #=5.3Hz),55.6,45.1,38.8,35.7 (d, Jc =19 Hz),31.8. mp 184
187 °C. LC MS (ESI, m/z): [M + H]* caled for C3,H,FN;0,S,
§72.20; found, 572.4. Purity: 95%. [a]§ 11° (c 0.5, CHCI,).

N ((5) 1 ({({5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 phenylpropan 2 yi) 2,3 dihydrobenzo[b]f1,4]
dioxine 6 carboxamide (4b). Synthesized by following procedure D
with 0.100 g of compound 27, 0.036 g 1,4-benzodioxane-6-carboxylic
acid, 0.064 g TBTU, and 0.104 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.084 g (67%), colorless solid. 'H
NMR (300 MHz, DMSO-d;): §8.43 (d, J=8.0Hz, 1H),8.35 (d,]=7.8
Hz, 1H), 7.94 (dt, ] = 7.3, 1.7 Hz, 2H), 7.85 (i, ] = 7.3, 1.2 Hz, 1H),
7.73(tt,] = 6.7, 1.1 Hz, 2H), 7.43 7.06 (m, 12H), 6.89 (d, ] =8.3 Hz,
1H),6.30 (dd, Ji; ¢=340Hz, ] ;=89 Hz, 1H),4.68 4.47 (m,2H),
433 4.18 (m, 4H), 3.10 2.90 (m, 2H), 2.59 2.50 (m, 2H), 1.96
1.73 (m, 2H). ¥C NMR (75 MHz, DMSO-d,): & 171.0, 165.4, 153.0
(d, Jo § = 296 Hz), 146.1, 142.8, 140.8, 138.2, 136.6, 1352, 130.1,
129.1,128.27, 128.26,128.1,128.0, 127.0, 126.3, 125.9,120.9,119.2 (d,
Je 5= 4.8 Hz), 116.6, 116.5, 64.3, 64.0, 54.9, 43.8 (d, Jo s = 1.6 Hz),
36.9,350 (d, Jo §=23Hz),31.0. mp 187 189 °C.LC MS (ESI, m/
z): [M + H] caled for Cy5H FN,O,S, 629.2; found, 629.3. Purity
>99%. [a]F 3° (c 0.5, CHCL).

3,5 Difluero N ((5) 1 (((5,E) 1 fluore 5 phenyl 1
{pheny.fs u!fony.f)penr 1 en 3 yl)amino) 1 oxo 3 phenylpropan 2
i) nide (4¢). Synthesized by following procedure D with 0.124 g
of compound 27, 0 039 g 3,5-difluorobenzoic acid, 0.079 g TBTU, and
0.125 mL DIEA. Column chromatography: petroleum ether/EtOAc
2:1. Yield: 0.12 g (81%), colorless solid. "H NMR (300 MHz, CDCL,):
8799 7.90 (m, 2H), 7.73 7.63 (m, 1H), 7.57 (t, J = 7.6 Hz, 2H),
7.37 7.09 (m, 12H),7.00 6.91 (m,2H), 6.87 (tt, ] =8.5,2.3 Hz, 1H),
6.37(d, J=7.7 Hz, 1H), 5.96 (dd, J;;  =31.8Hz, Ji; = 89 Hz, 1H),
4.82 4.61 (m, 2H), 3.14 (dd, ] = 13.5,6.4 Hz, 1H),3.03 (dd, ] = 13.5,
8.2 Hz, 1H), 2.45 (t,] = 7.7 Hz, 2H), 1.88  1.72 (m, 2H). *CNMR (75
MHz, CDCL,): §170.6,165.0 (t, J. 5 =28Hz),163.0(dd, |- z=
12 Hz),155.2 (d, ] ¢ =301 Hz), 140.2,137.1,136.8 (t, ] s =83 Hz),
136.2, 134.8, 129.7, 129.4, 129.1, 128.8, 128.7, 128.3, 127.6, 126.5,
1169(d, Jo =51 Hz), 1105 (dd, Jo =27, 8.7Hz), 1074 (t, Jc s =
25 Hz), 55.7,45.1 (d, Jc 5= 1.5 Hz), 38.7,35.7, 3L.8. mp 90 92 °C.
LC MS (ESIL, m/z): [M+H]* caled for CyH,0F;N,0,8,607.2; found,
607.3. Purity: 95%. [a]iy 5° (c 0.5, MeOH).

N ((5) 1 ({({5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 (p tolyl)propan 2 yl)isonicotinamide (4d).
Synthesized by following procedure D with 0.10 g of compound 33,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.094 g (83%), colorless solid. '"H
NMR (300 MHz, CDCL): 5 8.69 (d, ] = 3.8 Hz, 2H), 795 (d,] = 7.7
Hz, 2H),7.70 (t, ] = 7.3 Hz, 1H), 7.65 7.46 (m,4H), 7.30 7.23 (m,
1H),723 7.01 (m, 7H), 6.96 (d, ] = 6.8 Hz, 2H), 6.32 (d, ] = 7.8 Hz,
1H),6.01 (dd, J; z=31.9Hz,J y =8.8Hz, 1H),4.84 4.60 (m,2H),
3.15(dd,] = 13.6, 5.7 Hz, 1H), 3.01 (dd, J = 13.4, 8.2 Hz, 1H), 2.46 (t,]
= 7.6 Hz, 2H), 2.32 (s, 3H), 1.90 1.73 (m, 2H). *C NMR (75 MHz,
CDCl,): 51703, 1654, 155.12 (d, J¢ = 301 Hz), 150.7, 140.8, 140.1,
137.4, 137.1, 134.8, 132.9, 129.8, 129.7, 129.3, 128.8, 128.7, 1283,
126.5, 1210, 1169 (d, Jc 5 = 4.8 Hz), 55.4,45.0 (d, Jc = 1.7 Hz),
38.4,35.8,31.8, 21.2. mp 84 86 °C.LC MS (ESL m/z): [M + H]*
caled for C;3H,,FN, 0,8, 586.22; found, 586.4. Purity: 96%. [a]Z 12°
(c 0.5, MeOH).

N ((5) 1 ({({5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 (p tolyl)propan 2 yl) 2,3 dihydrobenzo[b]
[1,4]dioxine 6 carboxamide (4e). Synthesized by following procedure
D with 0.065 g of compound 33, 0.023 g 1,4-benzodioxane-6-carboxylic
acid, 0.041 g TBTU, and 0.066 mL DIEA. Column chromatography:
petroleum ether/EtOAc 2:1 to 1:1. Yield: 0.057 g (70%), colorless
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solid. 'H NMR (300 MHz, CDCL): §8.00 7.90 (m, 2H), 7.75 7.65 yl)benzamide (4i). Synthesized by following procedure D with 0.10 g of

(m, 1H), 7.64 7.53 (m, 2H), 7.26 (s, 1H), 723 7.03 (m, 8H), 693
(dd, J = 7.8, 1.5 Hz,2H), 6.85 (d, ] = 8.4 Hz, 1H),6.79 (d,] =7.7 Hz,
1H),6.70 (d, J = 7.9 Hz, 1H), 6,02 (dd, J, ¢ =320 Hz, ], y = 8.7 Hz,
1H), 4.83 (q, ] = 7.5 Hz, 1H), 4.68 (quint, | = 7.7 Hz, 1H), 434 4.21
(m,4H),3.13 (dd, ] = 13.6,6.3Hz, 1H),3.02 (dd, J = 13.6,7.8 Hz, 1H),
2.54 2.38 (m, 2H), 231 (s, 3H), 1.87 1.69 (m, 2H). C NMR (75
MHz, CDCLy): 6 170.8, 166.8, 154.8 (d, ] ¢ = 300 Hz), 147.0, 143.6,
140.3, 137.3, 137.0, 134.7, 133.3, 129.7, 129.6, 129.3, 128.8, 128.6,
128.4,126.9,126.3,120.6,117.62 (d, Jo =5.1Hz),117.5,116.8,64.7,
64.3,55.1,44.9 (d,Jc =17 Hz),38.3,35.7,31.8,21.2.mp 95 97°C.
LC MS (ESL m/z): [M + H]" caled for Cy4HyFN,O.S, 643.23;
found, 643.3. Purity: 96%. [a]f 13° (¢ 1, CHCL).

3,5 Difluero N ((5) 1 ({(S,E) 1 fluoro 5 phenyl 1
{phenylsulfonyllpent 1 en 3 yl)Jamina) 1 oxo 3 (p tolyl\propan 2
ylbenzamide (4f). Synthesized by following procedure D with 0.065 g
of compound 33, 0.020 g 3,5-diflvorobenzoic acid, 0.041 g TBTU, and
0.066 mL DIEA. Column chromatography: petroleum ether/EtOAc
3:1.Yield: 0.059 g (73%), colorless solid. "H NMR (300 MHz, CDCL,):
58,00 791 (m,2H),7.74 7.63 (m,1H),7.62 7.53 (m,2H),7.31(d,
J =7.6 Hz, 1H), 725 7.09 (m, 7H), 7.05 (d, ] = 8.0 Hz, 2H), 6.97
6.82 (m, 3H), 639 (d,J = 7.7 Hz, 1H), 5.98 (dd, J;; s =319Hz, J; u=
8.8 Hz, 1H), 4.83 4.60 (m, 2H), 3.11 (dd, ] = 13.5, 6.3 Hz, 1H), 2.99
(dd, J=13.5,82Hz, 1H),2.52 2.40 (m,2H),2.31 (s, 3H), 1.90 174
(m, 2H). ®C NMR (75 MHz, CDCL,): & 1707, 164.95 (t, Jo ¢ =29
Hz), 163.02 (dd, J¢ ¢ =251,12Hz), 155.12 (d, ¢ = 301 Hz), 140.2,
137.3,137.2,1369 (t, Jo ¢ =83 Hz), 134.8,133.0, 129.8, 129.7, 129.3,
128.8,128.7,128.3,126.5,117.05 (d, ] =4.8Hz),110.50 (dd, Jo =
27,9.4Hz),107.37 (t, Jo £=25Hz), 55.6,45.1 (d,Jo ¢=1.6Hz), 383,
357(d,Je ¢=15Hz),31.8,212. mp 174 176 °C.LC MS (ESL, m/
z): [M + H]" caled for C4,H;,F3N,0,S, 621.21; found, 621.3. Purity:
95%. [@]f 9° (c 0.5, MeOH).

N ((5) 1 ({{5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 (m tolyl)propan 2 yl)isonicotinamide (4g).
Synthesized by following procedure D with 0.10 g of compound 30,
0.024 g isonicotinic acid, 0.063 g TBTU, and 0.10 mL DIEA. Column
chromatography: pure EtOAc. Yield: 0.071 g (63%), colorless solid. '"H
NMR (300 MHz, CDCL): 5 8.69 (d, ] = 5.2 Hz, 2H), 794 (d,] = 7.5
Hz 2H),7.74 7.65 (m, 1H), 7.63 748 (m,4H),7.34 7.11 (m,6H),
7.11 6.88 (m,5H),6.31 (d, J= 7.8 Hz, 1H),6.01 (dd, J;; z=319Hz,
Ji u=8.8Hz 1H),4.84 4.59 (m,2H), 3.16 (dd, J= 13.5, 6.2 Hz, 1H),
3.00 (dd, ] = 13.5, 8.4 Hz, 1H), 2.45 (t, ] = 7.5 Hz, 2H), 2.29 (s, 3H),
1.89 173 (m, 2H). ¥C NMR (75 MHz, CDCLy): & 1703, 1654,
155.10 (d, Jc ¢ = 301 Hz), 150.6, 140.9, 140.1, 138.8, 137.0, 136.0,
1347, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 1265, 1264,
121.1,116.9(d, Jc s=5.2Hz),554,45.1(d,Jc = 1.9Hz),38.7,358
(d, Jo ¢ = 1.4 Hz), 31.8, 21.5. mp 182 184 °C.LC MS (ESL, m/z):
[M + HJ* caled for C33H,FN; 0,8, 586.22; found, 586.4. Purity: 95%.
[al# 3° (c 0.5, CHCL).

N ((5) 1 ({({5E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 (m tolyllpropan 2 yl) 2,3 dihydrobenzo[b]
[1,4]dioxine 6 carboxamide (4h). Synthesized by following procedure
D with 0.10 g of compound 30, 0.035 g 1,4-benzodioxane-6-carboxylic
acid, 0,063 g TBTU, and 0.10 mL DIEA. Column chromatography:
petroleum ether/EtOAc 1:1. Yield: 0.10 g (84%), colorless solid. 'H
NMR (300 MHz, DMSO-d,): 5 8.44 (d, ] = 8.1 Hz, 1H),8.38 (d,]=7.8
Hz, 1H),7.94 (dt, ] = 7.3, 1.5 Hz, 2H), 7.89 7.80 (m, 1H),7.80 7.68
(m,2H),7.42 7.30 (m,2H),7.29 7.02 (m, 8H), 698 (d,] = 6.9 Hz,
1H),6.90 (d, J =8.3 Hz, 1H), 6.31 (dd, Jy ¢ =34.0 Hz, Jy; yy = 8.9 Hz,
1H),4.65 4.46 (m,2H),4.27 (d,] = 5.4 Hz, 4H),3.08 2.84 (m,2H),
2.61 2.50 (m, 2H), 2.25 (s, 3H), 1.96 1.72 (m, 2H). C NMR (75
MHz, DMSO-dy): 8 1711, 165.5, 1529 (d, J¢ 5 = 295 Hz), 146.1,
142.8, 140.8, 138.1, 137.0, 136.6, 135.2, 130.1, 129.8, 128.3, 1283,
128.2,127.9,127.0, 1269, 126.2,125.9,121.0,119.3 (d,Jc s=4.3 Hz),
116.6, 116.5, 64.3, 64.0, 55.0, 43.8 (d, Jo ¢ = 1.5 Hz), 36.8, 35.4, 31.0,
21.0. mp 186 188 °C. LC MS (ESI, m/z): [M + H]* caled for
Cy4H;EN,O,S, 643.23; found, 643.3. Purity: >99%. [a]f 11° (¢ 1,
CHCL).

3,5 Difluoro N ((S) 1 (((S,E) 1 fluoro 5 phenyl 1
{phenylsulfonyllpent 1 en 3 yl)amina) 1 oxo 3 (m tolyl)propan 2

compound 30, 0.031 g 3,5-difluvorobenzoic acid, 0.063 g TBTU, and
0.10 mL DIEA. Column chromatography: petrolenm ether/EtOAc 2:1.
Yield: 0.075 g (62%), colorless solid. "H NMR (300 MHz, CDCL): &
7.95(d, J=7.5Hz,2H), 7.72 7.64 (m, 1H), 7.57 (t, ] = 7.6 Hz, 2H),
729 723 (m,1H),7.25 6.81(m, 13H),6.38 (d,] =7.7 Hz, 1H), 6.01
(dd, Jy g=31.8Hz,J, y =8.8Hz, 1H),4.81 4.60 (m, 2H), 3.12 (dd,J
=13.5,6.5Hz, 1H),2.98 (dd, | = 13.5, 8.1 Hz, 1H), 245 (t,] = 7.7 Hz,
2H),2.28 (s,3H), 1.88 174 (m, 2H). *C NMR (75 MHz, CDCL): &
170.6,165.02 (t, Jo g=24Hz),162.99 (dd, J. =251,12Hz),155.14
(d,Je ¢ =301Hz),140:2,138.8,137.1,136.8 (t, ] s= 8.4 Hz), 1362,
134.8, 130.1, 129.7, 129.0, 128.8, 128.7, 128.4, 128.3, 126.5, 117.0 (d,
Je #=49Hz),1105 (dd, Jo ¢ =26, 8.7 Hz), 107.4 (t, Jc ¢ = 25 Hz),
55.6,45.2 (d, Jc = 1.6 Hz), 38.5, 35.7, 31.8, 21.4. mp 176 178 °C.
LC MS (ESL m/z): [M + HJ caled for C4,H;,F3N,0,S, 621.21;
found, 621.3. Purity >99%. [a]§ 5° (c 0.5, MeOH/CHCI, 1:1).
N ((S) 1 (((S,E) 1 Fluoro 5 {methyithio) 1 (phenylsulfonyl)pent
1 en 3 yl)aminag) 1 oxo 3 phenylpropan 2 yl) 4 methylpiperazine
1 carboxamide (4j). Synthesized by following procedure E with 0.11 g
of compound 16, 0.089 g compound IX, 0.088 g TBTU, 0.042 g HOBt,
and 0.14 mL DIEA. Column chromatography: DCM/MeOH 19:1.
Yield: 0.11 g (73%), colorless solid. (300 MHz, CD,CL,): 57.85 (dd, ] =
7.3, 1.7 He, 2H), 7.71 7.59 (m, 1H), 7.59 747 (m, 2H), 7.25 7.13
(m,3H), 7.12 7.01 (m, 3H),5.99 (dd, Jy; s =324Hz, J;; ;3 =8.8Hz,
1H),5.06 (d,] = 7.7 Hz, 1H), 476 4.59 (m, 1H), 441 (q, J=7.2Hz,
1H),3.21 (q,] =4.5Hz, 4H),3.02 279 (m,2H),2.31 225 (m,2H),
222 (t,] = 5.1 Hz, 4H), 2.16 (s, 3H), 1.90 (s, 3H), 1.82  1.60 (m, 2H).
(75 MHz, CD2CI2): 5172.3,157.5,155.0 (d, Jo 5 = 298 Hz), 1376,
137.2,135.2,130.1,129.9, 129.1, 127.4, 1182 (d, Jo ¢ =4.9 Hz), 56.3,
55.1,54.0, 46.4,44.7 (d, ] = 1.8 Hz), 44.3, 39.0,33.8, 30.4, 15.7. mp
110 112 °C. HR-MS (ESIL, m/z): [M + Na]® caled for
C,;H;;FN,0,S,, 585.1981; found, 585.1973. [a] 12° (¢ 1, CHCL,).
N ((S) 1 (((S,E) 1 Fluoro 5 {methylthio) 1 (phenylsulfonyl)pent
1 en 3 yl)Jamino) 1 oxo 3 phenylpropan 2 yl)isonicotinamide (4k).
Synthesized by following procedure E with 0.11 g of compound 16,
0.074 g compound X, 0.088 g TBTU, 0.042 g HOBt, and 0.14 mL
DIEA. Column chromatography: DCM/MeOH 95:5. Yield: 0.098 g
(669), colodess solid. (300 MHz, CD,Cl,): § 8.70 (d, ] = 4.5 Hz, 2H),
7.94(d,] =7.5Hz,2H),7.76 7.53 (m,5H),7.44 7.15 (m,9H), 7.07
(d,J=7.3 Hz, 1H),6.26 (d, ] = 7.8 Hz, 1H), 6.04 (dd, J;  =32.2Hz,
Ju u = 8.8Hz 1H), 492 4.55 (m, 2H), 3.23 3.00 (m, 2H), 2.44
224 (m, 2H), 205 1.91 (m, 3H), 1.88 174 (m, 2H). (75 MHz,
CD2CI2): § 170.0, 165.2, 1514, 150.6, 140.7, 139.4, 137.0, 1362,
134.8, 129.6, 129.3, 128.9, 128.6, 127.3, 120.8, 55.1, 45.3, 38.3, 29.8,
152. mp 64 66 °C. HR-MS (ESL m/z): [M + Na]* caled for
C,;H,,FN,0,S,, 564.1403; found, 564.1411. [a]f 21° (¢ 1, CHCL,).
N ((S) 1 (((R,E) 1 (Benzylthio) 4 fluoro 4 (phenylsulfonyl)but 3
en 2 yl)amino) 1 oxo 3 phenylpropan 2 yl) 4 methylpiperazine 1
carboxamide (4l). Synthesized by following procedure E with 0.11 g of
compound 17, 0.077 g compound IX, 0.076 g TBTU, 0.036 g HOBt,
and 0.13 mL DIEA. Column chromatography: DCM/MeOH 9:1.
Yield: 0.093 g (63%). (300 MHz, CDCl;): 58.02 791 (m,2H),7.79
7.67 (m, 1H), 7.67 7.54 (m, 2H), 743 7.09 (m, 10H), 6.81 (dd, J =
47.2,7.8 Hz, 1H), 6.16 (dd, | = 43.5, 31.8, 8.6 Hz, 1H), 515 (dd, ] =
14.7, 7.4 Hz, 1H), 493 475 (m, 1H), 452 (m, 1H), 3.64 (s, 2H),
3.54 3.30 (m, 4H), 3.18 2.99 (m, 2H), 2.67 2.47 (m, 2H), 2.50
2.38 (m, 4H), 2.36 (s, 3H). (75 MHz, CDCL,): & 171.7, 156.9, 137.4,
137.4,137.0, 136.93, 136.90, 136.87, 134.8, 129.7, 129.5, 129.4, 129.0,
128.9, 128.85, 128,76, 127.5, 127.3, 1272, 116.6, 116.57, 116.5, 77.2,
55.9,5588, 54.4, 54.4, 45.9, 45.8, 44.5, 44.3, 43.55, 38.8, 38.6, 36.5, 35.1,
35.0. mp 84 86 °C. HR-MS (ESIL, m/z): [M + Na]* caled for
C4,H,EN,O,S,, 647.2138; found, 647.2152. [@]y  13° (¢ 1, CHCL).
Synthesis of the Metabolites. tert Butyl 4 ({(S) 1 (({(5,E) 1 Fluoro
5 phenyl 1 (phenylsulfonyl)pent 1 en 3 yl)amina) 1 oxo 3 phenyl
propan 2 yl)carbamoyl)piperazine 1 carboxylate (36). Compound
XIII (0.31 g) was dissolved in DCM and cooled to 0 °C. 0.11 g HOBt,
0.26 g TBTU, and 0.42 mL DIEA were added and the mixture was
stirred for 30 min. 0.24 g of compound 13 was added and the mixture
was stirred for an additional 24 h at rt. The reaction was stopped with 7
equiv of water and the mixture was washed with a saturated solution of
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NaHCO), and brine, dried with Na,50,, and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (cyclohexane/EtOAc 1:1), resulting in a colorless oil
(021 g 45%). 'H NMR (300 MHz, CDCI3): 5 7.97 7.88 (m, 2H),
7.74 765 (m, 1H), 7.63 7.53 (m, 2H, H-27), 7.35 7.11 (m, 8H),
7.02(ddd,] =7.8,3.2,1.5Hz, 2H), 6.54 (d, ] = 41.8 Hz, 1H), 5.99 (dd, ]
=32.0,8.7 Hz, 1H), 5.11 (d, ] =27.5 Hz, 1H), 4.71 4.56 (m, 1H), 447
(d, Jo § =103 Hz), 345 3.17 (m, 8H), 3.14 291 (m, 2H), 2.56
2.36 (m, 2H), 1.95 1.62 (m, 2H), 1.46 (s, 9H). *C NMR (75 MHz,
CDCI3): § 1716, 157.0, 1547, 1404, 137.1 (d, J = 7.3 Hz), 1368,
134.8,129.7, 129.4, 128.9, 128.8, 128.7, 1284, 1273 (d, = 5.1 Hz),
126.4, 117.4, 80.4, 56.1, 45.1, 43.7, 38.5, 35.8, 31.8, 28.5.

(5) 4 ((1 Ethoxy 1 oxo 3 phenylpropan 2 yl)carbamoyl) 1
methylpiperazine 1 oxide (28). Compound IX (1.3 g) was dissolved in
DCM and cooled to 0 °C. 0.7 g of 3-chloroperbenzoic acid was added
and the mixture was stirred for 16 h. Triphenylphosphine was added to
stop the reaction. The solvent was removed under reduced pressure,
giving the crude product as a colorless oil (0.82 g, 63%). "H NMR (300
MHz, methanol-d,): §7.35 7.11(m,5H),4.87 (t,] =2.0Hz, 4H), 4.49
(td, ] = 5.9, 2.9 Hz, 1H), 422 4.03 (m, 2H), 347 340 (m, 1H),
3.23 2.87 (m, 4H), 239 (d, J = 2.9 Hz, 3H), 2.04 1.89 (m, 2H),
1.26 1.10 (m, 3H). ®C NMR (75 MHz, methanol-d,): § 174.4, 159.3,
138.8, 130.2, 129.4, 127.8, 62.2, 57.0, 55.2, 45.6, 44.1, 38.5, 14.4.

(S) 4 {(1 Carboxy 2 phenylethyl)carbamoyl) 1 methylpiperazine
1 oxide (38). Compound 37 (0.65 g) was dissolved in THF and cooled
to 0 °C, and 0.33 g of LIOH in water was added dropwise. The mixture
was stirred for 3 h at room temperature. The product was isolated from
the aqueous phase giving a colorless solid (0.31 g 53%). "H NMR (300
MHz, DMSO-d;): 6 11.49 (s, 1H), 7.39 6.82 (m, 5H), 4.15 3.96 (m,
1H), 3.96 3.67 (m, 1H), 3.16 2.68 (m, 8H), 2.50 (s, 2H), 2.33 (s,
3H). '3C NMR (75 MHz, DMSO-d;): & 173.9, 157.1, 138.6, 129.3,
128.2, 126.4, 55.8, 51.9, 42.0, 40.8, 36.4.

Ethyl Isonicotate (39). Isonicotinic acid (2.46 g) was dissolved in 40
mL ethanol and 1 mL of concentrated H,50, was added dropwise. The
mixture was refluxed for 24 h and the solvent was removed under
reduced pressure. The residue was extracted with DCM and the
combined extracts were washed with a saturated solution of NaHCO;,
resulting in a colorless oil (2.2 g 73%). 'H NMR (300 MHz, DMSO-
dg): 58.83 8.73(m,2H),7.88 7.73 (m, 2H),4.34(q,/=7.1 Hz, 2H),
1.32 (t, ] = 7.1 Hz, 3H). BC NMR (75 MHz, DMSO-d;): § 164.8,
150.8, 137.2, 122.6, 61.7, 14.1.

4 (Ethoxycarbonyl)pyridine 1 Oxide (40). Compound 39 (1.51 g)
was dissolved in DCM and cooled to 0 °C. 1.73 g of 3-chloroperbenzoic
acid was added and the mixture was stirred for 16 h. Triphenylphos-
phine was added to stop the reaction. The solvent was removed under
reduced pressure, giving the crude product that was further purified by
column chromatography (cyclohexane/EtOAc 1:6), resulting in a
colorless oil (0.24 g, 29%). 'H NMR (300 MHz, DMSO-d;): 6 8.43
8.19 (m, 2H),7.97 7.77 (m,2H),4.31 (q,J=7.1Hz,2H), 1.31 (¢, ] =
7.1 Hz, 3H). *C NMR (75 MHz, DMSO-d,): 5 163.7, 139.9, 126.85,
1257, 619, 14.5.

4 Carboxypyridine 1 Oxide (41). Compound 40 (0.20 g) was
dissolved in THF and cooled to 0 °C. 0.20 g of LIOH was dissolved in
water and added dropwise to the mixture, then stirred for 3 h at rt. The
product was isolated from the agueous phase giving a colorless solid
(0.17 g, 100%). "H NMR (300 MHz, DMSO-d,): 58.31 (d,] =62 Hz,
2H), 7.82 (d, ] = 62 Hz, 2H). *C NMR (75 MHz, DMSO-d,): é
165.00, 139.8, 127.5, 127.1.

4 (((S) 1 ({({(5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yl)amino) 1 oxo 3 phenylpropan 2 yl)carbamoyl)piperazin 1
ium Chloride (1a). A 4 M solution of HCl in dioxane (3 mL) was added
to 0.208 g of compound 36. The mixture was stirred for 12 h and the
solvent was removed under reduced pressure. The residue was washed
three times with diethyl ether in an ultrasonic bath and then lyophilized,
resulting in a colorless solid (0.177 g, 93%). 'H NMR (300 MHz,
DMSO-dg): 6 8.53 (s, 2H), 8.10 7.97 (m, 2H), 798 7.66 (m, 3H),
7.40 6.89 (m, 11H), 6.51 (dd, | = 32.7, 9.8 Hz, 1H), 458 4.40 (m,
1H), 433 393 (m, 1H), 3.61 3.44 (m, 8H), 3.09 2.83 (m, 4H),
2.34 178 (m, 2H). “C NMR (75 MHz, DMSO-d;): § 163.2, 157.2,
1393, 136.6, 135.8, 132.6, 1302, 129.1, 128.1, 126.1, 119.7, 117.8,
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115.1,57.2, 52.4, 46.0, 42.4, 42.4, 36.5, 352, 35.0, 33.3. mp 93 94°C.
LC MS (ESL m/z): [M + H]" caled for C;,H;;FN,O,S, 579.24;
found, 579.3. Purity: 98%. [a]} 10° (c 0.5, MeOH).

4 (((S) 1 ({((5,E) 1 Fluoro 5 phenyl 1 (phenylsulfonyl)pent 1 en
3 yllamino) 1 oxo 3 phenylpropan 2 yl)carbamoyl) 1 methylpi
perazine 1 oxide (1b). Compound 38 (0.20 g) was dissolved in a 1:1
mixture of DCM/DMF and cooled to 0°C. 0.05 g HOBt,0.11 g TBTU,
and 0.20 mL DIEA were added, and the mixture was stirred for 30 min
until all components dissolved. 0.10 g of compound 13 were added, and
the mixture was stirred for an additional 48 h at room temperature. The
reaction was stopped by adding 7 equiv of water and the residue was
extracted with EtOAc and washed with water (2x), NaHCO; (2x), 1
M HCI (2x), and brine (1x). The solvent was removed under reduced
pressure and the crude product was purified by preparative HPLC and
eluted with 70% waterand 30% ACN, resulting in a colodess oil (0.04 g,
23%). '"HNMR (300 MHz, DMSO-d;): 8 10.13 (s, 1H), 843 7.45 (m,
10H),7.33 7.03 (m, 5H), 6.33 6.26 (m, 1H), 5.81 (dd, J =22.1,10.2
Hz, 1H), 5.50 5.28 (m, 1H), 448 (q, ] = 8.0 Hz, 1H), 436 4.20 (m,
2H),3.71 3.12 (m, 8H), 2.50 (quint, ] = 1.9 Hz, 3H), 2.06 (d, ] = 43.8
Hz, 2H), 204 1.64 (m, 2H). ®C NMR (300 MHz, DMSO-d,): §
172.0, 157.3, 142.4, 139.6, 1369, 134.0, 129.8, 129.0, 128.9, 128.6,
1282, 127.7, 126.0, 105.6, 60.2, 57.2, 50.4, 42.5, 36.9, 30.4. LC MS
(ESI, m/z): [M + H]" caled for C3,Hy FN,O,S, 609.25; found, 609.4.
Purity: 99%. [a]F 4° (c 0.5, MeOH).

4 (((5) 1 Oxo 1 (((SE) 1 (phenoxysulfonyl) 5 phenylpent 1 en 3
yllamina) 3 (p tolyl)propan 2 yl)carbamoyl)pyridine 1 Oxide (21).
Compound 41 (0.038 g) was dissolved in DCM and cooled to 0 °C.
0.036 g HOBt, 0.087 g TBTU, and 0.19 mL DIEA were added and the
mixture was stirred for 30 min. Then, 0.14 g of compound 34-(H) was
added and the mixture was stirred for an additional 24 h at room
temperature. The reaction was stopped by adding 7 equiv of water and
the residue was extracted with DCM and washed with water (2x),
NaHCO; (2x), 1 M HCI (2x), and brine (1x). The solvent was
removed under reduced pressure and the product was further purified
by column chromatography (EtOAc/MeOH 9:1), resulting in a
colodess solid (0.021 g 13%). '"H NMR (300 MHz, DMSO-d,): §
9.11 890 (m, 1H), 8.51 8.39 (m, 1H), 8.36 8.20 (m, 2H), 7.91
7.78 (m, 2H), 7.52 7.38 (m,2H),7.37 7.29 (m,2H),7.27 7.18 (m,
6H),7.15 7.00 (m, 4H), 6.68 (dt, ] = 15.4, 4.0 Hz, 1H), 6.35 (dd, | =
15.4, 3.0 Hz, 1H), 4.72 (g, J = 10.1, 9.0 Hz, 1H), 441 (s, 1H), 3.13
292 (m, 2H), 2.66 2.46 (m, 2H), 2.22 (s, 3H), 127 1.09 (m, 2H).
13C NMR (75 MHz, DMSO-d,): & 1714, 163.6, 149.6, 141.4, 139.3,
136.0, 135.0, 130.4, 129.5, 1293, 128.8 (d, ] = 3.6 Hz), 127.9, 1263,
125.5,123.6, 123.0, 55.9, 49.4,39.9 (m), 34.5, 31.6,21. 1. mp 112 114
°C. LC MS (ESL m/z): [M + HJ" caled for C;3H;;N,0,S, 600.21;
found, 600.3. Purity: 97%. [a]} 6° (c 0.5, MeOH).

Enzyme Assays. Fluorometric Assays. Rhodesain was expressed as
published previom]y.’y The increase of fluorescence upon cleavage of
the fluorogenic substrate Cbz-Phe-Arg-AMC (Bachem) by rhodesain,
CatB, or Catl was monitored using a TECAN Infinite F200 Pro
fluorimeter (& excitation: 365 nm, § emission: 460 nm). The enzymes
were diluted from a stock solution (rhodesain: 4 mg/mL in 10 mM
sodium citrate buffer, pH 5.5; CatB (human liver, Calbiochem): 0.532
mg/mL; Catl. (human liver, Calbiochem): 0.266 mg/mL) with
enzyme buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200 mM NaCland 2 mM DTT; CatB/CatL: 50 mM Tds HCI,
SmMEDTA, 200 mM NaCl, 2 mM DTT, pH 6.5) and were incubated
for 1 h at rt. Assays were performed in black, flat-bottom 96-well
microtiter plates (Greiner bio-one) with a total volume of 200 uL at 37
°C. Inhibitors and the substrate were prepared as stock solutions in
DMSO. Dilution series of inhibitors in DMSO with a minimum of
seven different concentrations were prepared in duplicate at least. 180
uL assay buffer (rhodesain: 50 mM sodium acetate pH 5.5, 5 mM
EDTA, 200 mM NaCl, and 0.005% Brij35; CatB/CatL: 50 mM Tris
HCI, 5mM EDTA, 200 mM NaCl, 0.005% Brij35, pH 6.5) was added
to the 96-well plates, then 5 uL of the respective enzyme in enzyme
buffer, followed by 10 pl. DMSO with or without inhibitor and finally 5
uL substrate (final substrate concentrations for thodesain 10 uM, for
CatB 100 uM, and for CatL 6.5 uM). Fluorescence emission was
monitored directly after addition of the substrate. The presented data
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are mean values of three independent measurements. Standard
deviations are less than 10% unless otherwise depicted.

Screening of activity against the catalytically active subunits of the
proteasome (commercially obtained from Enzo) and Dengue virus
NS52/NS3 protease was performed with an inhibitor concentration of
11 uM in DMSO.* Human 208 proteasome (from human
erythrocytes, 0.5 mg/mL) was diluted with enzyme buffer (for
trypsin-like activity: 50 mM Tds HCl, 50 mM NaCl, 0.5 mM
EDTA, pH 7.4; for a-chymotrypsin-/caspase-like activity: 50 mM
Tris HCI, 25 mM KCI, 10 mM NaCl, 1 mM MgCl,, 0.03% SDS, pH
7.5). Trypsin-like activity was measured with the fluorogenic substrate
boc-Leu-Arg-Arg-AMC (Bachem), a-chymotrypsin-like activity with
Succ-Leu-Leu-Val-Tyr-AMC (Bachem), and caspase-like activity with
Cbz-Leu-Leu-Glu-AMC (Bachem ). Measurements were conducted in
in black, flat-bottom 96-well microtiter plates (Greiner bio-one) by
successive addition of 180 uL enzyme buffer, 5 ul. proteasome in
enzyme buffer, 10 pL inhibitor (11 gM in DMSO) or 10 uL pure
DMSO, and 5 uL of the respective substrate (final substrate
concentrations for trypsinlike activity 85 uM, a-chymotrypsin-like
activity 70 4M, and caspase-like activity 80 4M). Fluorescence emission
was monitored directly after addition of the substrate. Dengue virus
NS2B/NS3 protease was diluted from a stock solution (1 mg/mL) with
enzyme buffer (50 mM Tris HCI, 1 mM Chaps, 20% glycerol).®
Screening was performed with the substrate boc-Gly-Arg-Arg-AMC
(Bachem) in black, flat-bottom 96-well microtiter plates (Greiner bio-
one) by successive addition of 180 yL enzyme buffer, 5 uL. Dengue
protease in enzyme buffer, 10 L inhibitor (11 4M in DMSO) or 10 L
pure DMSO, and 5 uL of the substrate (final substrate concentration
100 4M). Fluorescence emission was monitored directly after addition
of the substrate,

The presented inhibition data for all enzymes are mean values of
three independent measurements. Standard deviations are less than
10% unless otherwise depicted.

Calculations. The GraFit program (version 5.0.13, 2006, Eritha
Sofware Ltd., UK) was used for data analysis and non-linear regression

For inhibitors showing time-independent inhibition (2a-(Z), 2k, 2j,
3a 3i,and4a 41), the residual enzyme activity was plotted against the
inhibitor concentration. IC;, values were obtained by non-linear
regression using the equation

Yo

T \S
1]

'+ ()
with v, = enzyme activity in the absence of inhibitor, v, = enzyme activity
in the presence of inhibitor, [I] = inhibitor concentration, and § = slope
factor.

K; values were obtained by correcting the IC;, values to zero
substrate concentration using the Cheng Prmcnﬂ're]ali]'cnrnshil;-'31

w=

Rhodesain: [S] = 10 uM, K, = 0.8265 uM, CatL: [S] = 6.25 uM, Ky,
= 6.5 uM, CatB: [S] = 100 uM, and Ky, = 150 uM.

Calculation for the inhibitors with slow, tight-binding properties
(2a 2i) is presented in the Results and Discussion section.

Dilution Assays. Rhodesain (5 uL from 4 mg/mL stock solution)
in enzyme buffer (85 L) was incubated for 30 min with inhibitors (10
uL in DMSO) at concentrations corresponding to 10-fold the IC;,
value obtained from fluorometric en assay to ensure complete
inhibition. These mixtures (2 L) were diluted 100-fold in assay buffer
(198 pL) containing 5 L substrate (400 uM) to give a final substrate
concentration of 10 yM. Recovery of enzyme activity was measured
immediately using a fluorescence readout. Rhodesain with DMSO and
no inhibitor added was used as a reference while the irreversible
inhibitor K11777 was used as an imreversible control.

Dialysis Experiments. Dialysis experiments for rhodesain were
performed in a custom-built dialysis chamber, allowing the parallel

ion of five samples.”® A 3.5 kDa MW cut-off dialysis tubing

(Cad Roth, Zellutrans MW CO 3.5 kDa) was cut into half and placed in

the instrument, separating a continuous flow of butfer from five cavities
at the top of the instrument, where the samples (800 L) were added.
Therefore, 20 uL thodesain in enzyme buffer was added to 740 L assay
buffer and 40 pwL DMSO with or without inhibitor. Inhibitor
concentrations of 10-fold the IC;, value were chosen in order to
guarantee complete inhibition. After incubation for 30 min, the
mixtures were transferred to the cavities in the instrument and dialyzed
against a continmous flow of assay buffer containing 5% DMSO (300
mL/h). Samples (97.5 uL) were taken at different time points (10, 30,
60, and 120 min) and 2.5 4L of a substrate solution was added to givea
final substrate concentration of 10 uM. Enzyme activity was determined
by directly measuring the fluorescence emission. The results are given
in fractional activity of uninhibited rhodesain used in the same
experiment as positive control

Docking Procedures, Procedure for Non covalent Docking with
FlexX/LeadIT (vs. 2.1.3 . Non-covalent docking experiments were
performed using the crystal structure of rhodesain with covalently
bound inhibitor K11777 (pdb entry Zp?'u).w The binding site was
defined as a 6.5 A shell around K11777. Water molecules present in the
crystal structure were omitted except HOH-512, which mediates
hydrogen bonding between the inhibitor and the peptide backbone.
Generation of 3D-coordinates and energy minimization of the ligands
were accomplished with the Molecular Ogerating Environment
(MOE2014.09) using the MMFF94x force field.*® Docking calculations
were executed with LeadIT version 2.1.3.>” The results presented in
Table 1 are those with the best HYDE score™"”” selected from the 10
highest-priced solutions according to FlexX score (Table 7.1).

Procedure for Covalent Docking with DOCKTITE®® Covalent
docking was performed with the DOCKTITE software implementation
(version 1.2) for Molecular Operating Environment (MOE, 2014.09;
Chemical Computing Group ULC, 1010 Sherbooke St. West, Suite
#910, Montreal, QC, Canada, H3A 2R7, 2021)" "7 using the crystal
structure of rhodesain with co 1y bound inhibitor K11777 (pdb
entry 2p7u).”” Energy minimization of the ligands was performed with
MOE using the MMFF94x force field.”" The different warheads were
implemented into the DOCKTITE warhead filter file as described in
the DOCKTITE manual. The standard DOCKTITE protocol was
followed as described. The main pharmacophore docking step was
performed without pharmacophore restriction for the nucleophilic
sulfur of Cys25. The Amber12:EHT force field”” was used for the
pharmacophore docking step. Docking solutions were rescored with the
MOE implemented scoring functions Affinity dG and additionally with
the extemal empirical scoring function DSX.” The results shown in
Table S1 are those with the best DSX scores.

Mass Spectrometry (MS). ESI MS Analysis. Lyophilized rhodesain
was reconstituted at 4 mg/mL in 50 mM NaOAc, 200 mM NaCl, and 5
mM EDTA (pH 5.5). Prior to MS analysis, rhodesain was purified by
weak anion exchange (WAX) chromatography using an AKTA protein
purification system (GE Healthcare) equipped with a ProPac WAX-
10G 4 X 50 mm guard and a ProPac WAX-10 4 X 250 mm analytical
column (Thermo Fisher Scientific). 100 4L ofrhodesain stock solution
(4 mg/mL) was diluted in 20 mM imidazole, 1 mM DTT inwater (pH
6.0) to a final volume of 1 mL, and separated running a gradient from 0
to 40% B in 40 min. Mobile phase A was 20 mM imidazole, 1 mMDTT
inwater (pH 6) and Solvent B 1 M NaCl, 20 mM imidazole, and 1 mM
DTT in water (pH 6). Collected fractions were tested for activity.

For mass spectrometric analysis, the WAX fraction containing active
rhodesain was further diluted in 50 mM NaOAc, 200 mM NaCl, 5 mM
EDTA, and 5 mM DTT (pH 5.5) and incubated for 1 h at rt. After the
addition of the inhibitors at a final concentration of 10 M, samples
were analyzed by LC MS using a nanoAcquity UPLC system (Waters
Corporation) coupled to a nano-ESI-Q-TOF mass spectrometer
(Synapt G2-S HDMS, Waters Corporation). Rhodesain without
compound served as control. Protein drug complexes were loaded
onto a 200 pm X 5 cm PepSwift Monolithic PS-DVB column from
Dionex (Thermo Scientific) using direct injection mode. For LC
separation, two mobile phases were used. Mobile phase A contained
0.1% formic acid (FA) and 3% DMSO in ultrapure water, whereas
mobile phase B consisted of 0.1% FA and 3% DMSO in ACN. A
gradient of 10 90% mobile phase B was run over 7 min at a flow rate of
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2000 nL/min. Column temperature was set to 45 °C. After separation,
the column was rinsed with 90% of mobile phase B and re-equilibrated
under initial conditions. All MS analyses were conducted in positive-
mode ESL

MALDI TOF MS Analysis. For this analysis, a recombinant thodesain
mutant expressed in Pichia pastoris was used as described in the enzyme
assay section. The lyophilized protein wasreconstituted in buffer A (pH
5.5,50 mM NaOAc, 200 mM NaCl, 5 mM EDTA) at a concentration of
4 mg/mL (= 174 uM). This stock solution was diluted into buffer B
(pH 5.5, 50 mM NaOAc, 200 mM NaCl, S mM EDTA, 5mM DTT) to
a final protein concentration of 1 or 10 M and incubated for
approximately 1 h, after which the compound of interest (4 mM stockin
DMSO) was added at a final inhibitor concentration of 100 #M. Later,
the analytes were desalted using Zeba Spin Desalting Columns (7 kDa
MWCO, 0.5 mL; Thermo Fisher Scientific) in accordance with the
manufacturer’s instructions and afterward coprecipitated with a
MALDI-matrix, utilizing two separate approaches: For the first method,
a thin layer of sinapinic acid (saturated ethanolic solution) was
prepared on the target, onto which, after film formation, a volumetric
3:1 mixture of matrix-solution to analyte solution was applied. For the
second method, using a mixture of a-cyano-4-hydroxycinnamic acid
and 2,5-dihydroxybenzoic acid,**** the preparation of a basal matrix
film was omitted and a volumetric 1:1 mixture of matrix-solution to
analyte solution was prepared and applied to the target After
evaporation of the solvents (ca. 15 min), measurements were carried
out on a rapifleX MALDI-TOF/TOF mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany). The instrument is equipped with
a scanning smartbeam 10 kHz Nd:YAG laser at a wavelength of 355 nm
and a 10 bit 5 GHz digjtizer. The acceleration voltage was set to 20kV
and the mass spectra were recorded in positive ion linear mode.
Calibration was done with the Bruker protein calibration standard Il in
a mass range from 10 to 70 kDa. Samples were measured at a laser
power of 100% (sinapinic acid) or 70% (matrix mixture), with random
walk ionization across the sample spot. As control samples, rhodesain in
buffer B with a DMSO concentration matching the samples, thodesain
incubated with a reportedly ncm-cova]ent inhibitor,'" and a known
covalent-irreversible inhibitor (K11777)"" were med. Data analysis was
performed using the open-source software mMass.®®

QM/MM Computations. MD simulations were performed with the
Amber program package (version 2018) in combination with the
FF145B force field The unknown parameters for the ligand were
calculated using GAFE.” The obtained enzymatic systemn was balanced
with sodium ions. We added an octahedral water envelope of 10 A
consisting of TIP3P water molecules Figure S1 1).® Al MD simulations
were performed under periodic boundary conditions in three
consecutive steps. In the first step, the cage of water molecules and
then the whole system was minimized. In the next step, the system was
heated in a controlled way from 0 to 300 K at 1 bar, using the SHAKE
a]gorilhm?? employing the Langevin or Berendsen thermostat.”"* In
the last step, the actual MD simulation with a duration of at least 10 ns
was performed.

We used the subtractive QM/MM approach employing the
electrostatic embedding scheme as implemented in the program
package Gaussian (version 2016).”” The QM part is specified in Figure
512. Please note that larger QM spaces did not lead to considerably
changes (Table $4). For the QM part, we emp]oyed the @BI7XD
functional in combination with the 6-31+G* basis sets.” ® The TAO-
Toolkit was used®’ For the intrinsic reaction coordinate (IRC)
computations, the transition states were determined using the Berny-
A]gorithm.s‘ All transition states were proved by frequency
calculations.

The reaction paths were characterized by a two-step procedure. The
covalent step of the inhibition mechanism first consists of the attack of
the sulfur center of the thiolate group of Cys25 on the C, center of the
alkene group. Additionally, a proton transfer from the protonated
His152 moiety to the C, center occurs (Figure 1). Because it is unclear
whether both steps proceed subsequently or simultaneously, we first
computed two-di ional scans selecting the distances R(S_, C,)
and R(H;;, C,) as main reaction parameters (Figure 14). By varying

the main reaction paramet and opti g all other internal
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coordinates for each pair of main coordinates, a minimum energy
path (MEP) from the reactant to the product is obtained, which gives
the first information about the shape of the reaction path. Starting from
the barriers obtained in these scans, we performed intrinsic reaction
coordinate (IRC) simulations. Due to the of the computed
PES, often more than one transition state was found for the two-
dimensional surface. In such cases, we started IRC from each TS to
ensure that theylead to similar reactants and products. This was indeed
the case. One example is shown in Figures S8 and 510 in which
computations started from slightly different TS but yielded comparable
shapes for the reaction paths. The same holds for the second step of the
reaction path given in Figure 16. For this frame, we found four TS
whose IRCs all lead to very similar results.

Antitrypanosomal Activity and Cytotoxicity. Antritrypanoso-
mal activity of 2a, 2d, 2e, 3d, 4d, and 4e against the T. brucei brucei
BS449 cell line, a descendant of the Lister 427 strain,™* was
determined using the ATPlite assay as described previously. 365757 2a,
2d, 2e, 3d, 4d, and 4e were prepared as 5 mM stock solutionsin DMSO
and diluted in HMI-9 medium in multiple steps (1:3, then 1:10, and
subsequently in ten 1:2 dilution steps using separate microplates). In
white 96-well microplates (PerkinElmer), 10 uL of the final 101
dilutions were added to 90 uL of a cell suspension containing 2500
cells/mL, leading to final concentrations of each tested compound from
16.67 uM to 32.55 nM in the microplates. As a negative control, 0.3%
DMSO was added to the cell suspension corresponding to the highest
DMSO concentration added by compound application. Addition of
10% DMSO served as a positive control becanse all cells die at this
concentration. The plates were prepared as triplicates and incubated for
24 and 48 hat 37 °C and 5% CO,. After the respective incubation time,
50 uL ATPlite 1 step solution (PerkinElmer) was added to each well
The plate was shaken orbitally for 2 min and luminescence was

datroomt ture with an Infinite M200 PRO plate reader
(Tecan Trading AG). The measured luminescence was plotted against
the compound concentration to obtain a dose response curve. The
EC;, values were determined using GraFit version 5.013 (Erithacus
Software Ltd.).

Antitrypanosomal activity of the compounds 1, 4a, 4j, and 41 was
determined as described previously using the Alamar Blue assay.”**>
Cytotoxicities against the macrophage cell line J774.1 and HeLa cells
were investigated according to previously described methods." **®

In Vitro Metabolism Studies. Rat liver microsomes were
purchased from Sigma-Aldrich and characterized for cytochrome
P450, cytochrome BS, and the activity of CYP1A, CYP3A, CYP2C, and
cytochrome ¢ reductase. The assay was performed as published
previously.®®

First, NADPH was generated by incubating potassinm phosphate
buffer (395 uL, 100 mM, pH 7.4), MgCl, (25 uL, 80 mM), ghicose-6-
phosphate (25 uL, 100 mM), NADP disodium salt (25 uL, 20 mM),
and glucose-6-dehydrogenase (25 uL, 100 IU/mL, Sigma-Aldrich) at
37 °C for 10 min. After addition of the microsomes (25 uL, 20 mg/mL)
and incubation (10 min) at 37 °C, the inhibitors (1 uL, 521 mM in
acetonitrile) were added to the mixture and the incubation continued at
37 °C for 60 min. Aliquots of 50 uL were taken at 0, 15, 30, 45, and 60
min and added to 100 L of ice-cold acetonitrile to stop the reaction.
The samples were centrifuged at 4 °C, 10,000g for 10 min. The
supernatant was analyzed by LC MS/MS using an Agilent Poroshell
120 EC-C18 150 X 2.10 mm 4 ym column; mobile phase: compound 1
(35% acetonitrile, 55% H,0, 10% of a 0.1% solution of formic acid in
water) and compound 2d-(H) (55% acetonitrile, 35% H,0, 10% of a
0.1% solution of formic acid in water). lon chromatograms were
obtained using electronic filters for the ions of interest. Control
incubations were performed with potassinm phosphate buffer instead of
microsomes. The LC MS chromatograms and their conespondmg
mass spectra were analyzed using MestReNova (v. 12.0 4).%

In Vivo Distribution Studies. Animals and Treatments. 60 male
and female CD1 mice of 35 45 g body weight (56 62 days of age)
were purchased from Charles River Laboratories, Sulzfeld, Germany.
Five mice per cage were housed in a controlled room (22 °C, 50 65%
humidity; day/night cycle of 12/12h) with free access to water and the
standard laboratory diet (Altromin, Germany). After 7 days of

htt; psﬂdu.ugf‘l 01021/ acs jmedchem.1c01002
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acclimatization, they were randomly divided into eight groups in which
each group received four different testing compounds (1, 2d-(H)) at a
dose of 25 mg/kg by ip. injection or oral gavage (p.o.). Compound 1
was diluted in 1% DMSO, while 2d-(H) was diluted in 2% DMSO. The
i.p. injection was given once only while the p.o. administrations were
given for 4 days, twice daily (8 doses in total) at 9 and 18 o'clock. The
dose of 25 mg/kg was chosen based on preliminary tests. 60 min after
the administration of the testing compounds, blood was collected
(about 0.2 mL) from the facial vein using a lancet (Goldenrod animal
la.ncet) At the end of the experiment (3 h after the last drug

inistration), the animals were sacrificed by decapitation under
isoflurane anesthesia. Trunk blood was collected, and the brain was
removed and homogenized. Experiments were carried out according to
the German Law for Animal Protection and were registered with

Regier idium D: dt (FR/1021). All efforts were made to
mnumzeamrulnnmbersa.nda.nmulsuﬂ'enng.
Microdialysis Experiments. Mice were hetized with isofl

(induction dose 5%, maintenance dose 1.5% v/v in synthetic air) (Air
Liquide, Dusseldorf, Germany) and placed in a stereotaxic frame
(Stoelting, Chicago, IL, USA). A Y-shaped, concentric microdialysis
probe with a molecular weight cutoff of 30 kDa and anudu.ngeamof
2 mm was manufactured as described previously.” The probe was
implanted in the hippocampus with the following coordinates from
bregma: AP 2.0 mm; L +2.0 mm; DV 2.3 mm.”" The mice were
llowed to ight. On the next day, the probeswere

(rate: 2 pL/min) with artificial cerebrospinal fluid (aCSF; 147 mM
NaCl, 4 mM KCl, 1.2 mM CaCl,, and 1.2 mM MgCl,) for 4 h and
dialysates were collected every 20 min. After dialysates were collected
for 1 h for equilibration, the test compound was given as described
above. A blood sample was collected 1 h after administration of the test
cotnpound.Atlhemdofﬂteapeument(iih after the last drug

), the animals were sacrificed by decapitation under
1soﬂunneamdwsu.'l’mn}. blood was collected, and the brain was
d and h

Sample Preparat.‘m and' LC MS Analysis. The blood was
centrifuged at 4 °C, 1500g for 20 min and the plasma supernatant
was extracted with acetonitrile and centrifuged again at 4 °C, 10,000g
for 10 min. The supernatant was analyzed by LC MS using an Agilent
Poroshell 120 EC-C18 150 X 210 mm 4 ym column; mobile phase:

d 1 (35% itrile, 55% H,0, 10% of a 0.1% solution of

formic acid in water) and compound 2d-(H) (55% acetonitrile, 35%

H,D, 10% of a 0.1% solution of formic acid in water). Ion

grams were obtained using electronic filters for the ions of

inmut.TheLC MSchromatogrmandtbeh‘cmmpondmgmm
spectra were analyzed lmng MestReNova (v. 1204).7

The brain tissue was hor d using a of acetonitrile/
MilliQ-water (ratio 2:1, ZmLPﬂJOOngbmjn) in a tissue grinder
(Potter S, B. Braun, Melsungen, Germany) at 1,500 rpm and 15 strokes.
Afterward, the homogenate was centrifuged at 4 °C, 10,000g for 10 min
and the supernatant was lyophilized. The lyophilizate was extracted
with 400 uL acetonitrile and this extract was analyzed via LC MS as
described above. The fractions of the microdialysate were used without
further processing, The AUC that was obtained from the extracted ion
chroma was nommalized to a volume of 500 uL for the plasma
samples or a weight of 450 mg for the brain homog The averag
AUC for every sample was calculated from experiments performed in
triplicate.
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1.3 Perspectives

In this project, we were able to design new inhibitors for the parasitic cysteine
protease rhodesain. Unlike previously published inhibitors,'¢19%8231 the new
compounds are covalent-reversible with lead compound 2d as a slow-tight binder.
This innovative characteristic provides a solution to the limitations associated with
conventional covalent drugs, such as haptenization, off-target effects, and toxicity,
while still preserving their benefits, such as longer residence times, reduced dosages,
and increased efficiency.?*¢ Of particular significance, one of the optimized inhibitors
(2d-(H)) has demonstrated the ability to cross the blood-brain barrier (BBB), offering

a promising starting point for future optimizations in the fight against HAT.

To obtain more information on the pharmacokinetic properties, additional organs and
tissues should be investigated. In particular, the liver would be interesting to gain more
insights into the complete metabolism and possible first-pass effects. Analysis of CYP
enzymes involved could predict potential drug-drug interactions. Prodrug strategies
could also extend the compounds’ half-life, especially if first-pass effects occur or to

improve cell permeability.

Cell permeability is another major parameter to investigate. Caco-2 or PAMPA assays
could provide valuable information on this matter, particularly on passive diffusion.
However, several transporter mechanisms exist for CNS penetration when passive
diffusion is not sufficient, such as carrier-mediated transport (e.g., GLUT1, LATI1,
MCT1, CNT2).83263 By incorporating targeting structures for such carriers in P3, our
inhibitors’ BBB crossing could be improved. Another possibility would be a chemical
drug delivery system (CDS) that links a biodegradable lipophilic targetor moiety (e.g.,
1,4-dihydro-N-methylnicotinic acid) to the desired compound via hydroxyl groups.?6*
This construct would be more lipophilic and thus, accumulate in brain tissue, where
the targetor moiety would be oxidized to a cationic intermediate. The positive charge
traps the construct inside the brain, where the active agent is slowly released by
hydrolysis, followed by a readily removal of the targetor moiety via active processes.
Since there are also many efflux transporters that could affect CNS penetration, it
would be intruiging to see if some of our compounds are substrates for P-glycoprotein

or other efflux pumps.

Finally, targeted delivery of our inhibitors to trypanosomes could further improve their
efficacy, e.g., by coupling them to aptamers that bind to 7. brucei’s membrane and
are transported to the lysosome, where they could release the active agent.?5°
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2 Dual Strategy to Design New Agents Targeting Schistosoma
mansoni: Advancing Phenotypic and SmCB1 Inhibitors for

Improved Efficacy

2.1 Summary and Own Contribution

This project was part of an Open Lab Initiative with |||

Schistosomiasis, also known as “snail fever”, is a parasitic disease caused by
flatworms of the genus Schistosoma, e.g., Schistosoma mansoni. It is considered a
neglected tropical disease, affecting more than 200 million people worldwide, mainly
in sub-Saharan Africa, but also in parts of South America, the Caribbean, and
Southeast Asia.?®® Schistosomiasis is a chronic illness that can lead to long-term
health problems, including damage to the liver, spleen, and bladder, as well as
increased susceptibility to other infections.?6-26” Praziquantel (PZQ) is currently the
drug of choice to treat schistosomiasis. It is a safe and effective medication that
targets Ca?* channels, paralyzing the worms, which allows the body to expel them
naturally.?®® However, there have been reports of reduced sensitivity to PZQ in some
areas, which is concerning given the reliance on this drug in schistosomiasis
treatment.?®® The emergence of drug-resistant Schistosoma strains highlights the
need for continued research into new treatments and approaches to control the
spread of the disease.?’®

The parasite’s major cysteine protease, Schistosoma mansoni cathepsin B1
(SmCB1), is a promising target for new schistosomiasis treatments. Inhibitors of this
enzyme have shown efficacy in preclinical studies and offer the potential to disrupt
the parasite's ability to feed and grow, while minimizing the risk of resistance
development due to the enzyme's essential function.'9%:2%4

In this project, we focused on finding new covalent SmCB1 inhibitors based on the
results of an in-house screening (enzyme inhibition and phenotypic assay). We then
optimized the lead scaffolds towards better effectivity against the larvae, so called
newly transformed schistosomula (NTS), and the adult worms, with emphasis on
improving the physicochemical parameters. The workflow for this project is depicted
in Figure 20.
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Figure 20. Workflow for project 2.

We evaluated the in-house screening data by correlation analysis and picked lead
structures for a dual approach. Then, we optimized these leads, synthesized, and
tested them in collaboration with the Swiss TROPICAL HEALTH INSTITUTE.

The results of the project are presented in the following preliminary manuscript, titled
“Dual Strategy to Design New Agents Targeting Schistosoma mansoni: Advancing
Phenotypic and SmCB1 Inhibitors for Improved Efficacy” to be submitted for
publication in ACS Infectious Diseases after inserting pending permeability data.

Own contribution: fluorometric assay establishment and K. determination with
I in-house screening for SmCB1 inhibition with ||
I corelation analysis, design and synthesis of optimized compounds
2a—q, calculating physicochemical properties, testing optimized inhibitors 2a—q
against SmCB1, writing main part of the manuscript, writing parts of the supporting
information, preparing tables (2, 3), and figures (1, 2, 4-7, graphical abstract).

Contribution from others: SmCB1 expression and purification, SmCB1 activation
protocol, phenotypic assays, design and synthesis of optimized compounds 1a—m,
testing compounds 1a—m, writing parts of the manuscript and supporting information,

preparing table 1 and figure 3.
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2.2 Manuscript

Dual Strategy to Desigh New Agents Targeting Schistosoma
mansoni: Advancing Phenotypic and SmCB1 Inhibitors for

Improved Efficacy
Natatie Fuchs,” | I I
1§

anc

! Institute of Pharmaceutical and Biomedical Sciences, Johannes Gutenberg University Mainz,

Staudingerweg 5, 55128 Mainz, Germany.
2 Swiss Tropical and Public Health Institute, Kreuzstrasse 2, 4123 Allschwil, Switzerland.
*All correspondence to Prof. Dr. Tanja Schirmeister, schirmei@uni-mainz.de.
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ABSTRACT

synthesis &
testing of
optimized

‘ i p—< )
compounds EOI:HLH P
0
2n

NTS 10 uM: 88%
5. mansonf adults 10 yM: 86%
5. mansoni adults 1 gM: 68%

K(SmCB1) = 0.050 ym

design of
optimized
compounds

in-house correlation
screening analysis

In this study, we have identified and optimized two lead structures from an in-house
screening, with promising results against the parasitic flatworm Schistosoma mansoni
and/or its target protease S. mansoni cathepsin B1 (SmCB1). Our correlation analysis
highlighted the significance of physicochemical properties for the compounds’
efficacy, resulting in a dual approach to optimize the lead structures regarding both
phenotypic effects and SmCB1 inhibition. The optimized compounds from both
approaches (“phenotypic” vs “SmCB1” approach) demonstrated improved efficacy
against S. mansoni adult worms, with 2h from the “SmCB1” approach emerging as
the most potent compound. 2h displayed nanomolar inhibition against SmCB1 (Ki =
0.050 puM) while maintaining selectivity towards human off-target cathepsins, and
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greatly improved efficacy towards S. mansoni adults (86% at 10 uM, 68% at 1 uM),
demonstrating potential as a new therapeutic agent for schistosomiasis.

ABBREVIATIONS

ACN, acetonitrile; AMC, 7-amino-4-methylcoumarin; aq., aqueous; Boc, tert-butyl
carbamoyl; CatB, human cathepsin B; CatL, human cathepsin L; CH, cyclohexane;
cpd, compound; DCM, dichloromethane; DECP, diethyl chlorophosphate; DHBD, 2,3-
dihydrobenzo[b][1,4]dioxine; DIPEA, N, N-diisopropylethylamine; DMF,
dimethylformamide; DTT, dithiothreitol; EA, ethyl acetate; EDTA, ethylenediamine
tetraacetic acid; eq., equivalent; ESI, electrospray ionization; HIC, hydrophobic
interaction chromatography; HOBt, 1-hydroxybenzotriazole; hPhe,
homophenylalanine; HWE, Horner-Wadsworth-Emmons; KHMDS, potassium
bis(trimethylsilyl)amide; LHMDS, lithium bis(trimethylsilyl)amide; Me, methyl; MOE,
Molecular Operating Environment; NTS, newly transformed schistosomula; ppm,
parts per million; Sl, selectivity index; SmCB1, Schistosoma mansoni cathepsin B1;
SD, standard deviation; TBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate; TEA, triethyl amine; THF, tetrahydrofuran; TPSA, topological polar
surface area.

INTRODUCTION

Schistosomiasis is an acute or chronic infectious disease, that can be caused by
different species of the genus Schistosoma, a family of human blood flukes. More
than 140 million patients are affected by this disease worldwide, most of them in sub-
Saharan Africa."? Of all five Schistosoma species that can cause schistosomiasis in
humans, Schistosoma mansoni is the most widespread, throughout Africa, the Middle
East and even the Americas.? Infections can lead to intestinal or hepatic forms of
schistosomiasis.* During its life cycle, S. mansoni depends on two different hosts,
freshwater snails of the genus Biomphalaria for asexual replication and a mammalian
host for sexual replication.® Upon completing asexual replication the snails release
cercariae into the freshwater. These infectious cercariae penetrate human skin
exposed to contaminated water and start their sexual replication within the human
body. Over the next 5-7 weeks, this larval stage, called schistosomula, develops into
matured schistosomes until they begin to mate.® Female schistosomes are capable
to produce hundreds of eggs daily.>® Egg migration into the intestinal lumen, where
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they are excreted with faeces, completes the sexual reproduction process. Once
released into freshwater, the eggs will hatch and release ciliated miracidia, which can
now infect the snail hosts to begin asexual replication.® Fecal excretion of eggs is not
quantitative, meaning that a considerable number of eggs remain in the human body.
An early study with hamsters as mammalian hosts found that only ~20% eggs were
found in faeces, while ~80% of the eggs remained in the body.® After 1-2 weeks, the
eggs will die, independent if they reach freshwater.® The hundreds of trapped, partially
dead, eggs in the human body can induce severe inflammatory reactions that may
cause the full picture of the schistosomiasis disease.”?

Today, the only approved drug for the treatment of schistosomiasis is praziquantel
(PZQ). Although praziquantel was introduced in the 1970s, very few cases of
resistance have been reported.® Until recently, even attempts to induce a resistance
against PZQ in the laboratory has failed.'® With a reported cure rate of ~ 90%, PZQ
remains a powerful tool to fight schistosomiasis. Despite the achieved success, the
actual mechanism of action remained elusive until 2021, when PARK AND CO-
WORKERS demonstrated that the transient receptor potential melastatin ion channel is
the target of praziquantel."" However, to control or even eradicate this disease, it
seems necessary to pursue further drug development to also treat those patients who
have shown resistance to PZQ. By focusing on additional targets that are vital to the
parasite, an improved treatment could be accomplished. Recent publications have
shown that the cathepsin B-like protease of S. mansoni (SmCB1) presents a
promising target for small molecular inhibitors, since its inhibition is lethal to S.
mansoni.'>'* Previous studies also showed that suppression of SmCB1 activity in
early stage schistosomula had a long-term effect on their growth and development,
underlining a certain vulnerability, arising from this target."

To date, several SmCB1 inhibitors have been reported. One well-known example is
the pan-cathepsin inhibitor K11777 (ICso = 0.0021 uM, kang = 8.8 - 10 M's7), an
irreversible vinylsulfone.'® It has proven to be efficient against schistosomes in mice,
reducing both worm numbers and egg production.’ Based on the K11777 scaffold,
JILKOVA AND CO-WORKERS have developed the potent irreversible SmCB1 inhibitors
WRR-391 (ICso = 0.2 nM, kang = 2.1 - 10° M-'s”") and WRR-286 (ICso= 0.6 nM, kong =
2.0 - 10° M's1).1318 The compounds are effective against newly transformed
schistosomula (NTS) at concentrations of 10 uM for both and 1 M for WRR-286 after
72 hours.”™ Additionally, they introduced azapeptide nitriles as covalent-reversible
SmCB1 inhibitors with high efficacy against NTS.'? However, their efficacy against S.
mansoni adults has not yet been published.
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In order to discover new potential anti-schistosomal compounds, we developed a
workflow (see Graphical Abstract) starting with an in-house screening including 76
compounds, that provided us with lead structures (for all structures and data see
Supporting Information) for a dual optimization approach. We then performed a
correlation analysis of the entire screening data to obtain optimization ideas. From
these ideas, we designed new compounds using molecular docking approaches and
input from literature. We synthesized several optimized structures and tested them on

the target enzyme as well as in the phenotypic assay.

RESULTS AND DISCUSSION
In-house screening.

We initiated our search for lead structures with anti-schistosomal activity by screening
our in-house library including 76 compounds in a phenotypic assay on newly
transformed schistosomula (NTS) and S. mansoni adults.'” This library consisted of
several cysteine-targeting inhibitors decorated with different covalent warheads, such
as (F-)vinylsulfon(at)es, nitriles, aldehydes, 4-oxoenoates, nitroalkenes, and
acrylamides.'®2 In addition, we evaluated all compounds for their inhibitory effect on
SmCB1 using a fluorometric enzyme assay to analyze potential correlations with the
results of the phenotypic assay. We determined ICso and K; values for all compounds
with SmCB1 inhibition >50% at 20 uM. In the phenotypic assay, all substances were
initially analyzed at 10 yM on NTS. If an efficacy of >70% dead was achieved, a
second screening was performed at 1 M on NTS and at 10 M on S. mansoni adults.
Lower concentrations of 1 uM and 0.1 yM were tested on adult worms when 70%
efficacy was achieved in the respective previous screening. A table with all data from
the in-house screening can be found in the Supporting Information. The procedure
of the initial screenings is described in Figure 1.
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Figure 1. Workflow of the initial in-house screening. All compounds were screened for their
SmCB1 inhibition in a fluorometric enzyme assay as well as their efficacy in a phenotypic
assay against NTS and adult worms.

The top three compounds (KS309, SJ605, SJ606) from the phenotypic screening
against S. mansoni adults are shown in Figure 2. While two of them are
vinylsulfonate-based inhibitors (SJ605, SJ606), originally developed for
rhodesain,’? the third is an 4-oxoenoate-based diastereomeric bortezomib
congener (unpublished results). All three compounds are highly efficient against NTS
at 10 yM (100% efficacy). Although SJ605 and SJ606 exhibit high SmCB1 inhibition
with K values in the low nanomolar range, only moderate efficacy against adult worms
at 10 uM (55% for SJ605, 58% for SJ606) was achieved. In contrast, KS309 shows
weak inhibition of SmCB1 (Ki >100 pM) but a strong effect on adult worms (76% at
10 uM, 29% at 1 uM) in the phenotypic assay, indicating that it addresses another

target.
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Figure 2. Phentotypic screening of in-house library — top 3 compounds with screening results
and Ki values.

Based on these findings, we pursued a dual strategy to increase the anti-schistosomal
effect of both compound classes on adult S. mansoni. In order to maximize their effect,

we focused primarily on improving their physicochemical properties, such as
lipophilicity, since the substances have to pass two cell membranes to reach their
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target site.?* This resulted in two approaches, the “phenotypic” approach focusing on
KS309 derivatization and the “SmCB1” approach including SJ605/SJ606
derivatizations.

Chemistry.

The synthesis of compounds 1b-d, and 1g, 1i, 1j started from Boc-D-leucine
(Scheme 5 in the Supporting Information). Weinreb chemistry to generate the
required aldehydes, phosphonate preparation followed by TBTU couplings, Boc group
removals, and Horner-Wadsworth-Emmons reactions to form the N-methylated
oxoenoate or vinylsulfonate were performed (detailed route in Supporting
Information). The N-methylated oxoenoate 1a (P2-N-Me-P1) was prepared

analogously (Scheme 6 in the Supporting Information).

The azapeptide 1k was prepared starting from Cbz-L-phenylalanine which was
brought to reaction with fert-butyl carbazate using TBTU coupling (Scheme 7 in the
Supporting Information). Cbz cleavage, TBTU couplings and Boc group removal
led to a hydrazide that was alkylated in a two-step reductive amination (more details
in Supporting Information). In the last step, reaction with ethyl fumaroyl chloride
generated the final azapeptide 1k. Propargyl and nitrile compounds 1e and 1f were
prepared by the same synthetic pathway (Scheme 8 in the Supporting Information).

The synthesis of the acrylamide decorated compound 1h with inverted amide bonds
was conducted starting from Boc-D-phenylalanine (Scheme 9 in the Supporting
Information). First, coupling with 2-aminopyrazine using COMU, followed by Boc
deprotection led to an intermediate that was then reacted with Boc-L-leucine by TBTU
coupling. After Boc group removal, the acrylamide function was introduced by reaction
with acryloyl chloride yielding the final product 1h.

The small molecule derivatives 11 and 1m were each prepared in a two-step synthesis
(Scheme 10 in the Supporting Information). Reaction of a Weinreb amide with
vinylmagnesium bromide yielded an acryl derivative which was treated with ethyl
acrylate using Hoveyda Grubbs |l catalyst to give the final compound 1l. The
azapeptide analogue 1m was prepared starting from a tert-butyl carbazate that was
alkylated in a two-step reductive amination using isobutyraldehyde followed by
treatment with Pd/C under hydrogen atmosphere. The resulting intermediate was then
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reacted with ethyl fumaroyl chloride to yield the azapeptide analogue 1m (detailed

route in the Supporting Information).

The (F-)vinylsulfone- and -sulfonate-based inhibitors 2a—q were synthesized as
previously published. A schematic overview is shown in Scheme 11 in the

Supporting Information.®.19.2¢

Derivatization of KS309.

In our first approach, the “phenotypic approach”, we investigated various changes in
the structure of KS309 (Figure 3). To increase lipophilicity, we reduced the number
of hydrogen bond donors by methylating one of each of the amide bonds (1a, 1b).
Furthermore, the effect of replacing the polar pyrazinoyl moiety in P3 with more
lipophilic Cbz (1c) and Boc (1d) groups was investigated as such modifications have
also been shown to be effective in SmCB1 inhibitor design.’? Since 4-oxoenoates
exhibit high reactivity, we tested alternative warheads such as propargylamide (1e),
nitrile (1f), and vinylsulfonate (1g). To analyze the effect of inverted amide bonds, the
acrylamide derivative 1h was prepared. The precursors 1i and 1j of vinylsulfonate 1g
were also tested due to their higher lipophilicity. Synthesizing 4-oxoenoates and
vinylsulfonates causes epimerization at P1. To avoid the separation of diastereomers
at a later stage of the synthetic procedure, we prepared the P1 azapeptide derivative
1k of KS309. In addition, small molecule derivatives (11, 1m) of K8309 and 1k were

tested.
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Figure 3. Derivatization of KS309.
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The KS309 derivatives were evaluated for their SmCB1 inhibition as well as their
efficacy on NTS and S. mansoni adults. The results are listed in Table 1. Additionally,

calculated SlogP values and topological polar surface areas (TPSA) are given.

Regarding the results in Table 1, 1g, 1i, and 1j showed higher efficacy on S. mansoni
adults compared to KS309 (93-100% vs 76% at 10 uM; 36—45% vs 29% at 1 uM).
1a, 1b, and 1d-(E) caused slightly lower efficacy (61-65% at 10 uM), while all other
compounds appeared to be distinctly less efficient (<60% at 10 uM). A correlation
between the reduction in TPSA compared to KS309 (<127 A?) and the increase in
efficacy on adult worms could not be observed. Although 1i and 1j showed higher
efficacy with TPSAs of 111 A2and 82 A2, respectively, several compounds with TPSAs
ranging from 82 A2 to 119 A2 (1a—c, 1d-(E), 1d-(2), 1e and 1h) were less efficient.

Table 1. Physicochemical parameters and in vitro effects of 1a—m.

SmCB1 NTS S. mansoni adults
TPSA | inhibition effect [%] effect [%]
Cpd | SlogP?

[A?] at 20 um at at at at
[%] 10 M 1uM 10 uM 1M

KS309 | 2.04 127 58 100 23 76 29
1a 2.38 119 11 100 48 61 n. d.
1b 2.38 119 12 96 44 48 n. d.

1c 4.01 111 67 98 15 65 36
1d-(E) | 3.34 111 42 100 78 61 n. d.
1d-(2) | 3.34 111 47 100 40 40 n. d.
1e 1.10 113 18 46 n. d. n. d. n. d.
1f 0.99 137 10 39 n.d. n. d. n. d.

19 3.27 127 68 100 38 100 43
1h 1.86 113 9 48 n. d. n. d. n. d.

1i 3.85 82 9 98 27 93 36

1j 4.58 111 80 100 65 100 45
1k 1.45 131 17 50 33 47 n. d.
11 2.61 82 7 100 14 58 n. d.
1m 2.03 85 3 61 32 34 n. d.

a: calculated using MOE 2019.01;%

On the other hand, a statistically significant correlation (described as correlation factor
r) between SlogP value and efficacy on NTS at 10 uM could be observed (r = 0.84,
p = 0.0001), suggesting that higher SlogP values result in higher efficacy (see Table
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4, Figure 2 in the Supporting Information). Compounds with SlogP values of 22.04
(KS309, 1a—c, 1d-(E), 1d-(2), 19, 1i, 1j, and 1l) appeared to have an efficacy of at
least 96%. For SlogP values ranging from 0.99 to 2.03, efficacy was only 39-61%.
This correlation was also observed for S. mansoni adults at 10 yM (r = 0.69,
p = 0.015). Overall, 1g as well as its precursors 1i and 1j showed the highest efficacy
in the compound series on both NTS and S. mansoni adults. Interestingly, 1g and 1j
even exhibited stronger inhibition of SmCB1 compared to KS309 (68-80% vs 58% at
20 uM), albeit weak compared to the SJ600-series (SJ605/SJ606). Substituting the
4-oxoenoate warhead of KS309 with a vinylsulfonate (1g) retained the same TPSA
(127 A?) but increased the SlogP value (3.27 vs 2.04), which might have improved
cell permeability. Furthermore, the vinylsulfonate might be less prone to off-target
reactions compared to the highly reactive 4-oxoenoate substructure. Replacing the
polar pyrazinoyl moiety of 1g in P3 with a more lipophilic Boc group (1j) did not change
efficacy, although it decreased the TPSA (111 A2vs 127 A?) and increased the SlogP
value (4.58 vs 3.27, 1g and 2.04, KS309). In summary, the anti-schistosomal effect
could be increased, however, the target of KS309 derivatives remains unknown.
Therefore, we did not further focus on the phenotypic approach by optimizing this
series, but rather on the optimization of the SJ605/SJ606 inhibitors as their effects

appeared to correlate with SmCB1 inhibition.

Correlations and hit optimizations.

Correlation analysis.

For correlations and optimization ideas, we started by calculating several important
physicochemical parameters (logP, TPSA etc.) using MOE (see Table 1 in
Supporting Information).?®> We then performed a correlation analysis for each
physicochemical parameter or the K; values with the observed effects from phenotypic
screening, including NTS (10 M, 1 uM inhibitor) and S. mansoni adults (10 M
inhibitor). The resulting correlations are shown in Table 2 in the Supporting
Information with their respective p-values. Only p-values <0.05 are considered
statistically significant.

There is a slight, but statistically significant, correlation between K; values and the
effect in the phenotypic screening against NTS at 1 uM (p = 0.025). The correlation
factor (r) is negative (r = —0.43) implying that lower K; values lead to a higher effect.
The negative correlation for K; and the effect on S. mansoni adults is not significant
(p = 0.18). The adult worms seem to compensate the inhibition more effectively than

87



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

the NTS. It was reported earlier that several proteases are involved in the digestion
of blood haemoglobin. One explanation for this observation could be that inhibition of
SmCB1 alone can be compensated by other proteases such as S. mansoni cathepsin
D or cathepsin L. Since the expression levels of proteases fluctuate in different stages
of development, adult worms may overcome inhibition of SmCB1 more effectively
than NTS."?® Furthermore an additional second membrane has to be crossed in adult
worms.?” The positive correlation factor between SlogP and the effect against NTS
(r=0.44 at 1 uM) indicates that higher logP values are beneficial (p = 0.048, 0.021).
TPSA and molecular flexibility (KierFlex) do not have a significant effect on the
screening results.

Since two compounds from the SJ600s series (SJ605, SJ606) are among the top
three, we decided to investigate a sub-set containing only these compounds (n = 16,
results in Table 3 in the Supporting Information). The compounds are known to be
potent cysteine protease inhibitors with low cytotoxicity as reported by JUNG ET AL.
(2022).2° Again, there is a significant correlation (p = 0.005) between the K; value for
SmCB1 and the effect against NTS at 10 yM inhibitor concentration (r = -0.67) like
the correlation described above. The SlogP correlates with the effect against NTS at
10 uM (r = 0.66, p = 0.005) as well. Here, we have an additional correlation between
the molecular flexibility (KierFlex) and the effect against NTS at 10 uM (r = -0.54,
p = 0.032), suggesting that lower flexibility is advantageous. KIER's definition of
flexibility is entirely structure-based upon molecular size, branching, cycles and
number of heteroatoms.?8

The significant correlations for the complete compound set and the SJ600 subgroup
are shown in Figure 4, suggesting stronger correlations within the SJ600 subgroup
as can also be drawn from the correlation factors (for example NTS 10 uM vs. K;: all
compounds r = -0.27 vs. SJ600s r = -0.67).
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Figure 4. Correlations between K values or physicochemical parameters and the effect in the
phenotypic screening. (A) All compounds (n = 76). Left: effecton NTS at 1 uM vs. Ki (SmCB1)
in UM in red (n = 27). Right: effect on NTS at 1 uM vs. logP in red (n = 27). (B) SJ600s (n =
16). Left: effect on NTS at 10 yM vs. K (SmCB1) in M in green (n = 16). Middle: effect on
NTS at 10 uM vs. logP in green (n = 16). Right: effect on NTS at 10 uM vs. KierFlex in green
(n = 16).

Inhibitor design.

The correlation analysis suggested that a higher rigidity results in a higher activity in
the phenotypic assay (Figure 4, Table 3 in the Supporting Information).
Nevertheless, the SmCB1 inhibition should not be compromised since it also
correlates with the effect in NTS. Figure 5 shows non-covalent docking poses
(generated with LEADIT)? for lead structures SJ605 (Ki= 1.8 nM) and SJ606 (K =
3.4 nM) revealing that the most important interactions occur in the S1° and S1
subsites. Gly144 and Gly269 both interact with the amide group between P1 and P2,
and GIn94 can form an H-bond with the sulfonyl-oxygen atom as well as Trp292. The
residues in P2/P3 do not form essential interactions in the active site since the

residues rather protrude from the binding site.
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Figure 5. Non-covalent docking for lead compounds SJ605 and SJ606 with LEADIT.?® Images
generated using PYMOL.? Ligand interaction map generated with MOE.?> PDB ID: 3s3r.'6
(A) Docking pose for SJ605 (teal). Important interaction partner shown in salmon. Hyde score:
— 34 kJ/mol. (B) Ligand interactions of SJ605 with the SmCB1 active site. (C) Docking pose
for SJ606 (yellow). Important interaction partners shown in salmon. Hyde score: —25 kJ/mol.
(D) Ligand interactions of SJ606 with the SmCB1 active site.

Based on these interactions, we decided to modify P2/P3 while maintaining the P1’
and P1 residues. To enhance rigidity, we chose various bi- or tricycles in P2, such as
indole, 2,3-dihydrobenzo[b][1,4]dioxine (DHBD), and several others, resulting in
compounds 2a—q (Figure 6). We prepared corresponding irreversible vinylsulfones
(2b—f) and -sulfonates (2g—q) as well as one compound with a reversible a-

fluorovinylsulfone warhead (2a).
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R? = 1H-7-indolyl (A)

2a:X=F, R'=Ph
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2h: X =H, R'=0OPh
R? = 5-isoxazolyl (K)

2q: X =H, R'=OPh (jgj 3
(—S/ C R? = 1H-1-tetrahydrocarbazolyl (C)

2d: X=H,R'=Ph
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X
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R* = 1H-5-benzo|d]imidazolyl (F)

2I: X =H, R'=OPh

Figure 6. Optimized vinysulfon(at)e-based compounds 2a—q.

SmCB1 inhibition and structure-activity relationship.

Fluorometric enzyme assay.

We tested all compounds in a fluorometric enzyme assay to evaluate their inhibitory
activity for SmCB1 and their selectivity towards off-target cathepsins (procedures in

Supporting Information). The results are shown in Table 2.

The vinylsulfone-based compounds are moderate SmCB1 inhibitors with Ki values in
the low micromolar range except for 2e (K; >100 uM). The covalent reaction occurs
slowly (kinact around 10 s') and there is moderate selectivity towards cathepsins B
and L. 2a, an a-fluorovinylsulfone, is the only inhibitor in the series that reversibly
inhibits the enzyme by a covalent-reversible Michael addition.'®'® The K; is in the
same range as for the irreversible vinylsulfones with only little selectivity towards CatB
and CatlL.
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Table 2. Inhibition data from fluorometric enzyme assay for (F-)vinylsulfon(at)es 2a—q.

Ph
R'=Ph:2a-f
1O, EE
N NZNE X o Hi2b-
i &R 9
SmCB1 CatB CatL
Ki Ki or
cpd | R one W] i W]
Ki [uM] Kinact [$] M s or %inh | SI %inh ]
g
@20 uM @20 uM
2a A 5815 - 30% >3 45% >3
2b A 47+03 1.1-10% 23 38% >4 n.i. >4
2c B 6.7+0.8 23-10* 34 29% >3 24% >3
2d C 22+0.38 16-10* 7.3 41% >9 41% >9
2e D > 100 n. d. n.d. 28% n. d. 30% n. d.
2f E 25+06 25-10* 10 22% > 8 32% >8
0.72
29 A 18-10°| 25-10° n.i >28 43% >28
0.005*
0.050
2h B 70-10% | 14-10* 29% >400 37% >400
0.003*
2i C 16+036* | 3.0-10*| 1.9-10? 31% >13 28% >13
2j D 23+1.0* 50-10*| 2.2-10? 20% >9 26% >9
083+ 054 +
2k E 13-10° | 15-10° | 65+10| 7.8 7.8
0.065* 0.05
0.078 + 041+ 48+
p| F 11-10°| 14 -10* 53 53
0.007* 0.06 0.28
2m G > 100 n. d. n.d. n.i. n. d. 20% n. d.
0.030 + 1.0+ 22+
2n H 24-10°| 8.0-10* 33 73
0.020* 0.16 0.19
0.050 + 037+
20 | 18-10°| 3.6-10* 48% >400 74
0.030* 0.03
2p J 041+030* | 54-10°| 1.3-10% 39% >49 | 8.2%x21 20
015+ 0.26 + 23+
2q K 28-10°| 1.8-10* 1.7 15
0.040* 0.01 0.23

n. d., not determined; n. i., no inhibition @20 uM inhibitor concentration; %inh @20 yM, mean
inhibition in % from three independent measurements at 20 uM inhibitor concentration with SD
<20%; Sl, selectivity index. *time-dependent inhibition.
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Table 2 also shows the inhibition data for vinylsulfonate-based compounds 2g—q.
Notably, their inhibitory potency has improved in all cases compared to the
vinylsulfone counterparts, for example 2h (Ki = 0.050 yM) vs 2c (Ki = 6.7 uM). Since
vinylsulfonates proved to be more potent SmCB1 inhibitors, we designed and
synthesized additional compounds (2l—q) and with these obtained K; values mostly in
the nanomolar range. The optimizations for 2l—q were performed based on similar or
even improved physicochemical properties compared to 2a—k and their feasibility was
tested in molecular docking studies.

Overall, 2h (Ki=0.050 uM, Figure 6 in the Supporting Information), 2n
(Ki =0.030 uM), and 20 (Ki = 0.050 M) are the top 3 compounds in terms of inhibitory
potency. 2h also has the highest selectivity in the series (>400-fold towards CatB and
CatL) compared to the moderate selectivity of 2n and 2o0. Notably, the kinact values for
most vinylsulfonates are higher than for the vinylsulfones, suggesting a faster
covalent bond formation.

SAR discussion.

Docking scores and Hyde scores were generated using LEADIT and are shown in
Table 6 in the Supporting Information.? Since we maintained P1’ and P1 compared
to SJ605 and SJ606 (Figure 7B), we still observed interactions between Gly144 and
Gly269 with the amide bond as well as an additional H-bond with Gly143 during non-
covalent docking. GIn94 and Trp292 are also involved in H-bond formation with the
sulfonyl group. The docking poses for top compound 2h overlapping with SJ606 or
2p are shown in Figure 7. The poses for 2h and 2p are very similar (Figure 7A) as
expected from Hyde scores (2h: =39 kJ/mol, 2p: =37 kJ/mol). Nonetheless, there is a
difference in SmCB1 inhibition. 2h is one of the most potent inhibitors in the series
(Ki = 0.050 pM) whereas 2p is only a moderate inhibitor (Ki = 0.41 uM). Their Kona
values, on the other hand, are in the same range (10* M's") due to 2p’s faster
irreversible reaction compared to 2h (see Table 2).

2i surprisingly shows a very weak inhibition of SmCB1 (Ki >100 pM) which is not
reflected in its Hyde score (—-33 kJ/mol). Looking at the docking poses of both 2i and
SJ606, we noticed that the distance between the B-carbon of the vinylsulfonate
double bond that undergoes the covalent reaction with the nucleophilic Cys100 is
increased from 2.9 A to 4.3 A (Figure 5 in the Supporting Information). Covalent
reactions occur more readily at distances up to 3.5 A which could explain the poor
inhibitory activity.®' The same may apply for 2m (K; >100 uM) for which a distance of
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3.9 A was found. The distances for compounds 2a—q are listed in Table 6 in the

Supporting Information.
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J greasy - backbone donor < metalfion contact \J greasy =~ backbone domor metalfion contact
_ proximity ™ ligand Ql!t&phﬂl - proximity . ligand (’MEMDI
= contour ¥ exposure exposure T contour exposure exposurne

Figure 7. Molecular docking of 2h, 2p and initial lead SJ606. Non-covalent docking with
LEADIT, images were generated with PYMOL, ligand interaction map generated with MOE. 2530
PDB ID: 3s3r."6 (A) Overlay of 2h (violet) and 2p (deepteal). Important actives site residues
are shown in salmon. Both poses are very similar which is reflected by their Hyde scores (2h:
-39 kJ/mol, 2p: -37 kJ/mol).32 (B) Overlay of 2h (violet) and SJ606 (yellow). Important
residues in the binding site are shown in salmon. The binding poses are similar except for
additional interactions of the DHBD moiety of SJ606 with lle145 and Gly118. (C) Ligand
interactions for 2h. (D) Ligand interactions for 2p.

In vitro activity in phenotypic assay.

The results for the phenotypic assay of 2a—q compared to leads SJ605 and SJ606
as well as the approved drug praziquantel (PZQ) are shown in Table 3. All compounds

were tested against newly transformed schistosomula (NTS) and S. mansoni adults.

Compared to starting compounds SJ605 and SJ606, several vinysulfonate-based
inhibitors are more efficient against NTS and S. mansoni adults. Especially
compounds 2h, 2i, 2k, and 2p are outstanding since they display a high efficacy
(= 75%) against S. mansoni adults at 10 yM. 2h has the highest efficacy in the series
with 68% at 1 yM and 35% at 0.1 uM which is in a similar range as PZQ

94



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

(ICso = 0.16 uM).?® Notably, 2h and 2p (S. mansoni adults: 75% at 10 uM, 23% at
1 uM) share a high structural similarity, also with $J606. This indicates that the
DHBD/DHBO moiety is beneficial for phenotypic efficacy, particularly in S. mansoni

adults.

Table 3. Physicochemical parameters and in vitro effects of 2a—q compared to praziquantel

(PZQ) and SJ605, SJ606.

NTS S. mansoni adults
TPSA Kier effect [%]° effect [%]°
cpd R | SlogP? (A Flext® 01
10 uM 1uM 10uM | 1uM

SJ605 | - 5.81 102 7.96 100+0 [ 33+12 | 55+4 - -
SJ606 | - 5.31 120 8.22 1000 300 | 58%5 - -
2a A 5.18 79 5.30 60 +1 38+2 n.d. - -
2b A 4.89 79 5.14 85+ 1 40+£3 | 272 - -
2c B 418 82 6.11 92+0 27 £1 290 - -
2d Cc 5.69 79 575 1000 48 £+ 1 312 - -
2e D 6.15 75 6.36 42 +4 27 £1 - - -
2f E 4.28 92 5.09 75+2 38+4 | 4716 - -
2g A 4.82 88 5.59 1000 27 £1 63+6 - -

2h B 4.11 91 6.59 880 33+0 | 862 [ 68%0 fz
2i C 563 88 6.19 100+ 0 42+2 | 862 | 57+0 | -
2j D 6.08 85 6.84 1000 351 312 - -
2k E 422 101 5.54 100+ 0 33+2 | 862 (360 | -
2l F 4.22 101 5.54 1000 332 | 632 - -
2m G 6.04 82 6.24 1000 44+4 | 71+4 | 29+4 | -
2n H 4.48 99 574 1000 48+8 | 424 - -
20 I 4.48 99 574 1000 40+ 4 38+8 - -
2p J 4.14 94 6.37 100+0 [ 58+10 | 75+0 | 23+2 | -
2q K 3.33 99 5.83 1000 44 +4 40+ 2 - -

pzae B »63 a1 310 ICs0: 1.5 pg/mLY ICs0: 0.05 ug/mL?
=48 uM =0.16 uM

a: calculated with MOE;25 b: KIER's molecular flexibility index;28 ¢: % dead after 72 hours; d:

MEISTER ET AL.33

A correlation analysis suggests that lower K; values result in a higher efficacy in NTS

at10 uM (r=-0.47, p=0.048, Table 5 in Supporting Information) as well as a slight
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correlation between higher TPSA (ranging from 75 up to 110 A2) and higher efficacy
(r=10.55, p=0.023, Table 5 in Supporting Information).

Although the initial correlation analysis suggested that a higher lipophilicity could be
beneficial, this is not the case for all optimized compounds. An example is 2e with the
highest SlogP in the series (6.15) but only limited potency (NTS: 42% at 10 uM,
S. mansoni adults: n. d.). In contrast, 2k is one of the top compounds (NTS: 100% at
10 UM, S. mansoni adults: 86% at 10 M) with one of the lowest SlogP values (4.22).
Flexibility also seems to have a smaller impact on efficacy than assumed. The top
compounds’ KierFlex values range from 5.54 to 6.59 whereas compounds with a
higher rigidity, such as 2a (5.09), 2b (5.14), and 2f (5.09) did not perform as well in
the phenotypic assay.

In summary, several factors combine to influence phenotypic efficacy in
schistosomes. Regardless, compound 2h displays high potency and should be
considered for further studies.

CONCLUSIONS AND PERSPECTIVES

Using an in-house screening with 76 compounds, we have identified two lead
structures, KS309 and the SJ600-scaffold (SJ605, SJ606), which showed promising
results against S. mansoni adults and/or the target protease SmCB1. KS309 was
most effective against S. mansoni adults at 10 M but did not show relevant inhibition
of the target protease SmCB1 at 100 yM. SJ605 and SJ606, on the other hand, were
only moderately effective against S. mansoni at 10 uM but displayed strong SmCB1
inhibition in the low nanomolar range. A correlation analysis revealed the importance
of several physicochemical properties for the phenotypic efficacy, such as higher logP
values or, in case of the SJ600s, more rigidity. Therefore, we started a dual approach
to optimize the lead structures with regard to physicochemical properties. The
“‘phenotypic approach” using KS309 resulted in 14 derivatives with altered
physicochemical properties yielding two optimized compounds (1g, 1j). 1g (SmCB1
inhibition: 68% at 20 yM; S. mansoni adults: 100% at 10 yM, 43% at 1 yM) and 1j
(SmCB1 inhibition: 80% at 20 uM; S. mansoni adults: 100% at 10 uM, 45% at 1 yM)
emerged to be the most potent compounds in this series, although their main target
remains unknown. The “SmCB1 approach” using SJ605 and SJ606 as leads resulted
in 17 derivatives with higher rigidity and lower TPSA including 7 optimized compounds
in terms of efficacy (2g, 2h, 2j—-m, 2p). Several compounds displayed strong SmCB1
inhibition in the nanomolar range with improved phenotypic efficacy compared to
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SJ605 and SJ606. Vinysulfonates generally proved to be more effective than
vinylsulfones. The most potent compound, 2h, shows nanomolar inhibition of SmCB1
while maintaining selectivity towards human off-target cathepsins (Ki = 50 nM,
S| >400). The efficacy of 2h towards S. mansoni adults improved enormously (86%
at 10 uM, 68% at 1 UM and 35% at 0.1 M), demonstrating efficacy in a similar range
as found for the approved drug praziquantel (S. mansoni adults ICs, = 0.16 uM).

Further optimization of 2h has the potential to yield even more potent compounds,
offering a promising alternative to the currently available drug PZQ, which is facing
rising resistance.® Next steps include metabolism studies and plasma stability tests to
prevent problems that may arise in future in vivo studies. Finally, preclinical in vivo
studies could give valuable insights into biodistribution, followed up by in vivo efficacy,

e.g., with infected mice.

EXPERIMENTAL SECTION

All experimental procedures including analytical data can be found in the Supporting

Information.
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2.3 Supporting Information

General.
SOLVENTS AND REAGENTS.

All reagents and solvents were commercially purchased from MERCK KGAA
(Darmstadt, Germany), VWR (Darmstadt, Germany), BLD PHARMATECH
(Kaiserslautern, Germany), TCl GERMANY (Eschborn, Germany) or THERMO FISHER
SCIENTIFIC (Schwerte, Germany). Unless otherwise stated, chemicals and solvents
were used without further purification. For reaction control, thin layer
chromatographies (TLC) were performed using TLC ready-to-use films "ALUGRAM
XTRA SIL G/UV254" from MACHEREY-NAGEL (Duren, Germany) and subsequently
detected using a UV lamp at A = 254 nm or A = 266 nm. For purification by column
chromatography, silica gel (40-60 pm) from MACHEREY-NAGEL (Duren, Germany)
was used. The applied solvents were adapted to the sample and are indicated

individually.
INSTRUMENTS AND SOFTWARE.

Both 'H and *C NMR spectra were recorded by means of a Bruker Fourier 300
nuclear magnetic resonance spectrometer. MestReNova (version 12.0, MestRelLab
Research) was used for evaluation. The chemical shift 6 is given in ppm (parts per
million) and the coupling constant Jin Hz (Hertz). Multiplicities are given by s (singlet),
d (doublet), dd (doublet from doublet) t (triplet), q (quintet), and m (multiplet). Either
deuterated chloroform (6H = 7.26 ppm, 6C = 77.2 ppm) or deuterated DMSO-ds (6H
= 2.5 ppm, 6C = 39.5 ppm) served as solvent and reference.

HPLC/ESI-MS analyses were performed for identification, reaction control, and purity
measurements. An Agilent 1100 series system with an AGILENT R POROSHELL 120
EC-C18 RP column (150 mm x 2.1 mm, pore size: 4 ym) was used. Detection was
performed at A = 254 nm. Samples were dissolved in acetonitrile, acetonitrile/water,
or methanol. Acetonitrile/water (+ 0.01% formic acid) in different ratios was used as
flow agent. Molecular masses were calculated using PERKINELMER CHEMDRAW
STANDARD software (version 12.0.02). Purity was determined using MESTRENOVA
(version 12.0, MESTRELAB RESEARCH).

Purification of the final stages was achieved by high performance liquid
chromatography using a VARIAN PREPSTAR 210 system and an AGILENT ZORBAX XDB
column (21.2 x 150 mm, 5 um). All final compounds have a purity of >=95%.
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For chiral compounds, the optical rotation was determined using a KRUSs OPTRONIC
P3000 polarimeter (Hamburg, Germany) at a wavelength of A = 589 nm, a
temperature of T = 20 °C, and a concentration of 10 mg/mL. Declared melting points
were measured with glass capillaries closed on one side and an MPM-H3 melting
point meter from ScHORPP DEVICE TECHNOLOGY (Uberlingen, Germany).

Syntheses.

o
1(3)
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1 _‘0 0\
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Scheme 3. Synthesis of (F-)vinylsulfon(at)es 2a—q. Reagents and conditions: (a) 1. HOBt,
TBTU, DIPEA, N,O-dimethyl hydroxylamine, DCM, 0 °C —rt, 12 — 24 h. 2. LiAlH4, diethyl ether,
0°C, 2 h, 86%. (b) LIHMDS or KHMDS, THF (dry), =78 °C, 3—4 h, 30 — 47%. (c) HCl or TFA,
dioxane, rt, 2 — 12 h, 95 — 98%. (d) HOBt, TBTU, DIPEA, DCM or DCM/DMF, 0 °C — r,
24 - 48 h, 10 — 50%.

GENERAL SYNTHETIC PROCEDURES.
Procedure A: TBTU coupling with amine hydrochlorides

To a 0 °C cold solution of the carboxylic acid (1.0 equiv.) in DCM and/or DMF,
HOBt - H,O (1.0 eq.) and 2,4,6-collidine (2.0 eq.) or DIPEA (3.5 eq.) were added. After
stirring at 0 °C for 30 min, TBTU (1.0 eq.) was added. The solution was stirred for
further 30 min at 0 °C, and the amine hydrochloride (1.0 or 1.1 eq.) was added. After
stirring at rt overnight, the solvent was removed under reduced pressure. If DMF was
used, it was removed by co-distillation with n-heptane (3x 150 mL) under reduced
pressure. The residue was taken up in ethyl acetate and washed with saturated
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NaHCO; solution (3x) and 1 M HCI (3x). The filtrate was concentrated under reduced
pressure to yield the desired product. If necessary, further purification by column
chromatography was conducted.

Procedure B: Horner-Wadsworth-Emmons reaction

The corresponding phosphonate (34-36, 1 eq.) was dissolved in dry THF and cooled
to —80 °C. Then, LHMDS (1 M in THF, 1.4 eq.) was added over 20 min. The aldehyde
(38, 0.95 eq.) was dissolved in THF and added to the solution. After stirring for 2 h,
the mixture was warmed to rt. THF was removed under reduced pressure and the
residue was extracted with EA (3x). The combined organic extracts were washed with
water (3x) and brine (1x). The extract was dried over Na,SO,, and volatiles were
removed under reduced pressure. After column chromatographic work-up (CH/EA
6:1—4:1), the products were obtained as colorless oils.

Procedure C: Boc deprotection

To a solution of the Boc-protected amine in DCM, TFA was added dropwise at 0 °C.
The reaction was stirred overnight. Subsequently, all volatiles were removed under
reduced pressure. The product was then lyophilized to remove TFA. Alternatively, 4 M
HCI in dioxane was used at room temperature.

STARTING MATERIALS AND WARHEAD PREPARATION.
Diethyl((phenylsulfonyl)methyl)phosphonate (34)

To a solution of methylphenyl sulfone (1 eq., 20 mmol, 3.1 g) in dry THF, n-BuLi was
added (2.5 eq., 2.5 M in hexane, 50 mmol, 18 mL) at 0 °C with stirring. After 30 min,
diethyl chlorophosphate (1.1 eq., 17 mmol, 3.6 mL) was added dropwise. Stirring was
continued for 1 h at 0 °C. Subsequently, 25 mL of a saturated NH,Cl solution was
added to terminate the reaction. Volatile components were removed under reduced
pressure and the residue was extracted with EA (3x). The combined organic extracts
were washed (3x) with brine and dried over Na,SO,. After purification by column
chromatography (CH/EA 1:2), the product was obtained as a colorless solid (3.9 g,
13.5 mmol, 68%). '"H NMR (300 MHz, CDCls) é[ppm] = 7.99 (d, J = 1.3 Hz, 1H), 7.96
(d,J=1.6 Hz), 7.69-7.62 (m, 1H), 7.60 — 7.52 (m, 2H), 4.19 — 4.08 (m, 4H), 3.75 (d,
J =16.9 Hz, 2H), 1.28 (td, J=7.1, 0.6 Hz, 6H). *C NMR (75 MHz, CDCls) &[ppm]
=139.9, 134.1, 129.1, 128.3, 63.4, 54.7, 52.9, 116.2. MP = 45 - 50 °C.
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Phenyl (diethoxyphosphoryl)methansulfonate (35)

Phenyl methanesulfonate (1 eq., 30 mmol, 5.0 g) was dissolved in dry THF and cooled
to —80 °C. KHMDS (1 M in THF, 1.4 eq., 41 mmol, 41 mL) was added slowly. The
solution was stirred for 15 min. Then, diethyl chlorophosphate (1.1 eq., 32 mmol,
5.2 mL) was added slowly. Stirring was performed for one hour at —-80 °C and then
the reaction was stopped with acetic acid. After warming to rt, THF was removed at
reduced pressure and the mixture was extracted with EA (3x). The combined organic
extracts were washed with water (3x) and with brine, and dried over Na;SO4. The
solvent was evaporated. After purification by column chromatography
(cyclohexane/ethyl acetate 1:2), a yellow solid was obtained (1.9 g, 6.2 mmol, 21%).
"H NMR (300 MHz, CDCls) 6[ppm] = 7.39 —=7.31 (m, 2H), 7.31 — 7.26 (m, 3H), 4.29 —
4.11 (m, 4H), 3.76 (d, J= 17.2 Hz, 2H), 1.31 (td, J=7.1, 0.7 Hz, 6H).

Diethyl (fluoro(phenylsulfonyl)methyl)phosphonate (36)

Phosphonate 34 (1 eq., 12 mmol, 3.5 g) was dissolved in dry THF and stirred at
-80 °C. Then, LHMDS in THF (1 M in THF, 14 eq., 15 mmol, 15 mL) was added
dropwise, and after 30 min, Selectfluor (1.5 eq., 17.9 mmol, 6.3 g) dissolved in 10 mL
of DMF was added. After stirring for 3 h, the temperature was slowly warmed to 0 °C.
15 mL of saturated ammonium chloride solution was added to terminate the reaction.
All volatiles were removed, and the residue was taken up in DCM and washed first
with saturated NaHCO; (3x) and then with brine (3x). The solution was dried over
Na,SO4, and solvents were removed under reduced pressure. After column
chromatographic separation (CH/EA 1:2), a colorless solid (0.7 g, 2.5 mmol, 21%)
was obtained. '"H NMR (300 MHz, CDCls) 8[ppm] = 8.06 — 7.96 (m, 2H), 7.76 —7.68
(m, 1H), 7.65 — 7.55 (m, 2H), 5.38 (dd, J = 45.5, 6.6 Hz, 1H), 4.38 — 4.18 (m, 4H),
1.35 (tt, J=7.1, 0.8 Hz, 6H). 3C NMR (75 MHz, CDCls) o[ppm] = 136.2, 134.1, 129.1,
128.3,63.4,54.7,52.9, 116.2. MP = 61 — 65 °C (lit. 62 °C).%"

(S)-tert-Butyl (1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl) carbamate (37)

Boc-L-homophenylalanine (1 eq., 12 mmol, 3.4 g) was dissolved in DCM and cooled
to 0 °C. Then, TBTU (1.2 eq. 14 mmol, 4.5 g), HOBt (1.2 eq., 14 mmol, 1.9 g), and
DIPEA (4.3 eq., 52 mmol, 8.8 mL) were added and the mixture was stirred for 15 min.
N,O-dimethyl hydroxylamine (1.2 eq., 14 mmol, 1.4 g) was added and the reaction
was stirred at rt for 18 h. Volatile components were removed at reduced pressure and
the residue was taken up in EA. It was deacidified 4x with saturated NaHCO3 and
washed with brine. The extract was then dried over Na,SO,, all solvents were
evaporated, and the crude product was used without further workup. '"H NMR
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(300 MHz, CDCl3) 8[ppm] = 7.22 — 7.14 (m, 3H, H), 7.11 (dt, J = 7.9, 2.0 Hz, 3H), 4.60
(s, 1H), 3.08 (s, 3H), 2.74 (s, 3H), 2.59 (m, J = 13.9, 8.9, 5.6 Hz, 2H), 2.01 — 1.65 (m,
3H), 1.37 (s, 9H). *C NMR (75 MHz, CDCls) 3[ppm] = 173.2, 155.7, 141.3, 128.6,
128.5, 126.1, 79.7, 61.6, 50.2, 38.9, 34.7, 31.8, 28.5. [a]2%, = —33° (c = 102§,

mL

MeOH).
(S)-tert-Butyl (1-oxo-4-phenylbutan-2-yl)carbamate (38)

Weinreb amide 37 (1 eq., 11 mmol, 3.5 g) was dissolved in 15 mL dry THF and the
mixture was cooled to 0 °C. LiAlH4 (1.3 eq., 14 mmol, 0.54 g) was added in portions.
The mixture was slowly warmed to RT and stirred overnight. The excess LiAlH4 was
destroyed using 0.33 M KHSO,s. THF was removed under reduced pressure. The
residue was taken up in EA and washed with 3 M HCI, NaHCOs, and brine. The
organic phase was dried over Na,SO4, and the solvent was evaporated. The crude
product remained as a colorless oil that solidified in the refrigerator (2.46 g, 9.3 mmol,
86%). '"H NMR (300 MHz, CDCls) o[ppm] = 9.54 (s, 1H), 7.36 — 7.07 (m, 5H), 4.12 (q,
J=T72Hz 1H), 2.72 - 2.66 (m, 1H), 2,04 (s, 1H), 1.54 — 1.39 (m, 9H). *C NMR
(75 MHz, CDCls) é[ppm] = 199.5, 156.2, 140.3, 128.7, 125.9, 110.5, 60.4, 30.9, 28.3,
21.1. [a]3dy = —15° (c = 10—5, MeOH).

Dibenzo[b, d]furan-4-carboxylic acid (39)

Dibenzofuran (1 eq. 12 mmol, 2.0 g) was dissolved in dry THF and cooled to —80 °C.
Then, n-BuLi (1 eq., 12 mmol, 4.8 mL of a 2.5 M solution in THF) was added slowly
with stirring, giving an orange-yellow precipitate. The mixture was slowly warmed to
rt and stirred for 3 h. It was then cooled again to —80 °C and dry ice (COx(s)) was
added in large excess. A colorless solid was formed. After stirring for 1 h, a2 M NaOH
solution was added. The aqueous phase was acidified to pH=5 with HCI. The product
was extracted using EA and the extract was dried over Na>.SO,. Subsequently, the
product was processed by column chromatography (DCM/MeOH 95:1), obtaining a
colorless solid (0.36 g, 1.7 mmol, 14%). '"H NMR (300 MHz, DMSO-ds) &[ppm] = 13.31
(s, 1H), 8.40(dd, J=7.7, 1.4 Hz, 1H), 8.24 —8.18 (m, 1H), 8.04 (dd, J=7.7, 1.4 Hz,
1H), 7.79 (dt, J= 8.3, 0.8 Hz, 1H), 7.61 — 7.56 (m, 1H), 7.53 — 7.40 (m, 2H). *C NMR
(756 MHz, DMSO-ds) o[ppm] = 165.4, 1565.7, 154.1, 129.3, 28.2, 125.8, 125.3, 123.5,
122.9,122.7, 121.3, 116.0, 111.8. MP = 210 — 214 °C (lit. 212 °C).2""

Ethyl 3,4-dihydro-2H-benzo[b][1,4]oxazine-6-carboxylate (40)?"2

Ethyl 3-amino-4-hydroxybenzoic acid (1 eq., 5.5 mmol, 1.0 g) and K.COs; (4 eq.,
22 mmol, 3.0 g) were dissolved in 20 mL DMF. Then, 1,2-dibromoethane (4 eq.,
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22 mmol, 1.9 mL) was added, followed by stirring at 70 °C for 14 h. After cooling to rt,
the reaction mixture was diluted with 40 mL of 5% LiCl solution. It was extracted with
DCM (3x), washed with water (1x), a saturated NaHCO3 solution (2x), and brine (1x),
then dried over MgSO.. The solvent was removed under reduced pressure, and the
product was purified by column chromatography (cyclohexane/ethyl acetate 1:3),
obtaining a light red oil (0.59 g, 2.85 mmol, 52%). '"H NMR (300 MHz, CDCl5) [ppm]
=7.89 (s, 1H), 7.23 (d, J=2.0 Hz, 1H), 4.25 (d, J= 2.4 Hz, 2H), 4.23 —4.19 (m, 2H),
3.37 —3.32 (m, 2H), 1.29 (td, J=7.1, 4.2 Hz, 3H). "*C NMR (75 MHz, CDCls) o[ppm]
= 166.6, 149.1, 133.3, 1234, 120.9, 116.8, 116.4, 65.6, 60.6, 40.6, 14.4.

3,4-Dihydro-2H-benzo[b][1,4]oxazine-6-carboxylic acid (41)

Compound 40 (1 eq.,, 24 mmol, 0.50 g) was dissolved in THF and water.
Subsequently, LIOH monohydrate (4 eq., 9.7 mmol, 0.41 g) was added dropwise and
the mixture was stirred for 3 h. The product was precipitated at pH = 4-5 with 2 M
HCI. The solid was aspirated, and the filtrate lyophilized, obtaining a brown solid
(0.10 g, 0.57 mmol, 24%). '"H NMR (300 MHz, CDCls) 6[ppm] = 12.14 (s, 1H), 7.08 —
6.81 (m, 2H), 5.75 (s, 1H), 4.25 — 3.84 (m, 2H), 3.03 (s, 2H). *C NMR (75 MHz,
CDCls) é[ppm] = 167.9, 149.3, 147.4, 139.2, 135.1, 116.2, 116.1, 65.5. MP = 131 °C.

(S, E)-tert-Butyl (5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)carbamate (42)

Synthesized using phosphonate 34 (1 eq., 6.0 mmol, 1.76 g) and aldehyde 38
(0.95 eq., 5.7 mmol, 1.50 g) according to procedure B, resulting in a colorless oil
(1.1 g, 2.8 mmol, 47%). '"H NMR (300 MHz, CDCls) [ppm] = 7.96 — 7.83 (m, 2H), 7.71
—7.47 (m, 3H), 7.34 - 7.11 (m, 5H), 6.91 (dd, J=15.0, 5.1 Hz, 1H), 6.44 (dd, J = 15.0,
1.6 Hz, 1H), 4.58 (d, J = 8.7 Hz, 1H), 2.74 — 2.62 (m, 2H), 2.00 — 1.77 (m, 2H), 1.54
—1.31(m, 9H). *C NMR (75 MHz, CDCls) 8[ppm] = 205.1, 171.1, 152.9, 145.2, 140.4,
133.9, 1294, 128.6, 128.4, 128.0, 126.3, 60.4, 44.3, 35.2, 29.6, 28.2. [a]Zd, = —38°

(c = 10 2£, MeOH).

(S, E)-Phenyl 3-((tert-butoxycarbonyl)amino)-5-phenylpent-1-ene-1-sulfonate (43)
Synthesized using phosphonate 35 (1 eq., 6.0 mmol, 1.85 g) and aldehyde 38
(0.95 eq., 5.7 mmol, 1.5 g) according to procedure B, resulting in a colorless oil
(0.75 g, 1.8 mmol, 30%). '"H NMR (300 MHz, CDCls) o[ppm] = 7.48 — 7.34 (m, 2H),
7.35—-7.01 (m, 6H), 6.75 (dd, J = 15.1, 5.1 Hz, 1H), 6.47 (dd, J = 15.1, 1.6 Hz, 1H),
4.32 (s, 1H), 2.79 — 2.54 (m, 2H), 1.84 — 1.79 (m, 2H), 1.52 — 1.24 (m, 9H). 3C NMR
(75 MHz, CDCIs) o[ppm] = 154.8, 149.5, 140.1, 129.8, 128.7, 128.4, 128.3, 127.3,
126.4,124.3,122.5, 35.5,29.4, 29.3, 28.3. [a]33s = — 5° (c = 10%, MeOH).
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(S,E)-tert-Butyl (1-fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)carbamate (44)

Synthesized using phosphonate 36 (1 eq., 4.0 mmol, 1.2 g) and aldehyde 38
(0.95eq., 3.8 mmol, 1.0 g) according to procedure B, resulting in a colorless oil
(0.65 g, 1.6 mmol, 39%). '"H NMR (300 MHz, CDCls) 6[ppm] = 8.12 (s, 2H), 7.77 —
7.55 (m, 3H), 7.41 - 7.18 (m, 4H), 5.86 (dd, J = 21.2, 10.0 Hz, 1H), 5.32 (t, J= 8.3
Hz, 1H), 2.93 — 2.66 (m, 2H), 2.12 — 1.88 (m, 1H), 1.50 (s, 9H). 3C NMR (75 MHz,
CDCls) 6[ppm] = 207.0, 154.9, 140.9, 137.6, 134.6, 129.3, 129.0, 128.5, 128.4, 126 1,
121.3,46.4,37.2,32.2,28.4. [a]2, = — 97° (c = 10 %, MeOH).

(S,E)-5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-amine (45)

Synthesized using vinysulfone 42 (1 eq., 2.8 mmol, 1.1 g) according to procedure C,
giving a colorless oil (0.83 g, 2.7 mmol, 98%). '"H NMR (300 MHz, DMSO-ds) o[ppm]
=8.39 (s, 3H), 7.95 -7.85 (m, 2H), 7.80 - 7.73 (m, 1H), 7.72 — 7.64 (m, 2H), 7.31 —
7.23 (m, 2H), 7.23 — 7.13 (m, 3H), 7.13 - 7.08 (m, 1H), 6.88 (dd, J=15.3, 7.0 Hz,
1H), 4.00 (d, J=7.3 Hz, 1H), 2.75 (dt, J= 14.8, 7.2 Hz, 1H), 2.54 (d, J = 8.2 Hz, 1H),
2.08 — 1.82 (m, 2H). *C NMR (75 MHz, DMSO-ds) o[ppm] = 141.3, 140.7, 134.0,
134.6, 134.4, 130.2, 129.0, 128.60, 127.8, 126.7, 50.6, 34.0, 31.0. [a]23, = —33°

(c=10 %, MeOH).
(S,E)-Phenyl 3-amino-5-phenylpent-1-ene-1-sulfonate (46)

Synthesized using vinylsulfonate 43 (1 eq., 1.8 mmol, 0.75 g) according to procedure
C, giving a colorless oil (0.56 g, 1.8 mmol, 98%). '"H NMR (300 MHz, DMSO-ds)
O[ppm] = 7.96 — 7.83 (m, 2H), 7.44 — 7.07 (m, 6H), 7.05 — 7.01 (m, 2H), 6.96 (dt,
J=175,25Hz 1H), 6.75 (dd, J = 15.5, 7.5 Hz, 2H), 6.69 — 6.63 (m, 1H), 3.08 — 2.94
(m, 1H), 1.59 (m, 2H), 0.91 — 0.78 (m, 2H). '>*C NMR (75 MHz, DMSO-ds)é [ppm]
= 157.8, 157.3, 129.8, 128.8, 126.3, 119.2, 115.7, 52.3, 234, 144 [a]3d, = — 41°
(c=10=% MeOH).

(S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-amine (47)

Synthesized using fluorovinysulfone 44 (1 eq., 1.6 mmol, 0.65 g) according to
procedure C, giving a colorless oil (0.49 g, 1.5 mmol, 95%). '"H NMR (300 MHz,
DMSO-ds) o[ppm] = 8.70 (s, 3H), 8.02 (dd, J=7.3, 1.7 Hz, 2H), 7.96 — 7.66 (m, 3H),
7.35-7.11 (m, 3H), 7.10 — 7.03 (m, 2H), 6.55 (dd, Ju-r = 32.6 HZ, Jury = 9.8 Hz, 1H),
4.01(qd, J=8.6,7.9, 3.4 Hz, 1H) 2.55 - 2.45 (m, 2H), 2.26 — 1.91 (m, 2H). '*C NMR
(75 MHz, DMSO-ds) o[ppm] = 157.2, 1563.2, 139.9, 135.9, 135.6, 130.2, 128.5, 128.5,
128.1, 126.2, 114.6, 45.3, 33.4, 30.5. [a]23y = —37° (c = 10 ==, MeOH).

mL
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FINAL COMPOUNDS.

(S, E)-N-(1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1H-indole-7-carbox-
amide (2a)

Synthesized according to procedure A using fluorovinylsulfone 47 (1 eq., 1 mmol,
0.34 g) and 1H-indole-7-carboxylic acid (1.2 eq., 1.2 mmol, 0.16 g). The product was
obtained as a colorless solid (0.01 g, 0.02 mmol, 2%). '"H NMR (300 MHz, CDCls)
o[ppm] = 10.19 (s, 1H), 7.97 (dd, J = 7.3, 1.8 Hz, 2H), 7.82 (d, J = 7.6 Hz, 1H), 7.76
— 7.66 (m, 1H), 7.58 (dd, J = 8.5, 7.0 Hz, 2H), 7.31 (dt, J = 6.6, 1.5 Hz, 2H), 7.26 —
7.21 (m, 2H), 7.20 - 7.11 (m, 3H), 7.08 (t, J = 7.6 Hz, 1H), 6.58 (dd, Jir = 32.0 Hz,
Jun =8.2Hz, 1H), 6.47 — 6.28 (m, 1H), 5.08 (p, J = 7.6 Hz, 1H), 2.76 (t, J = 7.6 Hz,
2H), 2.18 — 2.14 (m, 2H). "*C NMR (75 MHz, CDCls) d[ppm] = 167.2, 156.9, 140.3,
136.9, 135.4, 134.6, 129.6, 129.5, 128.8, 128.7, 128.4, 126.4, 125.7, 125.3, 118.9,
118.6, 117.7, 117.6, 115.0, 102.1, 45.3, 35.8, 32.0. [a]23, = —8° (c = 10%, MeOH).

MP =61 °C. LC-MS: [M+H"] calc. 463.5, found 463.1. Purity: 98% (HPLC, 254 nm,
ACN/H-0 65/35, 0.01% HCOOH, tz = 1.28 min).

(S, E)-N-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1H-indole-7-carboxamide (2b)

Synthesized according to procedure A using vinylsulfone 45 (1 eq., 0.71 mmol, 0.24 g)
and 1H-indole-7-carboxylic acid (1.2 eq., 0.85 mmol, 0.14 g). The product was
obtained as a colorless solid (0.15 g, 0.30 mmol, 42%). '"H NMR (300 MHz, CDCls)
o[ppm] = 10.07 (s, 1H), 7.80 - 7.73 (m, 2H), 7.70 (dt, J=7.7, 0.9 Hz, 1H), 7.54 — 7 .46
(m, 1H), 7.46—7.36 (m, 2H), 7.22 -7.17 (m, 2H), 7.17 = 7.10 (m, 2H), 7.08 — 7.02 (m,
3H), 7.01-6.96 (m, 1H), 6.96 —6.91 (m, 1H), 6.46 (dd, J=3.2, 2.2 Hz, 1H), 6.40 (dd,
J=151, 1.7 Hz, 1H), 4.99 — 490 (m, 1H), 2.66 (hept, J = 7.4 Hz, 2H), 2.05 — 2.00
(m, 2H). 3C NMR (75 MHz, CDCls) 0[ppm] = 167.3, 146.1, 140.4, 134.0, 135.0, 133.6,
130.9, 129.6, 1294, 128.8, 1284, 127.7, 126.5, 125.7, 125.3, 119.0, 118.6, 114.9,
102.1,49.4,35.4,32.1. [a]2dy = —20°(c=10 %, MeOH). MP = 65 °C. LC-MS: [M+H*]
calc. 445.6, found 445.4. Purity: 98% (HPLC, 254 nm, ACN/H,O 55/45, 0.01%
HCOOH, fr = 3.86 min).

(S, E)-N-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-2,3-dihydrobenzo[b][1,4]dioxine-
5-carboxamide (2c)

Synthesized according to procedure A using vinylsulfone 45 (1 eq., 0.71 mmol, 0.24 g)
and 2,3-dihydrobenzo[b][1,4]dioxine-5-carboxylic acid (1.2 eq., 0.85 mmol, 0.15 g).
The product was obtained as a colorless solid (0.12 g, 0.30 mmol, 42%). '"H NMR
(300 MHz, CDCls) é[ppm] = 7.77 (dd, J = 7.2, 1.9 Hz, 2H), 7.58 — 7.46 (m, 2H), 7.43
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(dd, J = 8.3, 6.6 Hz, 2H), 7.18 (dd, J = 7.9, 6.4 Hz, 2H), 7.13 — 7.09 (m, 1H), 7.08 —
7.03 (m, 2H), 6.99 — 6.93 (m, 1H), 6.93 — 6.89 (m, 1H), 6.84 (t, J = 7.9 Hz, 1H), 6.41
(dd, J=15.1, 1.8 Hz, 1H), 4.99 — 4.78 (m, 1H), 4.29 — 4.25 (m, 4H), 2.73 — 2.53 (m,
2H), 2.03 — 1.77 (m, 2H). *C NMR (75 MHz, CDCls) &[ppm] = 164.5, 146.3, 1437,
142.0, 1405, 140.1, 133.5, 130.7, 129.4, 128.6, 128.3, 127.7, 126.3, 124.2, 121.5,
121.5,121.2,65.1,63.5,49.5, 36.0, 32.1. [¢]23, = —39° (c = 10 2E, MeOH). MP = 63

°C. LC-MS: [M+H"] calc. 464.6, found 464 .4. Purity: 100% (HPLC, 254 nm, ACN/H-0
55/45, 0.01% HCOOH, tz = 2.50 min).

N-((S, E)-5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-2,3,4,9-tetrahydro-1H-carbazol-

1-carboxamide (2d)

Synthesized according to procedure A using vinylsulfone 45 (1 eq., 0.74 mmol, 0.25 g)
and 2,3,4,9-tetrahydro-1H-carbazole-1-carboxylic acid (1.2 eq., 0.88 mmol, 0.19 g).
The product was obtained as a colorless solid (0.09 g, 0.20 mmol, 27%). 'H NMR
(300 MHz, CDCls) 6[ppm] = 8.75 (s, 1H), 7.76 — 7.66 (m, 2H), 7.55 — 7.46 (m, 1H),
7.41 (tt, J=8.5,5.2 Hz, 3H), 7.22 (dd, J= 8.0, 3.9 Hz, 1H), 7.17 — 7.08 (m, 3H), 7.08
—7.01 (m, 2H), 6.96 (td, J=8.6, 7.7, 1.6 Hz, 2H), 6.76 (dt, J= 15.1, 5.6 Hz, 1H), 6.36
—6.22 (m, 1H), 5.60 (d, J=8.7 Hz, 1H), 4.68 (d, J=6.5 Hz, 1H), 3.66 (9, J=7.2,6.5
Hz, 1H), 2.65 (dd, J = 13.3, 6.6 Hz, 2H), 2.51 (q, J = 9.6, 7.0 Hz, 2H), 2.07 —1.65 (m,
6H). '*C NMR (75 MHz, CDCls) 8[ppm] = 173.2, 145.4, 140.7, 140.2, 136.4, 133.6,
131.1, 130.7, 1294, 128.7, 128.5, 128.3, 127.6, 122.3, 119.5, 118.4, 112.7, 111.3,

49.8, 42.2, 35.3, 32.1, 27.7, 20.7. [a]2g, = —18° (c = 10 =5, MeOH). MP = 78 °C.
LC-MS: [M+H*] calc. 500.1, found 500.5. Purity: 96% (HPLC, 254 nm, ACN/H,O
70/30, 0.01% HCOOH, t = 1.29 min).

(S, E)-N-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-2-(phenylamino)benzamide (2e)

Synthesized according to procedure A using vinylsulfone 45 (1 eq., 0.80 mmol, 0.27 g)
and 2-(phenylamino)benzoic acid (1.2 eq., 0.96 mmol, 0.20 g). The product was
obtained as a colorless solid (0.18 g, 0.40 mmol, 50%). 'H NMR (300 MHz, CDCls)
O[ppm] =7.90-7.81 (m, 2H), 7.61 —-7.53 (m, 1H), 7.48 (dd, J= 8.2, 6.6 Hz, 2H), 7.38
—7.27 (m, 7H), 7.26 (s, 1H), 7.24 (d, J = 2.1 Hz, 1H), 7.18 (dt, J = 8.4, 1.5 Hz, 4H),
7.11-7.05 (m, 1H), 6.76 — 6.73 (m, 1H), 6.50 (td, J = 15.6, 15.1, 1.6 Hz, 1H), 6.38
(d, J=8.2Hz, 1H), 491 (p, J= 6.7 Hz, 1H), 2.90 — 2.63 (m, 2H), 2.20 — 1.98 (m, 2H).
3C NMR (75 MHz, CDCls) o[ppm] = 168.8, 145.7, 141.2, 140.3, 139.9, 133.5, 132.7,
131.0, 129.3, 128.8, 128.4, 127.6, 127.5, 126.5, 122.9, 121.1, 118.2, 117.2, 115.8,

49.6,35.3, 32.1. [a]23 = —46° (c = 10 =%, MeOH). MP = 59 °C. LC-MS: [M+H] calc.

110



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

497.6, found 497.3. Purity: 100% (HPLC, 254 nm, ACN/H,O 65/35, 0.01% HCOOH,
t= = 1.99 min).

(S, E)-N-(5-Phenyl-1-(phenylsulfonyl)pent-1-en-3-yl)-1H-indazol-6-carboxamide (2f)

Synthesized according to procedure A using vinylsulfone 45 (1 eq., 0.74 mmol, 0.25 g)
and 1H-indazole-6-carboxylic acid (1.2 eq., 0.88 mmol, 0.14 g). The product was
obtained as a colorless solid (0.20 g, 0.20 mmol, 27%). '"H NMR (300 MHz, CDCls)
o[ppm] = 8.06 (s, 1H), 7.96 (s, 1H), 7.80 (d, J=7.6 Hz, 2H), 7.70 — 7.49 (m, 2H), 7.49
—7.31 (m, 3H), 7.19 (p, J = 6.8 Hz, 3H), 7.13 — 6.98 (m, 3H), 6.58 (d, J = 15.0 Hz,
1H), 4.96 (p, J=7.1, 6.6 Hz, 1H), 2.70 (hept, J=6.9 Hz, 2H), 2.04 (q, J= 7.7 Hz, 2H).
3C NMR (75 MHz, CDCls) o[ppm] = 167.4, 146.2, 140.5, 139.7, 133.7, 132.6, 130.8,
1294, 128.7, 1284, 127.6, 126.3, 120.0, 110.1, 50.2, 35.3, 32.1. [a]Zd, = —20°

(c= 10%, MeOH). MP = 85 °C. LC-MS: [M+H"] calc. 445.5, found 445.9. Purity:
100% (HPLC, 254 nm, ACN/H20 65/35, 0.01% HCOOH, tz = 1.24 min).

(S,E)-Phenyl 3-(1H-indol-7-carboxamido)-5-phenylpent-1-ene-1-sulfonate (2qg)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.74 mmol,
0.27 g) and 1H-indole-7-carboxylic acid (1.2 eq., 0.88 mmol, 0.14 g). The product was
obtained as a colorless solid (0.10 g, 0.20 mmol, 27%). '"H NMR (300 MHz, CDCls)
O[ppm] = 10.33 (s, 1H), 7.90 (d, J = 7.2 Hz, 1H), 7.36 — 7.33 (m, 6H), 7.31 = 7.19 (m,
6H), 7.18 — 7.08 (m, 2H), 6.89 (dd, J = 15.2, 8.4 Hz, 1H), 6.67 (q, J = 2.3 Hz, 1H),
6.63-6.53 (m, 1H), 6.43 (d, J=7.9 Hz, 1H), 4.96 (dq, J=13.7,6.8, 6.4 Hz, 1H), 2.78
(hept, J = 7.3 Hz, 2H), 211 (q, J = 7.7 Hz, 2H). C NMR (75 MHz, CDCls)
O[ppm] = 167.4, 149.6, 149.4, 140.2, 135.4, 129.8, 129.7, 128.9, 128 4, 127.3, 126.6,
125.8,125.5,124.8,122.5,119.1,118.7, 114.8,102.2,49.8, 34.7, 32.0. [a]23, = —17°

(c = 10=E, MeOH). MP = 62 °C. LC-MS: [M+H'] calc. 460.5, found 460.9. Purity:
100% (HPLC, 254 nm, ACN/H,0 55/45, 0.01% HCOOH, t; = 2.37 min).

(S,E)-Phenyl 3-(2,3-dihydrobenzo[b][1,4]dioxin-5-carboxamido)-5-phenylpent-1-en-
1-sulfonate (2h)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.71 mmol,
0.26 g) and 2,3-dihydrobenzo[b][1,4]dioxine-5-carboxylic acid (1.2 eq., 0.85 mmol,
0.15 g). The product was obtained as a colorless solid (0.10 g, 0.20 mmol, 28%).
'"H NMR (300 MHz, CDCls) 6[ppm] = 7.65 (dd, J=7.7, 1.9 Hz, 1H), 748 (d, J=7.8
Hz, 1H), 7.28 — 7.17 (m, 4H), 7.17 — 7.11 (m, 4H), 7.09 — 7.02 (m, 2H), 6.98 (dd,
J=8.0,19Hz, 1H),6.91 (t, /=79 Hz, 1H), 6.72 (dd, J= 15.1, 5.2 Hz, 1H), 6.46 (dd,
J=15.1, 1.5 Hz, 1H), 490 — 4.71 (m, 1H), 4.37 — 4.17 (m, 4H), 2.62 (dd, J = 14.1,

111



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

9.1 Hz, 2H), 2.03 —1.78 (m, 3H). 3C NMR (75 MHz, CDCls) 8[ppm] = 164.5, 149.7,
149.5, 143.7, 142.3, 140.2, 129.8, 128.7, 128.3, 127.3, 126.4, 124.6, 124.2, 122.7,

121.7, 121.3, 652, 635, 49.8, 354, 32.1. [a]2} = —41° (c = 102%, MeOH).
MP = 64 °C. LC-MS: [M+H"] calc. 479.5, found 479.9. Purity: 100% (HPLC, 254 nm,
ACN/H,O 55/45, 0.01% HCOOH, tz = 1.76 min).

(S,E)-Phenyl 5-phenyl-3-(2,3,4,9-tetrahydro-1H-carbazol-1-carboxamido)pent-1-en-
1-sulfonate (2i)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.77 mmol,
0.28 g) and 2,3,4,9-tetrahydro-1H-carbazole-1-carboxylic acid (1.2 eq., 0.92 mmol,
0.20 g). The product was obtained as a colorless solid (0.06 g, 0.10 mmol, 13%).
'"H NMR (300 MHz, CDCls) o[ppm] = 8.52 (s, 1H), 7.92 (s, 1H), 7.43 (td, J=6.7, 6.0,
1.3Hz, 1H), 7.32-6.99 (m, 11H),6.94 (td, J=8.5,7.7, 1.6 Hz, 1H), 6.57 (dd, J = 15.1,
9.7 Hz, 1H), 6.31 —6.28 (m, 1H), 4.67 —4.52 (m, 1H), 3.61 (dt, J = 23.3, 5.8 Hz, 1H),
267 (h, J = 6.8, 6.1 Hz, 2H), 2.54 — 2.34 (m, 2H), 2.09 -1.92 (m, 2H), 1.81 (dq,
J=12.1,5.6 Hz, 2H), 1.68 — 1.64 (m, 2H). 3C NMR (75 MHz, CDCls) é[ppm] = 173.2,
149.4, 149.0, 1404, 139.9, 136.4, 129.8, 128.7, 128.2, 127.3, 127.2, 126.5, 124.6,
1225, 122.4, 119.7, 118.5, 112.9, 111.3, 49.5, 41.9, 35.0, 32.3, 27.8, 21.1, 20.7.
[a]23, = —47° (C = 10%, MeOH). MP = 60 °C. LC-MS: [M+H*] calc. 515.6, found
515.1. Purity: 99% (HPLC, 254 nm, ACN/H,0 55/45, 0.01% HCOOH, tg = 3.35 min).

(S,E)-Phenyl 5-phenyl-3-(2-(phenylamino)benzamido)pent-1-en-1-sulfonate (2j)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.71 mmol,
0.26 g) and 2-(phenylamino)benzoic acid (1.2 eq., 0.86 mmol, 0.18 g). The product
was obtained as a colorless solid (0.13 g, 0.25 mmol, 35%). '"H NMR (300 MHz,
CDCls) o[ppm] = 7.32 — 6.98 (m, 18H), 6.96 (t, J= 7.3 Hz, 1H), 6.74 — 6.60 (m, 1H),
6.39(d, J=15.1Hz, 1H),6.12(d, J=7.7 Hz, 1H), 4.71 (p, J= 6.7 Hz, 1H), 2.61 (hept,
J=7.3Hz, 2H), 1.93 (p, J = 6.8 Hz, 2H). "*C NMR (75 MHz, CDCls) 8[ppm] = 168.7,
149.4, 149.3, 145.9, 141.2, 140.1, 132.9, 129.8, 129.4, 128.9, 1284, 127.5, 127.3,
126.6,124.9,123.0,1225,121.2,118.1,116.8, 115.9, 49.8, 34.8, 32.0. [a] 23, = —42°
(c=10 %, MeOH). MP =61 °C. LC-MS: [M+H*] calc. 512.2, found 512.1. Purity: 99%

(HPLC, 254 nm, ACN/H,0 65/35, 0.01% HCOOH, tz = 2.30 min).
(S,E)-Phenyl 3-(1H-indazol-6-carboxamido)-5-phenylpent-1-en-1-sulfonate (2k)
Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.69 mmol,

0.25 g) and 1H-indazole-6-carboxylic acid (1.2 eq., 0.83 mmol, 0.13 g). The product
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was obtained as a colorless solid (0.04 g, 0.09 mmol, 13%). '"H NMR (300 MHz,
CDCls) é[ppm] = 7.81 (s, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.26 (s, 1H), 7.21 - 7.14 (m,
4H), 7.11 (t, J=7.5 Hz, 5H), 7.03 (d, J=7.3 Hz, 2H), 6.74 (dd, J = 15.1, 5.4 Hz, 1H),
6.49 (d, J=15.1 Hz, 1H), 4.80 (t, J= 6.8 Hz, 1H), 2.59 (hept, J=7.0 Hz, 2H), 1.93 (q,
J = 7.3 Hz, 2H). *C NMR (75 MHz, CDCls) &[ppm] = 167.4, 149.5, 149.3, 145.2,
140.2, 129.8, 128.8, 128.3, 127 .4, 126.5,125.0, 124.8, 123.2, 122.5, 50.5, 34.7, 32.0.
[a]Z = —8° (c = 10 %, MeOH). MP = 79 °C. LC-MS: [M+H*] calc. 462.5, found

462.4. Purity: 99% (HPLC, 254 nm, ACN/H20 65/35, 0.01% HCOOH, fr = 1.00 min).

(S,E)-Phenyl 3-(1H-benzo[d]imidazol-5-carboxamido)-5-phenylpent-1-en-1-sulfonate
(21)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.66 mmol,
0.24 g) and 1H-benzo[d]imidazole-5-carboxylic acid (1.2 eq., 0.79 mmol, 0.13 g). The
product was obtained as a colorless solid (0.09 g, 0.19 mmol, 29%). 'H NMR
(300 MHz, CDCls) o[ppm] = 9.59 (s, 1H), 8.08 (d, J = 32.4 Hz, 1H), 7.80 — 7.55 (m,
1H), 7.56 — 7.40 (m, 1H), 7.38 —=7.22 (m, 1H), 7.11 —6.94 (m, 8H), 6.89 (d, /=74
Hz, 3H), 6.72 (dd, J=15.2, 5.5 Hz, 1H), 6.50 (d, J= 14.9 Hz, 1H), 4.69 (d, J=8.7 Hz,
1H), 2.46 (qt, J= 14.8, 8.8, 8.2 Hz, 2H), 1.85 (d, J = 29.3 Hz, 2H). 3*C NMR (75 MHz,
CDCls) 6[ppm] = 168.0, 162.0, 150.2, 149.2, 144.7, 140.2, 136.3, 129.8, 128.6, 128.3,
127.4,126.3,124.4,122.4,115.3,50.4, 34.7, 32.1. [a]23, = —45° (c = 10%, MeOH).
MP = 89 °C. LC-MS: [M+H?*] calc. 462.5, found 462.4. Purity: 95% (HPLC, 254 nm,
ACN/H;0 65/35, 0.01% HCOOH, tz = 0.70 min).

(S, E)-Phenyl-5-phenyl-3-(9H-xanthen-4-carboxamido)pent-1-en-1-sulfonate (2m)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.85 mmol,
0.30 g) and benzo[d]oxazole-6-carboxylic acid (1.2 eq., 1.0 mmol, 0.22 g). The
product was obtained as a colorless solid (0.11 g, 0.22 mmol, 25%). 'H NMR (300
MHz, DMSO-ds) o[ppm] = 8.78 — 8.75 (d, 1H), 8.38 — 8.31 (m, 1H), 8.23 — 8.21 (d,
J=7.6Hz 2H), 7.87-7.82 (dt, J=7.5, 1.4 Hz, 2H), 7.68 - 7.66 (d, 1H), 7.61-7.44
(m, 4H), 7.39 — 7.36 (m, 2H), 7.31 - 7.28 (dd, J = 7.7, 1.8 Hz, 6H), 6.95 — 6.89 (dd,
J=152,51Hz 2H), 4.86 —4.80 (m, 1H), 3.33 —3.27 (d, J = 1.4 Hz, 2H), 2.73 -
2.65 (tt, J= 9.5, 4.2 Hz, 2H), 2.07 — 1.93 (m, 2H). 3C NMR (75 MHz, CDCls) 8[ppm]
=164.5, 155.9, 152.9, 151.8, 149.6, 141.5, 130.4, 128.9, 128.8, 128.6, 127.9, 127.7,
126.4, 125.0, 124.0, 123.6, 121.9, 120.6, 50.2, 34.7, 32.1. [a]23y = —28° (c = 10 %,
MeOH). MP = 57 — 60 °C. LC-MS: [M+H"] calc. 512.5, found 512.1. Purity: 100%
(HPLC, 254 nm, ACN/H;0 65/35, 0.01% HCOOH, tr = 3.65 min).

113



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

Phenyl (S, E)-3-(benzo[d]oxazole-6-carboxamido)-5-phenylpent-1-ene-1-sulfonate
(2n)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.43 mmol,
0.15 g) and carboxylic acid 6 (1.2 eq., 0.51 mmol, 0.08 g). The product was obtained
as a colorless solid (0.08 g, 0.16 mmol, 39%). '"H NMR (300 MHz, DMSO-ds) o[ppm]
=10.07 (s, 1H, H-12),9.52 (s, 1H), 8.65 (s, 1H), 8.54 —8.49 (d, 1H), 8.29 (s, 1H), 7.14
—7.08 (m, 2H), 7.02 - 6.99 (m, 3H), 6.93 - 6.90 (d, J=7.1 Hz, 1H), 6.61 — 6.50 (dd,
J=152,1.3 Hz, 1H), 446 —4.32 (m, 1H), 3.11 (s, 5H), 2.23 — 2.10 (m, 1H), 1.67 —
1.55 (m, 1H). *C NMR (75 MHz, DMSO-de) o[ppm] = 166.2, 156.7, 151.8, 151.6,

149.6, 146.6, 142.6, 141.5, 132.2, 130.4, 128.8, 128.3, 128.7, 127.9, 126.4, 123.0,
111.1, 50.4, 34.5, 32.1. [a]23, = —5° (c = 10 =%, MeOH). MP = 64 — 67 °C. LC-MS:
[M+H-] calc. 463.1, found 463.0. Purity: 97% (HPLC, 254 nm, ACN/H,0 50/50, 0.01%
HCOOH, tz = 3.29 min).

Phenyl (S,E)-3-(benzo[d]isoxazole-3-carboxamido)-5-phenylpent-1-ene-1-sulfonate
(20)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.45 mmol,
0.16 g) and benzo[d]isoxazole-3-carboxylic acid (1.2 eq., 0.54 mmol, 0.09 g). The
product was obtained as a colorless solid (0.04 g, 0.05 mmol, 10%). '"H NMR
(300 MHz, DMSO-ds) o[ppm] = 9.17 — 9.12 (d, J=8.5Hz, 1H), 7.89 — 7.76 (d,
J=10.2 Hz, 1H), 7.65-7.59 (d, J = 8.6 Hz, 2H), 7.51 — 7.44 (t, 2H), 7.29 — 7.18 (t,
2H), 7.13 = 7.08 (m, 2H), 7.04 — 7.00 (m, 3H), 6.92 — 6.86 (m 2H), 6.78 — 6.66 (dd,
J=15.2,1.3 Hz, 1H), 6.61 - 6.56 (dd, J=15.7, 5.0 Hz, 1H), 4.53 —4.44 (m, 1H), 2.25
-219 (d, J = 1.9 Hz, 1H), 1.71 — 1.67 (m, 1H), 1.17 (s, 1H). 3C NMR (75 MHz,
DMSO-ds) o[ppm] = 163.7, 159.1, 152.5, 150.7, 141.3, 131.5, 1304, 128.8, 127.9,
126.4, 1256, 1105, 49.8, 34.3, 32.1. [a]®s=-13° (c = 10 %, MeOH).
MP = 75 — 77 °C. LC-MS: [M+H*] calc. 463.1, found 463.0. Purity: 100% (HPLC,
254 nm, ACN/H.0 55/45, 0.01% HCOOH, tz = 1.43 min).

(S,E)-Phenyl-3-(3,4-dihydro-2H-benzo[b][1,4]oxazin-7-carboxamido)-5-phenylpent-
1-en-1-sulfonate (2p)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.85 mmol,
0.30 g) and carboxylic acid 8 (1.2 eq., 1.0 mmol, 0.18 g). The product was obtained
as a colorless solid (0.04 g, 0.09 mmol, 12%). '"H NMR (300 MHz, DMSO-ds) o[ppm]
=8.39-8.34 (d, 1H), 740 - 7.35 (d, J = 8.1 Hz, 1H), 7.33 (s, 3H), 7.31 = 7.27 (m,
4H), 7.21 = 7.16 (m, 4H), 6.83 — 6.70 (dd, J = 12.1, 1.1 Hz, 2H), 5.07 (s, 1H), 4.18 —
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4.09 (m, 2H), 3.33 — 3.22 (m, 2H), 1.91 — 1.86 (q, J = 7.7 Hz, 2H), 1.25 (s, 1H).
13C NMR (75 MHz, DMSO-ds) d[ppm] = 166.9, 152.0, 149.6, 1415, 130.4, 129.0,
128.9, 128.8, 128.7, 126.4, 124.1, 123.0, 117.0, 115.9, 115.0, 49.9, 34.6, 32.1.
[a]2 = —10° (c = 10 2, MeOH). MP =52 — 55 °C. LC-MS: [M+H*] calc. 479.6, found
479.3. Purity: 96% (HPLC, 254 nm, ACN/H,0 55/45, 0.01% HCOOH, t: = 2.13 min).

(S, E)-Phenyl-3-(isoxazole-5-carboxamido)-5-phenylpent-1-en-1-sulfonate (2q)

Synthesized according to procedure A using vinylsulfonate 46 (1 eq., 0.34 mmol, 0.12
g) and isoxazole-5-carboxylic acid (1.2 eq., 0.41 mmol, 0.05 g). The product was
obtained as a colorless solid (0.03 g, 0.07 mmol, 18%). '"H NMR (300 MHz, DMSO-
ds) 6[ppm] = 8.94 — 8.91 (d, J= 8.2 Hz, 1H), 8.53 —-8.51 (d, J= 1.9 Hz, 1H), 7.24 —
7.06 (m, 2H), 7.12-6.99 (m, 3H), 7.02 (s, 1H), 7.00 (s, 1H), 6.99 — 6.86 (m, 4H), 6.75
- 6.66 (dd, J=15.2, 1.4 Hz, 1H), 6.55 — 6.47 (dd, J= 15.2, 5.6 Hz, 1H), 443 - 4.39
(p, J=7.4Hz, 1H),2.36 —2.30 (id, J = 15.7, 8.1, 1H), 1.13 (s, 1H). "*C NMR (75 MHz,
DMSO-ds) o[ppm] = 162.8, 155.9, 152.2, 150.6, 149.5, 141.2, 130.4, 128.8, 127.9,
123.0, 106.9, 49.8, 34.2, 32.0. [a]Z3; = —8° (c =10 %, MeOH). MP = 130 — 132 °C.
LC-MS: [M+H*] calc. 413.5, found 413.1. Purity: 99% (HPLC, 254 nm, ACN/H.O
gradient, 0.01% HCOOH, tz = 6.08 min).

Fluorometric enzyme assays.
SmCB1 AUTO-ACTIVATION.

Inactive zymogen of SmCB1 was activated by auto-activation as described in
literature.?3 Zymogen was diluted to a final concentration of 2 uM in activation buffer
(100 mM sodium acetate pH 5.0, 2.5 mM DTT, 1 mM EDTA, 0.1% PEG 6000), dextran
sulfate 500 kDa was added to a final concentration of 10 mg/L to induce autocleavage
of SmCB1. Cleavage was performed at 37 °C for 6 h.

SmCB1 ASSAY PROCEDURE.

The assay was modified after JILKOVA ET AL."%° Assay buffer (100 mM sodium citrate,
2.5 mM DTT, 1 mM EDTA, 0.1% PEG 6000, pH 6.0) was incubated with 1 nM
activated SmCB1 at 37 °C for 10 min. Afterwards, inhibitor in DMSO or DMSO
(negative control) was added followed by 20 yM of the substrate Z-Phe-Arg-AMC
(BACHEM, Basel, Switzerland). The mixture was measured at 37 °C for 10 min
(screening) or 30 min (ICsp, Ki) on a TECAN SPARK (8 excitation: 365 nm, & emission:
460 nm; TECAN GRouUP, Mannedorf, Switzerland) plate reader using black GREINER
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Bio-ONE CHIMNEY 96 well microtiter plates (GREINER BIo-ONE GMBH, Frickenhausen,
Germany). Inhibitor screening concentrations started at 50 yM, followed by 20 uM,
1 uM, 200 nM, and 50 nM. ICsp or K; values were determined for compounds with
>50% inhibition at 20 pM.

Km DETERMINATION.

The assay was performed as described above using various substrate concentrations
(1.25-100 uM). GRAFIT (version 5.0.13, 2006, ERITHRACUS SOFTWARE LTD., UK) was
used for data analysis and non-linear regression.?’* The Kn, value was calculated as
described by Michaelis-Menten:

S Vmax [S]
° K, +IS]

vp = initial velocity; vmax = maximal velocity; [S] = substrate concentration.
ICs0 AND K; CALCULATIONS.

We used GRAFIT (version 5.0.13, 2006, ERITHRACUS SOFTWARE LTD., UK) for data
analysis and non-linear regression.?’* For compounds without a time-dependent
mode of inhibition ((fluorinated) vinylsulfones vs SmCB1, CatB, CatL; vinylsulfonates
vs CatB, CatL), we plotted residual enzyme activity in % against the inhibitor
concentration in M, obtaining ICse values by non-linear regression:

Vo
v =

1+ Gl

Vo = enzyme activity without inhibitor; v;= enzyme activity in presence of inhibitor;

[1] = inhibitor concentration; S = slope factor.

Ki values were calculated with the CHENG-PRUSOFF equation to correct ICso values to
zero substrate concentration:2%

. — _Cs0
G
Knm

SmCB1: [S] = 20 uM, Km = 4.3 M.
CatB: [S] = 100 uM, Km = 150 M. CatL: [S] = 6.25 uM, Km = 6.5 M.

For compounds with a time-dependent mode of inhibition (vinylsulfonates vs SmCB1),
the K; values were calculated as previously published for irreversible binders.?”®
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E+l «* [E—l] — E-l

E = enzyme; | = inhibitor, k = reaction constant;

[E---1] = non-covalent enzyme-inhibitor complex; E—I = covalent enzyme-inhibitor complex.

Pseudo-first order rate constants k.,s were determined for individual inhibitor
concentrations according to a continuous method by TIAN and Tsou, monitoring the
formation in the presence of inhibitor as a function of time and fitted to the following

equation:?’®

[Ple = [Pleo - (1 — e7Fors ™) + of f

[P} = product concentration at time t; [P]- = product concentration at infinite time; off = offset

value.

Followed by plotting the k.»s values against the inhibitor concentrations [I] and fitting
to a hyperbolic equation:
ki -]
obs — Kcilpp + [I]
The resulting dissociation constant of the initial enzyme-inhibitor complex K was
then corrected to zero substrate concentration with the CHENG-PRUSOFF relationship,
giving the K value.?®® The first-order rate constant ki was further used to calculate

second-order rate constants (kona).

k;
and = ?

Selectivity towards human cathepsins.

Cathepsin B (CatB, SIGMA-ALDRICH, Darmstadt, Germany) and cathepsin L (CatL,
SIGMA-ALDRICH, Darmstadt, Germany) were incubated in enzyme buffer (50 mM Tris-
HCI, 5 mM EDTA, 200 mM NaCl, 2mM DTT, pH 6.5) at room temperature for 20 —
30 min. Assay buffer (50 mM Tris-HCI, 5 mM EDTA, 200 mM NaCl, 0.005% Brij35,
pH 6.5) was mixed with cathepsin B or L in enzyme buffer, then inhibitor in DMSO or
DMSO (negative control) was added, followed by 100 yM (CatB) or 6.25 yM (CatL)
substrate Z-Phe-Arg-AMC (BACHEM, Basel, Switzerland). Measurements were
performed on a TECAN SPARK (0 excitation: 365 nm, & emission: 460 nm; TECAN
GRouP, Méannedorf, Switzerland) plate reader on black GREINER BIO-ONE CHIMNEY 96
well microtiter plates (GREINER Bio-ONE GMBH, Frickenhausen, Germany). Inhibitor

117



PROJECT 2: OPTIMIZING THE PHYSICOCHEMICAL PROPERTIES OF NEW SMCB1 INHIBITORS

screening concentrations started at 20 pM, followed by 1 yM, 200 nM, and 50 nM. K;
values were determined for inhibitors with >50% inhibition at 20 yM.

Correlation analysis.

The correlation analysis was conducted via MICROSOFT EXCEL (version 2301), giving
correlation factors (r). To determine p-values, the t-value was calculated first.

r-Vvn—2

V1 —1r2

n = number of compounds; r = correlation factor.

L=

The p-value should remain <0.05 and was then calculated in MICROSOFT EXCEL
(version 2301):

T.VERT.25(ABS(x); variance)

ABS(x) = |r]; variance = n — 2.

Molecular docking.
Non-covalent approach.

The protein crystal structure of SmCB1 with reference ligand K11777 (3s3r) was
loaded into PYMOL and water molecules were removed.'92’¢ Molecular modeling
was performed using MOE (version 2019.01) with energy minimizing using an
MMFF94x force field.'®”2"" Docking calculations were performed using LEADIT
(version 2.3.2) from BIOSOLVEIT GMBH and scores were determined using a FlexX
and Hyde algorithm.2827% The binding site was defined in a 6.5 A radius around the

reference ligand.

Redocking of ligand K11777 resulted in a pose with an RMSD of 1.26 A (see Figure
S$1). FlexX and Hyde scores are shown in Table S1.
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r

Figure S1. Redocking of K11777. PDB 3s3r.1% Original ligand from crystal structure in dark

grey, redocked ligand in cyan. Image created with PYMOL.276

Table S1. Non-covalent docking scores.

cpd FlexX score Hyde score distance
[kJ/mol] [kJ/mol] warhead-Cys [A]

SJ605 —24.8 -34 32
SJ606 —-23.9 —25 29
2a —24.4 —28 35
2b -23.7 -29 35
2c -25.5 —43 3.7
2d —22.6 -31 36
2e —24.8 -33 3.2
2f —26.6 —24 3.7
29 -22.7 -35 35
2h -25.3 -39 34
2i —22.8 -33 43
2j -25.9 -38 36
2k -27.5 —16 34
2| —26.2 —25 34
2m —-26.7 -36 39
2n —-23.0 —34 35
20 —25.2 —43 35
2p -22.0 -37 35
2q -17.7 —41 3.4
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2.4 Perspectives

We have successfully improved our lead structures from the in-house screening,
particularly the vinylsulfonate-based compounds. 2h emerged as the most potent
compound in the series with inhibition in the nanomolar range (K = 50 nM) and the
highest efficacy in S. mansoni adults (86% at 10 uM, 68% at 1 uM, 35% at 0.1 uM).
Its efficacy is in a similar range to that of praziquantel (ICso = 0.16 uM), the only
approved drug to treat schistosomiasis.

Although 2h is already more than 400-fold selective towards CatB and CatL, warhead
modifications, like introducing a fluorine, to result in covalent reversible inhibitors can
further diminish the potential for off-target effects. Since the inhibition potency is still
in the micromolar range for covalent reversible F-vinylsulfone 2a, the peptidomimetic
scaffold could be combined with the a-fluorovinylsulfonate warhead. If the inhibitory
potency is still not sufficient, further scaffold optimizations to improve the active site
interactions should be performed.

Other next steps include pharmacokinetic evaluations. Permeability assays are
inevitable, e.g., parallel artificial membrane permeation assay (PAMPA) or Caco-2
assays. As a preliminary test before animal experiments, in vitro metabolism studies
with microsomes could already give some hints about biotransformation processes
and metabolic stability. Then, in vivo studies with healthy animals could provide
essential knowledge on biodistribution and metabolism, important parts of ADME.
With the acquired data, further structural optimizations could be performed.

Further preclinical studies involve in vivo studies with infected animals, to find out
more about the compounds’ efficacy. Depending on the in vivo performance, targeted
delivery systems could be developed to improve efficacy. The outer surface of
schistosomes is enclosed with the so-called tegument where several receptors are
found.28928' Based on these schistosome-specific proteins, the surface of
nanocarriers could be functionalized for targeting. An example for such proteins would
be tetraspanins that can interact with extacellular proteins and glycans.?®
Nanocarriers could have additional beneficial effects on compound stability, solubility
and reduce off-target effects.

120



ProJecT 3: PoTENT & SELECTIVE COVALENT REVERSIBLE CATS INHIBITORS AS IMMUNOMODULATORS

3 New subnanomolar cathepsin S inhibitors with high selectivity:
Optimizing covalent-reversible a-fluorovinylsulfones and

-sulfonates as potential immunomodulators in cancer

3.1 Summary and Own Contribution

This project was part of the subproject Q5 (“Targeting and immunomodulator
structures and their coupling to therapeutic nanosystems for oncological application™)
in the CRC1066 (“Nanodimensional polymer therapeutics for tumor therapy”).

During the last decades, targeting the immune system in cancer therapy has become
a valid strategy. Several checkpoint inhibitors, mainly monoclonal antibodies, are
approved for various cancers, e.g., ipilimumab or pembrolizumab.?8228% Discovering
new targets in the immune system and developing potential drugs for them is of
utmost importance to overcome arising resistances to current therapies. 282283
Covalent protease inhibitors have recently gained interest for tumor
immunotherapy.?8* A primary example for a potential target is the human cysteine
protease cathepsin S (CatS) that is overexpressed in various cancers and involved in
tumor progression.'®® This involves not only extracellular matrix (ECM) degradation to
support angiogenesis, but also the suppression of cytotoxic CD8+ T cells that can
attack tumor cells. CatS is crucial for antigen processing in antigen-presenting cells
(APC) and favors MHC-II expression, and thus, CD4+ T cells, also including Treg
cells.’™-1>* Recent studies have shown that CatS knock-down can improve the CD8+

immune response towards tumors. 64167

To date, monoclonal antibodies are the main players in immune therapy, but they are
associated with several disadvantages, such as poor pharmacokinetic profiles,
immune-related side effects, ineffective tumor penetration, and high costs.?®> Qur
objective was to develop small molecule immunomodulators that inhibit CatS and shift
the immune response towards cytotoxic CD8+ T cells. For that purpose, we focused
on in-house cathepsin inhibitors from project 1 and optimized them for CatS in terms
of potency and selectivity towards cathepsins B and L, following the workflow in

Figure 21.
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synthesis &

optimization molecular testing of
ideas docking optimized
inhibitors

Figure 21. Workflow for project 3.

Ideas from literature research that were verified by molecular docking resulted in
optimized inhibitors that we have synthesized and tested in a fluorometric enzyme
assay for CatS, CatB and CatL. The resulting compounds are highly active against

CatS and selective towards off-target cathepsins.

The results of the project are presented in the following manuscript, titled “New
subnanomolar cathepsin S inhibitors with high selectivity: Optimizing covalent-
reversible a-fluorovinylsulfones and -sulfonates as potential immunomodulators in
cancer” that was submitted to ChemMedChem in March 2023.

Own contribution: design and synthesis of optimized compounds 2a-6b,
fluorometric enzyme assay establishment, K., determination, testing of compounds in
enzyme assays, selectivity assays for cathepsins B and L, writing main part of the
manuscript, writing main part of the supporting information, preparing tables (1, 2),
schemes (1-4), and figures (1-6).

Contribution from others: design and synthesis of initial lead compounds 1a and
1b, synthesis of 6c, molecular docking, cell viability assays on MDA-MB-231 and
dendritic cells.

Supporting Information is available on the Appendix CD.
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Abstract The cysteine protease cathepsin S (CatS) is overexpressed
in many tumors. It is known to be involved in fumor progression as
well as antigen processing in antigen-presenting cells (APC). Recent
evidence suggests that silencing CatS improves the anti-tumor
immune response in several cancers. Therefore, CatS is an
interesting target to modulate the immune response in these diseases.
Here, we present a series of covalent-reversible CatS inhibitors based
on the a-fluorovinylsulfone and -sulfonate warheads. We optimized
the lead structures 1a and 1b by molecular docking approaches,
resulting in 22 final compounds which were evaluated in fluorometric
enzyme assays for CatS inhibition and for selectivity towards the off-
targets CatB and CatlL. The most potent inhibitor in the series, 6c, has
subnanomolar affinity (K, = 0.08 nM) and more than 100,000-fold
selectivity towards cathepsins B and L. These new reversible and
non-cytotoxic inhibitors could serve as interesting leads to develop
new immunomeodulators in cancer therapy.

Introduction

Cysteine cathepsins are ubiquitous papainike proteases, in
mammalians mainly located in the lysosome, involved in
extracellular matrix degradation and intracellular protein
processing.! They have various func ions in cells and, above all,
share a high structural similarity.2 However, cathepsin S (CatS)
differs from other cysteine ca hepsins in its stability at neutral pH
and its limited tissue distribu ion (mainly in antigen-presenting
cells, e.g. macrophages).># CatS is known to be overexpressed in
many tumors (e.g., follicular lymphoma, breast, gastric, colon,
pancrea ic cancer).>® To date, various mechanisms how Cats is
involved in tumor progression are known. For example, Cats is
known to furn over exiracellular matrix proteins and to drive fumor
angiogenesis.’® Additionally, RIESE AND CO-WORKERS showed
that CatS regulates antigen processing and presentation in
an igen-presenting cells (APC)."™'5 With his important role in
immune cells, cathepsin S intervenes in the body's immune
response also to tumors. It shifts MHC-II expression to MHC-,
resulting in a favored activation of CD4+ T cells (e.g., regulatory

T cells) over cytotoxic CD8+ T cells.>2% JakoS AND CO-WORKERS
and WILK NSON AND CO-WORKERS also stated that CatS polarizes
APCs from M1 to M2 phenotype that is associated with tumor
progression, supporting he proliferation of myeloid-derived
suppressor cells (MDSC) and tumor-associated macrophages ®1¢
This shift results in a suppressed T cell-induced immune
response. '™ Data from murine models also indicates that CatS
inhibition reduces the overall T cell immunity in healthy mice but
enhances the CD8+ T cell immunity in mice with cancer.®
Cytotoxic CD8+ T cells can attack tumor cells and hus lead to
tumor volume reduction® Experiments with small-interfering
RNA (SiRNA) targeting CatS mRNA and hus, reducing CatS
expression, resulted in tumor volume and invasion reduction as
well as increased apoptosis and attenuated angiogenesis 22
BURDEN AND CO-WORKERS used inhibitory CatS antibodies and
observed an increased effect of chemotherapeutics plus a
significant tumor growth limitation.*#* Furthermore, CatS
overexpression occurs in follicular lymphoma including the
expression of an overactive mutant (¥ 132D) with enhanced auto-
activation.® Knocking down the protease leads to an improved
immune response towards lymphoma cells.® Overall, CatS is an
interesting new farget to enhance anti-tumor immunogenicity and
thus, stop tumor growth, especially in case of resistances to
current tumor immunotherapies ®'9252% Figure 1 summarizes the
mentioned effects of CatS in the tumor microenvironment (TME).
CatS is a papainlike protease expressed as an inactive
zymogen 472 After cleaving off the propeptide, the mature
enzyme consists of 217 residues and a cataly ic dyad (Cys25,
His164) in the active site.>#?® Despite the high structural similarity
to other human cathepsins, there are various residues in the S1°
to S3 subsites that differ and can be addressed fo gain
selectivity *?® The first selective CatS inhibitors were published in
the early 2000s based on a publication by PauLy ET AL. that
described the binding site and especially the differences towards
other cysteine cathepsins.'® The S2 subsite contains a flexible
Phe211 residue that can flip and open up to Phe70 from the S3
site, creating space for bulkier residues in S2. Fur hermore, it
allows ligand m-stacking with these Phe residues 30
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Figure 1. Cathepsin S inhibition affects tumor cells and antigen presenting cells (APC). CLIP = Class |l-associated invariant chain peptide.

During the last 20 years, many cathepsin S inhibitors have been
developed, including non-covalent as well as covalent ones (e. g.
vinylsulfones, nitriles, aldehydes). -3 One nitrile-based inhibitor
has already been tested in vivo. The compound led to significant
reduction of tumor volume in murine models. >

Here, we focus on developing new selective cathepsin S inhibitors
based on he structure of the well-known pan-cathepsin inhibitor
K11777. This compound wih an electrophilic vinylsulfone
warhead is known to be a covalent ireversible ca hepsin inhibitor
(Figure 2). The ac ive site cysteine

undergoes a Michael-type addition

and cannot dissociate from the Y )

“'"ffej

KN777
covalent irreversible

inhibitor after the covalent bond

formation. Since irreversible
Qs %\A
l“’"‘f‘?*ﬂ i@

inhibition has several drawbacks,
eg., off-target effects, toxicity,
haptenization **> we have recen ly
0 ¢
F-K11777Ha
roversible

developed modified K11777

deriva ives by introducing a fluorine
atom at the a-position of the
vinylsulfone double bond. The
generated a-fluorovinylsulfone (1a)
undergoes a reversible Michael-type
addition with hiols (Figure 2).% With
this reversibility we maintain the
benefits of covalent inhibition, e.g.,
longer residence times, higher
potency, thus. possible dosage
reduction, and a lower
pharmacokinetic sensitivity, without
the drawbacks of irreversible
"‘M"] i 9 F
R § ot £ O
lead structures for CatS inhibitor 1
covalent (slowly) reversible

inhibition  mentioned ~ above *4¢

Figure 2. Reversible K11777 derivatives as

development.
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Our most recent findings suggest that modifying the warhead from
an a-fluorovinylsulfone (1a) to an a-fiuorovinylsulfonate (1b)
results in slowly reversible cathepsin inhibitors, further prolonging
the target residence time (Figure 2) 47

Since covalent-reversible inhibition has many benefits, we chose
previously described fluorinated derivatives from SCHIRMEISTER
ET AL. and JUNG, FucHs ET AL. as initial starting structures (1a, 1b)
for the development of new CatS inhibitors.***" Results of
molecular docking studies combined with literature-known motifs
resulted in 22 new compounds (Figure 3) that were tested in
fluorometric enzyme assays against cathepsins S, B, and L. We
evaluated their potency and selectivity profiles in a structure-
activity relationship study backed up by molecular docking results.
Finally, their cytotoxicities against the breast cancer cell line MDA-
MB-231 and murine bone marrow-derived dendritic cells were
tested in cell viability assays.

-Pip-N-Me
-Pip-N-boc
-Pip o] F
-Ph n\)L = P
“thiophenyl C N g‘@ p
d-pyr -OPh
-morpholyl @
-Ph-N-boc -cyAla
-Ph-NH, Leu

-hPhe

.Trp

Figure 3. SAR variations for compounds 1a (P1'= Ph) and 1b (P1° = OPh).
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Results and Discussion

Star ing from lead structures 1a and 1b,***7 we prepared 22 new
compounds (2a — 6¢, Scheme 1).

The compounds differ in heir P2 and P3 posi ions (Scheme 1).
They contain morpholine (2¢, 3¢, 6¢), piperazine (Pip, 2b, 3b), N-
boc-piperazine (Pip-N-boc, 2a, 3a), pyridine (2d, 3d, 4a — 5d),
thiophene (2e, 3e) or aniline (Ph-NH;z, 6b) in the P3 position and
hPhe (4c, 5¢), cyAla (4a, 5a, 6a — c), Leu (4b, 5b) and Trp (4d,

5d,; all with (S)-configured stereo center) in the P2 position. These
latter residues were previously described fo improve the binding
affinity in CatS inhibitors * For the covalently reacting warhead
functionality, we prepared a-fluorovinylsulfones and he
corresponding a-fluorovinylsulfonates occupying the P1 position.

e
e

2a: P1'= SO,Ph, P3 = Plp-N-boc ~ 3a:P1'=
2b: P1' = S0,Ph, P3 = Pip

2c: P1" = S04Ph, P3 = morpholyl
2d: P1' = SO,Ph, P3 = 4-pyridyl
2e: P1' = 50,Ph, P3 = 3-thiophanyl

504Ph, P3 = Pip-N-boc
3b: P1' = S0,Ph, P3 = Pip

3¢: P1' = SO,Ph, P3 = morpholyl
3d: P1' = S0,Ph, P3 = 4-pyridyl
30: P1' = S5O4Ph, P3 = 3-thiophenyl
3f: P1'= SO4Ph, P3 = phenyl

TIPS
© @

4a: P1' = SO,Ph, P2 = cyAla 6a: P3 = Ph-N-boc

4b: P1' = SO,Ph, P2 = Leu 6b: P3 = Ph-NH;

4c: P1' = SO,Ph, P2 = hPhe 6c: P3 = morpholyl

4d: P1 = SO,Ph, P2 = Trp

Sa: P1' = S0,Ph, P2 = cyAla

5b: P1' = SO,Ph, P2 = Leu

Sc: P1' = SOyPh, P2 = hPhe

§d; P1' = 50,Ph, P2 = Trp
Sch 1.0 5 with in P1’, P2 and P3.
Chemistry.

The syn hesis route allowed many combinations of the two
warhead variations wi h various dipeptides, resulting in the final
inhibitors 1a — 6c.

Warhead preparation.

To prepare the warhead, we first synthesized fluorinated
phosphonates 11 and 12 (Scheme 2) as previously published.*
To synthesize aldehyde 14, we prepared the Weinreb amide 13
of boc-homopheny! alanine which was subsequently reduced to
14 using LiAlHs (Scheme 2). Aldehyde 14 and phosphonates 11
or 12 then reacted in a Homer-Wadsworth-Emmons olefination,
providing fluorovinylsulfone 15 and fluorovinylsulfonate 16. Boc-
deprotection with HCI in dioxane resulted in 17/18 (Scheme 2).

WILEY-VCH

Dipeptide syn hesis.

For ester-protected dipep ides 19, 21, 23 and 41, we prepared
isocyanates which hen reacted wih piperazine derivatives or
morpholine. We syn hesized the other ester-protected dipeptides
using standard amide coupling reactions. The cleavage of the
ester moieties by hydrolysis under basic conditions gave access
to the final dipeptides 20 — 42 (Scheme 3).

A rp @ ool _® wo ol
™ —— | — ™
&~ - v"‘o"\ ovsTp*o/\
o
R =Ph, OPh 9:R=Ph 11:R=Ph
10: R = OPh 12: R = OPh
B
) @
[
boc., N boc.,
h“"‘ﬂ COOH N o~ N
o
13 14
R, f? e, P .
®
HaN 65 R
11,12 17:R=Ph
18: R = OPh

(9 — 12). (a) KHMDS/n-BuLi, DECP;
THF; —78/0 °C; 3 h; 43 — 82%. (b) LHMDS, Selectfivor, THFIDMF; —78 °C
—0°C: 4 h; 45 — 46%. (B) Aldehyde preparation (13 — 14). (c) N, O dimethyl
hydroxylamine, HOBt, TBTU, DIPEA; DCM; 0 °C — rf; 12 h; 100%. (d) LiAIHs;
diethyl ether; 0 °C; 2 h; 99%. (C) HWE olefination (15 — 16) and boc deprotection
(17 =18). (e) LHMDS; THF; 78 °C; 4 h; 46 — 59%. (f) 4 M HCI; dioxane; rt; 2 h;
88— 95%.

P e

18: X = N-Mo, R = Pha
21: X = N-boc, R¥ = Phe
23: X =0, R*=Pha
41: % = 0, R? = cyMla

R? W o R
M/krﬂv —_— R‘LN*{G\/
[} lﬂ!l
28 R' = dpyr, R? = Fhe

Sch 2. (A) Phosph

i (1]
n/\l)kol\ —_—
Rt

R = Ph, cycloheayl

o *

OuOE

~ >L°j\ 27 R' = 34ndophenyl, R = Phe
N 29:R' = Ph, R? = Pre
’\r]t? "ﬂ:) R = dpyr, R = cyia Ay
Ny 3R = dpyr, BT = Law H
Pip-h-Me N-boc 35 R" = d-pyr, RY = hPhe
i MR'= 4:, Ri=Tm ;: R" = Plp-N-Mo, :!z. Pre
39, R" = Ph-M-boe, R = : R' = Plp-M-boc, R = Phe
‘O« i ot 24 R' = morpholyl, AT = Phe
¥ 26:R' = &-pyr. R* = Pha
morpholyl 28; R' = Jdhioghard, ¥ = Pha
o 30: R = Ph, R? = Phe
32 R' = &pyr. R = cyhln
3R = spyr B =Ly
36 R' = &-pyr. R = hPhe
MR = Lpyr. R2=Trp
3dcgvem - 40; R' = N-boc-Ph, A7 = cyAla
i 42: R = morphoiyl, RY = cyAls
Y @\/
L]
Ph-N-bac
Sch 3. Synthesis of dipeptides 20 — 42. (g) Triphosgene, NaHCOs;

DCMoluene; D C: 3 h: 64%. (h) DIPEA: THF: 0 °C — rt: 12— 24 h; B4 — 100%.
(i) HOBY, TBTU, D PEA; DCM: 0 °C — rt; 12— 24 h; 67 — 100%. (j) LiOH x 1 H:0;
THFM20; rt; 12 — 24 h; 44 — 100%.
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Amide couplings.
[+] (U] [}
=] + —_—
RY “oH o
BN R)Lu -F”'n‘ u‘j‘u Ms’?",
F o*s"" 20.42 o @
R'=Ph: 12, 28, 2c -0, 4a-d R'=Ph:2b
17,18 R'=OPh: 1b, 3a, 3¢ - 1, 5a - d, 6a, 6c R' = OPh: 3b, 6b
S f ides resulting in the final inhibitors 1a — 6c¢. (i) HOBt, TBTU or HATU, D PEA; DCM or DCM/DMF; D *C

4. Amide pling ions o ds and dipep
—rt; 12 - 24 h; 11 - 65%. (f) 4 M HCI; dioxane; rf; 2 h; 74 - 96%.

calculations of inhibition constants see chapter Fluorometric

Warheads 17 or 18 were coupled wi h dipeptides 20 — 42 in enzyme assay in the Experimental section.

standard amide coupling reactions (Scheme 4). The resulting
inhibitors 1a — 6¢ were purified by HPLC (> 95% purity in all
cases). We started by varying the P3 position of lead compounds 1a and
1b (Figure 3) and prepared two compound sets, namely the
. comresponding fluorovinylsulfones/-sulfonates (2a — 6c), and
Fluorometric enzyme assays. evaluated their inhibitory activities and selectivities (Table 1). We
generally observed all a-fiuorovinylsulfonates (3a — 3f & 5a — 5¢)
to be more potent cathepsin S inhibitors than the corresponding
a-flucrovinylsulfones (2a — 2e & 4a — 4d) which already improves
their selectivity towards CatB and CatL (Table 1).

The synthesized compounds’ inhibitory activities against CatS
and he off-targets CatB and CatL were tested using well-known
fluorometric enzyme assays (Table 1)# The inhibitors were
initially screened at different concentrations (20 M, 1 M)
followed by ICsp/Ki value determination if >50% inhibition @20 pgM.
For more information regarding assay procedures and

Table 1. Enzyme assay results for p 2a - 6c P to 1aand 1b.
cpd P4 P2 P3 Ki CatS [uM] KiCatB [uM] Sl CatBiCatS  KiCatl [pM] Sl CatL/CatS
1a Ph Phe Pip-N-Me 122028 047 039 0.023= [1]17]
1b OPh Phe Pip-N-Me 0.010 £ 0.002* 0.26 £ 0.038 26 0024+0.003 24
2a Ph Phe Pip-N-boc 0.14 + 0.056 =12 =86 =10 =T
2b Ph Phe Pip 13+037 0.66 +0.084 051 079x0.21 061
2c Ph Phe maorpholyl 0.040 = 0.004 0.37 £ 0.096 93 0.18 £ 0.043 45
2d Ph Phe 4-pyridyl 0.10x0.012 3.4= k] 0.11™ 11
2e Ph Phe 3-thiophenyl 0.057 £ 0.008 1.1+0.38 19 0.56 +0.097 98
3a OPh Phe Pip-N-boc 0.0085 + 0 0045* =12 =1,400 =10 =1,100
3b OPh Phe Pip 0.0057 + 0 DO23* 084 +020 147 0.087 £ 0.010 15
3c OPh Phe maorpholyl 0.0009 + 0 DDOS5* 12+020 1,333 0.30 £0.014 333
3d OPh Phe 4-pyridyl 0.0008 + 0 0004* 1™ 85 0.26™ 13
3e OPh Phe 3-thiophenyl 0.011 £ 0.0039* 40+0.98 363 0.97 £0.059 88
3 OPh Phe Ph 0.0073 + 0 0018* =12 = 1,600 0.19+0.16 26
4a Eh cyAla 4 pyridyl 0.0059 + 0 D008 =15 = 2500 =10 =1,700
4b Ph Leu 4-pyridyl 0110011 =12 =110 056 £0.11 51
4c Ph hPhe 4-pyridyl 0.17 £ 0.0033 =15 =88 =10 »59
4d Ph Trp 4-pyridyl 0.32 2 0.043 =12 >38 23061 T2
4
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sa OPh cydla 4 pyridyl 0.0079 + 0 0038* =15 > 1,900 =10 > 1,300
sb OPh Leu 4-pyridyl 0.035+0.012* =12 =340 =10 > 230
Sc OPh hPhe 4-pyridyl 024011 > 12 > 50 >10 > 42
5d OFh Tp 4-pyridyl 0.018 + 0.0023 174017 94 066+0076 37
6a OFh cyhla Ph-N-boc 0.0059 + 0 0018* >12 > 2,000 > 10 =1,700
6b OPh cyAla Ph-NH: 0.0090 + 0 0017* =12 > 1,330 =10 >1,100
6c OPh cyAla marpholyi 0.00008 = 0 DOOO3* =12 > 150,000 > 10 > 125,000

[a]): see SCHIRMEISTER ET AL#* [b]: see JUNG, FUCHS ET AL “" *time-dependent inhibition.

We noted a good inhibition for compound 2¢ (K = 40 nM), but a
low selectivity (only 9 3-fold vs. CatB and 4.5-fold vs. Catl). The
corresponding fluorovinylsulfonate 3¢ has a 40-fold increased
inhibitory activity (K = 0.9 nM), also resulting in higher selectivity
towards other cathepsins (1,333-fold vs. CatB, 333-fold vs. CatL).

Next, we altered the P2 position while maintaining a 4-pyridyl
residue in P3 that has proven to be beneficial for CatS inhibition
and selectivity.® Here, we also prepared comresponding a-
fluorovinylsulfones/-sulfonates (4a — 5d) and determined their
inhibitory activities and selectivity profiles (Table 1). The
cyclohexylalanine residue in P2 seems to be the most favorable,
with K; values in the low nanomolar range (5.9 — 7.9 nM) for both
warheads (4a, 5a, see Table 1). The resulting selectivity towards
CatB and CatL is >1,000-fold for bo h compounds and enzymes.
Leucin in P2 combined with an a-fluorovinylsulfonate (5b) also
shows good CatS inhibition (K; = 35 nM) and high selectivity.
However, homophenylalanine and tryptophane are not suitable as
they lack affinity and selectivity compared to the most favorable

compounds.

Based on the results from these first optimizations, we prepared
three additional compounds (6a — 6¢) wi h cyclohexylalanine in

P2 and modifications in P3. For future attachments of our
inhibitors onto nanodelivery systems via various linkers, we chose
to introduce an amino-substituted phenyl ring in the P3 position
(6b). We also tested the N-boc protected intermediate 6a. Since
we had found the morpholyl substituted compounds 2c, 3¢ to be
very potent, with K values of 0.9 nM (3¢) and 40 nM (2¢)
respectively, we prepared a final inhibitor combining the favorable
cyclohexylalanine residue in P2 with the morpholyl moiety in P3
(6¢).The results shown in Table 1 reveal that all three moieties
are suitable for the P3 position with K values in he low nanomolar
or even subnanomolar range and high selectivities towards
cathepsins B and L. Compound &c with a K; value around 80 pM
and more than 100,000-fold selectivity towards the other two
cathepsins is the most potent and selective inhibitor of the series.

Generally, the progress curves for a-flucrovinylsulfones are linear,
indicating that the inhibition is not time-dependent (Figure 4). For
the a-flucrovinylsulfonates, we observed time-dependent
inhibition  (Figure 5Fehler! Verweisquelle konnte nicht
gefunden werden.) wi h biphasic binding behavior as we have
reported previously for a-fluorovinylsulfonate inhibitors of the
cysteine protease rhodesain.” Thus, we also determined further
inhibition constants, such as k3, ks and K~ (dissociation constant
of final covalent complex) using the slow-binding equation for
these compounds (1b, 3a —f, 5a — 6¢, Table 2).%

(]
8

residual activity [%)]
2

Figure 4. Assay results for 4a (bottom right). (A) Flucrescence-time plot for 4a vs. CatS with different inhibi

curves. (B) Residual enzyme activity [%] vs. inhibitor concentration [pM] for ICs

]
using the Cheng-Prusoff equation **

linear prog

Kivalue was

5
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Figure 5, Assay results for 6¢ (bottom right). (A) Fluorescence-time plot for 6c vs. CatS with different inhil ions [nM] showing a biphasic beh.

thus a time-dependent inhibition mode. (B) kees [87'] vs. inhibitor concentration [uM)] for K, calculation with the slow-binding equation. s

ks ks binding behaﬂor.'l'heﬂiﬂsswa’ ion oonlstantésof the final covalent
complexes (K*) are in the low nanomolar to subnanomolar range
E+| =— E~] —=— E- proving the very tight binding of the inhibitors.
kz k¢
\ J e
v Dilution assay,
N K J
With dilution assays, we proved that the inhibitors are reversible
Y as expected from our previous experiences with such
K compounds.*” For the experiments, two compounds (F-
i vinylsuifonate 3c, F-vinylsulfone 4a) were incubated with

cathepsin S, followed by 100-fold dilution with substrate-
containing assay buffer. In case of reversible inhibition, the
enzyme activity should recover. Furthermore, we used the pan-

We found the rate constant of the dissociation of he final complex ~ cathepsin inhibitor K11777 as an irreversible control*

(ks) to be significan ly lower han he associa ion rate constant (ka)

for all time-dependent compounds (Table 2), suggesting fight-

Table 2. Inhibition data and kinetic constants for time-dependent CatS inhibitors.

cpd P2 P3 Ki[puM] ks[s] ka[s1] Ki* [oM]
1b Phe Pip-N-Me 0.010%0.002 00015 0.0002 00012
3a Phe Pip-N-boc 0.0085 + 0 D045 00024 0.0004 00012
3b Phe Pip D.0057 + 0 0023 00020 0.0004 0 0010
3c Phe Morpholyl 0.0009 + 0 0005 00021 0.0003 0 00011
3d Fhe 4-pyridyl 0.0008 + 0 0004 00012 0.0004 0 00020
3e Phe 3-thiophenyl 0.011£0.0039 00016 0.0002 00012
3 Phe Ph 0.0073 + 0 D018 00018 0.0003 0 0010
5a cyhla 4-pyridyl 0.0079 + 0 0038 00015 0.0003 00013
5b Leu A-pyridyl 0.035+0.012 00016 0.0003 0 0055
5c hPhe 4-pyridyl 0.24+0.11 00017 0.0002 0025
6
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5d T 4-pyridyl 0.018 +0.0023
6a cyAla Ph-N-boc 0.0059 + 0 0018
6c cyAla Ph-NHz 0.0080 + 0 0017
6c cyhla morpholyl 0.00008 + 0 00003

WILEY-VCH
0 D022 0.0002 00015
00018 0.0002 000056
00007 0.0001 000038
00008 0.0003 000002

ka, ks and K;* calculated with the slow-binding equation *?

Figure 6 shows that the a-fluorovinylsulfones and -sulfonates are
dissocia ing from the . proving hat their covalent reaction
is reversible. This is also supporied by previous findings from
JUNG, FUCHS ET AL. and SCHIRMEISTER ET AL..**#7 K11777, on he
other hand, forms an irreversible covalent bond and cannot
dissociate from he active site.5®

1800
1600
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£ 1200
g - w— DMEO control
v
2 800 —cpd3e
e
S 600 —
E cpd 4a
400 —RANTTT
200 irreversible control
0
0 200 400 600 800 1000 1200

time [s]

Figure 6. Dilution assay. DMSO as control (black) and K11777 as imeversible

control (red). | of CatS with ds 3c (F-vinylsulfonate, blue) and
4a (F-vi , green) followed by 100-fold dilution results in an enzyme
activity recovery.

SAR discussion.

Comparing the K values of he lead compounds F-vinylsulfone 1a
(Ki = 1.2 M) and F-vinylsulfonate 1b (K = 0.010 M) with P3
substituted inhibitors 2a-2e and 3a-3f shows significantly
enhanced affinity towards the target enzyme CatsS in all cases
except for piperidyl substituted vinylsulfone 2b (K= 1.3 pM) and
3-thiopheny! substituted vinylsulfonate 3e (K = 0.011 uM). The
non-covalent docking results show scores in the same range or
even higher compared to the leads 1a & 1b. For compound 3f the
predicted score for the stability of the covalent complex is even
higher compared to the lead compounds (see Table B,
Supporting information). Additionally, the selec ivities for CatS
increased significantly towards CatB for all P3 modified
compounds (2a—3f) by up to 220-fold for inhibitor 2a vs 1a. The
selectivity towards CatL also improved in all cases ( from
0.02-fold for 1a to >71-fold for 2a (vinylsulfones) and from 2.4-fold
for 1b to >1,100-fold for 3a (vinylsulfonates). Overall, he
vinylsulfonate warhead resulted in more potent inhibitors as
exemplified for compounds 2b vs 3b. Superposition of the non-
covalent docking poses of both compounds revealed that he
additional oxygen atom in 3b leads to a different onentation of he
phenyl ring inside the S1°-subpocket of the active site, where
additional face to edge and face to face m-stacking interactions
with Trp186 and His164 are possible, possibly leading to tighter
binding of 3b compared to 2b (Figure 7).

ition of the non lent d

Figure 7. Supernp
carbon atoms) and 3b (purple carbon atoms) inside the active site of CatS (pdb:

king poses of 2b (smudge green

1NPZ). Polar interactions between 3b and the enzyme are depicted as yellow
dashed lines. The di [ the el

philic C-atom of inhibitor 3b and

Cys25 is shown as red dashed line with the measured distance in A.

Replacing phenylalanine in P2 with four different amino acids
while maintaining the 4-pyridyl substituent in P3 lead to he resuit
that the cyAla-residue is best suited to address the S2 pocket of
the enzyme wih both warheads. This is highlighted by the
increase in potency for the vinylsulfone-based inhibitor 4a (K =
0.006 M) compared to 2d (K = 0.10 yM) and a better selectivity
towards both off-targets (>2,500-fold vs CatB and >1,700-fold vs
CatL). For the vinylsulfonate-based inhibitor series, the same
exchange resulted in a potency drop of about 10-fold (3d vs 5a)
but a big jump in selectivity (>1,900-fold vs CatL and >1300-fold
vs CatL) for inhibitor 5a. This might be due to the sp*-hybridiza ion
of the carbon atoms of the cyAla substituent, which better fills the
S2 subpocket and presumably generates new non-polar
interactions wih the subpocket atoms compared fo the sp-
hybridized planar phenyl ring (Figure 8).

Combining the cyAla motif in P2 with morpholine in P3 and the
vinylsulfonate warhead yielded the most potent inhibitor 6¢, with
a K-value in the picomolar range and excellent selectivities over
CatB (> 150,000) and CatL (> 125,000). Superposition of the non-
covalent docking pose of 6¢ with the covalent enzyme-inhibitor
complex shows that all polar interac ions between the non-
covalently bond inhibitor and the enzyme should still be intact
after the covalent bond forma ion (Figure 9). Compound éc¢ also
has one of the highest scores for the stability of the covalent
enzyme inhibitor complex (Affinity AG, MOE-score = 6.0 kcal/mol)
as well as the second highest HYDE-score of all inhibitors with
50 kJ/mol (Table B, Supporting information).

The incorporation of an amine functionality in the P3 site for
compound 6b (K, = 9 nM) and its boc-protected intermediate 6a
(K = 6 nM) did not deteriorate the affinity or the selectivity for the
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target enzyme (Table 1). Therefore, 6b can be used in future
studies with nanodelivery systems.
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Figure 8, Predicted binding modes and non-covalent interactions (yellow dashed lines) of different inhibitors inside the CatS binding pocket (pdb: 1NPZ).

(A)S of the non lent docki

poses 3d (smudge green carbon atoms) & 5a (purple carbon-atoms).

Figure 9. Superposition of the non-covalent docking pose of 6¢ (darksalmon
carbon atoms) and the covalent docking pose of 6¢ (teal carbon atoms) inside

the active site of CatS (pdb: 1NPZ). Polar i ions beh the non lent

pose of 6¢ and the enzyme are depicted as yellow dashed lines. The distance
between the electrophilic C-atom of 6¢ and Cys-25 is shown as red dashed line

with the measured distance in A_

Cell viability.

Selected compounds were ftested in @ CeLTITER-GLO
Luminescent Cell Viability assay to assess their cytotoxicity. We
used MDA-MB-231 cells which are breast cancer cells hat
compensate the inhibition of CatS and other ca hepsins.
Therefore, only unspecific cytotoxic effects, that are not related to
CatS inhibi ion, are detected **We did not observe significant
cytotoxicity (Figure 10) after 24 h treatment at concentra ions
>1,000-fold higher (20 uM) than the compounds’ K values in he
low nanomolar range. Only compounds 5a and 6b exhibited low
cytotoxic effects at the highest concentra ion applied (100 pM),
which was >10,000-fold the compounds’ K; values. In conclusion,
the exemplarily selected compounds do not affect cell viability of
MDA-MB-231 cells at their biologically active concentrations.
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Figure 10. Cell viability of compounds 5a, 5b, 6b and 3c-treated MDA-MB-231
cells determined by CELLTITER-GLO Luminescent Cell Viability Assay. Cells
were treated for 24 h with each compound at two different concentrations,
100 M or 20 pM, respectively. Signifi ot

ic effect was observed for

MDA-MB-231 cells treated with 5a and 6b at 100 yM. All experiments were
performed in quadruplicates and data are shown as mean+SD from three

independent experiments.

In addi ion, the cytotoxic effect of several compounds was also
tested on single cell level using murine DC. The various
compounds (1 M) were applied alone or followed by
administration of the DC activator lipopolysaccharide (100 ng/mL)
required to achieve robust T cell stimulatory activity. Neither
compound exerted major cytotoxic activity on CD11¢* DC at
concentrations about 1,000-fold higher than their K; values as
assessed using membrane impermeable fixable viability dye,
which binds to amines of cytoplasmic proteins of dead cells with
a porous cell membrane (Figure 11).
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Figure 11. Cell viability of compounds 2b, 2c, 4a, 5a, and 6b-treated murine
CD11¢” DC. Cells were treated for 24 h with each compound at 1 pM
concentration. No significant cytotoxic effects were observed.

Conclusion

Here, we have demonstrated hat a-fluorovinylsulfones and
-sulfonates are potent covalent-reversible cathepsin S inhibitors.
Both warheads are well suitable for the target enzyme, with he a-
fiuorovinylsulfonates being more effective. Starting from the

K11777 scaffold, we replaced residues in the P2 and P3 positions,

resulting in highly selective compounds that barely affect off-
target cathepsins. In he P3 position, we observed a morpholyl
(3¢) or 4-pyridyl (3d) residue to be most suitable with K values in
the subnanomolar range and moderate selec ivity. In the P2
posi ion, we found that cyAla (4a, 5a) increased the selectivity
immensely with K values in the low nanomolar range for he on-
target CatS. Combining the best-performing residues of P2 and
P3 to form a morpholyl-cyAla-hPhe-F-vinylsulfonate-Ph motif (6c)
proved to be most effective with subnanomolar affinity (K =
0.08nM, K* = 002 nM) and exceptional selectivity towards
cathepsins B and L (>150,000/125,000-fold). The time-dependent
inhibition enables slow-tight binding, thus prolonging target
residence times.

Therefore, compound 6¢ will be an excellent candidate for further
op imizations regarding new small molecule immunomodulators
in cancer therapy, where already resistances to existing
immunotherapies are known.? Cell viability experiments using a
non-CatS sensitive cancer cell line and murine derived dendritic
cells both did not show cytotoxic effects for all tested inhibitors at
relevant concentra ions (>1,000-fold Kj). The next steps include
immunoassays with macrophages or dendritic cells to evaluate
the potential of our CatS inhibitors, eg., for immune cell
polarization. This could involve markers like MHC-I and MHC-II
expression as well as functional assays for T cell activation.
Moreover, development of inhibitor-nanocarrier constructs is
possible with these compounds. By attaching cahepsin S
inhibitors to nanocarmiers, their efficacy could be further enhanced
through specific targeting, e. g., to dendritic cells or other APC %5
Compound 6b with a free amino moiety (Ki = 9 nM, Sl > 1,000)
allows he attachment of various functionali ies, such as linkers or
nanodelivery systems.

WILEY-VCH

Experimental Section
General.

All reagents and solvents were purchased from SiGmA-ALDRICH, ALFA
Aesar, Acros, TCI, BLD PrarmaTECH, CARBOLUTION of CaARL ROTH in
analytical or HPLC grade quality. Chemicals were used without further
purification, whereas solvents were distilled and desiccated by standard
methods if necessary. 'H and '*C spectra were recorded on a Bruker
Fourier 300 device using DMSO-d; or CDCl; as solvents. Chemical shifts
& are given in paris per million (ppm) using residual proton peaks of the
solvent as intemal standard ("H/'C: DMSO 2.50/39 52 ppm; CHClz
7 267716 ppm). The compound purity was determined via HPLC-MS at
A =254 nm using an Agilent 1100 series HPLC with an AGILENT POROSHELL
120 EC-C1s column (150 x 2.10 mm, 4 pm) coupled with an Agilent 1100
series LC/MSD Trap with electron spray ionization (ESI) in positive mode.
All compounds tested in enzymatic assays are =95% pure by HPLC
analysis. The mobile phase consisted of a variable midure of ACN and
Hz0 with 0.01% formic acid. For purification we used a VARIAN PREPSTAR
system (model 218) with a MZ-Aaua PerFeCT Cys column (250 x 20 mm,
7 pm) by MZ-ANALYSENTECHNIK. Column chromatography was performed
with silica gel (D D40 — 0.063 mm) and all reactions were monitored by thin-
layer chromatography using MacHEREY-NAGEL ALucRam Xira SL
GIUV254 silica gel 60 plates for detection at A = 254 nm. Melting points
were determined in open capillaries with a Scxorep Device Technology
MPM-H3 instrument. Optical rotation [a]3* was measured on a KrUss
P3000 polarimeter (c = 10 mg/mL in MeOH) at 22 °C.

Syntheses.

General procedures,

Procedure A (HWE olefination).

The respective phosphonate (1.0 eq) was dissolved in dry THF and cooled
to —78 °C. Then, 1 M KHMDS or LHMDS in THF (1.3 eq) was added
dropwise and stimed for 30 min, followed by addition of boc-L-
homophenylalaninal (14, 1.1 eq). The mixture was stimed for
3 - 5h at —78°C and stopped by adding water. The solvent was
evaporated under reduced pressure and the residue was exiracted with
EA (3x), washed with water (2x), sat ag. NaHCOa (2x), and brine (2x),
then dried over NazSO,. Purification by column chromatography.

Procedure B (amide couplings).

The carboxylic acid (1.2 eq) was dissolved in DCM or a mixture of
DCM/DMF, and cooled to 0 °C. Then, HOBt (1 2 eq), TBTU (1.2 eq), and
D PEA (3.5 eq) were added, and the mixture was stirred for 20 min until all
components dissolved. The respective amine (1.0 eq) was added, and the
mixture was stimed for an additional 12 — 24 h, then stopped by adding
water. The mixture was extracted with DCM (2x) and the combined organic
extracts were washed with water (2x), sat. aq. NaHCO3 (2x), and brine (2x).
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After drying the crude product over Na:SO,, it was purified by column
chromatography.

HCI (4 M) in dioxane was added dropwise to the boc-protected amine
(1.0 eq) until all components dissolve. The mixture was stimed for2-12h
and the product was precipitated with diethyl ether and lyophilized
afterwards.

Procedure D (akaline hydrolysis).

The ester (1.0 eq) was dissolved in THF. LiOH monohydrate (4.0 eq) was
dissolved in water and added to the reaction dropwise. The mixture was
stimed for 12 — 24 h, then the solvent was removed under reduced
pressure. The pH of the aqueous phase was adjusted with KHSO, to 5,
giving the products as solids that were further lyophilized.

Start )

s PR

9

Ethyl (S)-2-isoc

Phenylalanine ethyl ester (1 0 eq, 10 mmol, 2.2 g) was dissolved in DCM

and an sat. ag. NaHCOs solution and cooled to 0 “C. Triphosgene (0.33 eq,

3.3 mmol, 0.99 g) was added and the mixture was stimed for 1 h. The
mixture was extracted with DCM (2x) and the combined organic extracts
were washed with sat. aq. NaHCO; (2x), and brine (2x), then dried over
Naz304 and concenfrated under reduced pressure, resulfing in the crude
product that was used without further purification (1.4 g, 6.4 mmol, 64%).
'H NMR (300 MHz, CDCls) 8[ppm] = 7.35 — 7.03 (m, 5H), 4.73 —4.51 (m,
1H), 4.30 — 4.07 (m, 2H), 3.16 — 2 91 (m, 2H), 1.32 — 1.09 (m, 3H). *C
NMR (75 MHz, CDCl3) &ppm] = 170.7, 135.7, 129 5, 128.7, 127.5, 62.7,
587,401, 14 2. [a]® =-9°.

Ethyl (S)-2-amino-3-cyclohexylpropanoate (8)

(S)-2-Amino-3-cyclohexylpropanoic acid (1.0 eq, 10 mmol, 1.7 g) was
dissolved in EtOH and SOCI: (1.1eq, 11 mmol, 0.8 mL) was added
dropwise. The mixture was stimed under reflux for 12 h and the reaction
was stopped with sat. ag. NaHCOz. The solvent was evaporated under
reduced pressure and the residue was extracted with EA, giving the crude
product that was used without further purification (1.4 g, 7.0 mmol, 68%).
H NMR (300 MHz, CDCls) Sppm] = 4.20 — 4.01 (m, 2H), 4 00 - 3.83 (m,
2H,NHz), 3.75 (tt, J=93,70Hz, 1H), 1.90 (t, J=70Hz, 2H), 165-1 A
(m, 11H), 1.24 (t, J = 80 Hz, 3H). *C NMR (75 MHz, CDCls) &jppm] =
1731, 605, 547, 369, 334, 330, 262 255 139
[a]}*=—25"

Phosphonate preparation.
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Diethyl ((pheny ate (9)

Phenyl methyisulfone (1.0 eq, 15 mmol, 2 2 g) was dissolved in dry THF
and cooled to 0 °C. After dropwise addition of 2.5 M n-Buli in hexanes
(25 eq, 37.5 mmol, 15 mL), the mixture was stirred for 30 min. Then,
DECP (1.1 eq, 16.5 mmol, 2.71 mL) was added and the mixture was stired
for 3 h. The reaction was stopped with acetid acid, and the solvent was
evaporated under reduced pressure. The residue was extracted with EA
{3x) and the combined extracts were washed with water (2x), and brine
(2x), then dried over NazSOs. The crude product was purified using column
chromatography (CH EA 1 3 - 100% EA), resulting in a yellow oil (3.6 g,
12.3 mmol, 82%). 'H NMR (300 MHz, DMSO-dk) 5[ppm] = 8 00 — 7.90 (m,
2H), 7.79 — 754 (m, 3H), 4.44 (d, J = 17 0 Hz, 2H), 4.06 — 3.88 (m, 4H),
121 - 1.04 (m, 6H). "3C NMR (75 MHz, DMSO-ds) &[ppm] = 140 5, 133.8,
1290, 127.8, 62.3, 52 3, 50.6, 16.0.

Phenyl (diethoxyphosphoryl)methanesulfonate (10)

Phenyl methanesulfonate (1.0 eq, 67 mmol, 11 54 g) was dissolved in dry
THF and cooled to —78 *C. Then, 1 M KHMDS (1 3 eq, 88 mmol, 838 mL)
was added dropwise and the mixture was stimed for 30 min. Afterwards,
DECP (1.1 eq, 74 mmol, 12.2 mL) was added and the mixture was stired
for 3 h and stopped by adding sat. ag. NH<C|. The solvent was evaporated
under reduced pressure and the residue was extracted with EA (3x). The
combined extracts were washed with water (2x), and brine (2x), then dried
over Na;S04. The crude product was purified by column chromatography
(CH:EA 1 2-100% EA), resulting in a coloriess oil (9 0 g, 29 mmol, 43%).
"H NMR (300 MHz, DMSO-ds) &fppm] = 7 55— 7.44 (m, 2H), 7.42 - 7.31
(m, 3H), 463 (d, J=174Hz, 2H), 424 -4 05 (m, 4H), 1.25(, J=T.0Hz,
6H). BC NMR (75 MHz, DMSO-ds) 5[ppm) = 148 9, 130.2, 127 5, 122 3,
62.9,47.7,459,16.1.

Diethyl (fluoro(phenyisulfonyl)methyl)phosphonate (11)

9 (1 0 eq, 18 mmol, 5.4 g) was dissolved in dry THF and cooled to —78 *C.
Then, 1 M LHMDS in THF (1.3 eq, 24 mmol, 24 mL) was added dropwise
and the mixture was stirred for 30 min. Afterwards, Selectfluor (15 eq,
27 mmol, 9 6 g) was dissolved in DMF and added to the mixiure. It was
stired for 4 h at 0 *C and stopped by adding sat. aq. NH«CL The solvent
was evaporated under reduced pressure and the residue was extracted
with DCM (3x). The combined extracts were washed with water (2x), sat.
aq. NaHCO; (2x), and brine (2x), then dried over Na:SOs. The crude
product was purified by column chromatography (CHEA 21 — 1:2),
resulting in a colorless solid (2 5 g, 8.0 mmol, 45%). 'H NMR (300 MHz,
DMSO-de) dppm] = 8.00 =7 92 (m, 2H), 7.88 = 7.76 (m, 1H), 7.77 - 7.65
(m, 2H), 6.62 (dd, J = 42.8, 6.8 Hz, 1H), 4.27 — 4.02 (m, 4H), 1.30 - 1.16
(m, 6H). C NMR (75 MHz, DMSO-ds) ojppm] = 1362, 1352, 129.5,
129.3,64.3,64.1,16.1. MP =67 - 69 “C.

Phenyl (diethoxyphosphoryl)fluoromethanesulfonate (12)
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10 (1.0 eq, 28 mmol, 8.9 g) was dissolved in dry THF and cooled to—78 *C.
Then, 1 M LHMDS in THF (1 3 eq, 37 mmol, 37 mL) was added dropwise
and the mixture was stimed for 30 min. Afterwards, Selectfluor (1.5 eq,
42 5 mmol, 15.0 g) was dissolved in DMF and added to the mixture. twas
allowed o warm to 0 °C, stired for 4 h, and stopped by adding sat. aq.
NH4Cl. The solvent was evaporated under reduced pressure and the
residue was extracted with DCM (3x). The combined extracts were washed
with water (2x), sat. ag. NaHCO; (2x), and brine (2x), then dried over
Na:50s. The crude product was purified by column chromatography
(CHEA 2:1 - 1 2), resulting in a colorless oil (4.4 g, 13.3 mmol, 46%).
'H NMR (300 MHz, CDCly) &[ppm] = 7.40 = 7.19 (m, 2H), 7 22 - 7.02 (m,
3H), 5.66 (dd, J = 45 2, 7.2 Hz, 1H), 4 37 — 4.18 (m, 1H), 4.18 - 4.02 (m,

4H), 1.41—1.14 (m, 6H). C NMR (75 MHz, CDCl;) &[ppm] = 129.6, 127.8,

124.8,122.0,1199,645,159.

aration.

tert-Butyl (SH1-(methoxy(methyljamino)-1-oxo-4-phenylbutan-2-
ylicarbamate (13)

Boc-L-homophenylalanine (1.2 eq, 18 mmol, 5.0 g) was dissolved in DCM
and cooled to 0 °C. Then, HOBt (1.2 eq, 18 mmol, 2.4 g), TBTU (1 2 eq,
18 mmol, 5 8 g), and DIPEA (3 5 eq, 52.5 mmol, 9.2 mL) were added and
the mixture was stimed for 20 min until all components were dissolved.
N,O-Dimethy! hydroxylamine (1.0 eq, 15 mmol, 1.5 g) was added and the
mixture was stimed for an additional 12 — 24 h, then stopped by adding
water. The mixture was extracted with DCM (2x) and the combined organic

extracts were washed with water (2x), sat. ag. NaHC Oz (2x), and brine (2x).

After drying the crude product over Na2SOu, it was purified by column
chromatography (CH:EA 2:1 — 1:4), giving the product as a coloriess oil
(4.8 g, 15 mmol, 100%). 'H NMR (300 MHz, DMSO-ds) &ppm] = 6.77 —
6.65 (m, 2H), 6.66 —6.51 (m, 3H), 3.82 — 365 (m, 1H), 299 (s, 3H), 2.76
(s, 3H), 2.22 - 2.03 (m, 1H), 2.01 -1 87 (m, 2H), 123 (q, J=7 0, 64 Hz,
2H), 091 - 0.78 (m, 9H). C NMR (75 MHz, DMSO-ds) &[ppm] = 155.6,
141.1,128.4, 128 2, 125.8, 77.9, 60.9, 50.09, 40.4, 40.1, 39.8, 39.5, 39.2,
390,387,323,316,282, 26 3. [a] =—40".

tert-Butyl (S)-(1-oxo-4-phenylbutan-2-yl)carbamate (14)

13 (1.0 eq, 15 mmol, 5.2 g) was dissolved in dry diethyl ether and cooled
to 0 °C. LiAlHs (1 3 eq, 19.5 mmol, 0.74 g) was added in portions and the
mixture was stimed for 2 h. Afterwards, the reaction was stopped with
0.33 M KHS0;4 and the mixture was extracted with diethyl ether (2x). The
combined extracts were washed with water (2x), 1 M HCI (2x), sat. aq.
NaHCO; (2x), and brine (2x). The product was dried over NazSOs,
resulting in a colorless oil that solidified upon standing (3.9 g, 14.7 mmol,
99%). 'H NMR (300 MHz, CDCls) éfppm] = 9 55 (s, 1H), 7.46 — 7.00 (m,
5H), 507 (s, 1H), 4 37 -4.09 (m, 1H), 271(, J=75Hz, 2H),237-2 01
{m, 2H), 1.56 — 1.28 (m, 9H). "*C NMR (75 MHz, CDCls) &[ppm] = 199.7,
128.8, 1286, 126.5, 77.6, 772, 76.7, 660, 316, 31.1, 284, 154,
[a]3? =—28".

Warhead preparation.
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tert-Buty! (S, EH{1-fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yl)carbamate (15)

15 was prepared according to procedure A using 1 M LHMDS (2.6 mmol,
2 6 mL), phosphonate 11 (2.0 mmel, 0.60 g), and aldehyde 14 (2.2 mmol,
0 58 g). Purification by column chromatography (CH:EA 6:1 - 4:1) resulted
in a colorless oil (050 g, 12 mmol, 59%). '"H NMR (300 MHz, CDCls)
lppm] = 8.10 (s, 2H), 7.77 — 7 51 (m, 3H), 7.40 —7.19 (m, 5H), 5.85 (dd,
Jur =213 Hz, Jus = 101 Hz, 1H), 538 - 522 (m, 1H), 4.81 — 468 (m,
1H), 2.80 (ddd, J = 16.9, 10.2, 6.0 Hz, 2H), 2.13 = 1.80 (m, 2H), 1.47 (s,
9H). C NMR (75 MHz, CDCl3) &[ppm] = 149.8 (d, Jo+= 299 Hz), 140 8,
1376, 1345, 1294, 1289, 1286, 1284, 126 2, 121.0 (d, Jcr= 4.2 Hz),
77.0,46.1(d, Jor=22Hz), 320,310, 283 [a]22 =—10".

Phenyl (S, E)-3-{(tert-butoxycarbonyl}amino)-1-fluoro-5-phenylpent-1-ene-
1-sulfonate (16)

16 was prepared according to procedure A using phosphonate 12
(4.0 mmol, 1.3 g). Purification by column chromatography (CH:EA 51 —
3:1) resulted in a colorless oil (0.80 g, 1.8 mmol, 46%). 'H NMR (300 MHz,
CDCls) tppm] = 7.46 — 7.32 (m, 2H), 7.32 - 7.15 (m, 6H), 7.10 (d,
J =T7.0 Hz, 2H), 591 (dd, Jwr = 31 3 Hz, Jun= B.6 Hz, 1H), 4.68 — 4.27
(m, 2H), 2.66 — 2.43 (m, 2H), 1.97 — 1.66 (m, 2H), 1.43 (5, 9H). *C NMR
(75 MHz, CDClz) &lppm] = 154 8, 150.8, 148 9 (d, Jor = 296 Hz), 140 2,
130 2, 128 8, 1284, 128.0, 1265, 1224 (d, Jor= 4.1 H2), 122.3, 80 4,
46.3 (d, Jer=21Hz), 359,319, 284 [a]f? = 15"

(S,E)-1-Fiuoro-5-phenyt-1-(phenylsulfonyl)pent-1-en-3-aminium chioride
(7

17 was prepared according to procedure C using 15 (1.2 mmol, 0.50 g),
resulting in a colorless solid (0.39 g, 1.1 mmol, 95%). 'H NMR. (300 MHz,
DMSO-ds) dlppm] = 8.71 (s, 3H), 8.02 (dd, J = 7.3, 1.7 Hz, 2H),
797 -7.82(m, 1H), 7.76 (dd, J= 8.4, 7.0 Hz, 2H), 7.28 — 7.10 (m, 3H),
711 — 7.02 (m, 2H), 6.55 (dd, Jur = 326 Hz, Juw = 9.8 Hz, 1H),
407 —3.94 (m, 1H), 257 — 239 (m, 2H), 2 26 — 195 (m, 2H). "*C NMR
(75 MHz, DMSQ-ds) 6[ppm] = 154.6 (d, Jer= 298 Hz), 140.3, 136.4, 136.1,
130.7,130.2, 129.0, 1289, 128.6, 126.7, 1150 (d, Jer=35Hz), 455 (d,
Jer 26 Hz), 339 (d, Jer 13 Hz), M0. [a]F =-15"
MP =130-132"°C.

Phenyl (S, E)-3-amino-1-fluoro-5-phenylpent-1-ene-1-suifonate
hydrochloride (18)

18 was prepared according to procedure C using 16 (1.7 mmol, 0.73 g),
resulting in a colorless solid (0.55 g, 1 5 mmol, 88%). 'H NMR (300 MHz,
DMSO-ds) &lppm] = 8.77 (s, 3H), 7.59 — 7.50 (m, 2H), 7.49 — 7.39 (m, 3H),
736(t,J=T2Hz, 2H), 7287 21 (m, 1H), 7.21 =711 (m, 2H), 6.45 (dd,
JiF =32 Hz, Jwr = 9.7 Hz, 1H), 4.15 (td, J=9 2, 53 Hz, 1H), 252-2.36
(m, 2H), 222 — 203 (m, 1H), 2.02 — 1.85 (m, 1H). 3C NMR (75 MHz,
DMSO-ds) 8lppm] = 149.7 (d, Jer = 300 Hz), 149.0, 1404, 1309, 129 3,
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1292,1289,126 4, 1223, 1186 (d, Jor=32Hz), 455 (d, Jer =2 2 Hz),
405,336, 30 5. [a]f’ =-13". MP = 141 - 143 °C.

Ethyl (4-methylpiperazine-1-carbonyl}--phenylalaninate (19)

Compound 7 (1.0 eq, 85 mmol, 1.9 g) was dissolved in THF and cooled
to 0 *C. Then, N-methyl piperazine (1.1 eq, 9.3 mmol, 1.0 mL) was added
dropwise. After 12 h, THF was removed under reduced pressure and the
residue was extracted with EA (3x). The combined organic extracts were
washed with water (2x), sat. ag. NaHCO; (2x), and brine (2x). The organic
layer was dried with Na;SOs and evaporated. Purification by column
chromatography (DCM:MeOH 19:1) resulted in a colorless solid (2.4 g,
7.4 mmol, 87%). 'H NMR (300 MHz, DMSO-ds) 6[ppm] = 7 35— 7.09 (m,
5H), 6.79 (d, /=T 9 Hz, 1H, NH), 423 (ddd, /=89, 7.8, 6.5 Hz, 1H), 4 01
{gd, J=T.1, 1.7 Hz, 2H), 3.24 (g, J=4 5 Hz, 4H), 3.04 - 2 83 (m, 2H), 2 20
—2.15 (m, 4H), 2.13 (s, 3H), 1.09 {t, 4=7.1 Hz, 3H). *C NMR (75 MHz,
DMSO-de) Sppm] = 173.0, 157 2, 138.0, 129 3, 128.3, 1265, 60.3, 55.7,
544 458,435,368, 141 [a]f? =18 MP=07-99"C.

(4-Methylpiperazine-1-carbonyl)-L-phenylalanine (20)

20 was prepared according to procedure D using 19 (7.4 mmol, 2.4 g),
resulting in a colorless solid (1.8 g, 6.3 mmol, 85%). '"H NMR (300 MHz,
DMSO-dp) &fppm] = 7 33 — 7.05 (m, 5H), 6 68 (d, J=7.9 Hz, 1H), 428 —
4.09 (m, 1H), 3.50 — 3.16 (m, 4H), 2.98 (m, 2H), 2.46 — 2.30 (m, 4H), 225
(s, 3H). 3C NMR (75 MHz, DMSO-db) &lppm] = 174.6, 157.1,139.0, 1294,
128.0, 126.1, 56 0, 53.1, 44.8, 42.7, 39.5, 36.9. [a]f? =-17". MP = 121 -
123 °C.

tert-Butyl (S)-4-((1-ethoxy-1-oxo-3-phenylpropan-2-
yl)carbamoyl)piperazine-1-carboxylate (21)

1-Boc piperazine (1.1 eq, 1.3 mmol, 024 g) was dissolved in THF.
Compound 7 (1.0 eq, 1.2 mmol, 0.27 g) was added dropwise, and the
mixture was stirred for 18 h at room temperature. Then, the solvent was
evaporated, and the residue was exfracted with EA (3x). The combined
organic extracts were washed with water (2x), sat. ag. NaHCO:z (2x), and
brine. The crude product was dried with NazS0s, and the solvent was
evaporated under reduced pressure. Purification by column
chromatography (DCM:MeOH 49:1) gave the product as a colorless oil
{0.41 g, 1.0 mmol, 84%). 'H NMR (300 MHz, CDCL:) &ppm] = 7.33-7.18
(m, 3H), 7.11 (dd, J=T7.7, 1.8 Hz, 2H), 4.89 (d, J =7 5 Hz, 1H, NH), 4.76
(g, J=6.1Hz, 1H), 417 (g, J= 7.1 Hz, 2H), 3.48 - 3.23 (m, 8H), 3 09 (dd,
J=131,58Hz), 1.85(s, 1H), 146 (s, 9H), 124 (td, J=7.1, 1.0 Hz, 3H).
3C NMR (75 MHz, CDCls) lppm] = 172.7, 156.6, 154.7, 136.3, 1295,
128.6, 127.2, 80.3, 61.6, 54.5, 53.6, 43.6, 38.5, 28.5, 14.3. [a]}’ =-24".

(4-{(tert-Butoxycarbonyl)piperazine-1-carbonyl)--phenylalanine (22)
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22 was prepared according to procedure D using 21 (0 94 mmol, 0.38 g),
resulting in a colorless solid (0.27 g, 0.71 mmol, 76%). '"H NMR (300 MHz,
CDCh) d[ppm] = 8.79 (s, 1H, OH), 7 33 = 7.22 (m, 3H), 7.20 - 7.14 (m,
2H), 507 (d, J=7.1 Hz, 1H, NH), 4 65 (g, J = 6.4 Hz, 1H), 3.42-3.21 (m,
8H), 3.21 — 3 04 (m, 2H), 1.45 (s, 9H). *C NMR. (75 MHz, CDClz) &[ppm]
=174.7, 157.5, 154.8, 136 .4, 129.5, 128.8, 127 3, B0 6, 55.0, 43.7, 37 4,
285. [a)ff =-23°. MP=82-84 °C.

Ethyl (morpholine-4-carbonyl}-L-phenylalaninate (23)

Compound 7 (1.0 eq, 4.5 mmol, 1 0 g) was dissolved in THF and cooled
to 0 °C. Then, DIPEA (25 eg, 11 mmol, 2.0 mL) and morpholine (1.4 eq,
6.4 mmol, 0.55 mL) were added dropwise. After 12 h, THF was removed
under reduced pressure and the residue was extracted with EA (3x). The
combined organic extracts were washed with water (2x), sat. ag. NaHCO3
(2x), and brine (2x). The organic layer was dried with Na;S0s and
evaporated, giving a coloress oil (1.3 g, 4.5 mmol, 100%). 'H NMR
(300 MHz, CDCls) Sppm] = 7 38 — 7.16 (m, 5H), 7.12 (d, /= 11.7 Hz, 1H,
NH), 4 69 (dt, J=11.7, 7.0 Hz, 1H),4.27 -3 98 (m, 2H), 3.64 (1d, J=T7.1,
1.3 Hz, 4H), 3.38 (dt, /=106, 7.1 Hz, 4H), 2 97 (ddt, J=7.0, 26, 0.9 Hz,
2H), 122 (t, J = 8.0 Hz, 3H). "*C NMR (75 MHz, CDClz) &ppm] = 172.1,
157 3, 136.8, 129.2, 1286, 127.2, 66.0, 61.7, 55.2, 46.7, 376, 14.1.
[l =—19°.

(Morpholine-4-carbonyi }-L-phenylalanine (24)

24 was prepared according to procedure D using 23 (4 5 mmol, 1.3 g),
resulting in a colorless oil (0.71 g, 2.7 mmol, 59%). 'H NMR (300 MHz,
CDCh) &dppm] = 7.77 (d, J = 11.9 Hz, 1H), 7.31 = 7.11 (m, 5H), 4.48 (dt,
J=119 70Hz, 1H), 364 (d, J=7.1,1.7 Hz, 4H), 3.30 (dt, J=88,7.1
Hz, 4H), 303 (dg, J= 70, 10 Hz, 2H). *C NMR (75 MHz, CDCl3)
&lppm] = 174.8, 1576, 137 0, 130.1, 128.7, 1269, 66.0, 56 2, 46 5, 37 5.
[a]p’ ==12".

(S)}-Ethyl-2<{isonicotinamido}-3-phenyipropanoate (25)

25 was prepared according to procedure B using L-phenylalanine ethyl
ester hydrochloride (14 mmol, 3 0 g) and isonicotinic acid (15 mmol, 1 9 g).
Purification by column chromatography (CH EA 1:4) gave a colorless oil
(3.3 g, 12 mmol, 84%). "H NMR (300 MHz, DMSO-ds) &[ppm] = 9.18 (d,
J=T79Hz, 1H, NH), 8.76 — 8.68 (m, 2H), 7.72 - 7.64 (m, 2H), 7.33 -7.15
(m, 5H), 469 (ddd, J = 10.1, 7.8, 52 Hz, 1H), 3.65 (s, 3H), 3.20 (dd,
J=13.7,53 Hz, 1H), 3.08 (dd, J= 13.7, 10.2 Hz, 1H). *C NMR (75 MHz,
DMSO-ds) &ppm] = 171.8, 164.9, 150.3, 140.5, 137.5, 129.1, 128.3, 126 6,
121 3,54.3,52.1, 36 2. [a]p’ =-37".

(S}-2-{Isonicotinamido)-3-phenylpropanoic acid (26)

26 was prepared according to procedure D using 25 (7 8 mmol, 2.2 g),
resulting in a coloriess solid (1.4 g, 5.0 mmol, 65%). '"H NMR (300 MHz,
DMSO-ds) dppm] = 12 87 (s, 1H, OH), 9.04 (d, J = 8.2 Hz, 1H, NH), 8.76
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— 866 (m, 2H), 7.74 — 7.62 (m, 2H), 7 36 — 7.22 (m, 4H), 7.22 - 7.13 (m,
1H), 4.64 (ddd, J = 10.7, 8.1, 4.4 Hz, 1H), 322 (dd, J = 13 8, 4.5 Hz, 1H),
305 (dd, J = 138, 10.7 Hz, 1H). C NMR (75 MHz, DMSO-ds)
olppm] = 172.8, 164.8, 150.3, 140.8, 138.0, 1291, 128.3, 1265, 121.3,
543 362 [a]f =-35°. MP = 166 — 168 °C.

Ethyl (thiophene-3-carbonyl)-L-phenylalaninate (27)

27 was prepared according to procedure B using L-phenylalanine ethyl
ester hydrochloride (20 mmol, 4.5 g) and thiophene-3-carboxylic acid
(20 mmol, 1.9 g), resulting in a colorless oil (5.5 g, 19 mmol, 95%). "TH NMR
(300 MHz, CDCls) &ppm] = 806 (d, J = 119 Hz, 1H, NH), 7 98 (dd,
J =27, 1.6 Hz, 1H), 7.73 — 7.49 (m, 2H), 7 34 — 7.07 (m, 5H), 4.85 (dt,
J=119,7 0Hz, 1H), 4 31 -3 95(m, 2H), 3.16 -2 89 (m, 2H), 1 34-1.11
(m, 3H). "*C NMR (75 MHz, CDCL) &ppm] = 171 8, 162.9, 136 8, 134.4,
1302, 1299, 1292, 1286, 1272, 1259, 616, 539, 377, 141
[a]f? =25

a9 il

-arbonyl}- L-ph (28)

28 was prepared according to procedure D using 27 (15 mmol, 4.4 g),
resulting in a colorless solid (4 0 g, 15 mmol, 100%). 'H NMR (300 MHz,
CDCIz) élppm] = 9.60 (s, 1H, OH), 8.22 (d, J= 12.1 Hz, 1H, NH), 7.95 (dd,
J=28,16Hz 1H), 7.76 (dd, J = 7.5, 1.5 Hz, 1H), 7.60 (dd, /=7.4,2.8
Hz, 1H), 7 38 = 7.16 (m, 5H), 4 66 (dt, J = 12.1, 7.0 Hz, 1H), 3.35-3 04
(m, 2H). "*C NMR (75 MHz, CDCL) &ppm] = 173 8, 163.0, 137.4, 1346,
1305, 1301, 1300, 1287, 1270, 1254, 549, 375. [a]ff =—20"
MP =95 -97 *C.

Ethyl benzoyl--phenylalaninate (29)

29 was prepared according to procedure B using L-phenylalanine ethyl
ester hydrochloride (22 mmol, 5.0 g) and benzoic acid (26 mmol, 32 g),
resulting in a colorless solid (5 2 g, 18 mmeol, 80%). 'H NMR (300 MHz,
CDCls) fjppm] = 8.04 (d, J = 11.9 Hz, 1H, NH), 7.80 — 7.70 (m, 2H), 7 65
—=7.49 (m, 1H), 7.41-7.33 (m, 2H), 7.31 - 7.14 (m, 5H), 4.88 (dt, J=11.9,
7.0 Hz, 1H), 4.32 - 3.93 (m, 2H), 3.17-290 (m, 2H), 126 (, J = 8.0 Hz,

3H). C NMR (75 MHz, CDCl:) S[ppm] = 171 8, 1671, 136.8, 133.8, 131.8,

1293, 1289, 128.6, 127.4, 127.2, 61.5, 54 2, 37.80, 14 3. [a]}* = -28°.
MP =115 - 117 *C.

Benzoyl-L-phenylalanine (30)

30 was prepared according fo procedure D using 29 (6.4 mmol, 19 g),
resulting in a colorless solid (1.6 g, 5 8 mmol, 91%). '"H NMR (300 MHz,
CDCls) 8[ppm] = 955 (s, 1H, OH), 829 (d, J = 11.9 Hz, 1H, NH), 7.83 -
7.60 (m, 3H), 7.51 -7 .42 (m, 1H), 7 38 - 7.35 (m, 3H), 7.34 - 7.15 (m, TH),
4.67 (dt, J=12.1, 7.0 Hz, 1H), 3.31 - 3 07 (m, 3H). *C NMR (75 MHz,
CDCls) 8[ppm] = 174 8, 1670, 137.4, 134.2, 1317, 1301, 1287, 1287,
127.4,126.9, 548, 375 [a]2 =—20°. MP = 148 — 150 °C.
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Ethyl (S)-3-cyclohexyl-2-{i (31)

31 was prepared according to procedure B using 8 (6.5 mmol, 1.3 g) and
isonicotinic acid (78mmol, 096 g). Purfication by column
chromatography (CH:EA 1:1 — 100% EA) resuited in a colorless oil (18 g,
59 mmol, 93%). 'H NMR (300 MHz, CDCls) &lppm] = B.71 =8.53 (m, 2H),
765 —7.46 (m, 2H), 7.05 (d, J = B2 Hz, 1H, NH), 477 (ddd, J= 9.0, 8.1,
54 Hz, 1H), 4 24 —4.08 (m, 2H), 1.96 (s, 2H), 1.82 — 1.49 (m, 10H), 1.46
— 127 (m, 1H), 1.27 — 111 (m, 3H). BC NMR (75 MHz, CDCl3)
Slppm] = 174.2, 165.3, 1505, 141.1, 121.1, 614, 51.8, 34.4, 335, 327,
26.4,26.2,26.1, 14.2. [a]}? = -29".

(S)-3-Cyclohexyl-2-(isonicotinamido)propanoic acid (32)

32 was prepared according to procedure D using 31 (59 mmol, 1.8 g),
resulting in a colorless solid (0.80 g, 2 9 mmol, 49%). 'H NMR (300 MHz,
DMSO-ds) Glppm] =8 89 (d, J=7 .9 Hz, 1H, NH), 8.78 - 8.57 (m, 2H), 7.97
= 7.61 (m, 2H), 4.47 (ddd, J=10.4, 7 8, 4.7 Hz, 1H), 1.82 — 1.49 (m, 6H),
151—1.25(m, 1H), 125 - 098 (m, 3H), 1 00 — 0.77 (m, 3H). =C NMR
(75 MHz, DMSO-ds) 6[ppm] = 173.9, 165.0, 150.3, 140.9, 121.4,50 3,379,
33.8,33.2,315,26.0,25.7, 25.6. [a]}* =-35"_MP = 115- 117 "C.

Ethyl isonicotinoyl-L-eucinate (33)

33 was prepared according to procedure B using L-leucin ethyl ester
hydrochloride (6.0 mmol, 1.2 g) and isonicotinic acid (7.2 mmol, 0.9 g),
resulting in a yellow oil (16 g, 60 mmol, 100%). '"H NMR (300 MHz,
DMSO-ds) &lppm] = 8 84 (d, J = 7.7 Hz, 1H), 8 65 — 8.49 (m, 2H), 7.69 -
751 (m, 2H), 4.45-4.17 (m, 1H), 3.93 (q, J=T7 2 Hz, 2H), 1.69-1.37 (m,
2H), 1.21 (dt, J = 11.8, 6.8 Hz, 1H), 1.00 (t, J = 7.1 Hz, 3H), 0.81 - 0.56
{m, 6H). 3C NMR (75 MHz, DMSO-de) &[ppm] = 172 6, 165 6, 150.7, 1412,
1218,61.0,51.6,396,24.9,232, 216, 14 5. [a]§* = -28".

Isonicotinoyl- L4eucine (34)

34 was prepared according to procedure D using 33 (6 0 mmol, 1.6 g),
resulfing in a yellow solid (13 g, 5.4 mmol, 90%). '"H NMR (300 MHz,
DMSO-ds) &fppm] = 9.43 (d, J = 7.7 Hz, 1H, NH), 9.08 — 8.77 (m, 2H),
832-8.10 (m, 2H), 443 (ddd, J= 11.1, 7.7, 42 Hz, 1H), 1.99 - 1.72 (m,
1H), 1.72 — 1.43 (m, 2H), 1.00 — 066 (m, 6H). *C NMR (75 MHz,
DMSO-ds) 8[ppm] = 173 8, 164.1, 146.2, 1456, 124.2, 399, 51.8, 250,
234 216 [a]f=—14> MP=122-124°C.

Ethyl (S)-2-(isonicotinamido)-4-phenyibutanoate (35)

35 was prepared according to procedure B using L-homophenylalanine
ethyl ester hydrochloride (6.0 mmol, 1 5 g) and isonicotinic acid (7 2 mmol,
0 89 g), resulfing in a yellow solid (1.2 g, 3.8 mmol, 67%). "H NMR (300
MHz, DMSO-ds) Slppm] = 8.99 — 8.81 (m, 1H, NH), 8.66 — 847 (m, 2H),
7 62(dt, J=45, 1 8Hz, 2H), 7.17 - 6.89 (m, 5H), 4.20 (qd, J=7.4, 1.7 Hz,
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1H), 4 00 — 385 (m, 2H), 2.61 — 2.50 (m, 2H), 1.98 — 1.84 (m, 2H), 0 99
(td, J = 7.1, 1.7 Hz, 3H). XC NMR (75 MHz, DMSO-de) &lppm] = 172.2,
165.8, 150.7, 1413, 141.2, 1289, 128.8, 1265, 121.9, 61.1, 528, 327,
321, 14 5. [a]# =-30°. MP = 101 - 103 °C.

(S)-2-(Isonicotinamido)-4-phenylbutanoic acid (36)

36 was prepared according to procedure D using 35 (3.8 mmol, 12 g),
resulting in a yellow solid (0.6 g, 2.1 mmol, 56%). '"H NMR (300 MHz,
DMSO-ds) &lppm] = 12.72 (s, 1H, OH), 9 01 (d, J = 7.7 Hz, 1H, NH), 8.75
(g, J=2.2Hz, 2H), 7.81 (g, J = 2.3 Hz, 2H), 7.46 — 7.03 (m, 5H), 4.34 (g,
J=786, 71 Hz, 1H), 2.92 — 2 51 (m, 2H), 2.23 — 1.94 (m, 2H). *C NMR
(75 MHz, DMSO-ds) 6[ppm] = 173.8, 165.7, 150.7, 141.4, 128.9, 128.8,
126.4,121.9,527,327,322 [a]ff =-31". MP=133-135"C.

Ethyl isonicotinoyl- L-tryptophanate (37)

37 was prepared according to procedure B using L-iryptophane ethyl ester
hydrochloride (6.0 mmol, 1.6 g) and isonicotinic acid (7 2 mmol, 0.89 g),
resulting in a yellow oil (2.0 g, 6.0 mmol, 100%). "H NMR (300 MHz, CDCl3)
Slppm] = 8.70 — 8.60 (m, 2H), 8.54 (s, 1H, NH), 7.55 — 7.49 (m, 1H), 7.49
=742 (m, 2H), 7.35 (dt, J= 8.2, 1 0 Hz, 1H), 7.22 -7 02 (m, 2H), 7.00 (d,
J=24Hz, 1H),6 82(d, J=7.7 Hz, 1H), 510 (dt, J=7.7, 5 3Hz, 1H), 4.19
(ad, J =72 42 Hz, 2H), 354 - 335 (m, 2H), 126 (t, J = 7.1 Hz, 3H).
C NMR (75 MHz, CDCls) &ppm] = 171.7, 165.1, 150.5, 141.2, 136.3,
1278, 123.0, 122 5, 121.1, 1199, 118.6, 111.6, 109.8, 61.9, 53 9, 27 6,

142 (@] = -14°.

Isonicotinoyl- L-tryptophan (38)

38 was prepared according to procedure D using 37 (6.0 mmol, 20 g),
resulting in an orange solid (0.81 g, 2.6 mmol, 44%). 'H NMR (300 MHz,
DMSO-ds) dlppm] = 10 93 (d, J = 2.4 Hz, 1H, OH), 9.00(d, J=T7 9 Hz, 1H,
NH), 8 82 — 8.54 (m, 2H), 7.78 — 7.69 (m, 2H), 7.59 (d, J= 7.8 Hz, 1H),
7.32(d, J=80Hz, 1H), 7.22 (d, J= 2.3 Hz, 1H), 7.10 - 6 91 (m, 2H), 4 66
(ddd, J = 9.5, 7.8, 4.5 Hz, 1H), 3.45 — 3.12 (m, 2H). *C NMR (75 MHz,

DMSO-dy) Slppm] = 173 3, 164 8, 150 2, 1410, 136.1, 1272, 1237, 1214,

1209, 1183, 1182,
MP =150 — 152 °C.

1115, 1104, 542, 267. [@® =-10°

Ethyl (S)-2-{(4-((tert Y
cyclohexylpropanoate (39)

amido)-3-

39 was prepared according {o procedure B using N-boc-4-amino benzoic

acid (7 5 mmol, 1.5 g), resulting in a colorless solid (3.1 g, 7 5 mmol, 100%).

'H NMR (300 MHz, CDCls) 8lppm] = 7.97 — 7.85 (m, 1H), 7 62 — 7.38 (m,
4H), 6.38 (d, J = B2 Hz, 1H), 461 (td, J = B5, 56 Hz, 1H), 3.99 (qd,
J=T714,19Hz, 2H), 2.58 (s, 1H), 1.66 — 1.52 (m, 2H), 1.33 - 0.89 (m,
18H), 0.92 — 0.49 (m, 3H). C NMR (75 MHz, CDCls) &[ppm] = 1735,
166.7, 152.6, 1420, 1323, 1283, 1281, 117.8, 810, 614, 507, 34 4,
335,32.8,20.4,283,264,262,26.1,14.2 [

136

§=-12".MP=87-89"C.
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(S)-2-{4-((tert-Butoxyt
acid (40)

ido}-3-cyclohexylpropanoic

40 was prepared according to procedure D using 39 (7 5 mmol, 3.1 g),
resulting in a colorless solid (2.7 g, 6.9 mmol, 92%). 'H NMR (300 MHz,
DMSO-de) Sppm] = 9.47 (d, J = 32.7 Hz, 1H), 8.18 (d, J =7 9 Hz, 1H),
7.78—7.49 (m, 2H), 7.46 — 7.19 (m, 2H), 4.45 - 4.11 (m, 1H), 354 - 3.07
(m, 2H), 2.37 — 2.08 (m, 1H), 1.64 —1.29 (m, 10H), 1.40 — 1 21 (m, 9 H).
13C NMR (75 MHz, DMSO) &lppm] = 174.9, 167 5, 153.0, 1442, 1308,
124 5, 117.7, 1175, 80.1, 506, 34.3, 33.7, 319, 285, 285, 265, 256.
[a]§? = -11°. MP = 104 - 106 "C.

{4-Morpholine-1-carbonylH. -cyclohexylalanine methylester (41)

L-Cyclohexylalanine methylester hydrochloride (10eq, 2.48 mmol,
0 55 g) was dissolved in DCM and a sat. aq. NaHCOs (40 mL) solution and
cooled to 0 *C. Triphosgene (0.33 eq, 0.83 mmol, 025 g) was added and
the mixture was stirred for 30 min. The mixture was extracted with DCM
(2x 40 mL) and the combined organic extracts were washed with sat. aq.
NaHCO; (2x 30 mL), and brine (2x 30 mL), then dried over Naz:S0s and
concentrated under reduced pressure, resulting in a crude product that
was dissolved in THF (30 mL) and cooled to 0 °C. Mompholine (1.0 eq,
2.5 mmol, 0.22 g) was added and the mixture stirred for 1 h. The solvent
was removed under reduced pressure. Water and ethyl acetate were
added to the crude residue, which was then exiracted with ethyl acetate
(3x 25 mL), washed with brine (2x 20 mL), dried over Na:SQ,, and
concentrated under reduced pressure to yield a colorless oil (0.75 g,
2.5 mmol, 98%). "H NMR (300 MHz, CDCl) &[ppm] = 4.96 — 4.83 (m, 1H),
4 58 —4.40 (m, 1H), 4 09 (g, J = 7.1 Hz, 1H), 3.70 (s, 3H), 3.69 —3.61 (m,
4H), 341 - 328 (m, 4H), 201 (s, 1H), 1.76 (d, J =128 Hz, 1H), 1.70 -
1.55 (m, 6H), 1 53 -1.43 (m, 1H), 1.38 - 1.28 (m, 1H), 1 28-1.10 (m, 4H),
1.02 - 0.75 (m, 2H). *C NMR (75 MHz, CDCh) &ppm] = 175.1, 157 4,
66.5,523, 516,441,404, 342 336,327, ,264,262,261,21.1,143.
[a]3t = +16°. MP = 105— 106 °C.

(4-Morpholine-1-carbonyl - -cyclohexylalanine (42)

42 was prepared according to procedure D using 41 (1.0eq, 0.79,
2.4 mmol), resulting in a coloriess solid (0.65 g, 2 3 mmol, 97%)."H NMR
(300 MHz, CDCls) &fppm] = 8 37 (s, 1H), 527 — 5.07 (m, 1H), 4.41 (s, 1H),
375 — 355 (m, 4H), 346 — 328 (m, 4H), 1.83 — 147 (m, 6H),
1.44 - 1.30 (m, 1H), 126 — 1 04 (m, 4H), 1 04 - 0.79 (m, 2H). *C NMR
(75 MHz, CDCh) &ppm] = 176.9, 158.1, 66.5, 51.9, 44.2, 39.6, 34.3, 33.6,
326,26.6,262,26.1.176.9,158.1,66.5,51.9,44 2, 396,34 3, 33 6, 326,
265,262, 26.1. [a]} = +20°. MP =96 — 97 °C.



PROJECT 3: POTENT & SELECTIVE COVALENT REVERSIBLE CATS INHIBITORS AS IMMUNOMODULATORS

NH{(S)H1-(((S, E}-1-Fluoro-5-phenyt-1-(phenylsulfonyl)pent-1-en-3-
yl}amino)-1-oxo-3-phenylpropan-2-yl)-4-methyipiperazine-1-carboxamide
(1a)

1a was published previously and provided in form of a colorless solid. For
experimental date see SCHIRMEISTER ET AL.#

Phenyl (S, E}-1-fluoro-3-((S)-2{4-methylpiperazine-1-carboxamido)}-3-
phenylpropanamido)-5-phenylpent-1-ene-1-sulfonate (1b)

1b was published previously and provided in form of a colorless solid. For
experimental date see JunG, FUCHS ET ALY

tert-Butyl 4-{((S}-1+((S, E}-1-fluoro-5-phenyl-1-{phenylsulfonyi)pent-1-en-
3-yl)amino)-1-oxo-3-ph 2-yl)carbame

carboxylate (2a)

yiprop ipiperazine-1-

2a was prepared as published previously*® according to procedure B using
17 (0.70 mmol, 0.25 g) and 22 (0.84 mmol, 0.30 g). Purification via HPLC
resulted in a colorless solid (0.15 g, 0 22 mmol, 32%). 'H NMR (300 MHz,
DMSO-ds) &ppm] = 8.24 (d, J = 7.7 Hz, 1H), 798 — 7.90 (m, 2H),
TB89—-7.77 (m, 1H), 7.79 -7 67 (m, 2H), 7.31 - 712 (m, 8H), 713 -7 05
(m, 2H), 6.66 (d, J = 8.2 Hz, 1H), 6.26 (dd, Jur= 33 9 Hz, Juss= 8.9 Hz,
1H), 451 (t, J = 7.8 Hz, 1H), 4.28 (id, J = B.8, 5.6 Hz, 1H), 323 (dd,
J=95 54 Hz, 8H),2.99-270(m, 2H), 1 99 -1 64 (m, 2H), 1 39 (s, 9H).
3C NMR (75 MHz, DMSO-ds) &lppm] = 172.4, 157 4, 154 3, 141.3, 1388,

137.1,135.7,130.6, 129.7, 128.8, 128.7, 128.6, 128.4, 126.6, 126 .4, 119.8,
-16". MP =87 -89°C.

795,56.4,44.2,43 8, 37.8,35 5,31.5, 28 5. [a]}}
ESI-MS: [M+H*] calc. 679.2, found 679.1. Purity: 99%.

4-{((SH1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyljpent-1-en-3-
yl)amino}-1-oxo-3-phenylpropan-2-yl)carbamoyl)piperazin-1-ium chioride
(2b)

2b was published previously and provided in form of a colorless solid. For
experimental date see JUNG, FUCHS ET ALY

NA(S)H1-(((S,EX-1-Fluoro-5-phenyl-1-(phenylsulfonyi)pent-1-en-3-
yl)amino}-1-oxo-3-phenylpropan-2-yl)morpholine-4-carboxamide (2c)

2c was prepared according to procedure B using 17 (0.70 mmol, 0.25 g)
and 24 (0.84 mmol, 0 23 g). Purification via HPLC resulted in a colorless
solid (0.15 g, 0 26 mmol, 37%). 'H NMR (300 MHz, DMSO-ds) &ppm] =
825 (d, J = 7.7 Hz, 1H), 8.00 — 7.90 (m, 2H), 789 — 7.79 (m, 1H),
778 — 766 (m, 2H), 7.30 — 713 (m, 8H), 7.15 — 7.05 (m, 2H), 6.62 (d,
J=8.1Hz, 1H), 6 26 (dd, Jue= 339 Hz, Juw= 8.9 Hz, 1H), 4 61 - 4.42
{m, 1H), 4 36 — 4.16 (m, 1H), 3.57 — 3 39 (m, 4H), 3.29 — 3.13 (m, 4H),
298-272(m, 2H), 258 -238(m, J=28, 2.4 Hz, 2H), 199 - 1.64 (m,
2H). C NMR (75 MHz, DMSO-ds) &jppm] = 172.8, 158.1, 155 8, 141.7,

139.2,137.5, 136.0, 130.9, 130.1, 129.1, 129.0, 128.8, 127.0, 126.8, 120.1,
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66.7,56 B,44.8,44 6,41 2,381,358, 31 8. [a]}* =—10°.MP=95-97 °C.
ESI-MS: [M+H*] calc. 580 2, found 580 0. Purity: 100%.

NH(SH-((S,E}-1-Fluoro-5-phenyl-1-{phenyisulfonyl jpent-1-en-3-
yl)amino}-1-oxo-3-phenylpropan-2-yl)isonicotinamide (2d)

2d was published previously and provided in form of a colorless solid. For
experimental date see Juns, FucHs ETAL S

NA(SH1-(((S, E}-1-Fluoro-5-phenyi-1-(phenylsuifonyl)pent-1-en-3-
yi)amino}-1-oxo-3-phenyipropan-2-yijthiophene-3-carboxamide (2e)

2e was prepared according to procedure B using 17 (0.70 mmol, 0.25 g)
and 28 (0.84 mmol, 0.23 g). Purification via HPLC resuited in a coloriess
solid (0.090 g, 0.16 mmol, 22%). "H NMR (300 MHz, DMSO-ds) &lppm] =
851 —837(m, 2H), 8:47 (ddd, J = 6 5, 3.0, 1.3 Hz, 1H), 799 - 7 85 (m,
2H), 7.87 = 7.76 (m, 1H), 7.77 - 7.60 (m, 2H), 7.59 — 7.44 (m, 2H),
7.36—7 00 (m, 10H), 6.32 (ddd, Jwr= 33.7 Hz, 24.5 Hz, Jun=9.0 Hz, 1H),
477-436 (m, 2H), 3.14 —2.82 (m, 2H), 2.45—2.31 (m, 2H), 201 — 164
(m, 2H). >C NMR (75 MHz, DMSO-ds) &[ppm] = 171 5, 162.4, 141 2,138 5,
137.7,137.0,135.7, 1306, 130.5, 129.6, 128.7, 128.6, 128.6, 127.5, 127 0,
1268, 1264, 1196, 552, 444, 378 315 [af =-21"
MP =136 — 138 °C. ESHMS: [M+H*] calc. 577 2, found 577.2. Purity: 100%.

tert-Butyl 4-(((S)}-1-(((S, E)}-1-fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-
en-3-yljJamino}-1-oxo-3-phenylpropan-2-yl)carbamoyl )piperazine-1-
carboxylate (3a)

3a was prepared according to procedure B using 18 (0.67 mmol, 0.25 g)
and 22 (0.81 mmol, 0.29 g). Purification via HPLC resulted in a coloriess
solid (0.18 g, 0.26 mmol, 43%). "H NMR (300 MHz, DMSO-ds) &ppm] =
8.17 (d, J =76 Hz, 1H, NH), 7 54 — 7.44 (m, 2H), 7.43 - 7.35 (m, 1H),
7 34-7.10(m, 12H), 6 68 (d, J= 8.2 Hz, 1H, NH), 6.03 (dd, Jur = 33.3 Hz,
Jrn 90 Hz, 1H), 456 (g, J 78 Hz, 1H), 428 (id,
J=88,59Hz, 1H), 3.28 - 3.08 (m, 8H), 2.99 — 2.70 (m, 2H), 2.51 - 2.37
(m, 2H), 1.90 - 1.65 (m, 2H), 1.39 (s, 9H). *C NMR (75 MHz, DMSO-ds)
olppm] = 172.6, 157.5, 154.3, 149 2, 141.2, 138.7, 1309, 129.7, 128 8,
128.7,128.4,126.6,126.4,124 0,122 5,795,564, 44 3, 438,378,349,
31.3,28.5. [a]§* =-18°. MP = 107 — 109 *C. ESI-MS: [M+H*] calc. 639 2,
found 639.1. Purity: 99%.

A-{((SH1-{((S,Er-1-Fluoro-1-] fipent-1-en-3-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)piperazin-1-ium chloride
(3b)

iiforyl)-5-ph

3b was prepared according to procedure C using 3a (023 mmol, 0.16 g).
Purification via HPLC resulted in a colorless solid (0.14 g, 0.22 mmol, 96%).
'H NMR (300 MHz, DMSO-dg) &[ppm] = 9.29 (s, 2H), 8.40 (d, J= 7.4 Hz,
1H), 7.53 - 7.43 (m, 2H), 7.42 - 7.35 (m, 1H), 7.34 - 7.12 (m, 12H), 7.06
—6.96 (m, 1H), 6 03 (dd, Jue = 333 Hz, Juys = 9.0 Hz, 1H), 465 - 446
(m, 1H), 4.37 - 4.17 (m, 1H), 3 62 - 3.44 (m, 4H), 3.12 - 2.76 (m, 4H),

137



250 — 235 (m, 2H), 1.91 — 1 63 (m, 2H). 3C NMR (75 MHz, DMSO-ds)
Olppm] = 172.5, 157.2, 149.2, 1454, 1413, 138.7, 130.9, 129.7, 128.8,
128.7,128.5,126.7, 126.4, 124.0, 122.4,56.7,44 5,42.9, 41.1,37 9,34 9,
34 [a]f? =-16°. MP = 125127 “C. ESIHMS: [M+H*] calc. 595.2, found
595.1. Purity: 98%.

Phenyl (5, E)-1-fluoro-3-{(S)-2-{morpholine-4-carboxamido)-3-
phenyipropanamido }-5-phenylpent-1-ene-1-sulfonate (3c)

3c was prepared according to procedure B using 18 (0.40 mmol, 0.15 g)
and 24 (0.48 mmol, 0.13 g). Purification via HPLC resulied in a coloriess
solid (0.14 g, 0 24 mmol, 59%). 'H NMR (300 MHz, DMSO-ds) &[ppm] =
8.18(d, J=T7.6 Hz, 1H, NH), 7.54 - 7.43 (m, 3H), 7.43 -7 35 (m, 2H), 7 36
= T7.10 (m, 10H), 6.64 (d, J = 8.2 Hz, 1H, NH), 6.03 (dd, Jwr = 33.3 Hz,
Juw =90 Hz, 1H), 458 (p, J 77 Hz, 1H), 429 (i,
J=87,59Hz 1H), 3.54 - 340 (m, 4H), 3.31-313 (m, 4H), 297 -276
(m, 2H), 255 — 2.38 (m, 2H), 1.88 — 1.65 (m, 2H). '3C NMR (75 MHz,

DMSO-dy) Slppm] = 172 6, 157.7, 149 3, 149 2, 1454, 1412, 138.7, 1309,

120.7, 128.8, 128.7, 128.4, 126.6, 126.4, 124.0, 122.5, 122 4, 66.3, 56.4,
444 408, 378, 349, 313 [a]p” =—12°. ESHMS: [M+=H*] calc. 5962,
found 596.1. Purity: 97%.

Phenyl (S, E)-1-fluoro-3-{(S)-2-{isonicotinamido}-3-phenyipropanamido)-
S-phenylpent-1-ene-1-sulfonate (3d)

3d was published previously and provided in form of a coloriess solid. For
experimental date see Jung, FuCHSET ALY

Phenyl (S, E)-1-fluoro-5-phenyl-3-{(S)-3-phenyl-2-{thiophene-3-

ido)pent-1-ene-1-sulfonate (3e)

3e was prepared according to procedure B using 18 (0.40 mmol, 0.15 g)
and 28 (0.48 mmol, 0.13 g). Purification via HPLC resulted in a colorless
solid (0.14 g, 0 24 mmol, 59%). "H NMR (300 MHz, DMSO-ds) 8ppm] =
853 - 8.39 (m, 2H), 8 34 (d, J = 7.6 Hz, 1H), 8.19 (ddd, J = 11.6, 2.9,
1.3 Hz, 1H), 7.61 - 7.43(m, 2H), 7.45-7.34 (m, 1H), 7.35 - 7.17 (m, 10H),
719 - 7.10 (m, 3H), 6.10 (dd, Jwr = 33.3 Hz, Jww = 8.1 Hz, 1H),
4.81-446(m, 2H), 313 -2 86 (m, 2H), 247 -2 32 (m, 2H), 1.99-160

(m, 2H). 3C NMR (75 MHz, DMSO-ds) 8[ppm] = 171.7, 171.6, 162.4, 162.2,
149.1,141.2,141.2,138.4,137.7, 130.9, 130.8, 129.6, 129.6, 128.8, 128.7,

128.6, 128.5, 127 5, 1271, 126.8, 126.4, 123.9, 122.5, 55.0, 40.8, 39.2,
38.1, 26 8. [a]F* =—20°. MP = 119— 121 °C. ESH-MS: [M+H*] calc. 593.2,
found 593 2. Purity: 99%.

Phenyl (5, E)-3-(5)-2-benzamido-3-phenylpropanamido)-1-fiuoro-5-
phenylpent-1-ene-1-sulfonate (3f)

3f was prepared according fo procedure B using 18 (0.40 mmol, 0.15 g)
and 30 (0.48 mmol, 0.13 g). Purification via HPLC resulted in a colorless
solid (0.025 g, 0 043 mmol, 11%). 'H NMR (300 MHz, DMSO-ds)
&lppm] = 8.68 — B.5T (m, 1H, NH), 8.47 - 8.29 (m, 1H, NH), 7 90 - 7.76
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(m, 2H), 7.60 — 7.04 (m, 20H), 6.25 (dd, Jur = 154 Hz, Juss=92 Hz,
1H), 500 - 4.75 (m, 1H), 4.78 — 4.47 (m, 1H), 3.16 — 2.93 (m, 2H), 2.61 -
236 (m, 2H), 1.94 — 1.67 (m, 2H). "*C NMR (75 MHz, DMSO-ds) &[ppm]
=171.7,166.7, 149.2, 141 2, 1385, 134 4, 1343 1321, 1318, 1309,
130.8, 1308, 1296, 1296, 1288, 1288, 1287, 1287, 1286, 1279,
127.9,1278,126.8, 1264, 1239, 1225,554, 451,392 317,314,
[a]f? = -15".

MP = 150 — 152 °C. ESI-MS: [M+H°] calc. 587.2, found 587.0. Purity:
96%.

N-{(S)-3-Cyclohexyt-1-((S, E}-1-fluoro-5-phenyt-1-(phenylsulfonyf)pent-1-
en-3-yljJamino}-1-oxopropan-2-yl)isonicotinamide (4a)

4a was prepared according to procedure B using 17 (0.32 mmol, 0.11 g)
and 32 (0.39 mmol, 0.11g), resufing in a colorless solid (0.052 g,
0090 mmol, 28%) after purification via HPLC. 'H NMR (300 MHz,
DMSO-ds) Slppm] = 8 85— 8 66 (m, 2H), 8.42 (d, J=T7 8 Hz, 1H), 796 —
7 87 (m, 2H), 7 85—7.76 (m, 3H), 7.73 - 7.61 (m, 2H), 7 35— 7.04 (m, 5H),
6 35 (dd, Jwr =33 2 HZ, Jw=8 9 Hz, 1H), 4.52 (dt, J=15.1, 7.9 Hz, 2H),
297-283(m, 2H), 198 —1.77 (m, 2H), 1.77 — 1.49 (m, 8H), 1.43-1.20
{m, 3H), 1.12 (d, J = 7 9 Hz, 2H). "*C NMR (75 MHz, DMSO-d;) &[ppm] =
172.1,165.3, 150.6, 141.4, 141.3,137.0, 1356, 130.5, 128.7, 1286, 126 4,
1220, 520, 408, 342, 335, 316, 265, 262, 26.1. [a]f =-15".
MP = 108 — 110 *C. ESHMS: [M+H*] calc. 578 2, found 578.2. Purity: 95%.

N-((S)}1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-
yllamino}-4-methyl-1-oxopentan-2-yljisonicotinamide (4b)

4b was prepared according to procedure B using 17 (0.32 mmol, 0.11 g)
and 34 (0.39 mmol, 0.090 g), resulting in a colorless solid (0.045 g,
0 083 mmol, 26%) after purification via HPLC. '"H NMR (300 MHz,
DMSO-do) &ppm] = 8.80 — 8 58 (m, 2H), 8.06 — 7.81 (m, 2H), 7 87 — 7.66
(m, 3H), 7.69 — 7.47 (m, 3H), 7 33 - 7.20 (m, 3H), 7.24 - 7.07 (m, 1H),
6.12 (d, J = 10.4 Hz, 1H), 5.86 (dd, Jwr = 32.5 Hz, Jwn = B.1 Hz, 1H),
470-454 (m, 1H), 443 -4.11 (m, 1H), 2 84 —2.40 (m, 2H), 217 - 1.76
(m, 2H), 1.73 — 1.48 (m, 2H), 153 — 1.32 (m, 1H), 1.05 — 0.64 (m, 6H).
3C NMR (75 MHz, DMSO-ds) &[ppm] = 173.0, 166.9, 150.6, 142.4, 1419,
140.8, 140.4,137.9,133.5,129.4, 126 .5, 127 .8, 126.1, 122.0, 121.8, 1211,
530,471,408, 359, 326, 246, 223 [a]f# =—13". MP =90 — 92 °C.
ESI-MS: [M+H*] calc. 538 2, found 538 0. Purity: 99%.

N-(S)}1-(((S,E)-1-Fluoro-5-phenyt-1-(phenylsulfonyl)pent-1-en-3-
yl)amino)}-1-oxo-4-phenylbutan-2-yl jisonicotinamide (4c)

4c was prepared according to procedure B using 17 (0.28 mmol, 0.10 g)
and 36 (034 mmol, 0.10 g), resulting in a colorless solid (0.043 g,
0073 mmol, 26%) after purification via HPLC. '"H NMR (300 MHz,
DMSO-ds) S[ppm] = B.96 — 8.50 (m, 2H), 8.40 (d, J = 79 Hz, 1H),
796 - 7.41 (m, 6H), 741 — 6.69 (m, 11H), 6 39 (dd, Jwr = 340 Hz,
Jrun = 8.9 Hz, 1H), 4 69 — 412 (m, 2H), 3.59 - 3.07 (m, 2H), 2.77 - 2.50
(m, 2H), 2.14 —1.70 (m, 2H). *C NMR (75 MHz, DMSO-de) &ppm] = 171.9,
166 0, 151.1,142.1, 136.1, 131.0, 1292, 126 8, 122 5, 120.0, 106 9, 70 3,
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44 8,34.0,32.8, 30.1. [a]§? =—19°. MP = 85— 87 "C. ESIHMS: [M+H*] calc.
586.2, found 586.2. Purity: 95%.

NA(SH1-{(( 5, E}-1-Fluoro-5-pheny-1-(phenylsulfonyl)pent-1-en-3-
yl)amino}-3-( 1H-indol-3-yl)-1-oxopropan-2-yl)isonicotinamide (4d)

4d was prepared according to procedure B using 17 (0 28 mmol, 0.10 g)
and 38 (0.34 mmol, 0.11 g), resulting in a colordess solid (0054 g,
0.088 mmol, 31%) after purification via HPLC. "H NMR (300 MHz, CDCl3)
Oppm] = 10.73 (t, J = 3.4 Hz, 1H), 8.89 — 8.73 (m, 1H), 8.73 — 8.55 (m,
2H), 851 -8 32 (m, 1H), 8.01 — 7.47 (m, 8H), 7.32 — 6.80 (m, 9H), 6 31
(ddd, Jw#r =338 Hz, Jur=829, 47 Hz, 1H), 4.73 - 456 (m, 1H), 4.50 (q,
J=8.1Hz, 1H), 3.22 -2 99 (m, 2H), 2 85-2.38 (m, 2H), 2.05 - 1.52 (m,

2H). C NMR (75 MHz, CDCl2) 6[ppm] = 172.0, 168.6, 150.9, 141.6, 139.4,
138.6,137.3,133.6, 1296, 128 4, 128.2, 127 .6, 126.0, 123.9, 123.0, 122 8,

1216, 121.2, 1191, 1188, 117.8, 116.8, 1131, 1101, 547, 470, 37 4,
324,284 [a]F =-21". MP = 101 — 103 "C. ESI-MS: [M+H*] calc. 611.2,
found 611 2. Purity: 96%.

ido)-1-

Phenyl (S,E)-3-(S)-3-cyclohexyl-2-(isonicoti
fluoro-5-phenyipent-1-ene-1-sulfonate (5a)

Lk el

5a was prepared according to procedure B using 18 (0.27 mmol, 0.10 g)
and 32 (0 32 mmol, 0.088 g), resulting in a colorless solid (0.038 g, 0.064
mmol, 24%) after purification via HPLC. '"H NMR (300 MHz, DMSO-ds)
olppm] = 8.89 — 871 (m, 2H), 844 (m, 1H), 7.96 — 7.87 (m, 2H),
787 —7.79 (m, 3H), 7.77 — 7.66 (m, 2H), 7.41 — 7 09 (m, 5H), 6.40 (dd,
Jue = 331 Hz, Juw = 90 Hz, 1H), 458 (dt, J = 152, 7.9 Hz, 2H),
2.99-288(m, 2H), 2.00 -1 80 (m, 2H), 1.78 — 1.48 (m, 8H), 1.48-125
{m, 3H), 1.16 (d, J = 7.9 Hz, 2H). *C NMR (75 MHz, DMSO-d,) &ppm] =

1722,1655,150.9, 1415, 141.4,137 2, 1359, 1306, 1289, 128 8, 126 7,

1225, 524, 412, 346, 339, 320, 266, 26.3, 260. [a]f =-12°
MP =123 - 125 *C. ESI-MS: [M+H"] caic. 594.2, found 594.2. Purity: 99%.

Phenyl (5,E)-1-fluoro-3-((5)-2-{isonicotinamido }-4-methylpentanamido)-
5-phenylipent-1-ene-1-sulfonate (5b)

5b was prepared according to procedure B using 18 (0.25 mmol, 0.093 g)
and 34 (0 30 mmol, 0071 g), resulting in a colorless solid (0.031 g,
0.056 mmol, 22%) after purification via HPLC. 'H NMR (300 MHz, CDCl3)
Oppm] = 8 81 (d, J= 8.4 Hz, 1H), 8.73 (s, 2H), 8.36 (dd, J = 14 8, 8.0 Hz,
1H), 780 (d, J =75 Hz, 2H), 7 54 — 7.36 (m, 2H), 7.35 — 7.08 (m, 7TH),
701 (d, J 75 Hz, 1H), 615 (dd, Jur 324 Hz
Jun = 8.8 Hz, 1H), 4.89 (s, 1H), 469 — 431 (m, 1H), 167 (s, 2H),
1.10 - 0.58 (m, 11H). C NMR (75 MHz, CDCl) &ppm] = 173 0, 166.9,

150.6, 147.8, 147.7,141.9, 140.8, 136.8, 134.8, 131.2,131.1,129.3,128 5,

126.8, 1261, 1224, 1211, 530, 471, 40.8, 359, 326, 246, 223,
[a]i? =-20". MP = 76 — 78 "C. ESI-MS: [M+H*] calc. 554.2, found 554.0.

Phenyl (S, E)-1-fluoro-3-{(S)-2-{isonicotinamido}-4-phenylbutanamido)-5-
phenylpent-1-ene-1-sulfonate (5c)
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5c was prepared according to procedure B using 18 (0.40 mmol, 0.15 g)
and 36 (D.48 mmol, 0.18 g), resulting in a colorless solid (0.060 g,
0.10 mmol, 25%) after purification via HPLC. 'H NMR (300 MHz, CDCl3)
&lppm] = 9.02 (dd, J = 7.6, 5.4 Hz, 1H), 8.88 (i, J = 53 Hz, 2H), 8.53 (d,
J=T9Hz, 1H), 809782 (m, 5H), 7.86 — 7 66 (m, 2H), 7.51 - 7.09 (m,
10H), 6.51 (ddd, Jrre= 33 9Hz, Jure=8.9, 5.1 Hz, 1H), 4 83 -4.34 (m, 2H),
286 — 2.68 (m, 4H), 2.33 - 1 81 (m, 4H). ®C NMR (75 MHz, CDCl3)
olppm] = 1722, 166.3, 151.6, 1422, 136 5, 1314, 1295, 1270, 1229,
120.4,107.3,704, 449,343 328,303 [a]3* =15 . MP=96-98°C.
ESI-MS: [M+H*] calc. 602 2, found 602 2. Purity: 99%.

Phenyl (S, E)-3-(S)-3{1H-indol-3-yl)-2-(isonicoti -

fiuoro-5-phenyipent-1-ene-1-sulfonate (5d)

5d was prepared according to procedure B using 18 (0.54 mmol, 0.20 g)
and 38 (065mmol, 020 g), resulting in a colorless solid (0.071 g,
0.11 mmol, 20%) after purification via HPLC. "H NMR (300 MHz, CDCl3)
Glppm] = 10.68 — 10.33 (m, 1H), 8.75 — 8.52 (m, 1H), 8 50 — 8.35 (m, 2H),
822 (d, J = 85 Hz, 1H), 7.79 — 751 (m, 4H), 7.52 - 7.36 (m, 5H),
709 — 667 (m, 9H), 612 (dd, Jur = 339Hz, Jwu = 89 Hz, 1H),
4 60—4.14 (m, 2H), 300 -2.80 (m, 2H), 267 —2.39 (m, 2H), 1 80-1.39
(m, 2H). C NMR (75 MHz, CDCl) &[ppm] = 172.0, 168 6, 150.9, 149.4,
1416, 138.6, 137.3,133.0, 132.9, 129.8, 1284, 127.6, 127.3,126.0, 123 .9,
1221, 1216, 1212, 1191, 117.8, 117.0, 1150, 1131, 1101, 54.7, 471,
470,374,324 284 [a]f? =-22° MP = 114 — 116 "C. ESHMS: [M+H*]
calc. 627 2, found 627.1. Purity: 96%.

Phenyl (5,E)-3-(S)-2-{4-{(tert-butoxyt ido)-3-
cyclohexylpropanamido)-1-fluoro-5-phenyipent-1-ene-1-sulfonate (6a)

6a was prepared according to procedure B using 18 (0.54 mmol, 0.20 g)
and 40 (0.65mmol, 025 g), resulting in a colorless solid (0.25 g,
035 mmol, 65%) after purification via HPLC. '"H NMR (300 MHz,
DMSO-ds) &[ppm] = 9.60 (d, J = 2.6 Hz, 1H), 8.40 - 8.10 (m, 2H),
794 —7.70 (m, 2H), 761 — 7.34 (m, 4H), 7.35 — 7.05 (m, 6H), 7.00 (d,
J=T72Hz, 2H), 6.15 (dd, Juer=33 2 Hz, Juy=9 0 Hz, 1H), 495-4 81 (m,
1H), 4 66 —4 38 (m, 1H), 2 61 -2 32 (m, 2H), 1.85-1.52 (m, 8H), 1.48 (s,
9H), 1 28 — 1.02 (m, 3H), 1.04 — 0.73 (m, 2H). "3C NMR (75 MHz, DMSO-
de) ofppm] = 166.3, 153.1, 142.9, 141.2,130.9,128.9, 128 8, 128.7, 127 8,
1224, 1175, 799, 343, 324, 315, 285 265, 261. [a]f =-15"
MP = 118 — 120 "C. ESI-MS: [M+Na*] calc. 730.2, found 730.2. Purity:
97%.

4((5)-3-Cyclohexyl-1-(((.S, E}-1-fluoro-1-(phenoxysulfonyl}-5-phenylpent-
1-en-3-yl)amino)-1-oxopropan-2-yl)carbamoyl)benzenaminium chioride
(6b)

6b was prepared according to procedure C using 6a (0.35 mmol, 0.25 g).
Purification via HPLC resulted in a colorless solid (0.17 g, 0.26 mmol, 74%).
'H NMR (300 MHz, DMSO-ds) 3[ppm] = 8.56 — 8.19 (m, 4H), 8.06 —7.72
(m, 2H), 7.61 — 7.07 (m, 10H), 707 — 6.90 (m, 2H), 645 (dd, J = 21.8,
10.0 Hz, 1H), 6.14 (dd, Jur=33.3 Hz, Jus=9.1 Hz, 1H), 506 — 472 (m,
1H), 466 — 4.35 (m, 1H), 263 — 2.34 (m, 2H), 2.34 — 209 (m, 2H),
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1.98 — 1.43 (m, 6H), 1.45 — 0.99 (m, 3H), 1.04 — 0.73 (m, 2H). °C NMR
(75 MHz, DMSO-ds) d[ppm] = 172.7, 166.0, 149.2, 141.2, 130.9, 1296,
128.8,128.7,126.4, 122.4,120.1, 66.8, 34 3,33.59, 32.4,31.5,26 5, 26.2,
26.1. [a]f* =—9°. MP = 130 — 132 °C. ESIHMS: [M+H"] calc. 607 3, found
607 2. Purity: 95%.

Phenyl (S, E)-3-((S)-3-cyclohexyl-2-(morpholine-4-
i ido)-1-fluoro-5-pt

) JpIe 1-ene-1-sulfonate (6c)

YIp

6c was prepared according to procedure B using 18 (0.08 mmol, 0.030 g)
and 42 (008 mmol, 23 mg), resuiting in a colorless solid (5.5 mg,
0.009 mmol, 9%) after purification via HPLC. 'H NMR (600 MHz,
DMSO-ds) Slppm] = 8 32 (s, 1H), 8.15 (d, J = 7.7 Hz, 1H), 7.52 - 7.37 (m,
3H), 7.33 = 7.1 (m, 5H), 6.51 (d, J = 7.9 Hz, 1H), 6.11 (dd, J = 33.3,9.0
Hz, 1H), 461 — 452 (m, 1H), 4.17 — 4.08 (m, 1H), 3.60 — 3.46 (m, 4H),
333-322(m, 4H), 1.88—1.71 (m, 2H), 1.71—1 55 (m, 4H), 1.53 -1 36
(m, 3H), 130 — 1.21 (m, 2H), 1.19 — 1 06 (m, 4H), 0.95 — 0.75 (m, 3H).

C NMR (151 MHz, DMSO-ds) &ppm] = 173 2, 157 5, 148.7, 147.8, 145.9,

140.9, 130.5, 126.0, 123.6,122.0,79.2,66 0, 52.0, 44.1,43.78,34 5,33.7,
332 320,309, 261, 25.8, 25.7. [a]f* =-2°. MP = 116 — 117 *C. ESI-
MS: [M+Na*] calc. 601.3, found 601.2. Purity: 95%.

Molecular docking.

Since the inhibitors were designed to react covalently with cysteine-25 of
CatS, two different docking approaches were followed. First, a
conventional non-covalent docking was performed, to estimate affinity and
geometry of the pre-organized enzyme-inhibitor complex, secondly a
covalent docking was used to determine the final covalent enzyme-
inhibitor complex. In both docking setups a crystallographic reference
ligand was used for validation via redocking (Table A, Supporting
information). Molecular docking experiments were performed using the
following crystal structure freely available in the protein data bank (PDB)®
Cathepsin S covalently bound to N-2-(morpholin-4-yicarbonyl)-N-[(3S)-1-
phenyi-5-{phenylsuifonyl)pentan-3-yl-Heucinamide (C1P), PDB entry
1NPZ.28 For both docking approaches, chain A of the dimer of 1INPZ was
extracted via PyMOL 2.5.2  All ligands were energetically minimized prior
docking with Molecular operating environment (MOE Version 2020.09)%
using the MMF34x force field. * For visual presentation of the top binding
poses, PYMOL 2 5 2 was used ™

The non-covalent docking was performed with LeaniT 2325 The
receptors were prepared in MOE with the protonate3D functionality and
the covalent bond between the co-crystalized ligand and the
comesponding protease was untethered via the Builder tool in MOE. For
the receptor the binding site was defined as a 6.5 A shell around the bound
reference ligand. Water molecules that form at least three hydrogen bonds
with the recepior and ligand were kept as part of the binding site. The
docking was performed under default settings using the enthalpy-entropy
hybrid approach with 2,000 solutions per iteration and fragmentation. Only
the top pose of the initial docking was kept and re-scored using the HYDE
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scoring function.¥ For the docking, pharmacophore constraints needed to
be included to obtain reasonable binding modes. The nitrogen atoms of
the peptide backbone were therefore defined as H-bond donors with a 1 A
sphere radius.

B: covalent docking with

Covalent docking was performed with MOE. The receptor was prepared
using the 3D protonation tool inside MOE. For the covalent reaction of the
different warheads, the already existing template reactions were used.
Initial 30 poses from the triangle match placement with London AG scoring
were re-scored using the Affinity AG scoring function and induced fit
refinement implemented in MOE. 10 Poses were kept and visually
inspected for binding geometry the interactions matching between the
docked inhibitor pase and co-crystallized ligand with the enzyme. The
poses best matching inspected interaction pattems are further discussed.

Fluorometric enzyme assay.

Cathepsin S.

Assay procedure.

The assay was modified after BROMME ET AL 8 The fluorescence increase
upon cleavage of the fluorogenic substrate Z-ValVal-Arg-AMC by
Cathepsin S (CatS) was monitored by a Tecan Searx fluorimeter
(6 excitation: 365 nm, & emission: 460 nm; Tecan Grour, Switzerland).
CatS (recombinant from E. coli, SiGma-ALDRICH, Germany) was incubated
with enzyme buffer (35 mM potassium phosphate, 35 mM sodium acetate,
2mM DTT, 2mM EDTA, pH 6.5) at room temperature for 20 — 30 min.
Assay buffer (50 mM KHzPO4, 50 mM K:HPO4, 25 mM DTT, 2.5 mM
EDTA, pH 6 5) was mixed with 1 — 5 nM CatS in enzyme buffer, followed
by inhibitor in DMSO or DMSO (negative control), and 10 yM substrate Z-
Val-Val-Arg-AMC  (BacHeEm, Switzeriand). Black, flat-bottom 96-well
microtiter plates (Gremer Bio-One, Germany) were used. Inhibitor
screening concentrations started at 20 yM, followed by 1 uM, 200 nM, and
50 nM.

Ku determination.

The assay was performed as described above using different substrate
concentrations (3.125 M, 625 M, 12.5 pM, 25 uM, 50 pM). GrRaFIT
(wersion 5 0.13, 2006, ERmMHRACUS SoFTWARE LTD., UK)®*® was used for
data analysis and non-linear regression. The Kw value was calculated as
described by Michaelis-Menten (Ku = 34 pM):

Vimaz " [5]
Ky +[5]
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v = initial velocity, Vmex = maximal velocity; [S] = substrate concentration.
ICs0 and K, calculations.

GraFIT (version 5.0.13, 2006, Ermuracus SoFTwaRe LTo., UK) was used
for data analysis and non-linear regression. >

For compounds without a time-dependent mode of inhibition (fluorinated
vinylsulfones as inhibitors of CatS, CatB, Catl; fluorinated vinylsulfonates
as inhibitors of CatB, Catl ), the residual enzyme activity in % was plotied
against the inhibitor concentration in pM. Then, ICsp values were obtained
by nor-linear regression:

v = 7’.
=
1+(-,£ﬂ;)’

vo = enzyme acfivity without inhibitor; vi= enzyme activity in presence of
inhibitor; [1] = inhibitor concentration; S = slope factor.

Kivalues were calculated by using the Cheng-Prusoff equation to comect
the ICso values to zero substrate concentration:*

IC,
K = 50

=
51
l+x'

CatS: [S] = 10 pM, Ku = 34 pM. CatB: [S] = 100 uM, Ku = 150 pM.
CatL: [S] =6 25 uM, Ku = 6.5 uM.

For compounds with a time-dependent mode of inhibition (fluorinated
vinylsulfonates as inhibitors of CatS), the Ki values were calculated as
published previously for slow, tight binders 47

kl k.?
E+l —_— Bl — E—
k; 7
E = wenzyme;, | = inhibtor, k = reaction constant,

E-I = non-covalent enzyme-inhibitor complex; E—I = covalent enzyme-
inhibitor complex.

The initial (w) and steady-state (vs) velocities in inhibitor presence and the
pseudo-first order rate constants kees were determined for different inhibitor
concentrations. The progress curves were fiited to the slow-binding
equation (off = offset): 50
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v,

Pl=v, t+ ';—-:’ “[1— exp(—k,, - 1)] + of f

Then, the kaps values were plotted against the inhibitor concentrations [1]
with the following equation:

by = kg + (%}
i

The resulting dissociation constant of the initial enzyme-inhibitor complex
K#® was then comected to zero substrate concentration using the Cheng-
Prusoff relationship, giving the K value *

Dilution assav,

Dilution assays were performed for selected compounds as published
previously 47 CatS (0.5 pM) in enzyme buffer (90 pL) was incubated for
with inhibitors (10 pA in DMSO) for 30 min in concenirations comesponding
to tenfold the ICso value obtained from the fluorometric enzyme assay
ensuring complete inhibition. These mixtures (2 pL) were diluted 100-fold
in assay buffer (198 pL) containing 5 pL substrate (400 pM) to give a final
substrate conceniration of 10 pM. Recovery of enzyme aclivity was
measured immediately by fluorescence readout. CatS with DMSO and no
inhibitor added was used as a ref e while the i le inhibitor
K11777 was used as an imeversible control 5

Selectivity towards Catl_and CatB 347

Cathepsin B (CatB, Sioma-ALDrRicH, Germany) and cathepsin L (Catl,
Siema-ALDRICH, Germany) were incubated in enzyme buffer (50 mM Tris-
HCI, 5 mM EDTA, 200 mM NaCl, 2 mM DTT, pH 6.5) at room temperature
for 20 — 30 min. Assay buffer (50 mM Tris-HCI, 5 mM EDTA, 200 mM NaCl|,
0 005% Brij35, pH 6.5) was mixed with CatB or CatL in enzyme buffer,
then inhibitor in DMSO or DMSO (negative control) was added, followed
by 100 uM (CatB) or 6.25 uM (Catl) substrate Z-Phe-Arg-AMC (BacHEM,
Switzerland). The enzyme activity was monitored by a TECAN SPARK
(Tecan Grour, Switzerland) fluorescence reader using black GReENER flat-
bottom 96-well microfiter plates (GrEiner Bio-One GmbH, Germany).
Inhibitor screening concentrations started at 20 pM, followed by 1 pM, and
200 nM if the percentual inhibition exceeded 50% for the previous inhibitor
concentration. ICso values were determined for inhibitors with =50%
inhibition at 20 pM.

Cytotoxicity.

Cell Culture.

The human cell line MDA-MB-231 from adenocarcinomic breast tissue was
cultured at 37 °C and 5% COz in DuLeecco's MooiFiED EAGLE's Medium
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(DMEM, 45 g/ p-Glucose, L-Glutamine; Gibco by THERMOFISHER
ScienTIFic, Gemmany), supplemented with 10% FBS (SicGMa-ALDRICH,
Germany) and 1% Penicillin/Streptomycin (INTROGEN, Germany). Cells
were cultured in a T75 culture flask and passaged two fo three times per
week using TrypLE™ Express (Gibco by THERMOFISHER SCIENTIFIC,
Germany).

Murine bone marrow derived from C7BL/6 mice was seeded (2x10
cells/mL) in untreated 12 well plates (Gibco by THERMOFISHER SCIENTIFIC,
Germany) using Iscove's Modified Dulbecco’s Medium, supplement with
5% FBS, 2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin
and 50 pM f-mercaptoethanol (all components from SiGma-ALDRICH,
Germany) and 10 ng/mL GM-CSF (M LTENY| BIOTEC, Germany). Media
was replenished on days 3 and 6 of culture.

Cell Viability Assay.

MDA-MB-231 cells were seeded at a density of 2,500 cellk Il in a white
half area 96-well plate (Gremner Bio-One, Germany) and incubated at
37 °C. 24 h after seeding, the medium was removed and cells were treated
with 50 pL of either 100 uM or 20 pM solution of compounds 5a, 5b, 6b
and 3c in fresh culture medium (0.1% DMSOQ) or culture medium
(0.1% DMSO) only. For each condition, quadruplicates were performed.
Cells were incubated for 24 h. After the treatment, CaLL TITER-GLO® Assay
solution (50 L) was added to each well, and the plate was placed on an
orbital shaker for 2 minutes and subsequently incubated 10 minutes at
room temp . Lumir was performed with a PROMEGA
GLoMax@-Multi Detection System using the manufacturer's protocol.

ence

-

On day 7 of DC culture, compounds (1 M) and lipopolysaccharide
(100 ng/mL) was applied as indicated. On the following day, samples were
harvested, washed with buffer (PBS, 2% FBS, 2mM EDTA) and
preincubated with Fc receptor blocking rat-anti-mouse antibody (clone
24G2, TueamoFisHER SciEnmiFic, Germany) to prevent unspecific
antibody binding. Then, samples were incubated with phycoerythrin-
labeled rat-anti-mouse CD11c antibody (clone N418; THeRmOFISHER
ScienTFic, Germany) to delineate CD11¢® DC, washed with PBS and
incubated with allophycocyanin-eFluor780 tandem conjugate labeled
fixable viability dye to detect dead cells within the CD11c* DC fraction.
Fluorescence intensities were measured using an ATTune NxT Flow
Cytometer and were analyzed using ATTunE NxT software (both from
THERMOFISHER ScIENTIFIC, Germany).

Abbreviations

ACN, acetonitrie; AMC, 7-amino-4-methylcoumarin; APC,
an igen-presenting cell; boc, tert-butyl carbamoyl, CatB,
cathepsin B; Catl, cahepsin L; CatS, cathepsin S; CH,
cyclohexane; cpd, compound; cyAla, cyclohexylalanine; DC,
dendritic cell;, DCM, dichloromethane; DECP, diethyl
chlorophosphate; DIPEA, N, N-diisopropylethylamine; DMF,
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dimethylformamide; EA, ethyl acetate; HOBt, 1-
hydroxybenzotriazole; hPhe, homophenylalanine; HWE, Hormer-
Wadsworth-Emmons; KHMDS, potassium
bis(trimethylsilyljamide; LHMDS, lithium bis(trimethyisilyl)amide;
Me, methyl; Pip; piperazine; SAR, structure-activity relationship;
S, selectivity index; TBTU, 2-(1H-benzotriazole-1-yi)-1,1,3,3-
tetramethylaminium tetrafluoroborate; THF, tetrahydrofuran,
Z/Cbz; benzyloxycarbonyl.

Supporting information

The supporting information includes molecular docking score
tables, enzyme assay plots, and characterization data (LC-MS,
NMR) and is available free of charge.
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fc
K, (CatS) = 0.08 nM
Sl (CatB/CatS) > 150,000
Si (CatL/CatS) » 125,000

Here, we present a series of covalent-reversible CatS inhibitors based on the a-fluorovinylsulfone and -sulfonate warhead, which were
op imized by molecular docking and evaluated for selectivity towards off-targets CatB and CatL. The most potent inhibitor, 6¢, has
subnanomolar affinity and selectivity towards cathepsins B and L, making it a promising lead for developing new immunomodulators in

cancer therapy.
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3.3 Perspectives

The presented research on covalent reversible CatS inhibitors based on a-
fluorovinylsulfones and -sulfonates provides a promising approach to modulate the
immune response in cancers by targeting the overexpressed cysteine protease CatS.
We have optimized the lead structures of the inhibitors and evaluated their selectivity
and potency towards the off-targets CatB and CatL. The most potent inhibitor in the
series, 6c¢, has subnanomolar affinity and high selectivity towards cathepsins B and L
without cytotoxic effects at relevant concentrations. These results provide a strategy
to improve the anti-tumor immune response by inhibiting CatS and may lead to the
development of new cancer immunotherapies with improved efficacy and reduced

side effects.

The next steps would involve further studies to validate the inhibitors’ effectiveness to
modulate the immune response in cancers. Cell-based assays using immune cells
(e.g., macrophages, dendritic cells) and cancer cells could provide more insights into
their biological activity. The expression levels of MHC-I and MHC-II upon CatS
inhibition could be determined by treating dendritic cells, also enabling additional
functional assays for T cell activation. In case of positive results, further steps would
include testing the inhibitors in animal models of cancer to evaluate their
pharmacokinetic and pharmacodynamic properties, toxicity, and efficacy in reducing
tumor growth and improving the anti-tumor immune response. Additionally, further
optimization of the lead structures may be required to enhance their potency,
selectivity, and pharmacokinetic properties for clinical use. To be discussed in project
4 is the coupling of the inhibitors to nanocarriers, potentially improving targeting and,
thus, efficacy.

Overall, the next steps would involve a combination of cell-based and animal studies
to further develop and validate the potential of the CatS inhibitors as new

immunomodulators in cancer therapy.
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4 Improving the Efficiency of Cathepsin S Inhibitors by

Nanocarrier-Mediated Delivery

4 1 Introduction and Objectives

This project was part of the Q5 subproject (“Targeting and immunomodulator
structures and their coupling to therapeutic nanosystems for oncological application”,

I B < oroup) in the CRC1066 (“Nanodimensional polymer

therapeutics for tumor therapy”).

The use of nanocarriers for targeted drug delivery to immune cells is an innovative
approach that has the potential to transform the field of medicine. Although
pharmacodynamic target optimization is crucial, the in vivo effectiveness of small
molecular drugs, such as some of the new CatS inhibitors discussed earlier, may be
hindered by physicochemical parameters.?®¢ Poor solubility and reduced
bioavailability can prevent them from entering in vivo testing. However, the variety of
a nanocarrier's properties offers a unique advantage to modify a drug’s
pharmacokinetic profile and deliver it directly to its target site.?®® By preventing
premature release from the carrier or unwanted early metabolic degradation of the
drug, nanocarrier systems can improve the overall drug performance in vivo while
reducing unwanted off-target effects. Nanocarriers can be engineered to respond to
specific stimuli, allowing for precise and timely drug release at the site of the disease,
e.g., lysosomal release of cathepsin inhibitors. This level of specificity and control can
improve the efficacy of drugs, reduce the number of required doses, and enhance
patient outcomes with an increased therapeutic window.2%6-287 With the continued
nanotechnology development, targeted drug delivery via nanocarriers is set to
transform medicine by enabling personalized treatments for various diseases,
including cancer, autoimmune disorders, and infectious diseases.6°288-291

As already discussed in project 3 (“New subnanomolar cathepsin S inhibitors with
high  selectivity:  Optimizing  covalent-reversible  a-fluorovinylsulfones and
-Sulfonates as potential immunomodulators in cancer”), CatS inhibition in immune
cells can improve the CD8+ immune response against cancer cells. Since CatS is
expressed in many cells besides the immune cells, targeted delivery to immune cells
can enhance the inhibitors’ efficacy.'® Nanocarrier attachment is an elegant way to
improve cell-specific delivery and thus, efficacy. Therefore, the Q5 subproject aims at
combining potent CatS inhibitors as immunomodulators with nanocarriers that are
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decorated with carbohydrate sequences to target dendritic cells (Figure 22), where

the cargo can be released in the lysosome to inhibit CatS.

carbohydrate
targeting structures

CatS inhibitor
immunomodulator

Figure 22. Schematic overview of the desired construct for the Q5 subproject. Human serum
albumin (HSA) is used as a nanocarrier , , group)

with carbohydrate targeting structures F. groupl and our CatS
inhibitors , attached to the surface via linkers. Figure modified
after an original draft by .

Based on the results from the SAR study (project 3), we designed linker-functionalized

CatS inhibitors for nanocarrier attachment and lysosomal release. The project

workflow is depicted in Figure 23.

@ﬁ 9=

optimized
CatS inhbitor

fluorometric
enzyme assay

oFc ¥

. SFB 1066 nanocarrier

_ attachment
I

linker/inhibitor
ES

Figure 23. Workflow for project 4 (part of CRC1066 Q5).

148



ProJecT 4: IMPrROVING THE EFFICIENCY OF CATS INHIBITORS BY NANOCARRIER-MEDIATED DELIVERY

4.2 Results and Discussion

4.2.1 Inhibitor Design

In order to achieve potent and selective CatS inhibition, we functionalized well-suited
inhibitors from the SAR study in project 3 (“New subnanomolar cathepsin S inhibitors
with high selectivity: Optimizing covalent-reversible a-fluorovinylsulfones and
-Sulfonates as potential immunomodulators in cancer”) with a linker for nanocarrier
attachment. For my part of the project, | used the highly potent compound 2 ( = 6b in
chapter 3, Ki = 3 nM, Sl >1,000) with a free amino moiety to attach linker structures
via amide couplings. The linker should be cleavable at lysosomal pH (4-5) and not
have a major effect on the enzyme inhibition. Linker attachment in the inhibitor's P3
position was found suitable in molecular docking studies since other CatS binding
sites might be too narrow and the bulky S2 site is important for affinity and
selectivity. 197292

Scheme 4 shows several literature-known responsive linkers that are cleaved at
acidic pH.2%3-2%> As a first approach that will be discussed in this chapter, we decided
to use a hydrazone linker since the pH optimum for its cleavage should be around 5,

depending on the attached residues.?*®

H H* o H
hydrazone _ > ‘1;\“,"?,' — %,: L
o__0 H* o
acetal > "X ¥ — "%S"‘ + Ho—§

0 0
cis- HN H*
. — —_— — + Hz;N
aconityl Lr: L, = HN—% );QO N
cooH o0

B-thio- . 0.
Propionaterl_: j\sj\ LS f{ﬁ‘@a\@ "’( 5’;\0 + Ho—f
0o 0270
b b ©

H

Scheme 4. pH-responsive linkers and their cleavage products.2?3
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The hydrazone formation requires a keto- or aldehyde moiety. Therefore, | introduced
this functionality at the N-terminal linker (compound 3). In addition to the pH-sensitive
hydrazone linker, | also prepared an inhibitor with a pH-stable linker (compound 4).

All inhibitors of interest are displayed in Scheme 5.

N
g W © F o
N As ,;sfio,O
0 = H o
\O [e) (o}

Scheme 5. Final compounds 3-5. Compound 3 serves as a precursor of 5 and is also released
upon linker cleavage at acidic pH. Compound 4 serves as a uncleavable control. Compound
5 with a pH-responsive hydrazone linker.

The a-fluorovinylsulfonate warhead has proven suitable since it resulted in slowly
reversible tight binders as described in chapter 3. Previous studies have also revealed
that vinylsulfones and -sulfonates are not reactive towards endogenous thiol-
containing nucleophiles, such as glutathione, which would be beneficial for future cell-

based assays or in vivo studies.?2

4.2.2 Synthesis and Purification

The fluorovinylsulfonate warhead X was prepared in a Horner-Wadsworth-Emmons
reaction as previously published (details see Experimental Section).?*? Dipeptide VI
was synthesized by amide coupling of ester IV with N-boc-4-amino benzoic acid to V,
followed by alkaline hydrolysis (Scheme 6).

i o> ﬂ- i ,[ Eo 0, i OH
NH, >|\ j’\ /gLH 3 ~ >[\ j\ ZO/LH 7
"N 07N
v v Vi

Scheme 6. Synthesis route of dipeptide Vi starting with Iv.
(a) N-boc-4-amino benzoic acid, HOBt, TBTU, DIPEA, DCM, 0 °C —rt, 12 h, 100%. (b) LiOH
monochydrate, THF/H20, rt, 12 h, 92%.
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The linker-functionalized inhibitors 3—-5 were prepared as shown in Scheme 7. TBTU
coupling of warhead X and dipeptide VI resulted in compound 1 that was already part
of the SAR study in project 3 (“New subnanomolar cathepsin S inhibitors with high
selectivity: Optimizing covalent-reversible a-fluorovinylsulfones and
-Sulfonates as potential immunomodulators in cancer”) as well as compound 2 after
boc-group removal. In a next step, amide couplings of 2 with linker moieties (4-
acetylbutyric acid or 6-maleimidohexanoic acid) using HOBt, HATU, and collidine
gave access to 3 and 4. Compound 3 was then converted to 5§ in a hydrazone
formation with 3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propanehydrazide in methanol
(with 0.1% TFA).

H
o.__N H
>[’\I'I/ wo f O N 0 F
0 e T e o i g
o el ”s—’g@ o | g

X Vi 1
OH
Y (d}l
®
Q/\/\/W H3N® (o] F
-— N AL
O\N E] @ Cp i lle O
4 2
0 /\)L NHZ 0 [}
& H i [ Qo 0| A~Hon
o (@ 0 0 /©)\N W“c\@
B
3
Scheme 7. Synthesis route of final compounds 3-5.

(c) HOBt, TBTU, DIPEA, DCM, 0 °C —rt, 24 h, 65%. (d) HCI, dioxane, rt, 6 h, 74%. (e) 6-
maleimidohexanoic acid, HOBt, HATU, collidine, DCM/DMF, 0 °C — rt, 48 h, 23%. (f) 4-
acetylbutyric acid, HOBt, HATU, collidine, DCM/DMF, 0 °C —rt, 48 h, 34%. (g) 3-(2,5-dioxo-
2,5-dihydro-1H-pyrrol-1-yl)propanehydrazide, THF, methanol, rt, 12 h, 38%.

The reaction course of the hydrazone formation was monitored using HPLC-MS
(Figure 24). Since it is an equilibrium reaction, there was no complete turnover from
3 to 5 as shown in the HPLC chromatogram at A = 254 nm (Figure 24A).
Nevertheless, the subsequent purification via preparative HPLC gave access to 5 with
99% purity.
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Figure 24. LC-MS reaction control for hydrazone formation of 5 after 3 h; 45% H20, 55% ACN,
0.01% HCOOH on an AGILENT Poroshell 120 EC-C1s 150 x 2.10 mm, 4 ym column. (A) HPLC
chromatogram @254 nm, retention times: 1.70 min (peak 1, framed in red, educt 3) and
2.15 min (peak 2, framed in blue, product 5). (B) ESI-MS spectrum in positive mode for peak
1. m/z [M+H*] = 720.2 for compound 3. (C) ESI-MS spectrum in positive mode for peak 2. m/z
[M+H*] = 885.3 for compound 5. Purification via HPLC.

4.2.3 Fluorometric Enzyme Assay

The functionalized inhibitors 3—5 were then evaluated in fluorometric enzyme assays
for their CatS inhibition and selectivity towards off-target cathepsins (Table 2). Their
biphasic progress curves indicate a time-dependent mode of inhibition (exemplified
for 3, Figure 25). Since a-fluorovinylsulfonates are known to be time-dependent,
covalent reversible inhibitors, additional inhibition constants were determined (Table
2)_242

Table 2. Inhibition data for compounds 3-5 (all time-dependent).2%6

3 4 5
Ki [uM] 0.0005 + 0.0001 | 0.0003 +0.0001 | 0.0009 + 0.0004
ks [s™ 14-1073 12-1073 1.1-1073
CatS 1, {3-1} 6.0 - 10* 6.0 - 10* 3.0-10¢
K" [uM] 0.00014 0.00010 0.00019
CatB Ki [M] >12 >12 >12
S| CatB/CatS | >24,000 >40,000 >20,000
Catl Ki [M] >10 >10 >10
S| CatL/CatS >20,000 >33,000 >16,000

152



ProJecT 4: IMPrROVING THE EFFICIENCY OF CATS INHIBITORS BY NANOCARRIER-MEDIATED DELIVERY

1400 m w © F
—DMSO I AL
=" "N S..
i H g ©
1200
3
0.0016 T T I T
1000
L O -
.“é‘
= o =
: 800 0.0014
(%) .|
c
@
? .
o 600 § 0.0012
g = =]
400 0.0010 =]
200 0.0008 =1
1 | 1 I ] |
0.z 04 06
0
0 500 1000 1500 inhibitor concentration [uM]

time [s]

Figure 25. Inhibition data for compound 3 (top right). Biphasic progress curves (left) indicate
time-dependent inhibition, kobs vs. inhibitor concentration plot (bottom right) was used for K;
determination.

The inhibition constants Ki and Ki* are in the subnanomolar range for all tested
inhibitors, reflecting their high inhibitory potency. However, the compounds remain
highly selective towards CatB and CatL with more than 16,000-fold selectivity.

ki ks
k2 k4

\ J
Y

N A J

K*
E = enzyme; | = inhibitor, k = rate constant;
E | = non-covalent enzyme-inhibitor complex; E—I = covalent enzyme-inhibitor complex.

In addition, the rate constant for the formation of the covalent enzyme-inhibitor
complex ks is at least twice as high as ks, suggesting tight binding that results in a
slower dissociation of this complex. Since the functionalized inhibitors did not lose
their inhibitory activity, they are great candidates for the future attachment to

nanocarriers.
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4.3 Conclusions and Perspectives

| have successfully functionalized compound 2 (K = 3 nM, SI >1,100), derived from a
previous SAR study, to enable nanocarrier attachment. Compound 4, with a non-
cleavable linker, and compound 5, with a pH sensitive linker, both exhibit potent
inhibition of CatS with Ki and Ki* values in the subnanomolar range, while maintaining
selectivity towards CatB and CatL (S| >16,000). Compound 3, the cleavage product
of 5 that is supposed to be released in the lysosome, demonstrates subnanomolar
inhibition (Ki = 0.5 nM) and high selectivity (S| >20,000). These promising results
indicate that further investigation and linkage to nanoscale delivery systems should
be performed.

To better understand the kinetics of linker cleavage at acidic pH, an HPLC assay
could be developed. By pre-incubating the compound at various pH values and then
analyzing the samples via HPLC, valuable insights into cleavage kinetics and pH
optimum could be obtained. It would also be essential to evaluate the biological
activity of the inhibitor-carrier construct compared to the plain inhibitor, using
techniques such as enzyme assays or immunoassays. Immunoassays with
macrophages or dendritic cells could help to investigate the inhibitors’ effect on
immune cell polarization and T cell stimulation.

While the synthesized compounds provide a good starting point for first evaluations,
future studies should explore alternative linkers to optimize inhibitor release. In
addition to the HPLC cleavage assay, a cell-based cleavage assay would be a good
enhancement, as metabolic enzymes, etc. could interfere with the inhibitor release. In
order to already gain insights into metabolism, preceding microsomal stability assays
could be performed. To facilitate imaging in cell-based or even in vivo assays, a
fluorophore or radioactive marker would be necessary. Fluorescent or radioactive
labeling allows a variety of detection methods. Here, the CatS inhibitor could serve as
a therapeutic agent whereas a radioactive label, possibly '8F for the ao-
fluorovinylsulfonates, could serve as a diagnostic tool for imaging. Alternatively, a
modified linker with an option to attach a fluorescent or radioactive probe could be
explored.
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4 4 Experimental Section

4.4.1 General

All reagents and solvents were of analytical grade quality and purchased from SIGMA-
ALDRICH, ALFA AESAR, ACROS, BLD PHARMATECH, FISHER SCIENTIFIC, CHEMPUR or
TCI. Chemicals were used without further purification. Solvents were purified by
distillation and desiccated by standard methods if necessary. 'H and *C NMR spectra
were recorded on a BRUKER Fourier 300 spectrometer using DMSO-ds, CDCls or
CD.Cl, as solvents. Chemical shifts & are given in parts per million (ppm) using
residual proton peaks of the solvent as internal standard ("H / '*C: DMSO: 2.50/ 39.52
ppm, CHCls: 7.26 / 77.16 ppm, CH.Cl,: 5.32 / 54.00 ppm). The purity of the
compounds was determined via HPLC-MS (A = 254 nm, 210 nm). LC chromatograms
were obtained from an LC-MS system consisting of an Agilent 1100 series HPLC
system with an AGILENT Poroshell 120 EC-C4g 150 x 2.10 mm, 4 ym column. The
mobile phase consisted of acetonitrile, H.O, and 0.01% formic acid in water. Mass
spectra were detected by an AGILENT 1100 series LC/MSD Trap with electron spray
ionization (ESI) in positive mode. Purification with a preparative HPLC system was
performed by a VARIAN PrepStar system (model 218) with an AGILENT Zorbax XDB-
C18 21.2 x 150 mm, 5 pm column, detected at 254 and 210 nm. Column
chromatography was performed with silica gel (0.06 — 0.02 mm or 0.040 — 0.063 mm)
obtained from CARL ROTH. All reactions were monitored by thin-layer chromatography
using MACHEREY-NAGEL ALUGRAM Xtra SIL G/UV254 silica gel 60 plates for
detection at 254 nm. Melting points were determined in open capillaries using a
STUART SMP10-instrument. Optical rotation [a]3? was measured on an P3000
polarimeter from KRUsSS at 22 °C and are reported in cm?® g dm-™.
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4.4.2 Syntheses

General procedures
Procedure A: Horner-Wadsworth-Emmons reaction.

A solution of the phosphonate (1.0 eq) in dry THF was cooled to —78 °C. Then,
KHMDS or LHMDS (1.0 m in THF) was added dropwise, and the mixture was stirred
for 30 — 60 min. Afterwards, a solution of the aldehyde (1.2 eq) in dry THF was added
in portions and the reaction mixture was stirred for 3 — 4 h and then quenched by
adding 7.0 eq of water. The solvent was removed under reduced pressure and the
residue was extracted with EA or DCM (3x). The organic phase was washed with
water (2x), saturated aq. NaHCOs; (2x) and brine (1x) and dried with Na,SOas.
Afterwards, the organic solvent was removed under reduced pressure and the crude
product was purified by column chromatography.

Procedure B: Amide coupling with TBTU.

The carboxylic acid (1.2 eq), HOBt (1.2 eq), and TBTU (1.2 eq) were dissolved in
DCM and cooled to 0 °C. Then, DIPEA (3.5 eq) was added dropwise, and the mixture
was stirred for approx. 20 min until all components dissolved. The amine (1.0 eq) was
added in portions and the reaction was stirred for at least 12 h at room temperature.
The mixture was quenched by adding water and the aqueous phase was extracted
with DCM. Then, the organic phase was washed with water (2x), saturated aq.
NaHCO; (2x), and brine. After drying it over Na.SO,, the organic solvent was
evaporated under reduced pressure and purified via column chromatography or
HPLC.

Procedure C: Amide coupling with HATU.

The carboxylic acid (1.2 eq), HOBt (1.2 eq), and HATU (1.2 eq) were dissolved in
DCM or DCM/DMF and cooled to 0 °C. Then, collidine (2.0 eq) was added dropwise,
and the mixture was stirred for approx. 20 min until all components dissolved. The
amine (1.0 eq) was added in portions and the reaction was stirred for at least 12 h at
room temperature. The mixture was quenched by adding water and the aqueous
phase was extracted with DCM. Then, the organic phase was washed with water (2x),
saturated aq. NaHCO3 (2x), and brine. After drying it over Na>SQO,, the organic solvent
was evaporated under reduced pressure and purified via column chromatography or
HPLC.
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Procedure D: Alkaline ester hydrolysis.

The compound (1.0 eq) was dissolved in THF. LiOH monohydrate (4.0 eq) was
dissolved in water and added dropwise. Then, the mixture was stirred for at least 6 h
at room temperature followed by evaporating THF under reduced pressure. The pH
value of the aqueous residue was adjusted to 4-5 by adding 1 M HCI, resulting in the

product precipitating as a solid.
Procedure E: Boc group removal.

A solution of 4 M HCI in dioxane was added to the boc-protected compound (1.0 eq)
until complete dissolution and stirred for at least 30 min at room temperature. The
residual solvent was either evaporated under reduced pressure and the crude product
was lyophilized and used without further purification or the product was precipitated

with diethyl ether or n-pentane.
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Starting material synthesis

Phenyl methanesulfonate (1)

M =172.20 g/mol

Phenol (1.0 eq, 50 mmol, 4.71 g) was dissolved in EA and cooledto 0 °C. TEA (2.0 eq,
100 mmol, 13.7 mL) was added dropwise as well as mesyl chloride (1.3 eq, 65 mmol,

5.10 mL), allowing the mixture to warm to room temperature and stir for 1 h. Then,

the reaction mixture was extracted with EA (2x) and the organic phase was washed

with water (3x) and brine (1x), and dried with Na>.SO4. The organic solvent was

removed under reduced pressure and the crude product was purified by column

chromatography (CH:EA 4:1 — 2:1), giving a colorless solid (8.18 g, 95%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 7.44 — 7.33 (m, 2H, H-4, H-6), 7.30 — 7.19

(m, 3H, H-1, H-2, H-3), 3.09 (s, 3H, H-7).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 149.7 (C-5), 129.9 (C-1, C-3), 127.1 (C-2),

122.0 (C-4, C-6), 37.1 (C-7).

Fp=652%2°C.
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tert-Butyl (S)-(1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl)carbamate (Il)

M = 322.41 g/mol

N-boc-L-homophenylalanine (1.0 eq, 20 mmol, 5.59 g) was dissolved in DCM and
cooledto 0 °C. Then, TBTU (1.2 eq, 24 mmol, 7.71 g), HOBt (1.2 eq, 24 mmol, 3.24 g),
and DIPEA (3.5 eq, 70 mmol, 12.2 mL) were added and the mixture was stirred for
20 — 30 min until all components dissolved. N,O-dimethyl hydroxylamine (1.2 eq,
24 mmol, 2.34 g) was added in portions and the mixture was stirred for at least 12 h
at room temperature. The reaction was stopped by adding water and the aqueous
phase was extracted with DCM (2x). The combined organic extracts were washed
with saturated ag. NaHCO3 (2x), and brine (1x), then dried with Na,SO,. After removal
of the solvent at reduced pressure, the crude product, a colorless oil (6.13 g, 95%),
was used without further purification.

H NMR (300 MHz, DMSO-ds) & [ppm] = 7.31 = 7.21 (m, 2H, H-1, H-5), 7.17 (t, J=7.0
Hz, 3H, H-2, H-4, H-6), 6.57 (s, 1H, N-H), 4.31 (q, J = 7.4 Hz, 1H, H-9), 3.55 (s, 3H,
H-18), 3.06 (s, 3H, H-17), 2.83 = 2.51 (m, 2H, H-7), 1.87 — 1.72 (m, 2H, H-8), 1.39 (s,
OH, H-14 — H-16).

3C NMR (75 MHz, DMSO-ds) & [ppm] = 173.9 (C-11), 155.6 (C-12), 142.1 (C-3),
128.4 (C-6), 128.2 (C-1, C-5), 125.8 (C-2, C-4), 77.9 (C-13), 60.9 (C-18), 50.1 (C-9),
32.3 (C-17), 31.6 (C-8), 31.5 (C-7), 28.2 (C-14 — C-16).

a2, =—40° (c = 1 g/100 mL in MeOH).

159



ProJecT 4: ImPROVING THE EFFICIENCY OF CATS INHIBITORS BY NANOCARRIER-MEDIATED DELIVERY

fert-Butyl (S)-(1-oxo0-4-phenylbutan-2-yl)carbamate (llI)

M = 263.34 g/mol

Compound Il (1.0 eq, 15 mmol, 5.20 g) was dissolved in dry diethyl ether and cooled
to 0 °C. LiAlH4 (1.3 eq, 19.5 mmol, 0.74 g) was added portionwise and the mixture
was stirred for 2 h. Afterwards, the reaction was stopped with 0.33 M KHSO,4 and then
extracted with diethyl ether (2x). The combined extracts were washed with water (2x),
1 M HCI (2x), sat. ag. NaHCOs3 (2x), and brine (2x). The product was dried over
Na,SOq, resulting in a colorless oil (3.90 g, 99%) that solidified upon standing.

H NMR (300 MHz, DMSO-ds) & [ppm] = 9.55 (s, 1H, H-10), 7.46 — 7.00 (m, 5H, H-1,
H-2, H-4 — H6), 5.07 (s, 1H, N-H), 4.37 — 4.09 (m, 1H, H-9), 2.71 (t, J = 7.5 Hz, 2H,
H-7), 2.37 —2.01 (m, 2H, H-8), 1.56 — 1.28 (m, 9H, H-14 — H-16).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 199.7 (C-10), 159.8 (C-12), 140.2 (C-3),
128.8 (C-1, C-5), 128.6 (C-2, C-4), 126.5 (C-6), 76.7 (C-13), 66.0 (C-9), 31.6 (C-7),
31.1(C-8), 28.4 (C14 - C16).

a2, =-28° (c = 1 g/100 mL in MeOH).
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Ethyl (S)-2-amino-3-cyclohexylpropanoate (IV)

0]
T 1
2 10007,
3 5 NH;

4 9

M = 199.29 g/mol

(S)-2-Amino-3-cyclohexylpropanoic acid (1.0 eq, 10 mmol, 1.70 g) was dissolved in
EtOH. Then, SOCl, (1.1 eq, 11 mmol, 0.80 mL) was added dropwise. The mixture
was stirred under reflux for 12 h and the reaction was stopped with sat. ag. NaHCOs.
The solvent was evaporated under reduced pressure and the residue was extracted
with EA, giving the crude product as a colorless oil (1.40 g, 68%) that was used without
further purification.

"H NMR (300 MHz, DMSO-ds) & [ppm] = 4.20 — 4.01 (m, 2H- H-7), 4.00 — 3.83 (m,
2H, NH,), 3.75 (it, J= 9.3, 7.0 Hz, 1H, H-8), 1.90 (t, J = 7.0 Hz, 2H, H-11), 1.65 — 1.31
(m, 11H, H-1 — H-6), 1.24 (t, J = 8.0 Hz, 3H, H-12).

3C NMR (75 MHz, DMSO-ds) & [ppm] = 173.1 (C-10), 60.5 (C-11), 54.7 (C-8), 36.9
(C-7), 33.4 (C-1, C-5), 33.0 (C-6), 26.2 (C-3), 25.5 (C-2, C-4), 13.9 (C-12).

a, = -25° (c = 1 g/100 mL in MeOH).
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Ethyl (S)-2-(4-((tert-butoxycarbonyl)amino)benzamido)-3-cyclohexylpropanoate (V)

1 3
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M = 418.53 g/mol

Compound V was synthesized according to Procedure B using N-boc-4-amino
benzoic acid (1.2 eq, 7.5 mmol, 1.50 g) and IV (1.0 eq, 6.25 mmol, 1.25 g). The crude
product, a colorless solid (3.10 g, 100%), was used without further purification.

H NMR (300 MHz, DMSO-ds) & [ppm] = 7.97 — 7.85 (m, 1H, N-H), 7.62 — 7.38 (m,
4H, H-15, H-16, H-18, H-19), 6.38 (d, J = 8.2 Hz, 1H, N-H), 4.61 (td, J = 8.5, 5.6 Hz,
1H, H-8), 3.99 (qd, J = 7.1, 1.9 Hz, 2H, H-10), 2.58 (s, 1H, H-6), 1.66 — 1.52 (m, 2H,
H-7), 1.33 — 0.89 (m, 18H, H-1 — H-5, H-23 — H-25), 0.92 — 0.49 (m, 3H).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 173.5 (C-9), 166.7 (C-13), 152.6 (C-21),
142.0 (C-17), 132.3 (C-14), 128.3 (C-16), 128.1 (C-18), 117.8 (C-15, C-19), 81.0 (C-
22), 61.4 (C-10), 50.7 (C-8), 34.4 (C-7), 33.5 (C-1, C-5), 32.8 (C-6), 28.4 (C-23 — C-
25), 26.4 (C-3), 26.2 (C-2), 26.1 (C-1), 14.2 (C-11).

al, =—12° (c =1 g/100 mL in MeOH). F, = 88 + 2 °C.
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(S)-2-(4-((tert-Butoxycarbonyl)amino)benzamido)-3-cyclohexylpropanoic acid (VI)

o 7 4
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M = 390.48 g/mol

Compound VI was prepared according to Procedure D with compound V (1.0 eq,
7.5 mmol, 3.10 g) and LiOH monohydrate (4.0 eq, 30 mmol, 1.26 g). The final product
was crystallized at pH 4, giving a colorless solid (2.70 g, 92%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 9.47 (d, J = 32.7 Hz, 1H, O-H), 8.18 (d, J =
7.9 Hz, 1H, N-H), 7.78 — 7.49 (m, 2H, H-14, H-18), 7.46 — 7.19 (m, 2H, H-15, H-17),
4.45 411 (m, 1H, H-8), 3.54 — 3.07 (m, 2H, H-7), 2.37 — 2.08 (m, 1H, H-6), 1.64 —
1.29 (m, 10H, H-1 — H-5), 1.40 — 1.21 (m, 9 H, H-22 — H-24).

3C NMR (75 MHz, DMSO-ds) & [ppm] = 174.9 (C-9), 167.5 (C-12), 153.0 (C-20),
144.2 (C-16), 130.8 (C-13), 124.5 (C-15, C-17), 117.7 (C-14), 1175 (C-18), 80.1 (C-
21), 50.6 (C-8), 34.3 (C-7), 33.7 (C-1, C-5), 31.9 (C-6), 28.5 (C-22 — C-24), 26.5 (C-
2, C-4), 25.6 (C-3).

a2, =-11° (c = 1 g/100 mL in MeOH). F, = 105 + 2 °C.
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Phosphonate synthesis

Phenyl (diethoxyphosphoryl)methanesulfonate (VII)

M = 308.28 g/mol

Compound | (1.0 eq, 35 mmol, 6.0 g) was dissolved in dry THF under argon
atmosphere and cooled to —78 °C. Then, a 1.0 M solution of KHMDS (1.3 eq,
45.5 mmol, 45.5 mL) in THF was added dropwise and the mixture was stirred for 30
— 60 min followed by the addition of diethyl chlorophosphate (DECP, 1.1 eq,
38.5 mmol, 6.30 mL). The reaction mixture was stirred for an additional 2 h and then
quenched with saturated ag. NH4Cl. The solvent was removed under reduced
pressure and the residue was extracted with EA and washed with water (2x), and
brine (1x), dried with Na.SO,4. The organic solvent was evaporated under reduced
pressure giving the crude product that was purified by column chromatography
(CH:EA 1:2 - 100% EA), resulting in a colorless oil (5.5 g, 51%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 7.50 (ddt, J = 8.8, 6.3, 1.6 Hz, 2H, H-1, H-
5), 7.43—7.33 (m, 3H, H-2— H-4), 4.63 (d, J = 17.4 Hz, 2H, H-7), 4.25 — 4.03 (m, 4H,
H-8, H-10), 1.26 (t, J = 7.0 Hz, 6H, H-9, H-11).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 148.9 (C-3), 130.2 (C-2, C-4), 127.5 (C-1, C-
5), 122.3 (C-6), 63.0 (d, J = 6.1 Hz, C-8, C-10), 46.8 (d, J = 133.8 Hz, C-7), 16.1 (d,
J=6.2Hz, C-9, C-11).
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Phenyl (diethoxyphosphoryl)fluoromethanesulfonate (VIIl)

M = 326.28 g/mol

Compound VII (1.0 eq, 10 mmol, 3.10 g) was dissolved in dry THF under argon
atmosphere and cooled to —78 °C followed by the addition of KHMDS (1.0 M in THF,
1.3 eq, 13 mmol, 13.0 mL). The mixture was stirred for 30 — 60 min and then
SELECTFLUCR (1.5 eqg, 15 mmol, 5.30 g) dissolved in DMF were added in portions.
Afterwards, the reaction mixture was stirred for an additional 3 h at —78 °C and then
allowed to warm to 0 °C, stirring for 1 h. The reaction was stopped by adding saturated
aq. NH4Cl and the solvent was removed under reduced pressure. The residue was
extracted with DCM and the organic phase was washed with water (2x), saturated aq.
NaHCOs (2x) and brine (1x), dried with Na,SO,. Next, the solvent was evaporated
under reduced pressure resulting in the crude product that was purified by column
chromatography (CH:EA 2:1 — 1:2), giving a colorless oil (1.41 g, 29%).

"H NMR (300 MHz, CDCls) & [ppm] = 7.40 — 7.19 (m, 2H, H-1, H-5), 7.22 — 7.02 (m,
3H, H-2 — H-4), 4.63 (d, J = 17.4 Hz, 1H, H-7), 4.18 — 4.02 (m, 4H, H-8, H-10), 1.41 —
1.14 (m, 6H, H-9, H-11).

13C NMR (75 MHz, CDCls) & [ppm] = 151.2 (C-6), 129.6 (C-2, C-4), 127.8 (C-1), 124.8
(C-5), 122.0 (C-3), 119.9 (C-7), 64.5 (C-8, C-10), 15.9 (C-9, C-11).
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Horner-Wadsworth-Emmons reactions

Phenyl (S, E)-3-((tert-butoxycarbonyl)amino)-1-fluoro-5-phenylpent-1-ene-1-sulfonate

(IX)

M = 435.51 g/mol

Fluorovinylsulfonate IX was preprared according to Procedure A using phosphonate
VIII (1.0 eq, 4.0 mmol, 1.3 g) and aldehyde lll (1.1 eq, 4.4 mmol, 1.16 g). The crude
product was purified by column chromatography (CH:EA 6:1 — 4:1), giving the final
product as a colorless oil (0.80 g, 46%).

H NMR (300 MHz, CDCls) & [ppm] = 7.46 — 7.32 (m, 2H, H-2, H-4), 7.32 — 7.15 (m,
6H, H-12 — H-16, H-3), 7.10 (d, J = 7.0 Hz, 2H, H-1, H-5), 5.91 (dd, Jur = 31.3 Hz, Ju.
1= 8.6 Hz, 1H, H-8), 4.68 — 4.27 (m, 2H, H-9, N-H), 2.66 — 2.43 (m, 2H, H-11), 1.97 —
1.66 (m, 2H, H-10), 1.43 (s, 9H, H-21 — H-23).

13C NMR (75 MHz, CDCls) & [ppm] = 154.8 (C-19), 150.8 (C-6), 148.9 (d, Jor = 296
Hz, C-7), 140.2 (C-17), 130.2 (C-13, C-15), 128.8 (C-12), 128.4 (C-16), 128.0 (C-14),
126.5 (C-1, C-5), 122.4 (d, Jor = 4.1 Hz, C-8), 122.3 (C-3), 80.4 (C-20), 46.3 (d, Jor
= 2.1 Hz, C-9), 35.9 (C-10), 31.9 (C-11), 28.4 (C-21 — C-23).

a2, =—15° (c = 1 g/100 mL in MeOH).
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Phenyl (S.E)-3-amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate hydrochloride (X)

14

M = 371.85 g/mol

Fluorovinylsulfonate X was synthesized according to Procedure E with compound IX
(1.0 eq, 1.7 mmol, 0.73 g). The crude product was precipitated with n-pentane and
then lyophilized, resulting in colorless solid (0.55 g, 88%).

"H NMR (300 MHz, DMSO-ds) & [ppm] = 8.77 (s, 3H, NHs), 7.59 — 7.50 (m, 2H, H-2,
H-4), 7.49 — 7.39 (m, 3H, H-13— H-15), 7.36 (t, J = 7.2 Hz, 2H, H-1, H-5), 7.28 — 7.21
(m, 1H, H-3), 7.21 = 7.11 (m, 2H, H-12, H-16), 6.45 (dd, Jir = 32.0 Hz, Jun= 9.7 Hz,
1H, H-8), 4.15 (td, J = 9.2, 5.3 Hz, 1H, H-9), 2.52 — 2.36 (m, 2H, H-11), 2.22 — 1.85
(m, 2H, H-10).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 149.7 (d, Jor = 300 Hz, C-7), 149.0 (C-17),
140.4 (C-6), 130.9 (C-2, C-4), 129.3 (C-13), 129.2 (C-15), 128.9 (C-12, C-16), 1264
(C-14), 122.3 (C-3), 118.6 (d, Jor = 3.2 Hz, C-8), 45.5 (d, Jor = 2.2 Hz, C-9), 33.6 (C-
10), 30.5 (C-11).

a2, =-13° (c =1 g/100 mL in MeOH). F, = 142 + 2 °C.
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Amide couplings

Phenyl (S,E)-3-((S)-2-(4-((tert-butoxycarbonyl)amino)benzamido)-3-cyclohexyl-

propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (1)

M =707.86 g/mol

Compound 1 was prepared according to Procedure B using X (1.0 eq, 0.54 mmol,
0.20 g) and VI (1.2 eq, 0.65 mmol, 0.25 g). The crude product was purified via HPLC,
giving a colorless solid (0.25 g, 65%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 9.60 (d, J = 2.6 Hz, 1H, N-H), 8.40 — 8.10
(m, 2H, N-H), 7.94 — 7.70 (m, 2H, H-32, H-34), 7.61 — 7.34 (m, 4H, H-31, H-35, H-3,
H-5), 7.35 — 7.05 (m, 5H, H-13 — H-17), 7.00 (d, J = 7.2 Hz, 2H, H-2, H-4), 6.15 (dd,
Jnr=33.2 Hz, Jun= 9.0 Hz, 1H, H-8), 4.95 — 4.81 (m, 1H, H-20), 4.66 — 4.38 (m, 1H,
H-9), 2.61 —2.32 (m, 2H, H-11), 1.85 — 1.52 (m, 8H, H-24 — H-27), 1.48 (s, 9H, H-39
— H-41), 1.28 = 1.02 (m, 3H, H-22, H-23), 1.04 —0.73 (m, 2H, H-21).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 166.3 (C-29), 153.1 (C-1, C-37), 142.9 (C-
12), 141.2 (C-33), 130.9 (C-3, C-5, C-30), 128.9 (C-32, C-34), 128.8 (C-13, C-17),
128.6 (C-15), 127.8 (C-2, C-6), 122.4 (C-4), 117.5 (C-8), 79.9 (C-38), 42.0 (C-9), 34.3
(C-21, C-10), 32.4 (C-23, C-27), 31.5 (C-22), 28.5 (C-39 — C-41), 26.5 (C-24, C-26),
26.1 (C-25).

al, =—15° (¢ =1 g/100 mL in MeOH). Fp = 119 £ 2 °C. Purity: 97% (ESI-MS: [M+H]
calc. 730.2, found 730.2).
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4-(((S)-3-Cyclohexyl-1-(((S.E)-1-fluoro-1-(phenoxysulfonyl)-5-phenylpent-1-en-3-

yl)amino)-1-oxopropan-2-yl)carbamoyl)benzenaminium chloride (2)

M = 644.20 g/mol

Compound 2 was synthesized according to Procedure E using 1 (1.0 eq, 0.35 mmol,
0.25 g). The crude product was purified using via HPLC and lyophilization, resulting
in a colorless solid (0.17 g, 74%).

"H NMR (300 MHz, DMSO-ds) & [ppm] = 8.56 — 8.19 (m, 3H, N-H), 8.06 — 7.72 (m,
2H, H-32, H-34), 7.61 — 7.07 (m, 10H, H-3 — H-5, H-13 — H-17, H-31, H-35), 7.07 —
6.90 (m, 2H, H-2, H-6), 6.45 (dd, J = 21.8, 10.0 Hz, 1H, N-H), 6.14 (dd, Jur= 33.3 Hz,
Jun=9.1 Hz, 1H, H-8), 5.06 — 4.72 (m, 1H, H-20), 4.66 — 4.35 (m, 1H, H-9), 2.63 —
2.34 (m, 2H, H-11), 2.34 — 2.09 (m, 2H, H-12), 1.98 — 1.43 (m, 8H, H-24 — H-27), 1.45
—0.99 (m, 3H, H-22, H-23), 1.04 — 0.73 (m, 2H, H-21).

3C NMR (75 MHz, DMSO-ds) & [ppm] = 172.7 (C-19), 166.0 (C-29), 149.2 (C-1),
141.2 (C-7, C-12), 130.9 (C-30), 129.6 (C-3, C-5), 128.8 (C-14, C-16), 128.7 (C-31,
C-35), 126.4 (C-15), 122.4 (C-2, C-6), 120.1 (C-4, C-32, C-34, C-8), 66.8 (C-20), 42.1
(C-9), 34.3 (C-21, C-10), 33.6 (C-23, C-27), 32.4 (C-11), 31.5 (C-22), 26.5 (C-24),
26.2 (C-25), 26.1 (C-26).

al, =-9° (c =1 g/100 mL in MeOH). Fp = 131 £ 2 °C. Purity: 95% (ESI-MS: [M+H*]
calc. 607.3, found 607.2).
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Phenyl (S.E)-3-((S)-3-cyclohexyl-2-(4-(5-oxohexanamido)benzamido)propanamido)-

1-fluoro-5-phenylpent-1-ene-1-sulfonate (3)

4 40 38 H 34
MN 35 28
39 33 H
0 0O 3 29 N.20

M =719.87 g/mol

Compound 3 was prepared according to Procedure C using 2 (1.0 eq, 0.67 mmol,
0.40 g) and 4-acetylbutyric acid (1.2 eq, 0.80 mmol, 0.11 g). The crude product was
purified by HPLC, resulting in a colorless solid (0.16 g, 34%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 10.10 (s, 1H, N-H), 8.57 — 8.05 (m, 2H, N-
H), 7.88 (ddd, J = 9.3, 6.1, 3.1 Hz, 2H, H-32, H-34), 7.67 (dt, J = 8.9, 2.3 Hz, 2H, H-
31, H-35), 7.57 — 7.34 (m, 2H, H-13, H-17), 7.36 — 7.22 (m, 3H, H-14 — H-16), 7.21 —
7.10 (m, 2H, H-3, H-5), 7.01 (d, J = 7.4 Hz, 2H, H-2, H-6), 6.84 (m, 1H, H-4), 6.16
(ddd, Jur= 33.3 Hz, Jun= 9.1 Hz, 5.7 Hz, 1H, H-8), 4.69 — 4.54 (m, 1H, H-20), 4.54
—4.40 (m, 1H, H-9), 2.52 (m, 2H, H-11), 2.34 (t, J = 7.4 Hz, 4H, H-38, H-40), 2.09 (s,
3H, H-42), 1.99 — 1.45 (m, 7H, H-10, H-21, H-39, H-22), 1.47 — 0.79 (m, 10H, H-23 -
H-27).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 208.6 (C-41), 171.7 (C-19, C-37), 149.2 (C-
1, C-29), 141.2 (C-8, C-12, C-33), 130.9 (C-3, C-5, C-30), 128.8 (C-13, C-17), 128.7
(C-15), 122.4 (C-2, C-6, C-32, C-34), 118.6 (C-8, C-31, C-35), 42.4 (C-40), 39.2 (C-
38), 35.9 (C-23, C-27), 34.3 (C-22), 32.4 (C-42), 31.5 (C-11), 30.2 (C-25), 26.5 (C-
24), 26.2 (C-26), 19.5 (C-39).

a2, =—14° (c =1 g/100 mL in MeOH). Fp = 155 + 2 °C. Purity: 99% (ESI-MS: [M+H"]
calc. 720.3, found 720.2).
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Phenyl (S.E)-3-((S)-3-cyclohexyl-2-(4-(6-(2.5-dioxo-2,5-dihydro-1H-pyrrol-1-yI)-
hexanamido)benzamido)propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (4)

o 4342 40 38 H 34
47 37N 35 28
N/WW » o
BN 4 M3 H
O 3 29 N . 20
45 0 30 =19

M = 800.94 g/mol

Compound 4 was prepared according to Procedure C using 2 (1.0 eq, 0.26 mmol,
0.17 g) and 6-maleimidohexanoic acid (1.2 eq, 0.31 mmol, 0.065 g). The crude
product was purified by HPLC, giving a colorless solid (0.045 g, 23%).

H NMR (300 MHz, DMSO-ds) & [ppm] = 10.06 (s, 1H, N-H), 8.57 — 7.99 (m, 2H, N-
H), 7.86 (ddt, J = 9.3, 6.9, 1.9 Hz, 2H, H-45, H-46), 7.65 (dt, J = 8.4, 1.9 Hz, 2H, H-
32, H-34), 7.56 — 7.35 (m, 2H, H-31, H-35), 7.34 — 7.20 (m, 5H, H-13 — H-17), 7.15
(tt, J = 8.1, 2.0 Hz, 2H, H-3, H-5), 6.98 (d, J = 1.7 Hz, 3H, H-2, H-4, H-6), 6.15 (dtd,
Jir = 33.2 Hz, Jun = 9.1 Hz, 1H, H-8), 4.89 (s, 1H, H-20), 4.71 — 4.29 (m, 3H, H-9,
H-42), 2.53 (m, 2H, H-11), 2.31 (t, J = 7.4 Hz, 2H, H-38), 1.95 — 1.68 (m, 4H, H-10,
H-21), 1.43 —0.50 (m, 17H, H-22 — H-27, H-39 — H-41).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 171.9 (C-37), 171.5 (C-44, C-47), 166.3 (C-
29), 149.1 (C-1), 141.2 (C-7, C-12, C-33), 134.9 (C-45, C-46), 130.9 (C-3, C-5), 128.9
(C-30), 128.8 (C-13), 128.7 (C-17), 126.4 (C-15, C-4), 122.4 (C-2, C-6, C-31, C-35),
118.5 (C-8), 40.8 (C-20), 39.7 (C-9), 37.4 (C-21), 36.7 (C-38), 34.3 (C-10), 33.6 (C-
23, C-27), 32.4 (C-11), 31.5 (C-41), 28.2 (C-40), 26.5 (C-25), 26.3 (C-24), 26.1 (C-
26), 24.9 (C-39).

a2, =—11° (c=1g/100 mL in MeOH). F, = 150 + 2 °C. Purity: 98% (ESI-MS: [M+H*]
calc. 801.3, found 801.2).
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Phenyl (S,E)-3-((S)-3-cyclohexyl-2-(4-((E)-5-(2-(3-(2.5-diox0-2.5-dihydro-1H-pyrrol-
1-yl)propanoyl)hydrazono)hexanamido)benzamido)propanamido)-1-fluoro-5-

phenylpent-1-ene-1-sulfonate (5)

Js9 -2 N 20
S
24 0 6
27 25

26
M = 885.02 g/mol

Compound 3 (1.0 eq, 0.083 mmol, 0.060 g) was dissolved in MeOH at room
temperature, then adding 0.1% TFA. 3-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)propanehydrazide (1.1 eq, 0.092 mmol, 0.020 g) was dissolved in MeOH and added
dropwise. After 12 h, MeOH was removed under reduced pressure and the residue
was purified via HPLC, resulting in a colorless solid (0.028 g, 38%).

H-NMR (300 MHz, DMSO-ds) & [ppm] = 10.10 (s, 2H, N-H), 8.42 — 8.10 (m, 2H, N-
H), 7.95 — 7.80 (m, 2H, H-50, H-51), 7.67 (dt, J = 9.0, 2.4 Hz, 4H, H-31, H-32, H-34,
H-35), 7.56 — 7.35 (m, 3H, H-3, H-5, H-15), 7.35— 7.09 (m, 6H, H-2, H-6, H-13, H-14,
H-16, H-17), 7.01 (d, J = 7.4 Hz, 1H, H-4), 6.16 (ddd, Jir= 33.2 Hz, Jis= 9.0 Hz, 5.7
Hz, 1H, H-8), 4.90 (m, 2H, H-47), 4.55 (dt, J = 24.9, 10.2 Hz, 2H, H-9, H-20), 2.51 —
2.39 (m, 4H, H-11, H-46), 2.34 (t, J = 7.4 Hz, 2H, H-38), 2.09 (s, 3H, H-42), 1.96 —
1.46 (m, TH, H-10, H-21, H-22, H-39), 1.46 — 0.69 (m, 10H, H-23 — H-27).

13C NMR (75 MHz, DMSO-ds) & [ppm] = 172.8 (C-37), 172.7 (C-19), 171.7 (C-49, C-
52), 166.3 (C-45), 166.2 (C-29), 149.2 (C-41), 148.9 (C-1), 142.5 (C-12), 141.2 (C-
33), 130.9 (C-8), 130.8 (C-50, C-51), 128.9 (C-4, C-6), 128.8 (C-31, C-35), 128.7 (C-
13, C-17), 128.5 (C-4, C-14, C-16), 126.4 (C-15), 122.4 (C-2, C-6, C-30), 118.6 (C-
32, C-34, C-7), 51.7 (C-9), 42.4 (C-20), 39.5 (C-10), 39.2 (C-21), 35.9 (C-38), 34.3
(C-40, C-46), 33.6 (C-11, C-25), 32.4 (C-24, C-26), 31.5 (C-23, C-27), 30.2 (C-22),
26.5 (C-47), 26.3 (C-39), 19.5 (C-42).

a2, =-12° (¢ =1 g/100 mL in MeOH). F, = 160 £ 2 °C. Purity: 99% (ESI-MS: [M+H*]
calc. 8854, found 885.3).

172



ProJecT 4: IMPROVING THE EFFICIENCY OF CATS INHIBITORS BY NaANOCARRIER-MEDIATED DELIVERY

4.4.3 Fluorometric enzyme assays

Cathepsin S

The assay was modified after BROMME ET AL.>*” Cathepsin S (CatS, recombinant from
E. coli, SIGMA-ALDRICH, Darmstadt, Germany) was incubated in enzyme buffer
(35 mm potassium phosphate, 35 mm sodium acetate, 2 mm DTT, 2 mm EDTA, pH
6.5) at room temperature for 20 — 30 min. Assay buffer (50 mM KH>PQO,, 50 mM
KoHPOy4, 2.5 mM DTT, 2.5 mM EDTA, pH 6.5) was mixed with 1 — 5 nM CatS in
enzyme buffer, followed by inhibitor in DMSO or DMSO (negative control), and 10 yM
substrate Z-Val-Val-Arg-AMC (BACHEM, Basel, Switzerland). The fluorescence
increase upon cleavage of Z-Val-Val-Arg-AMC was monitored by a TECAN SPARK
fluorimeter (& excitation: 365 nm, & emission: 460 nm; TECAN GRouP, Mannedorf,
Switzerland). Black, flat-bottom 96-well chimney microtiter plates (GREINER BlO-ONE,
Frickenhausen, Germany) were used. Inhibitor screening concentrations started at
20 uM, followed by 1 M, 200 nM, and 50 nM. Inhibition constants were determined
for compounds with >50% inhibition at 20 yM.

ICsq_and K calculations.

GRAFIT (version 5.0.13, 2006, ERITHRACUS Software Ltd., UK) was used for data
analysis and non-linear regression.

The K; values were calculated as published previously for slow, tight binders.23¢

ki ks
kz k4

N J
Y

N A J

K
E = enzyme; | = inhibitor, k = reaction constant;
E | = non-covalent enzyme-inhibitor complex; E—I = covalent enzyme-inhibitor complex.

The initial (v;) and steady-state (vs) velocities in inhibitor presence and the pseudo-
first order rate constants ko»s Were determined for different inhibitor concentrations.
The biphasic progress curves were fitted to the slow-binding equation (off = offset):2%

() [Pl= vy -t+ 3==-[1—exp(—kops - )] + off

bs

Then, the koss values were plotted against the inhibitor concentrations [I] using the

following equation:
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k3 -[I
() kobs = ks + Grmy)

The resulting dissociation constant of the initial enzyme-inhibitor complex Ki#* was
then corrected to zero substrate concentration using the CHENG-PRUSOFF relationship
(), giving the Kivalue:#8

_ ICS['OTK?FP
(m K;= —1+%
Further constants such as ks, ks, and Ki* could be determined from the slow binding
equation (I) and the koos Vs [I] plot (Il) using the following equation (IV):2%6
) K==

k3
1+ P”

Selectivity towards other human cathepsins

Human cathepsin B (CatB, SIGMA-ALDRICH, Darmstadt, Germany) and human
cathepsin L (CatL, SIGMA-ALDRICH, Darmstadt, Germany) were incubated in enzyme
buffer (50 mM Tris-HCI, 5 mM EDTA, 200 mM NaCl, 2 mM DTT, pH 6.5) at room
temperature for 20 — 30 min. Assay buffer (50 mM Tris-HCI, 5§ mM EDTA, 200 mM
NaCl, 0.005% Brij35, pH 6.5) was mixed with CatB or CatL in enzyme buffer, then
inhibitor in DMSO or DMSO (negative control) was added, followed by 100 yM (CatB)
or 6.25 uM (CatL) substrate Z-Phe-Arg-AMC (BACHEM, Basel, Switzerland). The
enzyme activity was monitored by a TECAN SPARK (TECAN GROUP, Mannedorf,
Switzerland) fluorescence reader using black GREINER flat-bottom 96-well chimney
microtiter plates (GREINER BIO-ONE GmbH, Frickenhausen, Germany). Inhibitor
screening concentrations started at 20 yM, followed by 1 yM, 200 nM, and 50 nM.
Inhibition constants were determined for inhibitors with >50% inhibition at 20 yM.
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Overall Conclusion and Perspectives

When it comes to developing effective drugs, there are few things more important
than understanding how to modify their structures to achieve desired outcomes. The
projects presented in this dissertation demonstrate a deep understanding of this
principle, with a focus on covalent cysteine protease inhibitors. In my research, | have
uncovered new ways to not only enhance the affinity of these inhibitors for their target
proteases, but also to increase their selectivity and improve their pharmacokinetic
properties.

One of the most exciting aspects is the potential to develop highly targeted and
personalized treatments for a wide range of diseases, e.g., parasitic, or cancerous.
By understanding how to fine-tune the structure of covalent cysteine protease
inhibitors for certain targets and/or applications, we can create potential drugs that
are tailored to specific patient populations, with fewer off-target effects and a higher
chance of success. At the same time, the projects presented in this dissertation also
offer valuable insights into some fundamental principles of drug design and
development, particularly regarding ADME evaluation (Figure 26).

Leverage from computer-aided methods resulted in improved inhibitor properties
ranging from potency over selectivity profiles to enhanced phenotypic efficacy. In
particular, molecular docking approaches were helpful to design new potent and
selective compounds (e.g., project 2 and 3). Combining docking studies with
optimized fluorometric enzyme assays was crucial for SAR studies and selectivity
profiles (e.g., project 2 and 3). In silico prediction of physicochemical parameters
followed by a correlation analysis supported the identification of important structural
modifications for improved efficacy in phenotypic assays (project 2). Most recently,
artificial intelligence (Al)-based tools, such as the language model CHATGPT, have
gained immense popularity.?®® As Al systems are currently emerging in many fields
(e.g., ALPHAFOLD2 to predict protein folds), computational tools for drug development
and property prediction have the potential to be of even greater use in the field of
medicinal chemistry in the next years.?%-3%
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Figure 26. Schematic overview of projects 1—4 with their lead compounds and the used drug
design principles. The figure was partly generated using SERVIER MEDICAL ART, provided by
SERVIER, licensed under a Creative Commons Attribution 3.0 unported license.

Additionally, the combination of in vitro and in vivo studies has offered useful insights
into our compounds’ metabolism and biodistribution, essential parameters for the
delivery to disease relevant tissues (project 1). Further investigations into metabolism
could be obtained by deepening experiments including the use of isolated CYP
enzymes to gain more knowledge about the involved metabolizing enzymes. The
sample preparation protocol for tissue extraction that | have established in our group

can be adapted to future projects involving tissue samples.

Another principle that has been integral to my dissertation is the use of nanocarriers
for targeted delivery which includes modifying our inhibitors (project 4). The
functionalized inhibitors that we have developed for nanocarrier attachment are a
strong foundation for further investigations, not only coupling to nanocarriers but also
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radioactive labeling or immobilization for various biophysical applications (e.g.,
surface plasmon resonance assays, SwitchSENSE). Future projects would
particularly benefit from labeling compounds with a radioactive or fluorescent probe
to investigate cell or tissue distribution to monitor targeting.

Overall, the presented work contributes to the field of drug development of cysteine
protease inhibitors. While focusing on structural modifications of covalent cysteine
protease inhibitors, | have provided valuable insights into how to create more effective
and targeted potential drugs with regards to pharmacokinetic properties and
selectivity profiles.
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