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Abstract 
The resurgence of covalent drug development in various diseases since the beginning of the 21st century 

has led to the approval of several new agents, that interact with their target enzyme by forming a covalent 

bond. Nowadays most of these approvals are for kinase inhibitors in the targeted covalent inhibition 

strategy, but also proteases have shown to be attractive targets whose inhibition by covalent drugs is a 

promising strategy. After the successful drug development campaigns leading to the approval of several 

serine-, threonine- and metalloprotease-inhibitors, in 2021 the first drug targeting a cysteine protease 

has been approved by the U.S. Food and Drug Administration and the EMA. The covalent small 

molecule inhibitor nirmatrelvir targets the SARS-CoV-2 main protease with its mildly electrophilic 

nitrile warhead and has an emergency approval for the treatment of COVID-19 patients. This milestone 

reinitiated the development of potential cysteine-reactive inhibitors, since in many diseases, especially 

in several cancers, cysteine proteases like the human cathepsins play crucial roles. The successful 

downregulation of these cysteine proteases was demonstrated to be a powerful tool to counteract tumor 

growth. Especially cathepsin S seems to be involved in a plethora of different cancer types by altering 

the tumor microenvironment to promote conditions contributing to tumor growth and the inhibition of 

this protease promises to remodulate this immune-related microenvironment in many tumors towards 

an anti-tumor type. 

In this work, several highly affine and selective cathepsin S inhibitors were designed, synthesized, and 

characterized. Enzyme kinetic analysis, molecular modeling and docking methods, and quantum 

mechanics calculations were used to help understand the binding modes and reaction mechanisms of the 

new inhibitors. Several new warheads against this protease were used for the development of the new 

inhibitors which resulted in a series of compounds with covalent reversible or irreversible binding 

modes. Reactivity studies of leucine as model amino acid decorated with these heterogenous warheads 

revealed preferred reactivities of specific warheads towards either ethanolate as a model for serine and 

threonine proteases or towards phenylethane thiolate as a cysteine protease model. Vinylsulfone and  

-sulfonate-based inhibitors together with 4-oxoenoates showed irreversible binding, whereas nitriles, 

several electron-deficient or electron-rich ketones and the fluorinated derivatives of the vinylsulfones 

and -sulfonates were found to reversibly inhibit cathepsin S. Additionally, high selectivity over several 

closely related cysteine proteases like cathepsins L and B but also over unrelated enzymes like the 

SARS-CoV-2 main protease or threonine and serine proteases as the human 20S proteasome and the 

urokinase-type plasminogen activator were retained. Especially the covalent-reversible inhibitors found 

during this work are promising due to the advantageous course of inhibition which is proven to lead to 

reduced off-target reactivity and toxicity. Two different approaches for further functionalizing the 

inhibitors with different linker systems were developed, by either using the warhead functionality as 

reversible linker position while simultaneously masking and protecting the electrophile, or by attaching 

the linkers on the P3-residue of the inhibitor.   
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Zusammenfassung 
Das Wiederaufleben der Entwicklung kovalenter Wirkstoffe bei verschiedenen Krankheiten seit Beginn 

des 21. Jahrhunderts hat zur Zulassung mehrerer neuer Arzneimittel geführt. Die meisten dieser 

Zulassungen erfolgten für Kinase-Inhibitoren, aber auch Proteasen haben sich als attraktive Ziele 

erwiesen, deren Hemmung durch kovalente Wirkstoffe eine vielversprechende Strategie darstellt. Nach 

erfolgreichen Kampagnen, die zur Zulassung mehrerer Serin-, Threonin- und Metalloprotease-

Inhibitoren führten, wurde 2021 das erste Medikament, das eine Cysteinprotease adressiert, von der US-

amerikanischen Food and Drug Administration und der EMA zugelassen. Der kovalente Inhibitor 

Nirmatrelvir mit seinem elektrophilen Nitril hemmt die SARS-CoV-2 main protease und hat eine 

Notfallzulassung zur Behandlung von COVID-19-Patienten erhalten. Dies ist ein Meilenstein in der 

Entwicklung potenzieller cysteinreaktiver Inhibitoren, da bei vielen Krankheiten, insbesondere bei 

mehreren Krebsarten, Cysteinproteasen wie die humanen Cathepsine eine entscheidende Rolle für den 

Krankheitsverlauf spielen. Die erfolgreiche Herunterregulierung dieser Cathepsine erwies sich als 

wertvolles Werkzeug zur Bekämpfung des Tumorwachstums. Insbesondere Cathepsin S scheint an einer 

Vielzahl unterschiedlicher Krebsarten beteiligt zu sein, indem es das Tumormikromilieu verändert, was 

zum Tumorwachstum beitragen kann. Die Hemmung dieser Protease verspricht das immunologisch 

komplexe Mikromilieu so zu verändern, dass antitumoröse Bedingungen vorliegen. 

In dieser Arbeit wurden mehrere hochaffine und selektive Cathepsin-S-Inhibitoren entworfen und 

charakterisiert. Enzymkinetik-Analysen, molekulare Docking-Methoden sowie Quantenmechanik-

Berechnungen wurden verwendet, um die Bindemodi der neuen Inhibitoren zu untersuchen. 

Verschiedene Warheads wurden für die Entwicklung der neuen Inhibitoren verwendet, was zu einer 

Serie von Verbindungen mit unterschiedlichen Bindemodi führte. Reaktivitätsstudien mit Leucin als 

Modell-Aminosäure, die mit diesen heterogenen Warheads dekoriert wurden, zeigten bevorzugte 

Reaktivitäten entweder gegenüber Ethanolat oder Phenylethanthiolat als Modell für Serin- und 

Threonin- bzw. Cysteinproteasen. Vinylsulfon- und -sulfonat-basierte Inhibitoren und 4-Oxoenoate 

gingen irreversible Bindungen ein, während Nitrile, mehrere elektronenarme oder -reiche Ketone und 

die fluorierten Vinylsulfone und -sulfonate Cathepsin S reversibel hemmten. Darüber hinaus wurde eine 

hohe Selektivität gegenüber mehreren eng verwandten Cysteinproteasen wie den Cathepsinen L und B 

sowie gegenüber nicht verwandten Enzymen wie der SARS-CoV-2 main protease oder dem humanen 

20S-Proteasom und dem urokinase-type plasminogen activator beibehalten. Insbesondere die kovalent-

reversiblen Inhibitoren, die in dieser Arbeit gefunden wurden, sind aufgrund des vorteilhaften 

Inhibitionsmodus vielversprechend, der nachweislich zu einer Verringerung von Off-Target-Reaktivität 

und Toxizität führt. Zwei verschiedene Ansätze zur weiteren Funktionalisierung der Inhibitoren mit 

verschiedenen Linkersystemen wurden erprobt, durch Verwendung des Warheads als reversible 

Linkerstelle, um gleichzeitig das Elektrophil zu maskieren und zu schützen, oder durch Anbringen des 

Linkers an der P3-Position des Inhibitors. 
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1. Introduction 

1.1 Proteases in Drug Discovery 
Approximately 2% of the human genome code for the largest family of enzymes, namely the proteases.[1] 

These proteins catalyse the cleavage of other enzymes and polypeptides and regulate growth factors, 

cytokines, chemokines and cellular receptors leading to downstream intracellular signaling and gene 

regulation.[2,3] To date over 600 proteases are known and they can be divided into six classes, namely 

aspartate, cysteine, serine, metallo-, threonine and glutamate proteases depending on the hydrolysis 

mechanism inside the active site.[4] Initially perceived solely as resilient digestive enzymes, proteases 

play essential roles in various intricately controlled physiological mechanisms, such as development of 

the innate and adaptive immunity, cell cycle management, and apoptosis. It is evident that proteolysis 

constitutes a meticulously choreographed process in vivo, guaranteeing the precise cleavage of relevant 

substrates at specific times, sites, and within the appropriate cellular environments.[2] Upregulated and 

dysregulated proteolysis is associated with a variety of diseases, such as different cancers, 

inflammations, infectious and heart diseases.[5] This resulted in a constant interest in members of this 

enzyme class as a potentially attractive target for drug discovery.[6,7] The design and discovery of new 

modulators of proteases that selectively inhibit specific proteases is part of many medicinal chemistry 

campaigns.[8,9] Several successful drug discovery projects led to marketed drugs, some examples are 

angiotensin converting enzyme (ACE) inhibitors like captopril for the treatment of hypertonia, 

proteasome inhibitors as bortezomib for treatment of multiple myeloma or dipeptidyl peptidase IV 

(DPP-IV) inhibitors against type 2 diabetes.[10–12]  

The classification of proteases is done according to the Enzyme Commission (EC) system as hydrolases 

(EC 3) more specifically peptidases (EC 3.4).[13] They can be further categorized as endopeptidases and 

exopeptidases. Endopeptidases cleave peptide bonds within a peptide chain, whereas exopeptidases 

either cleave bonds at the C-terminal end (carboxypeptidase) or at the N-terminal end (aminopeptidase). 

Additionally, proteases are classified based on the active site residue primarily responsible for catalysis, 

according to the EC and MEROPS systems (Figure 1).[14] 



 
2 Introduction 

 

 

Figure 1: Classification of proteases according to the MEROPS and EC system.[14] 

Three of the main classes are named after the amino acid which acts as a nucleophile in the active site 

of the corresponding enzyme, namely cysteine, serine, and threonine proteases. In the remaining two 

main classes (metallo and aspartate proteases) a water molecule functions as a nucleophile, since its 

nucleophilicity is enhanced by aspartate or a coordinated metal ion, respectively. Each class is further 

divided into superfamilies (clans) and families based on their evolutionary origin and their tertiary 

structure.[15]  

The binding pockets of proteases can be labeled by the Schechter and Berger nomenclature according 

to the occupation of sub pockets by the amino acid side chains of substrates.[16] Approaching the N-

terminus of the substrate from the cleavage site, the following residues are labeled P1 – Pn (non-primed 

site) and approaching the C-terminus, the residues are labeled P1’ – Pn’.The corresponding pockets in 

the active site of a protease are labeled S1 – Sn and S1’ – Sn’, respectively (Figure 2). 
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Figure 2: Illustration of the Schechter-Berger nomenclature used for substrate and protein active site labeling.[16] Created with 
Biorender.com. 

 

1.2 Cysteine Proteases  

1.2.1 Catalytic Reaction of C1 Cysteine Proteases 

Enzymes belonging to the cysteine proteases, are encoded  ubiquitously in  viruses, bacteria, fungi, 

parasites, and mammals.[17] The three dimensional structures of most cysteine proteases have already 

been solved and in the protein data bank (pdb) there are over 50.000 entries for crystal structures of 

cysteine proteases.[18] As discussed in chapter 1.1 cysteine proteases are classified into nine clans and 

69 families depending on their tertiary structure and evolutionary origin. Every protease in each 

superfamily contains a characteristic catalytic dyad (histidine, cysteine) or triad (histidine, cysteine, 

asparagine), but differs in the protein fold, and therefore emerged from convergent evolution of the 

catalytic mechanism.[19] The process of peptide cleavage orchestrated by cysteine proteases has 

undergone extensive scrutiny both through experimental and computational means (Figure 3).[20–25]  
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Figure 3: Peptide bond hydrolysis inside the active site of cysteine proteases (catalytic dyad consisting of histidine, His and 
cysteine, Cys). 

The nucleophilicity of the cysteine residue in the active site of the protease is enhanced by the 

environment inside the pocket, involving a basic histidine residue which acts as a proton acceptor 

(catalytic dyad). The resulting ion pair consists of a highly nucleophilic and negatively charged thiolate 

and a positively charged imidazolium ion.[26] For clan CA cysteine proteases, the prevailing 

understanding leans towards the ion-pair mechanism, a concept supported by empirical data and 

computational research. Experimental validation of the ionic ground state was achieved through 

potentiometric assessments of ionization states at the active site of papain and corroborated by QM/MM 

studies indicating a strong preference for the ionic state within the enzymatic milieu.[23,27] In the majority 

of clan CA cysteine proteases, proper histidine orientation is secured via hydrogen bonding involving 

an asparagine or aspartate residue, constituting a catalytic triad crucial for maintaining the ion pair 

ground state.[21] Additional factors implicated in ion-pair stabilization include the dipole moment from 

nearby α-helices and a complex hydrogen bond network within the enzyme's active site 

environment.[20,28,29] Mechanistically, the hydrolysis of peptide bonds by cysteine proteases entails two 

principal stages: acylation and deacylation (Figure 3). During acylation, the cysteine thiolate executes 

a nucleophilic attack on the carbonyl carbon of the peptide bond, leading to the formation of an acyl-

enzyme intermediate. Subsequently, deacylation ensues through a base-catalyzed reaction. The 

imidazole nitrogen of the catalytic histidine activates a water molecule, which then attacks the carbonyl 

carbon of the thioester intermediate, resulting in the production of the final cleavage products. 

The more detailed mechanism of hydrolysis of substrates by cysteine proteases is schematically shown 

in Figure 4.  
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Figure 4: Mechanism of the catalytic hydrolysis of peptide bonds of substrates by cysteine proteases. 

After a nucleophilic attack of the thiolate of the active site cysteine on the carbonyl of the peptide bond, 

a tetrahedral intermediate is formed. This intermediate is stabilized by an oxyanion-hole, which is 

formed through hydrogen bond interactions between the oxyanion and the amide backbone of the 

catalytic cysteine and a NH2-gruop of a glutamine residue.[17,30] The symmetric distribution of charges 

helps to stabilize the oxyanion intermediate further. In the next step, the protonated histidine acts as an 

acid and protonates the nitrogen of the leaving group, whereas the oxyanion transforms back to a 

carbonyl moiety. The deacetylation step of the enzyme then follows as previously described through 

base catalysis: the imidazole nitrogen of histidine helps to polarize a water molecule, thus making it 

more nucleophilic enabling a nucleophilic attack of water on the carbonyl atom of the thioester 

intermediate. The resulting product is another oxyanion which is subsequently stabilized analogously to 

the previous oxyanion intermediate and a similar distribution of charges. In the final step a carboxylic 

acid of the N-terminal fragment is being released as the final product of substrate hydrolysis and the 

unchanged enzyme is regenerated. 
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1.2.2 Cysteine Cathepsins 

The human genome encodes for 11 cysteine cathepsins (B, C, F, H, K, L, O, S, V, W and X) most of 

them being ubiquitously expressed in human organs and tissues.[31] They belong to the papain-like 

family C1 of clan CA cysteine peptidases and exert their proteolytic activity mainly, but not exclusively 

within the compartments along the endocytic pathway.[32] Among these, cathepsins K, S, V, and W 

exhibit a distinct localization pattern, presumably linked to their more specialized functions. Thus, 

cathepsin K (catK) is found primarily in osteoclasts and synovial fibroblasts, cathepsin S (catS) 

predominantly in immune cells, cathepsin V in the thymus and testis, and cathepsin W in natural killer 

cells and cluster of differentiation (CD) 8+ lymphocytes.[32,33] While most cathepsins are predominantly 

located in lysosomal compartments, there are exceptions like catS which has extracellular functions, 

like extracellular matrix degradation.[34] The upregulation and overexpression of certain cathepsins is 

connected to several diseases, such as osteoporosis, rheumatoid arthritis, and different cancers.[35–38] 

Cysteine cathepsins especially play critical roles in tumor progression and migration and extracellular 

matrix degradation leading to angiogenesis and metastasis. Table 1 summarizes the physiological 

functions, and disease relevant alterations of several human and pathogen cathepsins.[38–40] Although 

there is no U.S. Food and Drug Administration (FDA) approved drug to date targeting one of the 

cathepsins, many investigations demonstrated tumor volume and invasion reduction, suggesting the use 

of small molecule cathepsin inhibitors against these targets.[41–45]  

Table 1: Functions and related diseases of cysteine cathepsins. 

Enzyme Organism Functions Diseases 

Cathepsin S 

Homo 

sapiens 

Antigen presentation and 

processing, ECM degradation 
Auto-immune, cancer 

Cathepsin L 

Lysosomal protein 

degradation, antigen 

presentation 

Cancer, hyperplasia 

Cathepsin B 
Lysosomal protein 

degradation, apoptosis 
Cancer, pancreatitis 

Cathepsin K Bone resorption Osteoporosis, bone cancer 

Rhodesain (TbCatL) 
Trypanosoma 

brucei 

Host protein degradation, 

immune evasion Human African 

Typanosomiasis T brucei cathepsin B 

(TbCatB) 
Host protein degradation 

S. mansoni cathepsin 

B1 (SmCB1) 

Schistosoma 

mansoni 

Host protein degradation, 

parasite development 
Schistosomiasis 
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1.2.3 Physiological Functions and Pathologic Involvement of CatS 

Parts of this chapter and of the following chapters 1.2.4 and 1.2.5 have been published in a review on 

catS (2020).[46]  

Cathepsin S is a papain-like protease consisting of two domains, which is synthesized in vivo as an 

inactive precursor. Its pro-peptide is important for the activation and proper folding of the enzyme.[47,48] 

The pro-form of catS is distinctively recognized (among human cathepsins) for autocatalytic processing 

under neutral pH conditions, particularly in the presence of glycosaminoglycans.[49] The mature enzyme 

consists of 217 amino acid residues, the most important one being the catalytic cysteine-25 (Cys-25) 

which is located at the active site together with several residues forming the S1’ – S3 sub-pockets that 

are essential for the binding specificity.[50,51] CatS differs from other cathepsins by its stability at neutral 

pH and its limited tissue distribution, since higher levels of the protease are found in the spleen and in 

the lymphatic system.[52,53] It is mainly expressed in dendritic cells (DCs), B cells and macrophages, that 

act as key antigen presenting cells of the immune system.[54] The main function of catS is the degradation 

of the invariant chain peptide (also known as li and CD74) occupying the major histocompatibility 

complex (MHC) II binding pocket. This degradation can promote antigen processing and the 

presentation of antigens to T cells via the MCHII pathway on antigen presenting cells (APC).[55]  

In humans the catS gene is located on the 1q21 chromosome, and the expression of catS is regulated on 

the transcriptional and post-transcriptional level.[56] Inflammatory cytokines like interferon-γ (IFNγ) or 

interleukin-1β (IL-1β) and tumor necrosis factor-α (TNFα) can enhance catS expression before 

inflammation occurs, whereas anti-inflammatory cytokine IL-10 suppresses catS expression 

(Figure 5).[57–59] The catS promoter includes a functional IFN stimulating response element (ISRE) 

which induces catS transcription after binding of the transcription factor interferon regulatory factor-1 

(IRF-1).[60] Dysregulation by micro-RNA (miRNA)-31 is a regulating factor in IRF-1 mediated catS 

expression.[61] PU.1 and transcription factor EB (TFEB) are other transcription factors that can also 

induce catS expression, while peroxisome proliferator-activated receptor-γ (PPARγ), B lymphocyte-

induced maturation protein-1 (Blimp-1) and transglutaminase-2 (TG2) suppress catS expression.[62–65] 

After successful transcription of the catS gene, the following translation can be regulated by RNA-

binding proteins. The catS mRNA can be stabilized by human antigen R (HuR) or destabilized by 

tristetraprolin (TTP).[66,67] While HuR binds on the 3′UTR of the catS mRNA, TTP destabilizes the catS 

mRNA and can be enhanced by protein phosphatase 2A (PP2A) and thus lead to an dysregulation of 

catS expression through the Mitogen-activated protein kinase/ extracellular signal-regulated kinase 

(MAPK/ERK)-pathway.[67–69] The influence of pathogens such as the mycobacteria M. bovis and M. 

tuberculosis can lead to an upregulation of miR-106b-5p, a miRNA that destabilizes the catS mRNA, 

leading to an increase in the pathogen survival.[70] After translation and biosynthesis of the pre-pro-catS, 

processing leads to an mannose-6-phosphate (M6P)-tagged, glycosylated pro-catS that binds to the M6P 

receptor and is transported to late endosomes.[71] Through an increase in the intracellular Ca2+ 
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concentration, catS is secreted by vesicular exocytosis.[72] The release of catS is mainly regulated by 

proinflammatory cytokines, such as  IL-1β, TNFα, IL-4, and IL-13, which hints to the association of 

catS in inflammatory diseases. CatS is predominantly found in or secreted by immune cells and inflamed 

tissue.[58,73,74] Due to catS’s strong proteolytic activity over a wide pH range, even at neutral pH, 

interactions with ECM components of glycosaminoglycans (GAG) can stabilize or change catS activity 

in the extracellular environment. Secreted catS remains bound to the plasma membrane or can be found 

in exosomes.[75,76] After secretion the pro-catS enzyme has a differing half-life, depending on the cell 

origin.[77] These variables can impact the activity and prevent inactivation of catS in the extracellular 

environment but at the same time limit catS inhibitor development.[78] 

 

Figure 5: CatS expression and regulation. Inflammatory cytokines are mainly involved in catS expression regulation. Cytokines 
in black lead to upregulation of catS expression and cytokines in blue lead to downregulation of catS expression. Adopted from 
Yoo et al. Created with Biorender.com.[79] 

After the final activation step, the mature catS enzyme is regulated by endogenous peptide and protein 

inhibitors. They bind tightly and reversibly to the orthosteric binding site and prevent substrate 

binding.[80] The biggest superfamily of C1 protease endogenous inhibitors are the cystatins, which 

include stefins, cystatins and kininogens. Among them cystatin C is the most potent endogenous 

inhibitor of catS. High concentrations of cystatins can neutralize high amounts of extracellularly 

secreted catS.[81,82] Additionally non-specific protein inhibitors also serve as potential inhibitors of catS, 

including serpins, thyropin and α2 macroglobulin.[80]  
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The pathologic involvement of catS consists mainly of auto-immune dysfunctions and several cancers 

by altering the tumor microenvironment (TME) to promote conditions contributing to tumor growth. In 

this chapter the focus will be on different cancer types which have been connected to catS as either the 

cause or a contributor.  

Chronic inflammation plays a significant role in cancer development. Inflammatory factors and 

cytokines released during inflammation, along with extracellular matrix (ECM) remodeling and 

angiogenesis, modify the microenvironment, fostering a pro-tumorigenic milieu.[83] CatS mediates 

communication among various cell types within the inflammatory microenvironment of tumors and 

other inflammatory diseases, aiding disease progression. Abnormal expression of catS is common in 

multiple tumor types and together with increased levels of the enzyme, is associated with poor patient 

outcomes (Figure 6).[83–85] Tumor cells produce excessive catS, contributing to tumorigenesis through 

various mechanisms. However, catS is not solely derived from tumor cells but also from endothelial 

cells and infiltrating immune cells within the TME.[39,84,86–89]  

 

Figure 6: Illustration of different tumor types associated with CatS. Modified after McDowell et al.[90] Created with 
Biorender.com 

The involvement of catS in many different tumor types and models is the basis of many research 

programs. For example, the role of catS in pancreatic cancer was first investigated by Joyce et al. in 
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2004, where they showed through gene expression analysis in a receptor interacting serine/threonine 

kinase 1 (RIP1)-Tag2 transgenic mouse model that an upregulation of the catS expression occurred 

during tumorigenesis.[88] By using activity-based probes (ABPs) the conclusion was, that infiltrating 

immune cells which were identified as tumor associated macrophages (TAMs) were the primary source 

of catS in the mouse model.[89] Further studies identified that a genetic ablation of catS led to a significant 

reduction of angiogenesis, tumor vascularization, tumor invasion and volume.[86,91] Wang and co-

workers identified that catS regulated angiogenesis through the degradation of anti-angiogenic proteins 

to generate pro-angiogenic fragments.[91] CatS expression was also inducible by exposure to 

inflammatory cytokines and angiogenic factors.[92]  

In the RIP1-Tag2 pancreatic mouse model, research on the regulation of cathepsin expression and 

secretion from TAMs revealed that IL-4, IL-6, and IL-10, which are Th2-associated cytokines, work 

together to stimulate the transcription and secretion of catS via a synergistic signaling pathway involving 

STAT3 and STAT6. While T cells produce more IL-4 than tumor cells, they constitute a minor fraction 

of infiltrating immune cells in the pancreatic-islet tumor studied, leading to the conclusion that tumor 

cells primarily supply IL-4, thereby driving the increased catS expression.[93]  

CatS also seems to play an important role in the development of breast cancers, as shown with a 

xenograft MDA-MB231 model, where catS was ultimately overexpressed in primary tumors and TAMs 

and led to the development of brain metastasis. Inhibition of catS led to a reduction of brain metastasis 

in vivo if inhibition was prior to the development of metastatic tumors.[94] In a MCF7 breast cancer 

model tumor invasion and proliferation was promoted by catS and the use of a small molecule nitrile 

inhibitor of catS led to an increase in tumor cell apoptosis.[95] Another interesting finding was that 

whenever catS inhibition was carried out alongside chemotherapy treatment in vivo, the efficacy of the 

chemotherapy treatment of breast cancers was improved, demonstrating that targeting catS in the TME 

is potentially an attractive therapeutic strategy.[96]  

In context of the colorectal carcinoma, several studies indicate elevated catS levels in tumor samples of 

patients compared to normal colon tissue.[97] A MC38 syngeneic study revealed that catS was expressed 

from both tumor and tumor-associated cells. By blocking either of the two sources for catS production, 

the tumor growth was effectively reduced and thus the importance of catS for driving tumorigenesis was 

demonstrated. Depletion of catS reduced tumor growth and vascularization, and exhausting catS from 

both tumor and tumor-associated cells had the biggest impact.[87] Inhibition of catS by a small molecule 

nitrile inhibitor similarly led to a decrease in tumor volume and invasion.[95]  

CatS also plays a particularly important role in regulating cell activity and modifying antigen processing 

in the context of lymphomas.[44,45] In a group of non-Hodgkin’s Lymphoma (NHL) patients, a hotspot 

mutation (Y132D) was identified in the binding pocket of catS which led to higher autocatalytic 

cleavage of the enzyme therefore making it overactive. In a follicular lymphoma study, this Y132D 
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mutation was shown to influence expression of inflammatory cytokines (IFN-γ), leading to tumor 

progression.[44] In a separate study the same Y132D mutation was also found and the expression of catS 

led to reduced CD8+ cytotoxic T-cells and an increase in the infiltration of CD4+ helper T-cells.[45] The 

T-cell receptor repertoire was severely diversified in catS knock-out tumors which led to an anti-tumor-

immune response.[45] Overall these studies highlight the importance of catS mutations and expression 

profiles on the tumor microenvironment of aggressive forms of lymphoma, enhancing tumor growth 

through manipulation of T-cell populations.[45,90] 

In glioblastoma patients, overexpression of catS is associated with poor prognosis and increased tumor 

progression. In an astrocytoma analysis, Flannery and coworkers correlated the highest catS expression 

with grade IV tumors.[98,99] Increased catS expression was even measured in human brain tumors in at 

least 50 % of samples taken from patients.[100] Additional examination of catS's mechanistic role in 

glioblastomas revealed its participation in intracellular signaling pathways. In U251MG and U87MG 

glioblastoma cell lines, the reduction of catS expression triggered the activation of two significant 

programmed cell-death pathways: mitochondrial apoptosis and autophagy. Both pathways are putatively 

mediated by reactive oxygen species (ROS) production.[101]  

Gene expression analysis on Mdr-2 knockout mice also indicated that catS might be a potential 

therapeutic target in liver cancer.[102] Several studies showed that higher levels of catS expression are 

found in hepatocellular carcinoma compared to non-tumor liver cells, in some cases even up to 74-

fold.[103] By silencing the catS gene, a decrease in tumor invasion and an increase in apoptosis was 

observed.[104]  

In bladder cancer, catS is proposed to play a role in decreasing immunosuppressive functions of 

regulatory T cells (Tregs). Under normal conditions, catS inhibition resulted in increased 

immunosuppressive functions of Tregs, while in cancer, catS inhibition led to an increase in CD8+ 

cytotoxic T-cell proliferation and a decrease of CD8+ cytotoxic T-cell apoptosis. Dependent on the 

location and type of tumor, this indicates that inhibition of catS might lead to tumor reduction.[105,106]  

In gastric cancer in vivo studies, a reduction of the tumor invasion and migration was directly linked to 

catS silencing. The involvement of catS in an inferred protein network which contributes to cellular 

movement is believed to be the mode of action which ultimately leads to an increase in tumor invasion 

and migration. This is often associated with poor patient prognosis.[107,108] 

Overall, inhibition of catS seems to be a promising approach to help abrogate tumor growth or invasion 

and activate the innate anti-tumor immune response.[33,46,90]  
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1.2.4 CatS Binding Site and comparison with other cathepsins 

The mature and active form of catS consists of 217 amino acid residues and has a high sequence 

homology with other cathepsins, especially K, L, and B, with some distinct differences in the S2 and S3 

pockets. Figure 7 comprises two crystal structures of catS with a vinylsulfone (1NPZ) and a nitrile 

inhibitor (2FQ9) respectively as co-crystallized ligands.[51] 

 

Figure 7: Crystallographic structures of catS with a vinylsulfone-inhibitor LHVS (middle) and the active site of catS with 
vinylsulfone-inhibitor LHVS (left, 1NPZ) and with a nitrile-inhibitor (right, 2FQ9). 

The S2 pocket of catS contains Phe70, Gly137, Val162, Gly165 and a flexible Phe211 which is located 

at the bottom of the sub pocket. The Phe211 residue can, depending on the interactions with substrates 

or inhibitors with the S2 pocket, lead to an open conformation. The additional space between Phe211 

and Phe70 can provide possible π-stacking interactions between ligands and either or both phenylalanine 

residues.[34,46] Phe211 is replaced by leucine in catK, making the S2 pocket tighter and shallower. 

Additionally, the two glycine residues Gly137 and Gly165 in catS are both alanine residues in catK, 

catL and catB and serve as “gatekeepers”, prohibiting bulkier residues from entering the S2 pocket. The 

missing methyl groups in the two glycine residues in catS enable the S2 pocket to be wider and deeper, 

therefore making the S2 pocket in catS addressable by larger substituents compared to the S2 pocket of 

the other cathepsins.[109] Other differences between catS and catK lay in the exchange of Lys64 in S3 

(catS) to an aspartate (catK), and both phenylalanine residues in S2 are different in catK (tyrosine and 

leucine).[46] CatK (pdb: 1TU6) has a sequence homology of 58% with catS (pdb: 1NPZ) and a similarity 

of 72% (calculated with MOE). CatB differs significantly from catS due to its unique occluding loop 

and an additional glutamate residue blocking off the S1 pocket (Figure 8).  

S1

S1‘

S3

S2

S1

S1‘

S3

S2
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Figure 8: Left: superimposition of catS (green, 1NPZ), catL (magenta, 3OF8), catK (yellow, 1TU6) and catB (pink, 1GMY), 
right: active site of catS with corresponding amino acid residues in catL, catK and catB.[51,110–112] 

Additionally, instead of Lys64 in S3, catB contains an aspartate and the phenylalanine residues of catS 

in S2 are tyrosine and glutamate in catB. CatS (pdb: 1NPZ) has the lowest sequence homology (31%) 

and the lowest sequence similarity (48%) with catB (pdb: 1GMY). CatL (pdb: 3OF8), which shares the 

highest similarity of 74% and a homology of 56% with catS (pdb: 1NPZ) has an aspartate in S3 instead 

of the lysine and the phenylalanines in S2 are leucine and alanine in catL (Figure 8). 

1.2.5 Inhibitors of CatS 

To date more than 1800 entries regarding catS inhibitors can be found in the ZINC15 database.[113] Most 

of these inhibitors are not very selective and inhibit several cathepsins and other off-targets. The most 

selective inhibitors comprise covalent and non-covalent inhibition types (Figure 9). While non-covalent 

inhibitors solely interact with the binding site of the target enzyme by interactions such as hydrogen-

bonds and ionic interactions, covalent inhibitors are designed to additionally form a covalent bond with 

the catalytic cysteine.[114]  

 

Figure 9: Structures of three relevant non-covalent catS inhibitors with promising pre-clinical results with compound ID and 
pdb code of the co-crystallized structure in bold.[115,116] 
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Depending on the chemical structure, a small molecule inhibitor designed to inhibit a target enzyme 

covalently contains a so called ‘warhead’ functionality. This warhead is an electrophilic structural 

element of an inhibitor, which in proximity to basic amino acid residues in the binding pocket of cysteine 

proteases (e.g. catS) can be attacked by the deprotonated cysteine, resulting in the formation of a 

covalent adduct.[54] 

Typically, inhibitors of catS and other cysteine proteases of the C1 family consist of a warhead attached 

to a peptidic or peptidomimetic recognition unit, which contributes to non-covalent interactions and 

helps placing the warhead functionality close to the active site cysteine, to which it can covalently bind. 

There are many different warheads which have been extensively studied and used in many different catS 

inhibitors.[46,109,114,117,118] One of the major drawbacks of covalent modulators containing a warhead can 

be a low selectivity for nucleophilic cysteines which are present in several enzymes. This can result in 

considerable off-target reactions with several proteins and is associated with toxicity and haptenization, 

which often prevented further development or the use as drug candidates.[119–124] A carefully fine-tuned 

reactivity to prevent off-target reactions is therefore crucial for the development of covalent inhibitors 

of catS.  

The most prominent example of a widely used warhead in the development of covalently reacting catS 

inhibitors is the nitrile functionality. This covalently reversible warhead is not solely reactive towards 

cysteine proteases, but also it is part of many serine-protease targeting approved drugs like the gliptins 

which are used as antidiabetics.[125–127] Since 2021 there is an emergency approval for the first cysteine 

protease inhibitor (nirmatrelvir) in combination with ritonavir as short-term treatment of COVID-19 

infections, which also contains a nitrile as warhead.[10,128,129] Another famous example is odanacatib, a 

small-molecule nitrile inhibitor, which entered clinical trials as a catK inhibitor for the treatment of bone 

metastasis and osteoporosis.[130] Due to toxicity concerns the development was halted, but the structure 

continues to serve as a basis for new nitrile inhibitors targeting several cathepsins.[131] The nitrile is a 

mild electrophile and reacts reversibly with the thiolate of cysteine in the active site of C1 proteases as 

catS to form a thioimidate adduct which is susceptible to hydrolysis, making this type of inhibition 

reversible. Figure 10 comprises several examples of warheads commonly encountered in the field of 

cysteine protease inhibitor development.[54,109,118,132–135] 



 
Introduction 15 

 

 
 

 

Figure 10: Examples of common warheads used in the design of cysteine protease inhibitors with the corresponding inhibition 
mechanism. 

Aldehydes react similarly to nitriles in a covalent reversible mechanism, but due to the high reactivity 

and their tendency to form hydrates or hemiacetals, they are mostly used as experimental probes rather 
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than drug candidates.[136–138] Despite safety concerns due to the high electrophilicity and low metabolic 

stability of aldehydes, there have been studies, focusing on using masked aldehydes to prevent these 

drawbacks and potentially improve their pharmacokinetic properties.[139,140] Another class of well 

investigated warheads are α-substituted ketones like halomethyl ketones and acyloxymethyl ketones. 

Both warheads contain intrinsic leaving groups and ultimately lead to an irreversible inhibition of the 

protease.[141–143] While halomethyl ketones are known to react quickly in a concerted way due to the high 

reactivity, acyloxy methyl ketones are known for their use in quiescent affinity labeling, due to the slow 

inactivation step.[143–146] Both halomethyl ketones and acyloxy methyl ketones have similar reaction 

mechanisms, since both are initially attacked by the thiolate of cysteine at the ketone moiety, leading to 

the formation of a thiohemiketal, which after an rearrangement produces the corresponding thioether 

while the nucleofuge leaves the molecule. Another class of covalent warheads used as cysteine targeting 

groups are Michael acceptors, especially acrylamides, vinyl ester and vinyl sulfones, which in general 

react irreversibly.[147–151] They undergo a Michael-type addition to the active site cysteine and show high 

selectivity for cysteine over serine proteases and lower reactivity with endogenous thiol-nucleophiles 

like glutathione.[152] While acrylamides are more known for their use in targeted covalent inhibition 

strategies focusing on kinases, the use of vinyl sulfones has led to the development of compounds like 

K11777 against Chagas disease and was effective in animal models of schistosomiasis, hookworm 

infection, and cryptosporidiosis.[131] K11777 targets several cysteine proteases such as cruzain, 

rhodesain or catS.[153–155] The inhibitor was found to be safe in rodents, dogs, and nonhuman primates, 

but upon completing pre-clinical tests, no further data was provided on the current stage of drug 

development.[131] Substitutions of an H-atom in the α-position of vinyl sulfones led to inhibitors that can 

react covalently reversible, depending on the electron-withdrawing group (EWG) attached at this 

position. The fluorovinylsulfone warhead has shown to be an interesting alternative to the irreversible 

vinyl sulfones, leading to covalent reversible inhibitors of rhodesain.[156,157] Further variations include 

the exchange of the sulfone moiety with sulfonates, creating inhibitors with enhanced affinity, slower 

off-rates and even favorable selectivities towards off-target cathepsins.[118]  

Several covalent inhibitors, targeting catS selectively, have been developed with many crystal structures 

already solved. Figure 11 comprises a collection of covalent catS inhibitors containing the nitrile, 

vinylsulfone or aldehyde functionality with their inhibitory potencies disclosed. 



 
Introduction 17 

 

 
 

 

Figure 11: A selection of covalent catS inhibitors with compound ID and pdb code of the co-crystallized structure or the trivial 
name in bold. Warheads are depicted in red.[115,158–162] 

Despite many efforts for producing a drug that targets catS, none of the drug discovery campaigns in the 

past have led to a drug approval, with all catS inhibitors in clinical trials being discontinued as of today 

(Table 2). 

  



 
18 Introduction 

 

Table 2: Cathepsin S inhibitors in clinical trials.[90] 

Inhibitor Company Disease Phase Clinical 

trial 

identifier 

Year 

(completed) 

Progress 

Petesicatib 

(RG7625/RO5459072) 

Hoffmann-

La Roche 

Sjogren‘s 

syndrome 

II NCT027019

85 

2017 Discontinued, 

no further 

details 

published 
Coeliac disease I NCT026790

14 

2016 

Pharmacodynami

c monitoring of 

healthy 

volunteers 

I NCT022953

32 

2015 

VBY-036 Virobay 

Inc. 

Neuropathic pain 

Security studies 

of healthy 

volunteers 

I NCT018928

91 

2013 Company 

dissolved 

VBY-891 Psoriasis 

Security studies 

of healthy 

volunteers 

I NCT019477

38 

2013 

LY3000328 Eli Lilly Abdominal aorta 

aneurysm 

I NCT015153

58 

2012 No further 

progress 

reported 

SAR114137 Sanofi Pain II Not 

available 

2011 Discontinued 

for pain 

treatment. 

Since 2015: 

Investigation 

for Chagas. 

RWJ-445380 Johnson 

and 

Johnson 

Rheumatoid 

arthritis 

II NCT004253

21 

2008 Showed 

lacking 

effectiveness. 

No further 

details 

published. 

Plaque psoriasis II NCT003964

22 

2007 

CRA-028129 Celera/ 

Bayer 

Schering 

Psoriasis I Not 

available 

2005 No further 

details 

published 
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1.3 Protease-Inhibitor Interactions  
In the field of drug design, understanding the interactions between ligands and proteins is of crucial 

importance. These interactions play a pivotal role in determining various aspects of drug development, 

including binding affinity, conformational dynamics, binding mechanisms, and interaction sites. By 

delving into these foundational components, researchers can gain invaluable insights into the molecular 

basis of drug function and create innovative therapeutics with improved effectiveness and reduced side 

effects.[163–167] 

Binding affinity, denoting the strength and stability of the bond formed between a ligand and its target 

protein, emerges as a fundamental factor influencing the potential efficacy of a drug candidate. Precise 

determination of binding affinity furnishes crucial data for pinpointing and refining compounds 

exhibiting high binding affinities.[164–168] 

Examining the binding mechanism provides insights into how a ligand interacts with its target protein, 

including the binding mode, specific residues involved, and the interactions formed. Understanding the 

binding mechanism may help to enhance specificity and selectivity, to reduce the likelihood of off-target 

effects, and to facilitate the development of ligands that selectively bind to the target protein.[164,165,169,170] 

1.3.1 Determining Affinity and Binding Mode of Reversible Binders 

Fluorometric Enzyme Inhibition Assay.  

The use of fluorometric enzyme assays is a common approach in drug design and the analysis of 

inhibitor protease interactions.[171,172] The utilization of fluorogenic substrates dates to 1973 in Förster 

resonance energy transfer (FRET) consisting of a quencher and a fluorophore, to enable protease activity 

measurements.[173] Due to higher sensitivity these substrates replaced the previously used p-nitroanilide 

(pNA) substrates.[174] The next milestone was the discovery of 7-amino-4-methyl coumarin (AMC) as a 

fluorescent molecule, and peptides that were known to be preferably cleaved by proteases were fused 

with this AMC moiety to produce new fluorogenic protease substrates. This helped reducing assay 

interferences in comparison to FRET or pNA substrates.[175] In general, AMC-based fluorometric 

protease assays operate similarly. The protease cleaves the peptide bond in the fluorogenic substrate, 

releasing the AMC fluorophore, which is then excited by a specific excitation wavelength inside a 

microplate reader (Figure 12A). The resulting fluorescence increase is then measured at a specific 

emission wavelength. The increasing fluorescence intensity over time corresponds to the enzymatic 

activity (Figure 12B). In presence of a competitive active site inhibitor, which competes with the 

substrate, the enzymatic reaction rate (v) is reduced depending on the concentration of the inhibitor, and 

the inhibitory activity can be assessed by different methods.[168,176–179]  
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Figure 12: (A) Schematic representation of fluorogenic substrate hydrolysis by a protease to release the AMC fluorophore 
which can be detected by a fluorescence reader. (B) Graphical illustration of progress curves, obtained by plotting of the 
measured fluorescence during a typical protease assay measurement against the time. (C) Plotting the residual enzyme activity 
against the inhibitor concentration [I] gives access to the IC50 value of reversible inhibitors. 

Inhibitory Potency 

The commonly used parameters for assessing inhibitory potency of potential inhibitors are the inhibition 

constant (Ki) which is the equilibrium constant for the dissociation of the inhibitor-enzyme complex and 

the inhibitory concentration (IC50) at which the enzymatic activity is reduced to 50 % (Figure 12C). 

While the IC50 value is strongly dependent on the substrate and the substrate concentration used in the 

assay, the Ki remains constant for a specific inhibitor and the corresponding enzyme.[180] The relationship 

between Ki and the IC50 and the mathematical transformation from one to another can be described by 

the Cheng-Prusoff relation (Equation 1), that applies for competitive inhibitor binding to free enzymes 

and inhibiting the catalytic enzyme reaction.[181] 

     IC!" = 𝐾# 	&1 +	
[%]
'!
)    (Equation 1) 

The Cheng-Prusoff equation includes the dependency of the IC50 value of a competitive inhibitor on the 

Ki value, the substrate concentration ([S]), and the Michaelis Menten constant (KM). The transformation 

of the IC50 to the Ki and vice versa via the Cheng-Prusoff equation is only possible for inhibitors with 

certain inhibition modes. For reversible competitive inhibitors, the Cheng-Prusoff equation is widely 

applicable. In case of covalent inhibitors, particularly for slowly reversible tight binders and irreversible 
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inactivators of enzymes, additional kinetic parameters other than the Ki value need to be determined or 

calculated with methods that will be discussed in the following. 

1.3.2 Covalent Enzyme Inhibition 

Traditional drug design efforts were focused on small molecule inhibitors that interact non-covalently 

and reversibly with their biological target. Contrarily, the covalent bond formed between an electrophilic 

group of covalent inhibitors and nucleophilic amino acids of target proteases like the active site cysteine 

in cysteine proteases is much stronger.[182] The list of covalent drugs that were being used in the clinic 

long before their mechanism of action was elucidated, includes aspirin, which was developed in the late 

19th century, several penicillin antibiotics discovered in the first half of the 20th century, proton pump 

inhibitors like omeprazole and the antiplatelet agent clopidogrel which both act as prodrugs that need to 

be activated before covalently binding to their target structures (Figure 13).[183–185] Other covalent drugs 

include antibiotics like fosfomycin, which is used to treat bladder infections and contains a highly 

reactive epoxide ring or the antituberculotic isoniazid which effectively acts as a prodrug that inhibits 

the formation of the mycobacterial cell wall after the enzymatic formation of an acyl radical.[186–188] 

Around the end of the 20th century and the beginning of the 21st century, the first drug candidates were 

developed consciously containing electrophilic warheads, while prior most potential drugs containing 

highly reactive moieties were deliberately excluded from ongoing drug design projects due to toxicity 

and selectivity concerns.[189] Examples of successful covalent drugs purposefully developed to 

covalently interact with its target enzyme include the proteasome inhibitor bortezomib with approval for 

the treatment of multiple myeloma, several Hepatitis-C-Virus inhibitors like telaprevir and the gliptins 

as DPP-IV inhibitors against type 2 diabetes.[10,12,190]  

The more recent clinical approval and success of targeted covalent inhibitors (TCIs) bearing moderately 

reactive electrophilic warheads, finally triggered the current resurgence of covalent drugs.[191–193] 

Through structure-guided covalent drug design, targeting catalytically active nucleophilic amino acids 

and with the TCI approach for targeting non-catalytically active amino acids, inhibition properties of 

ligands are frequently enhanced.[194]  
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Figure 13: Timeline for covalent drug approvals since the late 19th century. Protease targeting drugs are highlighted in brown 
frames and the reactive warhead is highlighted in red in the corresponding structure. 

The development of covalent inhibitors typically involves the identification of noncovalent inhibitors 

with a subsequent modification with a mildly electrophilic warhead to help improve selectivity and 

inhibition potency.[195,196] An alternative strategy is the finding of an electrophilic fragment that forms a 

covalent bond with a nucleophilic residue by covalent fragment-based drug design which is then 

combined with a suitable recognition unit with favorable non-covalent interactions.[197–199] The basic 

requirement for this is the presence of an nucleophilic amino acid (cysteine, serine, threonine, lysine) 

that is able to form a covalent adduct with the electrophile of the inhibitor.[200,201] Depending on the 

nature of the electrophilic warhead, the covalent adduct formed can either be reversible or 

irreversible.[202–204] 

One of the biggest advantages of irreversible inhibition is the decoupling of pharmacokinetics and 

pharmacodynamics leading to an infinite target residence time and prolonged therapeutic efficacy even 

after the inhibitor has been eliminated from circulation. The resulting loss in enzyme activity can only 

be restored by protein resynthesis. One drawback is that the consequences of continuous target inhibition 

are poorly understood, making this property a potential risk issue.[205] 

Modern approaches try to combine the advantages of both reversible and irreversible inhibition types 

by designing inhibitors with covalently reversible binding modes where the target residence times is 

tunable due to the choice of warheads with varying electrophilicities.[203,206,207]  
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Inhibitor Binding Kinetics 

Since the enzyme-inhibitor binding kinetics may differ quite significantly, depending on the nature of 

the inhibitor, the possibly occurring binding kinetics will be discussed in the following. 

The formation of a noncovalent complex (EI) and subsequent inhibition of the enzymatic activity by 

reversible noncovalent inhibitors generally occurs in a single reaction step (Figure 14A). For fast-

binding reversible inhibitors, the steady-state equilibrium between free inhibitor and unbound enzyme 

on one hand and the inhibitor-bound enzyme complex EI on the other hand will be reached almost 

instantly since both the association rate constant k1 and the dissociation constant k2 are fast. Contrarily 

to these classic fast-binding inhibitors, time-dependent or slow-binding inhibitors reach the steady-state 

or enzyme inactivation in case of irreversible binders relatively slowly.[208,209] This is often observed for 

covalently binding inhibitors and can therefore help to differentiate between a covalent and a 

noncovalent binder (Figure 14B–D). 

Reversible covalent inhibition takes place in two steps consisting of a rapid initial association of the 

noncovalent EI complex, followed by the conversion into the covalent EI* complex after the covalent 

bond is formed (Figure 14B). The covalent EI* complex is at equilibrium with the noncovalent complex 

EI as the formation of the covalent bond is reversible (k4>0) with the resulting inhibition constant Ki 

contemplating the initial noncovalent equilibrium and steady-state constant Ki
* reflecting the overall 

steady state equilibrium. Optimization of the overall affinity (reflected by low Ki
*) is preferred when 

developing new covalently reversible inhibitors. This can be achieved by slowing the dissociation rates 

since a slow off rate (koff) leads to prolonged target residence time τ (τ = 1/koff).[210,211]  

If the inhibition leads to a residence time that exceeds the resynthesis rate of the target enzyme, the 

binding is considered irreversible.[212] In contrast to covalently reversible inhibition, completion of the 

reaction does not lead to an equilibrium state, since the dissociation from the covalent EI* complex is 

negligible for irreversible inhibition types (Figure 14C and D). The obtainable kinetic parameters for 

ranking irreversible inhibitor potency differs from inhibitors with reversible binding modes as the IC50 

may vary depending on the preincubation time of the inhibitor with the enzyme.[193,212] For two-step 

irreversible inhibitors with a noncovalently formed EI complex in the first step and the formation of an 

irreversible EI* complex in the second step, the noncovalent affinity is reflected by the inactivation 

constant KI, whereas the maximum rate of inactivation can be described by the kinetic constant kinact 

(Figure 14C). The general accepted method for comparing inactivation potencies of two step 

irreversible inhibitors is the determination of the rate constant k2nd which can be calculated by 

kinact/KI.[193,212–214] Finally for irreversible inhibitors with highly reactive warheads, the equilibrium of the 

noncovalent step is non-existent, effectively changing the binding kinetics to a one-step irreversible 

binding, where the inhibitory potency can be described with the rate constant kchem or kobs/[I] (Figure 

14D).[213,215]  
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Figure 14: Schematic representation of inhibitor binding modes and kinetic parameters which can be used to rank inhibitor 
potencies. Adopted from Mons et al.[205] Created with Biorender.com. 

1.3.3 Reversible vs Irreversible Binding 

Most covalent drugs comprise two-step reaction mechanisms. Subsequently, their design is more 

complicated compared to their noncovalent counterparts.[17] The stability (ΔGB) of the noncovalent EI 

complex formed in the first inhibition step and its geometrical arrangement is generally dictated by the 

noncovalent interactions formed by the recognition unit of the inhibitor with the enzymatic environment 

(Figure 15). This energy (barrier) must be overcome and equals the energy required to dissociate the 

enzyme-inhibitor interactions. If a favorable orientation of the inhibitor inside the active site of a target 

enzyme is possible and the electrophilic warhead gets in close proximity to the nucleophilic amino acid 

(e.g., cysteine, serine, threonine), the covalent bond formation can occur.[156] The free reaction energy, 

ΔGR, of this subsequent chemical reaction is heavily reliant on the chemical properties of the warhead. 

This primarily determines whether the covalent inhibition step is reversible or irreversible (Figure 15). 

The reaction barrier of the reverse reaction (k4) is often the critical issue deciding on the reversibility of 

the covalent bond formation. Covalent bond formations with highly exergonic reaction energies 

(ΔGR < –25 kcal/ mol) generally lead to an irreversible bond formation, whereas reversible bonds are 

mostly formed if the reaction barrier is to a lower degree exothermic (in the range of –20 kcal/mol or 

lower).[156] For the successful design of covalent drugs, optimization of both the recognition unit and the 

warhead must occur simultaneously.[216]  
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From the kinetic viewpoint, the formation and stability of the noncovalent EI complex is mainly 

determined by the microscopic rate constants k1 and k2.[213] In the second step of a two-step reaction 

mechanism, the kinetics for the covalent bond formation are described by k3, which is dependent on 

electrophilicity of the warhead and nucleophilicity of the amino acid in the active site. Depending on 

the kinetic constant k4 the inhibition type is either reversible (k4>0) or irreversible (k4≈0).  

 

Figure 15: Free energy diagram of the mechanism of covalently reacting inhibitors. Adopted from Schirmeister et al.[156] 
Created with Biorender.com. 

For fast reversible inhibitors, the resulting progress curves in fluorometric enzyme assays show linearity 

(Figure 16A). Since reversible time-dependent inhibition often occurs in a slowly reversible manner 

(k3>>k4), the resulting progress curves display a biphasic behavior (Figure 16B), resembling the 

progress curves of irreversible inhibitors (Figure 16C) which are often heavily bent after initial linearity. 

This suggests a two-step (or a one-step irreversible) reaction mechanism and makes it difficult to 

distinguish between slowly (tight) reversible and irreversible binders. In many cases there is even an 

intermediate progress curve behavior, further complicating the distinction between irreversible and 

(slowly) reversible binding. An experimental method for the differentiation between reversible and 

irreversible binding is the jump dilution analysis.[217–219] For inhibitors displaying a time-independent 

dose-response relationship, inhibition of the target enzyme will lead to 50% inhibition at the IC50 and at 

10-fold the IC50 value the target is inhibited by almost 91%. After pre-incubation of enzyme and inhibitor 

and subsequently diluting the 10-fold [I] by 100-fold into assay buffer, one would get a 0.1-fold [I] 

below the IC50 that will lead to around 9% inhibition of the target (Figure 16D).[140,220] The resulting 

progress curves differ, depending on the inhibition mechanism. The control without inhibitor containing 
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only solvent (typically DMSO) will lead to a linear progress curve, with a higher slope compared to a 

progress curve of a fast reversible inhibitor (Figure 16E). Irreversible inhibitors also show linear 

progress curves, but with a substantially smaller slope compared to the fast reversible inhibitors, thus 

making the distinction between reversible and irreversible binding possible (Figure 16E).[220] Finally 

slowly reversible inhibitors show progress curves with a slope between those of fast reversible and 

irreversible inhibitors, depending on how slowly the dissociation of the inhibitor enzyme complex takes 

place. 

 

Figure 16: Exemplary progress curves of reversible inhibitors (A), slowly reversible inhibitors (B) and irreversible inhibitors 
(C). Principle of the jump dilution assay starting from [I] at 0.1-fold IC50 reaching 10-times IC50 of the inhibitor after 100-fold 
dilution (D). Resulting progress curves of control without inhibitor and fast reversible, slowly reversible, and irreversible 
inhibitors (E). 

Another method often used for differentiating between reversible and irreversible binding and to 

quantify the degree of reversibility of selected inhibitors is the dialysis experiment. The enzyme is 

incubated with an excess of inhibitor ([I] of 10-fold the IC50 value) to ensure full inhibition.[221] A semi-

permeable membrane separates an inner and an outer dialysis compartment which can only be passed 

by small molecules of a certain molecular weight. In the next step, the enzyme-inhibitor mixture inside 

the inner compartment is dialyzed against a continuous flow of buffer in the outer compartment. 

Inhibitor molecules not bound to the enzyme in the inner compartment will diffuse into the outer 

compartment until an equilibrium of the free inhibitor concentration between both compartments is 

reached.[222,223] Removing the free inhibitor from the outer compartment via a continual flow of fresh 

buffer prevents the system from reaching equilibrium, resulting in a concentration gradient of the 

inhibitor. Consequently, the free inhibitor in the inner compartment diffuses continuously along this 

gradient into the outer compartment. If the inhibitor binds reversibly to the enzyme, the gradient 

A: reversible B: slowly reversible C: irreversible

D: Jump Dilution
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facilitates the constant removal of free inhibitor from the inner compartment, allowing the enzyme to 

recover over time. However, if the binding is irreversible, the enzyme cannot recover as the inhibitor 

remains bound to it.[221] 

Risks of Irreversible Inhibitors 

The development of covalently reversible inhibitors may be a desirable approach since the benefits of 

covalent binding remain (higher inhibition potency and residence times) while simultaneously 

decreasing several disadvantages that inhibitors designed to bind covalently with the target enzyme 

entail.[204,224] Another great advantage of inhibitors with covalent binding modes are the possibilities of 

targeting previously ‘undruggable’ targets due to a sufficiently high affinity complex formation between 

the irreversible inhibitor and the drug target.[225] Another approach often found for the design of TCIs is 

addressing a non-catalytic nucleophilic amino acid (often cysteine) that is unique to this specific enzyme 

with an electrophilic warhead and thus putatively leading to an enhanced selectivity for this particular 

enzyme over closely related off-target enzymes.[226,227] 

The risks associated with covalent reactions that may take place not only with the desired target but also 

with off-target proteins, often undiscovered until late-stage clinical development, in many cases led to 

drug discovery campaigns moving away from potential candidates bearing intrinsically reactive 

electrophilic warheads.[189,193] These off-target interactions can lead to undesired side-effects and also 

toxicities, and especially idiosyncratic drug-related toxicity is a big concern, since these drug reactions 

occur unpredictably (Figure 17).[189] There is still controversy whether covalent binders actually 

contribute to idiosyncratic toxicity, nevertheless the use of electrophilic warheads in drug design remains 

a risk factor.[228] Covalent modulators with irreversible binding modes can furthermore bind to off-target 

proteins, and after proteolysis of the enzyme a so-called ‘hapten’ might develop (Figure 17). This small 

immunogenic fragment might lead to autoimmune reactions and the development of allergies.[204] To 

avoid these negative side effects, it is important to tune the reactivity of the warhead carefully while 

developing covalent inhibitors. This warhead reactivity tuning can ultimately lead to a shift from an 

originally irreversible covalent binding mode to a covalently reversible inhibition that maintains most 

advantages of covalent inhibition such as a long residence time and fast kinetics and simultaneously 

counteracts most risks connected to irreversible inhibition.[229–231] Despite these possible improvements 

of covalently reversible inhibitors compared to irreversible inhibitors, the fact that many recently 

approved covalent drugs, especially of those targeting kinases contain an irreversibly reacting 

acrylamide as warhead, demonstrates that irreversible inhibition should not be excluded.  



 
28 Introduction 

 

 

Figure 17: Mechanisms of possible inhibitor-enzyme interactions with inhibitor in green, irreversible warhead in red, reversible 
warhead in cyan, target enzyme in dark-blue and off-target enzyme in salmon. A: Non-covalent reversible inhibitor with 
reversible binding to the target and off-target enzymes. B: Covalent irreversible inhibitor with risks of toxicity and haptenization 
by covalent irreversible modulators. C: Covalent-reversible inhibitor with lowered risks of haptenization and off-target 
reactions.  
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1.4 Nanocarrier-Mediated Delivery and Reversible Linker Strategies 
Despite pharmacodynamic target optimization, small molecular drugs like novel catS inhibitors may 

encounter translatability challenges due to their physicochemical parameters. Issues such as poor 

solubility and reduced bioavailability can impede their in vivo potency. Nano-sized carrier systems 

present opportunities to alter pharmacokinetic profiles of drugs and target their delivery, thereby 

preventing premature release and metabolic degradation. This enhancement boosts drug efficacy while 

minimizing side effects, enabling higher dosing and expanding the therapeutic window.[232] Over the last 

four decades, nanocarriers have been extensively studied for delivering traditional anti-cancer 

chemotherapeutics.[233,234] This focus has largely been driven by blood-circulating nanocarriers that 

passively accumulate in highly vascularized tumors through the enhanced permeability and retention 

(EPR) effect.[235–237] Concurrently, several studies have indicated that nano-sized drug carriers not only 

accumulate in lymphoid organs like the spleen but also in major first-pass organs such as the liver and 

lungs, where they are swiftly taken up and processed by immune cells. This phenomenon mirrors the 

response to classical pathogens of similar sizes, suggesting a favorable interaction between 

nanotechnology and the immune system.[238,239] These recent findings have sparked increased interest in 

nanocarriers for cancer immunotherapy.[240–242]  

As mentioned in a previous chapter, the inhibition of catS by small molecule drugs in vivo is an 

appealing strategy for remodeling the immune TME in many different cancers towards an anti-tumor 

type. In this context, the delivery of catS inhibitors via nanocarriers to target-specific immune cells in 

the TME, particularly TAMs and myeloid-derived suppressor cells (MDSC), presents an appealing 

approach.  

In the Q5 subproject of the collaborative research center (CRC) 1066 one goal was the development of 

a conjugate structure for targeted lysosomal delivery in a cancer cell model to modulate the immune 

TME. Oelschlaegel et al. have proven recently that a small molecule pan-cathepsin inhibitor (GB111-

NH2) is able to modulate metabolism and polarization of TAMs. Pharmacological inhibition of 

cathepsins B, L, and S using GB111-NH2, led to a polarization shift from M2- to M1-macrophages, 

associated with distinct alterations in lysosomal signaling and lipid metabolism.[243]  

The general composition of the planned conjugate contains a small molecule immunomodulator (catS 

inhibitor) with a responsive linker (optionally with a dye or fluorescent reporter) connected to a 

saccharide recognition unit for a targeted delivery via mannose receptors like the lectins CD206 and 

CD209 encountered for instance on the surface of DCs. A similar approach was executed successfully 

by Overkleeft and coworkers by designing fluorescent cathepsin inhibitor glycoconjugates which were 

evaluated in terms of their cell internalization and cathepsin inhibition.[244] The conjugate structure is 

planned to be connected to a suitable nanocarrier system via a responsive linker (Figure 18A). 

Alternatively, the single components of the construct can be individually immobilized on a suitable 
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nano-carrier, enabling the selective lysosomal release of the immunomodulator by using a responsive 

linker system (Figure 18B). 

 

Figure 18: Schematic representation of two possible conjugate structures planned for the Q5 subproject of the CRC 1066. A: 
Single molecule approach, combining the immunomodulator with a fluorescent dye or reporter and a saccharide recognition 
sequence, attached via a responsive linker to a nanoscale carrier. B: Multiple molecules approach, immobilizing the 
immunomodulator via a responsive linker, while stably attaching the fluorescence reporter and the saccharide recognition 
sequence individually on a nanoscale carrier. 

The selective release of the immunomodulator cargo in the target compartment can be achieved by using 

an appropriate linker chemistry, including a reversible covalent attachment of the catS inhibitor. 

Figure 19 comprises a selection of pH- and redox-responsive linkers widely used for reversible 

attachment in tumor-targeted drug delivery approaches.[245–249] The pH-sensitive linkers include 

hydrazones, which are cleaved to the corresponding hydrazide and carbonyl derivative, acetals that 

hydrolyze to alcohols and carbonyls and Schiff bases that react to amines and a keto-moiety in acidic 

environments. Two examples for redox-responsive linkers are aromatic boronic acid esters that are 

oxidized to boronic acids, phenols and catechols and dilsulfides that can either be cleaved under 

reductive conditions or by rebridging with thiol-containing endogenous nucleophiles as glutathione 

(GSH) or peptides and proteins with nucleophilic cysteine residues.[250,251] As a first approach, the focus 

was laid on hydrazone-based dynamic linkers, since these are thoroughly investigated, meaning their 

stability under physiological conditions, as well as their cleavage under lysosomal conditions and in a 

TME are well-understood.[252,253] The formation of hydrazones is a reversible reaction and requires a 

hydrazine/hydrazide and a carbonyl-moiety that can be either a ketone or an aldehyde.  
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Figure 19: Overview of pH- and redox-responsive linkers and the cleavage products commonly encountered in the design of 
drug delivery systems. 

The pH value in the endosomal and lysosomal environment is around 4–5, and hydrazones, depending 

on the keto- and hydrazide moieties from which they are formed have their cleavage optimum at a 

similar pH range. This makes hydrazones predestined to be cleavable linkers for these cellular 

compartments.[252]  

Finally, the attachment position of the responsive linker on the catS immunomodulator has to be chosen. 

This can either be on the P3-position (N-terminus of the inhibitor since the active site of the target 

enzyme allows for bulkier substituents in the S3-subpocket. Alternatively, by choosing a carbonyl-based 

warhead as linkage position, the hydrazone can additionally protect the reactive electrophile from off-

target reactions and help deliver the drug without needing to highly modify an affine and selective 

inhibitor and thus risking a loss in activity towards the target protease. 
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2 Projects 
The results presented in this doctoral thesis can be divided into two projects: firstly, focusing on the 

design and functionalization of catS inhibitors in the framework of the CRC 1066 (subproject Q5), 

secondly on the interactions between protease inhibitors, containing a suitable peptidomimetic sequence 

in combination with various warheads, and different proteases. 

2.1 Project 1: Design and Functionalization of CatS-selective Inhibitors 
The first project will focus on developing and evaluating potential inhibitors for the cysteine protease 

cathepsin S, in the context of the CRC1066 (“Nanodimensional polymer therapeutics for tumor 

therapy”) in the Q5 subproject (“Targeting and immunomudolator structures and their coupling to 

theurapeutic nanosystems for oncological application”). The focus will lie on initially developing small 

molecule inhibitors of catS with the option for functionalization to then immobilize them on a suitable 

nanocarrier system for targeted delivery.  

The development of several new highly affine and selective catS inhibitors will be achieved and their 

inhibition types will be revealed by well-described fluorometric enzyme assays and jump dilution 

assays. Exchanging the nitrile warhead of established inhibitors of catS with several electron-deficient 

ketones and an aldehyde, is expected to create new inhibitors with fine-tuned reactivity and selectivity 

profiles. Further variations will be obtained by reversibly capping the warhead moiety and thus, allowing 

for highly reactive warheads to get possible new applications. Attaching linkers to the P3-position of 

catS inhibitors will enable the possibility of linking the functionalized inhibitors to nano carrier systems. 

The derivatization of well-investigated fluorovinylsulfones and -sulfonates known as inhibitors of 

similar cysteine proteases is expected to produce covalently reversible inhibitors of catS, and through 

SAR studies, the ideal peptidomimetic sequence in combination with either of those warheads will lead 

to inhibitors with high selectivities over off-target cathepsins. Molecular docking will help to understand 

the binding poses of these newly generated inhibitors and reveal the differences in affinities. 

The following publications are part of the results obtained in this project: 

(1) Natalie Fuchs‡, Mergim Meta‡, Bellinda Lantzberg, Matthias Bros, Seah Ling Kuan,  

Tanja Weil, Tanja Schirmeister*, “Subnanomolar Cathepsin S Inhibitors with High Selectivity: 

Optimizing Covalent Reversible α-Fluorovinylsulfones and α-Sulfonates as Potential 

Immunomodulators in Cancer”, ChemMedChem 2023, 18, e2023001, doi: 10.1002/cmdc.202300160. 

Own contributions: Inhibitor design, inhibitor synthesis (precursor molecules 10, 12, 13, 14, 18, 41, 

42 and final optimized inhibitor 6c), molecular modeling and docking, SAR analysis, writing parts of 

the original draft, and manuscript editing. 
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Contribution from other authors: Inhibitor synthesis 2a–6b, fluorometric enzyme assays, dilution 

assays, cytotoxicity assays, writing of the original draft, and editing of the manuscript. 

(2) Mergim Meta‡, Collin Zimmer‡, Natalie Fuchs, Maximilian Johannes Zecher, Albin Lahu, Tanja 

Schirmeister*, “Structural Modifications of Covalent Cathepsin S Inhibitors: Impact on Affinity, 

Selectivity, and Permeability”, ACS Med. Chem. Lett. 2024, published ahead of print, doi: 

10.1021/acsmedchemlett.4c00050. 

Own contributions: Design of the study, inhibitor design, inhibitor synthesis (all except for 48–51), 

catS, catB and catL fluorometric enzyme assays, dilution assays, hydrazone stability assays, molecular 

modeling and docking, writing of the original draft, and manuscript editing. 

Contribution from other authors: Inhibitor synthesis (48–51), PAMPA assay, writing parts of the 

original draft, and manuscript editing. 

2.2 Project 2: Reactivity and Selectivity of Protease Inhibitors with varying 

Warheads 
This project will focus on the cross-reactivities of inhibitors designed for specific proteases with off-

target proteases. Five selected proteases and classic peptidomimetic recognition units to address each 

protease individually will be used to investigate cross-target reactivities. The peptidomimetic sequences 

will be decorated with a set of seven different warheads to generate covalent binders. The proteases 

investigated in this study are two papain-like cysteine proteases (catS and rhodesain), one 3-

chymotrypsin-like cysteine protease (3CLpro), namely the SARS-Cov-2 main protease (Mpro), one serine 

protease (uPA), and a threonine protease (β5 subunit of the human 20S proteasome). The various 

warheads for cross reactivity assessments consist of nitriles, nitroalkenes, fluorovinylsulfones, keto-

benzothiazoles, oxoenoates and β-lactams. Cross-testing of the warhead-carrying inhibitors in standard 

fluorometric enzyme assays against all proteases can give an insight on the impact of the peptidomimetic 

sequences and the warheads on affinity and selectivity. Additionally, a reactivity assay based on NMR 

and LC-MS investigations with model nucleophiles (thiol, thiolate, alcoholate) and model electrophiles, 

consisting of the same seven warheads fused to leucine will help to better categorize the reactivity of 

each warhead against the nucleophiles. Quantum mechanics simulations are expected to verify the 

experimental results and to help better explain the findings of the reactivity assay. 

Due to structural similarities especially between the papain-like cysteine proteases, new lead structures 

for inhibiting several proteases are expected to be found, while hard-to-target active sites like those of 

the subunits of the 20S-proteasome are expected to hardly allow for the identification of any new 

potential inhibitors through this approach. Covalent and non-covalent docking approaches will help to 

understand the putative binding modes of highly affine ligands and the suitability of each warhead for a 
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covalent reaction with the different nucleophiles encountered in each active site of the different 

proteases. Combining several warheads with the differing peptidomimetic sequences may demonstrate 

limits regarding binding affinity and inhibitory potency to these kinds of combinatorial approaches while 

giving access to a range of off-target reactivities. 

The following publication is part of the results obtained in this project: 

(3) Mergim Meta‡, Patrick Müller‡, J. Laurenz Meidner‡, Marvin Schwickert, Jessica Meyr, Kevin 

Schwickert, Christian Kersten, Collin Zimmer, Stefan Hammerschmidt, Ariane Frey, Albin Lahu, Sergio 

de la Hoz-Rodríguez, Laura Agost-Beltrán, Santiago Rodríguez, Kira Diemer, Wilhelm Neumann, 

Florenci V. Gonzàlez, Bernd Engels, Tanja Schirmeister. “Investigation of the Compatibility between 

Warheads and Peptidomimetic Sequences of Protease Inhibitors—A Comprehensive Reactivity and 

Selectivity Study.” Int. J. Mol. Sci. 2023, 24(8), 7226, doi: 10.3390/ijms24087226. 

Own contributions: Design of the study, inhibitor synthesis (20, 23, 24, 26–49) and reactivity probes 

108, 111 and 117 with precursors (51, 52, 116), molecular modeling and docking of all inhibitors, SAR 

analysis, reactivity study, fluorometric enzyme assays of all inhibitors against catS, writing of the 

original draft, and manuscript editing.  

Contributions from other authors: Inhibitor synthesis (all other inhibitors), reactivity study, 

fluorometric assays against all proteases except catS, quantum mechanics simulations, writing parts of 

the original draft, and manuscript editing. 
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3 List of Publications 

3.1 Publications as Part of this Doctoral Thesis 

3.1.1 Project 1: Design and Functionalization of CatS-selective Inhibitors 

(1) Natalie Fuchs‡, Mergim Meta‡, Bellinda Lantzberg, Matthias Bros, Seah Ling Kuan,  

Tanja Weil, Tanja Schirmeister*, “Subnanomolar Cathepsin S Inhibitors with High Selectivity: 

Optimizing Covalent Reversible α-Fluorovinylsulfones and α-Sulfonates as Potential 

Immunomodulators in Cancer”, ChemMedChem 2023, 18, e2023001, doi: 10.1002/cmdc.202300160. 

(2) Mergim Meta‡, Collin Zimmer‡, Natalie Fuchs, Maximilian Johannes Zecher, Albin Lahu, Tanja 

Schirmeister*, “Structural Modifications of Covalent Cathepsin S Inhibitors: Impact on Affinity, 

Selectivity, and Permeability”, ACS Med. Chem. Lett. 2024, published ahead of print, doi: 

10.1021/acsmedchemlett.4c00050. 
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4 Project 1: Design and Functionalization of Cathepsin S-

Selective Inhibitors 

4.1 Subnanomolar Cathepsin S Inhibitors with High Selectivity: 

Optimizing Covalent Reversible α-Fluorovinylsulfones and α-

Sulfonates as Potential Immunomodulators in Cancer  

4.1.1 Context, Project Summary, and Own Contributions 

The involvement of the cysteine protease catS in many tumor models and especially in tumors with an 

altered tumor immune environment has opened new possibilities for the use of new catS inhibitors as 

immune modulators in these diseases.[44–46,90] The enzyme is often overly active and overexpressed, 

resulting in tumor and disease progression for many patients. Recent findings suggest an improvement 

in the anti-tumor immune response in several cancers by either silencing or deleting the catS gene. Small 

molecule inhibitors designed to specifically address catS could lead to a similar outcome.[44–46]  

We therefore designed peptidomimetic inhibitors starting with two (fluoro-)vinylsulfone structures. 

With the help of molecular docking, an SAR screening was carried out, resulting in 22 final inhibitors 

which were evaluated in fluorometric enzyme assays against catS and off-target cathepsins B and L. The 

binding modes of selected inhibitors were evaluated with jump dilution assays, and reversible, time-

dependent inhibition was observed in some cases, suggesting tightly covalent reversible inhibition. The 

most promising inhibitor showed high selectivity (>100,000-fold) against both off-targets and a sub-

nanomolar affinity (Ki = 0.08 nM; Ki
* = 0.01 nM) for the target. This highly affine and potent inhibitor 

with a cyclohexyl alanine in P2, homophenyl alanine in P1 and a morpholine urea in P3 combined with 

the reactive fluorovinylsulfonate warhead with a covalent reversible inhibition type, can act as a 

cornerstone for further development of catS selective inhibitors. Additionally, through molecular 

docking, putative binding modes of several inhibitors could be assessed and the successful incorporation 

of bulky residues in the P3 position displayed a tolerance of the protease, since these big side chains 

(e.g., boc-protected aniline or the deprotected equivalent) retained the affinity and the selectivity for the 

target enzyme. Finally, cell viability assays with a cancer cell line (MDA-MB-231) and dendritic cells 

(CD11c+) revealed for selected inhibitors low cytotoxic effects at the highest concentrations applied 

(100 μM) which effectively is equivalent to >10,000-fold the inhibitors’ Ki values. Similar structures 

with different linkers in this position are therefore predestined to yield highly functionalized inhibitors 

for the use in nanocarrier systems while retaining the high affinity towards the target enzyme. 

Development of inhibitor-nanocarrier constructs is therefore feasible with these inhibitors. This 

approach could lead to a further improvement of the inhibitors’ efficacy through specific targeting to 

dendritic cells or other APCs.  
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Subnanomolar Cathepsin S Inhibitors with High Selectivity:
Optimizing Covalent Reversible α-Fluorovinylsulfones and
α-Sulfonates as Potential Immunomodulators in Cancer
Natalie Fuchs+,[a] Mergim Meta+,[a] Bellinda Lantzberg,[b] Matthias Bros,[c] Seah Ling Kuan,[b]

Tanja Weil,[b] and Tanja Schirmeister*[a]

The cysteine protease cathepsin S (CatS) is overexpressed in
many tumors. It is known to be involved in tumor 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 α-fluorovinylsulfone and -sulfonate
warheads. We optimized two lead structures by molecular

docking approaches, resulting in 22 final compounds which
were evaluated in fluorometric enzyme assays for CatS inhib-
ition and for selectivity towards the off-targets CatB and CatL.
The most potent inhibitor in the series has subnanomolar
affinity (Ki=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 immunomodulators in cancer therapy.

Introduction

Cysteine cathepsins are ubiquitous papain-like proteases, in
mammalians mainly located in the lysosome, involved in
extracellular matrix degradation and intracellular protein
processing.[1] They have various functions in cells and, above all,
share a high structural similarity.[2] However, cathepsin S (CatS)
differs from other cysteine cathepsins in its stability at neutral
pH and its limited tissue distribution (mainly in antigen-
presenting cells, e.g. macrophages).[3,4] CatS is known to be
overexpressed in many tumors (e.g., follicular lymphoma,
breast, gastric, colon, pancreatic cancer).[5–8] To date, various
mechanisms how CatS is involved in tumor progression are
known. For example, CatS is known to turn over extracellular
matrix proteins and to drive tumor angiogenesis.[7,9] Addition-
ally, Riese and co-workers showed that CatS regulates antigen
processing and presentation in antigen-presenting cells
(APC).[10–15] With this important role in immune cells, cathepsin S

intervenes in the body’s immune response also to tumors. It
shifts MHC-II expression to MHC�I, resulting in a favored
activation of CD4+ T cells (e.g., regulatory T cells) over
cytotoxic CD8+ T cells.[5,6,16] Jakoš and co-workers and Wilkinson
and co-workers also stated that CatS polarizes APCs from M1 to
M2 phenotype that is associated with tumor progression,
supporting the proliferation of myeloid-derived suppressor cells
(MDSC) and tumor-associated macrophages.[9,16] This shift results
in a suppressed T cell-induced immune response.[17–19] 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.[20] Cytotoxic CD8+ T
cells can attack tumor cells and thus lead to tumor volume
reduction.[20] Experiments with small-interfering RNA (siRNA)
targeting CatS mRNA and thus, reducing CatS expression,
resulted in tumor volume and invasion reduction as well as
increased apoptosis and attenuated angiogenesis.[21,22] Burden
and co-workers used inhibitory CatS antibodies and observed
an increased effect of chemotherapeutics plus a significant
tumor growth limitation.[23,24] Furthermore, CatS overexpression
occurs in follicular lymphoma including the expression of an
overactive mutant (Y132D) with enhanced auto-activation.[5]

Knocking down the protease leads to an improved immune
response towards lymphoma cells.[6] Overall, CatS is an interest-
ing new target to enhance anti-tumor immunogenicity and
thus, stop tumor growth, especially in case of resistances to
current tumor immunotherapies.[6,10,25,26] Figure 1 summarizes
the mentioned effects of CatS in the tumor microenvironment
(TME).

CatS is a papain-like protease expressed as an inactive
zymogen.[27,28] After cleaving off the propeptide, the mature
enzyme consists of 217 residues and a catalytic dyad (Cys25,
His164) in the active site.[3,4,29] Despite the high structural
similarity to other human cathepsins, there are various residues

[a] N. Fuchs,+ M. Meta,+ Prof. Dr. T. Schirmeister
Institute of Pharmaceutical and Biomedical Sciences (IPBS)
Johannes Gutenberg University Mainz
Staudingerweg 5, 55128 Mainz (Germany)
E-mail: schirmei@uni-mainz.de

[b] B. Lantzberg, Dr. S. Ling Kuan, Prof. Dr. T. Weil
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)

[c] Dr. M. Bros
Department of Dermatology, University Medical Center Mainz
Langenbeckstr. 1, 55131 Mainz (Germany)

[+] These authors contributed equally to this work.
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cmdc.202300160
© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemMedChem

www.chemmedchem.org

Research Article
doi.org/10.1002/cmdc.202300160

ChemMedChem 2023, 18, e202300160 (1 of 21) © 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.07.2023
2315 / 303874 [S. 55/75] 1



 
40 Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 

 

 

  

in the S1’ to S3 subsites that differ and can be addressed to
gain selectivity.[4,29] 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 differ-
ences towards other cysteine cathepsins.[1,29]

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. Furthermore, it allows ligand π-stacking
with these Phe residues.[1,30] 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).[1,30–38] One nitrile-based inhibitor has already been
tested in vivo. The compound led to significant reduction of
tumor volume in murine models.[39] The structures of three
advanced CatS inhibitors are summarized in Scheme 1.[30,40,41]

Here, we focus on developing new selective cathepsin S
inhibitors based on the structure of the well-known pan-
cathepsin inhibitor K11777. This compound with an electro-
philic vinylsulfone warhead is known to be a covalent
irreversible cathepsin inhibitor (Figure 2).

The active site cysteine undergoes a Michael-type addition
and cannot dissociate from the inhibitor after the covalent
bond formation. Since irreversible inhibition has several draw-
backs, e.g., off-target effects, toxicity, haptenization, we have
recently developed modified K11777 derivatives by introducing
a fluorine atom at the α-position of the vinylsulfone double
bond.[42–44] The generated α-fluorovinylsulfone (1a) undergoes a
reversible Michael-type addition with thiols (Figure 2).[45] 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 inhibition mentioned
above.[46–48]

Our most recent findings suggest that modifying the
warhead from an α-fluorovinylsulfone (1a) to an α-fluorovinyl-
sulfonate (1b) results in slowly reversible cathepsin inhibitors,
further prolonging the target residence time (Figure 2).[49]

Since covalent-reversible inhibition has many benefits, we
chose previously described fluorinated derivatives from Schir-
meister et al. and Jung, Fuchs et al. as initial starting structures
(1a, 1b) for the development of new CatS inhibitors.[45,49] 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

Figure 1. Cathepsin S inhibition affects tumor cells and antigen presenting cells (APC). CLIP=Class II-associated invariant chain peptide.

Scheme 1. Structures of three advanced published CatS inhibitors.[30,40,41]
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cancer cell line MDA-MB-231 and murine bone marrow-derived
dendritic cells were tested in cell viability assays.

Results and Discussion

Starting from lead structures 1a and 1b,[45,49] we prepared 22
new compounds (2a–6c, Scheme 2).

The compounds differ in their P2 and P3 positions
(Scheme 2). They contain morpholine (2c, 3c, 6c), piperazine
(Pip, 2b, 3b), N-boc-piperazine (Pip-N-boc, 2a, 3a), pyridine
(2d, 3d, 4a–5d), thiophene (2e, 3e) or aniline (Ph�NH2, 6b) in
the P3 position and hPhe (4c, 5c), 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 to improve the binding affinity in CatS inhibitors.[34]

For the covalently reacting warhead functionality, we prepared
α-fluorovinylsulfones and the corresponding α-fluorovinylsulfo-
nates occupying the P1 position.

Chemistry

The synthesis route allowed many combinations of the two
warhead variations with various dipeptides, resulting in the final
inhibitors 1a–6c.

Warhead preparation

To prepare the warhead, we first synthesized fluorinated
phosphonates 11 and 12 (Scheme 3) as previously published.[49]

To synthesize aldehyde 14, we prepared the Weinreb amide 13

Figure 2. Reversible K11777 derivatives as lead structures for CatS inhibitor
development.

Figure 3. SAR variations for compounds 1a (P1’=Ph) and 1b (P1’=OPh).
Residues of initial leads are highlighted.

Scheme 2. Optimized cathepsin S inhibitors with variations in P1’, P2 and P3.
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of boc-homophenylalanine which was subsequently reduced to
14 using LiAlH4 (Scheme 2). Aldehyde 14 and phosphonates 11
or 12 then reacted in a Horner-Wadsworth-Emmons olefination,
providing fluorovinylsulfone 15 and fluorovinylsulfonate 16.
Boc-deprotection with HCl in dioxane resulted in 17/18
(Scheme 3).

Dipeptide synthesis

For ester-protected dipeptides 19, 21, 23 and 41, we prepared
isocyanates which then reacted with piperazine derivatives or
morpholine. We synthesized the other ester-protected dipep-
tides 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 4).

Amide couplings

Warheads 17 or 18 were coupled with dipeptides 20–42 in
standard amide coupling reactions (Scheme 5). The resulting
inhibitors 1a–6c were purified by HPLC (>95% purity in all
cases). For some compounds (4c, 6a, 6b) the formation of
diastereomers could not be avoided, but the (E)-configurations
of the isolated, purified and tested inhibitors were confirmed in
all cases using the coupling constants in the NMR.

Fluorometric enzyme assays

The synthesized compounds’ inhibitory activities against CatS
and the off-targets CatB and CatL were tested using well-known
fluorometric enzyme assays (Table 1).[50] The inhibitors were
initially screened at different concentrations (20 μM, 1 μM)
followed by IC50/Ki value determination if >50% inhibition at
20 μM. For more information regarding assay procedures and
calculations of inhibition constants see ’Fluorometric enzyme
assay’ in the Experimental Section.

We started by varying the P3 position of lead compounds
1a and 1b (Figure 3) and prepared two compound sets, namely
the corresponding fluorovinylsulfones/-sulfonates (2a–6c), and
evaluated their inhibitory activities and selectivities (Table 1).
We generally observed all α-fluorovinylsulfonates (3a–3f & 5a–
5c) to be more potent cathepsin S inhibitors than the
corresponding α-fluorovinylsulfones (2a–2e & 4a–4d) which
already improves their selectivity towards CatB and CatL
(Table 1).

We noted a good inhibition for compound 2c (Ki=40 nM),
but a low selectivity (only 9.3-fold vs. CatB and 4.5-fold vs.
CatL). The corresponding fluorovinylsulfonate 3c has a 40-fold
increased inhibitory activity (Ki=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, an effective strategy to achieve the most
potent and selective P2 residues. The 4-pyr moiety was among

Scheme 3. (A) Phosphonate preparation (9–12). (a) KHMDS/n-BuLi, DECP;
THF; �78/0 °C; 3 h; 43–82%. (b) LHMDS, Selectfluor; THF/DMF; �78 °C–0 °C;
4 h; 45–46%. (B) Aldehyde preparation (13–14). (c) N,O-dimethyl hydroxyl-
amine, HOBt, TBTU, DIPEA; DCM; 0 °C – rt; 12 h; 100%. (d) LiAlH4; 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 HCl; dioxane; rt; 2 h; 88–
95%.

Scheme 4. Synthesis of dipeptides 20–42. (g) Triphosgene, NaHCO3; DCM/
toluene; 0 °C; 3 h; 64%. (h) DIPEA; THF; 0 °C – rt; 12–24 h; 84–100%. (i) HOBt,
TBTU, DIPEA; DCM; 0 °C – rt; 12–24 h; 67–100%. (j) LiOH×1 H2O; THF/H2O; rt;
12–24 h; 44–100%.
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the top two residues in P3 regarding potency and selectivity
with a better synthetic accessibility than morpholyl.[35]

Here, we also prepared corresponding α-fluorovinylsul-
fones/-sulfonates (4a–5d) and determined their inhibitory
activities and selectivity profiles (Table 1). The cyAla residue in
P2 seems to be the most favorable, with Ki 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 both compounds and enzymes. Leucin in P2
combined with an α-fluorovinylsulfonate (5b) also shows good
CatS inhibition (Ki=35 nM) and high selectivity, but lacks
selectivity compared to 5a with cyAla in P2. Homophenylala-
nine 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–6c) with cyAla 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, 3c to be very potent, with Ki values of 0.9 nM (3c) and
40 nM (2c) respectively, we prepared a final inhibitor combining
the favorable cyAla residue in P2 with the morpholyl moiety in
P3 (6c). The results shown in Table 1 reveal that all three
moieties are suitable for the P3 position with Ki values in the
low nanomolar or even subnanomolar range and high
selectivities towards cathepsins B and L. However, it should be
noted that combining suitable residues in P2, P3 and the most
potent warhead is essential to achieve a highly active and
selective inhibitor. Compound 6c (morpholyl in P3, cyAla in P2,
F-vinylsulfonate warhead) with a Ki value around 90 pM and
more than 100,000-fold selectivity towards the other two
cathepsins is the most potent and selective inhibitor of the
series.

To verify the extraordinarily high inhibition potency of 6c,
we also used an alternative substrate (Z-Phe-Arg-AMC) and

Scheme 5. Amide coupling reactions of warheads and dipeptides resulting in the final inhibitors 1a–6c. (i) HOBt, TBTU or HATU, DIPEA; DCM or DCM/DMF;
0 °C – rt; 12–24 h; 11–65%. (f) 4 M HCl; dioxane; rt; 2 h; 74–96%.

Table 1. Enzyme assay results for compounds 2a–6c compared with 1a and 1b.

Compd P1’ P2 P3 Ki CatS
[μM]

Ki CatB
[μM]

SI CatB/CatS Ki CatL
[μM]

SI CatL/CatS

1a Ph Phe Pip-N-Me 1.2⌃0.28 0.47[a] 0.39 0.023[a] 0.02
1b OPh Phe Pip-N-Me 0.010⌃0.002[c] 0.26⌃0.038 26 0.024⌃0.003 2.4
2a Ph Phe Pip-N-boc 0.14⌃0.056 >12 >86 >10 >71
2b Ph Phe Pip 1.3⌃0.37 0.66⌃0.084 0.51 0.79⌃0.21 0.61
2c Ph Phe morpholyl 0.040⌃0.004 0.37⌃0.096 9.3 0.18⌃0.043 4.5
2d Ph Phe 4-pyridyl 0.10⌃0.012 3.1[a] 31 0.11[a] 1.1
2e Ph Phe 3-thiophenyl 0.057⌃0.008 1.1⌃0.38 19 0.56⌃0.097 9.8
3a OPh Phe Pip-N-boc 0.0085⌃0.0045[c] >12 >1,400 >10 >1,100
3b OPh Phe Pip 0.0057⌃0.0023[c] 0.84⌃0.20 147 0.087⌃0.010 15
3c OPh Phe morpholyl 0.0009⌃0.0005[c] 1.2⌃0.20 1,333 0.30⌃0.014 333
3d OPh Phe 4-pyridyl 0.0008⌃0.0004[c] 1.7[b] 85 0.26[b] 13
3e OPh Phe 3-thiophenyl 0.011⌃0.0039[c] 4.0⌃0.98 363 0.97⌃0.059 88
3f OPh Phe Ph 0.0073⌃0.0018[c] >12 >1,600 0.19⌃0.16 26
4a Ph cyAla 4-pyridyl 0.0059⌃0.0008 >15 >2,500 >10 >1,700
4b Ph Leu 4-pyridyl 0.11⌃0.011 >12 >110 0.56⌃0.11 5.1
4c Ph hPhe 4-pyridyl 0.17⌃0.0033 >15 >88 >10 >59
4d Ph Trp 4-pyridyl 0.32⌃0.043 >12 >38 2.3⌃0.61 7.2
5a OPh cyAla 4-pyridyl 0.0079⌃0.0038[c] >15 >1,900 >10 >1,300
5b OPh Leu 4-pyridyl 0.035⌃0.012[c] >12 >340 >10 >290
5c OPh hPhe 4-pyridyl 0.24⌃0.11[c] >12 >50 >10 >42
5d OPh Trp 4-pyridyl 0.018⌃0.0023[c] 1.7⌃0.17 94 0.66⌃0.076 37
6a OPh cyAla Ph-N-boc 0.0059⌃0.0018[c] >12 >2,000 >10 >1,700
6b OPh cyAla Ph-NH2 0.0090⌃0.0017[c] >12 >1,330 >10 >1,100
6c OPh cyAla morpholyl 0.00009⌃0.00002[c] >12 >150,000 >10 >125,000

[a] See Schirmeister et al.[45] [b] See Jung, Fuchs, et al.[49] [c] Time-dependent inhibition.
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repeated the inhibition experiments, resulting in a similar Ki

(120 pM, see Figure 5 and Fluorometric enzyme assay).
Generally, the progress curves for α-fluorovinylsulfones are

linear, indicating that the inhibition is not time-dependent
(Figure 4). For the α-fluorovinylsulfonates, we observed time-
dependent inhibition (Figure 5) with biphasic binding behavior
as we have reported previously for α-fluorovinylsulfonate
inhibitors of the cysteine protease rhodesain.[49] Thus, we also
determined further inhibition constants, such as k3, k4 and Ki*
(dissociation constant of final covalent complex) using the slow-
binding equation for these compounds [1b, 3a–f, 5a–6c,
Table 2, and Equation (1), which depicts enzyme-inhibitor
complex formation and the relevant constants].[51]

(1)

We found the rate constant of the dissociation of the final
complex (k4) to be significantly lower than the association rate
constant (k3) for all time-dependent compounds (Table 2),
suggesting tight-binding behavior. The dissociation constants
of the final covalent complexes (Ki*) are in the low nanomolar

Figure 4. Assay results for 2c (bottom right). (A) Fluorescence-time plot for 2c vs. CatS with different inhibitor concentrations [μM] showing linear progress
curves. (B) Residual enzyme activity [%] vs. inhibitor concentration [μM] for IC50 calculation. Ki value was calculated using the Cheng-Prusoff equation.[51]

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

Compd P2 P3 Ki
[μM]

k3
[s-1]

k4
[s-1]

Ki*
[μM]

1b Phe Pip-N-Me 0.010⌃0.002 0.0015 0.0002 0.0012
3a Phe Pip-N-boc 0.0085⌃0.0045 0.0024 0.0004 0.0012
3b Phe Pip 0.0057⌃0.0023 0.0020 0.0004 0.0010
3c Phe Morpholyl 0.0009⌃0.0005 0.0021 0.0003 0.00011
3d Phe 4-pyridyl 0.0008⌃0.0004 0.0012 0.0004 0.00020
3e Phe 3-thiophenyl 0.011⌃0.0039 0.0016 0.0002 0.0012
3f Phe Ph 0.0073⌃0.0018 0.0018 0.0003 0.0010
5a cyAla 4-pyridyl 0.0079⌃0.0038 0.0015 0.0003 0.0013
5b Leu 4-pyridyl 0.035⌃0.012 0.0016 0.0003 0.0055
5c hPhe 4-pyridyl 0.24⌃0.11 0.0017 0.0002 0.025
5d Trp 4-pyridyl 0.018⌃0.0023 0.0022 0.0002 0.0015
6a cyAla Ph-N-boc 0.0059⌃0.0018 0.0019 0.0002 0.00056
6b cyAla Ph-NH2 0.0090⌃0.0017 0.0007 0.0001 0.00038
6c cyAla morpholyl 0.00009⌃0.00002 0.0017 0.0002 0.00001

[a] k3, k4 and Ki* calculated with the slow-binding equation.[52]
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to subnanomolar range proving the very tight binding of the
inhibitors.

Dilution assay

With dilution assays, we proved that the inhibitors are reversible
as expected from our previous experiences with such
compounds.[49] For the experiments, two compounds (F-vinyl-
sulfonate 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-cathepsin
inhibitor K11777 as an irreversible control.[53]

Figure 6 shows that enzyme activity can be recovered for F-
vinylsulfones and -sulfonates, suggesting reversible inhibition
as anticipated.

SAR discussion

Comparing the Ki values of the lead compounds F-vinylsulfone
1a (Ki=1.2 μM) and F-vinylsulfonate 1b (Ki=0.010 μM) with P3
substituted inhibitors 2a–2e and 3a–3f shows significantly
enhanced affinity towards the target enzyme CatS in all cases
except for piperidyl substituted vinylsulfone 2b (Ki=1.3 μM)

and 3-thiophenyl substituted vinylsulfonate 3e (Ki=0.011 μM).
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,

Figure 5. Assay results for 6c (bottom right). (A) Fluorescence-time plot for 6c vs. CatS with different inhibitor concentrations [nM] showing a biphasic
behavior, thus a time-dependent inhibition mode. Substrate: Z-Val-Val-Arg-AMC. (B) kobs [s�1] vs. inhibitor concentration [μM] plots resulting from assays with
substrate Z-Val-Val-Arg-AMC for Ki calculation using the slow-binding equation.[52] (C) kobs [s�1] vs. Inhibitor concentration [μM] plots resulting from assays with
substrate Z-Phe-Arg-AMC for Ki calculation using the slow-binding equation.[52]

Figure 6. Dilution assays. DMSO as control (black) and K11777 as irreversible
control (red). Incubation of CatS with compounds 3c (F-vinylsulfonate, blue)
and 4a (F-vinylsulfone, green) followed by 100-fold dilution results in an
enzyme activity recovery.
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the selectivities 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 (2a–3f) 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, the vinylsulfonate warhead resulted in
more potent inhibitors as exemplified for compounds 2b vs 3b.
Superposition of the covalent docking poses of both com-
pounds revealed that the phenylalanine substituent of 3b leads
to a different orientation of the phenyl ring inside the S2
subpocket of the active site, where additional face to edge and
face to face π-stacking interactions with Phe211 and Phe70
could be possible, possibly leading to tighter binding of 3b
compared to 2b (Figure 7).

Replacing phenylalanine in P2 with four different amino
acids while maintaining the 4-pyridyl substituent in P3 lead to
the result that the cyAla-residue is best suited to address the S2

pocket of the enzyme with both warheads. This is highlighted
by the increase in potency for the vinylsulfone-based inhibitor
4a (Ki=0.006 μM) compared to 2d (Ki=0.10 μM) 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 sp3-hybridization of the carbon atoms of the cyAla
substituent, which better fills the S2 subpocket of CatS and
presumably generates new non-polar interactions with the
subpocket atoms compared to the sp2-hybridized planar phenyl
ring (Figure 8). The S2 pockets of both off-target cathepsins lack
the depth for accepting bulky residues. Additionally, a water
molecule present in the S2 pocket, could putatively be expelled
by the hydrophobic cyAla residue and thus lead to a change in
entropy and thereby have an impact on the binding free
energy.

Combining the cyAla motif in P2 with morpholine in P3 and
the vinylsulfonate warhead yielded the most potent inhibitor
6c, with a Ki-value in the picomolar range and excellent
selectivities over CatB (>150,000) and CatL (>125,000). Super-
position of the non-covalent docking pose of 6c with the
covalent enzyme-inhibitor complex shows that all polar inter-
actions between the non-covalently bond inhibitor and the
enzyme should still be intact after the covalent bond formation
(Figure 9). Compound 6c also has one of the highest scores for
the stability of the covalent enzyme inhibitor complex (Affinity
~G, MOE-score=�6.0 kcal/mol) as well as the second highest
HYDE-score of all inhibitors with �50 kJ/mol (Table B, Support-
ing Information).

The incorporation of an amine functionality in the P3 site
for compound 6b (Ki=9 nM) and its boc-protected intermedi-
ate 6a (Ki=6 nM) did not deteriorate the affinity or the
selectivity for the target enzyme (Table 1). Therefore, 6b can be
used in future studies with nanodelivery systems.Figure 7. Superposition of the covalent docking poses of 2b (smudge green

carbon atoms) and 3b (purple carbon atoms) inside the active site of CatS
(pdb: 1NPZ). Polar interactions between 3b and the enzyme are depicted as
yellow dashed lines.

Figure 8. Predicted binding modes and non-covalent interactions (yellow dashed lines) of different inhibitors inside the CatS binding pocket (pdb: 1NPZ). (A)
Superposition of the covalent docking poses of 4a (purple carbon-atoms) & 4b (smudge green carbon atoms). (B) Superposition of the covalent docking
poses of 5a (purple carbon-atoms) & 5b (smudge green carbon atoms).

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202300160

ChemMedChem 2023, 18, e202300160 (8 of 21) © 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.07.2023
2315 / 303874 [S. 62/75] 1

 18607187, 2023, 15, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300160 by U

niversitätsbibliothek M
ainz, W

iley O
nline Library on [23/04/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License



 
Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 47 

 

 
 

 

  

Cell viability

Selected compounds were tested in a CellTiter-Glo Lumines-
cent Cell Viability assay to assess their cytotoxicity. We used
MDA-MB-231 cells which are breast cancer cells that compen-
sate the inhibition of CatS and other cathepsins. Therefore, only
unspecific cytotoxic effects, that are not related to CatS
inhibition, are detected.[54] We did not observe significant
cytotoxicity (Figure 10) after 24 h treatment at concentrations
>1,000-fold higher (20 μM) than the compounds’ Ki values in
the low nanomolar range. Only compounds 5a and 6b

exhibited low cytotoxic effects at the highest concentration
applied (100 μM), which was >10,000-fold the compounds’ Ki

values. In conclusion, the exemplarily selected compounds do
not affect cell viability of MDA-MB-231 cells at their biologically
active concentrations.

In addition, the cytotoxic effect of several compounds was
also tested on single cell level using murine DC. The various
compounds (1 μM) were applied alone or followed by admin-
istration of the DC activator lipopolysaccharide (100 ng/mL)
required to achieve robust T cell stimulatory activity. Neither
compound exerted major cytotoxic activity on CD11c+ DC at
concentrations about 1,000-fold higher than their Ki 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).

Conclusions

Here, we have demonstrated that α-fluorovinylsulfones and
-sulfonates are potent covalent-reversible cathepsin S inhibitors.
Both warheads are well suitable for the target enzyme, with the
α-fluorovinylsulfonates being more effective. Starting from the
K11777 scaffold, we replaced residues in the P2 and P3
positions, resulting in high affinity compounds, some of them
being highly selective against off-target cathepsins. In the P3
position, we observed a morpholyl (3c) or 4-pyridyl (3d) residue
to be most suitable with Ki values in the subnanomolar range
and moderate selectivity. In the P2 position, we found that
cyAla (4a, 5a) increased the selectivity immensely with Ki values
in the low nanomolar range for the 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 (Ki=0.09 nM, Ki*=0.01 nM)
and exceptional selectivity towards cathepsins B and L
(>150,000/125,000-fold). The time-dependent inhibition ena-
bles slow-tight binding, thus prolonging target residence times.

Figure 9. Superposition of the non-covalent docking pose of 6c (darksalmon
carbon atoms) and the covalent docking pose of 6c (teal carbon atoms)
inside the active site of CatS (pdb: 1NPZ). Polar interactions between the
non-covalent pose of 6c and the enzyme are depicted as yellow dashed
lines. The distance between the electrophilic C-atom of 6c and Cys25 is
shown as red dashed line with the measured distance in Å.

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 μM or 20 μM, respectively. Significant cytotoxic effect
was observed for MDA-MB-231 cells treated with 5a and 6b at 100 μM. All
experiments were performed in quadruplicates and data are shown as
mean ⌃SD from three independent experiments.

Figure 11. Cell viability of compounds 2b, 2c, 4a, 5a, and 6b-treated
murine CD11c+ DC. Cells were treated for 24 h with each compound at 1 μM
concentration. No significant cytotoxic effects were observed.

ChemMedChem
Research Article
doi.org/10.1002/cmdc.202300160

ChemMedChem 2023, 18, e202300160 (9 of 21) © 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.07.2023
2315 / 303874 [S. 63/75] 1

 18607187, 2023, 15, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300160 by U

niversitätsbibliothek M
ainz, W

iley O
nline Library on [23/04/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License



 
48 Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 

 

 

  

Therefore, compound 6c will be an excellent candidate for
further optimizations regarding new small molecule immuno-
modulators in cancer therapy, where already resistances to
existing immunotherapies are known.[26] Cell viability experi-
ments 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 concentrations (>1,000-fold Ki).
The next steps include immunoassays with macrophages or
dendritic cells to evaluate the potential of our CatS inhibitors,
e.g., 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 cathepsin S
inhibitors to nanocarriers, their efficacy could be further
enhanced through specific targeting, e.g., to dendritic cells or
other APC.[25] Compound 6b with a free amino moiety (Ki=

9 nM, SI>1,000) allows the attachment of various function-
alities, such as linkers or nanodelivery systems.

Experimental Section

General

All reagents and solvents were purchased from Sigma-Aldrich,
Alfa Aesar, Acros, TCI, BLD Pharmatech, Carbolution or Carl
Roth in analytical or HPLC grade quality. Chemicals were used
without further purification, whereas solvents were distilled and
desiccated by standard methods if necessary. 1H and 13C spectra
were recorded on a Bruker Fourier 300 device using DMSO-d6 or
CDCl3 as solvents. Chemical shifts δ are given in parts per million
(ppm) using residual proton peaks of the solvent as internal
standard (1H/13C: DMSO 2.50/39.52 ppm; CHCl3 7.26/77.16 ppm).
The compound purity was determined via HPLC-MS at λ=254 nm
using an Agilent 1100 series HPLC with an Agilent Poroshell 120
EC-C18 column (150×2.10 mm, 4 μm) 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 mixture
of ACN and H2O with 0.01% formic acid. For purification we used a
Varian PrepStar system (model 218) with a MZ-Aqua Perfect C18

column (250×20 mm, 7 μm) by MZ-Analysentechnik. Column
chromatography was performed with silica gel (0.040–0.063 mm)
and all reactions were monitored by thin-layer chromatography
using Macherey-Nagel Alugram Xtra SIL G/UV254 silica gel 60
plates for detection at λ=254 nm. Melting points were determined
in open capillaries with a Schorpp Device Technology MPM-H3
instrument. Optical rotation aâ ä22D was measured on a Krss 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 stirred for 30 min, followed by addition of
boc-l-homophenylalaninal (14, 1.1 eq). The mixture was stirred for

3–5 h at �78 °C and stopped by adding water. The solvent was
evaporated under reduced pressure and the residue was extracted
with EA (3×), washed with water (2×), sat. aq. NaHCO3 (2×), and
brine (2×), then dried over Na2SO4. 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 DIPEA (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 stirred for an additional
12–24 h, then stopped by adding water. The mixture was extracted
with DCM (2×) and the combined organic extracts were washed
with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). After drying
the crude product over Na2SO4, it was purified by column
chromatography.

Procedure C (boc deprotection)

HCl (4 M) in dioxane was added dropwise to the boc-protected
amine (1.0 eq) until all components dissolve. The mixture was
stirred for 2–12 h and the product was precipitated with diethyl
ether and lyophilized afterwards.

Procedure D (alkaline 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 stirred for 12–24 h, then the solvent was removed
under reduced pressure. The pH of the aqueous phase was adjusted
with KHSO4 to 5, giving the products as solids that were further
lyophilized.

Starting material preparation

Ethyl (S)-2-isocyanato-3-phenylpropanoate (7)

Phenylalanine ethyl ester (1.0 eq, 10 mmol, 2.2 g) was dissolved in
DCM and an sat. aq. NaHCO3 solution and cooled to 0 °C.
Triphosgene (0.33 eq, 3.3 mmol, 0.99 g) was added and the mixture
was stirred for 1 h. The mixture was extracted with DCM (2×) and
the combined organic extracts were washed with sat. aq. NaHCO3

(2×), and brine (2×), then dried over Na2SO4 and concentrated
under reduced pressure, resulting in the crude product that was
used without further purification (1.4 g, 6.4 mmol, 64%). 1H NMR
(300 MHz, CDCl3) δ[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). 13C NMR
(75 MHz, CDCl3) δ[ppm]=170.7, 135.7, 129.5, 128.7, 127.5, 62.7,
58.7, 40.1, 14.2. aâ ä22D =�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 SOCl2 (1.1 eq, 11 mmol, 0.8 mL) was
added dropwise. The mixture was stirred under reflux for 12 h and
the reaction was stopped with sat. aq. NaHCO3. 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%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=4.20–4.01 (m, 2H), 4.00–3.83 (m, 2H, NH2), 3.75 (tt, J=9.3,
7.0 Hz, 1H), 1.90 (t, J=7.0 Hz, 2H), 1.65–1.31 (m, 11H), 1.24 (t, J=
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8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=173.1, 60.5, 54.7,
36.9, 33.4, 33.0, 26.2, 25.5, 13.9. aâ ä22D =�25°.
Phosphonate preparation

Diethyl ((phenylsulfonyl)methyl)phosphonate (9)

Phenyl methylsulfone (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 (2.5 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 stirred for 3 h. The reaction was stopped with acetic
acid, and the solvent was evaporated under reduced pressure. The
residue was extracted with EA (3×) and the combined extracts
were washed with water (2×), and brine (2×), then dried over
Na2SO4. The crude product was purified using column chromatog-
raphy (CH :EA 1 :3 – 100% EA), resulting in a yellow oil (3.6 g,
12.3 mmol, 82%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.00–7.90
(m, 2H), 7.79–7.54 (m, 3H), 4.44 (d, J=17.0 Hz, 2H), 4.06–3.88 (m,
4H), 1.21–1.04 (m, 6H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=140.5,
133.8, 129.0, 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, 88 mL) was added dropwise and the mixture was stirred
for 30 min. Afterwards, DECP (1.1 eq, 74 mmol, 12.2 mL) was added
and the mixture was stirred for 3 h and stopped by adding sat. aq.
NH4Cl. The solvent was evaporated under reduced pressure and the
residue was extracted with EA (3×). The combined extracts were
washed with water (2×), and brine (2×), then dried over Na2SO4.
The crude product was purified by column chromatography (CH :EA
1 :2 – 100% EA), resulting in a colorless oil (9.0 g, 29 mmol, 43%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=7.55–7.44 (m, 2H), 7.42–7.31
(m, 3H), 4.63 (d, J=17.4 Hz, 2H), 4.24–4.05 (m, 4H), 1.25 (t, J=
7.0 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=148.9, 130.2,
127.5, 122.3, 62.9, 47.7, 45.9, 16.1.

Diethyl (fluoro(phenylsulfonyl)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 (1.5 eq, 27 mmol, 9.6 g) was dissolved in DMF and added
to the mixture. It was stirred for 4 h at 0 °C and stopped by adding
sat. aq. NH4Cl. The solvent was evaporated under reduced pressure
and the residue was extracted with DCM (3×). The combined
extracts were washed with water (2×), sat. aq. NaHCO3 (2×), and
brine (2×), then dried over Na2SO4. The crude product was purified
by column chromatography (CH :EA 2 :1–1 :2), resulting in a color-
less solid (2.5 g, 8.0 mmol, 45%). 1H NMR (300 MHz, DMSO-d6)
δ[ppm]=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).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=136.2, 135.2, 129.5, 129.3,
64.3, 64.1, 16.1. MP=67–69 °C.
Phenyl (diethoxyphosphoryl)fluoromethanesulfonate (12)

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 stirred for 30 min. Afterwards,
Selectfluor (1.5 eq, 42.5 mmol, 15.0 g) was dissolved in DMF and
added to the mixture. It was allowed to warm to 0 °C, stirred for

4 h, and stopped by adding sat. aq. NH4Cl. The solvent was
evaporated under reduced pressure and the residue was extracted
with DCM (3×). The combined extracts were washed with water
(2×), sat. aq. NaHCO3 (2×), and brine (2×), then dried over Na2SO4.
The crude product was purified by column chromatography (CH :EA
2 :1–1 :2), resulting in a colorless oil (4.4 g, 13.3 mmol, 46%).
1H NMR (300 MHz, CDCl3) δ[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). 13C NMR (75 MHz, CDCl3) δ[ppm]=129.6,
127.8, 124.8, 122.0, 119.9, 64.5, 15.9.

Aldehyde preparation

tert-Butyl
(S)-(1-(methoxy(methyl)amino)-1-oxo-4-phenylbutan-2-yl)
carbamate (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 stirred for 20 min until all components
were dissolved. N,O-Dimethyl hydroxylamine (1.0 eq, 15 mmol,
1.5 g) was added and the mixture was stirred for an additional 12–
24 h, then stopped by adding water. The mixture was extracted
with DCM (2×) and the combined organic extracts were washed
with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). After drying
the crude product over Na2SO4, it was purified by column
chromatography (CH :EA 2 :1–1 :4), giving the product as a colorless
oil (4.8 g, 15 mmol, 100%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=
6.77–6.65 (m, 2H), 6.66–6.51 (m, 3H), 3.82–3.65 (m, 1H), 2.99 (s, 3H),
2.76 (s, 3H), 2.22–2.03 (m, 1H), 2.01–1.87 (m, 2H), 1.23 (q, J=7.0,
6.4 Hz, 2H), 0.91–0.78 (m, 9H). 13C NMR (75 MHz, DMSO-d6)
δ[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, 39.0, 38.7, 32.3, 31.6, 28.2, 26.3. aâ ä22D =�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. LiAlH4 (1.3 eq, 19.5 mmol, 0.74 g) was added in
portions and the mixture was stirred for 2 h. Afterwards, the
reaction was stopped with 0.33 M KHSO4 and the mixture was
extracted with diethyl ether (2×). The combined extracts were
washed with water (2×), 1 M HCl (2×), sat. aq. NaHCO3 (2×), and
brine (2×). The product was dried over Na2SO4, resulting in a
colorless oil that solidified upon standing (3.9 g, 14.7 mmol, 99%).
1H NMR (300 MHz, CDCl3) δ[ppm]=9.55 (s, 1H), 7.46–7.00 (m, 5H),
5.07 (s, 1H), 4.37–4.09 (m, 1H), 2.71 (t, J=7.5 Hz, 2H), 2.37–2.01 (m,
2H), 1.56–1.28 (m, 9H). 13C NMR (75 MHz, CDCl3) δ[ppm]=199.7,
128.8, 128.6, 126.5, 77.6, 77.2, 76.7, 66.0, 31.6, 31.1, 28.4, 15.4.
aâ ä22D =�28°.
Warhead preparation

tert-Butyl (S,E)-(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 mmol, 0.60 g), and
aldehyde 14 (2.2 mmol, 0.58 g). Purification by column chromatog-
raphy (CH :EA 6 :1–4 :1) resulted in a colorless oil (0.50 g, 1.2 mmol,
59%). 1H NMR (300 MHz, CDCl3) δ[ppm]=8.10 (s, 2H), 7.77–7.51 (m,
3H), 7.40–7.19 (m, 5H), 5.85 (dd, JH-F=21.3 Hz, JH-H=10.1 Hz, 1H),
5.38–5.22 (m, 1H), 4.81–4.68 (m, 1H), 2.80 (ddd, J=16.9, 10.2, 6.0 Hz,
2H), 2.13–1.80 (m, 2H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3)
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δ[ppm]=149.8 (d, JC-F=299 Hz), 140.8, 137.6, 134.5, 129.4, 128.9,
128.6, 128.4, 126.2, 121.0 (d, JC-F=4.2 Hz), 77.0, 46.1 (d, JC-F=2.2 Hz),
32.0, 31.0, 28.3. aâ ä22D =�10°.
Phenyl
(S,E)-3-((tert-butoxycarbonyl)amino)-1-fluoro-5-phenyl-
pent-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
5 :1–3 :1) resulted in a colorless oil (0.80 g, 1.8 mmol, 46%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=7.46–7.32 (m, 2H), 7.32–7.15 (m, 6H),
7.10 (d, J=7.0 Hz, 2H), 5.91 (dd, JH-F=31.3 Hz, JH-H=8.6 Hz, 1H),
4.68–4.27 (m, 2H), 2.66–2.43 (m, 2H), 1.97–1.66 (m, 2H), 1.43 (s, 9H).
13C NMR (75 MHz, CDCl3) δ[ppm]=154.8, 150.8, 148.9 (d, JC-F=
296 Hz), 140.2, 130.2, 128.8, 128.4, 128.0, 126.5, 122.4 (d, JC-F=
4.1 Hz), 122.3, 80.4, 46.3 (d, JC-F=2.1 Hz), 35.9, 31.9, 28.4. aâ ä22D =
�15°.
(S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-en-3-ami-
nium chloride (17)

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%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.71 (s, 3H), 8.02 (dd, J=7.3,
1.7 Hz, 2H), 7.97–7.82 (m, 1H), 7.76 (dd, J=8.4, 7.0 Hz, 2H), 7.28–
7.10 (m, 3H), 7.11–7.02 (m, 2H), 6.55 (dd, JH-F=32.6 Hz, JH-H=9.8 Hz,
1H), 4.07–3.94 (m, 1H), 2.57–2.39 (m, 2H), 2.26–1.95 (m, 2H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=154.6 (d, JC-F=298 Hz), 140.3,
136.4, 136.1, 130.7, 130.2, 129.0, 128.9, 128.6, 126.7, 115.0 (d, JC-F=
3.5 Hz), 45.5 (d, JC-F=2.6 Hz), 33.9 (d, JC-F=1.3 Hz), 31.0. aâ ä22D =�15°.
MP=130–132 °C.
Phenyl (S,E)-3-amino-1-fluoro-5-phenylpent-1-ene-1-sulfonate
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%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.77 (s, 3H), 7.59–7.50 (m,
2H), 7.49–7.39 (m, 3H), 7.36 (t, J=7.2 Hz, 2H), 7.28–7.21 (m, 1H),
7.21–7.11 (m, 2H), 6.45 (dd, JH-F=32 Hz, JH-H=9.7 Hz, 1H), 4.15 (td,
J=9.2, 5.3 Hz, 1H), 2.52–2.36 (m, 2H), 2.22–2.03 (m, 1H), 2.02–1.85
(m, 1H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=149.7 (d, JC-F=
300 Hz), 149.0, 140.4, 130.9, 129.3, 129.2, 128.9, 126.4, 122.3, 118.6
(d, JC-F=3.2 Hz), 45.5 (d, JC-F=2.2 Hz), 40.5, 33.6, 30.5. aâ ä22D =�13°.
MP=141–143 °C.
Dipeptide preparation

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

Compound 7 (1.0 eq, 8.5 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 (3×). The combined
organic extracts were washed with water (2×), sat. aq. NaHCO3

(2×), and brine (2×). The organic layer was dried with Na2SO4 and
evaporated. Purification by column chromatography (DCM:MeOH
19 :1) resulted in a colorless solid (2.4 g, 7.4 mmol, 87%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=7.35–7.09 (m, 5H), 6.79 (d, J=7.9 Hz,
1H, NH), 4.23 (ddd, J=8.9, 7.8, 6.5 Hz, 1H), 4.01 (qd, J=7.1, 1.7 Hz,
2H), 3.24 (q, J=4.5 Hz, 4H), 3.04–2.83 (m, 2H), 2.20–2.15 (m, 4H),
2.13 (s, 3H), 1.09 (t, J=7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6)

δ[ppm]=173.0, 157.2, 138.0, 129.3, 128.3, 126.5, 60.3, 55.7, 54.4,
45.8, 43.5, 36.8, 14.1. aâ ä22D =�18°. MP=97–99 °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%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=7.33–7.05 (m, 5H), 6.68 (d, J=7.9 Hz,
1H), 4.28 –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-d6) δ[ppm]=174.6,
157.1, 139.0, 129.4, 128.0, 126.1, 56.0, 53.1, 44.8, 42.7, 39.5, 36.9.
aâ ä22D =�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, 0.24 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 extracted with EA
(3×). The combined organic extracts were washed with water (2×),
sat. aq. NaHCO3 (2×), and brine. The crude product was dried with
Na2SO4, 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%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=7.33–7.18 (m, 3H), 7.11 (dd, J=7.7,
1.8 Hz, 2H), 4.89 (d, J=7.5 Hz, 1H, NH), 4.76 (q, J=6.1 Hz, 1H), 4.17
(q, J=7.1 Hz, 2H), 3.48–3.23 (m, 8H), 3.09 (dd, J=13.1, 5.8 Hz), 1.85
(s, 1H), 1.46 (s, 9H), 1.24 (td, J=7.1, 1.0 Hz, 3H). 13C NMR (75 MHz,
CDCl3) δ[ppm]=172.7, 156.6, 154.7, 136.3, 129.5, 128.6, 127.2, 80.3,
61.6, 54.5, 53.6, 43.6, 38.5, 28.5, 14.3. aâ ä22D =�24°.
(4-(tert-Butoxycarbonyl)piperazine-1-carbonyl)-l-phenylalanine
(22)

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%).
1H NMR (300 MHz, CDCl3) δ[ppm]=8.79 (s, 1H, OH), 7.33–7.22 (m,
3H), 7.20–7.14 (m, 2H), 5.07 (d, J=7.1 Hz, 1H, NH), 4.65 (q, J=
6.4 Hz, 1H), 3.42–3.21 (m, 8H), 3.21–3.04 (m, 2H), 1.45 (s, 9H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.7, 157.5, 154.8, 136.4, 129.5,
128.8, 127.3, 80.6, 55.0, 43.7, 37.4, 28.5. aâ ä22D =�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 (2.5 eq, 11 mmol, 2.0 mL) and morpho-
line (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 (3×). The combined organic extracts were
washed with water (2×), sat. aq. NaHCO3 (2×), and brine (2×). The
organic layer was dried with Na2SO4 and evaporated, giving a
colorless oil (1.3 g, 4.5 mmol, 100%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=7.38–7.16 (m, 5H), 7.12 (d, J=11.7 Hz, 1H, NH), 4.69 (dt,
J=11.7, 7.0 Hz, 1H), 4.27–3.98 (m, 2H), 3.64 (td, J=7.1, 1.3 Hz, 4H),
3.38 (dt, J=10.6, 7.1 Hz, 4H), 2.97 (ddt, J=7.0, 2.6, 0.9 Hz, 2H), 1.22
(t, J=8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.1, 157.3,
136.8, 129.2, 128.6, 127.2, 66.0, 61.7, 55.2, 46.7, 37.6, 14.1. aâ ä22D =
�19°.
(Morpholine-4-carbonyl)-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%). 1H NMR
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(300 MHz, CDCl3) δ[ppm]=7.77 (d, J=11.9 Hz, 1H), 7.31–7.11 (m,
5H), 4.48 (dt, J=11.9, 7.0 Hz, 1H), 3.64 (td, J=7.1, 1.7 Hz, 4H), 3.30
(dt, J=8.8, 7.1 Hz, 4H), 3.03 (dq, J=7.0, 1.0 Hz, 2H). 13C NMR
(75 MHz, CDCl3) δ[ppm]=174.8, 157.6, 137.0, 130.1, 128.7, 126.9,
66.0, 56.2, 46.5, 37.5. aâ ä22D =�12°.
(S)-Ethyl-2-(isonicotinamido)-3-phenylpropanoate (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%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=9.18 (d, J=7.9 Hz, 1H, NH), 8.76–8.68 (m, 2H),
7.72–7.64 (m, 2H), 7.33–7.15 (m, 5H), 4.69 (ddd, J=10.1, 7.8, 5.2 Hz,
1H), 3.65 (s, 3H), 3.20 (dd, J=13.7, 5.3 Hz, 1H), 3.08 (dd, J=13.7,
10.2 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ[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. aâ ä22D =
�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 colorless solid (1.4 g, 5.0 mmol, 65%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=12.87 (s, 1H, OH), 9.04 (d, J=8.2 Hz,
1H, NH), 8.76–8.66 (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), 3.22 (dd, J=
13.8, 4.5 Hz, 1H), 3.05 (dd, J=13.8, 10.7 Hz, 1H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.8, 164.8, 150.3, 140.8, 138.0, 129.1, 128.3,
126.5, 121.3, 54.3, 36.2. aâ ä22D =�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-carbox-
ylic acid (20 mmol, 1.9 g), resulting in a colorless oil (5.5 g, 19 mmol,
95%). 1H NMR (300 MHz, CDCl3) δ[ppm]=8.06 (d, J=11.9 Hz, 1H,
NH), 7.98 (dd, J=2.7, 1.6 Hz, 1H), 7.73–7.49 (m, 2H), 7.34–7.07 (m,
5H), 4.85 (dt, J=11.9, 7.0 Hz, 1H), 4.31–3.95 (m, 2H), 3.16–2.89 (m,
2H), 1.34–1.11 (m, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=171.8,
162.9, 136.8, 134.4, 130.2, 129.9, 129.2, 128.6, 127.2, 125.9, 61.6,
53.9, 37.7, 14.1. aâ ä22D =�25°.
(Thiophene-3-carbonyl)-l-phenylalanine (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%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.60 (s, 1H, OH), 8.22 (d, J=12.1 Hz, 1H,
NH), 7.95 (dd, J=2.8, 1.6 Hz, 1H), 7.76 (dd, J=7.5, 1.5 Hz, 1H), 7.60
(dd, J=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). 13C NMR (75 MHz, CDCl3) δ[ppm]=173.8,
163.0, 137.4, 134.6, 130.5, 130.1, 130.0, 128.7, 127.0, 125.4, 54.9,
37.5. aâ ä22D =�20°. MP=95–97 °C.
Ethyl benzoyl-l-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, 3.2 g), resulting in a colorless solid (5.2 g, 18 mmol, 80%).
1H NMR (300 MHz, CDCl3) δ[ppm]=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), 3.17–2.90
(m, 2H), 1.26 (t, J=8.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ[ppm]=
171.8, 167.1, 136.8, 133.8, 131.8, 129.3, 128.9, 128.6, 127.4, 127.2,
61.5, 54.2, 37.80, 14.3. aâ ä22D =�28°. MP=115–117 °C.

Benzoyl-l-phenylalanine (30)

30 was prepared according to procedure D using 29 (6.4 mmol,
1.9 g), resulting in a colorless solid (1.6 g, 5.8 mmol, 91%). 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.55 (s, 1H, OH), 8.29 (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, 7H), 4.67 (dt, J=12.1, 7.0 Hz, 1H), 3.31–3.07 (m, 3H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.8, 167.0, 137.4, 134.2, 131.7,
130.1, 128.7, 128.7, 127.4, 126.9, 54.8, 37.5. aâ ä22D =�20°. MP=148–
150 °C.
Ethyl (S)-3-cyclohexyl-2-(isonicotinamido)propanoate (31)

31 was prepared according to procedure B using 8 (6.5 mmol,
1.3 g) and isonicotinic acid (7.8 mmol, 0.96 g). Purification by
column chromatography (CH :EA 1 :1 – 100% EA) resulted in a
colorless oil (1.8 g, 5.9 mmol, 93%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=8.71–8.53 (m, 2H), 7.65–7.46 (m, 2H), 7.05 (d, J=8.2 Hz,
1H, NH), 4.77 (ddd, J=9.0, 8.1, 5.4 Hz, 1H), 4.24–4.08 (m, 2H), 1.96 (s,
2H), 1.82–1.49 (m, 10H), 1.46–1.27 (m, 1H), 1.27–1.11 (m, 3H).
13C NMR (75 MHz, CDCl3) δ[ppm]=174.2, 165.3, 150.5, 141.1, 121.1,
61.4, 51.8, 34.4, 33.5, 32.7, 26.4, 26.2, 26.1, 14.2. aâ ä22D =�29°.
(S)-3-Cyclohexyl-2-(isonicotinamido)propanoic acid (32)

32 was prepared according to procedure D using 31 (5.9 mmol,
1.8 g), resulting in a colorless solid (0.80 g, 2.9 mmol, 49%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=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), 1.51–1.25 (m, 1H), 1.25–0.98 (m, 3H), 1.00–0.77 (m, 3H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.9, 165.0, 150.3, 140.9,
121.4, 50.3, 37.9, 33.8, 33.2, 31.5, 26.0, 25.7, 25.6. aâ ä22D =�35°. MP=
115–117 °C.
Ethyl isonicotinoyl-l-leucinate (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 (1.6 g, 6.0 mmol, 100%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.84 (d, J=7.7 Hz, 1H), 8.65–
8.49 (m, 2H), 7.69–7.51 (m, 2H), 4.45–4.17 (m, 1H), 3.93 (q, J=7.2 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). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=172.6, 165.6, 150.7, 141.2, 121.8, 61.0, 51.6, 39.6, 24.9, 23.2,
21.6, 14.5. aâ ä22D =�28°.
Isonicotinoyl-l-leucine (34)

34 was prepared according to procedure D using 33 (6.0 mmol,
1.6 g), resulting in a yellow solid (1.3 g, 5.4 mmol, 90%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=9.43 (d, J=7.7 Hz, 1H, NH), 9.08–8.77
(m, 2H), 8.32–8.10 (m, 2H), 4.43 (ddd, J=11.1, 7.7, 4.2 Hz, 1H), 1.99–
1.72 (m, 1H), 1.72–1.43 (m, 2H), 1.00–0.66 (m, 6H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=173.8, 164.1, 146.2, 145.6, 124.2, 39.9, 51.8, 25.0,
23.4, 21.6. aâ ä22D =�14°. MP=122–124 °C.
Ethyl (S)-2-(isonicotinamido)-4-phenylbutanoate (35)

35 was prepared according to procedure B using l-homophenylala-
nine ethyl ester hydrochloride (6.0 mmol, 1.5 g) and isonicotinic
acid (7.2 mmol, 0.89 g), resulting in a yellow solid (1.2 g, 3.8 mmol,
67%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.99–8.81 (m, 1H, NH),
8.66–8.47 (m, 2H), 7.62 (dt, J=4.5, 1.8 Hz, 2H), 7.17–6.89 (m, 5H),
4.20 (qd, J=7.4, 1.7 Hz, 1H), 4.00–3.85 (m, 2H), 2.61–2.50 (m, 2H),
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1.98–1.84 (m, 2H), 0.99 (td, J=7.1, 1.7 Hz, 3H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.2, 165.8, 150.7, 141.3, 141.2, 128.9, 128.8,
126.5, 121.9, 61.1, 52.8, 32.7, 32.1, 14.5. aâ ä22D =�30°. MP=101–
103 °C.
(S)-2-(Isonicotinamido)-4-phenylbutanoic acid (36)

36 was prepared according to procedure D using 35 (3.8 mmol,
1.2 g), resulting in a yellow solid (0.6 g, 2.1 mmol, 56%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=12.72 (s, 1H, OH), 9.01 (d, J=7.7 Hz,
1H, NH), 8.75 (q, J=2.2 Hz, 2H), 7.81 (q, J=2.3 Hz, 2H), 7.46–7.03 (m,
5H), 4.34 (q, J=7.6, 7.1 Hz, 1H), 2.92–2.51 (m, 2H), 2.23–1.94 (m, 2H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.8, 165.7, 150.7, 141.4,
128.9, 128.8, 126.4, 121.9, 52.7, 32.7, 32.2. aâ ä22D =�31°. MP=133–
135 °C.
Ethyl isonicotinoyl-l-tryptophanate (37)

37 was prepared according to procedure B using l-tryptophane
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%).
1H NMR (300 MHz, CDCl3) δ[ppm]=8.70–8.60 (m, 2H), 8.54 (s, 1H,
NH), 7.55–7.49 (m, 1H), 7.49–7.42 (m, 2H), 7.35 (dt, J=8.2, 1.0 Hz,
1H), 7.22–7.02 (m, 2H), 7.00 (d, J=2.4 Hz, 1H), 6.82 (d, J=7.7 Hz,
1H), 5.10 (dt, J=7.7, 5.3 Hz, 1H), 4.19 (qd, J=7.2, 4.2 Hz, 2H), 3.54–
3.35 (m, 2H), 1.26 (t, J=7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3)
δ[ppm]=171.7, 165.1, 150.5, 141.2, 136.3, 127.8, 123.0, 122.5, 121.1,
119.9, 118.6, 111.6, 109.8, 61.9, 53.9, 27.6, 14.2. aâ ä22D =�14°.
Isonicotinoyl-l-tryptophan (38)

38 was prepared according to procedure D using 37 (6.0 mmol,
2.0 g), resulting in an orange solid (0.81 g, 2.6 mmol, 44%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=10.93 (d, J=2.4 Hz, 1H, OH), 9.00 (d,
J=7.9 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=8.0 Hz, 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).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.3, 164.8, 150.2, 141.0,
136.1, 127.2, 123.7, 121.4, 120.9, 118.3, 118.2, 111.5, 110.4, 54.2,
26.7. aâ ä22D =�10°. MP=150–152 °C.
Ethyl
(S)-2-(4-((tert-butoxycarbonyl)amino)benzamido)-3-cyclo-
hexylpropanoate (39)

39 was prepared according to 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%). 1H NMR (300 MHz, CDCl3) δ[ppm]=7.97–7.85 (m,
1H), 7.62–7.38 (m, 4H), 6.38 (d, J=8.2 Hz, 1H), 4.61 (td, J=8.5,
5.6 Hz, 1H), 3.99 (qd, J=7.1, 1.9 Hz, 2H), 2.58 (s, 1H), 1.66–1.52 (m,
2H), 1.33–0.89 (m, 18H), 0.92–0.49 (m, 3H). 13C NMR (75 MHz, CDCl3)
δ[ppm]=173.5, 166.7, 152.6, 142.0, 132.3, 128.3, 128.1, 117.8, 81.0,
61.4, 50.7, 34.4, 33.5, 32.8, 28.4, 28.3, 26.4, 26.2, 26.1, 14.2. aâ ä22D =
�12°. MP=87–89 °C.
(S)-2-(4-((tert-Butoxycarbonyl)amino)benzamido)-3-cyclo-
hexylpropanoic acid (40)

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%). 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=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),
3.54–3.07 (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) δ[ppm]=174.9, 167.5, 153.0,

144.2, 130.8, 124.5, 117.7, 117.5, 80.1, 50.6, 34.3, 33.7, 31.9, 28.5,
28.5, 26.5, 25.6. aâ ä22D =�11°. MP=104–106 °C.
(4-Morpholine-1-carbonyl)-l-cyclohexylalanine methylester
(41)

l-Cyclohexylalanine methylester hydrochloride (1.0 eq, 2.48 mmol,
0.55 g) was dissolved in DCM and a sat. aq. NaHCO3 (40 mL)
solution and cooled to 0 °C. Triphosgene (0.33 eq, 0.83 mmol,
0.25 g) was added and the mixture was stirred for 30 min. The
mixture was extracted with DCM (2×40 mL) and the combined
organic extracts were washed with sat. aq. NaHCO3 (2×30 mL), and
brine (2×30 mL), then dried over Na2SO4 and concentrated under
reduced pressure, resulting in a crude product that was dissolved in
THF (30 mL) and cooled to 0 °C. Morpholine (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 extracted with ethyl
acetate (3×25 mL), washed with brine (2×20 mL), dried over
Na2SO4, and concentrated under reduced pressure to yield a
colorless oil (0.75 g, 2.5 mmol, 98%). 1H NMR (300 MHz, CDCl3)
δ[ppm]=4.96–4.83 (m, 1H), 4.58–4.40 (m, 1H), 4.09 (q, J=7.1 Hz,
1H), 3.70 (s, 3H), 3.69–3.61 (m, 4H), 3.41–3.28 (m, 4H), 2.01 (s, 1H),
1.76 (d, J=12.8 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). 13C NMR (75 MHz,
CDCl3) δ[ppm]=175.1, 157.4, 66.5, 52.3, 51.6, 44.1, 40.4, 34.2, 33.6,
32.7, 26.4, 26.2, 26.1, 21.1, 14.3. aâ ä22D = +16°. MP=105–106 °C.
(4-Morpholine-1-carbonyl)-l-cyclohexylalanine (42)

42 was prepared according to procedure D using 41 (1.0 eq, 0.7 g,
2.4 mmol), resulting in a colorless solid (0.65 g, 2.3 mmol,
97%).1H NMR (300 MHz, CDCl3) δ[ppm]=9.37 (s, 1H), 5.27–5.07 (m,
1H), 4.41 (s, 1H), 3.75–3.55 (m, 4H), 3.46–3.28 (m, 4H), 1.83–1.47 (m,
6H), 1.44–1.30 (m, 1H), 1.26–1.04 (m, 4H), 1.04–0.79 (m, 2H).
13C NMR (75 MHz, CDCl3) δ[ppm]=176.9, 158.1, 66.5, 51.9, 44.2,
39.6, 34.3, 33.6, 32.6, 26.6, 26.2, 26.1. 176.9, 158.1, 66.5, 51.9, 44.2,
39.6, 34.3, 33.6, 32.6, 26.5, 26.2, 26.1. aâ ä22D = +20°. MP=96–97 °C.
Inhibitor preparation

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4-methyl-
piperazine-1-carboxamide (1a)

1a was published previously and provided in form of a colorless
solid. For experimental data, see Schirmeister et al.[45]

Phenyl (S,E)-1-fluoro-3-((S)-2- (4-methylpiperazine-1-
carboxamido)-3-phenylpropan-
amido)-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 al.[49]

tert-Butyl
4-(((S)-1-(((S,E)-1-fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamoyl)piperazine-1-carboxylate (2a)

2a was prepared as published previously46 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,
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32%). 1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.24 (d, J=7.7 Hz, 1H),
7.98–7.90 (m, 2H), 7.89–7.77 (m, 1H), 7.79–7.67 (m, 2H), 7.31–7.12
(m, 8H), 7.13–7.05 (m, 2H), 6.66 (d, J=8.2 Hz, 1H), 6.26 (dd, JH-F=
33.9 Hz, JH-H=8.9 Hz, 1H), 4.51 (t, J=7.8 Hz, 1H), 4.28 (td, J=8.8,
5.6 Hz, 1H), 3.23 (dd, J=9.5, 5.4 Hz, 8H), 2.99–2.70 (m, 2H), 1.99–
1.64 (m, 2H), 1.39 (s, 9H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=
172.4, 157.4, 154.3, 141.3, 138.8, 137.1, 135.7, 130.6, 129.7, 128.8,
128.7, 128.6, 128.4, 126.6, 126.4, 119.8, 79.5, 56.4, 44.2, 43.8, 37.8,
35.5, 31.5, 28.5. aâ ä22D =�16°. MP=87–89 °C. ESI-MS: [M+H+] calc.
679.2, found 679.1. Purity: 99%.

4-(((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)pi-
perazin-1-ium chloride (2b)

2b was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)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%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.25 (d, J=7.7 Hz, 1H), 8.00–7.90 (m, 2H), 7.89–
7.79 (m, 1H), 7.78–7.66 (m, 2H), 7.30–7.13 (m, 8H), 7.15–7.05 (m, 2H),
6.62 (d, J=8.1 Hz, 1H), 6.26 (dd, JH-F=33.9 Hz, JH-H=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), 2.98–2.72 (m, 2H), 2.58–2.38 (m, J=2.8, 2.4 Hz, 2H), 1.99–
1.64 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=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, 66.7, 56.8, 44.8, 44.6, 41.2, 38.1, 35.8, 31.8.
aâ ä22D =�10°. MP=95–97 °C. ESI-MS: [M+H+] calc. 580.2, found
580.0. Purity: 100%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-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 Jung, Fuchs et al.[49]

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)thiophene-3-carb-
rboxamide (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 resulted in
a colorless solid (0.090 g, 0.16 mmol, 22%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.51–8.37 (m, 2H), 8.17 (ddd, J=6.5, 3.0, 1.3 Hz,
1H), 7.99–7.85 (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, JH-F=33.7 Hz, 24.5 Hz, JH-
H=9.0 Hz, 1H), 4.77–4.36 (m, 2H), 3.14–2.82 (m, 2H), 2.45–2.31 (m,
2H), 2.01–1.64 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=171.5,
162.4, 141.2, 138.5, 137.7, 137.0, 135.7, 130.6, 130.5, 129.6, 128.7,
128.6, 128.6, 127.5, 127.0, 126.8, 126.4, 119.6, 55.2, 44.4, 37.8, 31.5.
aâ ä22D =�21°. MP=136–138 °C. ESI-MS: [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-yl)amino)-1-oxo-3-phenyl-
propan-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 colorless solid (0.18 g, 0.26 mmol, 43%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.17 (d, J=7.6 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, JH-F=33.3 Hz, JH-H=9.0 Hz, 1H), 4.56 (q, J=7.8 Hz, 1H), 4.28
(td, J=8.8, 5.9 Hz, 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). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.6, 157.5, 154.3, 149.2, 141.2, 138.7, 130.9,
129.7, 128.8, 128.7, 128.4, 126.6, 126.4, 124.0, 122.5, 79.5, 56.4, 44.3,
43.8, 37.8, 34.9, 31.3, 28.5. aâ ä22D =�18°. MP=107–109 °C. ESI-MS: [M
+H+] calc. 639.2, found 639.1. Purity: 99%.

4-(((S)-1-(((S,E)-1-Fluoro-1-(phenoxysulfonyl)-5-phenylpent-
1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamoyl)piper-
perazin-1-ium chloride (3b)

3b was prepared according to procedure C using 3a (0.23 mmol,
0.16 g). Purification via HPLC resulted in a colorless solid (0.14 g,
0.22 mmol, 96%). 1H NMR (300 MHz, DMSO-d6) δ[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, JH-F=33.3 Hz, JH-H=
9.0 Hz, 1H), 4.65–4.46 (m, 1H), 4.37–4.17 (m, 1H), 3.62–3.44 (m, 4H),
3.12–2.76 (m, 4H), 2.50–2.35 (m, 2H), 1.91–1.63 (m, 2H). 13C NMR
(75 MHz, DMSO-d6) δ[ppm]=172.5, 157.2, 149.2, 145.4, 141.3, 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, 31.4. aâ ä22D =�16°. MP=125–127 °C. ESI-
MS: [M+H+] calc. 595.2, found 595.1. Purity: 98%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(morpholine-4-carboxamido)-3-
phenylpropanamido)-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 resulted in
a colorless solid (0.14 g, 0.24 mmol, 59%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.18 (d, J=7.6 Hz, 1H, NH), 7.54–7.43 (m, 3H),
7.43–7.35 (m, 2H), 7.36–7.10 (m, 10H), 6.64 (d, J=8.2 Hz, 1H, NH),
6.03 (dd, JH-F=33.3 Hz, JH-H=9.0 Hz, 1H), 4.58 (p, J=7.7 Hz, 1H), 4.29
(td, J=8.7, 5.9 Hz, 1H), 3.54–3.40 (m, 4H), 3.31–3.13 (m, 4H), 2.97–
2.76 (m, 2H), 2.55–2.38 (m, 2H), 1.88–1.65 (m, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.6, 157.7, 149.3, 149.2, 145.4, 141.2, 138.7,
130.9, 129.7, 128.8, 128.7, 128.4, 126.6, 126.4, 124.0, 122.5, 122.4,
66.3, 56.4, 44.4, 40.8, 37.8, 34.9, 31.3. aâ ä22D =�12°. ESI-MS: [M+H+]
calc. 596.2, found 596.1. Purity: 97%.

Phenyl
(S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-3-phenyl-
propanamido)-5-phenylpent-1-ene-1-sulfonate (3d)

3d was published previously and provided in form of a colorless
solid. For experimental date see Jung, Fuchs et al.[49]

Phenyl (S,E)-1-fluoro-5-phenyl-3-((S)-3-phenyl-2-(thiophene-3-
carboxamido)propanamido)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%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.53–8.39 (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),
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7.35–7.17 (m, 10H), 7.19–7.10 (m, 3H), 6.10 (dd, JH-F=33.3 Hz, JH-H=
9.1 Hz, 1H), 4.81–4.46 (m, 2H), 3.13–2.86 (m, 2H), 2.47–2.32 (m, 2H),
1.99–1.60 (m, 2H). 13C NMR (75 MHz, DMSO-d6) δ[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, 127.1, 126.8, 126.4,
123.9, 122.5, 55.0, 40.8, 39.2, 38.1, 26.8. aâ ä22D =�20°. MP=119–
121 °C. ESI-MS: [M+H+] calc. 593.2, found 593.2. Purity: 99%.

Phenyl (S,E)-3-((S)-2-benzamido-3-phenylpropanamido)-1-
fluoro-5-phenylpent-1-ene-1-sulfonate (3 f)

3 f was prepared according to 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%). 1H NMR (300 MHz,
DMSO-d6) δ[ppm]=8.68–8.57 (m, 1H, NH), 8.47–8.29 (m, 1H, NH),
7.90–7.76 (m, 2H), 7.60–7.04 (m, 20H), 6.25 (dd, JH-F=15.4 Hz, JH-H=
9.2 Hz, 1H), 5.00–4.75 (m, 1H), 4.78–4.47 (m, 1H), 3.16–2.93 (m, 2H),
2.61–2.36 (m, 2H), 1.94–1.67 (m, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=171.7, 166.7, 149.2, 141.2, 138.5, 134.4, 134.3, 132.1, 131.8,
130.9, 130.8, 130.8, 129.6, 129.6, 128.8, 128.8, 128.7, 128.7, 128.6,
127.9, 127.9, 127.8, 126.8, 126.4, 123.9, 122.5, 55.4, 45.1, 39.2, 31.7,
31.4. aâ ä22D =�15°. MP=150–152 °C. ESI-MS: [M+H+] calc. 587.2,
found 587.0. Purity: 96%.

N-((S)-3-Cyclohexyl-1-(((S,E)-1-fluoro-5-phenyl-1-(phenyl-
sulfonyl)pent-1-en-3-yl)amino)-1-oxopropan-2-yl)isonicotin-
amide (4a)

4a was prepared according to procedure B using 17 (0.32 mmol,
0.11 g) and 32 (0.39 mmol, 0.11 g), resulting in a colorless solid
(0.052 g, 0.090 mmol, 28%) after purification via HPLC. 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.85–8.66 (m, 2H), 8.42 (d, J=7.8 Hz,
1H), 7.96–7.87 (m, 2H), 7.85–7.76 (m, 3H), 7.73–7.61 (m, 2H), 7.35–
7.04 (m, 5H), 6.35 (dd, JH-F=33.2 Hz, JH-H=8.9 Hz, 1H), 4.52 (dt, J=
15.1, 7.9 Hz, 2H), 2.97–2.83 (m, 2H), 1.98–1.77 (m, 2H), 1.77–1.49 (m,
8H), 1.43–1.20 (m, 3H), 1.12 (d, J=7.9 Hz, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.1, 165.3, 150.6, 141.4, 141.3, 137.0, 135.6,
130.5, 128.7, 128.6, 126.4, 122.0, 52.0, 40.8, 34.2, 33.5, 31.6, 26.5,
26.2, 26.1. aâ ä22D =�15°. MP=108–110 °C. ESI-MS: [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-yl)amino)-4-methyl-1-oxopentan-2-yl)isonicotinamide
(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. 1H NMR
(300 MHz, DMSO-d6) δ[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, JH-F=32.5 Hz, JH-H=8.1 Hz,
1H), 4.70–4.54 (m, 1H), 4.43–4.11 (m, 1H), 2.84–2.40 (m, 2H), 2.17–
1.76 (m, 2H), 1.73–1.48 (m, 2H), 1.53–1.32 (m, 1H), 1.05–0.64 (m, 6H).
13C NMR (75 MHz, DMSO-d6) δ[ppm]=173.0, 166.9, 150.6, 142.4,
141.9, 140.8, 140.4, 137.9, 133.5, 129.4, 128.5, 127.8, 126.1, 122.0,
121.8, 121.1, 53.0, 47.1, 40.8, 35.9, 32.6, 24.6, 22.3. aâ ä22D =�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-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-1-oxo-4-phenylbutan-2-yl)isonicotinamide (4c)

4c was prepared according to procedure B using 17 (0.28 mmol,
0.10 g) and 36 (0.34 mmol, 0.10 g), resulting in a diastereomeric

mixture which was separated via HPLC to yield the pure compound
with (E)-configuration as a colorless solid (0.043 g, 0.073 mmol,
26%). 1H NMR (300 MHz,DMSO-d6) δ[ppm]=8.96–8.50 (m, 2H), 8.40
(d, J=7.9 Hz, 1H), 7.96–7.41 (m, 6H), 7.41–6.69 (m, 11H), 6.39 (dd, JH-
F=34.0 Hz, JH-H=8.9 Hz, 1H), 4.69–4.12 (m, 2H), 3.59–3.07 (m, 2H),
2.77–2.50 (m, 2H), 2.14–1.70 (m, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=171.9, 166.0, 151.1, 142.1, 136.1, 131.0, 129.2, 126.8, 122.5,
120.0, 106.9, 70.3, 44.8, 34.0, 32.8, 30.1. aâ ä22D =�19°. MP=85–87 °C.
ESI-MS: [M+H+] calc. 586.2, found 586.2. Purity: 95%.

N-((S)-1-(((S,E)-1-Fluoro-5-phenyl-1-(phenylsulfonyl)pent-1-
en-3-yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)isonicotin-
amide (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 colorless solid
(0.054 g, 0.088 mmol, 31%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=10.73 (t, J=3.4 Hz, 1H), 8.89–8.73 (m,
1H), 8.73–8.55 (m, 2H), 8.51–8.32 (m, 1H), 8.01–7.47 (m, 8H), 7.32–
6.80 (m, 9H), 6.31 (ddd, JH-F=33.8 Hz, JH-F=8.9, 4.7 Hz, 1H), 4.73–
4.56 (m, 1H), 4.50 (q, J=8.1 Hz, 1H), 3.22–2.99 (m, 2H), 2.85–2.38 (m,
2H), 2.05–1.52 (m, 2H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.0,
168.6, 150.9, 141.6, 139.4, 138.6, 137.3, 133.6, 129.6, 128.4, 128.2,
127.6, 126.0, 123.9, 123.0, 122.8, 121.6, 121.2, 119.1, 118.8, 117.8,
116.8, 113.1, 110.1, 54.7, 47.0, 37.4, 32.4, 28.4. aâ ä22D =�21°. MP=
101–103 °C. ESI-MS: [M+H+] calc. 611.2, found 611.2. Purity: 96%.

Phenyl (S,E)-3-((S)-3-cyclohexyl-2-(isonicotinamido)
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (5a)

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. 1H NMR
(300 MHz, DMSO-d6) δ[ppm]=8.89–8.71 (m, 2H), 8.44 (m, 1H), 7.96–
7.87 (m, 2H), 7.87–7.79 (m, 3H), 7.77–7.66 (m, 2H), 7.41–7.09 (m, 5H),
6.40 (dd, JH-F=33.1 Hz, JH-H=9.0 Hz, 1H), 4.58 (dt, J=15.2, 7.9 Hz,
2H), 2.99–2.88 (m, 2H), 2.00–1.80 (m, 2H), 1.78–1.48 (m, 8H), 1.48–
1.25 (m, 3H), 1.16 (d, J=7.9 Hz, 2H). 13C NMR (75 MHz, DMSO-d6)
δ[ppm]=172.2, 165.5, 150.9, 141.5, 141.4, 137.2, 135.9, 130.6, 128.9,
128.8, 126.7, 122.5, 52.4, 41.2, 34.6, 33.9, 32.0, 26.6, 26.3, 26.0.
aâ ä22D =�12°. MP=123–125 °C. ESI-MS: [M+H+] calc. 594.2, found
594.2. Purity: 99%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-4-
methylpentanamido)-5-phenylpent-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, 0.071 g), resulting in a colorless solid
(0.031 g, 0.056 mmol, 22%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=8.81 (d, J=8.4 Hz, 1H), 8.73 (s, 2H), 8.36
(dd, J=14.8, 8.0 Hz, 1H), 7.80 (d, J=7.5 Hz, 2H), 7.54–7.36 (m, 2H),
7.35–7.08 (m, 7H), 7.01 (d, J=7.5 Hz, 1H), 6.15 (dd, JH-F=32.4 Hz,
JH-H=8.8 Hz, 1H), 4.89 (s, 1H), 4.69–4.31 (m, 1H), 1.67 (s, 2H), 1.10–
0.58 (m, 11H). 13C NMR (75 MHz, CDCl3) δ[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, 126.1, 122.4, 121.1, 53.0, 47.1, 40.8, 35.9, 32.6, 24.6, 22.3.
aâ ä22D =�20°. MP=76–78 °C. ESI-MS: [M+H+] calc. 554.2, found
554.0. Purity: 99%.

Phenyl (S,E)-1-fluoro-3-((S)-2-(isonicotinamido)-4-
phenylbutanamido)-5-phenylpent-1-ene-1-sulfonate (5c)

5c was prepared according to procedure B using 18 (0.40 mmol,
0.15 g) and 36 (0.48 mmol, 0.18 g), resulting in a colorless solid
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(0.060 g, 0.10 mmol, 25%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=9.02 (dd, J=7.6, 5.4 Hz, 1H), 8.88 (t, J=
5.3 Hz, 2H), 8.53 (d, J=7.9 Hz, 1H), 8.09–7.82 (m, 5H), 7.86–7.66 (m,
2H), 7.51–7.09 (m, 10H), 6.51 (ddd, JH-F=33.9 Hz, JH-F=8.9, 5.1 Hz,
1H), 4.83–4.34 (m, 2H), 2.86–2.68 (m, 4H), 2.33–1.81 (m, 4H).
13C NMR (75 MHz, CDCl3) δ[ppm]=172.2, 166.3, 151.6, 142.2, 136.5,
131.4, 129.5, 127.0, 122.9, 120.4, 107.3, 70.4, 44.9, 34.3, 32.8, 30.3.
aâ ä22D =�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-(isonicotinamido)
propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate (5d)

5d was prepared according to procedure B using 18 (0.54 mmol,
0.20 g) and 38 (0.65 mmol, 0.20 g), resulting in a colorless solid
(0.071 g, 0.11 mmol, 20%) after purification via HPLC. 1H NMR
(300 MHz, CDCl3) δ[ppm]=10.68–10.33 (m, 1H), 8.75–8.52 (m, 1H),
8.50–8.35 (m, 2H), 8.22 (d, J=8.5 Hz, 1H), 7.79–7.51 (m, 4H), 7.52–
7.36 (m, 5H), 7.09–6.67 (m, 9H), 6.12 (dd, JH-F=33.9 Hz, JH-H=8.9 Hz,
1H), 4.60–4.14 (m, 2H), 3.00–2.80 (m, 2H), 2.67–2.39 (m, 2H), 1.80–
1.39 (m, 2H). 13C NMR (75 MHz, CDCl3) δ[ppm]=172.0, 168.6, 150.9,
149.4, 141.6, 138.6, 137.3, 133.0, 132.9, 129.8, 128.4, 127.6, 127.3,
126.0, 123.9, 122.1, 121.6, 121.2, 119.1, 117.8, 117.0, 115.0, 113.1,
110.1, 54.7, 47.1, 47.0, 37.4, 32.4, 28.4. aâ ä22D =�22°. MP=114–
116 °C. ESI-MS: [M+H+] calc. 627.2, found 627.1. Purity: 96%.

Phenyl (S,E)-3-((S)-2-(4-((tert-butoxycarbonyl)amino)
benzamido)-3-cyclohexylpropanamido)-1-fluoro-5-phenylpen-
t-1-ene-1-sulfonate (6a)

6a was prepared according to procedure B using 18 (0.54 mmol,
0.20 g) and 40 (0.65 mmol, 0.25 g), resulting in a diastereomeric
mixture which was separated via HPLC to yield the pure compound
with (E)-configuration as a colorless solid (0.25 g, 0.35 mmol, 65%)
after purification via HPLC. 1H NMR (300 MHz, DMSO-d6) δ[ppm]=
9.60 (d, J=2.6 Hz, 1H), 8.40–8.10 (m, 2H), 7.94–7.70 (m, 2H), 7.61–
7.34 (m, 4H), 7.35–7.05 (m, 6H), 7.00 (d, J=7.2 Hz, 2H), 6.15 (dd,
JH-F=33.2 Hz, JH-H=9.0 Hz, 1H), 4.95–4.81 (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). 13C NMR (75 MHz, DMSO-d6) δ[ppm]=166.3,
153.1, 142.9, 141.2, 130.9, 128.9, 128.8, 128.7, 127.8, 122.4, 117.5,
79.9, 34.3, 32.4, 31.5, 28.5, 26.5, 26.1. aâ ä22D =�15°. MP=118–120 °C.
ESI-MS: [M+Na+] calc. 730.2, found 730.2. Purity: 97%.

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 (6b)

6b was prepared according to procedure C using 6a (0.35 mmol,
0.25 g). Purification via HPLC resulted in a diastereomeric mixture
which was separated via HPLC to yield the pure compound with
(E)-configuration as a colorless solid (0.17 g, 0.26 mmol, 74%).
1H NMR (300 MHz, DMSO-d6) δ[ppm]=8.56–8.19 (m, 4H), 8.06–7.72
(m, 2H), 7.61–7.07 (m, 10H), 7.07–6.90 (m, 2H), 6.45 (dd, J=21.8,
10.0 Hz, 1H), 6.14 (dd, JH-F=33.3 Hz, JH-H=9.1 Hz, 1H), 5.06–4.72 (m,
1H), 4.66–4.35 (m, 1H), 2.63–2.34 (m, 2H), 2.34–2.09 (m, 2H), 1.98–
1.43 (m, 6H), 1.45–0.99 (m, 3H), 1.04–0.73 (m, 2H). 13C NMR (75 MHz,
DMSO-d6) δ[ppm]=172.7, 166.0, 149.2, 141.2, 130.9, 129.6, 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. aâ ä22D =�9°. MP=130–132 °C. ESI-MS: [M+H+] calc. 607.3,
found 607.2. Purity: 95%.

Phenyl (S,E)-3-((S)-3-cyclohexyl-2-(morpholine-4-
carbox-
amido)propanamido)-1-fluoro-5-phenylpent-1-ene-1-sulfonate
(6c)

6c was prepared according to procedure B using 18 (0.08 mmol,
0.030 g) and 42 (0.08 mmol, 23 mg), resulting in a colorless solid
(5.5 mg, 0.009 mmol, 9%) after purification via HPLC. 1H NMR
(600 MHz, DMSO-d6) δ[ppm]=8.32 (s, 1H), 8.15 (d, J=7.7 Hz, 1H),
7.52–7.37 (m, 3H), 7.33–7.11 (m, 5H), 6.51 (d, J=7.9 Hz, 1H), 6.11
(dd, J=33.3, 9.0 Hz, 1H), 4.61–4.52 (m, 1H), 4.17–4.08 (m, 1H), 3.60–
3.46 (m, 4H), 3.33–3.22 (m, 4H), 1.88–1.71 (m, 2H), 1.71–1.55 (m, 4H),
1.53–1.36 (m, 3H), 1.30–1.21 (m, 2H), 1.19–1.06 (m, 4H), 0.95–0.75
(m, 3H). 13C NMR (151 MHz, DMSO-d6) δ[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, 33.2, 32.0, 30.9, 26.1, 25.8, 25.7. aâ ä22D =�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 per-
formed, 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). Molec-
ular docking experiments were performed using the following
crystal structure freely available in the protein data bank (PDB):[55]

Cathepsin S covalently bound to N-2-(morpholin-4-ylcarbonyl)-N-
[(3S)-1-phenyl-5-(phenylsulfonyl)pentan-3-yl]-l-leucinamide (C1P),
PDB entry 1NPZ.[29] For both docking approaches, chain A of the
dimer of 1NPZ was extracted via PyMOL 2.5.2.[56] All ligands were
energetically minimized prior docking with Molecular operating
environment (MOE Version 2020.09)[57] using the MMF94x force
field.[58] For visual presentation of the top binding poses, PyMOL
2.5.2 was used.[56]

Docking approach A: non-covalent docking with LeadIT

The non-covalent docking was performed with LeadIT 2.3.2.[59] The
receptors were prepared in MOE with the protonate3D functionality
and the covalent bond between the co-crystallized ligand and the
corresponding protease was untethered via the Builder tool in
MOE. For the receptor the binding site was defined as a 6.5 Å shell
around the bound reference ligand. Water molecules that form at
least three hydrogen bonds with the receptor 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
scoring function.[60] 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 Å sphere radius.

Docking approach B: covalent docking with MOE

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 ~G scoring were re-scored using
the Affinity ~G scoring function and induced fit refinement
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implemented in MOE. 10 Poses were kept and visually inspected for
binding geometry the interactions matching between the docked
inhibitor pose and co-crystallized ligand with the enzyme. The
poses best matching inspected interaction patterns are further
discussed.

Fluorometric enzyme assay

Cathepsin S

Assay procedure

The assay was modified after Brömme et al.[50] The fluorescence
increase upon cleavage of the fluorogenic substrate Z-Val-Val-Arg-
AMC by Cathepsin S (CatS) was monitored by a Tecan Spark
fluorimeter (δ excitation: 365 nm, δ emission: 460 nm; Tecan
Group, Switzerland). CatS (recombinant from E. coli, SigmaAldrich,
Germany) was incubated with 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 KH2PO4,
50 mM K2HPO4, 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 μM substrate Z-Val-Val-Arg-AMC
(Bachem, Switzerland). Black, flat-bottom 96-well microtiter plates
(Greiner Bio-One, Germany) were used. Inhibitor screening
concentrations started at 20 μM, followed by 1 μM, 200 nM, and
50 nM.

KM determination

The assay was performed as described above using different
concentrations of Z-Val-Val-Arg-AMC (3.125 μM, 6.25 μM, 12.5 μM,
25 μM, 50 μM) and Z-Phe-Arg-AMC (0.41 μM, 1.2 μM, 3.7 μM, 11 μM,
33 μM, 60 μM, 100 μM). GraFit (version 5.0.13, 2006, Erithracus
Software Ltd., UK)[61] was used for data analysis and non-linear
regression. The KM value was calculated as described by Michaelis-
Menten [Equation (2), KM=34 μM for Z-Val-Val-Arg-AMC; KM=
35 μM for Z-Phe-Arg-AMC]:

v0 à
vmax � Sâ ä
KM á Sâ ä (2)

in which v0= initial velocity; vmax=maximal velocity; [S]= substrate
concentration.

The graphs are shown in the Supporting Information.

IC50 and Ki calculations

GraFit (version 5.0.13, 2006, Erithracus Software Ltd., UK) was
used for data analysis and non-linear regression.[61]

For compounds without a time-dependent mode of inhibition
(fluorinated vinylsulfones as inhibitors of CatS, CatB, CatL; fluori-
nated vinylsulfonates as inhibitors of CatB, CatL), the residual
enzyme activity in % was plotted against the inhibitor concen-
tration in μM. Then, IC50 values were obtained by non-linear
regression [Equation (3)]:

vi à
v0

1á Ö Iâ ä
IC50
ÜS (3)

in which v0=enzyme activity without inhibitor; vi=enzyme activity
in presence of inhibitor; [I]= inhibitor concentration; S= slope
factor.

Ki values were calculated by using the Cheng-Prusoff equation to
correct the IC50 values to zero substrate concentration
[Equation (4)]:[51]

Ki à
IC50 or Kapp

i

1á Sâ ä
KM

(4)

in which CatS: [S]=10 μM, KM=34 μM. CatB: [S]=100 μM, KM=
150 μM. CatL: [S]=6.25 μM, KM=6.5 μM.

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
[Equation (5)].[49]

(5)

in which E=enzyme; I= inhibitor, k= reaction constant; E…I=non-
covalent enzyme-inhibitor complex; E�I=covalent enzyme-inhib-
itor complex.

The initial (vi) and steady-state (vs) velocities in inhibitor presence
and the pseudo-first order rate constants kobs were determined for
different inhibitor concentrations. The progress curves were fitted
to the slow-binding equation [Equation (6)]:[52]

Pâ ä à vs � t á
vi � vs
kobs

� 1� exp �kobs � tÖ Üâ ä á off (6)

in which vs= steady-state velocity, vi= initial velocity, off=offset.

Then, the kobs values were plotted against the inhibitor concen-
trations [I] with the following Equation (7):

kobs à k4 á
k3 � Iâ ä

Kapp
i á Iâ ä

✓ ◆
(7)

in which Ki
app determination using kobs.

The resulting dissociation constant of the initial enzyme-inhibitor
complex Ki

app was then corrected to zero substrate concentration
using the Cheng-Prusoff relationship (Equation 4), giving the Ki

value.[51]

Dilution assay

Dilution assays were performed for selected compounds as
published previously.[49] CatS (0.5 μM) in enzyme buffer (90 μL) was
incubated for with inhibitors (10 μL in DMSO) for 30 min in
concentrations corresponding to tenfold the IC50 value obtained
from the fluorometric enzyme assay ensuring complete inhibition.
These mixtures (2 μL) were diluted 100-fold in assay buffer (198 μL)
containing 5 μL substrate (400 μM) to give a final substrate
concentration of 10 μM. Recovery of enzyme activity was measured
immediately by fluorescence readout. CatS with DMSO and no
inhibitor added was used as a reference while the irreversible
inhibitor K11777 was used as an irreversible control.[53]
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Selectivity towards CatL and CatB[45,49]

Cathepsin B (CatB, SigmaAldrich, Germany) and cathepsin L (CatL,
Sigma-Aldrich, Germany) were incubated in enzyme buffer
(50 mM Tris-HCl, 5 mM EDTA, 200 mM NaCl, 2 mM DTT, pH 6.5) at
room temperature for 20–30 min. Assay buffer (50 mM Tris-HCl,
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 μM (CatB) or
6.25 μM (CatL) substrate Z-Phe-Arg-AMC (Bachem, Switzerland).
The enzyme activity was monitored by a Tecan Spark (Tecan
Group, Switzerland) fluorescence reader using black Greiner flat-
bottom 96-well microtiter plates (Greiner Bio-One GmbH, Ger-
many). Inhibitor screening concentrations started at 20 μM, fol-
lowed by 1 μM, and 200 nM if the percentual inhibition exceeded
50% for the previous inhibitor concentration. IC50 values were
determined for inhibitors with >50% inhibition at 20 μM.

Cytotoxicity

Cell culture

The human cell line MDA-MB-231 from adenocarcinomic breast
tissue was cultured at 37 °C and 5% CO2 in Dulbeccos Modified
Eagles Medium (DMEM, 4.5 g/L d-glucose, l-glutamine; Gibco by
ThermoFisher Scientific, Germany), supplemented with 10% FBS
(SigmaAldrich, Germany) and 1% Penicillin/Streptomycin (Invi-
trogen, Germany). Cells were cultured in a T75 culture flask and
passaged two to three times per week using TrypLE™ Express
(Gibco by ThermoFisher Scientific, Germany).

Murine bone marrow derived from C7BL/6 mice was seeded (2×
10 cells/mL) in untreated 12 well plates (Gibco by ThermoFisher
Scientific, Germany) using Iscoves Modified Dulbecco’s Medium,
supplement with 5% FBS, 2 mM l-glutamine, 100 IU/mL penicillin,
100μg/mL streptomycin and 50 μM β-mercaptoethanol (all compo-
nents from Sigma-Aldrich, Germany) and 10 ng/mL GM-CSF
(MILTENYI 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 cells/well in a
white half area 96-well plate (Greiner Bio-One, Germany) and
incubated at 37 °C. 24 h after seeding, the medium was removed
and cells were treated with 50 μL of either 100 μM or 20 μM
solution of compounds 5a, 5b, 6b and 3c in fresh culture medium
(0.1% DMSO) or culture medium (0.1% DMSO) only. For each
condition, quadruplicates were performed. Cells were incubated for
24 h. After the treatment, CellTiter-Glo® Assay solution (50 μL)
was added to each well, and the plate was placed on an orbital
shaker for 2 minutes and subsequently incubated 10 minutes at
room temperature. Luminescence readout was performed with a
Promega GloMax®-Multi Detection System using the manufac-
turer’s protocol.

DC cytotoxicity

On day 7 of DC culture, compounds (1 μM) and lipopolysaccharide
(100 ng/mL) was applied as indicated. On the following day,
samples were harvested, washed with buffer (PBS, 2% FBS, 2 mM
EDTA) and preincubated with Fc receptor blocking rat-anti-mouse
antibody (clone 2.4G2; ThermoFisher Scientific, Germany) to
prevent unspecific antibody binding. Then, samples were incubated
with phycoerythrin-labeled rat-anti-mouse CD11c antibody (clone

N418; ThermoFisher Scientific, Germany) to delineate CD11c+

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).
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diisopropylethylamine; DMF, dimethylformamide; EA, ethyl
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4.2 Structural Modifications of Covalent Cathepsin S Inhibitors: Impact on 

Affinity, Selectivity, and Permeability  

4.2.1 Context, Project Summary, and Own Contributions 

Several small molecule inhibitors have been targeting the active site cysteine (cys-25) of catS reported 

to date, many of them inhibiting the enzyme either reversibly or irreversibly. As of today, none of the 

developed clinical candidates have been approved by the FDA and most of the inhibitors were designed 

for the use in autoimmune diseases.[46,54,109,114,135] However, since the approval of the first cysteine 

protease inhibitor nirmatrelvir in 2021, there is a resurgence of covalent modulators for cysteine 

proteases.[128] Of the several covalent catS inhibitors developed in recent years, most of them bear a 

covalently reversible reacting nitrile as electrophile next to the P1 position. Warheads with similar 

reaction mechanisms and inhibition types are aldehydes and ketones. While most inhibitors with an 

aldehyde as warhead are almost exclusively used as affinity-based probes or experimental substances, 

due to their high inherent reactivity towards several nucleophiles and nucleophilic residues in enzymes, 

there have been SAR campaigns focusing on developing functionalized derivatives of these highly 

reactive inhibitors to make them more viable as potential drugs.[139,140] For inhibitors bearing ketones as 

warheads, the electrophilicity and the resulting inhibition type can be finely modulated by adding either 

electron withdrawing or electron donating groups conjugated to the ketone moiety or by adding larger 

substituents, that can attribute to additional non-covalent interactions with the binding pocket, thus 

enhancing the affinity. Additionally, the design of quiescent affinity labeling warheads like the 

acyloxymethyl ketone can lead to inhibitors with two inhibition modes.[141,143,254,255]  

In this study, 17 nitrile inhibitors, five ketone-based, and one aldehyde inhibitor of catS were synthesized 

and tested against the target and off-target cathepsins in fluorometric enzyme assays. Different side 

chains among the nitrile-based inhibitors yielded compounds with comparable affinity to the starting 

inhibitors and revealed affinity limitations. Some inhibitors displayed improved selectivities against off-

targets cathepsins B and L and high membrane permeabilities. Introducing an aldehyde warhead led to 

a sub-nanomolar inhibitor with favorable selectivities, a slowly covalent-reversible inhibition 

mechanism, and a high permeability. Using the aldehyde and one ketone inhibitor, two warhead-masking 

hydrazone derivatives were synthesized that showed susceptibility to cleavage under acidic conditions 

and led to a up to 56-fold drop in affinity, demonstrating the successful masking of the highly reactive 

warheads. Certain derivatives showed time-dependent and reversible inhibition behaviors, impacting 

membrane permeability, and suggesting potential candidates for in vivo studies. Correlation analyses 

provided insights into structural factors influencing membrane transport, and guiding future 

modifications. 
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Own contributions: Design of the study, inhibitor synthesis (all except for 48–51), catS, catB and catL 

fluorometric enzyme assays, dilution assays, hydrazone stability assays, molecular modeling and 

docking, writing of the original draft, and manuscript editing. 

Contribution from other authors: Inhibitor synthesis (48–51), PAMPA assay, and writing parts of the 

original draft and manuscript editing. 

This work has been published ahead of print in ACS Medicinal Chemistry Letters. 

Article reprinted with permission from ACS Medicinal Chemistry Letters 2024. “Structural 

Modifications of Covalent Cathepsin S Inhibitors: Impact on Affinity, Selectivity, and Permeability.” © 

2024 American Chemical Society (United States). 

The appended Supporting Information represents an abridged version. The full Supporting Information 
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ABSTRACT: Cathepsin S (catS) is a member of the cysteine
protease family with limited tissue distribution, which is
predominantly found in antigen-presenting cells. Due to over-
expression and overactivity of catS in numerous cancers, inhibition
of catS is supposed to improve the antitumor response. Here, we
explore the potential of small-molecule catS inhibitors emphasizing
their in vitro pharmacodynamics and pharmacokinetics. Membrane
permeability of selected inhibitors was measured with a Parallel
Artificial Membrane Permeation Assay and correlated to calculated
physicochemical parameters and inhibition data. The binding
kinetics and inhibition types of potent and selective new inhibitors with unexplored warheads were investigated. Our unique
approach involves reversible masking of these potent warheads, allowing for further customization without compromising a!nity or
selectivity. The most promising inhibitors in this study include covalent aldehyde and ketone derivatives reversibly masked as
hydrazones as potential candidates for therapeutic interventions targeting catalytic enzymes and modulating the immune response in
cancer.
KEYWORDS: Cathepsin S, covalent inhibition, structure−activity relation, membrane permeability, reversible warheads

Cysteine cathepsins are essential enzymes of the papain-like
family of proteases with several physiological functions,

such as extracellular matrix degradation and processing of
damaged proteins in the endolysosomal pathway.1 Cathepsin S
(catS) takes a special role, since this protease is stable and
catalytically active at neutral pH, and it has a limited tissue
distribution (mainly in antigen-presenting cells, e.g. dendritic
cells).2 CatS has emerged as a potential target for several
pathological conditions such as Sjögren’s syndrome, psoriasis,
andmany types of cancer.3,4 It is overexpressed and overactive in
several tumors such as follicular lymphoma, breast cancer, or
astrocytoma, and many mechanisms that explain how catS is
involved in tumor progression are known.5,6 CatS is also found
extracellularly and is known to degrade extracellular matrix
proteins and to drive angiogenesis.7 It is a major regulator of
antigen processing and presentation via the MHC-II pathway in
antigen-presenting cells (APCs).8,9 In a follicular lymphoma
model, the overexpression and overactivation of the enzyme led
to the shift from the MHC-II to the MHC-I pathway, thus
inducing a favored activation of regulatory CD4+ T cells over
cytotoxic CD8+ T cells, which ultimately led to a suppression of
the antitumor immune response.5,6,10 One possible strategy to
tackle this immune-suppressive milieu of the tumor micro-

environment (TME) is the use of small-molecule catS inhibitors,
since catS is involved in the polarization of APCs from the M1
phenotype to the M2 phenotype.3,5,6 The use of inhibitory
antibodies, siRNA, and knockout experiments has already
shown that the antitumor immune response could be enhanced
through the inhibition of catS, by shifting the ratio of CD8+ T
cells to CD4+ T cells toward the cytotoxic CD8+ T cells.5,6
Furthermore, inhibition of several cathepsins with a pan-
cathepsin inhibitor led to polarization of tumor-associated
macrophages and a shift from M2 macrophages to M1
macrophages, ultimately leading to an increase of pro-
inflammatory mediators.11 To date, several small-molecule
inhibitors have been reported, many of them targeting the
active site cysteine (Cys-25) in an either reversible or
irreversible covalent manner.12,13 As of today, none of the
developed clinical candidates have been approved by the FDA
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and most of the developed inhibitors were designed for use in
autoimmune diseases.14 There has been an emergency approval
for the first nitrile-based cysteine protease-targeting inhibitor
nirmatrelvir in combination with the CYP-450 inhibitor
ritonavir for the short-term treatment of COVID-19 infections
in 2021. This clinical setting is di!erent from the requirements
of chronic catS inhibitor administration in autoimmune and
oncological diseases. Clinical development of catS inhibitors has
not led to approvals so far; nevertheless, the search for covalent
modulators of cysteine proteases is on the rise.15 Figure 1 shows

the structures of nirmatrelvir and three developed catS
inhibitors, consisting of the irreversible pan-cathepsin inhibitor
K11777, the noncovalent inhibitor LY3000328, and the
covalent-reversible nitrile inhibitor petesicatib.1,12,16,17
In this study, we further explored peptidomimetic small-

molecule inhibitors starting from nitriles with a focus on their
pharmacodynamics (a"nity and binding kinetics) and pharma-
cokinetics (membrane permeability). Additionally, through the
exchange of the nitrile warhead with α-substituted ketones or an
aldehyde, a set of newly generated inhibitors was synthesized
and tested for their a"nity and selectivity toward catS (Figure
2). One goal was the development of inhibitors with masked
warheads, which can be further decorated with advanced
reversible linker systems in the future. So far, in many cases, the
developed small-molecule inhibitors have been derivatized with
bulky linkers, leading to a dramatic structural change, which can
lead to a loss in a"nity or selectivity toward the target enzyme.20
With our approach, highly potent and reactive warheads such as
aldehyde or electron-deficient ketones can be masked reversibly
as hydrazones, lowering the rate of o!-target reactions while
retaining the high a"nities toward the target protease after
controlled release. Two selected inhibitors (an aldehyde and a
ketone) were therefore transformed to hydrazones for reversible
warhead capping. Subsequently, the ability to release the free
inhibitor in an acidic environment was inspected.
We aimed for a combinatorial approach with two catS

selective inhibitors as starting points. Through merging and
further derivatizing the P1, P2, and P3 substituents, which all
have an impact on binding a"nity, with aromatic and
nonaromatic substituents that have proven to increase a"nities
toward the target enzyme, we aimed to gain insight into the

selectivity profiles and membrane permeability of newly
generated compounds.12,13 Therefore, we prepared nitrile-
based inhibitors with five di!erent P3 residues frequently
encountered in catS inhibitor design: three attached to the
peptide as aryl-amides (pyridine-, 2H-tetrahydropyran-, and
morpholine-4-carboxamide) and two attached as aryl-trifluor-
oethylamines (TFE) as amide isosters (4-fluoro- and 4-
nitrophenyl-TFE). The amide isosters are used with in vivo
application in mind, since they o!er increased metabolic
stability.12 In P2, we chose L-cyclohexyl alanine (Cha) and a
methylated and oxidized cysteine, since these residues in P2 led
to the most potent and selective inhibitors in previous
studies.12,13,21 To gain information regarding whether a residue
addressing the S1 subpocket or a substituent designed for
occupying the S1′ site would be more beneficial, we prepared
our inhibitors with three di!erent P1 amino acids containing the
nitrile warhead, namely, O-benzyl-L-serine (OBnSer), L-
homophenylalanine (hPhe), and 1-aminocyclopropane-1-car-
boxylic acid (Acc). Although some of the synthesized inhibitors
were already tested against catS in the past, we present them here
again with novel data on o!-target a"nities, as well as membrane
permeability.12,13 Replacement of the nitrile warhead of one of
the starting structures with electron-deficient ketones and an
aldehyde led to new catS inhibitors from which two could be
capped as hydrazones. In the future, this strategy opens the
possibility of reversibly attaching the potential immunomodu-
lators on di!erent carrier systems. The pH-dependent release of
the free inhibitor from hydrazone was explored for two selected
inhibitors via HPLC/MS.
The detailed synthesis procedure of all final inhibitors with

Schemes S1−S3 can be accessed in the Supporting Information
(SI).

Figure 1. Structures, inhibition data against catS, and bioavailabilities
(F%) of developed cathepsin S inhibitors and nirmatrelvir. Warheads
are highlighted in blue.17−19

Figure 2. Aim and scope of the present study: (A) combinatorial SAR
study through merging of two potent catS inhibitors and further
substitutions, and (B) subsequent warhead replacement and reversible
capping of the warhead. Created with BioRender.com.
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All synthesized inhibitors were tested against catS and o!-
target cathepsins L and B (catL, catB) in fluorometric enzyme
assays and their inhibition constants (Ki for all, Ki* for slowly

reversible, kinact and k2nd for irreversible binders) deter-
mined.21,22 Finally, the membrane permeability of selected
inhibitors was measured with a Parallel Artificial Membrane

Table 1A. Inhibition Data for Nitrile-Based Inhibitors 22−41a

Ki [nM]

compound P3 P2 P1/P1′ catSb catB catL
Trifluoroethyl Amines

34 4-Nitro-phenyl- SO2Me hPhe 3.6 ± 1.8 36 ± 1 >10 000
33 4-Nitro-phenyl- SO2Me OBnSer 13 ± 2 82 ± 8b >10 000
37 4-Nitro-phenyl- SO2Me Acc 7.8 ± 0.7 >12 000 >10 000
22 4-Fluoro-phenyl- SO2Me OBnSer 2.4 ± 0.2 157b 1951b

36c 4-Fluoro-phenyl- SO2Me Acc 1.0 ± 0.1 1670b 7106b

25 4-Fluoro-phenyl- Cha hPhe 146 ± 15 >12 000 >10 000
26 4-Fluoro-phenyl- Cha OBnSer 11 ± 3 >12 000 >10 000
38 4-Fluoro-phenyl- Cha Acc 20 ± 1 >12 000 1498b

Carboxamides
27c Morpholine-4- Cha hPhe 5.7 ± 0.5 7847b 2536b

28c Morpholine-4- Cha OBnSer 1.2 ± 0.1 1054b 543b

39c Morpholine-4- Cha Acc 1.5 ± 0.1 >12 000 385b

30 Tetrahydropyran-4- Cha hPhe 382 ± 10 >12 000 6335
29 Tetrahydropyran-4- Cha OBnSer 61 ± 7 >12 000 5036
40 Tetrahydropyran-4- Cha Acc 117 ± 8 >12 000 1675
32 Pyridine-4- Cha hPhe 13 ± 1 1667b 1463b

31c Pyridine-4- Cha OBnSer 11 ± 1 1906b 1024b

41 Pyridine-4 Cha Acc 13 ± 1 >12 000 716b
aData are shown as mean ± SD of at least duplicate experiments. bKi values were obtained from Ki

app values, using the Cheng−Pruso! equation.
cInhibition data against catS for these compounds have already been published elsewhere and were reproduced in this study.12,13

Table 1B. Inhibition Data for Aldehyde- (45), Ketone-Based Inhibitors (44−51), and Hydrazones (46 and 47)a

Ki/Ki* [nM] kinact (s−1)/k2nd (M−1 s−1) Ki
b [nM]

Cpd X catS catB catL
45 H 0.039 ± 0.005/0.016 ± 0.001c − 64 ± 6 17 ± 2
44 CH2SO2Ph 331 ± 40/43 ± 13c − >510 >600
46e − 2.2 ± 0.2 − 142 ± 9 21 ± 1
47e − 989 ± 150 − >12 000 >2500
50 CH2OBz 25 ± 2b − >2550 >600
49 CH2SBz 165 ± 18b − >10 000 >3000
51 CH2OH 67 ± 3b − >2550 >600
48 CH2Cl 0.5 ± 0.1b 0.0023 ± 0.0002/4.3 × 106 ± 1.2 × 106 n.d.f n.d.f

52 vinylsulfoneg 3.0 ± 0.6d 0.020 ± 0.001/7.2 × 106 ± 2.4 × 105 n.d.f n.d.f
aData are shown as mean ± SD of at least duplicate experiments. bKi values were obtained from Ki

app values using the Cheng−Pruso! equation. cKi
and Ki* values were obtained from Ki

app and Ki* app. dkinact and k2nd were determined from plotting kobs values against inhibitor concentration, as
described previously.22 eInhibitory activity of 46 stems mainly from unmasked 45, whereas, for hydrazone 47, the inhibition of liberated 44 is of
minor impact, estimated from reported a"nities of carbonyl species 44 and 45, and expected liberated amount by cleavage assays (Figure S7). fn.d.
= not determined. gData taken from ref 22.
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Permeation Assay (PAMPA) and correlated with the inhibition
data and with calculated physicochemical parameters (log P;
topological polar surface area, TPSA). For a more-detailed
description on the assay procedure, see the methods section in
the SI. The results for the nitrile-based inhibitors are
summarized in Table 1A; the results for the inhibitors with
other warheads are listed in Table 1B.
The exchange of the di!erent side chains between the nitrile-

based inhibitors produced eight new inhibitors with a"nities in
the low double-digit nanomolar range or even lower, similar to
the starting compounds 28 and 36, with Ki values of 1.2 nM and
1.0 nM, respectively (Table 1A).22,23 It was also observed that
the tetrahydropyran derivatives and inhibitor 25 showed
significantly higher Ki values, compared to those of 28 and 36.
Overall, the selectivity against the o!-targets catB and catL
remained in the same range, e.g., compound 37 retained a good
selectivity of >1500 over catB, compared to 1670 for starting
inhibitor 36, and even higher selectivity compared to the other
starting inhibitor 28 (1054 over catB; see the SI). Compound 34
reached a higher selectivity over catL, compared to the second
starting molecule 28 (>2778 over catL vs 453 for compound 28
vs catL, as given in the SI) (see Table 1A).
Exchanging the nitrile warhead of starting compound 28 with

an aldehyde (45) led to a subnanomolar inhibitor with good
selectivities over catB (≥1600; see the SI) and catL (≥435; see
the SI), respectively. Further variations of the aldehyde included
several α-substituted ketones which are known to react covalent-
reversibly (through their ketone moiety) or depending on the
quality of the leaving group in the α-position, irreversibly with
papain-like cysteine proteases.24 Visually inspecting the progress
curves of the aldehyde (45) and the chloromethylketone (48)
indicated time-dependent inhibition for both inhibitors. Since
aldehydes react covalent-reversibly, compound 45was evaluated
as a slow-reversible binder of catS, while the chloromethylketone
warhead of 48 is an irreversible inactivator of cysteine-
proteases.25 For the determination of Ki and Ki* of 45, we
followed a procedure well described for slow-reversible tight
binders (see Figure S1).26,27 The plotting of the initial velocity vi
against the inhibitor concentration leads to Ki

app and a similar
plotting of the steady-state velocity (vs) against the inhibitor
concentration gives access to Ki* app, which can then be
transformed to the corresponding Ki and Ki* app values with
the Cheng−Pruso! equation.26
For the chloromethylketone (48) plotting kobs values against

the inhibitor concentration as described previously for
irreversible inhibitors, revealed a subnanomolar inhibition
constant and a second-order rate of 4.3 × 106 ± 1.2 × 106
M−1 s−1, which confirms the high reactivity of this inhibitor class.
To our surprise, 50 did not show time-dependent inhibition in

the time scale of the assay. The acyloxymethylketone warhead is
known to eventually react irreversibly by substitution of the
phenyl carboxylate leaving group.24 The analogous thio
derivative 49 also did not show time-dependent inhibition,
leading us to the assumption that, for both inhibitors, a very slow
irreversible step follows the reversible enzyme−inhibitor
complex formation as described by Brady et al.29 We were
able to determineKi values for the non-time-dependent first step
of the inhibition process (Table 1B). Hydroxymethylketone
inhibitor 51 did not exhibit time-dependent inhibition, as
expected for this type of warhead; therefore, the Ki value was
calculated.25 Finally, inhibitor 44with a new type of warhead (α-
sulfonylphenyl methylketone) clearly showed time-dependent
inhibition. To di!er between reversible and irreversible binding,

dilution assays (Figure 3) were performed for selected inhibitors
with new warheads against catS (44 and 49−52; see Table 1B).

Ki and Ki* app values for the slow-reversible inhibitor 44 were
then calculated as described for 45 (Table 1B).22
The results of the dilution assays confirmed the irreversible

binding behavior of acyloxymethyl ketone 50 (cyan, Figure 3A)
since the enzyme activity did not recover, similar to the
irreversible vinylsulfone control inhibitor 52 (green). Compar-
ing the progress curves of the dilution assays of nitrile inhibitor
36 (blue) with the hydroxymethylketone 51 (dark blue)
confirmed the reversibility of both warheads, which is well-
described in the literature, since the hydroxymethylketone
inhibitor 51 has no adequate leaving group.7,30 Interestingly,
inhibitors 49 (orange) and 44 (purple) seem to show a
reversible binding behavior, since, for both, a recovery of the
enzyme activity was observed. In the case of 44, the progress
curve is time-dependent, which indicates slow, reversible
binding. Inspecting the noncovalent docking poses of 44 and
50 inside the active site of catS indicated that the electrophilic
carbon atoms of 44 and 50 are in similarly close proximity to the

Figure 3. (A) Dilution assay of DMSO control (red), compounds 51
(dark blue), 36 (reversible nitrile, blue), 49 (orange), 44 (purple), 50
(cyan), and irreversible control 52 (vinylsulfone, green). Inhibitors
were incubated at 20-fold Ki or Ki* app concentrations followed by 100-
fold dilution, resulting in enzyme recovery in cases of DMSO and
compounds 51, 36, 49 (linear progress curves), and 44 (time-
dependent progress curve). Progress curves of (B) inhibitor 45, catS
and (C) inhibitor 50, catS, showing the time-dependent inhibition by
cpd 45 and non-time-dependent inhibition by cpd 50.
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nucleophilic thiol of Cys-25 (distance: 2.9 and 3.4 Å for 44; 2.7
and 3.8 Å for 50; see Figure 4). Interestingly, inhibitor 50 has

more polar interactions with the binding pocket, compared to 44
(Figure 4), which could help to understand the lowerKi of 50, in
comparison to 44.
The inhibitory potency of 46 is mainly attributed to traces of

cleaved aldehyde 45, whereas that for 47 (≤5% free 44 under
assay conditions) is mainly attributed to the noncleaved
hydrazone. The hydrazone derivative 47 showed a 3-fold drop
in a!nity toward catS, compared to unmasked 44, and 46 even
had a 56-fold drop in a!nity, compared to free aldehyde 45,
proving the successful masking of both inhibitors. To investigate
the liberation, both hydrazones were incubated in an acidic (pH
4 as artificial lysosomal conditions) and neutral (pH 7.4)
environment (see the SI for a detailed description of the
methodology). After incubating the respective inhibitor for 24 h
at 37 °C, the amount of free aldehyde 45 and ketone 44 was
higher at the lower pH value, compared to physiological
conditions, indicating a higher cleavage rate under acidic
conditions, especially for 46 (80% free inhibitor after 24 h at
pH 4). The cleavage of 47 was slower (13% free inhibitor after
24 h at pH 4), indicating a lower hydrolysis rate. These findings
highlight the reversible nature of the capped warheads especially
under acidic conditions, as they appear in many tumors (Figures
S7−S15).6
For the clinical candidates presented in Figure 1, oral

bioavailability was shown during the drug development
process.31−35 However, some catS inhibitors in the literature
su"er from poor experimental permeability (<0.5 × 10−6 cm/
s).36 To underline the utility of the newly synthesized
compounds in in cellulo and in vivo contexts, their ability to
cross membranes was assessed. For this determination, the well-
established high-throughput PAMPA approach was used, and
detection/quantification was performed by HPLC/MS.37 By
observing a compound’s time-dependent permeation of an
artificial membrane derived from phospholipids in n-dodecane, a
good estimation of its passive permeability can be made.38,39 To
rationalize this for future derivatization campaigns, a correlation
with the log P and TPSA of the compounds is depicted in Figure
5 (all compounds are calculated to be predominantly uncharged
in physiologic media).40 The correlation between physicochem-
ical parameters such as log P, PAMPA permeability, and human
intestinal absorption can be employed in the context of
biopharmaceutics class determination.41

For most Acc-containing nitrile inhibitors, very low
permeabilities (oftentimes with no permeation detected) were
observed. This is also reflected in their low log P values of 1.3−
2.5. Another highly hydrophilic structure hindering permeation
appears to be the methylsulfonyl alanine as the P2moiety, which
can be inferred from the comparison of 36, 22, and 38. While the
exchange of P1 to OBnSer (36 → 22) increases the log P value
by 1 and does not promote a real improvement in permeability
in this case, the exchange of P2 to cyclohexyl alanine (36 → 38)
increases the log P value by ca. 3, resulting in a compound with
acceptable permeability. Therefore, 38 is the only compound
with Acc in P1 that shows detectable permeation, while no
compound with methylsulfonyl alanine as P2 showed
appreciable permeation. Note that the combination of the
lipophilic fluoro-aryl TFE and Cha moieties in P3 and P2,
respectively, can result in unfavorable physicochemical proper-
ties due to high lipophilicity if a larger hydrophobic P1 amino
acid is used (i.e., 25, 26). Excessive lipophilicity is the reason
why four inhibitors (25, 26, 49, and 50, log P≥ 4.8) could not be
assessed with this method, due to a combination of low aqueous
solubility and their structurally inherent low detectability (weak
ionizability and/or spectrophotometric properties). In contrast,
well-balanced lipophilicities can be described for six inhibitors
(27−32) with log P values of 3.0−4.3 that, therefore, show
appreciable permeabilities ((2−7) × 10−6 cm/s). In this
subgroup, the hPhe-containing inhibitor always has slightly
better permeability than the OBnSer-containing analogue.
Additionally, a di"erence in the impact of the P3 residue can

Figure 4. Noncovalent docking poses of 44 ((A) pink C atoms) and
(50 (B), green C atoms) inside the active site of catS (pdb entry:
1MS6). Polar interactions between the inhibitors and active site amino
acids are depicted as yellow dashed lines. The distance between the
sulfur atom of Cys-25 and the electrophilic C atoms of 44 and 50 is
depicted as a red dashed line and the distance is given in Å.

Figure 5. (A) Correlation of log P and permeability (Pe) for 19
compounds. (B) Correlation of TPSA and permeability (Pe), divided
into two subsets (6 Acc nitriles and 13 others). “Cut-o"” depicts the
e"ective permeability value, above which compounds were considered
relevantly permeable (Pe > 1 × 10−6 cm/s).
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be observed in which the permeability trends are tetrahydropyr-
an = morpholine > pyridine. Another observation is that the
exchange of the warhead between nitrile and aldehyde (28 →
45) does not strongly influence the permeability, which is also
reflected by identical log P values, indicating the possible
transfer of the structure-related trends to the respective
aldehydes. As depicted in Figure 5A, the trend for the presented
compound set (Table 2) is that, in most cases, a log P value of >3
is required for good permeation and in the log P range of 3−5, a
loose proportionality between log P and Pe is seen. This
underlines the necessity of detailed structure−permeability
relationship studies to predict the influence of distinct structural
modifications, in addition to the facile calculation of log P.
The correlation between the permeability and TPSA also

shows interesting relations. The best permeability is observed
for compounds with TPSAs of 91−104 Å2. If the threshold is
exceeded (TPSA values of 108−154 Å2), it results in a drastic
decrease in permeation due to increased hydrophilicity. The
most impactful moiety in this context seems to be the P3
nitrobenzene (e.g., in 33, 34, and 37) and, after that, the P2
methylsulfonyl alanine. The compounds with TPSA values of
>110 Å2 are assumed to not have the ability to be e!ectively
immersed in an apolar membrane and are therefore not
transported through it. However, there are other compounds
with seemingly adequate TPSA values (91−99 Å2) that still have
low permeability, namely most Acc nitriles. This can be
attributed to the fact that the TPSA is an absolute measure. If
the relatively smaller total surface area of the P1 Acc nitriles is
considered, it becomes obvious that much of their surface area is
polar, in contrast to the other compounds with comparable
TPSA values that carry the much larger OBnSer or hPhe in P1.
38 seems to be the exception to the detrimental Acc e!ect, which
indicates that it can be balanced out by the introduction of very
lipophilic moieties, as reasoned above. The mentioned
distinction of Acc nitriles from other nitriles in the set is also
visible in Figure 5B. Each depicted subset has its own cuto! for
permeability, which is lower for Acc nitriles (<90 Å2) than for
the other compounds (<110 Å2).
While 47 could not be assessed for permeability due to

solubility limitations, the hydrazone 46 has low permeability
(0.1± 0.1× 10−6 cm/s), probably due to the high TPSA, despite
its adequate log P value. This is important, because it underlines
the utility of the warhead modification. It not only limits its
strong electrophilicity but also hinders its cell permeation until it

arrives in an environment as acidic as the TME, where the more-
permeable and more-reactive warhead is liberated.
In summary, we successfully synthesized 17 nitrile inhibitors

as well as five ketone-based inhibitors and one aldehyde
inhibitor of catS and tested them on this interesting target and
on o!-target cathepsins in fluorometric enzyme assays. The
exchange of di!erent side chains among nitrile-based inhibitors
produced some inhibitors with a"nities that were comparable to
that of the starting compounds and elucidated some clear a"nity
limitations. The starting compounds 28 and 36 already
exhibited excellent Ki values, laying the background for the
subsequent modifications. Two of the newly produced
inhibitors even showed improved selectivities against o!-target
cathepsins B and L over the starting molecules. Introducing an
aldehyde warhead in place of the nitrile led to a subnanomolar
inhibitor with favorable selectivities.
The aldehyde and ketone derivatives showed time-dependent

inhibition and suggested slow-reversible binding for certain
compounds. Acyloxymethylketone 50 exhibited irreversible
behavior in the dilution assay, while hydroxymethylketone 51
and surprisingly 49 displayed reversible characteristics. The
introduction of a new warhead, α-sulfonylphenyl methylketone
(44), demonstrated time-dependent reversible inhibition.
Furthermore, warhead-masking hydrazone derivatives 46 and
47 were synthesized and examined, revealing their susceptibility
to cleavage under acidic conditions. The clear di!erence in
liberation kinetics (for 46: 50% liberated after 24 h at pH 7.4 vs
50% liberated after 2 h at pH 4) are promising for delivery
systems with targeted release in the acidic TME (e.g.,
attachment of the aldehyde to nanoparticles as a hydrazone)
where pH values below 7 are commonly encountered.42 The
reversible attachment to nano carriers via the hydrazone moiety
is expected to render the low membrane permeability of the
hydrazones irrelevant by overriding the pharmacokinetic
properties.
The assessment of membrane permeability highlighted some

nitriles (esp. 30) and the aldehyde (45) as promising novel
candidates for in vivo studies while underlining challenges for
inhibitors with strong hydrophilic groups. Correlation analyses
between log P, TPSA, and permeability provided insights into
the structural factors influencing transport across membranes
and gave indications for future structural modification
campaigns guided by calculated physicochemical properties.

Table 2. Permeability (Pe) as Determined by PAMPA (n≥ 4), andCalculated Physicochemical Parameters logP and TPSA for the
Listed Compounds Clustered by Structural Featuresa

Cpd Pe [× 10−6 cm/s] log P TPSA [Å2] Cpd Pe [× 10−6 cm/s] log P TPSA [Å2]
Nitriles, Acc P1 Nitriles, Other

36 0.0 ± 0.0 1.5 99 27 6.0 ± 1.0 4.3 94
37 0.0 ± 0.0 1.3 145 28 4.7 ± 0.6 3.6 104
38 4.9 ± 0.4 4.8 65 29 4.1 ± 1.1 3.4 100
39 0.0 ± 0.0 2.5 94 30 6.6 ± 0.4 4.1 91
40 0.1 ± 0.2 2.2 91 31 2.0 ± 0.3 3.0 104
41 0.0 ± 0.0 1.9 95 32 2.5 ± 1.1 3.8 95

Nitriles, Methylsulfonyl Alanine P2 Aldehyde, Ketones, Hydrazone
22 0.0 ± 0.0 2.6 108 45 4.5 ± 1.4 3.6 97
33 0.7 ± 0.1 2.4 154 44b 0.8 ± 0.5 3.5 131
34 0.0 ± 0.0 3.2 145 51 0.0 ± 0.0 2.3 117

46 0.1 ± 0.1 4.5 121
alogP and TPSA were calculated using the Molinformation molecular properties calculator (https://www.molinspiration.com/).28 bInstability
detected (see Figures S3−S6 for stability investigations); only peaks with the expected concomitant m/z signal were used for quantification.
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To conclude, this comprehensive investigation provides
valuable insights into the design and behavior of catS inhibitors,
paving the way for further optimization and development of
potential therapeutic candidates.
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Synthesis Schemes 
The P2-P3 residues of the nitrile inhibitors were prepared by three different paths depending 
on the desired P2-P3 bridge: amide, urea or TFE (Scheme 1). For preparing amides, the 
corresponding P3 acid was coupled with methyl ester hydrochlorides of the P2 amino acid via 
HATU coupling. Preparing the urea bond between P2 and P3 was achieved through the 
isocyanate intermediate with triphosgene which was converted under basic conditions to the 
urea with the methyl ester hydrochloride of the P2 amino acid. Finally, the inhibitors 
containing TFE as bridge between P2 and P3 were prepared following a reductive amination 
protocol.1 To obtain the final dipeptides with free carboxy terminus, the methyl esters were 
cleaved under basic conditions. 
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Scheme S1. Synthesis of compounds 5–19: Reagents and conditions: (a) Boc2O, NEt3, CH2Cl2, rt, overnight, 97 %; (b) (1) K2CO3, 
MeI, 0 °C→rt overnight, (2) HCl (4.0 M in dioxane), 4 h, rt, 87 %; (c) (1) MeOK, MeOH, –78 °C, (2) NaBH4, DME, 0 °C, (3) ZnCl2, 
Et2O, 2 h, –40 °C, 39–69 %. (d) Oxone®, MeOH/H2O, 0 °C→rt, 95 %; (e) HATU, 2,4,6-collidine, DCM/DMF, overnight, 53–98 %; 
(f) LiOH, H2O/THF, 16 h, rt, 77–98 %; (g) triphosgene, NaHCO3, DCM, 3 h, 0 °C, 98 %. 

 

For introducing the nitrile warhead, one of two possible pathways was chosen. If possible, the 
P1 amino acid was converted to the corresponding amino acid amide which was subsequently 
coupled with the P2-P3-intermediate and in the final step dehydrated using cyanuric chloride. 
In most cases, the dehydration did not yield the desired nitrile, therefore the P1´ amino nitriles 
were prepared via Strecker synthesis of 3-phenylpropionaldehyde and 
benzyloxyacetaldehyde to yield the hPhe- and OBnSer-nitriles, respectively, as described 
previously (Scheme 2).2 The crude P1´ nitriles were then coupled with the respective P2-P3 
residue under standard HATU coupling conditions. Inhibitors containing the Acc nitrile in P1 
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were prepared via coupling with the commercially available 1-cyanocyclopropylamine 
hydrochloride. 

Scheme S2. Synthesis of final nitrile inhibitors 22–41: Reagents and conditions: (a) (1) TBTU, NEt3, NH4OH; (2) TFA/DCM, 2 h, 
86–88 %; (b) HATU, 2,4,6-collidine, DCM/DMF, overnight, 79–96 %; (c) cyanuric chloride, DMF, 0 °C, 16 h, 34 %. 

 

For the synthesis of inhibitor 45, boc-protected methyl O-benzyl-L-serinate (42) was coupled 
with 19 after deprotection of the boc group and subsequently reduced to the corresponding 
alcohol. Finally, oxidation of the alcohol with Dess-Martin periodinane (DMP) led to inhibitor 
45. The ketone-based inhibitors were prepared starting from the chloromethylketone 48 
which was synthesized according to literature.3 Acylthiomethylketone 49, 
acyloxymethylketone 50 and hydroxymethylketone 51 were prepared under mildly basic 
conditions via nucleophilic substitutions (Scheme 3).4,5 Hydrazone derivatives 46 and 47 were 
synthesized by converting the corresponding ketone or aldehyde inhibitor with 
benzohydrazide in a condensation reaction (Scheme 3). 
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Scheme S3. Synthesis of aldehyde- and ketone-based inhibitors and hydrazones. Reagents and conditions: (a) HCl (4.0 M in 
dioxane), rt, 4 h, 80 %; (b) HATU, 2,4,6-collidine, DCM/DMF, overnight, 76 %; (c) (d) DMP, DCM, rt, 12 h, 70 %; (e) (1) 
MeSO2Ph, n-BuLi, THF, –78 °C → rt, 3 h, 72 %; (2) HCl (4.0 M in dioxane), 4 h, 99 %; (f) benzohydrazide, MeOH, 16 h, rt, 47–
78 %; (g) thiobenzoic acid, K2CO3, THF, 16 h, rt, 45 %; (h) CsF, benzoic acid, DMF, 64 °C, 4 h, 10 %; (i) NaHCO3, H2O, DMF, 2 h, 
40 °C, 14 %. 
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Fluorometric Enzyme Assays 
CatS 

The fluorescence increase upon cleavage of the fluorogenic substrate Z-Val-Val-Arg-AMC by 
cathepsin S (catS) was monitored by a TECAN SPARK fluorimeter (δ excitation: 365 nm, δ 
emission: 460 nm; TECAN GROUP, Switzerland). CatS (recombinant from E. coli, SIGMA-
ALDRICH, Germany) was incubated with enzyme buffer (35 mM potassium phosphate, 35 mM 
sodium acetate, 2 mM DTT, 2 mM EDTA, pH 6.5) at room temperature for 45 min. Assay buffer 
(50 mM KH2PO4, 50 mM K2HPO4, 2.5 mM DTT, 2.5 mM EDTA, pH 6.5) was mixed with catS 
(final concentration 15 nM) in enzyme buffer, followed by inhibitor dissolved in DMSO or 
DMSO (negative control), and substrate (10 µM) Z-Val-Val-Arg-AMC (BACHEM, Switzerland). 
Black, flat-bottom 96-well microtiter plates (GREINER BIO-ONE, Germany) were used. Inhibitor 
screening concentrations started at 20 µM, followed by further concentrations until IC50-
determination was possible. 

Ki
app, Ki, Ki

* calculations. 

GRAFIT (version 5.0.13, 2006, ERITHRACUS SOFTWARE LTD., UK) was used for data analysis and non-
linear regression.6 

Ki
app, kobs, kinact and k2nd calculations 

GraphPad Prism version 9.5.1 for Windows, GraphPad Software, Boston, Massachusetts USA, 
www.graphpad.com, was used for data analysis and non-linear regression.7 

For compounds showing a time-independent mode of inhibition (nitriles & ketones except 44, 
45 and 48) the residual enzyme activity in % was plotted against the inhibitor concentration 
in nM. Then, Ki

app values were obtained by non-linear regression according to Equation 1. as  

     𝒗𝒊
𝒗𝟎

= 𝑟𝑎𝑛𝑔𝑒

𝟏+( [𝑰]
𝑰𝑪𝟓𝟎

)𝑺 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑    (1) 

Equation 1. v0 = enzyme activity without inhibitor; vi = enzyme activity in presence of inhibitor; 
[I] = inhibitor concentration; s = slope factor. 

In case of 44 & 45, Ki
app and Ki

*app values were obtained by a method described by Klein et al.8 
Ki and Ki

* values were calculated by using the Cheng-Prusoff equation to correct the Ki
app or 

Ki
*app values to zero substrate concentration (Equation 2):9 

     𝐾𝑖  𝑜𝑟 𝐾𝑖
∗ =  𝐾𝑖

𝑎𝑝𝑝𝑜𝑟  𝐾𝑖
∗𝑎𝑝𝑝

1+ [𝑆]
𝐾𝑀

    (2) 

Equation 2. CatS: [S] = 10 µM, KM = 34 µM. CatB: [S] = 100 µM, KM = 150 µM. CatL: 
[S] = 6.25 µM, KM = 6.5 µM.10,11 

For the irreversible, time-dependent chloromethylketone 48, the Ki value was calculated as 
published previously for irreversible binders.2,12 The pseudo-first order rate constants kobs 
were determined for different inhibitor concentrations as described previously. The progress 
curves were then fitted to the exponential Equation 3:2 

    𝐹 = [𝑃]∝(1 − 𝑒−𝑘obs∙𝑡) + offset    (3) 
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Equation 3. F = fluorescence intensity, [P] = product concentration, offset = background 
fluorescence. 

The kobs values were then plotted against the inhibitor concentrations [I] with the hyperbolic 
Equation 4: 

     𝑘obs = 𝑘inact[𝐼]
𝐾i

app+[𝐼]
     (4) 

The resulting dissociation constant of the initial enzyme-inhibitor complex Ki
app was then 

corrected to zero substrate concentration using the Cheng-Prusoff relationship (Equation 2), 
giving the KI value.13 

The second-order rate constant of inhibition k2nd were calculated from Equation 5.14 

     𝑘2nd =  𝑘inact
𝐾i

      (5) 

Figure S1 comprises dose-response curves of 44 and 45 at initial (first 90 s) and steady-state 
velocities (last 90 s). 

 
Figure S1: dose-response curves of 44 and 45 at initial and steady-state velocities. 
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Dilution Assay 
Dilution assays were performed for selected compounds as published previously.15 CatS 
(180 nM) was incubated with inhibitors (2 µL in DMSO) for 60 min in concentrations ranging 
from ten- to twentyfold the Ki value obtained from the fluorometric enzyme assay ensuring 
complete inhibition of the enzyme. These mixtures (2 µL) were diluted 100-fold in assay buffer 
(198 µL) containing 5 µL substrate (400 µM) to give a final substrate concentration of 10 µM. 
Recovery of enzyme activity was measured immediately by fluorescence readout. DMSO 
instead of inhibitor solution was used as a reference while the irreversible vinylsulfone-(VS) 
inhibitor 52 was used as an irreversible control.2 

 
Figure S2: Structure of irreversible VS-inhibitor 52. 

 

Selectivity towards human cathepsin off-targets16 

Cathepsin B (catB, SIGMA-ALDRICH, Darmstadt, Germany) and cathepsin L (catL, SIGMA-ALDRICH, 
Darmstadt, Germany) were incubated in enzyme buffer (50 mM Tris-HCl, 5 mM EDTA, 
200 mM NaCl, 2 mM DTT, pH 6.5) at room temperature for 20 – 30 min. Assay buffer (50 mM 
Tris-HCl, 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 µM (catB) or 6.25 µM (catL) substrate Z-Phe-Arg-AMC (BACHEM, Switzerland). 
Measurements were performed on a TECAN SPARK (δ excitation: 365 nm, δ emission: 460 nm; 
TECAN GROUP, Männedorf, Switzerland) plate reader on black GREINER BIO-ONE CHIMNEY 96 well 
microtiter plates (GREINER BIO-ONE GMBH, Frickenhausen, Germany). Inhibitor screening 
concentrations started at 20 µM, followed by 1 µM, 200 nM, and 50 nM. Ki values were 
determined for inhibitors with >50% inhibition at 20 µM. 
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Molecular Docking 
Two different docking approaches were followed, since the inhibitors were designed to react 
covalently with the active site cysteine-25 of cathepsin S. 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 (BLN) was used for validation via 
redocking (Table S2). 

Molecular docking experiments were performed using the following crystal structures freely 
available in the protein data bank (PDB):21 cathepsin S covalently bound to morpholine-4-
carboxylic acid [1s-(2-benzyloxy-1r-cyano-ethylcarbamoyl)-3-methyl-butyl]amide (PDB entry 
1MS6).22 All ligands were energetically minimized before docking with Molecular operating 
environment (MOE 2020.09)23 using the MMF94x force field.24 

 

Docking approach 1: non-covalent docking with LeadIT 

The non-covalent docking was performed with LeadIT-2.3.2.25 The receptor was prepared in 
MOE with the protonate3D functionality and the covalent bonds between the co-crystallized 
ligands and the corresponding protease were untethered via the Builder tool in MOE. The 
binding site was defined as a 6.5 Å shell around the bound reference ligand. Water molecules 
that form at least three hydrogen bonds with the receptor and ligand were kept as part of the 
binding site. The docking was performed under default settings using the enthalpy-entropy 
hybrid approach with 2000 solutions per iteration and fragmentation. Only the top pose of the 
initial docking was kept and re-scored using the HYDE scoring function.26  

Docking approach 2: covalent docking with MOE 

Covalent docking was performed with MOE (version 2020.09). The receptors were prepared 
using the 3D protonation tool inside MOE. For the covalent reaction of the different warheads, 
the already existing template reactions were used or customized using the combinatorial 
library tool of MOE. Initial 30 poses from the triangle match placement with London ∆G scoring 
were re-scored using the Affinity ∆G 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 pose and co-crystallized ligand with the enzyme. The 
poses best matching inspected interaction patterns are further discussed. 
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Table S1: Redocking of reference ligand BLN. 

 

 

Table S2: Results of molecular docking analysis for cathepsin S (pdb-ID: 1MS6). 

Cpd Distance (electrophilic 
C-Cys25-S) / Å 

FlexX score 
(kJ/mol) 

Hyde 
score 

(kJ/ mol) 

Covalent 
docking score 
(Affinity ∆G, 

MOE/ kcal/mol) 
44 2.7, 3.8* –29.9 –7 –5.8 
45 2.8 –26.6 –49 –3.9 
49 3.1, 2.8* –24.9 –20 –4.4 
50 2.9, 3.4* –28.2 –29 –5.9 
51 2.6 –26.5 –36 –4.8 

*These inhibitors contain two possible electrophilic carbon atoms. 

  

Enzyme (pdb entry) Reference 
ligand ID 

Redocking FlexX 
(RMSD/ Å) 

FlexX score (kJ/mol) 

Cathepsin S (1MS6) BLN 0.94 –18.0 
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Hydrazone Cleavage 
The hydrazone inhibitor 46 or 47 (200 µM) was dissolved in a lysosomal mixture solution 
containing NaOAc (20 mM), EDTA (2 mM) and glutathione (GSH, 2.5 mM) at pH 4 and pH 7.4 
and was incubated for 24 h at 37 °C. An aliquot of this mixture (10 µL) was taken after 0 h, 2 h, 
4 h, with acetonitrile (40 µL) and subsequently injected into an LC-MS-System. The base peak 
chromatograms (BPC) of free inhibitor and hydrazone capped inhibitor was then measured 
(Figures S7–S15) and the increase in free inhibitor at the lower pH over time registered. No 
reaction with GSH was observed during the timespan of monitoring the hydrazone cleavage. 

 
Figure S7: Percentage of free inhibitors 45 and 44 after cleavage of hydrazones 46 and 47 in lysosomal mixture solution of pH 
4 and pH 7 from 0 h to 24 h. 
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Figure S8. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 45 and hydrazone 46 after 0 h incubation at 
pH 7.4. 

 
Figure S9. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 45 and hydrazone 46 after 24 h incubation 
at pH 7.4. 
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Figure S10. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 45 and hydrazone 46 after 0 h incubation 
at pH 4. 

 
Figure S11. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 45 and hydrazone 46 after 24 h incubation 
at pH 4. 



 
Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 83 

 

 
 

 

  

S18 
 

 
Figure S12. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 44 and hydrazone 47 after 0 h incubation 
at pH 7.4. 

 
Figure S13. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 44 and hydrazone 47 after 24 h incubation 
at pH 4. 
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Figure S14. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 44 and hydrazone 47 after 0 h incubation 
at pH 7.4. 

 
Figure S15. Base peak-chromatogram and the identified m/z (Da) of free inhibitor 44 and hydrazone 47 after 24 h incubation 
at pH 4.  
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General Synthesis Methods 
All reagents and solvents were purchased commercially and used as provided by the supplier 
without further purification. Solvents for synthesis, extraction, and chromatography were of 
analytical grade. Moisture-sensitive reactions were carried out under argon atmosphere, and 
anhydrous solvents were used as provided by the commercial supplier. No unexpected or 
unusually high safety hazards were encountered. 

Reaction progress was monitored by thin-layer chromatography using Alugram Xtra F254 silica 
plates from Macherey-Nagel and/or HPLC-MS. An Agilent 1100 series HPLC system and an 
Agilent Poroshell 120 EC-C18, 150 x 2.10 mm, 4 µm column coupled to an Agilent 1100 series 
LC/MSD Trap with electron spray ionization (ESI), was used. The identities and purities of 
compounds were determined by the same HPLC-MS system with a gradient of acetonitrile and 
water (+0.1 % formic acid). Signals were detected at 210/254 nm with quantitation by AUC 
and masses were determined in positive ionization mode (ESI). HPLC purification was 
performed with the Agilent 1290 II Infinity Preparative LC System using an InfinityLab Pursuit 
XRs C18, 30 x 250 mm, 5 µm, preparative LC column. Flash chromatography was performed 
with silica gel (0.040 – 0.063 mm) from Macherey-Nagel. If possible, optical rotations [𝛼]𝐷22 
were measured using a P3000 polarimeter from Krüss at 22 °C and are reported in ml·dm-1·g-

1 with the concentration c being g/100 ml. Melting points (uncorrected) were measured with 
an MPM-H3 using semi-open capillaries. NMR spectra were recorded as stated individually on 
Bruker Fourier 300 MHz and Bruker Avance III 600 MHz. Chemical shifts are indicated in parts 
per million (ppm), with the solvent resonance (CDCl3, DMSO-d6 or CD3OD from Deutero GmbH) 
as internal standard. The purity of all compounds tested in biological assays was ≥95  % as 
determined by HPLC-MS. 
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General procedures  

A Boc deprotection 

The Boc-protected amino acid or dipeptide (1.0 eq) was dissolved in 2 mL 1,4-dioxane and 

3 mL of a 4.0 M HCl-solution in 1,4-dioxane was added dropwise. The mixture was stirred at 

room temperature (rt) until completion of the deprotection could be observed via TLC 

monitoring. The solvent was then removed under reduced pressure and the deprotected 

target compound could be obtained and was used in the next step without further purification 

and characterization. 

 

B Ester cleavage with LiOH 

The ester (1.0 eq) was dissolved in THF (20 mL) and mixed with a solution of LiOH (3.0 eq) in 

water (20 mL). The resulting mixture was stirred for 18 h at room temperature. After the 

reaction was complete as indicated by TLC, the solvent was evaporated under reduced 

pressure and to the resulting crude product hydrochloric acid (1.0 M) was added until pH = 3 

was reached. The mixture was then extracted with EtOAc (3x 20 mL) and after phase 

separation, the combined organic layers were dried over anhydrous Na2SO4. The solvent was 

evaporated under reduced pressure yielding the target carboxylic acid as a colorless oil or a 

colorless solid. 

 

C: Peptide coupling with HATU 

The carboxylic acid (1.0 eq) was dissolved in a mixture of DCM/DMF (9:1) at 0 °C. Under stirring 

HATU (1.2 eq) was added in portions. Afterwards 2,4,6- collidine (3.0 eq) was added and 

stirred for an additional 10 min at 0 °C. The amine (1.0 eq) was added in portions or dropwise 

diluted in DCM and the reaction mixture was allowed to reach room temperature and stirred 

overnight. H2O (30 mL) was added, and the organic phase separated. The aqueous phase was 

extracted with EtOAc (3x 20 mL). The combined organic extracts were washed with brine 

(40 mL) and dried over anhydrous NaSO4. The solvent was evaporated under reduced pressure 

to give a crude product that was purified using either column chromatography or via 

preparative HPLC. 
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2, (S)-Methyl-L-cysteine methyl ester hydrochloride 

 
1. L-Cysteine methyl ester hydrochloride 1 (5.0 g, 29.1 mmol, 1.0 eq) was dissolved in DCM 
(20 mL) at rt. NEt3 (4.0 mL, 29.1 mmol, 1.0 eq) was added dropwise, and after 10 min Boc2O 
(6.4 g, 29.1 mmol, 1.0 eq) was added in portions. After completion of the reaction, indicated 
by TLC monitoring, water (30 mL) was added and after separating the phases, the organic 
solvent was evaporated under reduced pressure yielding the boc-protected intermediate 
which was used without further purification.  

2. The boc-protected intermediate (2.0 g, 8.5 mmol, 1.0 eq) was dissolved in DMF (50 mL) at 
0 °C and subsequently MeI (1.2 g, 8.5 mmol, 1.0 eq) and K2CO3 (1.2 g, 8.5 mmol, 1.0 eq) were 
added. The mixture was allowed to reach rt and stirred overnight. After completion, indicated 
by TLC, water (50 mL) and EtOAc (50 mL) were added, and the aqueous phase extracted with 
EtOAc (3x 50 mL). After washing the organic phase with brine (25 mL) and water (25 mL) the 
solvent was evaporated and the residue dissolved in HCl (10 mL, 4 M in dioxane). After stirring 
for 2 h, the solvent was evaporated yielding the title compound as a colorless oil. (1.4 g, 
7.4 mmol, 87 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 8.67 (s, 3H), 3.95 (t, J = 5.7 Hz, 1H), 3.51 
(s, 3H), 2.88 (d, J = 5.7 Hz, 2H), 1.86 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 169.4, 53.8, 
51.9, 33.4, 27.6, 14.8. [𝛼]𝐷25 = +5 (c 1.00, DMF). MS (ESI) m/z XX could not be detected by mass 
spectrometry. 

 

5, (S)-Methyl-N-((S)-2,2,2-trifluoro-1-(4-fluorophenyl) ethyl)-L-cysteine 

 

 

1 (S)-Methyl-L-cysteine methyl ester hydrochloride 3 (580 mg; 3.12 mmol; 1.0 eq) was 
dissolved in MeOH (10 mL) at –78 °C. (4-Fluoro)-trifluoroacetophenone (600 mg; 3.12 mmol; 
1.0 eq) and potassium methanolate (438 mg; 6.24 mmol; 2.0 eq) were added and the mixture 
was stirred overnight at rt. 

2. In another flask, NaBH4 (472 mg; 12.48 mmol; 4.0 eq) was dissolved in 
ethylenglycoldimethylether (10 mL) and ZnCl2 (15 mL; 2 M; in Et2O) was added at 0 °C. The 
mixture was stirred overnight at rt. On the next day, mixture 1 was cooled to –40 °C and 
diluted with acetonitrile (ACN, 15 mL). Over a period of 20 min mixture 2 was slowly added to 
mixture 1 and the resulting mixture stirred for an additional 2.5 h at –40 °C. After quenching 
with acetone (40 mL) the mixture was warmed to rt and poured into an ice-water mixture. 
The pH was adjusted to 4 using HCl (1 M) and afterwards the phases were separated, and the 
aqueous phase extracted with EtOAc (3x 25 mL). The organic phase was dried over Na2SO4 and 
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the solvent was evaporated. The resulting residue was purified on silica gel via column 
chromatography (cHex/EtOAc/AcOH = 3:1:0.1), resulting in a colorless oil (665 mg, 2.13 mmol, 
69 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.43–7.34 (m, 2H), 7.14–7.02 (m, 2H), 4.26 (q, J = 
7.1 Hz, 1H), 3.67 (t, J = 5.6 Hz, 1H), 2.91 (d, J = 5.6 Hz, 2H), 2.15 (s, 3H).13C-NMR (75 MHz, 
CDCl3): δ/ppm = 177.5, 165.0, 161.7, 130.4, 129.6, 116.0, 63.1, 62.7, 62.3, 61.9, 58.5, 56.9, 
36.9, 16.4. [𝛼]𝐷25 = +5 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C12H14F4NO2S]+ ([M+H]+): 
312.1, found: 312.2. 

 

7, Methylsulfonyl-((S)-2,2,2-trifluoro-1-(4-fluorophenyl) ethyl)-D-alanine 

 

(S)-Methyl-N-((S)-2,2,2-trifluoro-1-(4-fluorophenyl) ethyl)-L-cysteine, 5 (1.2 g, 3.8 mmol, 
1.0 eq) was dissolved in MeOH (10 mL) and oxone® (3.5 g, 11.3 mmol, 3.0 eq) was dissolved 
in water (10 mL) and both solutions were mixed at 0 °C. After stirring for 1.5 h at rt, MeOH 
was evaporated and to the aqueous phase, brine (10 mL) and EtOAc (15 mL) were added. After 
extraction with EtOAc (3x 25 mL) the organic extracts were combined and dried over Na2SO4. 
The solvents were evaporated, and the title compound was obtained as a colorless oil (727 mg, 
2.0 mmol, 95 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.52 – 7.31 (m, 2H), 7.19 – 6.96 (m, 2H), 
4.51 – 4.11 (m, 1H), 3.95 – 3.74 (m, 1H), 3.65 – 3.25 (m, 2H), 3.14 (s, 3H).13C-NMR (75 MHz, 
CDCl3): δ/ppm = 173.9, 165.0, 161.7, 130.4, 129.1, 116.0, 62.8, 56.9, 55.7, 43.8. [𝛼]𝐷25  = +10 (c 
1.00, CHCl3) MS (ESI) m/z calculated for [C12H13F4NO4SNa]+ ([M+Na]+): 366.0, found: 366.0. 

 

6, (S)-Methyl-N-((S)-2,2,2-trifluoro-1-(4-nitro-phenyl) ethyl)-L-cysteine 

 
6 was synthesized with the same method as 5 but with methyl 2,2,2-trifluoro-1-(4-nitrophenyl) 
ethan-1-one (1.2 g, 5.6 mmol, 1.0 eq) and S-methyl-L-cysteine methyl ester hydrochloride 2 
(1.1 g; 5.6 mmol; 1.0 eq) as starting materials. After purification on silica gel via column 
chromatography (cHex/EtOAc/AcOH = 3:1:0.1), a pale yellowish oil was obtained (774 mg, 
2.2 mmol, 39 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 8.27 – 8.21 (m, 2H), 7.65 – 7.59 (m, 2H), 
4.45 (m, 1H), 3.71 (t, J = 5.6 Hz, 1H), 2.92 (dd, J = 5.6, 1.6 Hz, 2H), 2.15 (s, 3H). 13C-NMR 
(75 MHz, CDCl3): δ/ppm = 177.6, 148.6, 141.0, 129.7, 124.1, 62.6 (q, J = 29.6 Hz), 58.7, 57.2, 
37.1, 16.4. [𝛼]𝐷25 = +15 (c 1.00, MeOH). MS (ESI) m/z calculated for [C12H14F3N2O4S]+ ([M+H]+): 
339.1, found: 339.0. 

 

  



 
Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 89 

 

 
 

 

  

S24 
 

8, Methylsulfonyl-((S)-2,2,2-trifluoro-1-(4-nitrophenyl) ethyl)-D-alanine 

 

(S)-Methyl-N-((S)-2,2,2-trifluoro-1-(4-nitro-phenyl) ethyl)-L-cystein, 6 (1.1 g, 3.1 mmol, 1.0 eq) 
was dissolved in MeOH (10 mL) and oxone® (2.9 g, 9.3 mmol, 3.0 eq) was dissolved in water 
(10 mL) and added at 0 °C. After stirring for 1.5 h at rt, MeOH was evaporated and to the 
aqueous residue brine (10 mL) and EtOAc (15 mL) were added. After extraction with EtOAc (3x 
25 mL) the organic extracts were combined and dried over Na2SO4. The solvents were 
evaporated, and the title compound was obtained as a colorless solid (1.1 g, 3.1 mmol, 99 %). 
1H-NMR (300 MHz, CDCl3): δ/ppm = 8.42 – 8.37 (m, 1H), 8.34 – 8.18 (m, 2H), 7.82 (m, 2H), 4.11 
(q, J = 7.1 Hz, 1H), 3.92 (t, J = 7.1, 4.1 Hz, 1H), 3.15 (s, 3H), 3.05 (d, J = 7.3 Hz, 2H). 13C-NMR 
(75 MHz, CDCl3): δ/ppm = 173.9, 148.6, 138.9, 131.3, 124.2, 124.0, 60.8, 57.1, 43.7, 42.9, 21.0, 
14.1. [𝛼]𝐷25 = +65 (c 1.00, MeOH). Mp. 96–97 °C. MS (ESI) m/z calculated for [C12H14F3N2O6S]+ 
([M+H]+): 371.0, found: 371.0. 

 

10, (S)-3-Cyclohexyl-2-(((S)-2,2,2-trifluoro-1-(4-fluorophenyl)ethyl)amino)propanoic acid 

 

10 was synthesized with the same method as 5 but with (4-fluoro)-trifluoroacetophenone 3 
(1.7 g; 9.0 mmol; 1.0 eq) and L-cyclohexylalanine methyl ester hydrochloride 9 (2.0 g; 
9.0 mmol; 1.0 eq) as starting materials. After purification on silica gel via column 
chromatography (cHex/EtOAc/AcOH = 3:1:0.1), the title compound was obtained as a colorless 
solid (3.0 g, 8.7 mmol, 96 %). 1H-NMR (300 MHz, CD3OD) δ 7.50 – 7.35 (m, 2H), 7.24 – 6.96 (m, 
2H), 4.36 – 4.13 (m, 1H), 3.47 – 3.38 (m, 1H), 1.83 – 1.34 (m, 8H), 1.32 – 1.07 (m, 3H), 0.98 – 
0.78 (m, 2H). 13C-NMR (75 MHz, CD3OD): δ/ppm = 178.4, 166.0, 162.7, 132.5, 131.7, 128.9, 
116.3, 63.21 – 61.56 (m), 59.3, 56.5, 42.2, 35.3, 34.8, 33.8, 27.6. [𝛼]𝐷25 = –9 (c 1.00, MeOH). 
Mp. 93–94 °C. MS (ESI) m/z calculated for [C17H22F4NO2]+ ([M+H]+): 348.2, found: 348.1. 
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12, Methyl (S)-methyl-N-(tetrahydro-2H-pyran-4-carbonyl)-L-cysteinate 

 

12 was synthesized according to general procedure C with 2 (0.5 g, 2.7 mmol, 1.0 eq) and 
tetrahydro-2H-pyran-4-carboxylic acid (0.39 g, 2.7 mmol, 1.0 eq) yielding the title compound 
as a colorless resin (0.55 g, 2.1 mmol, 78 %) after purification on silica gel (cHex/EtOAc= 1:2). 
1H-NMR (300 MHz, CD3OD): δ/ppm = 4.68 (dd, J = 8.5, 5.1 Hz, 1H), 4.13 – 3.93 (m, 2H), 3.79 (s, 
3H), 3.60 – 3.40 (m, 1H), 3.03 (dd, J = 13.9, 5.1 Hz, 1H), 2.87 (dd, J = 13.9, 8.6 Hz, 1H), 2.70 – 
2.54 (m, 1H), 2.17 (s, 3H), 1.94 – 1.69 (m, 5H). 13C-NMR (75 MHz, CD3OD): δ/ppm = 177.4, 

172.8, 68.2, 52.9, 42.6, 36.4, 30.2, 15.7. [𝛼]𝐷25  = –18 (c 1.00, MeOH). MS (ESI) m/z calculated 
for [C11H20NO4S+] ([M+H]+): 262.1, found: 262.0. 

 

13, Methylsulfonyl-(tetrahydro-2H-pyran-4-carbonyl)-D-alanine 

 

1. Methyl (S)-methyl-N-(tetrahydro-2H-pyran-4-carbonyl)-L-cysteinate 12 (340 mg, 1.3 mmol, 
1.0 eq) was dissolved in MeOH (20 mL) and cooled to 0 °C. Oxone® (1.2 g, 3.9 mmol, 3.0 eq) 
dissolved in water (20 mL) was added and the mixture was stirred for 1.5 h at rt. MeOH was 

evaporated and the aqueous residue diluted with brine (pH 1). After extraction with EtOAc (3x 
25 mL) the organic extracts were combined and dried over Na2SO4. The solvents were 
evaporated, yielding a colorless resin (293 mg, 1.0 mmol, 77 %) that was used in the next step 

without further purification. 

2. The methyl ester of the crude oil (260 mg, 0.87 mmol, 1.0 eq) was cleaved according to 
general procedure B, yielding a colorless sticky oil (220 mg, 0.8 mmol, 91 %). 1H-NMR 

(300 MHz, DMSO-d6): δ/ppm = 4.67 – 4.47 (m, 1H), 3.88 – 3.71 (m, 2H), 3.71 – 3.39 (m, 2H), 
3.34 – 3.17 (m, 2H), 2.98 (s, 3H), 2.46 – 2.19 (m, 2H), 1.70 – 1.23 (m, 4H).13C-NMR (75 MHz, 

DMSO-d6): δ/ppm = 174.4, 171.1, 79.1, 66.5, 54.7, 47.8, 45.9, 41.8, 28.8, 25.5. [𝛼]𝐷25 = –4 (c 

1.00, MeOH). MS (ESI) m/z calculated for [C10H18NO6S+] ([M+H]+): 280.1, found: 280.1. 
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14, Methyl (S)-3-cyclohexyl-2-(tetrahydro-2H-pyran-4-carboxamido) propanoate 

 

14 was synthesized according to general procedure C by coupling 9 (2.0 g, 9.0 mmol, 1.0 eq) 
and tetrahydro-2H-pyran-4-carboxylic acid (1.2 g, 9.0 mmol, 1.0 eq) yielding the title 
compound as a colorless oil (2.6 g, 8.7 mmol, 96 %) that was used in the next step without 
further purification or characterization.  

 

15, Methyl (S)-3-cyclohexyl-2-(tetrahydro-2H-pyran-4-carboxamido) propanoate 

 

15 was synthesized according to general procedure B by cleaving the methyl ester of 14 (2.6 g, 
8.7 mmol, 1.0 eq) yielding the title compound as a colorless solid (1.9 g, 6.9 mmol, 77 %). 1H-
NMR (300 MHz, DMSO-d6): δ/ppm = 7.97 (d, J = 8.1 Hz, 1H), 4.34 – 4.14 (m, 1H), 3.92 – 3.70 
(m, 2H), 3.36 – 3.12 (m, 2H), 2.47 – 2.38 (m, 1H), 1.71 – 1.42 (m, 10H), 1.35 – 0.66 (m, 6H). 13C-
NMR (75 MHz, DMSO-d6): δ/ppm = 174.4, 174.0, 66.4, 49.2, 33.7, 33.2, 31.5, 29.1, 28.8, 26.0, 
25.8, 25.7. [𝛼]𝐷

25 = 24 (c 1.00, MeOH). MS (ESI) m/z calculated for [C15H26NO4]+ ([M+H]+): 284.2, 
found: 284.1. 

 

16, Methyl (S)-3-cyclohexyl-2-(isonicotinamido) propanoate 

 

16 was synthesized according to general procedure C by coupling L-cyclohexylalanine methyl 
ester hydrochloride 9 (0.9 g, 4.1 mmol, 1.0 eq) and isonicotinic acid (0.5 g, 4.1 mmol, 1.0 eq) 
yielding the title compound as a colorless oil (1.2 g, 4.0 mmol, 98 %) after purification on silica 
gel (cHex/EtOAc= 1:3). 1H-NMR (300 MHz, DMSO-d6): δ/ppm = 9.04 (d, J = 7.6 Hz, 1H), 8.84 – 
8.58 (m, 2H), 7.87 – 7.66 (m, 2H), 4.59 – 4.43 (m, 1H), 3.64 (s, 3H), 1.82 – 1.52 (m, 7H), 1.43 – 
1.27 (m, 1H), 1.23 – 0.74 (m, 5H). 13C-NMR (75 MHz, DMSO-d6): δ/ppm = 172.9, 165.3, 150.4, 
140.8, 121.5, 52.1, 50.5, 37.8, 33.8, 33.2, 31.6, 26.1, 25.8, 25.6. [𝛼]𝐷

25 = –20 (c 1.00, MeOH). 
MS (ESI) m/z calculated for [C16H23N2O3]+ ([M+H]+): 291.2, found: 291.1. 
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17, (S)-3-cyclohexyl-2-(isonicotinamido) propanoic acid 

 

17 was synthesized according to general procedure B by cleaving the methyl ester of 16 (1.2 g, 
4.0 mmol, 1.0 eq) yielding the title compound as a colorless solid (0.97 g, 3.5 mmol, 88 %). 1H-
NMR (300 MHz, DMSO-d6): δ/ppm = 8.97 (d, J = 7.8 Hz, 1H), 8.83 – 8.65 (m, 2H), 7.96 – 7.72 
(m, 2H), 4.58 – 4.41 (m, 1H), 1.81 – 1.51 (m, 6H), 1.47 – 1.29 (m, 1H), 1.26 – 0.77 (m, 5H). 13C-
NMR (75 MHz, DMSO-d6): δ/ppm = 173.9, 164.7, 149.4, 141.9, 121.9, 50.4, 37.9, 33.8, 33.2, 
31.5, 26.1, 25.8, 25.6. [𝛼]𝐷25 = –14 (c 1.00, MeOH). MS (ESI) m/z calculated for [C15H21N2O3]+ 
([M+H]+): 277.2, found: 277.1. 

 

18, 4-Morpholine-1-carbonyl-L-cyclohexyl alanine-methyl ester  

 
9 (0.55 g, 2.48 mmol, 1.0 eq) was dissolved in DCM (20 mL) and saturated NaHCO3 solution 
(40 mL) and cooled to 0°C. Triphosgene (0.25 g, 0.83 mmol, 0.33 eq) was added and the 
mixture was stirred for 30 min. The mixture was extracted with DCM (2x 40 mL) and the 
combined organic layers were washed with saturated NaHCO3 solution (2x 30 mL), and brine 
(2x 30 mL), then dried over anhydrous Na2SO4 and concentrated under reduced pressure, 
resulting in a crude product that was dissolved in THF (30 mL) and cooled to 0 °C. Morpholine 
(1.0 eq, 2.48 mmol, 0.22 g) was added and the mixture stirred for one hour. The solvent was 
removed under reduced pressure. Water (30 ml) was added to the crude residue, which was 
then extracted with EtOAc (3x 20 mL). The combined organic layers were washed with brine 
(2x 20 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure to yield 
a colorless oil (0.75 g, 2.46 mmol, 98 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 4.94 – 4.83 (m, 
1H), 4.56 – 4.45 (m, 1H), 3.71 (s, 3H), 3.70 – 3.64 (m, 4H), 3.41 – 3.33 (m, 4H), 1.77 – 1.59 (m, 
6H), 1.53 – 1.42 (m, 1H), 1.41 – 1.31 (m, 1H), 1.24 – 1.11 (m, 3H), 0.99 – 0.84 (m, 2H). 13C-NMR 
(75 MHz, CDCl3): δ/ppm = 175.1, 157.4, 66.5, 52.3, 51.6, 44.1, 40.4, 34.2, 33.6, 32.7, 26.4, 26.2, 
26.1, 21.1, 14.3. [𝛼]𝐷22 = –9 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C15H26N2O4Na]+ 
([M+Na]+): 321.18, found: 321.18. 
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19, 4-Morpholin-1-carbonyl-L-cyclohexyl alanine 

 
19 was prepared according to procedure B using 18 (1.0 eq, 0.7 g, 2.35 mmol), resulting in a 
colorless solid (0.65 g, 2.29 mmol, 97 %).1H-NMR (300 MHz, CDCl3): δ/ppm = 9.37 (s, 1H), 5.27 
– 5.07 (m, 1H), 4.41 (s, 1H), 3.75 – 3.55 (m, 4H), 3.46 – 3.28 (m, 4H), 1.83 – 1.47 (m, 6H), 1.44 
– 1.30 (m, 1H), 1.26 – 1.04 (m, 4H), 1.04 – 0.79 (m, 2H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 
176.9, 158.1, 66.5, 51.9, 44.2, 39.6, 34.3, 33.6, 32.6, 26.6, 26.2, 26.1. 176.9, 158.1, 66.5, 51.9, 
44.2, 39.6, 34.3, 33.6, 32.6, 26.5, 26.2, 26.1. Mp: 96–97 °C. [𝛼]𝐷22 = –22 (c 1.00, CHCl3). MS (ESI) 
m/z calculated for [C14H24N2O4Na]+ ([M+Na]+): 307.2, found: 307.2. 

 

21, (S)-1-amino-3-(benzyloxy)-1-oxopropan-2-amino 2,2,2-trifluoroacetate 

 

Boc-O-benzyl-L-serine 20 (3.0 g, 10.2 mmol, 1.0 eq) was dissolved in DMF (20 mL) and cooled 
to 0 °C. Hydroxybenzotriazole-monohydrate (HOBt∙H2O, 1.9 g, 12.2 mmol, 1.2 eq) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide-hydrochloride (EDC∙HCl, 2.1 g, 11.2 mmol, 1.1 eq) 
were added and after stirring for 20 min NH4OH (5 mL) was added and the mixture was stirred 
for an additional 16 h at rt. After adding DCM (50 mL) a white precipitate formed which was 
filtered und the filtrate was washed with brine (15 mL) and sat. NaHCO3 (15 mL). The organic 
extracts were dried over anhydrous Na2SO4, and concentrated under reduced pressure to 
yield a colorless solid (2.1 g, 7.2 mmol, 71 %) that was subsequently dissolved in a mixture of 
trifluoroacetic acid (TFA, 10 mL) and DCM (10 mL) and stirred for 30 min at rt. After 
completion of the reaction, the solvents were evaporated, yielding a colorless sticky resin 
(2.2 g, 7.1 mmol, 99 %). 1H-NMR (300 MHz, D2O): δ/ppm = 7.57 – 7.08 (m, 5H), 4.72 – 4.48 (m, 
2H), 4.28 – 4.14 (m, 1H), 4.00 – 3.79 (m, 2H). 13C-NMR (75 MHz, D2O): δ/ppm = 169.6, 162.5, 
136.7, 128.7, 128.4, 128.3 114.4, 73.1, 67.3, 52.9. [𝛼]𝐷25  = –16 (c 1.00, MeOH). MS (ESI) m/z 
calculated for [C10H15N2O2]+ ([M+H]+): 195.1, found: 195.0. 
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22, (R)-N-((R)-2-(benzyloxy)-1-cyanoethyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-
fluorophenyl) ethyl) amino) propenamide 

 
21 was coupled with 7 according to general procedure C, yielding the peptide-amide as a crude 
(110 mg, 0.21 mmol, 1.0 eq) which was dissolved in in DMF (10 mL) and mixed with cyanuric 
chloride (39 mg, 0.21 mmol, 1.0 eq) at 0 °C. The mixture was stirred at rt overnight until full 
consumption of the starting material. After adding EtOAc (25 mL) and water (25 mL) and 
separating the phases, the aqueous phase was extracted with EtOAc (3x 25 mL) and the 
combined organic extracts washed with brine (1x 20 mL) and water (2x 20 mL) and dried over 
anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified 
via preparative HPLC yielding 22 as a colorless solid (36 mg, 0.07 mmol, 34 %). 1H-NMR 
(300 MHz, CDCl3): δ/ppm = 8.56 (d, J = 8.1 Hz, 1H), 7.34 – 7.16 (m, 7H), 6.98 – 6.85 (m, 2H), 
4.79 – 4.66 (m, 1H), 4.55 – 4.43 (m, 2H), 4.16 (q, J = 7.3 Hz, 1H), 3.81 – 3.72 (m, 1H), 3.52 – 
3.29 (m, 1H), 3.28 – 3.05 (m, 3H), 2.99 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 170.6, 164.8, 
161.5, 136.8, 10.6, 130.5, 128.6, 128.2, 127.9, 116.8, 116.0, 115.7, 73.5, 68.5, 63.1, 62.7, 56.8, 
56.1, 43.4, 40.8, 40.5, 40.3, 39.9, 39.7, 39.4. Mp: 98–99 °C. [𝛼]𝐷22 = –11 (c 1.00, CHCl3). MS (ESI) 
m/z calculated for [C22H23F4N3O4SNa]+ ([M+Na]+): 524.1, found: 524.1, Purity: 99 %. 

 

25, (S)-N-((S)-1-cyano-3-phenylpropyl)-3-cyclohexyl-2-(((S)-2,2,2-trifluoro-1-(4-
fluorophenyl) ethyl) amino) propanamide 

 
25 was synthesized according to general procedure C by coupling 10 (100 mg, 0.29 mmol, 
1.0 eq) and aminonitrile 24 (46 mg, 0.29 mmol, 1.0 eq) yielding the title compound as a 
colorless solid (36 mg, 0.07 mmol, 26 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): 
δ/ppm = 7.41 – 6.82 (m, 9H), 5.00 – 4.53 (m, 1H), 4.15 – 3.75 (m, 1H), 3.48 – 2.99 (m, 1H), 2.92 
– 2.57 (m, 2H), 2.23 – 1.78 (m, 2H), 1.77 – 0.81 (m, 13H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 
173.8, 139.3, 130.2, 129.0, 128.4, 126.9, 118.2, 116.2, 62.8, 59.3, 58.9, 58.3, 57.8, 41.4, 39.9, 
34.8, 34.4, 33.9, 32.7, 31.8, 31.6, 26.3, 26.1, 25.9. Mp: 103–104 °C. [𝛼]𝐷22  = –36 (c 1.00, CHCl3). 
MS (ESI) m/z calculated for [C27H32F4N3O]+ ([M+H]+): 490.2, found: 490.1, Purity: 99 %. 
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26, (S)-N-((R)-2-(benzyloxy)-1-cyanoethyl)-3-cyclohexyl-2-(((S)-2,2,2-trifluoro-1-(4-
fluorophenyl) ethyl) amino) propanamide 

 
26 was synthesized according to general procedure C by coupling 10 (150 mg, 0.43 mmol, 
1.0 eq) and aminonitrile 23 (76 mg, 0.43 mmol, 1.0 eq) yielding the title compound as a 
colorless solid (48 mg, 0.09 mmol, 22 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): 
δ/ppm = 7.66 (d, J = 8.7 Hz, 1H), 7.29 – 7.18 (m, 7H), 7.04 – 6.91 (m, 2H), 4.96 – 4.88 (m, 1H), 
4.79 (dt, J = 8.9, 3.8 Hz, 1H), 4.61 – 4.51 (m, 1H), 4.51 – 4.41 (m, 2H), 3.99 (q, J = 7.1 Hz, 1H), 
3.80 (q, J = 7.6 Hz, 1H), 3.71 – 3.63 (m, 1H), 3.61 – 3.49 (m, 1H), 1.68 – 1.38 (m, 2H), 1.30 – 
1.19 (m, 1H), 1.11 – 0.70 (m, 8H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 173.9, 165.0, 161.7, 
136.7, 130.5, 128.9, 128.8, 128.4, 128.0, 117.0, 116.4, 73.7, 68.6, 58.7, 57.7, 41.3, 40.4, 34.3, 
33.9, 32.7, 31.7, 29.8, 27.0, 26.4, 26.3. Mp: 143–144 °C. [𝛼]𝐷22  = –29 (c 1.00, CHCl3). MS (ESI) 
m/z calculated for [C27H32F4N3O2]+ ([M+H]+): 506.2, found: 506.2, Purity: 97 %. 

 

27, N-((S)-1-(((S)-1-cyano-3-phenylpropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
morpholine-4-carboxamide 

 
27 was synthesized according to general procedure C by coupling 19 (50 mg, 0.18 mmol, 
1.0 eq) and aminonitrile 24 (30 mg, 0.18 mmol, 1.0 eq) yielding the title compound as a 
colorless solid (66 mg, 0.15 mmol, 88%) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): 
δ/ppm = 8.71 – 8.40 (m, 1H), 7.43 – 7.01 (m, 5H), 6.08 – 5.81 (m, 1H), 4.74 – 4.55 (m, 1H), 4.52 
– 4.30 (m, 1H), 3.72 – 3.48 (m, 4H), 3.44 – 3.20 (m, 4H), 2.89 – 2.60 (m, 2H), 2.20 – 1.98 (m, 
2H), 1.77 – 0.74 (m, 13H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 174.6, 157.8, 139.5, 128.8, 128.4, 
126.7, 118.6, 66.5, 52.6, 44.2, 40.0, 34.2, 33.6, 32.8, 31.6, 26.3. Mp: 133–134 °C. [𝛼]𝐷22  = –12 
(c 1.00, CHCl3). MS (ESI) m/z calculated for [C24H35N4O3]+ ([M+H]+): 427.3, found: 427.2, Purity: 
99 %. 
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28, N-((S)-1-((R-2-(Benzyloxy)-1-cyanoethyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
morpholine-4-carboxamide-L-cyclohexylalanine-methylester-hydrochloride 

 

Coupling of the aminonitrile 23 (31 mg, 0.18 mmol, 1.0 eq) with 19 (50 mg, 0.18 mmol, 1.0 eq) 
according to general procedure C followed by preparative HPLC purification yielded 28 as a 
colorless solid (20 mg, 0.05 mmol, 26 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.34 – 7.20 (m, 
5H), 5.00 – 4.83 (m, 1H), 4.49 (d, J = 4.1 Hz, 2H), 4.39 (d, J = 7.2 Hz, 1H), 3.71 – 3.44 (m, 4H), 
3.34 – 3.15 (m, 4H), 1.73 – 1.38 (m, 8H), 1.33 – 1.02 (m, 6H), 0.96 – 0.70 (m, 3H).13C-NMR 
(75 MHz, CDCl3): δ/ppm = 173.8, 157.5, 136.9, 128.7, 128.3, 127.9, 117.3, 73.7, 68.9, 66.4, 

52.3, 44.2, 40.9, 40.1, 34.3, 33.6, 32.9, 26.4, 26.3, 26.2. Mp: 140–141 °C. [𝛼]𝐷22  = –20 (c 1.00, 
CHCl3). MS (ESI) m/z calculated for [C24H34N4O4Na]+ ([M+Na]+): 465.3, found: 465.2. Purity: 

98 %. 

 

29, N-((S)-1-(((R)-2-(benzyloxy)-1-cyanoethyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
tetrahydro-2H-pyran-4-carboxamide 

 

29 was synthesized according to general procedure C by coupling 15 (50 mg, 0.18 mmol, 
1.0 eq) and aminonitrile 23 (31 mg, 0.18 mmol, 1.0 eq) yielding the title compound as a 
colorless sticky resin (35 mg, 0.08 mmol, 45 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.35–7.16 
(m, 5H); 4.91 (s, 1H); 4.53 (s, 2H); 3.90 (d, J = 8.6 Hz, 2H); 3.59 (q, J = 10.0 Hz, 2H); 3.31 (q, J = 
9.8 Hz, 2H); 2.36–2.30 (m, 1H); 1.82–1.42 (m, 12H); 1.16–0.93 (m, 5H); 0.89–0.78 (m, 3H). 13C-
NMR (75 MHz, CDCl3): δ/ppm = 174.9, 172.4, 136.8, 128.8, 128.4, 128.0, 117.1, 73.8, 68.8, 
67.2, 67.1, 50.7, 42.0, 40.9, 39.6, 34.3, 33.7, 32.9, 29.4, 29.0, 26.4, 26.3, 26.2. Mp: 126–127 °C. 
[𝛼]𝐷22 = –44 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C25H36N3O4]+ ([M+H]+): 442.3, found: 
442.2, Purity: 99 %. 

 

30, N-((S)-1-(((S)-1-cyano-3-phenylpropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
tetrahydro-2H-pyran-4-carboxamide 
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30 was synthesized according to general procedure C by coupling 15 (50 mg, 0.18 mmol, 
1.0 eq) and crude aminonitrile 24 (30 mg, 0.18 mmol, 1.0 eq) yielding the title compound as a 
colorless solid (13 mg, 0.03 mmol, 17 %). 1H-NMR (600 MHz, CDCl3): δ/ppm = 7.36 – 7.27 (m, 
3H), 7.25 – 7.13 (m, 4H), 6.48 (s, 1H), 4.71 – 4.64 (m, 1H), 4.61 – 4.51 (m, 1H), 4.04 – 3.94 (m, 
2H), 3.44 – 3.34 (m, 2H), 2.83 – 2.71 (m, 2H), 2.48 – 2.38 (m, 1H), 2.19 – 2.07 (m, 2H), 1.84 – 
1.51 (m, 10H), 1.32 – 1.06 (m, 4H), 0.98 – 0.80 (m, 2H). 13C-NMR (150 MHz, CDCl3): δ/ppm = 
175.6, 172.4, 139.2, 128.9, 128.5, 126.8, 118.3, 67.2, 50.8, 42.0, 34.3, 33.6, 32.8, 31.6, 29.4, 
28.9, 26.3, 26.2, 26.1. Mp: 94–95 °C. [𝛼]𝐷22 = –21 (c 1.00, CHCl3). MS (ESI) m/z calculated for 
[C25H35N3O3Na]+ ([M+Na]+): 448.3, found: 448.2, Purity: 99 %. 

 

31, N-((S)-1-(((R)-2-(benzyloxy)-1-cyanoethyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
isonicotinamide 

 
31 was synthesized according to general procedure C by coupling 17 (42 mg, 0.15 mmol, 
1.0 eq) and 23 (27 mg, 0.15 mmol, 1.0 eq) yielding the title compound as a colorless solid 
(8 mg, 0.02 mmol, 13 %). 1H-NMR (600 MHz, DMSO-d6): δ/ppm = 9.11 – 9.02 (m, 2H), 8.86 – 
8.79 (m, 2H), 8.05 – 7.90 (m, 2H), 7.42 – 7.15 (m, 5H), 5.19 – 4.93 (m, 1H), 4.71 – 4.49 (m, 3H), 
3.78 – 3.59 (m, 2H), 1.81 – 1.44 (m, 7H), 1.40 – 1.24 (m, 1H), 1.18 – 1.02 (m, 3H), 0.97 – 0.74 
(m, 2H). 13C-NMR (150 MHz, DMSO-d6): δ/ppm = 172.4, 164.5, 148.5, 142.7, 137.7, 128.4, 
127.8, 122.6, 122.5, 118.3, 72.3, 68.4, 68.2, 51.2, 40.5, 33.7, 33.3, 31.7, 26.1, 25.8, 25.6. Mp: 
64–65 °C. MS (ESI) m/z calculated for [C25H31N4O3]+ ([M+H]+): 435.2, found: 435.1, Purity: 96 %. 
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32, N-((S)-1-(((S)-1-cyano-3-phenylpropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
isonicotinamide 

 

32 was synthesized according to general procedure C by coupling 17 (42 mg, 0.3 mmol, 1.0 eq) 
and crude aminonitrile 24 (24 mg, 0.15 mmol, 1.0 eq) yielding the title compound as a pale-
yellow solid (18 mg, 0.04 mmol, 28 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): 
δ/ppm = 8.82 (s, 2H), 8.19 – 7.58 (m, 3H), 7.39 – 6.99 (m, 5H), 4.88 – 4.49 (m, 2H), 2.89 – 2.62 
(m, 2H), 2.28 – 2.07 (m, 2H), 1.77 – 1.55 (m, 6H), 1.40 – 1.04 (m, 4H), 1.00 – 0.76 (m, 2H). 13C-
NMR (75 MHz, CDCl3): δ/ppm = 172.6, 172.2, 165.3, 148.9, 139.1, 128.9, 128.5, 126.9, 122.2, 
118.3, 52.1, 40.5, 39.4, 34.3, 33.5, 32.8, 31.6, 26.3, 26.1. Mp: 139–140 °C. [𝛼]𝐷22  = 10 (c 1.00, 
CHCl3). MS (ESI) m/z calculated for [C25H31N4O2]+ ([M+H]+): 419.2, found: 419.1, Purity: 99 %. 

 

33, (R)-N-((R)-2-(benzyloxy)-1-cyanoethyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-
nitrophenyl) ethyl) amino) propanamide 

 

33 was synthesized according to general procedure C by coupling 8 (40 mg, 0.11 mmol, 1.0 eq) 
and 23 (19 mg, 0.11 mmol, 1.0 eq) yielding the title compound as a colorless solid (48 mg, 
0.09 mmol, 82 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): δ/ppm = 8.25 – 8.08 
(m, 2H), 7.60 – 7.46 (m, 2H), 7.42 – 7.29 (m, 7H), 4.83 (s, 1H), 4.74 – 4.39 (m, 4H), 3.86 – 3.68 
(m, 2H), 3.45 – 3.22 (m, 2H), 3.04 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 170.2, 148.9, 

139.5, 136.6, 130.1, 129.0, 128.9, 128.1, 124.3, 116.7, 73.9, 68.3, 63.1, 56.6, 55.9, 55.4, 43.3, 
41.1. Mp: 105–106 °C. [𝛼]𝐷22  = –22 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C22H24F3N4O6S]+ 
([M+H]+): 529.1, found: 529.0, Purity: 99 %. 
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34, (R)-N-((S)-1-cyano-3-phenylpropyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-
nitrophenyl) ethyl) amino) propanamide 

 

34 was synthesized according to general procedure C by coupling 8 (40 mg, 0.11 mmol, 1.0 eq) 

and 24 (18 mg, 0.11 mmol, 1.0 eq) yielding the title compound as a colorless solid (12 mg, 
0.023 mmol, 21 %) after purification via HPLC. 1H-NMR (300 MHz, CD3OD): δ/ppm = 8.27 (t, J 
= 8.3 Hz, 2H), 7.60 (t, J = 9.3 Hz, 2H), 7.44 – 7.06 (m, 5H), 4.84 – 4.60 (m, 1H), 4.50 – 4.18 (m, 
1H), 3.78 – 3.64 (m, 1H), 3.48 – 3.15 (m, 2H), 3.08 (s, 2H), 2.94 – 2.86 (m, 1H), 2.82 – 2.67 (m, 
2H), 2.28 – 1.94 (m, 4H). 13C-NMR (75 MHz, CD3OD): δ/ppm = 169.6, 148.9, 139.0, 130.0, 129.1, 

128.5, 128.4, 127.1, 124.4, 117.8, 56.2, 43.3, 42.8, 40.7, 34.2, 31.6. Mp: 93–94 °C. [𝛼]𝐷22 = –6 
(c 1.00, CHCl3). MS (ESI) m/z calculated for [C22H24F3N4O5S]+ ([M+H]+): 513.1, found: 513.1, 
Purity: 99 %. 

 

36, (R)-N-(1-cyanocyclopropyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-fluorophenyl) 
ethyl) amino) propanamide 

 

36 was synthesized according to general procedure C by coupling 1-aminocyclopropan-
carboxylic acid 35 (237 mg; 2.0 mmol; 1.1 eq) and 7 (618 mg, 1.8 mmol, 1.0 eq) yielding the 
title compound as a colorless solid (685 g, 1.78 mmol, 98 %) after purification on silica gel 
(CHCl3/MeOH = 50:1). 1H-NMR (300 MHz, DMSO-d6): δ/ppm = 9.03 (s, 1H), 7.45 (dd, J = 8.6, 
5.5 Hz, 2H), 7.23 (t, J = 8.9 Hz, 2H), 4.36 (p, J = 7.8 Hz, 1H), 3.69 (td, J = 10.0, 9.5, 3.6 Hz, 1H), 
3.58–3.41 (m, 2H), 3.11 (s, 3H), 1.50–1.25 (m, 2H), 1.09–0.96 (m, 1H), 0.84–0.67 (m, 1H). 13C-

NMR (75 MHz, DMSO-d6): δ/ppm = 171.7, 164.0, 160.8, 130.6, 130.5, 120.3, 115.6, 115.3, 61.3, 
60.9, 56.6, 56.2, 43.1, 19.6, 15.4. Mp: 203–204 °C. [𝛼]𝐷22  = 16 (c 1.00, MeOH). MS (ESI) m/z 
calculated for [C16H18F4N3O3S]+ ([M+H]+): 408.1, found: 408.1, Purity: 95 %. 

 

  



 
100 Project 1: Design and Functionalization of Cathepsin S-Selective Inhibitors 

 

 

  

S35 
 

37, (R)-N-(1-cyanocyclopropyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-nitrophenyl) 
ethyl) amino) propanamide 

 

37 was synthesized according to general procedure C by coupling 1-aminocyclopropan-
carboxylic acid 35 (237 mg; 2.0 mmol; 1.1 eq) and 8 (618 mg, 1.8 mmol, 1.0 eq) yielding the 

title compound as a colorless solid (685 g, 1.78 mmol, 98 %) after purification on silica gel 
(CHCl3/MeOH = 50:1). 1H-NMR (300 MHz, DMSO-d6): δ/ppm = 9.09 – 8.78 (m, 1H), 8.36 – 8.09 
(m, 2H), 7.91 – 7.55 (m, 2H), 4.70 – 4.48 (m, 1H), 3.86 – 3.42 (m, 2H), 3.11 (s, 3H), 1.64 – 0.65 

(m, 6H). 13C-NMR (75 MHz, DMSO-d6): δ/ppm = 171.6, 147.9, 141.5, 129.9, 123.6, 120.2, 79.2, 

56.8, 56.2, 43.1, 19.5, 15.6, 15.4. Mp: 200–201 °C. [𝛼]𝐷22  = 55 (c 1.00, CHCl3). MS (ESI) m/z 
calculated for [C16H17F3N4O5SNa]+ ([M+Na]+): 457.1, found: 457.1, Purity: 96 %. 

 

38, (S)-N-(1-cyanocyclopropyl)-3-cyclohexyl-2-(((S)-2,2,2-trifluoro-1-(4-fluorophenyl) ethyl) 
amino) propanamide 

 

38 was synthesized according to general procedure C by coupling 1-aminocyclopropan-

carboxylic acid 35 (248 mg; 2.1 mmol; 1.1 eq) and 10 (700 mg, 1.9 mmol, 1.0 eq) yielding the 
title compound as colorless solid (249 mg, 0.57 mmol, 30 %) after purification on silica gel 
(CHCl3/MeOH = 100:1). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.50 – 7.28 (m, 2H), 7.18 – 6.97 

(m, 2H), 4.25 – 3.67 (m, 1H), 3.46 – 2.92 (m, 1H), 2.43 – 2.15 (m, 1H), 1.88 – 0.79 (m, 17H). 13C-
NMR (75 MHz, CDCl3): δ/ppm = 174.7, 164.0, 165.1, 161.8, 130.5, 130.1, 119.8, 116.5, 63.5, 

59.2, 58.3, 41.1, 34.3, 33.8, 32.8, 31.8, 26.2, 20.1, 16.6. Mp: 118–119 °C. [𝛼]𝐷22  = 23 (c 1.00, 

CHCl3). MS (ESI) m/z calculated for [C21H26F4N3O]+ ([M+H]+): 412.2, found: 412.2, Purity: 97 %. 

 

39, (S)-N-(1-((1-cyanocyclopropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) morpholine-4-
carboxamide 

 

39 was synthesized according to general procedure C by coupling 1-aminocyclopropan-

carboxylic acid 35 (33 mg; 0.28 mmol; 1.0 eq) and 19 (80 mg, 0.28 mmol, 1.0 eq) yielding the 
title compound as colorless solid (97 mg, 0.27 mmol, 96 %) after purification via HPLC. 1H-NMR 
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(300 MHz, CDCl3): δ/ppm = 8.54 (s, 1H), 6.16 – 5.86 (m, 1H), 4.38 – 4.16 (m, 1H), 3.77 – 3.57 
(m, 4H), 3.47 – 3.24 (m, 4H), 1.76 – 1.54 (m, 6H), 1.53 – 1.38 (m, 3H), 1.36 – 1.07 (m, 6H), 1.00 
– 0.75 (m, 2H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 176.2, 157.9, 120.3, 66.6, 52.5, 44.2, 39.4, 
38.7, 34.3, 33.6, 32.7, 26.2, 20.5, 16.8, 16.2. Mp: 193–194 °C. [𝛼]𝐷22  = 19 (c 1.00, MeOH). MS 
(ESI) m/z calculated for [C18H29N4O3]+ ([M+H]+): 349.2, found: 349.2, Purity: 98 %. 

 

40, (S)-N-(1-((1-cyanocyclopropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) tetrahydro-2H-
pyran-4-carboxamide 

 

40 was synthesized according to general procedure C by coupling 1-aminocyclopropan-
carboxylic acid 35 (50 mg; 0.42 mmol; 1.0 eq) and 15 (120 mg, 0.42 mmol, 1.0 eq) yielding the 
title compound as colorless solid (123 g, 0.35 mmol, 84 %) after purification via HPLC. 
(CHCl3/MeOH = 50:1). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.96 (s, 1H), 6.63 (s, 1H), 4.51 (s, 
1H), 4.16 – 3.75 (m, 2H), 3.51 – 3.31 (m, 2H), 3.06 (m, 1H), 2.45 (s, 1H), 1.89 – 1.40 (m, 12H), 
1.30 – 1.04 (m, 6H), 1.00 – 0.73 (m, 2H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 175.5, 173.7, 
119.9, 67.2, 50.6, 42.1, 39.3, 34.4, 33.6, 32.9, 29.5, 29.1, 26.4, 20.6, 16.9, 16.6. Mp: 122–
123 °C. [𝛼]𝐷22 = 16 (c 1.00, MeOH). MS (ESI) m/z calculated for [C19H30N3O3]+ ([M+H]+): 348.2, 
found: 348.1, Purity: 95 %. 

 

41, (S)-N-(1-((1-cyanocyclopropyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) isonicotinamide 

 

41 was synthesized according to general procedure C by coupling 1-aminocyclopropan-
carboxylic acid 35 (64 mg; 0.54 mmol; 1.0 eq) and 17 (150 mg, 0.54 mmol, 1.0 eq) yielding the 
title compound as pale yellow solid (685 g, 1.78 mmol, 98 %) after purification via HPLC. 1H-
NMR (300 MHz, CDCl3): δ/ppm = 8.79 – 8.61 (m, 2H), 7.89 – 7.60 (m, 2H), 7.70 (s, 2H), 4.70 (q, 
J = 8.3 Hz, 1H), 1.82 – 1.43 (m, 9H), 1.37 – 0.99 (m, 6H), 0.99 – 0.70 (m, 2H). 13C-NMR (75 MHz, 
CDCl3): δ/ppm = 174.6, 165.8, 149.9, 140.9, 128.6, 127.8, 121.7, 120.0, 51.9, 42.1, 41.5, 39.0, 
34.3, 33.5, 32.6, 26.3, 26.0, 20.7, 16.7, 16.4. Mp: 95–96 °C. [𝛼]𝐷22 = 11 (c 1.00, MeOH). MS (ESI) 
m/z calculated for [C19H25N4O2]+ ([M+H]+): 341.2, found: 341.2, Purity: 99 %. 
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43, Methyl O-benzyl-N-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido) propanoyl)-L-
serinate 

 

Deprotection of 42 (217 mg, 0.7 mmol, 1.0 eq) was performed following general procedure A. 
The deprotected amino acid was then coupled with 19 (200 mg, 0.7 mmol, 1.0 eq) following 
general procedure C. After purification via column chromatography (CH/EtOAc 1:3), 43 could 
be obtained as a colorless oil (253 mg, 0.53 mmol, 76 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 
7.36 – 7.19 (m, 5H), 4.69 (dt, J = 8.2, 3.4 Hz, 1H), 4.58 – 4.37 (m, 3H), 3.86 (dd, J = 9.6, 3.4 Hz, 
1H), 3.71 (s, 3H), 3.68 – 3.52 (m, 5H), 3.41 – 3.24 (m, 4H), 1.86 – 1.58 (m, 6H), 1.57 – 1.31 (m, 
3H), 1.29 – 0.80 (m, 6H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 173.7, 170.5, 157.5, 137.6, 128.5, 
127.9, 127.7, 73.4, 69.6, 66.5, 52.8, 52.6, 52.4, 44.2, 40.6, 34.2, 33.7, 32.9, 26.5, 26.3, 26.2. 
[𝛼]𝐷22 = 13 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C25H37N3O6Na]+ ([M+Na]+): 498.3, found: 
498.2. 

 

45, N-((S)-1-(((S)-1-(benzyloxy)-3-oxopropan-2-yl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
morpholine-4-carboxamide 

 

(1) To a solution of 43 (132 mg, 0.28 mmol, 1.0 eq) in THF (15 mL) at 0 °C, NaBH4 (42 mg, 
1.11 mmol, 4.0 eq) and MeOH (1.2 mL) were added. The mixture was stirred for 16 h at rt and 
upon completion, diluted with saturated NH4Cl solution (30 mL). After extraction with EtOAc 
(3x 25 mL) the combined organic layers were washed with saturated NH4Cl solution (20 mL) 
and brine (20 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure to 
yield the C-terminal hydroxy-peptide as a colorless solid (114 mg, 0.25 mmol, 91 %), which 
was used subsequently in the next step. 

(2) To a solution of the C-terminal hydroxy-peptide (45 mg, 0.1 mmol, 1.0 eq) in DCM (10 mL) 
dess-martin-periodinane (51 mg, 0.12 mmol, 1.2 eq) was added and the mixture was stirred 
at rt for 12 h. After completion, indicated by TLC, the mixture was filtrated, washed a saturated 
Na2S2O3 solution (15 mL), a saturated NaHCO3 solution (15 mL) and brine (20 mL). The mixture 
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was dried over anhydrous Na2SO4, concentrated under reduced pressure, and subsequently 
purified via column chromatography (CHCl3/MeOH 30:1), to yield 47 as a colorless solid 
(31 mg, 0.07 mmol, 70 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 9.56 (s, 1H), 7.43 – 7.17 (m, 
5H), 5.15 – 4.96 (m, 1H), 4.76 – 4.34 (m, 3H), 4.25 (s, 1H), 3.99 (dd, J = 9.7, 3.6 Hz, 1H), 3.75 – 
3.53 (m, 4H), 3.48 – 3.20 (m, 4H), 1.84 – 1.47 (m, 6H), 1.40 – 0.77 (m, 8H). 13C-NMR (75 MHz, 
CDCl3): δ/ppm = 198.3, 174.1, 157.5, 137.3, 128.6 127.8, 127.7, 73.7, 67.5, 66.5, 59.0,52.4, 
44.2, 40.6, 34.3, 33.7, 32.9, 26.5, 26.3. Mp: 85–86 °C. [𝛼]𝐷22 = 20 (c 1.00, MeOH). MS (ESI) m/z 
calculated for [C24H35N3O5Na]+ ([M+Na]+): 468.3, found: 468.3, Purity: 99 %. 

 

44, N-((S)-1-(((S)-1-(Benzyloxy)-3-oxo-4-(phenylsulfonyl)butan-2-yl) amino)-3-cyclohexyl-1-
oxopropan-2-yl)morpholin-4-carboxamid 

 

(1) To a solution of methylphenyl sulfone (151 mg; 0.97 mmol, 2.0 eq) in dry THF (5 mL) was 
added n-BuLi (0.78 mL, 1.94 mmol, 2.5 M) at –5 °C. The mixture was stirred at this 
temperature for 30 min and boc protected O-benzylserine-methylester (150 mg, 0.49 mmol, 
1.0 eq) dissolved in THF (5 mL) was added dropwise at –78 °C. The mixture was stirred for 3 h 
while allowing to reach rt. After quenching with water and extracting the crude product with 
EtOAc (3x 25 mL), the combined organic extracts were washed with brine (25 mL) and water 
(20 mL), dried over anhydrous Na2SO4, and concentrated. After purification of the crude 
product via column chromatography on silica gel (CH/ EtOAc 3:1), tert-butyl (S)-(1-(benzyloxy)-
3-oxo-4-(phenylsulfonyl)butan-2-yl)carbamate was obtained as a colorless oil (150 mg, 
0.35 mmol, 72 %). Removing the boc-protecting group with HCl (4.0 M, 3 mL) led to the free 
amino-ketone, which was subsequently used in the next step. 

(2) Coupling of the deprotected aminoketone (40 mg, 0.11 mmol, 1.0 eq) with XX (31 mg, 
0.11 mmol, 1.0 eq) according to general procedure C, yielded the title compound as a colorless 
solid (20 mg, 0.03 mmol, 31 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): δ/ppm 
= 7.78 (d, J = 7.4 Hz, 2H), 7.55 (d, J = 7.4 Hz, 1H), 7.43 (t, J = 7.7 Hz, 2H), 7.28 – 7.13 (m, 5H), 
4.70 (s, 1H), 4.51 – 4.22 (m, 4H), 4.15 (d, J = 13.5 Hz, 1H), 3.87 – 3.79 (m, 1H), 3.56 (s, 5H), 3.28 
(s, 4H), 1.75 – 1.34 (m, 7H), 1.26 (s, 1H), 1.11 (q, J = 10.9, 8.5 Hz, 3H), 0.97 – 0.73 (m, 2H). 13C-
NMR (75 MHz, CDCl3): δ/ppm = 195.7, 174.2, 157.6, 138.7, 137.3, 134.3, 129.3, 128.6, 128.1, 
127.9, 73.6, 68.6, 66.5, 64.1, 59.3, 52.8, 44.2, 40.0, 34.3, 33.7, 32.8, 26.4, 26.2, 26.1. Mp: 67–
68 °C. [𝛼]𝐷22  = –3 (c 1.00, MeOH). MS (ESI) m/z calculated for [C31H41N3O7SNa]+ ([M+Na]+): 
622.3, found: 622.2, Purity: 99 %. 
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46, N-((2S)-1-((1-(benzyloxy)-4-mercapto-3-oxobutan-2-yl)amino)-3-cyclohexyl-1-
oxopropan-2-yl)morpholine-4-carboxamide 

 

46 was prepared from 45 (20 mg, 0.05 mmol, 1.0 eq.) which was dissolved in MeOH (5 mL) 
and mixed with benzohydrazide (6 mg, 0.05 mmol, 1.0 eq.) and stirred overnight at rt. The 
solvents were evaporated, and the residue was purified on HPLC yielding the title compound 
as a colorless solid (20 mg, 0.04 mmol, 78 %). 1H-NMR (600 MHz, DMSO-d6): δ/ppm 7.85 (dd, 
J = 7.1, 1.6 Hz, 2H), 7.73 (d, J = 5.0 Hz, 1H), 7.57 (td, J = 7.3, 1.5 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 
7.37 – 7.24 (m, 4H), 4.70 – 4.60 (m, 1H), 4.54 – 4.51 (m, 2H), 4.27 – 4.18 (m, 1H), 3.69 – 3.59 
(m, 2H), 3.57 – 3.47 (m, 5H), 3.33 – 3.18 (m, 5H), 1.72 – 1.54 (m, 6H), 1.54 – 1.41 (m, 2H), 1.31 
(s, 1H), 1.20 – 0.99 (m, 4H), 0.93 – 0.78 (m, 2H).13C-NMR (150 MHz, DMSO-d6): δ/ppm = 173.9, 
163.5, 157.9, 149.7, 138.7, 133.8, 132.2, 128.9, 128.7, 128.6, 128.0, 127.9, 72.5. 70.3, 66.4, 
52.5, 44.9, 34.0, 33.6, 32.3, 26.6, 26.2, 26.1. Mp: 59–60 °C. [𝛼]𝐷22 = –11 (c 1.00, MeOH). MS 
(ESI) m/z calculated for [C31H42N5O5]+ ([M+H]+): 564.3, found: 564.2, Purity: 96 %. 

 

47, N-((2S)-1-((1-(benzyloxy)-4-mercapto-3-oxobutan-2-yl)amino)-3-cyclohexyl-1-
oxopropan-2-yl)morpholine-4-carboxamide 

 

47 was prepared from 44 (20 mg, 0.03 mmol, 1.0 eq.) which was dissolved in MeOH (5 mL) 
and mixed with benzohydrazide (6 mg, 0.05 mmol, 1.0 eq.) and stirred overnight at rt. The 
solvents were evaporated, and the residue was purified on HPLC yielding the title compound 
as a colorless solid (10 mg, 0.014 mmol, 47 %). 1H-NMR (600 MHz, DMSO-d6) δ/ppm 8.45 (d, J 
= 7.3 Hz, 1H), 7.96 – 7.67 (m, 5H), 7.68 – 7.50 (m, 5H), 7.38 – 7.23 (m, 5H), 6.56 (d, J = 7.5 Hz, 
1H), 4.75 (s, 1H), 4.46 – 4.40 (m, 2H), 4.18 – 4.07 (m, 1H), 3.73 – 3.58 (m, 2H), 3.55 – 3.49 (m, 
5H), 3.31 – 3.15 (m, 4H), 1.71 – 1.53 (m, 5H), 1.52 – 1.36 (m, 2H), 1.34 – 1.20 (m, 2H), 1.19 – 
0.98 (m, 4H), 0.90 – 0.77 (m, 2H).13C-NMR (151 MHz, DMSO-d6): δ/ppm = 174.2, 157.6, 139.6, 
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137.9, 129.3, 128.3, 127.6, 125.3, 80.2, 79.3, 78.3, 72.2, 67.8, 65.9, 62.1, 58.8, 44.0, 33.5, 31.9, 
26.2, 25.7, 18.6. Mp: 101–102 °C. MS (ESI) m/z calculated for [C38H48N5O7S]+ ([M+H]+): 718.3, 
found: 718.4, Purity: 95 %. 

 

48, N-((2S)-1-((1-(benzyloxy)-4-chloro-3-oxobutan-2-yl)amino)-3-cyclohexyl-1-oxopropan-2-
yl)morpholine-4-carboxamide 

 

48 was synthesized according to general procedure C by coupling (S)-1-(benzyloxy)-4-chloro-
3-oxobutan-2-amin-hydrochlorid (prepared according to literature3; 1.2 g; 4.60 mmol; 1.0 eq) 
and 19 (1.3 g, 4.60 mmol, 1.0 eq) yielding the title compound as a colorless solid (0.37 g, 
0.75 mmol, 17 %) after purification via HPLC. 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.29 – 7.13 
(m, 5H), 4.72 (s, 1H), 4.52 – 4.28 (m, 3H), 4.23 – 4.11 (m, 2H), 3.84 – 3.76 (m, 1H), 3.56 (s, 5H), 
3.28 (s, 4H), 1.67 – 1.41 (m, 6H), 1.32 – 1.20 (m, 1H), 1.18 – 1.00 (m, 3H), 0.95 – 0.73 (m, 3H). 
13C-NMR (75 MHz, CDCl3): δ/ppm = 199.1, 174.3, 157.7, 137.1, 128.7, 128.2, 127.9, 73.7, 69.0, 
66.5, 57.1, 52.6, 47.5, 44.4, 40.0, 34.4, 33.7, 32.8, 26.5, 26.3, 26.2. Mp: 56–57 °C. [𝛼]𝐷22 = +3 (c 
1.00, MeOH). MS (ESI) m/z calculated for [C25H36ClN3O5Na]+ ([M+Na]+): 516.2, found: 516.1, 
Purity: 96 %. 

 

49, S-(4-(benzyloxy)-3-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido)propanamido)-2-
oxobutyl) benzothioate 

 

49 was prepared from 48 (100 mg, 0.20 mmol, 1.0 eq.) which was dissolved in dry THF (4 mL). 
At rt, K2CO3 (54 mg, 0.40 mmol, 2.0 eq) and thiobenzoic acid (22 µL, 0.2 mmol, 1.0 eq.) were 
added, and the mixture was stirred for 16 h. The solvents were removed under reduced 
pressure and the residue was dissolved in EtOAc (20 mL), then washed with H2O (25 mL) and 
sat. NaCl-solution (20 mL), dried over anhydrous Na2SO4, concentrated under reduced 
pressure, and subsequently purified via HPLC yielding the title compound as a colorless solid 
52 mg, 0.09 mmol, 45 %). 1H-NMR (300 MHz, CDCl3): δ/ppm = 7.89 (d, J = 7.9 Hz, 2H), 7.54 (t, 
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J = 7.1 Hz, 1H), 7.40 (t, J = 7.4 Hz, 2H), 7.32 – 7.16 (m, 5H), 5.30 – 4.99 (m, 1H), 4.87 – 4.76 (m, 
1H), 4.49 (s, 3H), 4.13 – 3.87 (m, 3H), 3.72 (s, 1H), 3.59 (s, 4H), 3.31 (s, 4H), 1.67 – 1.58 (m, 7H), 
1.32 (s, 1H), 1.22 – 0.78 (m, 6H). 13C-NMR (75 MHz, CDCl3): δ/ppm = 200.6, 190.3, 174.1, 157.7, 
137.4, 136.1, 134.0, 128.8, 128.6, 128.0, 127.9, 127.6, 73.6, 69.1, 66.5, 58.5, 52.4, 44.2, 39.8, 
37.1, 34.3, 33.7, 32.8, 26.5, 26.3, 26.1. Mp: 56–57 °C (decomposition). [𝛼]𝐷22 = –3 (c 1.00, 
CHCl3). MS (ESI) m/z calculated for [C32H41N3O6SNa]+ ([M+Na]+): 618.3, found: 618.2, Purity: 
99 %.j 

 

50, 4-(benzyloxy)-3-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido)propanamido)-2-
oxobutyl benzoate 

 

50 was prepared from 48 (100 mg, 0.20 mmol, 1.0 eq.) which was dissolved in DMF (4 mL) 
under argon atmosphere. At rt, CsF (70 mg, 0.46 mmol, 2.3 eq) and benzoic acid (32 mg, 
0.38 mmol, 1.3 eq.) were added and the mixture was stirred for 4 h at 64 C. The solvents were 
removed under reduced pressure and the residue was purified on HPLC, yielding the title 
compound as a colorless solid (12 mg, 0.02 mmol, 10 %). 1H-NMR (600 MHz, DMSO-d6): 
δ/ppm = 8.02 – 7.93 (m, 2H), 7.71 – 7.64 (m, 1H), 7.59 – 7.49 (m, 2H), 7.33 (d, J = 4.2 Hz, 4H) 
7.30 – 7.24 (m, 1H), 5.28 – 5.04 (m, 2H), 4.68 – 4.59 (m, 1H), 4.54 – 4.47 (m, 2H), 4.24 – 4.19 
(m, 1H) 3.80 – 3.75 (m, 1H), 3.53 – 3.44 (m, 5H), 3.32 – 3.22 (m, 5H), 1.70 – 1.59 (m, 4H), 1.56 
– 1.40 (m, 3H), 1.20 – 1.01 (m, 3H), 0.92 – 0.75 (m, 3H). 13C-NMR (150 MHz, DMSO-d6): δ/ppm 
= 202.1, 174.8, 165.4, 157.9, 138.1, 134.1, 129.7, 128.6, 127.9, 127.8, 72.6, 68.8, 67.9, 66.2, 
56.7, 52.5, 48.9, 44.3, 33.9, 33.5, 32.1, 29.6, 26.4, 26.1, 25.9. Mp: 67–68 °C. [𝛼]𝐷22 = –2 (c 1.00, 
CHCl3). MS (ESI) m/z calculated for [C32H41N3O7Na]+ ([M+Na]+): 602.3, found: 602.2, Purity: 
99 %. 
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51, N-((2S)-1-((1-(benzyloxy)-4-hydroxy-3-oxobutan-2-yl)amino)-3-cyclohexyl-1-oxopropan-
2-yl)morpholine-4-carboxamide 

 

51 was prepared from 48 (70 mg, 0.14 mmol, 1.0 eq.) which was dissolved in DMF (3 mL) and 
a solution of NaHCO3 (12 mg, 0.70 mmol, 5.0 eq.) in H2O (3 mL). The mixture was stirred for 
2 h at 40 C°. After adding EtOAc (30 mL) and water (30 mL) the phases were separated, and 
the aqueous phase was extracted with EtOAc (3x 20 mL). The organic extracts were washed 
with brine (20 mL) and dried over anhydrous Na2SO4. After removing the solvent under 
reduced pressure, the crude was purified on HPLC yielding the title compound as a colorless 
solid (10 mg, 0.02 mmol, 14 %). 1H-NMR (600 MHz, DMSO-d6): δ/ppm = 7.39 – 7.22 (m, 5H), 
4.61 – 4.37 (m, 3H), 4.29 – 4.13 (m, 2H), 3.56 – 3.49 (m, 5H), 3.31 – 3.21 (m, 4H), 1.70 – 1.54 
(m, 7H), 1.53 – 1.39 (m, 2H), 1.36 – 1.27 (m, 1H), 1.21 – 1.01 (m, 4H), 0.98 – 0.74 (m, 4H). 13C-
NMR (150 MHz, DMSO-d6): δ/ppm = 207.9, 175.6, 173.9, 157.5, 138.0, 128.4, 127.6, 72.3, 68.9, 
66.0, 55.8, 52.1, 51.3, 44.1, 33.4, 31.6, 29.5, 26.2, 25.7, 25.5. Mp: 59–61 °C. [𝛼]𝐷22 = 14 (c 1.00, 
MeOH). MS (ESI) m/z calculated for [C25H38N3O6]+ ([M+H]+): 476.3, found: 476.2, Purity: 99 %. 
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5.1 Investigation of the Compatibility between Warheads and 

Peptidomimetic Sequences of Protease Inhibitors—A Comprehensive 

Reactivity and Selectivity Study  

5.1.1 Context, Project Summary, and Own Contributions  

The covalent binding mode of peptidomimetic protease inhibitors comprises many advantages over non-

covalent inhibitors like prolonged residence times and better pharmacodynamic properties, but also 

some risks as toxicity and haptenization due to off-target reactions. The correct combination between a 

non-covalent peptidomimetic sequence suited for the target protease and a warhead with fine-tuned 

reactivity towards the nucleophilic amino acid in the active site is of upmost importance during drug 

design campaigns.  

 

Figure 20: Aim and scope of the present publication: After successful inhibitor synthesis, a combination of enzyme assays, 
reactivity assays, quantum mechanics calculations and molecular docking helps revealing reactivity and selectivity profiles of 
several peptidomimetic inhibitors and model electrophiles.  
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To date, there have been several studies mainly focusing on exchanging the warhead of a model peptide 

and analyzing the resulting inhibition potency towards a specific target.[202,256–258] The literature lacks a 

comprehensive study, covering the selectivity profiles of several protease inhibitors with varying 

warheads against different proteases. 

In this project, by selecting five medicinally relevant proteases and seven classic peptidomimetic 

recognition units combined with suitable warheads to address each protease individually, cross-target 

reactivity and the resulting selectivity were investigated. The peptidomimetic sequences were decorated 

with a set of warheads with at least one warhead known to react with at least one of the nucleophilic 

amino acids inside the active site of the selected proteases to generate covalent binders. The proteases 

investigated in this study consisted of two papain-like cysteine proteases (catS and rhodesain), one 3-

chymotrypsin-like cysteine protease (3CLpro), namely the SARS-CoV-2 main protease (Mpro), one serine 

protease (uPA), and a threonine protease (β-5 subunit of the human 20S proteasome).[135,259–262] The 

various warheads for cross reactivity assessments consisted of nitriles, nitroalkenes, (fluoro-

)vinylsulfones, α-ketobenzothiazoles, 4-oxoenoates and β-lactams.[157,159,263–266]  

Based on the in vitro results, the choice of the peptidomimetic sequence played an important role in the 

selectivity towards the tested proteases. The selectivity profiles of the Mpro and the uPA revealed 

inhibitory potency only for the inhibitors with the suited peptidomimetic sequence. Additionally, a 

suitable warhead was needed to generate a highly affine inhibitor while maintaining selectivity. 

Structurally similar proteases like rhodesain and catS did not discriminate between the used 

peptidomimetic sequences, resulting in inhibitors with cross-reactivity in almost all cases, if an 

appropriate warhead was used. For both proteases the most potent inhibitors, namely the nitrile with the 

peptidomimetic catS sequence and the nitroalkene with the peptidomimetic rhodesain sequence led to 

inhibitors with high potency while at least to some degree remaining selective towards the protease they 

were designed for, indicating the importance of combining a suitable peptidomimetic sequence with a 

fitting warhead. 

The warheads were further investigated by NMR and LC-MS reactivity assays against serine / threonine 

and cysteine model nucleophiles to evaluate chemoselectivity. The results confirmed high reactivities 

for the 4-oxoenoate and (fluoro-)vinylsulfone warheads towards a deprotonated thiol model nucleophile. 

In agreement with the enzyme assay results, the α-ketobenzothiazole demonstrated to be a potent 

electrophilic trap for both cysteine and serine proteases and the nucleophilic thiol and ethanolate models. 

The results of the reactivity assays were overall confirmed by quantum mechanics calculations of similar 

model nucelophiles MeSH/ MeS-/ MeO- (methanethiol/-ate and methanolate) with the isolated 

warheads, indicating high reactivities (exergonic reaction energies) for most warheads with MeSH and 

MeS−. For the (fluoro-)vinylsulfones and the nitroalkene warhead which did not show reactivity in the 

reactivity assay but were calculated to react with both MeSH and MeS−, analyzing the whole reaction 
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path including the activation barriers and determining the reaction kinetics was important, since for these 

warheads the question whether a reaction takes place could not by explained solely by thermodynamics. 

The differences in the reactivity between PhEtSH and PhEtS−for the (fluoro-)vinylsulfone, and 

nitroalkene warheads was attributed to a significant reduction in activation barriers caused by proton 

transfer from the nucleophile to the base prior to the nucleophilic attack.  

Finally non-covalent docking simulations led to reasonable docking poses for all inhibitors, which were 

similar to the co-crystallized reference ligands, indicating that the peptidomimetic sequences have 

similar orientations inside the active sites. Except for the β-lactams, all warheads were found to be in 

close proximity to the nucleophilic catalytic amino acids in the active site. 
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Abstract: Covalent peptidomimetic protease inhibitors have gained a lot of attention in drug devel-
opment in recent years. They are designed to covalently bind the catalytically active amino acids
through electrophilic groups called warheads. Covalent inhibition has an advantage in terms of
pharmacodynamic properties but can also bear toxicity risks due to non-selective off-target protein
binding. Therefore, the right combination of a reactive warhead with a well-suited peptidomimetic
sequence is of great importance. Herein, the selectivities of well-known warheads combined with
peptidomimetic sequences suited for five different proteases were investigated, highlighting the
impact of both structure parts (warhead and peptidomimetic sequence) for affinity and selectivity.
Molecular docking gave insights into the predicted binding modes of the inhibitors inside the binding
pockets of the different enzymes. Moreover, the warheads were investigated by NMR and LC-MS
reactivity assays against serine/threonine and cysteine nucleophile models, as well as by quantum
mechanics simulations.

Keywords: covalent inhibitors; in vitro study; protease inhibitors; peptidomimetic sequence; warhead;
reactivity and selectivity study

1. Introduction

The human organism expresses about 600 different proteases falling into five different
catalytic classes: aspartic, cysteine, metallo, serine and threonine proteases [1,2]. With
their ability to catalyze irreversible protein hydrolysis, these members of the degradome
manage the functions of many proteins through various mechanisms, such as activating
or inactivating, e.g., growth factors, cytokines and other enzymes. As a result, they play
an important role in physiological and developmental processes. These include DNA
replication, cell proliferation and differentiation, but also tissue remodeling and neuronal
outgrowth [3,4]. Due to their essential roles in such vital processes, dysregulation of these
proteins causes severe pathologic conditions, such as cancer and neurodegenerative or
cardiovascular disorders [5,6]. Furthermore, proteases play a key role in infectious diseases
of, for example, parasitic or viral origin. African trypanosomiasis, also called sleeping
sickness, and Chagas disease are caused by parasites and are classified as neglected tropical
diseases and constitute important health issues in Latin American and Sub-Saharan African
countries. For both diseases, proteases have been identified, which are essential for the
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development of the parasites and the progression of the disease [7,8]. The 2019–2020
coronavirus (SARS-CoV-2) outbreak is the most recent example of a viral disease with
global impact and burden. The viral replication and spreading is associated with proteases
playing crucial roles in the viral life cycle, turning them into valid targets for the design of
new anti-infectives [9,10].

Over the course of time, various protease inhibitors have been discovered either
by targeted design or serendipity. Depending on the target binding site and inhibition
mechanism, the molecular structures vary significantly. These range from small molecules
to macrocyclic drugs and from non-covalent to covalent inhibition types [11–13]. Until
recently, covalent modifiers which consist of an electrophilic trap (warhead) were con-
troversially discussed as therapeutics due to the possibility of unselective reactions with
off-target proteins and associated immunogenicity and toxicity. These compounds are
emerging as potential drugs due to various inherent advantages, such as longer residence
times and an accompanying lower drug dosage necessary for effective therapy [14]. There
are many covalent drugs that have been approved, including some protease inhibitors, such
as the proteasome inhibitors bortezomib or carfilzomib, for treatment of multiple myeloma,
which inhibit the proteasome’s b5-subunit in an irreversible manner, due to the permanent
covalent bond to the catalytically active Thr-1. On the other hand, the nitriles saxagliptin
and vildagliptin for treatment of type 2 diabetes and the recent first-approved cysteine
protease inhibitor nirmatrelvir for treatment of COVID-19 bind covalent-reversibly to their
target proteases, due to the decomposition of the (thio)-imidate adduct formed between the
inhibitor and the amino acid of the protease, which is preferable since covalent-reversible
inhibition leads to a lower risk of haptenization and binding to off-targets [15–17].

The binding of such covalent protease inhibitors proceeds in two stages. A peptidic or
peptidomimetic recognition sequence is mainly responsible for the non-covalent interac-
tions (first step) with the substrate binding pockets. It mainly determines the selectivity
profile of the inhibitor towards the protease of interest, due to polar and non-polar interac-
tions between the peptidic residues and the enzyme sub pockets. In the second step, the
reaction between the warhead and an active site amino acid residue leads to the formation
of a covalent bond, either reversibly or irreversibly, between the drug and the enzyme. This
step mainly determines the affinity of the inhibitor to the target protease [14,18]. However,
the warhead must be suitable for the respective nucleophilic amino acid residue in the
active site. Depending on the type of nucleophile, different warheads can be used to target
thiol or hydroxy groups of amino acid residues. Functional groups, such as b-lactams,
but also boronic acids, which are all considered hard electrophiles with regard to the
HSAB theory, are warheads targeting mainly serine and threonine-based proteases. Unsatu-
rated, vinylogous Michael-acceptor-like structures, which are considered soft electrophiles,
preferably react with cysteine proteases [18–21]. There are also warheads, e.g., ketones,
aldehydes and nitriles, that are similarly suitable for serine-, threonine- and cysteine-based
proteases [22–25]. Thus, exchanging the warhead can lead to different reactivity and affinity
profiles, and alterations to the peptidomimetic/peptidic sequence may affect the selectivity
of an inhibitor.

Within this extensive systematic study, we selected peptidomimetic sequences specif-
ically to ensure a high affinity towards the protease of interest, which will be discussed
below. We collected information about different kinds of warheads regarding their elec-
trophilic properties and inhibition mechanisms to obtain a well-balanced assortment to
potentially target cysteine and serine-/threonine proteases and combined them with the
sequences (Figure 1) [18,21,22,24]. In vitro testing of all inhibitors on every target, first
with the suited peptidomimetic sequence with differing warheads for their on-target and
afterwards towards the off-target proteases, revealed the impact of the peptidomimetic
sequences and the warheads on affinity and selectivity. The results indicate that, depending
on the protease, every tested warhead behaved differently. The experimental results were
compared with molecular docking results, visualizing putative binding modes in order to
achieve a better understanding of the characteristics of the tested compounds.
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Additionally, a reactivity study was carried out using model compounds containing
the seven different warhead types, which were reacted with hydroxy and thiol model
nucleophiles representing serine, threonine and cysteine proteases. Quantum mechanical
computations of the reactions between the warheads and model nucleophiles were used
to explain the experimental reactivity test data. These data highlight the preference of the
warheads for specific active site residues.

To our knowledge, this is the first systematic study of this extent to evaluate the
inhibition properties of peptidomimetic inhibitors with different warheads described in the
literature, including in vitro testing towards a series of selected proteases, reactivity tests
of the warheads in solution with model nucleophiles and in silico studies (docking and
quantum mechanics and kinetic simulations) to explain the experimentally obtained data.

For our studies, the urokinase-type plasminogen activator (uPA) was chosen as a
serine, the b5-subunit of the proteasome as a threonine and human cathepsin S (CatS),
SARS-CoV-2 main protease (Mpro) and T. brucei rhodesain (TbCatL) as representatives of
cysteine proteases.

The uPA belongs to the trypsin-like serine protease superfamily and contains a catalytic
triad consisting of Ser195, His57 and Asp102 [26]. The enzyme is involved in several
physiological functions, such as the degradation of the extracellular matrix (ECM), cell
migration and thrombolysis [27,28]. Dysregulation of the uPA is involved in the metastasis
of several cancer species [29]. We chose Ac–(L)Gly–(L)Thr–(L)Ala–(L)Arg–(warhead) as
the specific peptidomimetic sequence for the uPA-inhibitors because of its high selectivity,
which has been reported in the literature [30].

The 20S proteasome is responsible for most of the protein degradation in cells but can
also lead to cancer by dysfunction [31]. It consists of three b-subunits (b1, b2 and b5), each
containing a catalytic threonine. Here, we focus on the b5-subunit with the catalytic triad
Thr1, Lys33 and Asp17, as it has the greatest impact on the proteolytic activity of the 20S
proteasome. We selected the peptidomimetic sequence of bortezomib Pyz–(L)Phe–(L)Leu–
(warhead) because of its clinically proven properties as a potent drug [32].

As cysteine proteases, we chose CatS, Mpro and rhodesain. Since CatS and rhodesain
are both members of the papain family, they would allow a closer examination of the
selectivity of the tested inhibitors towards related proteases [33]. CatS contains a catalytic
dyad consisting of Cys25 and His164 [34]. It is partly tethered at the cell surface and
involved in tissue remodeling, which can lead to cancer cell growth and spreading [35].
We utilized the peptidomimetic sequence morpholine–(L)cyAla–(L)Ser(OBn)–(warhead)
which has been reported in the literature because of its described affinity and selectivity
properties [36].

In contrast to the aforementioned proteases, rhodesain and Mpro do not originate from
the human organism but play significant roles in the progression of infectious diseases.
Rhodesain is essential for the development of the parasite Trypanosoma brucei rhodesiense,
which is responsible for the sleeping sickness “Human African Trypanosomiasis”. Anal-
ogously to CatS, it contains a catalytic dyad consisting of Cys25 and His159 [37]. There
are various peptidomimetic sequences that have been published for rhodesain inhibitors.
We decided to utilize Cbz–(L)Phe–(L)hPhe–(warhead), as it is a commonly used sequence
with great affinity and selectivity [38]. Mpro originates from SARS-CoV-2 and plays a key
role in the virus replication. The active site contains Cys145 and His164 as a catalytic
dyad [39]. Similar to the newly published Mpro inhibitors, we chose 4-(OMe)-1H-indole–
(L)Leu–3-[(3S)-2-oxopyrrolidin-3-yl]-(L)Ala–(warhead) as the general structure [40]. All
peptidomimetic sequences and warheads are illustrated in Figure 1.
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Scheme 1. Synthesis of precursor molecules. (A) Synthesis of phosphonate building block 4. (B) 

Synthesis of β-Lactam building block 9. Reaction conditions: (a) n-BuLi, DECP, THF, −78 °C; (b) 3, 

LHMDS, Selectfluor®, THF, DMF, −78 °C, 3 h, 49%; (c) Cbz-Cl, NaHCO3, H2O, 12 h, rt, 90%; (d) 

Figure 1. Combination of characteristic peptidomimetic inhibitor sequences for the targets: urokinase-
type plasminogen activator (uPA), PDB-ID: 1W10 [41], proteasome b5-subunit, PDB-ID: 5LF3 [42],
cathepsin S, PDB-ID: 1MS6 [43], SARS-CoV-2 main protease (Mpro), PDB-ID: 6XR3 [44] and rhode-
sain, PDB-ID: 2P7U [45], with selected warheads (vinyl sulfone, F-vinyl sulfone, nitroalkene, a-
ketobenzothiazole, 4-oxoenoate, nitrile and b-lactam). The resulting compounds were tested on each
target to determine affinity and selectivity.

2. Results

2.1. Chemistry
2.1.1. Synthesis of Precursors

All tested substances were synthesized in multi-step reactions [19,21]. Regarding the
synthesis of the (F-)vinyl sulfone and b-lactam compounds, the same precursor molecules
were used repeatedly. The preparation of these precursors is shown in Scheme 1.
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Synthesis of β-Lactam building block 9. Reaction conditions: (a) n-BuLi, DECP, THF, −78 °C; (b) 3, 

LHMDS, Selectfluor®, THF, DMF, −78 °C, 3 h, 49%; (c) Cbz-Cl, NaHCO3, H2O, 12 h, rt, 90%; (d) 

Scheme 1. Synthesis of precursor molecules. (A) Synthesis of phosphonate building block 4.
(B) Synthesis of b-Lactam building block 9. Reaction conditions: (a) n-BuLi, DECP, THF, �78 �C;
(b) 3, LHMDS, Selectfluor®, THF, DMF, �78 �C, 3 h, 49%; (c) Cbz-Cl, NaHCO3, H2O, 12 h, rt, 90%;
(d) aniline, TBTU, HOBt · H2O, EtOAc, 12 h, rt, 74%; (e) ImSO2, NaH, DMF, F20 �C, 1.5 h, 77%;
(f) Pd/C, H2, THF, 88%.
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In a substitution reaction on diethyl chlorophosphate (DECP) 2 using methyl phenyl
sulfone 1 and n-butyllithium (n-BuLi), the phosphonate 3 was prepared. Subsequent
fluorination of 3 with Selectfluor® led to phosphonate 4. These precursors were used for
the synthesis of vinyl sulfone warheads.

The synthesis of the b-lactam precursor 9 was conducted from L-serine. Benzyloxy-
carbonyl (Cbz) protection followed by amide coupling of the free carboxylic acid moiety
with aniline led to the intermediate 7. The following cyclisation was performed using 1,10-
sulfonyldiimidazol (ImSO2) and sodium hydride (NaH). Cbz deprotection with hydrogen
and palladium on carbon (Pd/C) yielded precursor 9.

2.1.2. Rhodesain Inhibitors
The synthesis of substances with the targeting structure designed for rhodesain was

conducted according to Scheme 2.
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Scheme 2. Synthesis of rhodesain compounds. Reaction conditions: (a) N,O-dimethylhydroxylamine
· HCl, DCC, HOBt · H2O, DIPEA, THF, rt, 12 h, 46%; (b) LAH, THF, 0 �C, 2 h, 67%; (c) 1. MeNO2,
Et3N, DCM, rt, 8 h, 2. TFA, DCM, rt, 0.5 h, 3. Cbz-(L)Phe-OH, EDC · HCl, TEA, DCM, rt, 12 h, 4.
MsCl, DIPEA, DCM, rt, 2 h, 75%; (d) 3/4, LiHMDS, THF, �80 �C, 12 h, 59% (14), 57% (15); (e) TFA,
DCM, Cbz-(L)Phe-OH, T3P, DIPEA, DMF, rt, 12 h, 65% (16), 48% (17); (f) 1. benzothiazole, n-BuLi,
THF, �78 �C, 3 h, 2. TFA, DCM, rt, 2 h, 3. Cbz-(L)Phe-OH, EDC · HCl, HOBt · H2O, Et3N, DCM, rt,
8 h, 56%; (g) H-(L)hPhe-OMe, HATU, 2,4,6-collidine, DCM/DMF, rt, 16 h, quant.; (h) DMMP, n-BuLi,
THF, –70 �C, 2 h, 98%; (i) ethyl glyoxylate, K2CO3, EtOH, rt, 2 h, 76%; (j) LiOH, THF/H2O, rt, 16 h,
quant.; (k) 9, HATU, 2,4,6-collidine, DCM/DMF, rt, 16 h, 67%; (l) 1. EDC · HCl, HOBt · H2O, NH4OH,
DMF, rt, 12 h, 2. TFAA, pyridine, DMF, 0 �C, 0.1 h, 40%.

The first step of the synthesis of rhodesain inhibitors was the conversion of Boc-
(L)hPhe-OH 10 into Weinreb amide 11. From this intermediate, the nitroalkene inhibitor
13 was accessible by reduction to aldehyde 12 and subsequent Henry reaction followed
by standard deprotection and amide coupling to connect the P2-P3 residues. In a similar
way, the vinyl sulfone 16 and F-vinyl sulfone 17 were obtained, whereby the aldehyde 12

was used in a Horner–Wadsworth–Emmons (HWE) reaction with the precursors 3 and 4



 
116 Project 2: Reactivity and Selectivity of Protease Inhibitors with varying Warheads 

 

 

  

Int. J. Mol. Sci. 2023, 24, 7226 6 of 29

followed by the attachment of the P2-P3 residues. The a-ketobenzothiazole inhibitor 18

was prepared by alkylation of the Weinreb amide 11 with benzothiazole and subsequent
attachment of the P2-P3 residues. Starting from Boc-(L)hPhe-OH, the methyl ester 20 was
prepared by amide coupling. A following alkylation with dimethyl methylphosphonate
(DMMP) and HWE reaction with ethyl glyoxylate led to the 4-oxoenoate 22. For the
synthesis of b-lactam 24, hydrolysis of methyl ester 20 and amide coupling with precursor
9 yielded the desired product. Nitrile 25 was prepared from carboxylic acid 23 via amide
coupling with ammonia followed by dehydration.

2.1.3. Cathepsin S Inhibitors
Compounds designed for the inhibition of cathepsin S were synthesized according

to Scheme 3.
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Scheme 3. Synthesis of cathepsin S compounds. Reaction conditions: (a) SOCl2, MeOH, –10 �C, 16 h,
91%; (b) morpholine, triphosgene, NaHCO3, CHCl2, 0 �C; 16 h, 98%; (c) LiOH, THF/H2O, 3 h, 97%;
(d) 1. NaCN, NH4Cl, NH3, 2-(benzyloxy)acetaldehyde, Et2O, 2. HATU, 2,4,6-collidine, DCM/DMF,
rt, 16 h, 53%; (e) N,O-dimethylhydroxylamine · HCl, DCC, HOBt · H2O, DIPEA, THF, –15–0�C, 16 h,
80%; (f) 1. LAH, Et2O, 0 �C, 2 h, 2. 3/4, KHMDS/ LHMDS, THF, –78 �C, 3 h; 75% (33), 44% (34); (g) 1.
4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine, DCM/DMF, rt, 16 h, 63% (35), 60% (36); (h) MeI, DMF,
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0 �C, 16 h, 97%; (i) n-BuLi, DMMP, THF, –78 �C, 3 h, 79%; (j) 1. 4 N HCl in 1,4-dioxane, 2. 29,
HATU, 2,4,6-collidine, DCM/DMF, rt, 16 h, 52%; (k) LiCl, ethyl glyoxylate, DIPEA, MeCN, 0 �C,
2 h, 39%; (l) benzothiazole, n-BuLi, THF, –78 �C, 3 h, 38%; (m) 1. 4 N HCl in 1,4-dioxane, 2. 29

HATU, 2,4,6-collidine, DCM/DMF, rt, 16 h, 43%; (n) 1.4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine,
DCM/DMF, rt, 16 h, 90%; (o) LiOH, THF/H2O, rt, 3 h, 99%; (p) 9, HATU, 2,4,6-collidine, DCM/DMF,
rt, 16 h, 81%; (q) NaBH4, MeOH, THF, 0 �C, 16 h, 91%; (r) Dess–Martin–Periodinan, DCM, rt, 16 h,
70%; (s) NaH, MeNO2, THF, 0 �C, 1 h, 58%; (t) MsCl, Et3N, DCM, 0 �C, 3 h, 45%.

For the synthesis of cathepsin S inhibitors, the P2–P3 intermediate 29 was used re-
peatedly. It was prepared by attaching a morpholino-urea residue to cyclohexyl alanine
26 followed by hydrolysis of the methyl ester. In a direct conversion from 29, the nitrile
inhibitor 30 was prepared by amide coupling with ammonia and dehydration. From
Boc-(L)Ser(OBn)-OH 31, the vinyl sulfone 35 and F-vinyl sulfone 36 were obtained by con-
version into Weinreb amide 32 followed by reduction, HWE reaction with the precursors
3 and 4 and subsequent standard deprotection and amide coupling with intermediate 29.
Boc-(L)Ser(OBn)-OH 31 was also converted into the methyl ester 37, which was used for
the synthesis of the 4-oxoenoate 40. Therefore, an alkylation with DMMP and subsequent
introduction of the P2 and P3 residues by deprotection and amide coupling led to the
phosphonate intermediate 39, which was converted into the desired product by HWE
reaction with ethyl glyoxylate. The a-ketobenzothiazole 42 was prepared from methyl ester
37 in an alkylation reaction with benzothiazole and attachment of the P2-P3 residues by
deprotection and amide coupling with intermediate 29. Starting from methyl ester 37, de-
protection and amide coupling with intermediate 29 led to the methyl ester intermediate 43,
which was converted into the b-lactam 45 by hydrolysis and amide coupling with precursor
9. The nitroalkene 49 also was prepared from methyl ester 43 by firstly converting it to the
alcohol 46 and then to aldehyde 47, which was used in a Henry reaction with nitromethane
and subsequent dehydration.

2.1.4. Proteasome �5-Subunit Inhibitors
Compounds designed for the inhibition of the proteasome b5-subunit were synthe-

sized according to Scheme 4.
The synthesis of proteasome b5-subunit targeting compounds started from Boc-(L)Leu-

OH 50, which was converted into the Weinreb amide 51. From this, the F-vinyl sulfone
55 was prepared by reduction to aldehyde 52 and subsequent HWE reaction followed
by a standard deprotection and amide coupling procedure connecting the P2 and P3
residues. For the vinyl sulfone inhibitor 58, a different route was taken. First, the Weinreb
amide intermediate 56 containing the P2 and P3 residues was prepared by standard amide
coupling. Subsequent reduction and HWE reaction led to the desired inhibitor. The
Weinreb amide 57 was also the intermediate for nitroalkene 59, which was prepared by
reduction and Henry reaction with subsequent dehydration. From Weinreb amide 51, the
a-ketobenzothiazole moiety was introduced by alkylation. The attachment of the P2 and P3
residues by standard deprotection and amide coupling yielded the a-ketobenzothiazole 62.

The 4-oxoenoate inhibitor 68 was prepared by HWE reaction of ethyl glyoxylate with
the phosphonate intermediate 67. The latter was synthesized by starting with the Boc
protection of H-(L)Leu-OMe · HCl 63, followed by alkylation of the methyl ester with
DMMP and successive deprotection/amide coupling to introduce the P2 and P3 residues.
In the same way, the introduction of the P2 and P3 residues to H-(L)Leu-OMe · HCl 63 led
to the methyl ester intermediate 70, from which the b-lactam 72 was prepared by hydrolysis
and subsequent amide coupling with precursor 9. Methyl ester 70 was also converted into
the nitrile 74 by ammonolysis and dehydration.
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Scheme 4. Synthesis of proteasome β5-subunit compounds. Reaction conditions: (a) N,O-dime-
thylhydroxylamine · HCl, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 86%; (b) LAH, 
THF, 0 °C, 30 min, 29%; (c) 4, LiCl, DBU, MeCN, 0 °C, 1 h, 80%; (d) 1. 4 N HCl in 1,4-dioxane, rt, 1 
h, 2. Boc-Phe-OH, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0 °C, 16 h, 97%; (e) 1. 4 N HCl in 1,4-
dioxane, rt, 1.5 h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0 °C, 16 h, 67%; (f) 1. 
4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 
16 h, 97%; (g) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, 
DCM, 0–20 °C, 16 h, 88%; (h) 1. LAH, THF, 0 °C, 1 h, 2. 3, LiCl, DBU, MeCN, 0 °C, 1.5 h, 11%; (i) 1. 
LAH, THF, 0 °C, 1 h, 2. MeNO2 Et3N, DCM, 0–20 °C, 16h, 3. MsCl, DIPEA, DCM, rt, 3 h, 19%; (j) 
benzothiazole, n-BuLi, THF, –78 °C, 6 h, 65%; (k) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-
OH, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 68%; (l) 1. 4 N HCl in 1,4-dioxane, rt, 1 
h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 53%; (m) Boc2O, Na-
HCO3, water, 1,4-dioxane, 3 h, rt, 99%; (n) n-BuLi, THF, –78 °C, 6 h, 88%; (o) 1. 4 N HCl in 1,4-
dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, DMF, 0–20 °C, 16 h, 
72%; (p) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, 
DCM, DMF, 0–20 °C, 16 h, 66%; (q) ethyl glyoxylate, LiCl, DIPEA, MeCN, 1 h, 0 °C, 79%; (r) Boc-
(L)Phe-OH, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 82%; (s) 1. 4 N HCl in 1,4-diox-
ane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 82%; (t) LiOH, 
water, THF, rt, 17 h, quant.; (u) 9, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 °C, 16 h, 65%; (v) 7 
N NH3 in MeOH, rt, 48 h, 89%; (w) cyanuric chloride, DMF, 0 °C, 48 h, 47%. 
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in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 �C, 16 h,
82%; (t) LiOH, water, THF, rt, 17 h, quant.; (u) 9, TBTU, HOBt · H2O, 2,4,6-collidine, DCM, 0–20 �C,
16 h, 65%; (v) 7 N NH3 in MeOH, rt, 48 h, 89%; (w) cyanuric chloride, DMF, 0 �C, 48 h, 47%.
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2.1.5. SARS-CoV-2 Mpro Inhibitors
Compounds designed for the inhibition of SARS-CoV-2 Mpro were synthesized accord-

ing to Scheme 5.
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Scheme 5. Synthesis of SARS-CoV-2 Mpro compounds. Reaction conditions: (a) H-(L)Leu-OBn ·
pTsOH, TBTU, DIPEA, DCM, 0–20 �C, 16 h, 93%; (b) H2, Pd/C (10%), EtOH, quant.; (c) DMMP,
n-BuLi, THF, –78 �C, 5 h, 24%; (d) 1. TFA, DCM, 0 �C, 3 h, 2. 77, EtOCOCl, NMM, THF, –20 �C,
2 h, 40%; (e) ethyl glyoxylate, LiCl, DIPEA, MeCN, 0 �C, 2 h, 47%; (f) 1. TFA, DCM, 0 �C, 3 h, 2. 77,
HATU, 2,4,6-collidine, DMF, 0–20 �C, 16 h, 83%; (g) 1. LiOH, THF/H2O, 0–4 �C, 16 h, 2. NH4OH,
HATU, OxymaPure®, 2,4,6-colllidine, DMF, 0–20 �C, 16 h, 65%; (h) burgess reagent, DCM, rt, 2 h,
67%; (i) 1. LiOH, THF/MeOH/H2O, 0–4 �C, 16 h, 2. N,O-dimethylhydroxylamine · HCl, HATU,
2,4,6-colllidine, DMF, 0–20 �C, 16 h, 76%; (j) 1. LAH, THF, �20 �C, 2 h, 2. MeNO2, EtN3, DCM, rt,
15 h, 71%; (k) 1. TFA, DCM, 0 �C, 3 h, 2. 77, EDC · HCl, HOBt · H2O, DIPEA, DCM, 0–20 �C, 16 h, 3.
MsCl, DIPEA, DCM, 0–20 �C, 16 h, 50%; (l) benzothiazole, n-BuLi, THF, –78 �C, 5 h, 59%; (m) 1. TFA,
DCM, 0 �C, 3 h, 2. 77, EtOCOCl, NMM, THF, –20 �C, 2 h, 54%; (n) 1. LAH, THF, �20 �C, 2 h, 2. 3/4,
LiCl, DBU, MeCN, 0 �C, 2 h, 65% (89), 35% (90); (o) 1. TFA, DCM, 0 �C, 3 h, 2. 77, EtOCOCl, NMM,
THF, –20 �C, 2 h, 18% (91), 15% (92); (p) 1. LiOH, water, THF, 16 h, 2. 9, TBTU, HOBt · H2O, DIPEA,
DCM, 0–20 �C, 48 h, 39%; (q) TFA, DCM, 0 �C, 3 h, 2. 77, EtOCOCl, NMM, THF, –20 �C, 2 h, 80%.
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Potential SARS-CoV-2 Mpro inhibitors were synthesized, starting from the rigidized
glutamine analogs 78 and 85, which had been prepared according to methods reported in
the literature [46,47]. The P2–P3 residues fragment of the potential inhibitors was prepared
by standard amide coupling with 75 and subsequent deprotection, yielding the intermediate
77. From glutamine analog 78, the 4-oxoenoate 81 was prepared by alkylation with DMMP
and subsequent deprotection and amide coupling with 77 followed by HWE reaction with
ethyl glyoxylate. Also starting from 78, deprotection and amide coupling with 77 followed
by hydrolysis and coupling with ammonia and subsequent dehydration yielded the nitrile
inhibitor 84. Starting with the preparation of Weinreb amide 86 from glutamine analog 85,
the nitroalkene 88 was accessible through reduction, a subsequent Henry reaction with
nitromethane followed by dehydration and final deprotection and amide coupling with
77. Introduction of the a-ketobenzothiazole moiety to 86 and connection of the P2–P3
residues by deprotection and coupling with 77 led to a-ketobenzothiazole 90. Similarly, the
reduction of 86 and HWE reaction with the precursors 3 and 4 and subsequent attachment
of the P2–P3 residues yielded the vinyl sulfone 93 and F-vinyl sulfone 94. For the b-lactam
96, hydrolysis of 85 and amide coupling with precursor 9 followed by attachment of the
P2–P3 residues yielded the desired product.

2.1.6. uPA Inhibitors
Compounds designed for the inhibition of the uPA were synthesized according to

Scheme 6.
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Scheme 6. Synthesis of the uPA compounds. (A) solid phase peptide synthesis of building
block 99. (B) combined synthesis of the final uPA compounds. Reaction conditions: (a) N,O-
dimethylhydroxylamine· HCl, TBTU, DIPEA, DCM, rt, 12 h, 95%; (b) benzothiazole, n-BuLi, THF,
–78 �C, 2 h, 76%; (c) 1. TFA, DCM, rt, 0.5 h, 2. HATU, DIPEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt,
2 h, 10%; (d) 1. LAH, THF, 0 �C, 2. 3/4, LiCl, DBU, MeCN, 0 �C, 1 h, 72% (104), 31% (105); (e) 1. TFA,
DCM, rt, 0.5 h, 2. 99, HATU, DIPEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt, 2 h, 16% (106), 11% (107).

The potential uPa inhibitors are based on a peptide sequence which was synthesized
via a standard Fmoc solid-phase peptide synthesis (SPPS) protocol. The obtained peptide
99 was coupled to the a-ketobenzothiazole intermediate 102, which had been prepared
from Boc- (L)Arg(Pbf)-OH 100 by alkylation of its Weinreb amide with benzothiazole to
yield the a-ketobenzothiazole 103, after deprotection. The vinyl sulfone 106 and F-vinyl
sulfone 107 were prepared by reduction of Weinreb amide 101, followed by a subsequent
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HWE reaction with the precursors 104 and 105, which were then coupled with 99 and
finally deprotected. The inhibitors with the b-lactam, nitrile and 4-oxoeonoate moiety were
not synthetically accessible due to the acidic conditions for the Pbf-deprotection to obtain
the final inhibitors.

2.1.7. Synthesis of Reactivity Probes
Substances designed for reactivity assay were synthesized according to Scheme 7.
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Scheme 7. Synthesis of the reactivity probes. Reaction conditions: (a) 9, HATU, collidine, DCM, 
DMF, rt, 16 h, 97%; (b) TBTU, HOBt · H2O, N,O-dimethylhydroxylamine · HCl, 2,4,6-collidine, rt, 
12 h, quant.; (c) 1. LAH, Et2O, 0 °C, 1 h, 89%; (d) 3/4, LiCl, DBU, MeCN, 0 °C, 1 h, 50% (109), 30% 
(110); (e) 1. NaH, MeNO2, THF, 0 °C, 1 h, 2. MsCl, Et3N, DCM, 0 °C, 1 h, 15%; (f) DMMP, n-BuLi, 
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H2O, N,O-dimethylhydroxylamine · HCl, 2,4,6-collidine, 0–20 °C, 16 h, 95%; (i) benzothiazole, 
n-BuLi, THF, –78 °C, 3.5 h, 56%; (j) EDC · HCl, HOBt · H2O, NH4OH, DMF, rt, 16 h, 14%; (k) TFAA, 
pyridine, THF, –10 °C, 2 h, 74%. 

For the synthesis of the reactivity probes, leucine was chosen as the model amino acid 
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thesized in the same way as described above for the full peptidic/peptidomimetic inhibi-
tors. The β-lactam 108, (F-)vinyl sulfone 109, 110 and nitroalkene 111 reactivity probes 
were synthesized starting from Boc-(L)Leu-OH 50, whereas the 4-oxoenoate 112 was pre-
pared from Boc-(L)Leu-OMe 64. Boc-(L)Leu-1-13C-OH 113 was the starting material for the 
13C-labelled α-ketobenzothiazole 115 and nitrile 117 reactivity probes. 

2.2. Reactivity Tests 
To investigate the reactivity between the different warheads towards the three classes 

of proteases (serine, threonine and cysteine proteases), their behavior in model systems 
under the same reaction conditions (solvent, nucleophile and base) using either NMR or 
LC-MS analysis was investigated. We used reactivity probes with a Boc-L-Leu-(warhead) 
sequence. Leucin was chosen as a P1 amino acid to minimize influences of the side chain 
and due to synthetic accessibility. 2-Phenylethanethiol was used as a model nucleophile 
to mimic the thiol moiety of cysteine proteases, and sodium ethoxide was used as a 

Scheme 7. Synthesis of the reactivity probes. Reaction conditions: (a) 9, HATU, collidine, DCM, DMF,
rt, 16 h, 97%; (b) TBTU, HOBt · H2O, N,O-dimethylhydroxylamine · HCl, 2,4,6-collidine, rt, 12 h,
quant.; (c) 1. LAH, Et2O, 0 �C, 1 h, 89%; (d) 3/4, LiCl, DBU, MeCN, 0 �C, 1 h, 50% (109), 30% (110);
(e) 1. NaH, MeNO2, THF, 0 �C, 1 h, 2. MsCl, Et3N, DCM, 0 �C, 1 h, 15%; (f) DMMP, n-BuLi, THF,
–78 �C, 1.5 h, 70%; (g) ethyl glyoxylate, LiCl, DBU, MeCN, 0 �C, 1 h, 45%; (h) TBTU, HOBt · H2O,
N,O-dimethylhydroxylamine · HCl, 2,4,6-collidine, 0–20 �C, 16 h, 95%; (i) benzothiazole, n-BuLi, THF,
–78 �C, 3.5 h, 56%; (j) EDC · HCl, HOBt · H2O, NH4OH, DMF, rt, 16 h, 14%; (k) TFAA, pyridine, THF,
–10 �C, 2 h, 74%.

For the synthesis of the reactivity probes, leucine was chosen as the model amino
acid due to availability and to avoid side-chain reactivity. The different warheads were
synthesized in the same way as described above for the full peptidic/peptidomimetic
inhibitors. The b-lactam 108, (F-)vinyl sulfone 109, 110 and nitroalkene 111 reactivity
probes were synthesized starting from Boc-(L)Leu-OH 50, whereas the 4-oxoenoate 112

was prepared from Boc-(L)Leu-OMe 64. Boc-(L)Leu-1-13C-OH 113 was the starting material
for the 13C-labelled a-ketobenzothiazole 115 and nitrile 117 reactivity probes.

2.2. Reactivity Tests
To investigate the reactivity between the different warheads towards the three classes

of proteases (serine, threonine and cysteine proteases), their behavior in model systems
under the same reaction conditions (solvent, nucleophile and base) using either NMR or
LC-MS analysis was investigated. We used reactivity probes with a Boc-L-Leu-(warhead)
sequence. Leucin was chosen as a P1 amino acid to minimize influences of the side chain
and due to synthetic accessibility. 2-Phenylethanethiol was used as a model nucleophile
to mimic the thiol moiety of cysteine proteases, and sodium ethoxide was used as a ser-
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ine/threonine replacement. DMSO-d6 was used as solvent. Under these conditions, the nu-
cleophile is deprotonated, simulating the activated serine or threonine in the catalytic triad
of serine and threonine proteases, while ethanol as protonated alcohol species turned out
to be unreactive in preliminary test reactions. The reactivity tests using 2-phenylethanthiol
were carried out in the presence and absence of triethylamine as a base. This allowed for a
reactivity comparison of the warheads towards protonated and deprotonated nucleophilic
thiol species. Generating a deprotonated thiol species in the presence of triethylamine
simulates the deprotonated cysteine in the catalytic dyad of cysteine proteases. Scheme 8
illustrates the reaction of the reactivity assay with both model nucleophiles and the vinyl
sulfone moiety 109 as an example.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 12 of 29 
 

 

serine/threonine replacement. DMSO-d6 was used as solvent. Under these conditions, the 
nucleophile is deprotonated, simulating the activated serine or threonine in the catalytic 
triad of serine and threonine proteases, while ethanol as protonated alcohol species turned 
out to be unreactive in preliminary test reactions. The reactivity tests using 2-phe-
nylethanthiol were carried out in the presence and absence of triethylamine as a base. This 
allowed for a reactivity comparison of the warheads towards protonated and deproto-
nated nucleophilic thiol species. Generating a deprotonated thiol species in the presence 
of triethylamine simulates the deprotonated cysteine in the catalytic dyad of cysteine pro-
teases. Scheme 8 illustrates the reaction of the reactivity assay with both model nucleo-
philes and the vinyl sulfone moiety 109 as an example. 

 

 

Scheme 8. Reaction scheme of the reactivity assay with both model nucleophiles under equal reac-
tion conditions and the vinyl sulfone moiety 109. 

The reactivity tests of all Michael acceptors, 109, 110, 111 and 112, the α-ketobenzo-
thiazole 115 and nitrile 117 were investigated using an NMR-based analysis method, 
while the β-lactam 108 reactivity was investigated via LC-MS, due to its lack of proton 
signals, which could be used for evaluation of the reactivity in the 1H-NMR studies, and 
the irreversible reaction mechanism, which allowed the LC-MS analysis. Additionally, 
LC-MS analyses of all reactions were performed in order to prove the formation of the 
expected reaction products. Formation of the expected adducts with the nitrile 117 
(PhEtSH/PhEtS–/EtONa), the α-ketobenzothiazole 115 (PhEtSH/PhEtS–) and the nitroal-
kene 111 (EtONa) could not be observed. This may have been due to the covalent reversi-
ble reaction mechanism of the nitrile and α-ketobenzothiazole and the overall difficult 
ionization of the specific compounds by an electron spray ionization mass spectrometer. 

Method A (NMR): 1H-NMR spectra were recorded for the respective warhead and 
nucleophile mixture, before the addition of the nucleophile (0 min) and after 5, 30, 60, 120 
and 240 min reaction time. For quantification, the double bond-signals (doublet/doublet 
of doublets, around 7.4–6.7 ppm) of the Michael acceptors were integrated relative to 1,3-
dioxolane as an internal standard. The acetal CH2 signal of the internal standard at 5.3 
ppm was used as a reference. 

The α-ketobenzothiazole 115 and nitrile 117 were similarly analyzed by 13C-NMR. 
Therefore, the corresponding 13C-leucin derivates were synthesized (Scheme 7). Quantifi-
cations of the reactions were carried out by using the integral of the carbonyl carbon atom 
signal at 195 ppm for the α-ketobenzothiazole and 120 ppm for the nitrile moiety. The 
reference signal of DMSO-d6 was set to 39.52 ppm. 

In Figure 2, the 1H-NMR spectra of the test reaction of the 4-oxoenoate 112 with 2-
phenylethanthiol 118 are shown exemplarily. After four hours, 92% conversion of the in-
hibitor to the product 120 was observed. LC-MS analysis confirmed the diastereomeric 
formation of the expected product 120. 

Scheme 8. Reaction scheme of the reactivity assay with both model nucleophiles under equal reaction
conditions and the vinyl sulfone moiety 109.

The reactivity tests of all Michael acceptors, 109, 110, 111 and 112, the a-ketobenzothiazole
115 and nitrile 117 were investigated using an NMR-based analysis method, while the
b-lactam 108 reactivity was investigated via LC-MS, due to its lack of proton signals, which
could be used for evaluation of the reactivity in the 1H-NMR studies, and the irreversible
reaction mechanism, which allowed the LC-MS analysis. Additionally, LC-MS analyses
of all reactions were performed in order to prove the formation of the expected reaction
products. Formation of the expected adducts with the nitrile 117 (PhEtSH/PhEtS–/EtONa),
the a-ketobenzothiazole 115 (PhEtSH/PhEtS–) and the nitroalkene 111 (EtONa) could
not be observed. This may have been due to the covalent reversible reaction mechanism
of the nitrile and a-ketobenzothiazole and the overall difficult ionization of the specific
compounds by an electron spray ionization mass spectrometer.

Method A (NMR): 1H-NMR spectra were recorded for the respective warhead and
nucleophile mixture, before the addition of the nucleophile (0 min) and after 5, 30, 60, 120
and 240 min reaction time. For quantification, the double bond-signals (doublet/doublet
of doublets, around 7.4–6.7 ppm) of the Michael acceptors were integrated relative to
1,3-dioxolane as an internal standard. The acetal CH2 signal of the internal standard at
5.3 ppm was used as a reference.

The a-ketobenzothiazole 115 and nitrile 117 were similarly analyzed by 13C-NMR.
Therefore, the corresponding 13C-leucin derivates were synthesized (Scheme 7). Quan-
tifications of the reactions were carried out by using the integral of the carbonyl carbon
atom signal at 195 ppm for the a-ketobenzothiazole and 120 ppm for the nitrile moiety. The
reference signal of DMSO-d6 was set to 39.52 ppm.

In Figure 2, the 1H-NMR spectra of the test reaction of the 4-oxoenoate 112 with
2-phenylethanthiol 118 are shown exemplarily. After four hours, 92% conversion of the
inhibitor to the product 120 was observed. LC-MS analysis confirmed the diastereomeric
formation of the expected product 120.
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Figure 2.
1H-NMR spectra of the 4-oxoenoate 112 before the addition (0 min) and after 5, 30, 60, 120

and 240 min reaction time with 2-phenylethanthiol in the absence of triethylamine. The integrals of
the b-proton of the double bond at 7.17 ppm in relation to the 2-CH2 signal of the internal standard
1,3-dioxolane at 5.3 ppm are given. LC-MS analysis of the same reaction at 30 min.

Method B (LC-MS): The reactivity of the b-lactam test compound 108 with the nucle-
ophiles was investigated using an LC-MS-based method. To quantify the conversion, the
AUCs were determined at 254 nm. In Figure 3, the UV spectra of the test reaction of the
b-lactam 108 with EtONa are shown exemplarily. After one hour, complete conversion of
the inhibitor to the adduct 122 was observed.
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As depicted in Figure 4A, the 4-oxoenoate 112, the α-ketobenzothiazole 115 and the 
nitrile 117 moiety did indeed react with PhEtSH under non-basic conditions. In contrast, 
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As depicted in Figure 4A, the 4-oxoenoate 112, the a-ketobenzothiazole 115 and the
nitrile 117 moiety did indeed react with PhEtSH under non-basic conditions. In contrast,
conversion was not observed with the vinyl sulfone 109, F-vinyl sulfone 110, b-lactam 108

and nitroalkene 111 warheads. After 240 min, the 4-oxoenoate 112 had nearly completely
(92%) reacted with PhEtSH, while only 18% conversion of the a-ketobenzothiazole 115

was observed. The equilibrium of the a-ketobenzothiazole 116 was reached after 5 min.
Similarly, with the nitrile moiety 117, only 7% conversion was detected, indicating that the
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formed thioimidate adduct is relatively unstable (Figure 4A). With the addition of Et3N
(Figure 4B) the overall reactivity increased. Every warhead except the b-lactam 108 and the
nitrile 117 reacted with the deprotonated thiol species. Full conversion of the 4-oxoenoate
112 could be observed after 5 min, followed by the vinyl sulfone 109, which took 60 min
for complete reaction. The F-vinyl sulfone 110 and nitroalkene 111 both showed similar
reactivity with the thiolate species, with a maximum conversion of 86% and 82% after
240 min, respectively. The a-ketobenzothiazole 115 also showed an increased reactivity,
with around 30% conversion. The reactivity tests with EtONa as nucleophile revealed the
4-oxoenoate 112 moiety as the most reactive warhead, which was completely consumed
after 5 min (Figure 4C). However, LC-MS analysis did not prove the formation of the
expected product but rather unspecific conversion of 112 (see Supplementary Materials,
Figure S8). The nitroalkene 111 showed a similar behavior in comparison to the reactivity
test with the deprotonated thiolate species, with a conversion of 84% after 240 min. The b-
lactam 108 compound showed full conversion after 60 min. In contrast to the deprotonated
PhEtSH species, the results indicated a much slower reactivity of the vinyl sulfone 109 with
a conversion of 70% after 240 min. No conversion with EtONa was observed for the F-vinyl
sulfone 110. The a-ketobenzothiazole 115 showed a higher conversion in the presence of
EtONa (37%) than with PhEtSH, but reached this maximum only after 60 min, showing a
slower reaction rate compared to the deprotonated thiol species at 5 min. The equilibrium
between the a-ketobenzothiazole 115 and hemiacetal shifted to 37% conversion and was
higher compared to the reactivity test with the thiol nucleophiles. The nitrile 117 showed a
similar conversion at 5 min with EtONa compared to the protonated thiol species, with 10%
conversion, but again decreased after a period of time, which again indicates the instability
of the imidate adduct under basic conditions.

The high reactivity of the 4-oxoenoate 112 warhead with the thiolate is in accordance
with the high inhibitory potency of dipeptidyl 4-oxoenoate-based compounds against
cysteine protease [48]. The missing reactivity of both vinyl sulfones 109 and 110 toward
protonated thiol species and the high reactivity with deprotonated thiols are also in agree-
ment with the high activity of vinyl sulfone inhibitors against cysteine proteases with a
thiolate residue in the catalytic center, as reported in the literature.

Nitroalkenes are classified as cysteine targeting warheads, which is also confirmed by
the observed reactivity with the model thiolate nucleophile [49].

b-lactams are commonly known as warheads in antibacterial agents with transpeptidase-
inhibiting properties but have also been used in the development of serine protease in-
hibitors [21,50,51]. The reactivity tests demonstrate the preference for alcoholate-based
nucleophiles, since they only reacted with EtONa and not with PhEtSH/PhEtS�.

a-Ketobenzothiazole derivatives are used as potent serine and cysteine protease in-
hibitors [52,53]. Therefore, the reactivity of the a-ketobenzothiazole 115 moiety towards all
three model nucleophiles was expected. In accordance with the HSAB concept, the stability
of the tetrahedral (thio)hemiacetal decreased from the hard sodium ethoxide to the soft
thiol/thiolate nucleophiles (EtONa>PhEtS�PhEtSH) after 240 min.

The observed reaction of the nitrile 117 with both nucleophiles (PhEtSH/EtONa) is in
accordance with the well-known reactivity of nitrile-based drugs. The observed instability
of the (thio)-imidate adduct might have been due to the neutral or basic reaction conditions
in solution [54,55]. In contrast, the (thio)imidate adduct is stabilized by interaction with
amino acid residues of the enzyme pocket [56].

2.3. Quantum Mechanics Simulations
As model nucleophiles for the QM simulations, methanethiol/ate and methanolate

were used. While the formed products were identical, the warheads vinyl sulfone, F-
vinyl sulfone and nitroalkene exhibited varying reactivities for PhEtSH and PhEtSH in the
presence of triethylamine. Only for 4-oxoenoate and a-ketobenzothiazole was significant
reactivity towards PhEtSH observed, whereas for PhEtSH + Et3N, all warheads except the
nitrile and the b-lactam showed reactivity (Figure 4). Since most of the reaction energies
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with both MeSH and MeSH + Et3N were computed to be exergonic (Figure 5A), this
cannot be explained merely by thermodynamics. For instance, the experimental results
do not show reactivity of the warheads vinyl sulfone, F-vinyl sulfone and nitroalkene
with PhEtSH, despite a computed negative free energy of reaction. Thus, to determine
whether a reaction can be expected to take place, it is important to consider the whole
reaction path, including the activation barriers, which determine the kinetics. Previous
calculations have revealed that MeSH is often insufficiently nucleophilic to allow a reaction
to occur at room temperature [57]. A base, such as triethylamine, serves as interim storage
for the thiol proton before it is transferred to the warhead. By deprotonating the thiol
prior to the nucleophilic attack, the nucleophilicity of MeSH is strongly increased, thereby
decreasing the associated activation barriers considerably (Figures S22C, S23B and S24A–C).
Following the addition of the nucleophile, the proton is transferred back from the base to the
anionic intermediate. Unlike the 4-oxoenoate, vinyl sulfone, F-vinyl sulfone and nitroalkene
warheads, the b-lactam warhead does not show any reactivity with PhEtSH + Et3N. The
computed reaction mechanism revealed three consecutive steps to obtain the product
(Figure 5C). First, the nucleophile attacks the amide carbonyl group (TS1), resulting in a
tetrahedral anionic intermediate (Int1). The rate-determining step is the opening of the
lactam ring in the second step (TS2). This was computed to be about 33 kcal mol�1 for
MeSH + NEt3, which is in excellent agreement with the experimental data. In the last step,
the former amide nitrogen is protonated by the base to yield the final product (TS3). For
the nitrile warhead, a weak reaction with PhEtSH but none with PhEtSH + triethylamine
was observed experimentally, which cannot be explained by reference to the computational
data. As described in the reactivity tests, this might have been due to the instability of
thioimidates in basic solution.

As a result of our calculations, the difference in reactivity between PhEtSH and
PhEtSH + Et3N for the vinyl sulfone, F-vinyl sulfone and nitroalkene warheads was at-
tributed to a significant reduction in activation barriers caused by proton transfer from the
nucleophile to the base prior to the nucleophilic attack. We therefore investigated the reason
for the reactivity of 4-oxoenoate and a-ketobenzothiazole warheads with PhEtSH in DMSO
in the absence of a base. For 4-oxoenoate, a conversion of 92% was observed experimentally,
which corresponds to a computed free energy of reaction of about –9 kcal mol�1 for the
nucleophilic attack at Ca and about –11 kcal mol�1 for the addition at Cb . The reaction of
PhEtSH with a-ketobenzothiazole, however, showed only about 18% conversion, and the
corresponding product was computed to be 8 kcal mol�1 (Figure 5B) and 9 kcal mol�1 for
the thermodynamic calculation with a bigger basis set (Figure 5A). The solvent used in the
experiments was not completely free of water, and, as a result, water molecules were able
to catalyze the nucleophilic attack for a-ketobenzothiazole and 4-oxoenoate, as well as the
keto-enol tautomerization for the latter (Figure 5B and Figure S22A,B) [58]. Our calculations
demonstrate that traces of water in the solvent can function as a base to catalyze the reaction
of MeSH with the warhead. The activation barrier for a-ketobenzothiazole is reduced from
more than 40 kcal mol�1 to roughly 25 kcal mol�1, and the product energy is lowered to
1 kcal mol�1 (Figure 5B). Similarly, water catalyzes both the nucleophilic attack of MeSH
at the 4-oxoenoate warhead and the subsequent keto-enol tautomerization, leading to a
decreased activation barrier of 26 kcal mol�1 for the first step (TS1) and one of 20–25 kcal
mol�1 for the second step (TS2). Additionally, the product energy is even more exergonic
at –17-(–18) kcal mol�1 (Figure S22B). Contrary to the reaction without water, the proton
does not have to be transferred directly from the thiol to the atom to be protonated. Instead,
it is shuffled along a chain of water molecules. The keto-enol tautomerization is favored for
the Cb-addition, but the barrier associated with the rate-determining nucleophilic attack
is nearly identical (Figure S22B). Thus, it is expected that both reactions should occur in
solution. For the reaction with an enzyme, the conformation of the binding pocket will
likely determine at which carbon atom the nucleophilic attack will occur.
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Figure 5. (A) Free energies of the reactions for all inhibitor warheads with MeSH, MeSH + Et3N
and MeO� + 3H2O, computed as described in the Supplementary Materials section and Figures S24
by !B97X�D/6�311++G**//!B97X�D/6-31+G* calculations. (B) Free energy reaction paths of
the a-ketobenzothiazole warhead with MeSH (red) and with MeSH in the presence of three water
molecules (blue). For MeSH (red), the van der Waals complex (P vdw) and separated product
molecules (P) are identical since the reaction yields only a single product molecule. For MeSH + water
(blue), the energies are referenced on MeSH + 2H2O and the a-ketobenzothiazole warhead + H2O (R).
(C) Free energy reaction paths of the b-lactam warhead with MeSH + NEt3 (red) and with MeO� in
the presence of three water molecules (blue). The reaction proceeds in three consecutive steps: first,
nucleophilic attack at the amide carbonyl group (TS1); second, the opening of the lactam ring (TS2);
and third, the proton transfer from the base (NEt3 or H2O) to the former amide nitrogen (TS3).

To mimic the reaction of the warheads with NaOEt, we calculated the reaction path
with MeO– and included three water molecules to allow for protonation of the intermediates
to obtain the final products and stabilize the reactive anionic species (Figures 5C, S22D, S23D
and S24A–C). The reaction can either terminate at the anionic intermediate or proceed to the
neutral adduct by transferring one proton from a water molecule, depending on the basicity
of the intermediate, i.e., the intermediate carbanion is poorly stabilized for the vinyl sulfone,
hence the reaction progresses to form the neutral addition product (Figure S24A). The
nitroalkene carbanion, however, is strongly stabilized, and our calculations suggest that the
reaction might stop at the intermediate (Figure S24C). Analogously, the a-ketobenzothiazole
forms a deprotonated hemiacetal (Figure S23B). Experimentally, no reactivity of the F-vinyl
sulfone warhead with NaOEt was observed, which was not supported by our calculations
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and is contradictory to chemical intuition (Figure S24B). As previously stated, the barrier
for the b-lactam ring opening in reaction with MeSH + Et3N was computed to be over
30 kcal mol�1, explaining the lack of reactivity in the experiments. Since the anionic species
and ring opening are better stabilized in the reaction with MeO– + 3H2O, only 23 kcal mol�1

is required in this step, which is consistent with the experimental data (Figure 5C).

2.4. In Vitro Evaluation of the Synthesized Compounds
Inhibition of the target enzymes was tested via fluorometric assays. Therefore, fluoro-

genic AMC- or FRET-based substrates with appropriate peptide sequences for the different
proteases were used (see Supplementary Materials, Figures S19–S20).

The potential inhibitors were initially screened against all five target enzymes at
20 µM. A cut-off value of 80% inhibition at this concentration was set to differentiate the
non-active (n.a.) compounds from active ones.

For the reversible inhibitors (a-ketobenzothiazole, nitroalkene, F-vinyl sulfone and
nitrile), the IC50 values were determined and converted to corresponding Ki values using
the Cheng–Prusoff equation [56]. Regarding the irreversible inhibitors (vinyl sulfone, 4-
oxoenoate and b-lactam) the Ki, kinact and k2nd values were determined (see Table S1) [56].
For a better overview, the pKi values were calculated and are presented in Figure 6.
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Figure 6. Inhibition data for the assays with uPA (A), proteasome b5-subunit (B), cathepsine
S (C), SARS-CoV-2 Mpro (D) and rhodesain (E). pKi values were calculated from the Ki values
(–log10(Ki/M)) [59]. The height of a bar indicates the inhibitory potency of an inhibitor towards the
target enzyme, and the color of a bar indicates the warhead of the inhibitor; the peptidomimetic
sequence is indicated by the enzyme name under the bars, e.g., the purple bar with the height value
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of 7.5 for rhodesain inhibition (Figure 6E) by inhibitor 40 with the oxoenoate warhead and the CatS
sequence. * Respective compounds were inactive in the in vitro assay due to instability towards DTT
in the buffer.

In the following, the inhibition data will be analyzed for each enzyme, first with their
suited peptidomimetic sequences (Figure 6, parts A, B, C, D and E), followed by cross
testing against the other enzymes.

uPA. Only the a-ketobenzothiazole inhibitor 103 was found to be active. The combina-
tion of the appropriate sequence for uPA with the a-ketobenzothiazole warhead resulted in
a potent inhibitor with a pKi value of 6.9. Other enzymes were not inhibited (Figure 6A).

Proteasome b5-subunit. None of the compounds with the Pyz–(L)Phe–(L)Leu se-
quence (55, 85, 59, 62, 68, 72 and 74), which is well-known from the potent boronic acid-
based inhibitor bortezomib, showed inhibition of the proteasome at 20 µM, independently
of the warhead used (Figure 6B). Moreover, none of the other compounds with any of
the other peptidomimetic sequences showed any inhibition. This highlights the general
difficulty of addressing this protease with peptidomimetic inhibitors [56]. An alternative
warhead which reacts preferably with Ser or Thr proteases is the epoxide functionality,
which is also present in the approved proteasome inhibitor carfilzomib. Although very
potent, due to its unpredictable reaction mechanism, this warhead was not included
in this study [60].

CatS. Regarding the in vitro testing of the cysteine protease CatS, a total of 20 hits
were detected (Figure 6C). The most potent inhibitors with the fitting CatS sequence were
the nitrile 30 (pKi = 9) and the vinyl sulfone 35 (pKi = 8.5). The nitroalkene 49 (pKi = 7.9)
also showed high affinity towards CatS, followed by the 4-oxoenoate 40 (pKi = 7.7), the
a-ketobenzothiazole 42 (pKi = 6.5), b-lactam 45 (pKi = 6.1) and F-vinyl sulfone 36 (pKi = 5.5).
Since CatS and rhodesain are both papain-like cysteine proteases with similar active sites,
cross reactivity between these two series was expected and has been well described in
the literature [61]. The vinyl sulfone with the rhodesain-targeting sequence 16 (pKi = 9)
showed the same inhibition constant as the corresponding inhibitor with the CatS sequence.
The vinyl sulfones with the proteasome and the MPro sequences inhibited CatS to lower
degrees (pKi = 6.9 and 5.5). A comparison of the 4-oxoenoates of the CatS and rhodesain
series yielded the same results, since both exhibited the same pKi value of 7.7 for inhibition
of CatS. The 4-oxoenoates designed for targeting the proteasome 68 and the MPro

81 were
essentially inactive against CatS (no inhibition in the initial screening at 20 µM). This can
be explained by the instability of these compounds in the CatS assay buffer containing
dithiothreitol (DTT).

The F-vinyl sulfones, which are reversibly reacting counterparts of the vinyl sul-
fones, inhibited CatS to a lower degree, and exchange of the peptidomimetic sequence
(36, pKi = 5.5 vs. 17, pKi = 6 vs. 55, pKi = 6 vs. 94, pKi = 5.9) had little to no effect, except
for the compounds with the uPA sequence (103, 106 and 107), which was not active at
20 µM against CatS.

The nitroalkene inhibitor which contains the CatS sequence showed a high on-target
affinity but changing the sequence to any of the other targeting sequences led to less
potent inhibitors (13, pKi = 6.7 vs. 88, pKi = 6.4 µM vs. 59, pKi = 6.2). Interestingly,
the a-ketobenzothiazole- (42, pKi = 6.6) and b-lactam- (45, pKi = 6.1) based inhibitors
showed only significant inhibition of CatS if connected to the respective CatS sequence,
indicating the strong dependency of a suitable peptidomimetic sequence combined with
one of these warheads.

M
pro. In comparison to the Mpro inhibitors a-ketobenzothiazole 90 (pKi = 7.6) and

nitrile 84 (Ki = 7.5) described in the literature, vinyl sulfone 93 (pKi = 5.5), F-vinyl sulfone
94 (pKi = 6.3) and nitroalkene 88 (pKi = 5.7), all of which contain the appropriate Mpro

peptidic sequence, showed weaker inhibition (Figure 6D) [40,62]. A clear preference of
the protease for specific warheads could be observed. The vinylogous warheads (vinyl
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sulfone, F-vinyl sulfone and nitroalkene) showed significantly weaker inhibition than
the a-ketobenzothiazole- and nitrile-based compounds. As also observed in the model
reactivity studies, the in vitro studies with CatS and both 4-oxoenoate inhibitors with the
Mpro

81 and the proteasome b5-subunit 68 sequences revealed instability in the buffer with
DTT. The b-lactam 96 as well as all compounds containing a targeting structure designed
for other proteases were inactive at 20 µM. This indicates a high specificity of the Mpro

towards its peptidomimetic sequence.
Rhodesain. The results showed similar trends to those found for CatS, with 20 compounds

active in the assays (Figure 6E). The most potent was the nitroalkene 13 which contains the
corresponding rhodesain peptidic sequence (pKi = 10.2), followed by the vinyl sulfone 16,
4-oxoenoate 22 and nitrile 25, which showed similar inhibition constants (pKi-= 7.1–7.7).
The F-vinyl sulfone 17 showed moderate inhibition (pKi = 5.4), and the b-lactam 24 and
a-ketobenzothiazole 18 were inactive at 20 µM, indicating a preference of rhodesain for
vinylogous warheads. Comparable to the CatS study, inhibitors lacked selectivity between
rhodesain and CatS due to the structural similarity of the proteases. This is evident through
the high pKi values of the synthesized CatS inhibitors with 4-oxoenoate- 40 (pKi = 7.5),
nitroalkene- 49 (pKi = 8.7), vinyl sulfone- 35 (pKi = 7.7) and nitrile- 30 (pKi = 7.7) moieties.
Surprisingly, the a-ketobenzothiazole 42 designed for targeting CatS showed significant
inhibition (pKi = 6.5), whereas the a-ketobenzothiazole with the rhodesain peptidic se-
quence 18 was inactive. Among the compounds designed for Mpro and the proteasome, the
nitroalkene derivatives 88 and 59 showed the same potency as the CatS analogue 49, both
with a pKi value of 8.7. Interestingly, the vinyl sulfones with the Mpro

93 (pKi = 5.7) and
the proteasome sequence 58 (pKi = 6.5) showed significantly lower affinity compared to
the vinyl sulfone designed for rhodesain 16 (pKi = 4.7). Differently, the F-vinyl sulfones 55

(pKi = 6.3) and 94 (pKi = 7.7) showed higher affinities than the analogue with the rhodesain
sequence 17 (pKi = 5.4). The 4-oxoenoate inhibitor 68 (pKi-= 8.0) designed for the protea-
some and the one designed for the Mpro

81 (pKi = 7.0) also showed strong inhibition. All
other inhibitors with the b-lactam and a-ketobenzothiazole moiety were inactive, as well as
the compounds containing the uPA sequence (103, 106 and 107).

2.5. Molecular Docking
To further elucidate the impact of the different warhead types on the binding modes

of the inhibitors, protease–inhibitor complexes were investigated with non-covalent and
covalent docking [63,64]. For the non-covalent docking, special emphasis was laid on the
distances between the reactive nucleophilic carbon atoms of the corresponding warheads
to the thiol(ate) or hydroxyl(ate) side chains of the cysteine/serine(threonine) active site
amino acids, respectively, as estimates for covalent-bond-formation likeliness. Additionally,
the impact of the different warhead moieties on the binding conformation of the inhibitors
with otherwise identical peptidomimetic recognition sequences was analyzed. The covalent
docking setup was used to investigate whether realistic poses for the covalent complexes
could be generated and whether larger conformational rearrangements of the ligand may
occur after the covalent reaction.

Conventional non-covalent docking yielded generally reasonable binding modes for
all complexes resembling interactions of the crystallographic reference ligands and pep-
tidomimetic recognition sequences in their expected subpockets. Additionally, electrophilic
warheads were regularly found in close proximity to the nucleophilic catalytic amino acids
(Figure 7, Tables S2 and S3).
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Figure 7. Predicted binding modes and polar interactions (yellow dashed lines) of different inhibitor
classes with different enzymes (white carbon atoms and surface). For non-covalent docking poses,
the distance between electrophilic carbon and nucleophilic sulfur or oxygen is shown as a red dashed
line, with the distance measured in Å. For a clear view, only amino acids that form polar interactions
with the ligands are shown as sticks and labelled. Black dashed lines indicate subpocket locations.
Non-covalent docking poses are shown with cyan C-atoms and the covalent docking poses with
green C-atoms. (A) Superposition of the non-covalent and the covalent docking pose of 13 with
rhodesain, PDB-ID (2P7U). (B) Superposition of the non-covalent and the covalent docking pose of 30

with CatS, PDB-ID (1MS6). (C) Superposition of the non-covalent and the covalent docking pose of 90

with SARS-CoV-2-Mpro, PDB-ID (6XR3). (D) Predicted binding mode of non-covalently docked 103

with uPA, PDB-ID (1W10). (E) Superposition of the non-covalent docking pose of 72 and bortezomib
(palegreen C-atoms) with the b-5 subunit of human 20S-proteasome, PDB-ID (5LF3).

The docking with rhodesain (pdb entry 2P7U) indicated that the introduction of a
Michael-acceptor system as the warhead led to binding poses similar to the co-crystallized
reference ligand, with all the essential interactions between inhibitor and enzyme be-
ing nearly identical, as exemplified for the docking poses of the nitroalkene inhibitor 13

(Figure 7a). The poses of the covalent and the non-covalent docking showed that the
overall orientation of the inhibitor inside the active site should not change much after the
covalent reaction, since the final covalent enzyme–inhibitor complex is very similar to the
non-covalent complex (Figure 7a). The corresponding electrophilic C-atoms of all warheads
were predicted to be in close proximity to the sulfur atom of Cys25 (2.54–3.50 Å), suggest-
ing a high probability for a nucleophilic attack. High docking scores were also found for
the nitroalkene inhibitor 13 (FlexX score: –24.03 kJ/mol; MOE score: –2.66), indicating
that it should form very favorable non-covalent interactions while correctly placing the
electrophilic warhead (distance to Cys25 sulfur: 3.50 Å). This is consistent with the in vitro
data, showing that the nitroalkene moiety represents the most potent inhibitor class for
rhodesain. Since the a-ketobenzothiazole designed for CatS (42) surprisingly inhibited
rhodesain with a submicromolar affinity, we compared the non-covalent docking poses
between 42 and the ketobenzothiazole with the rhodesain sequence (18) (Figure S21). Su-
perposition of the non-covalent docking poses showed that both inhibitors have almost the
same positioning with the warhead close to Cys-25 (2.5 Å) inside the active site of rhodesain,
indicating that both compounds should have similar affinities towards rhodesain. This
makes it hard to explain why inhibitor 42 had a significantly higher affinity for rhodesain
in the in vitro testing. Since molecular docking is an inaccurate method, flawed docking
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poses are no rarity. The non-covalent docking method used in this case might not be suited
to explaining this in vitro result. The results of the docking with CatS (1MS6) showed
similar trends, since the distances between the electrophilic C-atoms of the warheads and
the sulfur atom of Cys25 were again in close proximity in all cases (2.69–3.37 Å). The vinyl
sulfone 35 and the nitrile 25 had high scores (FlexX score: –27.35/–26.22 kJ/mol; MOE
score: –5.32/–3.00 kcal/mol) combined with similar binding geometries for the covalent
and the non-covalent docking poses (shown for nitrile inhibitor 25, Figure 7b). These data
are in accordance with the in vitro data showing that the nitrile warhead was the most
potent one, but other warheads also led to productive enzyme inhibition.

For SARS-CoV-2 Mpro (6XR3), the distances between the electrophilic C-atoms and
the Cys145 sulfur atom were overall slightly higher (2.90–4.91 Å) compared to the papain-
like cysteine proteases. The a-ketobenzothiazole warhead seems to have a very favorable
positioning in the binding pocket, as illustrated by the close proximity (3.41 Å) of the
electrophilic C-atom to the thiol of the enzyme Cys145 (Figure 7c). Superposition of the
covalent and non-covalent docking poses of 90 showed almost identical positioning of the
inhibitor inside the enzyme, with most of the polar interactions retained.

Out of all the investigated warheads in this series, only the nitrile, the a-ketobenzothiazole
and the b-lactam warheads are known to react with oxygen containing amino acid residues
in serine (uPA) or threonine (proteasome) proteases.

For the uPA, which was the only target with only one hit in the enzymatic assay,
non-covalent docking revealed a large distance between the electrophilic C-atom and the
hydroxy-group in the active site for the b-lactam (5.07Å) as a known serine warhead. Only
the a-ketobenzothiazole inhibitor 103, which had one of the highest scores out of all the
inhibitors (FlexX score: –51.59 kJ/mol), was in close proximity to the oxygen of Ser195
(2.84 Å distance to the electrophilic C-atom). This inhibitor also showed a high potency
in the in vitro study (Figure 7d). Finally, docking of the b-lactam containing inhibitor 72

designed for the proteasome revealed that the warhead position was, again, too far away
from the threonine oxygen (4.95 Å), possibly preventing a covalent reaction (Figure 7e).
This could be explained by the shifted positioning of the lactam moiety compared to the
other warheads. Although the docking of the nitrile and a-ketobenzothiazole inhibitors
74 and 62 might suggest that these compounds should inhibit their target sufficiently
since the warheads are positioned correctly and in close proximity (2.27 Å/3.16 Å) to
the Thr-1 oxygen atom, there was still no inhibition with these warheads in the in vitro
study. This might have been due to wrongly generated binding poses, since docking
approaches are not always reliable and cannot be considered flawless in all cases. A
possible explanation why none of the compounds designed to address the b5-subunit
of the proteasome showed any inhibition might be the catalytic dyad in the active site
consisting of Lys33 and Thr1 compared to the catalytic dyads or even triads in the other
enzymes, where the deprotonation of the active site residue is assisted by histidine and/or
asparagine. The lysine residue might not always be able to deprotonate the threonine in
the active site, depending on the inhibitor, and thus facilitate the covalent reaction step
with a warhead [65].

2.6. Comparison of the Reactivity Assay Results with the In Vitro Study
Based on the reactivity assay, all Michael acceptors (4-oxoenoate 112, (F-) vinyl sulfone

109/110 and nitroalkene 111) showed high reactivity toward the deprotonated cysteine
model nucleophile, which is congruent with the observed behavior of the synthesized
compounds designed for CatS and rhodesain inhibition in the in vitro studies. Further-
more, the a-ketobenzothiazole warhead 115 showed a strong reactivity for both model
nucleophiles (PhEtS�/EtONa), which is consistent with the correspondent uPA and Mpro

inhibitors 103 and 90 in the protease assays. However, the nitrile 117 showed no reaction
with the deprotonated cysteine but with the serine model nucleophile, which contradicts
the high inhibitory activity against the cysteine proteases and the missing inhibition by
the proteasome b5-subunit inhibitor 74. This might have been due to the aforementioned
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instability of the thioimidate adduct in basic conditions compared to the stabilized adduct
in the enzyme pocket and the overall difficulty of addressing the proteasome b5-subunit.
The b-lactam 108 showed only a strong reactivity towards the serine model nucleophile,
but the corresponding bortezomib derivative 72 did not inhibit the proteasome b5-subunit,
which might have been due to the shift of the electrophilic center of the b-lactam moiety
into the S1’ pocket and the resulting increase in distance. The 4-oxoenoate moiety 112

was the only warhead that showed high reactivity toward the protonated cysteine model
nucleophile, which might hint at non-selective reactivity behavior toward thiol species
under physiological conditions. This could also be observed in the in vitro studies. The
4-oxoenoate compounds designed for the Mpro

81 and proteasome-b5-subunit 68 both
reacted quickly with DTT in the respective buffer solutions and appeared to be inactive.

3. Discussion

Covalent targeting has become a popular and powerful concept in drug discovery, and
great efforts have been devoted to developing and repurposing different warheads [66].
In this first extensive systematic study, we aimed to achieve a deeper insight into the
reactivities and selectivities of a selection of electrophilic traps combined with established
peptidomimetic sequences for the uPA, CatS, b5-subunit of the proteasome, SARS-CoV-2
Mpro and rhodesain, which represent cysteine, serine and threonine proteases. Based on
these peptidomimetic sequences, we synthesized compounds decorated with warheads of
different specificities. We chose the Michael acceptors ((F-)vinyl sulfone, nitroalkene and 4-
oxoenoate) as cysteine-targeting and b-lactam as serine/threonine-targeting representatives.
Furthermore, nitriles and a-ketobenzothiazoles were used, as they are applicable for both
hydroxy- and thiol-containing nucleophiles. The compounds were tested on each target to
analyze their affinities as well as their selectivity profiles.

Based on the in vitro studies, it is evident that the peptidomimetic sequences of the
synthesized compounds play a crucial role in the selectivity towards the tested on-target and
off-target proteases. This could be observed by the selectivity profile towards the cysteine
protease Mpro and serine protease uPA. Only the inhibitors with the suited peptidomimetic
sequence for Mpro (84, 88, 90, 93 and 94) and for uPA (103) displayed inhibitory activity
towards their targeted protease. Furthermore, the selection of a suitable warhead for the
specific type of protease nucleophile ensures high affinity to the target or even activity in
the first place, as demonstrated with the bortezomib congeners and the a-ketobenzothiazole
inhibitor 103 as the only affine compound towards the uPA. The structurally similar papain-
like proteases CatS and rhodesain showed that cross reactivity can occur, despite the design
of well-defined peptidomimetic sequences. Therefore, the combination of both a highly
reactive warhead towards the target protease, for example, the nitrile 30 group for CatS
or the nitroalkene 13 for rhodesain, with a suitable peptidomimetic sequence can lead to
potent inhibitors with promising pharmacodynamic properties.

Non-covalent docking yielded reasonable binding modes for all compounds resem-
bling interactions of the crystallographic reference ligands and peptide recognition se-
quences in their expected subpockets. Additionally, electrophilic warheads were regularly
found in close proximity to the nucleophilic catalytic amino acids, except for the b-lactams.

A reactivity test system with tool compounds of the used warheads and model nu-
cleophiles was established to evaluate chemoselectivity. The findings confirmed the high
reactivity of the 4-oxoenoate, the (F-)vinyl sulfones and the nitroalkene moieties towards
the deprotonated thiol nucleophile/cysteine model, and high affinity of the Michael accep-
tor inhibitors towards the cysteine proteases was observed. Analogously to the in vitro
studies of the uPA and Mpro target, the a-ketobenzothiazole warhead was found to be
a potent electrophilic trap for both cysteine and serine proteases. Nevertheless, some
major differences in reactivity could be observed, which might have been due to different
conditions used in the chemical test system and the biochemical in vitro studies. To the best
of our knowledge, this is the first extensive study in which different warhead types were
combined with different peptidic recognition units and in which the resulting compounds
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were cross tested against different protease types. Similar published studies limited their
focus to testing different warheads on one target or exchanging the peptidic backbone
while retaining the same warhead [37,59,67,68].

4. Material and Methods

The material as well as the methods used for this study are described in the Sup-
porting Information. The authors have cited additional references within the Supporting
Information [21,42,43,46,47,63,64,69–89] (Supplementary Figures of the reactivity study
(Figures S1–S18), of the fluorometric inhibition assays (Figures S19 and S20), of molecu-
lar docking (Figure S21), of quantum mechanics simulation (Figures S22–S25) and of the
NMR-spectra and HPLC-chromatograms of the final inhibitors (Figures S26–S137) can be
accessed in the supporting information).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24087226/s1.
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In vitro results of the synthesized compounds 

Table S1. In vitro results of the tested compounds against the corresponding protease. The peptidic sequence targeting the 
protease is shown on top. 

Ki (µM)/ kinact (𝑠−1)/ k2nd (M-1 𝑠-1) 
R2 uPA Proteasome 

β5-subunit 
CatS MPro Rhodesain 

 
68 

n.a. n.a. n.a.* n.a. 0.009 ± 0.001/ 
0.006 ± 0.001/ 

6.65 x 105 
± 1.57 x104 

 
59 

n.a. n.a. 0.619 ± 0.054 a) n.a. 0.002 ± 0.005 a) 

 
72 

n.a. n.a. n.a. n.a. n.a. 

 
62 

n.a. n.a. n.a. n.a. n.a. 

 
58 

n.a. n.a. 0.126 ± 0.071/  
0.013 ± 0.002/  

1.00 x 105 
± 1.25 x104 

n.a. 0.331 ± 0.041/  
0.019 ± 0.001/  

5.85 x 104 
± 1.66 x103 

 
55 

 
n.a. 

 
n.a. 

 
0.934 ± 0.138 a) 

 
n.a. 

 
0.462 ± 0.039 a) 

 
74 

n.a. n.a. 0.238 ± 0.023a) n.a. 0.560 ± 0.267  
 
 

 

 

Ki (µM)/ kinact (𝑠−1)/ k2nd (M-1 𝑠-1) 
R1 uPA Proteasome β5-

subunit 
CatS MPro Rhodesain 

 
103 

 
 
0.141 ± 0.027 a) 

 
n.a. 

 
n.a. 

 
n.a. 

 
n.a. 

 
106 

n.a. n.a. n.a. n.a. n.a. 

 
107 

n.a. n.a. n.a. n.a. n.a. 
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Ki (µM)/ kinact (𝑠−1)/ k2nd (M-1 𝑠-1) 

R3 uPA Proteasome β5-
subunit 

CatS MPro Rhodesain 

 
40 

n.a. n.a. 0.022 ± 0.004/ 
0.0023 ± 0.00007/ 

1.04 x 105 
± 1.04 x104 

n.a. 0.035 ± 0.009/  
0.003 ± 0.0001/  

1.03 x 105 
± 1.09 x104 

 
49 

n.a. n.a. 0.012 ± 0.001 a) n.a. 0.002 ± 0.0002 a) 

 
45 

n.a. n.a. 0.86 ± 0.13/ 
0.00046 ± 0.00002/ 

5.34 x 105 
± 8.29 x104 

n.a. n.a. 

 
42 

 
n.a. 

 
n.a. 

 
0.233 ± 0.024 a) 

 
n.a. 

 
0.324 ± 0.089 a) 

 
35 

n.a. n.a. 0.003 ± 0.0006/ 
0.02022 ± 0.0006/ 

7.24 x 106 
± 2.36 x105 

n.a. 0.022 ± 0.002/  
0.006 ± 0.0004/  

2.57 x 105 
± 1.04 x103 

 
36 

 
n.a. 

 
n.a. 

 
3.215 ± 0.612 a) 

 
n.a. 

 
n.a. 

 
30 

n.a. n.a. 0.001 ± 0.0001 a) n.a. 0.021 ± 0.002 

 
Ki (µM)/ kinact (𝑠−1)/ k2nd (M-1 𝑠-1) 

R4 uPA Proteasome 
β5-subunit 

CatS Mpro Rhodesain 

 
81 

n.a. - n.a* n.a* 0.099 ± 0.024/  
0.006 ± 0.0009/  

6.41 x 104 
± 3.00 x103- 

 
88 

n.a. n.a. 0.388 ± 0.277 a) 2.197 ± 0.184 a) 0.002 ± 0.0001 a) 

 
96 

 
n.a. 

 
n.a. 

 
n.a. 

 
n.a. 

 
n.a. 

 
90 

 
n.a. 

 
n.a. 

 
n.a. 

 
0.026 ± 0.003 a) 

 
n.a. 

 
93 

n.a. n.a. 0.330 ± 0.065/  
0.0087 ± 0.0001/  

2.62 x 104 
± 2.41 x103 

3.531 ± 1.112/  
0.0137 ± 0.0061/  

2.79 x 103 
± 3.12 x102 

2.002 ± 0.604/  
0.029 ± 0.008/  

1.49 x 104 
± 1.09 x104 
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94 

 
n.a. 

 
n.a. 

 
1.351 ± 0.09 a) 

 
0.517 ± 0.033 a) 

 
0.217 ± 0.031 a) 

 
84 

n.a. n.a. 0.104 ± 0.009 0.031 ± 0,005 a)) 0.042 ± 0.005 

 
Ki (µM)/ kinact (𝑠−1)/ k2nd (M-1 𝑠-1) 

R5 uPA Proteasome β-5-
subunit 

CatS MPro Rhodesain 

 
22 

n.a. n.a. 0.018 ± 0.003/  
0.0022 ± 0.0001/  

1.24 x 105 
± 1.86 x104  

n.a. 0.079 ± 0.007/  
0.008 ± 0.001/  

1.06 x 105 
± 4.57 x102  

 
13 

n.a. n.a. 0.201± 0.093 a) n.a. 0.060 ± 0.006 nM a) 

 
24 

n.a. n.a. n.a. n.a. n.a. 

 
18 

n.a. n.a. n.a. n.a. n.a. 

 
16 

n.a. n.a. 0.001 ± 0.0006/  
0.0037 ± 0.0006/  

2.88 x 106 
± 8.56 x105 

n.a. 0.020 ± 0.002/  
0.005 ± 0.0001/  

2.90 x 105 
± 3.17 x103 

 
17 

n.a. n.a. 0.966 ± 0.104) n.a. 3.565 ± 0.437 a) 

 
25 

n.a. n.a. 0.136 ± 0.012 a) n.a. 0.088 ± 0.0174 a) 

a) Calculated from IC50 value with the Cheng–Prusoff equation.  
n.d. not determined. 
n.a. not active.  
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Reactivity assay 

Method A (1H-NMR): 

The corresponding Michael-acceptor (0.07 mmol, 1 eq) and the reference compound 1,3-
dioxolan (0.5 eq) were dissolved in DMSO-d6 (0.5 mL). The reaction was measured in time 
intervals before (0 min) and 5, 30, 60, 120 and 240 mins after the addition of the corresponding 
nucleophile (PhEtSH/EtONa, 2 eq) in presence or absence of Et3N (2 eq). The CH2-signal of 
1,3-dioxlan was set at 5.3 ppm to get uniform shifts of the olefin signals in the 1H-NMR spectra. 

H
N

Boc + HS
Ph

DMSO, rt

H
N

Boc
(2 eq.)

109 118

S
Ph

O O
S

Ph

O OS

Ph

 
Figure S1. 1H-NMR spectra of 109 after certain time intervals. Reaction of 2-phenylethanthiol with the vinyl sulfone moiety. 
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Figure S2. 1H-NMR spectra of 110 after certain time intervals. Reaction of 2-phenylethanthiol with the F-vinyl sulfone moiety. 
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Method A (13C-NMR): 

The α-ketobenzothiazole or nitrile 115, 117 (0.07 mmol, 1 eq) was dissolved in DMSO-d6 (0.5 
mL). The reaction was measured in time intervals before (0 min), 5, 30, 60, 120 and 240 mins 
after the addition of the corresponding nucleophile (PhEtSH/EtONa, 2 eq) in presence or 
absence of Et3N (2 eq). The reference signal of DMSO-d6 was set at 39.52 ppm. 

 

13C
H
N

Boc + HS
Ph

DMSO, rt
(2 eq.)

115

O

S

N 13C
H
N

Boc
S

N
S

OH

Ph

128  
Figure S12. 13C-NMR spectra of 115 after certain time intervals. Reaction of 2-phenylethanthiol with the ketobenzothiazole 
moiety. 
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Method B (LC/MS): 

The β-lactam 108 (0.07 mmol, 1eq) was solved in DMSO-d6 (0.5 mL). The reaction was 
measured in time intervals before (0 min), 5, 30, 60, 120 and 240 mins after the addition of the 
corresponding nucleophile (PhEtSH/EtONa, 2 eq) in presence of Et3N (2 eq) or not. In case of 
PhEtSH as the nucleophile the reaction got quenched by pouring 10 µL of the reaction mixture 
into a solution of 25 mM TRIS (pH 7.00) and 27 mM maleimide in a 1:1 mixture of 
acetonitrile/H2O (990 µL). For the reaction with EtONa as the nucleophile, the reaction solution 
got quenched by pouring 10 µL of the mixture in 990 µL of a acetonitrile/Tris (50 mM) solution. 
The quenched reaction mixtures were measured and analyzed via LC-MS. 

 

H
N

Boc + HS
Ph

DMSO, rt
N
H

H
N

Boc
(2 eq.)

108 132

Et3N (2 eq.)
N
H

O N
O

Ph O
SO

Ph

NH
Ph

m/z: 375.22  
Figure S18. UV chromatogram of 108 after certain time intervals. Reaction of 2-phenylethanthiol with the β-lactam moiety in 
presence of Et3N and without Et3N. 
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Fluorometric inhibition assays 

The inhibitory activities of the compounds against the proteases were determined with assays 

based on fluorogenic or FRET-based substrates. The fluorescence was measured in a white flat-

bottom 96-well plate from Greiner Bio-One using a Tecan Infinite F2000 Pro plate reader. 

Measurements were performed as triplicates. The substrate and the compounds were prepared 

as stock solutions in DMSO. Each well contained a total volume of 200 µL, consisting of 

185 µL buffer, 5 µL inhibitor in DMSO or pure DMSO as negative control, 5 µL substrate in 

DMSO and 5 µL enzyme solution in buffer. Dilution series between 200 µM and 50 pM were 

prepared for the determination of the inhibition constants. The fluorescence signal was 

measured every 30 s for 10 min at 25 °C with the corresponding excitation and emission 

wavelengths. IC50 values for the reversible inhibitors were calculated by fitting the remaining 

enzymatic activity to the four parameter IC50 equation with Y [ΔF/min] as the substrate 

hydrolysis rate, Ymax as the maximum value of the dose response curve at inhibitor 

concentrations [I] = 0 µM, Ymin as the minimum value at high inhibitor concentrations and s as 

the hill coefficient.[1] The sigmoidal dose-response curves of the compounds 30 and 94 against 

rhodesain are shown exemplary in Figure S19.  

𝑦 =
𝑦୫ୟ୶ െ 𝑦୫୧୬

1 + ൬ [I]
ICହ଴

൰
௦ + 𝑦୫୧୬ 

 

Figure S19. (left) Fluorescence progress curves for 30 and 94 against rhodesain. (right) Plots showing the respective IC50 

values from sigmoidal fits. 

Due to the dependence of the IC50 value on the substrate affinity and concentration, the Ki  

values were calculated with the Cheng-Prusoff equation (1) for appropriate comparison of the 

inhibitory activities to the other enzymes and inhibitors.[1] 

𝐾ூ =  
ICହ଴

1 + [𝑆]
𝐾୑

 1 
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To evaluate the inhibitory activities of the irreversible inhibitors, reporting IC50 values is less 

suitable, because the IC50 values are heavily depending on the incubation time of the enzyme 

and inhibitor. Therefore, the dissociation constant of the reversible enzyme-inhibitor complex 

KI , the maximum inactivation rate kinact and the second-order rate constants of inhibition k2nd 

were determined. The substrate-conversion plots in presence of the compounds 16, and 35 

against rhodesain are indicating a time-dependent inhibition as shown exemplary in Figure S20. 

It is shown, that the apparent first-order rate constant kobs changed hyperbolically with the 

inhibitor concentration. A limiting value was approached at higher inhibitor concentrations, 

indicating a two-step inhibition-mechanism.[1,2] 

 

Figure S20. (left) Fluorescence progress curves for 16 and 35 against rhodesain. (right) kobs against [I] plots showing the 

respective KIApp and kinact values from hyperbolic fits. 

For determination of the kobs values, progress curves were analyzed by non-linear regression 

analysis up to 10 min with the exponential equation (2). F represents the fluorescence intensity, 

which is proportional to the product concentration [P] and offset represents the background 

fluorescence. 

𝐹 = [𝑃]∝ሺ1 െ 𝑒ି௞౥ౘ౩∙௧ሻ + offset 

The received kobs values were fitted against the inhibitor concentrations using the hyperbolic 

equation (3) to get the kinact and KIapp values. For compound 93 no kobs saturation was observed. 

A Lineweaver-Burk linearization (4) was used to receive KIapp and kinact. 

𝑘୭ୠୱ =
𝑘୧୬ୟୡ୲[𝐼]

𝐾୍
୅୮୮ + [𝐼]

 

 

1
𝑘୭ୠୱ

=
𝐾୍
୅୮୮

𝑘୧୬ୟୡ୲[𝐼]
1
[𝐼]

+
1

𝑘୧୬ୟୡ୲
 

2 

3 
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The KIapp values were corrected to the KI values by the Cheng-Prussoff equation (5), for better 

comparison of the inhibitory constants to the other enzymes and compounds. 

𝐾୍ =  
𝐾୍

୅୮୮

1 + [𝑆]
𝐾୑

 

The second-order rate constant of inhibition k2nd were calculated from the equation (6).[1] 

 

𝐾ଶ୬ୢ =  
𝑘୧୬ୟୡ୲

𝐾୍
 

 

Buffers and substrates  

The following buffers and substrates were used for the respective assays: Rhodesain (50 mM 

Na-acetate pH 5.5, 5 mM EDTA, 200 mM NaCl, 50 µM DTT, 0.005% Brij 10 µM Cbz-Phe-

Arg-AMC, 1 nM rhodesain), Cathepsin S (50 mM KH2PO4, pH 6.5, 50 mM K2HPO4, 2.5 mM 

DTT, 2.5 mM EDTA, Z-Val-Arg-Arg-AMC, 10 nM CatS), β-5-subunit of the proteasome (50 

mM Tris HCl, 25 mM NaCl, 10 mM NaCl, MgCl2 ∙ 6 H2O, 100 µM Succ-Leu-Leu-Val-Tyr-

AMC, 0.02 mg/mL proteasome β5-subunit), Sars-Cov-2 MPro (20 mM TRIS, pH 7.5, 0.1 mM, 

NaCl 200 mM, DTT 1 mM, 50 nm MPro), an internally quenched 14-mer fluorogenic (FRET) 

peptide (DABCYL-KTSAVLQSGFRKME-EDANS)), uPA (50 mM Tris HCl, 150 mM pH 7.5, 

NaCl, 10 mM CaCl2, 0.005% TX-100, 240µM Cbz-Gly-Gly-Arg-AMC, 2.5 U uPA). As positive 

controls, several well-known inhibitors have been used for the respective enzymes and their 

biological activity was reproduced. 

The human uPa and recombinant CatS were purchased from Sigma Aldrich, and the proteasome 

β5-subunit from Enzo Life sciences. Rhodesain and SARS-CoV-2 Mpro were expressed under 

the conditions described below. 

Protein Expression and purification 

SARS-CoV-2 Mpro. 

The expression of SARS-CoV-2 Mpro was performed as described previously.[3] Briefly, the 

pMal-c2 plasmid (New England Biolabs, Ipswich, MA, USA), harboring the DNA of the entire 

SARS-CoV-2 Mpro coding sequence framed by a short sequence specifying the 5 C-terminal 

residues of nonstructural protein 4 (nsp4/nsp5 cleavage site) at the 5’ end and the sequence of 

a hexahistidine tag at the 3’ end. The presence of the nsp4/nsp5 cleavage site between the 

plasmid’s MBP and the Mpro sequence together with the native nsp5/nsp6 cleavage site between 

5 

6 
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Computational studies 

Molecular docking 

Since the inhibitors were designed to react covalently with the cysteine or the serine-/ threonine-

proteases 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 crystallographic reference ligands were used for validation via redocking 

(Table S2), all inhibitors with the same peptidic recognition sequence with varying warheads 

were docked against their corresponding target enzyme. 

Molecular docking experiments were performed using the following crystal structures freely 

available in the protein data bank (PDB)[6]: rhodesain covalently bound to K11777 (PDB entry 

2P7U)[7]; cathepsin S covalently bound to morpholine-4-carboxylic acid [1s-(2-benzyloxy-1r-

cyano-ethylcarbamoyl)-3-methyl-butyl]amide (PDB entry 1MS6)[8]; urokinase type 

plasimogen activator covalently bound to N-(Isobutoxycarbonyl)-D-seryl-N-((1s)-4-

{[amino(imino)methyl]amino}-1-formylbutyl)-L-alanineamide (pdb entry 1W10)[9]; Main 

Protease of SARS-Cov-2 covalently bound to GRL-024-20 (pdb entry 6XR3)[10]; Chain K of 

the human 20 S proteasome covalently bound to bortezomib (pdb entry: 5LF3)[11]. All ligands 

were energetically minimized prior docking with Molecular operating environment (MOE 

2020.09)[12] using the MMF94x force field.[13] 

 

Docking approach A: non-covalent docking with LeadIT 

The non-covalent docking was performed with LeadIT-2.3.2.[14] The receptors were prepared 

in MOE with the protonate3D functionality and the covalent bonds between the co-crystallized 

ligands and the corresponding proteases were untethered via the Builder tool in MOE. In case 

of the proteasome the β-5-subunit (chain K) was extracted with PyMOL-2.5.2[15] and used for 

all subsequent docking operations. For all receptors the binding site was defined as a 6.5 Å shell 

around the bound reference ligand. Water molecules that form at least three hydrogen bonds 

with the receptor and ligand were kept as part of the binding site. The docking was performed 

under default settings using the enthalpy-entropy hybrid approach with 2000 solutions per 

iteration and fragmentation. Only the top pose of the initial docking was kept and re-scored 

using the HYDE scoring function.[16] For the β-5 subunit of the proteasome, 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 Å sphere radius. 
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Docking approach B: covalent docking with MOE 

Covalent docking was performed with MOE. The receptors were prepared using the 3D 

protonation tool inside MOE. For the covalent reaction of the different warheads, the already 

existing template reactions were used or customized using the combinatorial library tool of 

MOE. Initial 30 poses from the triangle match placement with London ∆G scoring were re-

scored using the Affinity ∆G 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 pose and co-crystallized ligand with the enzyme. The poses best 

matching inspected interaction patterns are further discussed. 

 
Table S2. Redocking. 

 

Table S3. Results of molecular docking analysis. 

 

 
Target (pdb entry) 

β-5-subunit of 20S-Proteasome (5LF3) 

R2 Distance (electrophilic 
C-Ser195-O) / Å 

FlexX score (kJ/mol) Hyde score 
(kJ/ mol)a) 

Covalent docking 
score (Affinity ∆G, 

MOE/ kcal/mol) 

 
68b),c) 

2.56 –16.64 –14 –4.32  

Enzyme (pdb entry) Reference 
ligand ID 

Redocking FlexX (RMSD/ Å) FlexX score (kJ/mol) 

UPA (1W10) SJ1 0.97 –41.8 
β-5-subunit 20S-Proteasome (5LF3) BO2 0.91 –21.7 

Cathepsin S (1MS6) BLN 0.94 –18.0 
SARS-Cov-2 Mpro (6XR3) V7G 0.53 –49.1 

Rhodesain (2P7U) D1R 1.48 –20.2 

 

 
Target (pdb entry) 

uPA (1W10) 

R1 Distance (electrophilic 
C-Ser195-O) / Å 

FlexX score (kJ/mol) Hyde score 
(kJ/ mol)a) 

Covalent docking 
score (Affinity ∆G, 

MOE/ kcal/mol) 

 
103 

2.84 –51.59 17 –5.97 

 
106b) 

2.74 –48.96 3 –5.01 

 
107b) 

4.04 –40.11 5 –5.37 
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59 

2.52 –21.67 –22 –2.93  

 
72b) 

4.95 –21.48 –13 –3.08 

 
62 

3.16 –23.97 –2 –3.40 

 
58b) 

6.77 –12.33 –25 –2.73  

 
55b) 

5.90 –9.76 –4 –2.44  

 
74 

2.27 –22.96 –22 –3.17 

 

 
Target (pdb entry) 

Cathepsin S (1MS6) 

R3 Distance (electrophilic C-
Ser195-O) / Å 

FlexX score (kJ/mol) Hyde score 
(kJ/ mol)a) 

Covalent docking 
score (Affinity ∆G, 

MOE/ kcal/mol) 

 
40c) 

3.37 –21.56 –51 –5.44 

 
49 

2.69 –22.88 –32 –4.38 

 
45 

3.03 –30.80 –24 –4.61 

 
42 

2.96 –30.67 –30 –6.29 

 
35 

3.07 –27.35 –48 –5.32 

 
36 

3.30 –25.17 –45 –5.19 

 
30 

2.87 –26.22 –40 –3.00 

 

 
Target (pdb entry) 

Sars-Cov-2 MPro (6XR3) 

R4 Distance (electrophilic 
C-Ser195-O) / Å 

FlexX score (kJ/mol) Hyde score 
(kJ/ mol)a) 

Covalent docking 
score (Affinity ∆G, 

MOE/ kcal/mol) 

 

3.81 –44.50 –11 –5.38 
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81c) 

 
88 

2.90 –42.80 –9 –3.56 

 
96 

4.91 –43.37 –9 –5.89 

 
90 

3.41 –46.96 –8 –4.88 

 
93 

3.02 –36.04 –8 –4.66 

 
94 

3.58 –37.95 –21 –5.50 

 
84 

3.04 –44.38 –27 –4.42 

 

 
Target (pdb entry) 
Rhodesain (2P7U) 

R5 Distance 
(electrophilic 
C-Ser195-O) 

/ Å 

FlexX score (kJ/mol) Hyde 
score (kJ/ 

mol)a) 

Covalent docking 
score (Affinity ∆G, 

MOE/ kcal/mol) 

 
22c) 

2.70 –23.18 –33 –4.53 

 
13 

3.50 –24.03 –12 –2.66 

 
24 

2.93 –28.88 –21 –4.22 

 
18 

2.54 –25.62 –28 –3.91 

 
16 

3.00 –27.11 –17 –2.96 

 
17 

2.76 –26.92 –23 –3.58 

 
25 

2.60 –26.35 –17 –3.04 

a) The HYDE-scores were in the negative range for all inhibitors except the UPA inhibitors. This could be due to the high 
polarity of these inhibitors with calculated log P values below 0 and TPSA values above 200 Å2 which could hamper the 
desolvation term of the HYDE rescoring function. 

b) A covalent reaction between the inhibitor and the active site is unlikely/ not expected. 

c) The four possible reaction sites of the 4-oxo-enoate warhead are depicted in red dashed circles. Only one distance between 
the nucleophilic residue in the active site and the 4-oxo-enoate warhead was measured. 
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Figure S21. Superposition of the non-covalent docking poses of α-ketobenzothiazole 42 (deepolive C-atoms) and 18 
(deepteal C-atoms) inside the active site of rhodesain (pdb entry: 2P7U). Polar interactions between 42 and the enzyme are 
depicted as yellow dashed lines. The distance between the sulfur atom of Cys25 and the electrophilic C-atom of 42 is 
depicted as red dashed line and the distance is given in Å. 
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Synthesis 

 

General Methods and Materials:  

All reagents and solvents were purchased commercially and used as provided by the supplier 
without further purification. Solvents for synthesis, extraction, and chromatography were of 
analytical grade. Moisture-sensitive reactions were carried out under argon atmosphere, and 
anhydrous solvents were used as provided by the commercial supplier. Reaction progress was 
monitored by thin-layer chromatography using Alugram Xtra F254 silica plates from 
Macherey-Nagel and/or LC-MS. Therefore, an Agilent 1100 series HPLC system and an 
Agilent Poroshell 120 EC-C18, 150 x 2.10 mm, 4 µm column coupled to an Agilent 1100 series 
LC/MSD Trap with electron spray ionization (ESI), was used. The identities and purities of 
compounds were determined by the same LC-MS system with a gradient of acetonitrile and 
water (+0.1% formic acid). Signals were detected at 210/254 nm with quantitation by AUC and 
masses were determined in positive ionization mode (ESI). HPLC purification was performed 
with the Agilent 1290 II Infinity Preparative LC System using an InfinityLab Pursuit XRs C18, 
30 x 250mm, 5 µm, preparative LC column. Flash chromatography was performed with the 
Biotage IsoleraTM One system using prepacked columns from Biotage. Silica gel (0.040 – 
0.063 mm) from Macherey-Nagel was used for column chromatography. Optical rotations 
[𝛼]஽ଶଶ were measured on an P3000 polarimeter from Krüss at 22 °C and are reported in ml·dm-

1·g-1 with the concentration c being g/100 ml. Fourier-transformed ATR-corrected IR spectra 
were measured on an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting 
points (uncorrected) were measured with an MPM-H3 using semi-open capillaries. NMR 
spectra were recorded as stated individually on Bruker Fourier 300 MHz, Bruker Avance DSX 
400 MHz and Bruker Avance III 600 MHz. Chemical shifts are indicated in parts per million 
(ppm), with the solvent resonance (CDCl3, DMSO-d6 or CD3OD from Deutero GmbH) as 
internal standard. The purity of all compounds tested in biological assays was ≥95% as 
determined by LC-MS. 
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Synthesis of the vinyl sulfone precursors[4] 

 

3, Diethyl ((phenylsulfonyl)methyl)phosphonate 

 

Methyl phenyl sulfone (1.5 g, 9.9 mmol, 1 eq) was dissolved in dry THF (30 mL) under argon 
atmosphere and cooled to 0 °C. Subsequently, n-BuLi (2.5 M in hexanes, 9.6 mL, 24 mmol, 
2.5 eq) was added dropwise and the reaction mixture stirred for one hour at 0 °C. Afterwards, 
diethyl chlorophosphate (2.4 mL, 16 mmol 1.2 eq) was added and stirring was continued for 
one hour. The reaction was quenched with the addition of saturated NH4Cl (10 mL) and diluted 
with DCM (30 mL). The aqueous phase was extracted with DCM (3x 20 mL) and the combined 
organic layers were dried over anhydrous Na2SO4. The solvent was removed under reduced 
pressure and the crude product was purified by column chromatography (CH/EA 4:1) to yield 
the desired product as a colorless solid (1.47 g, 5 mmol, 51%). 1H NMR (300 MHz, CDCl3): 
δ/ppm = 8.01 – 7.95 (m, 2H), 7.70 – 7.63 (m, 1H), 7.61 – 7.53 (m, 2H), 4.20 – 4.09 (m, 4H), 
3.75 (d, J = 16.9 Hz, 2H), 1.28 (td, J = 7.1, 0.6 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ/ppm = 
140.0, 134.2, 129.2, 128.4, 63.5, 54.8, 52.9 (d, J = 6.5 Hz), 23.6 16.3. FT-IR: ν/cm−1 = 2988, 
2898, 1324, 1257, 1155, 1018, 970, 796, 751, 683, MS (ESI) m/z calculated for [C11H18O5PS]+ 
([M+H]+): 293.1, found 293.0. 

 

4, Diethyl (fluoro(phenylsulfonyl)methyl)phosphonate 

 

3 (1 g, 4.45 mmol, 1 eq) was dissolved in dry THF (15 mL) and cooled to −78 °C. LiHMDS 
(1 M in THF, 5.6 mL, 5.56 mmol, 1.25 eq) was added and stirring was continued for 30 min at 
−78 °C. Afterwards, Selectfluor® (2.4 g, 6.66 mmol, 1.5 eq) in DMF (10 mL) was added 
dropwise and the mixture stirred for two hours. The reaction was quenched with saturated 
NH4Cl solution (15 mL) and diluted with EtOAc (30 mL). The aqueous phase was extracted 
with EtOAc (3x 20 mL) and the combined organic phases were dried over anhydrous Na2SO4 
and the solvent was removed under reduced pressure. The crude product was purified by 
column chromatography (CH/EA 4:1) to yield the desired product as a colorless solid (0.81 g, 
2.6 mmol, 58%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.03 – 7.96 (m, 1H), 7.75 – 7.68 (m, 
1H), 7.60 (dd, J = 8.3, 6.9 Hz, 2H), 5.38 (dd, J = 45.5, 6.6 Hz, 1H), 4.35 – 4.19 (m, 4H), 1.34 
(t, J = 7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ/ppm = 136.3, 135.0, 129.9, 129.3, 100.0, 
97.9, 97.0, 94.9, 65.0 (t, J = 7.1 Hz), 16.41 (d, J = 5.9 Hz). mp: 61 – 65 °C. FT-IR: ν/cm−1 = 
2990, 2907, 1449, 1331, 1263, 1221, 1159, 1061, 1006, 967, 852, 784, 755, 716, 699, 680. MS 
(ESI) m/z calculated for [C11H17FO5PS]+ ([M+H]+): 311.0, found 311.0. 
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Synthesis of the β-lactam precursor[22] 

 

6, (S)-2-(((Benzyloxy)carbonyl)amino)-3-hydroxypropanoic acid 

 

H-Ser-OH (1 g, 9.6 mol, 1 eq) and NaHCO3 (2 g, 24 mmol, 2.5 eq) were dissolved in water 
(20 mL) and cooled to 0 °C. Benzyl chloroformate (2.01 mL, 14.4 mmol, 1.5 eq) was added 
dropwise. The reaction mixture was stirred for two hours at 0 °C and overnight at room 
temperature. The aqueous solution was acidified to pH = 2 with hydrochloric acid (1 M) and 
then extracted with EtOAc (3x, 10 mL). The combined organic layers were dried over Na2SO4, 
filtered and the solvent was removed under reduced pressure to yield the desired product as a 
colorless solid (2 g, 8.64 mmol, 90%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 7.40 – 7.25 
(m, 5H), 5.04 (s, 2H), 4.06 (dt, J = 8.2, 5.1 Hz, 1H), 3.66 (d, J = 5.1 Hz, 2H). 13C NMR (75 
MHz, DMSO-d6): δ/ppm = 172.2, 156.1, 137.0, 128.4, 127.8, 65.5, 61.3, 56.7. mp: 115 – 
116 °C. [𝛼]஽ଶ଴ = +9 (c 1.00, DMSO). FT-IR: ν/cm−1 = 3320, 2935, 1710, 1690, 1567, 1477, 
1285, 996, 821, 755. MS (ESI) m/z calculated for [C11H14NO5]+ ([M+H]+): 240.1, found 262.1. 

 

7, (S)-Benzyl (3-hydroxy-1-oxo-1-(phenylamino)propan-2-yl)carbamate 

 

6 (3.26 g, 13.6 mmol, 1 eq) was dissolved in EtOAc (50 mL) under argon atmosphere and 
cooled to 0 °C. NMM (1.65 mL, 15 mmol, 1.1 eq) and TBTU (5.3 g, 16.3 mmol, 1.2 eq) were 
added and stirring was continued for 30 min at 0 °C. Afterwards, aniline (1.4 mL, 15 mmol, 
1.1 eq) was added and the reaction mixture stirred for 12 h. The mixture was evaporated under 
reduced pressure and the crude product was purified by column chromatography (CH/EA 1:1) 
to yield the desired product as a colorless oil (3.32 g, 10.06 mmol, 74%). 1H NMR (300 MHz, 
DMSO-d6): δ/ppm = 7.65 – 7.58 (m, 2H), 7.39 – 7.25 (m, 7H), 7.09 – 7.01 (m, 1H), 5.07 – 5.03 
(m, 2H), 4.94 (dt, J = 10.7, 5.8 Hz, 1H), 4.24 (dt, J = 7.9, 5.8 Hz, 1H), 3.66 (dq, J = 10.7, 5.5, 
4.8 Hz, 2H). 13C NMR (75 MHz, DMSO-d6): δ/ppm = 169.1, 155.9, 138.9, 136.9, 128.6, 128.3, 
127.8, 127.7, 123.3, 119.2, 65.5, 61.7, 57.7. [𝛼]஽ଶ଴ = +11 (c 1.00, DMSO). FT-IR: ν/cm−1 = 
2241, 2108, 1740, 1689, 1510, 1341, 1049, 1015, 832, 754, MS (ESI) m/z calculated for 
[C17H19N2O4]+ ([M+H]+): 315.1, found 315.1. 
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8, (S)-Benzyl (2-oxo-1-phenylazetidin-3-yl)carbamate 

 

7 (1.5 g, 4.8 mmol, 1 eq) was dissolved in DMF (25 mL) under argon atmosphere and cooled 
to 0 °C. 1,1-sulfonyldiimidazole (1.42 g, 7.20 mmol, 1.5 eq) was added and stirred for 30 min 
at 0 °C. Afterwards, the reaction mixture was cooled to –20 °C and NaH (60%, 0.20 g, 
7.20 mmol, 1.5 eq) was added portion wise. After additional 30 min of stirring, mixture of 
MeOH (0.04 mL) and water (20 mL) were added. The precipitate was filtered under reduced 
pressure and washed with cold water (15 mL) to yield the desired product as a white solid (1.1 g, 
3.70 mmol, 77%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.09 (d, J = 8.4 Hz, 1H), 7.39 – 
7.33 (m, 9H), 7.13 – 7.07 (m, 1H), 5.06 (s, 2H), 4.88 (ddd, J = 8.8, 5.8, 2.9 Hz, 1H), 3.94 (dt, J 
= 8.8, 5.8 Hz, 1H), 3.60 (dd, J = 5.8, 2.9 Hz, 2H). 13C NMR (75 MHz, DMSO-d6): δ/ppm = 
164.7, 155, 138.0, 136.7, 129.2, 128.3, 127.9, 127.8, 123.6, 116.2, 65.7, 56.2, 46.4. [𝛼]஽ଶ଴ = –5 
(c 1.00, DMSO). FT-IR: ν/cm−1 = 1754, 1512, 1501, 1380, 1341, 1254, 1023, 1004, 813, 756. MS 
(ESI) m/z calculated for [C17H17N2O3]+ ([M+H]+): 297.1, found 297.4. 

 

9, (S)-3-Amino-1-phenylazetidin-2-one hydrochloride 

 

9 (0.5 g, 1.7 mmol, 1 eq) was dissolved in THF (5 mL). Subsequently, Pd/C (50 mg, 10%) was 
added, and the reaction mixture was stirred for two hours under a H2 atmosphere (3 bar). 
Afterwards, the solution was filtered through Celite® 545 and acidified with hydrochloric acid 
(1 M, 7 mL). The desired product was obtained after removing the solvent under reduced 
pressure as a white solid (0.3 g, 1.5 mmol, 88%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 
9.14 (s, 1H), 7.44 – 7.36 (m, 4H), 7.16 (ddt, J = 6.3, 5.2, 2.9 Hz, 1H), 4.67 (dd, J = 5.6, 2.5 Hz, 
1H), 4.0 (dd, J = 6.7, 5.6 Hz, 1H), 3.74 (dd, J = 6.7, 2.6 Hz, 1H). 13C NMR (75 MHz, DMSO-
d6): δ/ppm = 160.3, 137.4, 129.4, 124.5, 116.5, 53.5, 44.0. [𝛼]஽ଶ଴ = +17 (c 1.00, MeOH). FT-
IR: ν/cm−1 = 1749, 1532, 1509, 1368, 1339, 1244, 1025, 1000, 813, 756. MS (ESI) m/z calculated 
for [C9H11N2O]+ ([M+H]+): 163.1, found 163.0. 
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Synthesis of rhodesain targeting compounds 

 

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

 

Boc-hPhe-OH 10 (8.07 g, 29.53 mmol, 1 eq) was dissolved in THF (165 mL) and the solution 
was cooled to 0 °C. DCC (7.20 g, 34.55 mmol, 1.17 eq), HOBt · H2O(4.669 g, 34.557 mmol, 
1.17 eq) and DIPEA (22 mL, 127.01 mmol, 4.3 eq) were added and the mixture was stirred for 
15 min before N,O-dimethylhydroxylamine · HCl (3.439 g, 34.557 mmol, 1.17 eq) was added. 
The mixture was allowed to warm up to room temperature and was stirred overnight. Filtration 
of side product DCU was carried out several times (immersion of the solution in an ice bath to 
favour precipitation of DCU is recommended). The solvent was removed under reduced 
pressure, DCM was added (50 mL) and the organic phase was washed with hydrochloric acid 
(1 M, 3x 50 mL), saturated NaHCO3 solution (3x 50 mL), H2O (50 mL) and brine (50 mL). The 
organic phase was dried over anhydrous MgSO4 and concentrated under vacuum. The crude 
product was purified by column chromatography (CH/EA 7:3) to obtain the pure product as a 
transparent oil (4.37 g, 13.58 mmol, 46%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.26 (m, 5H), 
5.34 (m, 1H), 4.65 (m, 1H), 3.57 (s, 3H), 3.12 (s, 3H), 2.79 – 2.55 (m, 2H), 2.04 – 1.93 (m, 1H), 
1.82 (m, 1H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3): δ/ppm = 173.1, 155.7, 141.3, 128.6, 
128.4, 126.1, 61.6, 53.5, 50.2, 34.7, 32.2, 31.8, 28.4. [𝛼]஽ଶ଴ =–7° (c = 10 mg/ mL, CHCl3) . FT-
IR: ν/cm−1 = 3321, 3050, 2974, 2933, 1707, 1655, 1495, 1454, 1445, 1390, 1245, 1163, 992, 
701. MS (ESI) m/z calculated for [C17H26N2O4Na]+ ([M+Na]+):  345.2, found: 345.2. 

 

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

 

A solution of 11 (1.97 g, 6.13 mmol, 1 eq) in THF (40 mL) was placed in an ice bath. LiAlH4 
(0.73 g, 18.41 mmol, 3 eq) was slowly added. The reaction mixture was stirred for two hours 
and subsequently quenched by addition of aqueous saturated Rochelle salt solution (50 mL). 
The organic phases were extracted with EtOAc (3x 50 mL), washed with brine (50 mL), dried 
over anhydrous MgSO4 and the solvent was removed under reduced pressure. Purification by 
column chromatography (CH/EA 8:2) was performed and the pure product was obtained as a 
transparent oil (1.08 g, 4.11 mmol, 67%). 1H NMR (300 MHz, CDCl3): δ/ppm = 9.45 (s, 1H), 
7.17 (m, 5H), 5.33 – 4.80 (m, 1H), 4.35 – 2.59 (m, 1H), 2.62 (t, J = 7.9 Hz, 2H), 2.21 – 2.04 
(m, 1H), 1.79 (m, 1H), 1.38 (s, 9H). 13C NMR (101 MHz, CDCl3): δ/ppm = 199.6, 155.6, 140.6, 
128.6, 128.5, 126.4, 59.6, 31.5, 30.9, 28.3, FT-IR: ν/cm−1 = 3347, 3027, 2978, 2930, 2863, 
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23, (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-4-phenylbutanoic 
acid 

 

20 (5.0 g, 10 mmol, 1.0 eq) with LiOH (1.26 g, 30.0 mmol, 3.00 eq) in a mixture of water and 
THF (1:1, 30 mL). was stirred for 18 h at room temperature. After the reaction was complete 
as indicated by TLC, the solvent was evaporated under reduced pressure and to the resulting 
crude product was added hydrochloric acid (1.0 M) until pH = 3 was reached. The mixture was 
then extracted with EtOAc (3x 20 mL) and after phase separation, the combined organic layers 
were dried over anhydrous Na2SO4. The solvent was evaporated under reduced pressure 
yielding the target carboxylic acid as a colorless solid (4.57 g, 9.92 mmol, quant.). 1H-NMR 
(300 MHz, CDCl3): δ/ppm = 8.37 (d, J = 7.9 Hz, 1H), 7.60 – 7.39 (m, 1H), 7.41 – 6.95 (m, 
15H), 5.09 – 4.81 (m, 2H), 4.42 – 4.31 (m, 1H), 4.26 – 4.14 (m, 1H), 3.05 (dd, J = 13.9, 3.8 Hz, 
1H), 2.84 – 2.72 (m, 1H), 2.71 – 2.56 (m, 2H), 2.13 – 1.76 (m, 2H). 13C-NMR (75 MHz, CDCl3): 
δ/ppm = 173.5, 171.8, 55.9, 141.0, 138.1, 137.0, 129.3, 128.4, 2 × 128.3, 128.2, 128.1, 127.7, 
127.4, 126.3, 125.9, 65.2, 56.0, 51.3, 37.3, 32.9, 31.3. [𝛼]஽ଶଶ = +16 (c 1.00, ACN). FT-IR: ν/cm−1 
= 3299, 3029, 2359, 1699, 1643, 1497, 1243, 1028, 744, 698. MS (ESI) m/z calculated for 
[C27H29N2O5]+ ([M+H]+): 461.2, found: 461.2. 

 

24, Benzyl ((S)-1-oxo-1-(((S)-1-oxo-1-(((S)-2-oxo-1-phenylazetidin-3-yl)amino)-4-
phenylbutan-2-yl)amino)-3-phenylpropan-2-yl)carbamate 

 

23 (138 mg, 0.30 mmol, 1.0 eq) was coupled with 9 (60 mg, 0.3 mmol, 1.0 eq), HATU 
(136.9 mg, 0.360 mmol, 1.2 eq) and 2,4,6-collidine (0.12 mL; 0.91 mmol; 3.0 eq). After 
stirring overnight, water (30 mL) was added, and the aqueous phase was extracted with EtOAc 
(3x 25 mL). The combined organic extracts were washed with brine (15 mL) and water 
(20 mL), dried over anhydrous NaSO4 and concentrated under reduced pressure. The crude 
product was purified by preparative HPLC yielding the desired product as a colorless solid 
(120 mg, 0.20 mmol, 67%). 1H-NMR (300 MHz, DMSO-d6): δ/ppm =8.65 (d, J = 8.4 Hz, 1H), 
8.25 (d, J = 7.8 Hz, 1H), 7.56 (d, J = 8.5 Hz, 1H), 7.44 – 6.99 (m, 20H), 5.15 – 5.01 (m, 1H), 
4.96 (s, 2H), 4.49 – 4.26 (m, 2H), 3.95 (t, J = 5.8 Hz,1H), 3.65 – 3.53 (m, 1H), 3.15 – 3.00 (m, 
1H), 2.89 – 2.74 (m, 1H), 2.73 – 2.57 (m, 2H), 2.10 – 1.83 (m, 2H). 13C-NMR, HSQC, HMBC 
(75.5 MHz, DMSO-d6): δ/ppm = 164.5, 155.9, 141.3, 138.1, 137.0, 126.3, 125.9, 123.7, 116.2, 
65.3, 56.1, 54.9, 52.2, 46.2, 37.2, 33.9, 31.2. mp: 240°C (decomposition). [𝛼]஽ଶଶ = +13 (c 1.00, 
DMSO). FT-IR: ν/cm−1 = 3305, 2925, 1744, 1685, 1650, 1528, 1389, 1285, 1226, 1037. MS 
(ESI) m/z calculated for [C36H36N4O5Na]+ ([M+Na]+): 627.3 , found: 627.3. Purity: 98%. 
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Synthesis of Cathepsin S targeting compounds  

 

General procedures  

A Boc deprotection 

The Boc-protected amino acid or dipeptide (1.0 eq) was dissolved in 2 mL 1,4-Dioxan and 
3 mL of a 4.0 M HCl-solution in 1,4-Dioxan was added dropwise. The mixture was stirred at 
room temperature until completion of the deprotection could be observed via TLC monitoring. 
The solvent was then removed under reduced pressure and the deprotected target compound 
could be obtained and was used in the next step without further purification and 
characterization. 

 

B Ester cleavage with LiOH 

The ester (1.0 eq) was dissolved in THF (20 mL) and mixed with a solution of LiOH (3.0 eq) 
in water (20 mL). The resulting mixture was stirred for 18 h at room temperature. After the 
reaction was complete as indicated by TLC, the solvent was evaporated under reduced pressure 
and to the resulting crude product was added hydrochloric acid (1.0 M) until pH = 3 was 
reached. The mixture was then extracted with EtOAc (3x 20 mL) and after phase separation, 
the combined organic layers were dried over anhydrous Na2SO4. The solvent was evaporated 
under reduced pressure yielding the target carboxylic acid as a colorless oil or a colorless solid. 

 

C: Peptide coupling with HATU 

The carboxylic acid (1.0 eq) was dissolved in a mixture of DCM/DMF (9:1) at 0 °C. Under 
stirring HATU (1.2 eq) was added in portions. Afterwards 2,4,6- collidine (3.0 eq) was added 
and stirred for an additional 10 min at 0 °C. The amine (1.0 eq) was added in portions or 
dropwise diluted in DCM and the reaction mixture was allowed to reach room temperature and 
stirred overnight. H2O (30 mL) was added, and the organic phase separated. The aqueous phase 
was extracted with EtOAc (3x 20 mL). The combined organic extracts were washed with brine 
(40 mL) and dried over anhydrous NaSO4. The solvent was evaporated under reduced pressure 
to give a crude product that was purified using either column chromatography or via preparative 
HPLC. 

 

27, Cyclohexylalanine methylester hydrochloride 

 
H-Cha-OH 26 (0.51 g, 2.92 mmol, 1.0 eq) was dissolved in dry MeOH (20 mL) and cooled to 
10 °C. SOCl2 was added dropwise, and the mixture was allowed to reach room temperature and 
was stirred overnight. After completion of the reaction, indicated by TLC monitoring, the 
solvent was evaporated under reduced pressure. EtOAc (20 mL) was added to the residue and 
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after filtration the methyl ester was obtained as a colorless solid (0.59 g, 2.65 mmol, 91%). 1H 
NMR (300 MHz, CDCl3): δ/ppm = 8.81 (s, 3H), 4.10 (s, 1H), 3.79 (s, 3zH), 1.84 (dd, J = 33.5, 
16.6 Hz, 4H), 1.72 – 1.55 (m, 4H), 1.42 – 1.03 (m, 3H), 0.92 (p, J = 11.7 Hz, 2H). 13C NMR 
(75 MHz, CDCl3): δ/ppm = 170.3, 53.2, 51.2, 38.2, 33.4, 32.9, 32.6, 26.4, 26.0, 25.8. mp: 152–
153 °C. [𝛼]஽ଶଶ = +20 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 2929, 2855, 1730, 1483, 1227, 1209, 
1156, 1046, 844, 753. MS (ESI) m/z calculated for [C10H21NO2]+ ([M+H]+): 187.15, found: 
187.21. 

 

28, (4-Morpholine-1-carbonyl)-L-cyclohexyl alanine-methyl ester  

 
27 (0.55 g, 2.48 mmol, 1.0 eq) was dissolved in DCM and saturated NaHCO3 solution (40 mL)  
and cooled to 0°C. Triphosgene (0.25 g, 0.83 mmol, 0.33 eq) was added and the mixture was 
stirred for 30 min. The mixture was extracted with DCM (2x 40 mL) and the combined organic 
layers were washed with saturated NaHCO3 solution (2x 30 mL), and brine (2x 30 mL), then 
dried over anhydrous Na2SO4 and concentrated under reduced pressure, resulting in a crude 
product that was dissolved in THF (30 mL) and cooled to 0 °C. Morpholine (1.0 eq, 2.48 mmol, 
0.22 g) was added and the mixture stirred for one hour. The solvent was removed under reduced 
pressure. Water (30 ml) to the crude residue, which was then extracted with EtOAc (3x 20 mL). 
The combined organic layers were washed with brine (2x 20 mL), dried over anhydrous 
Na2SO4, and concentrated under reduced pressure to yield a colorless oil (0.75 g, 2.46 mmol, 
98%). 1H NMR (300 MHz, CDCl3): δ/ppm = 4.96 – 4.83 (m, 1H), 4.58 – 4.40 (m, 1H), 4.09 (q, 
J = 7.1 Hz, 1H), 3.70 (s, 3H), 3.69 – 3.61 (m, 4H), 3.41 – 3.28 (m, 4H), 2.01 (s, 1H), 1.76 (d, J 
= 12.8 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). 13C NMR (75 MHz, CDCl3): δ/ppm = 175.1, 157.4, 66.5, 52.3, 51.6, 
44.1, 40.4, 34.2, 33.6, 32.7, 26.4, 26.2, 26.1, 21.1, 14.3. [𝛼]஽ଶଶ = –9 (c 1.00, CHCl3). FT-IR: 
ν/cm−1 = 3317, 3015, 2929, 1707, 1655, 1460, 1260, 1159, 910, 700. MS (ESI) m/z calculated 
for [C15H26N2O4Na]+ ([M+Na]+): 321.18, found: 321.18. 

 

29, (4-Morpholin-1-carbonyl)-L-cyclohexyl alanine 

 
29 was prepared according to procedure B using 28 (1.0 eq, 0.7 g, 2.35 mmol), resulting in a 
colorless solid (0.65 g, 2.29 mmol, 97%).1H NMR (300 MHz, CDCl3): δ/ppm = 9.37 (s, 1H), 
5.27 – 5.07 (m, 1H), 4.41 (s, 1H), 3.75 – 3.55 (m, 4H), 3.46 – 3.28 (m, 4H), 1.83 – 1.47 (m, 
6H), 1.44 – 1.30 (m, 1H), 1.26 – 1.04 (m, 4H), 1.04 – 0.79 (m, 2H). 13C NMR (75 MHz, CDCl3): 
δ/ppm = 176.9, 158.1, 66.5, 51.9, 44.2, 39.6, 34.3, 33.6, 32.6, 26.6, 26.2, 26.1. 176.9, 158.1, 
66.5, 51.9, 44.2, 39.6, 34.3, 33.6, 32.6, 26.5, 26.2, 26.1. mp: 96–97 °C. [𝛼]஽ଶଶ = –22 (c 1.00, 
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CHCl3). FT-IR: ν/cm−1 = 3320, 2978, 1707, 1655, 1460, 1368, 126, 1051, 910, 700. MS (ESI) 
m/z calculated for [C14H24N2O4Na]+ ([M+Na]+): 307.2, found: 307.2. 

 

30, N-((S)-1-((R-2-(Benzyloxy)-1-cyanoethyl) amino)-3-cyclohexyl-1-oxopropan-2-yl) 
morpholine-4-carboxamideL-Cyclohexylalanine-methylester-hydrochloride 

 

To a solution of NaCN (0.45 g, 9.11 mmol, 1.0 eq) and NH4Cl (0.58 g, 10.87 mmol, 1.48 eq) 
in 35% aq. NH4OH at 0°C, 2-(benzyloxy)acetaldehyde (1.0 eq, 7.35 mmol, 1.0 g) was added 
dropwise. The mixture was stirred for 48 h at room temperature after which a brown precipitate 
was formed. DCM (20 mL) and water (20 mL) were added and extracted with DCM (2x 
30 mL). The organic extracts were washed with brine (1x 20 mL) and dried over anhydrous 
NaSO4. The solvent was removed under reduced pressure yielding the intermediate aminonitrile 
as a pale-brown oil that was used in the next step without further purification. Coupling of the 
aminonitrile (31 mg, 0.18 mmol, 1.0 eq) with 29 (50 mg, 0.18 mmol, 1.0 eq) according to 
general procedure C followed by preparative HPLC purification yielded 30 as a colorless solid 
(20 mg, 0.05 mmol, 26%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.34 – 7.20 (m, 5H), 5.00 – 
4.83 (m, 1H), 4.49 (d, J = 4.1 Hz, 2H), 4.39 (d, J = 7.2 Hz, 1H), 3.71 – 3.44 (m, 4H), 3.34 – 
3.15 (m, 4H), 1.73 – 1.38 (m, 8H), 1.33 – 1.02 (m, 6H), 0.96 – 0.70 (m, 3H).13C NMR (75 MHz, 
CDCl3): δ/ppm = 173.8, 157.5, 136.9, 128.7, 128.3, 127.9, 117.3, 73.7, 68.9, 66.4, 52.3, 44.2, 
40.9, 40.1, 34.3, 33.6, 32.9, 26.4, 26.3, 26.2. mp: 140–141 °C. [𝛼]஽ଶଶ = –20 (c 1.00, CHCl3). FT-
IR: ν/cm−1 = 2920, 2850, 1666, 1619, 1521, 1447, 1247, 1114, 999, 698. MS (ESI) m/z 
calculated for [C24H34N4O4Na]+ ([M+Na]+): 465.3, found: 465.2. Purity: 99%. 

 

32, tert-Butyl (S)-(3-(benzyloxy)-1-(methoxy(methyl)amino)-1-oxopropan-2-yl) 
carbamate 

 
Boc-Ser(Bzl)-OH 31 (3.0 g, 10.2 mmol, 1.0 eq) was dissolved in DCM (20 mL) and cooled to 
–15 °C. N,O-dimethylhydroxyalmine · HCl (1.0 g, 10.26 mmol, 1.01 eq) and NMM (1.1 mL, 
10.26 mmol, 1.01 eq) were added and after stirring for 5 min at this temperature EDC · HCl 
(1.97 g, 10.26 mmol, 1.01 eq) was added. The mixture was stirred overnight at room 
temperature and after consumption of the starting material, the solvent was removed under 
reduced pressure. Water (20 mL) and DCM (20 mL) were added, and the aqueous phase was 
extracted with DCM (3x 25 mL). The combined organic extracts were washed with brine 
(15 mL) and water (20 mL) dried over anhydrous NaSO4 and concentrated under reduced 
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pressure. The crude product was purified by column chromatography (CH/EA 3:1), giving a 
colorless oil (3.4 g, 10.15 mmol, 98%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.37 – 7.11 (m, 
5H), 5.48 – 5.25 (m, 1H), 4.84 (s, 1H), 4.58 – 4.40 (m, 2H), 3.66 (s, 3H), 3.65 – 3.57 (m, 2H), 
3.16 (s, 3H), 1.39 (s, 9H). 13C NMR (75 MHz, CDCl3): δ/ppm = 170.8, 155.5, 137.9, 128.4, 
127.7, 79.8, 73.2, 69.9, 61.5, 50.9, 32.4, 28.4. [𝛼]஽ଶଶ = +5° (c 1.00, CHCl3). FT-IR: ν/cm−1 = 
2976, 1710, 1662, 1496, 1459, 1390, 1248, 1104, 1022, 986. MS (ESI) m/z calculated for 
[C17H26N2O5Na]+ ([M+Na]+): 361.2, found: 361.1. 

 

33, tert-Butyl (S,E)-(1-(benzyloxy)-4-(phenylsulfonyl)but-3-en-2-yl) carbamate 

 
32 (0.5 g, 1.48 mmol, 1.0 eq) was dissolved in dry Et2O (20 mL) at 0 °C. LiAlH4 (72.9 mg, 
1.92 mmol, 1.2 eq) was added and the mixture was stirred for 2 h at this temperature. The 
reaction was then quenched by adding hydrochloric acid (1 M, 15 mL). After phase separation, 
the organic phase was washed with hydrochloric acid (1 M, 15 mL) and brine (15 mL), dried 
over NaSO4 and concentrated under reduced pressure yielding a colorless oil as crude product 
that was used in the next step without further characterization. To a solution of 3 (430 mg, 
1.47 mmol, 1.0 eq) in dry THF at −78 °C, LiHMDS (1.0 M in THF, 1.62 mL) was added 
dropwise. After stirring for 30 min at this temperature the crude aldehyde (410 mg, 1.47 mmol, 
1.0 eq) in THF (5 mL) was added. The mixture was stirred for 2.5 h at −78 °C. Saturated 
NH4Cl-solution (15 mL) and EtOAc (5 mL) were added. After separating the phases, the 
aqueous phase was extracted with EtOAc (2x 15 mL) and the combined organic extracts were 
washed with water (15 mL) and brine (15 mL). The organic extract was dried over anhydrous 
Na2SO4 and concentrated under reduced pressure. The crude product was purified via column 
chromatography (CH/EA 3:1), yielding the desired product as a colorless oil (463 mg, 
1.11 mmol, 75%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.90 – 7.81 (m, 2H), 7.65 – 7.46 (m, 
3H), 7.39 – 7.21 (m, 4H), 6.98 (dd, J = 15.1, 4.8 Hz, 1H), 6.48 (dd, J = 15.1, 1.7 Hz, 1H), 5.01 
(s, 1H), 4.64 – 4.42 (m, 2H), 3.58 (d, J = 4.1 Hz, 2H), 1.41 (s, 9H). 13C NMR (75 MHz, CDCl3): 
δ/ppm = 154.9, 144.5, 140.3, 137.3, 133.4, 131.5, 129.3, 128.5, 128.0, 127.7, 127.6, 80.3, 73.4, 
70.7, 28.2. [𝛼]஽ଶଶ = +10 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 2978, 1711, 1497, 1447, 1307, 1249, 
1086, 1024, 751, 688. MS (ESI) m/z calculated for [C22H27NO5SNa]+ ([M+Na]+): 440.2, found: 
440.1. 
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34, tert-Butyl (R,E)-(1-(benzyloxy)-4-fluoro-4-(phenylsulfonyl) but-3-en-2-yl) carbamate 

 

To a solution of 4 (170 mg, 0.55 mmol, 1.0 eq) in dry THF at −78 °C, KHMDS (1.0 M in THF, 
0.55 mL) was added dropwise. After stirring for 30 min at this temperature the crude 
aldehyde (155 mg, 0.55 mmol, 1.0 Äq.) dissolved in THF (5 mL) was added. The mixture was 
stirred for 2.5 h at −78 °C. Saturated NH4Cl-solution (15 mL) and EtOAc (5 mL) were added. 
Saturated NH4Cl solution (15 mL) and EtOAc (5 mL) were added. After separating the phases, 
the aqueous phase was extracted with EtOAc (2x 15 mL) and the combined organic extracts 
were washed with water (15 mL) and brine (15 mL). The combined organic layers were dried 
over anhydrous Na2SO4 and concentrated in under reduced pressure. The crude product was 
purified via column chromatography (CH/EA 5:1), yielding the desired product as a colorless 
oil (105 mg, 0.24 mmol, 44%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.03 (s, 2H), 7.62 – 7.52 
(m, 1H), 7.49 – 7.39 (m, 2H), 7.32 – 7.14 (m, 5H), 5.84 (dd, J = 21.2, 9.7 Hz, 1H), 5.48 (s, 1H), 
5.15 (d, J = 8.2 Hz, 1H), 4.45 (s, 2H), 3.72 – 3.51 (m, 2H), 1.36 (s, 9H). 13C NMR (75 MHz, 
CDCl3): δ/ppm = 155.0, 137.5, 134.6, 129.4, 128.5, 127.9, 119.9, 119.8, 73.4, 72.8, 46.3, 28.4. 
[𝛼]஽

ଶଶ = –64 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3390, 2978, 2929, 1711, 1497, 1366, 1335, 1166, 
1081, 735. MS (ESI) m/z calculated for [C22H26FNO5SNa]+ ([M+Na]+): 458.1, found: 458.1. 

 

35, N-((S)-1-(((S,E)-1-(benzyloxy)-4-(phenylsulfonyl) but-3-en-2-yl) amino)-3-cyclohexyl-
1-oxopropan-2-yl) morpholin-4-carboxamide 

 
Deprotection of 33 (88 mg, 0.21 mmol, 1.0 eq) was performed following general procedure A. 
The deprotected amino acid was then coupled with 29 (60 mg, 0.21 mmol, 1.0 eq) following 
general procedure C. After purification via column chromatography (CHCl3/MeOH 75:1) the 
desired product was obtained as a colorless solid (74 mg, 0.13 mmol, 62%). 1H NMR 
(300 MHz, CDCl3): δ/ppm = 7.86 – 7.74 (m, 2H), 7.64 – 7.52 (m, 1H), 7.51 – 7.41 (m, 2H), 
7.36 – 7.15 (m, 6H), 6.96 (dd, J = 15.1, 4.6 Hz, 1H), 6.48 (dd, J = 15.1, 1.8 Hz, 1H), 5.03 (d, J 
= 7.7 Hz, 1H), 4.89 – 4.74 (m, 1H), 4.53 – 4.21 (m, 3H), 3.65 – 3.40 (m, 5H), 3.35 – 3.16 (m, 
4H), 1.72 – 1.36 (m, 8H), 1.31 – 0.73 (m, 6H). 13C NMR (75 MHz, CDCl3): δ/ppm = 173.4, 
157.4, 144.0, 140.3, 137.4, 133.5, 131.7, 129.3, 128.6, 127.9, 127.7, 127.7, 73.4, 70.6, 66.4, 
52.6, 49.4, 44.1, 40.1, 34.3, 33.5, 32.9, 26.4, 26.2, 26.1. mp: 74–75 °C. [𝛼]஽

ଶଶ = +5 (c 1.00, 
CHCl3). FT-IR: ν/cm−1 = 3756, 2921, 2851, 1659, 1537, 1446, 1261, 1147, 1117, 999. MS (ESI) 
m/z calculated for [C31H42N3O6S]+ ([M+H]+): 584.1, found: 584.2. Purity: 98%. 
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36, N-((S)-1-(((S,E)-1-(Benzyloxy)-4-fluoro-4-(phenylsulfonyl) but-3-en-2-yl) amino)-3-
cyclohexyl-1-oxopropan-2-yl) morpholine-4-carboxamide 

 

Deprotection of 38 (90 mg, 0.21 mmol, 1.0 eq) was performed following the general procedure 
A. The deprotected amino acid was then coupled with 29 (60 mg, 0.21 mmol, 1.0 eq) following 
general procedure C. After purification via preparative HPLC using a 36 was obtained as an 
amorphous glass (80 mg, 0.13 mmol, 63%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.08 – 8.02 
(m, 2H), 7.71 – 7.62 (m, 1H), 7.60 – 7.46 (m, 2H), 7.38 – 7.21 (m, 5H), 5.97 – 5.82 (m, 1H), 
5.81 – 5.66 (m, 1H), 5.28 (d, J = 7.9 Hz, 1H), 4.66 – 4.44 (m, 2H), 4.37 (td, J = 8.3, 5.9 Hz, 
1H), 3.79 – 3.54 (m, 5H), 3.39 – 3.23 (m, 4H), 1.74 – 1.40 (m, 6H), 1.34 – 0.74 (m, 9H). 13C 
NMR (75 MHz, CDCl3): δ/ppm = 173.62, 170.03, 157.56, 154.85, 150.95, 137.51 (d, J = 6.3 
Hz), 134.7, 129.5, 128.9, 128.6, 127.9, 127.8, 119.2, 119.0, 73.4, 72.3, 66.5, 52.4, 45.2, 44.1, 
39.9, 34.3, 33.6, 32.8, 29.7, 26.4, 26.2, 23.2. mp: 78–79 °C.  [𝛼]஽

ଶଶ = –22 (c 1.00, CHCl3). FT-
IR: ν/cm−1 = 3274, 3064, 2922, 2852, 1661, 1541, 1448, 1334, 1116, 735. MS (ESI) m/z 
calculated for [C31H41FN3O6S]+ ([M+H]+): 602.3, found: 602.2. Purity: 97%. 

 

37, Methyl O-benzyl-N- (tert-butoxy carbonyl)-L-serinate 

 

To a solution of Boc-Ser(Bzl)-OH 31 (3.0 g, 10.16 mmol, 1.0 eq) in DMF (40 mL) at 0°C, 
K2CO3 (2.8 g, 20.3 mmol, 2.0 eq) and MeI (1.26 mL, 20.3 mmol, 2.0 eq) were added. The 
mixture was stirred overnight at room temperature and subsequently diluted with saturated 
NH4Cl solution (30 mL). The aqueous phase was extracted with EtOAc (3x 25 mL). The 
combined organic layers were dried over anhydrous Na2SO4 and concentrated under reduced 
pressure to yield 37 as a pale-orange oil (3.05 g, 9.85 mmol, 97%). 1H NMR (300 MHz, 
CDCl3): δ/ppm = 7.38 – 7.09 (m, 5H), 5.38 (d, J = 8.8 Hz, 1H), 4.59 – 4.35 (m, 3H), 3.84 (dd, 
J = 9.4, 3.3 Hz, 1H), 3.72 (s, 3H), 3.66 (dd, J = 9.4, 3.4 Hz, 1H), 1.43 (s, 9H). 13C NMR (75 
MHz, CDCl3): δ/ppm = 171.2, 155.6, 137.7, 128.5, 127.9, 127.7, 80.1, 73.3, 70.1, 54.1, 52.5, 
28.4. [𝛼]஽

ଶଶ = +33 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 2978, 2360, 1750, 1714, 1497, 1365, 1296, 
1208, 1062, 739. MS (ESI) m/z calculated for [C11H16NO3]+ ([M−Boc+H]+): 210.1, found: 
210.0. 
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38, tert-Butyl (S)-(1-(benzyloxy)-4-(dimethoxy phosphoryl)-3-oxobutan-2-yl) carbamate 

 

To a solution of dimethyl methylphosphonate (2.2 g, 18.4 mmol, 4.0 eq) in dry THF (12 mL) 
at −78 °C under an argon-atmosphere, n-BuLi (2.5 M in hexanes, 7.36 mL) was added 
dropwise. After stirring for one hour, 37 (1.5 g, 4.6 mmol, 1.0 eq) was added and the mixture 
stirred for an additional 2.5 h at this temperature. The reaction was then stopped by adding 
water (30 mL) and EtOAc (30 mL). After extraction with EtOAc (3x 20 mL) the organic 
extracts were dried over anhydrous Na2SO4 and the mixture concentrated under reduced 
pressure to give a crude product that was purified via column chromatography (CH/EA 1:3) 
yielding a pale-yellow oil (1.46 g, 3.64 mmol, 79%). 1H NMR (300 MHz, CDCl3): δ/ppm = 
7.36 – 7.20 (m, 5H), 5.58 (d, J = 7.7 Hz, 1H), 4.55 – 4.45 (m, 3H), 3.93 – 3.85 (m, 1H), 3.79 – 
3.61 (m, 7H), 3.31 (dd, J = 22.3, 14.5 Hz, 1H), 3.10 (dd, J = 21.9, 14.5 Hz, 1H), 1.41 (s, 9H). 
13C NMR (75 MHz, CDCl3): δ/ppm = 199.7, 155.4, 137.4, 128.5, 127.9, 127.8, 80.2, 73.4, 69.3, 
60.4, 53.2, 39.2, 37.4, 28.3. [𝛼]஽ଶଶ = +3 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 2976, 1708, 1496, 
1454, 1366, 1251, 1166, 1068, 866, 809. MS (ESI) m/z calculated for [C13H21NO5P]+ 
([M−Boc+H]+): 302.1, found: 302.1. 

 

39, Dimethyl ((S)-4-(benzyloxy)-3-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido) 
propanamido)-2-oxobutyl) phosphonate 

 

Deprotection of 38 (0.83 g, 2.07 mmol, 1.0 eq) was performed following the general procedure 
A. The deprotected amino acid was then coupled with 29 (0.59 g, 2.07 mmol, 1.0 eq) following 
general procedure C. After Purification via preparative HPLC 39 was obtained as a colorless 
oil (0.68 g, 1.2 mmol, 58%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.66 (d, J = 8.3 Hz, 1H), 
7.34 – 7.20 (m, 5H), 4.72 (dt, J = 8.0, 3.8 Hz, 1H), 4.54 – 4.38 (m, 3H), 3.97 (dd, J = 9.7, 3.8 
Hz, 1H), 3.78 – 3.53 (m, 11H), 3.49 – 3.26 (m, 1H), 3.04 (dd, J = 22.5, 14.0 Hz, 4H), 1.84 – 
1.56 (m, 6H), 1.55 – 1.41 (m, 1H), 1.40 – 1.26 (m, 1H), 1.24 – 0.78 (m, 6H). 13C NMR (75 
MHz, CDCl3): δ/ppm = 199.7, 199.6, 173.8, 157.6, 137.5, 128.5, 127.9, 127.7, 73.5, 68.7, 66.5, 
59.1, 59.1, 53.4, 53.3, 53.2, 52.5, 44.2, 40.1, 39.7, 37.9, 34.3, 33.8, 32.7, 26.5, 26.3, 26.1. [𝛼]஽ଶଶ 
= –21 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3278, 2920, 2850, 2360, 1627, 1533, 1449, 1249, 1115, 
999. MS (ESI) m/z calculated for [C27H43N3O8P]+ ([M+H]+): 568.3, found: 568.2. 
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Ethyl (S,E)-6-(benzyloxy)-5-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido) 
propanamido)-4-oxohex-2-enoate 

Cy

N
H

N

O

O

H
N

O
O

Ph

O
O

O

 

In a schlenk tube containing LiCl (8 mg, 0.19 mmol, 1.2 eq), a solution of 39 (90 mg, 
0.16 mmol, 1.0 eq) in MeCN was added. At 0 °C, over P2O10, freshly distilled ethyl glyoxylate 
(33 µL, 0.32 mmol, 2.0 eq) and DIPEA (36 µL, 0.21 mmol, 1.3 eq) were added and the mixture 
was stirred for 2 h. After adding a saturated NH4Cl solution (30 mL) and extracting with EtOAc 
(3x 20 mL), the organic extracts were washed with brine (20 mL), dried over anhydrous Na2SO4 
and concentrated under reduced pressure to yield a crude which was purified via preparative 
HPLC. 40 could be obtained as a colorless solid (34 mg, 0.06 mmol, 10%). 1H NMR (300 MHz, 
CDCl3): δ/ppm = 7.48 – 7.14 (m, 5H), 6.96 – 6.69 (m, 1H), 4.56 – 3.88 (m, 9H), 3.71 – 3.57 
(m, 4H), 3.38 – 3.25 (m, 4H), 1.80 – 1.55 (m, 6H), 1.36 – 1.23 (m, 3H), 1.20 – 1.07 (m, 6H), 
1.01 – 0.79 (m, 3H). 13C NMR (75 MHz, CDCl3): δ/ppm = 192.6, 192.2, 165.4, 165.1, 157.2, 
137.0, 133.8, 133.3, 131.7, 128.6, 128.0, 73.9, 70.7, 66.5, 62.2, 61.6, 52.5, 44.2, 34.2, 33.7 32.9, 
32.7, 14.3, 14.0. mp: 62–63 °C. [𝛼]஽

ଶଶ = –23 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 2923, 1735, 1632, 
1526, 1449, 1370, 1250, 1187, 1115, 752 cm-1. MS (ESI) m/z calculated for [C29H42N3O7]+ 
([M+H]+): 544.3, found: 544.2. Purity: 99%. 

 

41, tert-Butyl (S)-(1-(benzo[d]thiazol-2-yl)-3-(benzyloxy)-1-oxopropan-2-yl) carbamate 

 

To a solution of benzothiazole (0.87 mL, 8.08 mmol, 10.0 eq) in THF (25 mL) at −78 °C under 
argon, n-BuLi (2.5 M in hexanes, 3.23 mL, 8.08 mmol, 10.0 eq) was added dropwise. The 
mixture was stirred for 30 min at this temperature and subsequently 37 (250 mg, 0.81 mmol, 
1.0 eq) was added and stirred for an additional three hours. After consumption of the starting 
material, the mixture was diluted with a saturated NH4Cl solution (30 mL). The aqueous phase 
was extracted with EtOAc (3x 25 mL). The organic extracts were dried over anhydrous Na2SO4 
and concentrated to give a crude product that was purified via column chromatography (CH/EA 
10:1) which gave access to 41 as a pale-yellow oil (215 mg, 0.52 mmol, 64%). 1H NMR (300 
MHz, CDCl3): δ/ppm = 8.15 – 8.04 (m, 1H), 8.03 – 7.92 (m, 1H), 7.62 – 7.49 (m, 2H), 7.20 – 
7.05 (m, 5H), 5.78 – 5.60 (m, 2H), 4.58 – 4.35 (m, 2H), 4.35 – 4.28 (m, 1H), 4.01 – 3.84 (m, 
1H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3): δ/ppm = 191.4, 163.9, 155.5, 153.5, 137.5, 
137.3, 128.3, 128.0, 127.7, 127.6, 127.1, 125.8, 122.5, 80.1, 73.3, 70.5, 57.9, 28.5. [𝛼]஽

ଶଶ = +1 
(c 1.00, CHCl3). FT-IR: ν/cm−1 = 2978, 2359, 1698, 1485, 1454, 1367, 1216, 1165, 1102, 744. 
MS (ESI) m/z calculated for [C22H24N2O4SNa]+ ([M+H]+): 435.1, found: 435.1. 
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42, N-((S)-1-(((S)-1-(benzo[d]thiazol-2-yl)-3-(benzyloxy)-1-oxopropan-2-yl) amino)-3-
cyclohexyl-1-oxopropan-2-yl) morpholine-4-carboxamide 

 

Deprotection of 41 (56 mg, 0.14 mmol, 1.0 eq) was performed following general procedure A. 
The deprotected amino acid was then coupled with 29 (40 mg, 0.14 mmol, 1.0 eq) following 
general procedure C. After purification via preparative HPLC 42 could be obtained as a 
colorless solid (33 mg, 0.06 mmol, 44%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.15 – 8.05 
(m, 1H), 8.03 – 7.92 (m, 1H), 7.63 – 7.47 (m, 2H), 7.10 (d, J = 6.9 Hz, 5H), 5.95 – 5.78 (m, 
1H), 4.64 – 4.44 (m, 2H), 4.41 – 4.25 (m, 2H), 4.02 – 3.86 (m, 1H), 3.65 (q, J = 4.7 Hz, 4H), 
3.45 – 3.28 (m, 4H), 1.89 – 1.34 (m, 9H), 1.30 – 0.80 (m, 5H). 13C NMR (75 MHz, CDCl3): 
δ/ppm = 190.4, 173.5, 163.7, 157.6, 153.5, 137.4, 137.3, 137.2, 128.3, 128.1, 127.7, 127.6, 
127.6, 127.2, 125.8, 122.4, 73.2, 70.0, 66.6, 56.7, 52.5, 52.3, 44.3, 40.8, 40.2, 34.4, 33.8, 32.9, 
26.5, 26.3, 26.2. mp: 95–96 °C. [𝛼]஽

ଶଶ = –12 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3275, 2920, 2850, 
1648, 1541, 1485, 1249, 1116, 998, 761. MS (ESI) m/z calculated for [C31H39N4O5S]+ 
([M+H]+): 579.3, found: 580.1. Purity: 97% 

 

43, Methyl O-benzyl-N-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido) propanoyl)-L-
serinate 

 

Deprotection of 37 (217 mg, 0.7 mmol, 1.0 eq) was performed following general procedure A. 
The deprotected amino acid was then coupled with 29 (200 mg, 0.7 mmol, 1.0 eq) following 
general procedure C. After purification via column chromatography (CH/EA 1:3), 43 could be 
obtained as a colorless oil (253 mg, 0.53 mmol, 76%). 1H NMR (300 MHz, CDCl3): δ/ppm = 
7.36 – 7.19 (m, 5H), 4.69 (dt, J = 8.2, 3.4 Hz, 1H), 4.58 – 4.37 (m, 3H), 3.86 (dd, J = 9.6, 3.4 
Hz, 1H), 3.71 (s, 3H), 3.68 – 3.52 (m, 5H), 3.41 – 3.24 (m, 4H), 1.86 – 1.58 (m, 6H), 1.57 – 
1.31 (m, 3H), 1.29 – 0.80 (m, 6H). 13C NMR (75 MHz, CDCl3): δ/ppm = 173.7, 170.5, 157.5, 
137.6, 128.5, 127.9, 127.7, 73.4, 69.6, 66.5, 52.8, 52.6, 52.4, 44.2, 40.6, 34.2, 33.7, 32.9, 26.5, 
26.3, 26.2. [𝛼]஽

ଶଶ = +13 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3276, 2920, 2850, 2360, 1748, 1662, 
1538, 1449, 1261, 1116. MS (ESI) m/z calculated for [C25H37N3O6Na]+ ([M+Na]+): 498.3, 
found: 498.2. 
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44, O-benzyl-N-((S)-3-cyclohexyl-2-(morpholine-4-carboxamido) propanoyl)-L-serine 

 

The methyl ester 43 (252 mg, 0.53 mmol, 1.0 eq) was cleaved according to the general 
procedure B. 44 was obtained as a colorless solid (250 mg, 0.52 mmol, 98%). 1H NMR (300 
MHz, CDCl3): δ/ppm = 7.43 – 7.18 (m, 5H), 4.75 – 4.24 (m, 2H), 3.98 – 3.64 (m, 2H), 3.63 – 
3.44 (m, 4H), 3.44 – 3.19 (m, 4H), 2.60 (s, 2H), 2.46 (s, 1H), 1.77 – 1.48 (m, 7H), 1.44 – 0.68 
(m, 8H). 13C NMR (75 MHz, CDCl3): δ/ppm = 174.4, 172.9, 157.7, 153.0, 137.7, 128.5, 127.9, 
127.8, 127.7, 125.1, 73.4, 69.6, 66.5, 53.5, 52.9, 44.2, 39.9, 34.2, 33.7, 32.7, 26.5, 26.3, 26.2, 
21.9, 19.5. mp: 75–76 °C. [𝛼]஽

ଶଶ = +19 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3304, 2922, 2852, 
2359, 1725, 1622, 1532, 1450, 1260, 1116. MS (ESI) m/z calculated for [C24H36N3O6]+ 
([M+H]+): 462.3 found: 462.4. 

 

45, N-((2S)-1-(((2S)-3-(benzyloxy)-1-oxo-1-((2-oxo-1-phenylazetidin-3-yl) amino) propan-
2-yl) amino)-3-cyclohexyl-1-oxopropan-2-yl) morpholine-4-carboxamide 

 

Coupling of 44 (185 mg, 0.4 mmol, 1.0 eq) with 9 (80 mg, 0.4 mmol, 1.0 eq) was performed 
following general procedure C. After purification via preparative HPLC 45 could be obtained 
as a colorless solid (169 mg, 0.28 mmol, 70%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.15 (d, 
J = 7.3 Hz, 1H), 7.35 – 7.12 (m, 10H), 7.08 – 6.95 (m, 2H), 5.10 (s, 2H), 5.00 – 4.80 (m, 1H), 
4.61 – 4.51 (m, 1H), 4.43 (q, J = 11.8 Hz, 2H), 4.14 – 4.03 (m, 1H), 3.94 (dd, J = 9.6, 4.1 Hz, 
1H), 3.81 (t, J = 5.6 Hz, 1H), 3.63 – 3.49 (m, 2H), 3.48 – 3.31 (m, 4H), 3.25 – 2.99 (m, 4H), 
1.70 – 1.37 (m, 6H), 1.35 – 0.68 (m, 9H).13C NMR (75 MHz, CDCl3): δ/ppm = 173.5, 170.6, 
163.7, 157.9, 138.0, 137.8, 129.3, 128.6, 128.0, 127.9, 124.4, 166.7, 73.5, 69.4, 66.3, 55.8, 53.8, 
53.2, 47.1, 44.1, 39.3, 34.5, 33.8, 32.5, 26.4, 26.2, 26.1. mp: 91–92 °C. [𝛼]஽

ଶଶ = +11 (c 1.00, 
CHCl3). FT-IR: ν/cm−1 = 3271, 2922, 2850, 2340, 1754, 1626, 1502, 1386, 115, 866. MS (ESI) 
m/z calculated for [C33H43N5O6Na]+ ([M+Na]+): 628.3, found: 628.4. Purity: 99%. 

 

 

 

 



 
Project 2: Reactivity and Selectivity of Protease Inhibitors with varying 
Warheads 

171 

 

 
 

 

  

S58 
 

 

46, N-((S)-1-(((R)-1-(benzyloxy)-3-hydroxypropan-2-yl) amino)-3-cyclohexyl-1-
oxopropan-2-yl) morpholine-4-carboxamide 

 

To a solution of 43 (132 mg, 0.28 mmol, 1.0 eq) in THF (15 mL) at 0 °C, NaBH4 (42 mg, 
1.11 mmol, 4.0 eq) and MeOH (1.2 mL) were added. The mixture was stirred for 16 h at room 
temperature and upon completion, diluted with saturated NH4Cl solution (30 mL). After 
extraction with EtOAc (3x 25 mL) the combined organic layers were washed with saturated 
NH4Cl solution (20 mL) and brine (20 mL), dried over anhydrous Na2SO4 and concentrated 
under reduced pressure to yield 46 as a colorless solid (114 mg, 0.25 mmol, 91%). 1H NMR 
(300 MHz, CDCl3): δ/ppm = 7.34 – 7.18 (m, 5H), 6.98 (d, J = 7.5 Hz, 1H), 5.26 (d, J = 7.7 Hz, 
1H), 4.55 – 4.40 (m, 2H), 4.33 (td, J = 8.4, 6.3 Hz, 1H), 4.08 – 3.91 (m, 2H), 3.67 – 3.41 (m, 
7H), 3.33 – 3.07 (m, 4H), 1.78 – 1.43 (m, 6H), 1.32 – 0.71 (m, 9H). 13C NMR (75 MHz, CDCl3): 
δ/ppm = 174.1, 171.2, 157.5, 137.8, 135.9, 128.5, 127.9, 127.7, 125.6, 73.5, 69.6, 66.5, 62.9, 
60.5, 52.7, 51.2, 44.1, 40.4, 34.3, 33.6, 32.9, 26.3, 21.1, 14.3. mp: 89–90 °C. [𝛼]஽

ଶଶ = +14 (c 
1.00, CHCl3). FT-IR: ν/cm−1 = 33280, 2916, 2850, 2265, 2339, 1615, 1540, 1447, 1250, 1111. 
MS (ESI) m/z calculated for [C24H37N3O5Na]+ ([M+Na]+): 470.3, found: 470.3. 

 

47, N-((S)-1-(((S)-1-(benzyloxy)-3-oxopropan-2-yl) amino)-3-cyclohexyl-1-oxopropan-2-
yl) morpholine-4-carboxamide 

 

To a solution of 46 (45 mg, 0.1 mmol, 1.0 eq) in DCM (10 mL) Dess-Martin-Periodinane 
(51 mg, 0.12 mmol, 1.2 eq) was added and the mixture was stirred at room temperature for 12 h. 
After completion, indicated by TLC, the mixture was filtrated, washed a saturated Na2S2O3 

solution (15 mL), a saturated NaHCO3 solution (15 mL) and brine (20 mL). The mixture was 
dried over anhydrous Na2SO4, concentrated under reduced pressure and subsequently purified 
via column chromatography (CHCl3/MeOH 30:1), to yield 47 as a colorless solid (31 mg, 
0.07 mmol, 70%). 1H NMR (300 MHz, CDCl3): δ/ppm = 9.56 (s, 1H), 7.43 – 7.17 (m, 5H), 
5.15 – 4.96 (m, 1H), 4.76 – 4.34 (m, 3H), 4.25 (s, 1H), 3.99 (dd, J = 9.7, 3.6 Hz, 1H), 3.75 – 
3.53 (m, 4H), 3.48 – 3.20 (m, 4H), 1.84 – 1.47 (m, 6H), 1.40 – 0.77 (m, 8H). 13C NMR (75 
MHz, CDCl3): δ/ppm = 198.3, 174.1, 157.5, 137.3, 128.6 127.8, 127.7, 73.7, 67.5, 66.5, 
59.0,52.4, 44.2, 40.6, 34.3, 33.7, 32.9, 26.5, 26.3. mp: 85–86 °C. [𝛼]஽

ଶଶ = +20 (c 1.00, MeOH). 
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FT-IR: ν/cm−1 = 3291, 2921, 2851, 2363, 2341, 1624, 1541, 1448, 1261, 1117. MS (ESI) m/z 
calculated for [C24H25N3O5Na]+ ([M+Na]+): 468.3, found: 468.3. 

48, N-((2S)-1-(((2S)-1-(benzyloxy)-3-hydroxy-4-nitrobutan-2-yl) amino)-3-cyclohexyl-1-
oxopropan-2-yl) morpholine-4-carboxamide 

 

To a suspension of NaH (60% in paraffin, 23 mg, 0.56 mmol, 1.25 eq), and MeNO2 (24 µL, 
0.45 mmol, 1.0 eq) in THF (20 mL) at 0 °C, 48 (200 mg, 0.45 mmol, 1.0 eq) was added and the 
mixture was stirred for one hour. After completion, indicated by TLC, the mixture was diluted 
with a saturated NH4Cl solution (20 mL). After separation of the aqueous phase, the organic 
phase was washed with brine (15 mL), dried over anhydrous Na2SO4 and concentrated to yield 
a crude yellowish-oil 48 (132 mg), which was used in the next step without further purification.  

 

49, N-((S)-1-(((R,E)-1-(benzyloxy)-4-nitrobut-3-en-2-yl) amino)-3-cyclohexyl-1-
oxopropan-2-yl) morpholine-4-carboxamide 

 

To a solution of 48 (72 mg, 0.14 mmol, 1.0 eq) and Et3N (59 µL, 0.43 mmol, 3.0 eq) in DCM 
(10 mL) at 0 °C, MsCl (16 µL, 0.21 mmol, 1.5 eq) was added and the mixture was stirred for 
one hour at room temperature. The mixture was diluted and washed with a saturated NaHCO3 
solution (15 mL) and extracted with EtOAc (3x 25 mL). The mixture was dried over anhydrous 
Na2SO4, concentrated under reduced pressure and subsequently purified via preparative HPLC 
yielding 49 as a colorless solid (30 mg, 0.06 mmol, 44%). 1H NMR (300 MHz, CDCl3): δ/ppm 
= 7.43 – 7.27 (m, 5H), 7.25 – 7.15 (m, 1H), 7.12 – 6.99 (m, 1H), 4.95 – 4.79 (m, 1H), 4.63 – 
4.45 (m, 2H), 4.44 – 4.29 (m, 1H), 3.73 – 3.52 (m, 4H), 3.44 – 3.19 (m, 4H), 1.91 – 1.45 (m, 
8H), 1.40 – 0.69 (m, 9H). 13C NMR (75 MHz, CDCl3): δ/ppm = 173.5, 157.6, 141.2, 139.2, 
137.2, 128.8, 128.3, 127.9, 73.7, 70.3, 66.5, 52.6, 47.8, 44.2, 39.9, 34.5, 33.7, 32.9, 26.5, 26.3, 
26.2. mp: 71–72 °C.  [𝛼]஽

ଶଶ = –4 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3286, 2923, 2852, 2360, 
2341, 1653, 1624, 1449, 1351, 117. MS (ESI) m/z calculated for [C25H36N4O6Na]+ ([M+Na]+): 
511.3, found: 511.2. Purity: 99%. 
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Synthesis of reactivity test compounds 

 

108, tert-Butyl ((2S)-4-methyl-1-oxo-1-((2-oxo-1-phenylazetidin-3-yl) amino) pentan-2-yl) 
carbamate 

 

Boc-Leu-OH 50 (0.13 g, 0.67 mmol, 1.0 eq) was dissolved in a mixture of DCM/DMF (9:1) at 
0 °C. Under stirring HATU (0.31 g, 0.80 mmol, 1.2 eq) was added in portions. Afterwards 
2,4,6- collidine (0.24 g, 2.0 mmol, 3.0 eq) was added and stirred for an additional 10 min at 
0 °C. A solution of 9 (0.14 g, 0.67 mmol, 1 eq) in DCM (5 ml) was added dropwise and the 
reaction mixture was allowed to reach room temperature and was stirred overnight. H2O (30 
mL) was added, and the organic phase separated. The aqueous phase was extracted with EtOAc 
(3 × 20 mL). The combined organic extracts were washed with aq. sat. NaCl-solution (40 mL) 
and dried over Na2SO4. The solvent was evaporated under reduced pressure to give a crude 
product that was purified with column chromatography (EA:Cy = 7:4) yielding the title 
compound as an off-white solid (0.2 g, 0.54 mmol, 81%). 1H NMR (300 MHz, CDCl3): δ/ppm 
= 7.65 – 7.45 (m, 1H), 7.38 – 7.20 (m, 4H), 7.06 (tdd, J = 5.9, 4.6, 3.0 Hz, 1H), 5.18 – 4.99 (m, 
2H), 3.88 (t, J = 5.7 Hz, 1H), 3.51 (dd, J = 5.9, 2.7 Hz, 1H), 1.75 – 1.44 (m, 3H), 1.39 (s, 10H), 
0.90 (dd, J = 6.3, 3.8 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ/ppm = 173.6, 163.8, 156.0, 137.8, 
129.3, 124.5, 116.8, 80.3, 65.4, 55.4, 53.1, 47.4, 41.6, 28.4, 24.8, 23.1, 21.9, 14.2. mp: 84 – 
85 °C. [𝛼]஽ଶ଴ = −16 (c 1.00, CHCl3). MS (ESI) m/z calculated for [C20H28N3O4Na]+ ([M+Na]+): 
389.2, found: 398.2. Purity: 99%. 

 

109, tert-Butyl (S,E)-(5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)carbamate 

 

3 (0.52 g, 1.77 mmol, 1 eq) and LiCl (0.09 g, 2.21 mol, 1.25 eq) were dissolved in dry MeCN 
(18 mL) under argon atmosphere and cooled to 0 °C. Subsequently DBU (0.27 mL, 1.77 mmol, 
1 eq) and 10 min later 52 (0.38 g, 1.77 mmol, 1 eq) in MeCN (5 mL) were added dropwise to 
the solution and stirred one hour at 0 °C and one hour at room temperature. The reaction mixture 
was quenched with citric acid solution (10%, 10 mL). The organic phase was separated, and 
the aqueous phase extracted with EtOAc (3x 20 mL). The combined organic extracts were dried 
over anhydrous Na2SO4 and evaporated under reduced pressure. The crude product was purified 
with column chromatography (CH/EA 1:6) to yield the product as colorless oil (0.18 g, 
0.52 mmol, 30%). 1H NMR (300 MHz, CDCl3): δ/ppm = 7.89 – 7.83 (m, 2H), 7.64 – 7.48 (m, 
3H), 6.87 (dd, J = 15.0, 4.9 Hz, 1H), 6.42 (dd, J = 15.0, 1.3 Hz, 1H), 4.48 – 4.34 (m, 1H), 1.74 
– 1.59 (m, 2H), 1.40 – 1.32 (m, 9H), 0.92 (d, J = 6.6 Hz, 6H). 13C NMR (75 MHz, CDCl3): 
δ/ppm = 155.0, 147.2, 140.4, 133.5, 130.1, 129.4, 127.7, 43.4, 28.3, 24.8, 22.8, 22.1. mp: 72 – 
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1.00, CHCl3). FT-IR: ν/cm−1 = 3446, 3333, 2959, 2940, 2870, 2561, 1684, 1533, 1392, 1366, 
1237, 1161, 1048, 872, 757. MS (ESI) m/z calculated for [C1013CH21NO4Na]+ ([M+Na]+): 
255.1, found: 255.0. 

 

114, tert-Butyl (S)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl-1-
13C)carbamate 

 

To a 0 °C cold solution of Boc-Leu-1-13C-OH 113 (1.70 g, 7.32 mmol, 1 eq) in DCM (80 mL) 
were added HOBt ∙ H2O (1.12 g, 7.32 mmol, 1 eq) and 2,4,6-collidine (1.94 mL, 14.64 mmol, 
2 eq). After stirring at 0 °C for 30 min, TBTU (2.35 g, 7.32 mmol, 1 eq) was added. The 
solution was stirred for further 30 min at 0 °C and N,O-dimethyl hydroxylamine · HCl (0.71 g, 
7.32 mmol, 1 eq) was added. After stirring at room temperature overnight, the solvent was 
removed under reduced pressure and the residue was taken up in EtOAc (100 mL). The mixture 
was washed with saturated NaHCO3 solution (3x 80 mL) and hydrochloric acid (1 M, 3x 80 
mL) and filtered over a small silica column. The filtrate was concentrated under reduced 
pressure to yield the desired product as a colorless oil (1.91 g, 6.92 mmol, 95%). 1H NMR (300 
MHz, CDCl3): δ/ppm = 5.14–4.95 (m, 1H), 4.79–4.60 (m, 1H), 3.77 (s, 3H), 3.22–3.15 (m, 3H), 
1.78–1.61 (m, 1H), 1.49–1.37 (m, 11H), 0.97–0.88 (m, 6H). 13C NMR (75.5 MHz, CDCl3): 
δ/ppm = 174.0, 155.8, 79.6, 61.7, 49.10 (d, J = 54.6 Hz), 42.2, 32.3, 28.5, 24.9, 23.5, 21.0. [𝛼]஽

ଶଶ 
= −10 (c 1.00, CHCl3).  FT-IR: ν/cm−1 = 3321, 2957, 2935, 2870, 1708, 1619, 1499, 1365, 1250, 
1165, 1045, 1017, 986, 875, 758. MS (ESI) m/z calculated for [C1213CH26N2O4Na]+ ([M+Na]+): 
298.2, found: 298.1. 

 

115, tert-Butyl (1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl-1-13C)carbamate 

 

To a solution of benzothiazole (2.65 g, 19.61 mmol, 10 eq) in dry THF (50 mL) at −75 °C was 
added n-BuLi (2.5 M in hexanes, 5.5 mL, 13.73 mmol, 7 eq) dropwise over 15 min. The 
mixture was stirred at −75 °C for one hour and a solution of 114 (540 mg, 1.96 mmol, 1 eq) in 
dry THF (10 mL) was added. After stirring was continued at −75 °C for 2.5 h, saturated NH4Cl 
solution (30 mL) was added. The mixture was extracted with EtOAc (3x 80 mL) and the 
combined organic extracts were filtered over a small silica column. The filtrate was 
concentrated by distillation under reduced pressure and the residue was purified by column 
chromatography (CH/EA 20:1) to yield the desired product as a yellowish solid (380 mg, 
1.09 mmol, 56%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.22–8.16 (m, 1H), 8.00–7.94 (m, 
1H), 7.61–7.49 (m, 2H), 5.76–5.52 (m, 1H), 5.40–5.18 (m, 1H), 1.88–1.77 (m, 2H), 1.60–1.50 
(m, 1H), 1.43 (s, 9H), 1.09 (d, J = 6.0 Hz, 3H), 0.96 (d, J = 6.2 Hz, 3H). 13C NMR (75.5 MHz, 
CDCl3): δ/ppm =194.9, 164.2 (d, J = 64.8 Hz), 155.6, 153.7 (d, J = 7.8 Hz), 137.4, 128.0, 127.1, 
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125.9, 122.5, 80.0, 55.4 (d, J = 46.0 Hz), 42.2, 28.4, 25.4, 23.4, 21.8. mp: 108–110 °C. [𝛼]஽
ଶଶ = 

+40 (c 1.00, CHCl3). FT-IR: ν/cm−1 = 3364, 3066, 2965, 2929, 2871, 1682, 1659, 1518, 1480, 
1366, 1161, 876, 824, 760, 731. MS (ESI) m/z calculated for [C1713CH24N2O3SNa]+ ([M+Na]+): 
372.1, found: 372.0. Purity: 98%. 

 

116, tert-Butyl (S)-(1-amino-4-methyl-1-oxopentan-2-yl-1-13C)carbamate 

 

Boc-Leu-1-13C-OH 113 (0.3 g, 1.5 mmol, 1.0 eq) was dissolved in DMF (10 mL) at 0 °C. 
Under stirring HOBt ∙ H2O (0.3 g, 1.9 mmol, 1.2 eq) was added in portions. After 20 min, 
NH4OH solution (25% in water, 5 mL) was added, and reactions stirred overnight. After adding 
DCM (15 mL), a white precipitate formed, which was collected via filtration. The filtrate was 
washed with brine (15 mL), saturated NaHCO3 solution (15 mL), dried over anhydrous N2SO4 
and the solvent removed under reduced pressure to give a crude product that was purified with 
column chromatography (CH/EA 1:2) yielding the title compound as a colorless oil (51 mg, 
0.22 mmol, 15%). 1H NMR (300 MHz, CDCl3): δ/ppm = 6.85 – 6.50 (m, 1H), 5.42 – 5.05 (m, 
1H), 4.18 (s, 1H), 1.82 – 1.57 (m, 2H), 1.42 (d, J = 4.5 Hz, 10H), 0.91 (dd, J = 6.3, 4.0 Hz, 6H). 
13C NMR (75.5 MHz, CDCl3): δ/ppm =175.9, 155.9, 80.2, 52.4, 41.5, 28.4, 24.9, 23.1, 22.0. 
MS (ESI) m/z calculated for [C1013CH23N2O3]+ ([M+H]+): 231.17, found: 232.22. 

 

117, tert-Butyl (S)-(1-(cyano-13C)-3-methylbutyl)carbamate 

 

116 (50 mg, 1.5 mmol, 1.0 eq) was dissolved in dry THF (10 mL) at −78 °C and trifluoroacetic 
anhydride (45 µL, 0.33 mmol, 1.5 eq) and pyridine (53 µL, 0.65 mmol, 3.0 eq) were added 
subsequently. After stirring for 2 h, the solvent was removed in vacuum and the crude residue 
was diluted with EtOAc (20 mL) and washed with 1 m KHSO4-solution (15 mL) and brine 
(15 mL). The combined organic extracts were dried over Na2SO4 and the solvent removed in 
vacuum yielding the title compound as an colorless oil (34 mg, 0.16 mmol, 74%). 1H NMR 
(300 MHz, CDCl3): δ/ppm = 1.91 – 1.75 (m, 1H), 1.74 – 1.60 (m, 2H), 1.55 – 1.43 (m, 9H), 
1.04 – 0.90 (m, 6H).13C NMR (75.5 MHz, CDCl3): δ/ppm =172.9, 119.2, 81.5, 52.4, 42.2, 28.3, 
24.9, 23.1, 22.0. Purity: 95%. 
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6 Conclusions and Outlook 
This scientific work, divided into two projects, focused on the design and functionalization of catS 

inhibitors in the framework of the CRC 1066 (subproject Q5), and on the interactions between protease 

inhibitors containing a suitable peptidomimetic sequence in combination with various warheads and 

different proteases. 

In the first project the goal was to develop new highly affine and selective inhibitors of the cysteine 

protease catS, as this enzyme is involved in a plethora of diseases, especially its involvement in several 

cancers makes it attractive and interesting as a potential target for novel anti-cancer drugs. The newly 

designed inhibitors demonstrate improvements in affinity and selectivity over closely related off-targets, 

with the possibility of further functionalization in several positions by either functionalizing the P3 

residue or by using the warhead functionality as a linker position. The warhead functions as an 

electrophilic trap with high reactivity which is deactivated by attaching reversible linkers that mask and 

protect the highly reactive warhead from side-reactions, until the inhibitor reaches the target 

compartment by targeted drug delivery. Especially the highly reactive aldehyde and vinylsulfonate 

warheads were successfully ‘tamed’ by generating inhibitors with sub-nanomolar affinities for the target 

protease catS while retaining high selectivity towards similar off-targets and by masking the warhead in 

case of the aldehyde with a reversible and pH-sensitive hydrazone linker (Figure 21).  

 

Figure 21: A: The most potent catS inhibitors of project 1. B: Linker attachment strategies. Linker attachment positions are 
depicted in blue and the warhead functionality in red. 
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The most potent inhibitors show slowly reversible tight binding modes, which is favorable and might 

help reduce off-target reactivities and thus minimize the risks of toxicity and haptenization in further 

development campaigns. The design of these highly affine new inhibitors was facilitated by in silico 

methods like molecular modeling and (non-)covalent docking approaches.  

In the second project the goal was to investigate the selectivity profiles of several well-known warheads 

with different reactivity for a set of different proteases with varying nucleophilic amino acids in the 

active site. The warheads were combined with peptidomimetic sequences, suited for each of the different 

proteases and cross-testing of the warhead-decorated inhibitors in fluorometric enzyme assays against 

all proteases gave insight on the impact of peptidomimetic sequences and warheads on affinity and 

selectivity. Most of the produced inhibitors showed affinity in the sub-micromolar range towards the 

target protease catS. Due to structural similarity, especially between the papain-like cysteine proteases, 

new lead structures for inhibiting several proteases could be found, while hardly druggable targets like 

the subunits of the 20S proteasome didn’t allow for the identification of any new potential inhibitors 

through this approach. This combinatorial approach demonstrated clear limits to affinity and selectivity, 

while revealing additional off-target data on several newly generated inhibitors on (patho-

)physiologically relevant targets (Figure 22). The warheads were further investigated by NMR and LC-

MS reactivity assays against model nucleophiles mimicking the catalytic nucleophilic amino acids of 

the different proteases to evaluate chemoselectivity. The results confirmed high reactivity for the 4-

oxoenoate and (fluoro-)vinylsulfone warheads towards a deprotonated thiol model nucleophile. In 

agreement with the enzyme assay results, the α-ketobenzothiazole demonstrated to be a potent 

electrophilic trap for both cysteine and serine proteases and the nucleophilic thiol and ethanolate models. 

The results of the reactivity assays were overall confirmed by quantum mechanics calculations of similar 

model nucelophiles, and (non-)covalent docking approaches yielded poses with reasonable binding 

modes, resembling the crystallographic reference ligands of all pdb structures. 
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Figure 22: Inhibition data against catS for inhibitors with catS peptidomimetic sequence and various warheads. 

Through a combination of molecular modeling and docking, enzyme kinetic analysis, quantum 

mechanics calculations and combinatorial SAR analysis, new highly affine inhibitors with different 

selectivity profiles were produced that can act as a foundation for future optimization campaigns. By 

attaching reversible linkers on either the warhead or on a side chain (e.g., the P3 residue) of an inhibitor, 

and by immobilizing the probe on a suitable nanocarrier, the drug delivery process could be enhanced 

and the transport as well as the successful release of the drug in the destination compartment could be 

observed by confocal microscopy or similar imaging methods if the nanocarrier is appropriately 

functionalized with fluorophore- or radiolabels.  

Since it is known that reducing the catS expression leads to a change in the expression ratio of CD4+ T 

cells and CD8+ cytotoxic T cells towards the cytotoxic T cells, delivering the functionalized inhibitors 

with a nanocarrier based delivery system might shift the CD4+ / CD8+ ratio towards the cytotoxic T 

cells, thus effectively altering the TME towards an anti-tumor immune response. With cell-based catS 

activity assays, this effect on different tumor models is putatively directly related to the successful 

delivery of the catS inhibitors.[45,89,267]  
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