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ABSTRACT: Cathepsins (Cats) are proteases that mediate the 

successful entry of SARS-CoV-2 into host cells. We designed 

and synthesized a tailored series of 21 peptidomimetics and 

evaluated their inhibitory activity against human cathepsins L, B, 

and S. Structural diversity was realized by combinations of 

different C-terminal warhead functions and N-terminal capping 

groups, while a central Leu-Phe fragment was maintained. 

Several compounds were identified as promising cathepsin L and 

S inhibitors with Ki values in the low nanomolar to subnanomolar 

range, for example, the peptide aldehydes 9a and 9b (9a, 2.67 

nM, CatL; 0.0455 nM, CatS; 9b, 1.76 nM, CatL; 0.0512 nM, 

CatS). The compounds’ inhibitory activity against the main 

protease of SARS-CoV-2 (Mpro) was additionally investigated. 

Based on the results at CatL, CatS, and Mpro, selected inhibitors 

were subjected to investigations of their antiviral activity in cell-

based assays. In particular, the peptide nitrile 11e exhibited 

promising antiviral activity with an EC50 value of 35.1 nM in 

Calu-3 cells without showing cytotoxicity. High metabolic 

stability and favorable pharmacokinetic properties make 11e 

suitable for further preclinical development. 

KEYWORDS: COVID-19, cathepsin inhibitors, main protease, 

peptidomimetics, SARS-CoV-2, viral entry.  

 

 

 

 

1. INTRODUCTION 

The novel severe acute respiratory syndrome coronavirus-2 

(SARS-CoV-2) is a beta-coronavirus, which is the causative 

agent for coronavirus disease 19 (COVID-19), a respiratory 

global pandemic that emerged in 2019. After three years of the 

pandemic, over 760 million people have been infected, and 

around 6.9 million have died.1 Prophylactic and therapeutic 
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intervention strategies are still urgently required because the 

COVID-19 pandemic presents an unprecedented challenge to 

public health. 

More than 20 different SARS-CoV-2 vaccines were tested 

and are currently in use. However, vaccine hesitancy still exists 

on a global scale, and breakthrough infections are frequent 

among vaccine recipients. Therefore, in the battle against 

COVID-19, developing specific antiviral drugs for SARS-CoV-

2 is a top goal, especially with the rise of mutations that may 

partially evade neutralization by antibodies.1 A variety of 

SARS-CoV-2 inhibitors have already been reported.2-5 

However, only few direct-acting antivirals, such as remdesivir, 

molnupiravir, and nirmatrelvir (Figure 1), have been approved. 

Remdesivir is an intravenously administered RNA-dependent 

RNA polymerase (RdRp) inhibitor for COVID-19 infection,6 

while molnupiravir is an orally available RdRp inhibitor used 

for the treatment of mild to moderate cases of COVID-19. It 

should be noted that remdesivir as well as molnupiravir are 

repurposed drugs.6,7 Nirmatrelvir, a peptidomimetic inhibitor of 

the SARS-CoV-2 main protease (Mpro), is commercialized 

under the brand name Paxlovid in combination with ritonavir to 

prevent its fast metabolic degradation.8 The cysteine protease 

Mpro, crucial for virus replication, is highly conserved across 

coronaviruses but lacks a close homolog in humans. Following 

the approval of Paxlovid, numerous compounds that inhibit 

Mpro have been reported.9-17 

 

 
Figure 1. Structures of approved SARS-CoV-2 inhibitors for 

the treatment of COVID-19. 

 

The SARS-CoV-2 virus is an enveloped positive-stranded 

RNA virus that exhibits remarkable genetic similarities to 

earlier coronaviruses, especially SARS-CoV-1, which first 

appeared in the Guangdong province, China, in 2002, and 

shares 79% of its genome.18 It is now acknowledged that these 

two coronaviruses have similar molecular mechanisms for 

recognizing, entering, and replicating in hosts.19-21 

SARS-CoV-2 entry into host cells depends on the 

interaction between the receptor-binding domain of the spike 

glycoprotein (S) and the cellular receptor of the host, i.e., 

angiotensin-converting enzyme 2 (ACE2). The S1 and S2 

subunits, which facilitate membrane fusion and attachment to 

host cells, are present in each monomeric unit of the S protein. 

The successful entry of the virus is dependent on the cleavage 

and activation of its spike protein by host cell proteases. The 

membrane-bound transmembrane serine protease 2 

(TMPRSS2) is the main processing enzyme whose activity 

promotes direct endocytic cell entry via membrane fusion of the 

virus and the host cell.21 The endosomal entry constitutes an 

alternative route of virion uptake. It is followed by S protein 

priming within the S1 domain, a process that occurs in the 

acidic endosomal-lysosomal compartment, where TMPRSS2 is 

not catalytically competent. Here, the cleavage of the SARS-

CoV-2 S protein is catalyzed by human lysosomal cathepsins 

(Cats).22-27 In particular, CatL has a crucial role in SARS-CoV-

2 infection. It effectively cleaves the SARS-CoV-2 S protein, 

enhancing virus entry.28  

Overexpression of CatL during COVID-19 was correlated 

with the progression and severity of the disease. Furthermore, 

the expression of CatL was upregulated by interleukin-6 (IL-6), 

a surrogate proinflammatory marker for severe COVID-19 

disease with a poor prognosis.28,29 This dual role in the viral 

entry and the progression of excessive COVID-19 pathology 

led to the recognition of cathepsins as targets against SARS-

CoV-2. Noteworthy, in the Omicron variant of SARS-CoV-2, 

spike region mutations to basic amino acids caused reduced 

spike cleavage by TMPRSS2 and thus a decrease in direct host 

cell entry via membrane fusion. This is compensated by the 

increased use of the endosomal entry pathway and consequent 

cleavage by cathepsins.30 

Several inhibitors targeting cathepsins have been reported 

for their anti-SARS-CoV-2 activity and have been proposed as 

a possible therapeutic option to combat COVID-19 (Figure 2). 

The pan-cathepsin inhibitor E-64d prevented the SARS-CoV-

2-S-driven cell entry when it was co-administered with the 

TPMRSS2 inhibitor camostat mesylate.21 The highly potent 

CatS/L inhibitor K777 and the picomolar cathepsin L inhibitor 

gallinamide A reduced SARS-CoV-2 infections in a number of 

cell lines. Both, K777 and gallinamide A, were inactive against 

Mpro.24,25 The fluoromethylketone Z-FA-FMK, a potent, 

irreversible inhibitor of a number of cysteine proteases, 

including cathepsins B, L, and S, with less pronounced activity 

against Mpro,31 has demonstrated excellent anti-SARS-CoV-2 

activity in vitro and in vivo.32 Moreover, the strong cathepsin 

inhibitor calpeptin, a Z-protected leucine-norleucine-derived 

aldehyde, was active in SARS-CoV-2-treated hamsters.33 

 
Figure 2. Structures of representative cathepsin-targeting 

SARS-CoV-2 inhibitors.
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Figure 3. CatL inhibitory activity of hit compounds I-III, identified through high-throughput screening. 

 

The growing appeal of cathepsins as therapeutic targets for 

COVID-19 served as the impetus for our research. In the present 

study, initiated by a virtual screening of the Tübingen Kinase 

Inhibitor Collection (TüKIC) for inhibition of CatL, we 

designed and synthesized a series of tailored peptidomimetics 

and characterized their inhibitory activity against CatL, B, S, 

and Mpro. We discovered highly potent inhibitors, and based on 

these findings, their antiviral activity was determined. Docking 

studies were performed to obtain insights into their molecular 

interaction with the target protease CatL. Furthermore, the 

metabolic stability of the test compounds was investigated and 

demonstrated. 

Scheme 1. Synthesis of Compounds 5b, 5i, 6, 7a 

 

aReagents and conditions: (i) HATU, DIPEA, DMF (dry), 0→25 °C, 67%; (ii) 4M HCl in dioxane, CH2Cl2 (dry) 0→25 °C, 100%; (iii) 

carboxylic acid, HATU, DIPEA, DMF (dry), 0→25 °C, 55-90%; (iv) 2M aq. NaOH, MeOH, 25 °C, 73-97%; (v) 3-chloro-5-hydroxypyridine, 

HATU, DIPEA, DMF (dry), 0→25 °C, 11-59%; (vi) corresponding aminonitrile, HATU, DIPEA, DMF (dry), 0→25°C, 22-64%.
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2. RESULTS AND DISCUSSION 

2.1. Identification of hit molecules from virtual 

screening. We compiled a small peptidic library from the 

collection of TüKIC, which contains over 10,000 members that 

target a nucleophilic cysteine residue in a variety of kinases. 

Initially, compounds were screened at 10 μM against CatL, and 

three hit compounds that inhibited CatL by ≥50% were chosen 

to examine concentration-dependent inhibition. The Michael 

acceptor I (Figure 3) inhibited CatL with a Ki value of 0.152 

μM, while the nitroaniline derivative II and the proteasome 

inhibitor carfilzomib (III) showed moderate activity with Ki 

values of 1.62 and 4.29 μM, respectively. Compound II was 

previously reported as a covalent reversible inhibitor of SARS-

CoV-1 Mpro with an IC50 value of 30 nM.34 With the structural 

information from these hits and by particularly using compound 

I as a lead CatL inhibitor, we designed and synthesized new 

representatives of this chemotype by systematically 

incorporating various warhead groups and extending the lead 

structure at the N-terminus. The biochemical data of the 

generated series of peptidomimetics were analyzed, and 

structure-activity relationships (SARs) were deduced. 

2.2. Chemistry. The synthetic route to the final compounds 

5-7 is outlined in Scheme 1. The peptidic fragment 1 was 

initially synthesized from Boc-protected L-leucine and 

L-phenylalanine ethyl ester using a HATU-mediated coupling 

in the presence of diisopropylethylamine (DIPEA). 

Intermediate 1 was deprotected with 4M HCl in dioxane to 

obtain the free amine 2, which was reacted with selected 

carboxylic acids through a HATU-supported amide coupling to 

give the corresponding acyl dipeptides 3a-i. Compounds 3a, 3b, 

and 3i were saponified with NaOH in MeOH to receive the 

carboxylic acids 4a, b, and i, which were subjected to HATU-

assisted coupling reactions, leading to the pyridinyl esters 5b 

and 5i, as well as to the peptide nitriles 6 and 7. 

Further envisaged compounds, i.e., 9 and 11-14, were 

synthesized as shown in Scheme 2. To prepare the aldehydes 

9a-c, the ethyl esters 3a-c were reduced with NaBH4 in 

MeOH/THF to give the corresponding alcohols 8a–c. These 

were oxidized with Dess-Martin periodinane, and the desired 

aldehydes 9a-c were obtained. Compound 9a was converted 

through a condensation-dehydration sequence with 

hydroxylamine hydrochloride and TiCl4 in pyridine to give the 

nitrile 11a. Two aldehydes, 9a–b, were employed as substrates 

for HWE (Horner-Wadsworth-Emmons) reactions, yielding the 

corresponding vinyl sulfones 12a–b or β-substituted 

acrylamides 13a-b. From the acrylamides, acrylonitriles 14a–b 

were prepared by dehydration with cyanuric chloride. 

Furthermore, esters 3b-h were converted with methanolic 

ammonia to primary carboxamides 10b–h, which were then 

dehydrated to 11b-h, representing the majority of acylated 

dipeptide nitriles. 

2.3. Evaluation of protease inhibition and structure-

activity relationships. According to previously described 

procedures,35-37 the cathepsin inhibition assays were performed 

with an appropriate chromogenic peptide substrate. We used 

Z-Phe-Arg-pNA and Z-Arg-Arg-pNA for human CatL and 

human CatB, respectively. To monitor the activity of human 

CatS, Bz-Phe-Val-Arg-pNA was established as a chromogenic 

substrate and its Km value was determined to be 61.9 µM. All 

final compounds were tested at a concentration of 10 µM (Table 

1). In cases of more than 30% protease inhibition over 60 min, 

the compounds were investigated at five different 

concentrations; the slopes of the progress curves were plotted 

versus inhibitor concentrations, and Ki values were obtained by 

non-linear regression. A SARS-CoV-2 Mpro activity assay with 

a recently developed fluorogenic substrate (Boc-Abu-Tle-Leu-

Gln-AMC) was employed,10,38 compounds were screened at a 

concentration of 10 µM, and for selected active representatives, 

Ki values were determined (Table 1). 

Scheme 2. Synthesis of Compounds 9a–c, 11a–h, 12a–b, 13a-b, and 14a–ba 

 

aReagents and conditions: (i) 7M NH3 in MeOH, 25 °C, 78-100%; (ii) cyanuric chloride, DMF (dry), 0→25 °C, 42-87%; (iii) NaBH4, MeOH, 

THF, 0 °C, 79-100%; (iv) Dess–Martin periodinane, CH2Cl2 (dry), 0 °C, 20-95%; (v) a. hydroxylamine × HCl, TiCl4, pyridine (dry); b. 5% 

aq. NaHSO4, 22%; (vi) diethyl ((phenylsulfonyl)methyl)phosphonate, lithium bis(trimethylsilyl)amide in THF, THF (dry), -78 °C, 39-71%; 

(vii) diethyl (2-amino-2-oxoethyl)phosphonate, LiCl, 1,8-diazabicyclo[5.4.0]undec-7-ene, MeCN (dry)/CHCl3 (dry), 47-48%.  
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Table 1. Structures and Biological Activities of Investigated Compounds 

 

Compound 
Cathepsin L Cathepsin B Cathepsin S 

SARS-CoV-2 

Mpro 

SARS-CoV-2 

(Calu-3-cells) 

Ki (µM)a,b Ki (µM)a,c Ki (µM)a,d Ki (µM)e EC50 (µM)f 

5b 

 

1.19 ± 

0.03 

22.1 ± 

0.9 

0.0270 ± 

0.0032 

3.06 ± 

0.19 
n.d.g 

5i 

 

n.i.h n.i.h 
5.23 ± 

0.47 

1.43 ± 

0.10 
n.d. 

6 

 

1.57 ± 

0.09 
n.i. 

2.45 ± 

0.16 
>5i n.d. 

7 

 

0.596 ± 

0.040 

63.8 ± 

17.8 

0.864 ± 

0.036 
>5 n.d. 

9a 

 

 

0.00267 ± 

0.00019 

0.0894 ± 

0.0030 

0.000455 ± 

0.000028 
>5 0.0610 

9b 

 

0.00176 ± 

0.00011 

0.136 ± 

0.008 

0.000512 ± 

0.000031 

1.41 ± 

0.19 
0.173 

9c 

 

0.0150 ± 

0.0006 

0.218 ± 

0.005 

0.00129 ± 

0.00009 

3.41 ± 

0.22 
2.72 

11a 

 

0.725 ± 

0.029 
n.i. 

0.0478 ± 

0.0027 
>5 n.d. 

11b 

 

1.25 ± 

0.09 

18.4 ± 

1.0 

0.0771 ± 

0.0057 
>5 0.729 
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11c 

 

n.i. n.i. 
0.848 ± 

0.070 
>5 n.d. 

11d 

 

0.870 ± 

0.097 
n.i. 

0.0767 ± 

0.0122 
>5 0.372 

11e 

 

0.111 ± 

0.007 
n.i. 

0.103 ± 

0.011 
>5 0.0351 

11f 

 

0.474 ± 

0.054 
n.i. 

0.169 ± 

0.010 
>5 n.d. 

11g 

 

0.00956 ± 

0.00036 
n.i. 

0.0169 ± 

0.0017 
>5 2.70 

11h 

 

1.92 ± 

0.22 
n.i. 

0.0890 ± 

0.0110 
>5 n.d. 

12a 

 

0.625 ± 

0.064 
9.49 ± 0.48 

0.00496 ± 

0.00029 
>5 n.d. 

12b 

 

0.243 ± 

0.014 
n.i. 

0.00962 ± 

0.00070 
>5 >10 

13a 

 

n.i. n.i. 
0.367 ± 

0.027 
>5 n.d. 

13b 

 

3.16 ± 

0.15 
n.i. 

0.816 ± 

0.102 
>5 n.d. 
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14a 

 

1.40 ± 

0.13 

12.4 ± 

1.4 

0.118 ± 

0.005 
>5 n.d. 

14b 

 

4.06 ± 

0.28 
n.i. 

0.671 ± 

0.072 
>5 n.d. 

 
a Reactions were followed at 37 °C for 60 min. The formation of the product was monitored at 405 nm. The progress curves were analyzed 

by linear regression. Ki values were obtained from duplicate measurements with five different inhibitor concentrations and analyzed by non-

linear regression using the equation v = v0/(1 + [I]/(Ki × (1 + [S]/Km)), where v and v0 are the product formation rates in the presence and 

absence of inhibitor, [S] is the substrate concentration, and Km is the Michaelis constant. The standard errors (SE) refer to the non-linear 

regression. 

b The final substrate concentration of the chromogenic substrate Z-Phe-Arg-pNA was 100 μM.  

c The final substrate concentration of the chromogenic substrate Z-Arg-Arg-pNA was 500 μM.  

d The final substrate concentration of the chromogenic substrate Bz-Phe-Val-Arg-pNA was 70 μM. 

e The final substrate concentration of the fluorogenic substrate Boc-Abu-Tle-Leu-Gln-AMC was 50 μM and the formation of the product 

was monitored with excitation and emission at wavelengths of 360 nm and 460 nm, respectively. Reactions were followed at 37 °C for 

60 min. The progress curves were analyzed by linear regression. IC50 values were obtained from duplicate measurements with five different 

inhibitor concentrations and analyzed by non-linear regression using the equation v = v0/(1 + [I]/(Ki × (1 + [S]/Km)), where v and v0 are the 

product formation rates in the presence and absence of inhibitor, [S] is the substrate concentration, and Km is the Michaelis constant, being 

48 μM. The standard errors (SE) refer to the non-linear regression.  

f EC50 values of inhibitors in Calu-3 cells. Lung-derived human Calu-3 cells were incubated with 10-fold serial dilutions (10−0.001 μM) of 

each inhibitor or DMSO (solvent control) for 1 h, followed by infection with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01. 

g n.d., Not determined.  

h n.i., No inhibition. The residual cathepsin activity in the presence of 10 µM of the test compound was higher than 70%.  

i A Ki value of >5 µM referred to the residual activity of Mpro in the presence of 10 µM of the test compound being higher than 70%.  

The scaffold of all designed inhibitors was composed of a 

Leu-Phe dipeptide portion. In most cases, leucine was placed at 

P2 and phenylalanine at P1. In contrast, in compounds 6 and 7, 

a nitrile moiety derived from 1-aminocyclopropane-1-

carboxylic acid (ACC) and glycine, respectively, was added  

C-terminally from the Leu-Phe portion, shifting it to the P3-P2 

position. A variety of well-known warheads was incorporated, 

most of which were susceptible to the nucleophilic addition of 

the active site cysteine residues of the proteases.39 We equipped 

compounds 6, 7, and 11a–h with a nitrile warhead, 9a-c with an 

aldehyde, and 12a-b, 13a-b, and 14a-b with a Michael acceptor. 

The extended α,β-unsaturated moiety in 12-14 might be 

engaged in interacting with the S1’ pocket of the target cysteine 

proteases. Peptides 5b and 5i possess a cleavable warhead 

structure. Their design was geared to the structure of 5-

halopyridin-3-yl 1H-indole-carboxylates,10 whose indole unit 

was replaced by the peptide core present in 5b and 5i. Mainly, 

two N-terminal groups were introduced, i.e., the 1H-indole-2-

carbonyl and the cinnamoyl group. The indole capping group 

has already been incorporated into efficient peptidic inhibitors 

of the main protease of coronaviruses.38,40  

Initially, we paid attention to the inhibition of our primary 

targets, i.e., CatL and SARS-CoV-2 Mpro. In compound 5b, the 

Leu-Phe dipeptide portion was combined with the indole 

capping group and equipped with a 5-chloropyridin-3-yl ester 

at the C-terminus. Inhibition of both target proteases was 

observed, however, with Ki values only in the single-digit 

micromolar range. Both tripeptide nitriles 6 and 7 were active 

against CatL, but failed to inhibit Mpro.  

Peptide aldehydes 9a–c were identified as extremely potent 

CatL inhibitors (Figure 4). The representatives with the 

preselected cinnamoyl and 1H-indole-2-carbonyl capping 

groups, i.e., 9a and 9b, exhibited Ki values of 2.67 nM and 1.76 

nM. The introduction of two methoxy groups at the cinnamoyl 

moiety slightly reduced CatL inhibitory activity (9c vs. 9a). 

Aside from the electrophilic reactivity of the warhead, the other 

structural components contribute to the binding affinity of the 

extraordinarily potent CatL inhibitors 9a and 9b. The side 

chains of phenylalanine and leucine are expected to occupy the 

S1 and S2 specificity pockets, respectively, and the N-terminal 

capping group is thought to be accommodated in the S3 binding 

site. Peptide aldehyde 9b also showed inhibition of SARS-

CoV-2 Mpro, albeit in the micromolar range (Figure 4). 
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Figure 4. Concentration-dependent inhibition of human CatL by inhibitors 9a (Ki = 0.00267 µM), 9b (Ki = 0.00176 µM), 9c (Ki = 0.0150 

µM), 11e (Ki = 0.111 µM), and 11g (Ki = 0.00956 µM), as well as SARS-CoV-2 Mpro inhibition by compound 9b (Ki = 1.41 µM).  

The nitrile group was introduced in place of the aldehyde in 

the following set of compounds (11a-h) with various P3 

moieties. Since the Leu-Phe portion was kept constant, these 

compounds allowed for an optimization of the P3 moiety. 

Compound 11a with the unsubstituted cinnamoyl group 

demonstrated good CatL inhibition in contrast to its 3,5-

dimethoxy derivative 11c, likely because of an unfavorable 

steric interaction. The indole derivative 11b was a somewhat 

weaker inhibitor than 11a. The three phenoxyacetyl derivatives 

11d-f demonstrated effective CatL inhibition with Ki values 

between 111 nM and 870 nM. Fascinatingly, the cyclic form of 

the phenoxyacetyl derivative 11g showed excellent CatL 

inhibition with a Ki value of 9.56 nM (Figure 4), indicating that 

rigidization accounted for a favorable binding mode of 11g. 

None of the peptide nitriles inhibited SARS-CoV-2 Mpro.  

As an alternative to nitriles and aldehydes, compounds with 

Michael acceptor moieties were investigated. Each of the three 

pairs consisted of one compound with the cinnamoyl group and 

the other with the 1H-indole-2-carbonyl capping group. Both 

vinyl sulfones exhibited significant CatL inhibition (12a, Ki = 

625 nM; 12b, Ki = 243 nM). The Michael acceptor moiety 

present in 12a and 12b turned out to be advantageous in 

comparison with both the acrylamide (13a-b) and acrylonitrile 

(14a–b) warhead structures. The impact of the N-terminal 

capping group on the CatL-inhibitory potency was difficult to 

determine. In some cases (9a vs. 9b, 12a vs. 12b, 13a vs. 13b), 

the corresponding 1H-indole-2-carbonyl analog was more 

potent; in other cases (11a vs. 11b, 14a vs. 14b), the cinnamoyl 

counterpart. Overall, SARs of the dipeptide derivatives clearly 

indicated that the nature of the warhead group played a 

significant role in inhibiting the target CatL. In particular, it was 

discovered that the best warhead was the highly electrophilic 

aldehyde moiety. The rank order of potency for warhead groups 

in our CatL inhibitors was as follows: CHO > CN ≈ vinyl 

sulfone > pyridyl ester ≈ acrylonitrile ≈ acrylamide. 

Next, the CatB and S inhibitory activities of the compounds 

were inspected. By trend, a less pronounced inhibition of CatB 

was observed in comparison to CatL (Table 1). On the contrary, 

the compounds were highly potent inhibitors of CatS. This 

finding was expected because leucine is known as a preferred 

P2 amino acid in CatS substrates and the Leu-Phe dipeptide as 

an advantageous P2-P1 pattern in peptidomimetic CatS 

inhibitors.41-43 The majority of compounds did not show CatB 

inhibition, and 5b, 11b, 12a, and 14a exhibited Ki values in the 

range of 9 µM to 22 µM. These four compounds inhibited CatS 

with Ki values between 5 nM and 118 nM. Three compounds 

were potent CatB inhibitors, i.e., 9a, 9b, and 9c, with Ki values 

lower than 220 nM. Even these three peptide aldehydes had a 

clear preference for CatL over CatB, with Ki values being lower 

by one order of magnitude (Table 1). However, 9a, 9b, and 9c 

were identified as sub-nanomolar or single-digit nanomolar 

CatS inhibitors (Table 1). 

To revisit Mpro inhibitory activity, we did not identify an 

inhibitor that was active in the nanomolar range. This finding 

was in sharp contrast to the outstanding activity against 

cathepsins that we observed for certain representatives. Only 

the aldehydes 9b (Figure 4) and 9c displayed moderate Mpro 

inhibitory activities that were accompanied by their extremely 

strong potency against cathepsins. Considering the capability of 

cathepsins to proteolytically activate coronaviral spike proteins 

via the endosomal pathway,19,23,26 the most promising 

compounds were subjected to an investigation of their antiviral 

activity. 

9a (CatL) 9b (CatL) 9c (CatL) 

t (min)
0 20 40 60

a
b

s
o

rp
ti
o

n

0

0.2

0.4

0.6

0.8

[I] (nM)
0 4 8 12 16 20

ra
te

 (
%

)

0

20

40

60

80

100

 t (min)
0 20 40 60

a
b

s
o

rp
ti
o

n

0

0.2

0.4

0.6

[I] (nM)
0 20 40 60

ra
te

 (
%

)

0

20

40

60

80

100

 
t (min)

0 20 40 60

a
b

s
o

rp
ti
o

n

0

0.2

0.4

0.6

[I] (nM)
0 200 400 600 800

ra
te

 (
%

)

0

20

40

60

80

100

 

11e (CatL) 11g (CatL) 9b (Mpro) 

t (min)
0 20 40 60

a
b

s
o

rp
ti
o

n

0

0.2

0.4

0.6

[I] (µM)

0 0.2 0.4 0.6 0.8 1

ra
te

 (
%

)

0

20

40

60

80

100

 t (min)
0 20 40 60

a
b

s
o

rp
ti
o

n

0

0.2

0.4

0.6

[I] (nM)

0 40 80 120
ra

te
 (

%
)

0

20

40

60

80

100

 t (min)
0 20 40 60

fl
u
o

re
s
c
e

n
c
e

 i
n
te

n
s
it
y

0

500

1000

1500

2000

2500

[I] (µM)
0 2 4 6

ra
te

 (
%

)

0

20

40

60

80

100

 

https://doi.org/10.26434/chemrxiv-2023-ns203 ORCID: https://orcid.org/0000-0001-5575-8896 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-ns203
https://orcid.org/0000-0001-5575-8896
https://creativecommons.org/licenses/by/4.0/


9  

 

2.4. Cytotoxicity and antiviral activity against SARS-

CoV-2. Before evaluating their antiviral activity in Calu-3 cells, 

a subseries of compounds (9a–c, 11b,d,e,g, 12b) was 

investigated for potential cytotoxicity on Calu-3 cells at a high 

concentration of 10 μM. None of the compounds exhibited 

cytotoxicity at the given concentration. Calu-3 cells, which 

were infected with SARS-CoV-2, were used to test the antiviral 

activity of the selected compounds (9a-c, 11b,d,e,g, 12b). 

Figure 5 illustrates the activity against SARS-CoV-2, Pango 

lineage B.1.513. We employed molnupiravir, a recognized and 

authorized SARS-CoV-2 inhibitor, as a positive control.44 The 

cells were incubated 1 hour before infection with SARS-CoV-

2 at a multiplicity of infection (MOI) of 0.01 and 24 hours post-

infection (p.i.) with 10-fold serial dilutions (10-0.001 µM) of 

each inhibitor. Viral titers of Calu-3 cell culture supernatants 

were determined by titration on Vero E6 cells 24 h p.i. and are 

expressed as plaque-forming units (PFU) per milliliter. From 

these data, EC50 values were calculated (Table 1). 

The three peptide aldehydes (9a, 9b, and 9c) exhibited 

antiviral activity. Strikingly, the two potent CatL, B, and S 

inhibitors 9a and 9b possessed a more pronounced efficacy as 

antiviral agents with submicromolar EC50 values compared to 

9c, which had moderate inhibition. These data pointed to a 

connection between cathepsin inhibiting and antiviral 

properties.  

The aldehyde inhibitor 9b with a P3-indole capping group 

also showed moderate inhibition of Mpro. This prompted us to 

focus on analogs of 9b with an altered warhead structure, and 

the nitrile 11b as well as the Michael acceptor 12b were also 

evaluated with respect to their antiviral activity. Although 11b 

and 12b were found to be more than 100-fold weaker CatL 

inhibitors than 9b, one of the analogs, i.e., 11b, exhibited 

antiviral activity. This result was unexpected and indicated that 

potent in vitro activity against CatL was not a prerequisite for 

activity in the cellular antiviral test system. A correlation 

between the CatL and antiviral data for the other three nitrile 

inhibitors 11d,e,g was also not evident, since in the case of 11g, 

the highly efficient CatL inhibition (Ki = 9.56 nM) was not 

accompanied by strong effects against viral infection, whereas 

the rather weak CatL inhibitor 11e was potent in the antiviral 

assay exhibiting an EC50 value of 35.1 nM. This compound 

might act through interference with another biological target, 

which must be investigated in future studies. 

2.5. Molecular modeling of potent inhibitors with 

cathepsin L. Using molecular modeling, we proposed a binding 

mode for 9b and 11g as representatives of the peptide aldehydes 

and peptide nitriles investigated in this study. For this purpose, 

covalent docking was applied to generate the inhibitor-protein 

complex with the initial conformation of the inhibitor, followed 

by molecular dynamics simulations to corroborate the proposed 

interactions. We also performed simulations to compare the 

binding mode of our CatL inhibitors with that of the co-

crystallized inhibitor XU3 (PDB ID: 2XU3).45 Peptide 

aldehydes form reversible-covalent complexes with cysteine 

proteases with a tetrahedral geometry of the resulting 

hemithioacetals with an sp3 hybridization. Hence, they act as 

transition state analogs. Peptide nitriles generate a covalent 

linkage with cysteine proteases adopting a trigonal geometry of 

the thioimidate moiety possessing an sp2 hybridization, which 

rather resembles the acyl enzyme intermediate.46,47 

 

 

Figure 5. EC50 values of cathepsin inhibitors in Calu-3 cells. Lung-derived human Calu-3 cells were incubated with each inhibitor or DMSO 

(solvent control) for 1 h, followed by infection with SARS-CoV-2. After virus inoculation, cells were further incubated with the respective 

inhibitors for 24 h. Supernatants were harvested, and viral titers were determined by titration on Vero E6 cells. For normalization, viral titers 

of DMSO-treated cells were set at 0% inhibition. Means ± SDs from three biological replicates are presented. 
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Figure 6. Proposed binding mode for our cathepsin L inhibitors in comparison to the co-crystallized ligand (XU3) from PDB 2XU3. A 

representative simulation frame was selected by clustering for the simulations of XU3 (A) and 9b (B), while compound 11g displayed two 

relevant clusters (C, D). Amino acids and ligands are depicted as sticks, and their labels are colored according to the described pockets (S1, 

blue; S2, red; and S3, purple). The frequency values for the protein-ligand polar interactions (H-bond or water-bridge) along the 5 µs (for 

each ligand) analyzed simulation trajectories are displayed below the labels. 

The XU3 inhibitor is a peptide nitrile that forms a covalent 

thioimidate connection with the active site cysteine of CatL. 

Simulations of the CatL-XU3 complex (Figure 6A) 

recapitulated the hydrogen bond interactions of the inhibitor 

with the backbone CO of Asp162 (in the S1 subsite, 95% of the 

analyzed trajectory) and the backbone NH of Gly68 (in the S3 

subsite, with a frequency of ~80%), as well as multiple 

hydrophobic contacts with the S2 and S3 pockets.45 The new 

inhibitors 9b and 11g were also proposed to covalently bind to 

the catalytic Cys25 residue (Figure 6B-D) in the S1 pocket. The 

hemithioacetal and thioimidate adducts, respectively, were 

stabilized by the oxyanion hole of the protease. The inhibitors 

also formed hydrogen bonds to the backbone carbonyl oxygen 

of Asp162 (>85% of the analyzed trajectory). Figure 5B 

illustrates the major representative cluster of 9b-CatL 

complexes. The indole-2-carbonyl moiety of 9b was engaged in 

hydrogen bonding to both the CO and NH moiety of Gly68 

(~80% of the analyzed trajectory). Additional hydrogen bond 

interactions are predicted to take place between the two NH 

groups of the ligand and the Asp162 backbone CO (>85%). We 

hypothesize that this binding mode enables 9b to be in a 

position that allows the covalent bond to be formed. 

Compound 11g showed an intermittent interaction (cluster 

1, Figure 6C) of the chromane carbonyl group with the Gly68 

NH (~25%). However, in cluster 2 (Figure 6D), a rotation of the 

chromane ring led to the occupation of this moiety in the S3 

pocket, and leucine at P2 position is oriented towards the S2 

subsite. In the case of 11g, the S2 pocket is accommodated by 

a much smaller moiety in comparison with XU3 (Figures 6A, 

D). Both inhibitors share the nitrile warhead, but XU3 is a less 

potent CatL inhibitor (IC50 = 160 nM).45 
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2.6. Glutathione stability. To determine the innate 

reactivity of inhibitors with electrophilic warheads towards 

thiols under physiological conditions, we tested the stability of 

three selected compounds, i.e., the peptide nitriles 11b and 11e 

and the peptide aldehyde 9b, in the presence of excess 

glutathione (GSH) as a physiological nucleophile (Figure S1). 

These investigations demonstrated the low inherent reactivity 

of the inhibitors, which were stable under assay conditions 

(5 mM GSH, pH 7.4). Hence, the specific reactivity towards 

cathepsins is caused by the formation of the inhibitor-target 

complex and supported by tailored non-covalent interactions. 

2.7. Pharmacokinetic in vitro studies. Metabolic stability 

is the basic prerequisite for the start of further in vivo studies. 

Initially, we investigated the metabolic stability of compound 

11b in mouse liver microsomes (MLMs) and human liver 

microsomes (HLMs) in vitro (Figure S2). It was observed that 

11b was metabolized to an extent of only 23% by HLMs after 

120 min (Table S3). Although 11b underwent substantially 

higher metabolization in MLMs, nearly 50% of the compound 

was still retained. We next assessed the metabolic stability of a 

compound from our study that is distinguished by its antiviral 

activity, i.e., 11e. In contrast to 11b, compound 11e was entirely 

stable in MLMs and HLMs, with half-lives (t1/2) of more than 

60 min each. In addition, the intrinsic clearance of 11e was 

determined in the mouse model and, gratifyingly, was below 

23 µL/min/mg, indicating that the compound is stable. 

Encouraged by these results, we assessed plasma stability as 

well as plasma protein binding (PPB) in the next step. Again, 

11e was very stable in mouse and human plasma, as no 

degradation was observed up to 240 min. With respect to PPB, 

11e exhibited a high protein binding in mouse and human of 

about 99%. In summary, 11e showed favorable 

pharmacokinetic properties for further preclinical development. 

2.8. Conclusions. In summary, we developed a new class 

of small-molecule peptidomimetics based on the virtual 

screening of a kinase inhibitor collection for their inhibition of 

human cathepsins, the host cysteine proteases involved in the 

pathogenesis of SARS-CoV-2. The molecular design included 

three fragments, out of which the N-terminal capping group and 

the C-terminal warhead were diversified, and the central Leu-

Phe dipeptide fragment was maintained. This approach resulted 

in a variety of highly effective CatL and CatS aldehyde-type 

inhibitors, including those with low nanomolar to 

subnanomolar Ki values, i.e., 9a–c. Compounds with the nitrile 

warhead (11a and 11d-g) have also been identified as dual CatL 

and S inhibitors. Most inhibitors were selective for CatL and S 

over human CatB. The cellular role of human CatS for viral 

infection is much less defined than that of CatL.27 However, 

recent studies underlined that CatS contributes to acute lung 

injury and may represent a novel therapeutic target to combat 

respiratory diseases. Hence, CatS inhibition may be a desirable 

feature of anti-SARS-CoV-2 drugs.48 In general, cathepsin 

inhibition was not accompanied by similarly pronounced Mpro 

inhibition. When subjecting selected compounds to an 

evaluation of their antiviral properties, we identified certain 

peptidomimetics that effectively prevented SARS-CoV-2 

infection in Calu-3 cells. The peptide nitrile 11e showed high 

antiviral activity with an EC50 value of 35.1 nM, displayed no 

cytotoxicity, and exhibited high metabolic stability, making it a 

suitable drug for further preclinical development. 

3. EXPERIMENTAL SECTION 

3.1. Chemistry. General information. All commercially 

available starting materials, reagents, and (anhyd.) solvents 

were used without further purification. Reaction controls were 

performed by thin-layer chromatography (TLC) on Macherey-

Nagel precoated 60 F254 silica plates. Spots were visualized 

either by ultraviolet (UV) light (254 nm/365 nm) or staining 

solutions. Flash column chromatography was carried out using 

Grace Davison Davisil LC60A (20–45 μm) or Merck Geduran 

Si60 (mesh 63–200 μm) with an Interchim PuriFlash 430 

automated flash chromatography system. NMR spectra were 

recorded on a Bruker Avance 400 MHz spectrometer at ambient 

temperature. Chemical shifts (δ) are reported in parts per 

million (ppm) relative to the internal control tetramethylsilane 

(TMS) and the spectra were calibrated against the residual 

solvent peak of the used deuterated solvent. Coupling constants 

(J) are expressed in Hertz (Hz). Purities of final compounds 

were determined by RP-HPLC using an Agilent 1100 Series LC 

with a Phenomenex Luna C8 analytical column (150 × 4.6 mm, 

5 μm) and detected by a UV DAD detector at 254 nm 

wavelength. Elution was carried out with the following 

gradient: (A = 0.01 M KH2PO4, pH 2.30, B = MeOH) 40% B to 

85% B in 8 min, 85% B for 5 min, 85% to 40% B in 1 min, 40% 

B for 2 min, stop time 16 min, flow 1.5 mL/min. Standard mass 

spectra were obtained from an Advion expression compact 

mass spectrometer (electron spray ionization, ESI) with a TLC 

plate reader system (using the following settings: ESI voltage 

3.50 kV, capillary voltage 187 V, source voltage 44 V, capillary 

temperature 250 °C, desolvation gas temperature 250 °C, gas 

flow 5 L/min). All final compounds are ≥ 95% pure by HPLC.

 

Table 2. Pharmacokinetic properties of 11e in mouse and human plasma 

 

t1/2 (min) 

MLMs 

t1/2 (min) 

HLMs 

Clint (µL/min/mg) 

mouse 

t1/2 (min) 

mouse plasma 

t1/2 (min) 

human plasma 

PPB (%) 

mousea 

PPB (%) 

humana 

> 60 > 60 < 23 > 240 > 240 99.2 ± 0.5 99.5 ± 0.4 

aMeans ± SDs from 3 replicates are presented.
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General procedure A for the synthesis of carboxamides. 

HATU (2.4 mmol, 1.2 equiv.) was added sequentially at 0 °C to 

the solution of the acid (2 mmol, 1 equiv.) in DMF (5 mL). The 

solution was kept at 0 °C for 30 min. After that, DIPEA (6 

mmol, 3 equiv.) and the amine (2 mmol, 1 equiv.) were slowly 

added. The mixture was stirred at 0 °C for 1 h and at 25 °C for 

12 h. The reaction was quenched by adding water and extracted 

with EtOAc (3 × 15 mL). The combined organic phases were 

washed with sat. NH4Cl solution (2 × 50 mL), sat. NaHCO3 

solution (2 × 50 mL) and brine (2 × 50 mL). The organic layer 

was dried over Na2SO4 and concentrated under reduced pressure 

to the dryness.  

General procedure B for the saponification of esters. To a 

solution of the ester (1 mmol) in MeOH (20 mL) was added 10 

mL of an aq. NaOH solution (2.0 M). The reaction was stirred 

at room temperature, and the progress of the reaction was 

monitored by TLC. After full conversion (2-3 h), the volume 

was reduced in vacuo, and the mixture was cooled, gently 

acidified with 2 N HCl, and extracted with EtOAc (3 × 15 mL). 

The combined organic phases were dried over Na2SO4, filtered, 

and removed under reduced pressure. The product was used for 

the next step without further purification. 

General procedure C for the Boc deprotection. The N-Boc-

protected amine (1.5 mmol, 1 equiv.) was dissolved in CH2Cl2 

(3 mL), and 4 N HCl in dioxane (11.5 mmol, 10 equiv.) was 

added at 0 °C. The mixture was stirred for 3 h at 0 °C. The 

reaction was concentrated under reduced pressure to give the 

HCl salt, which was dissolved in aq. 0.05 M NaOH and 

extracted with EtOAc (3 × 15 mL). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The product was used for the next step 

without further purification.  

General procedure D for the ammonolysis of esters. A 

methanolic solution of ammonia (10 mL, 7 M) was added to the 

ethyl ester (1 mmol), and it was stirred at 25 °C for 48 h. After 

full consumption, the mixture was concentrated under reduced 

pressure to get the corresponding primary carboxamide.  

General procedure E for the dehydration of primary 

amides. Cyanuric chloride (1 mmol, 1 equiv.) was dissolved in 

ice cooled DMF (dry) and stirred for 10 min before the primary 

amide (1 mmol, 1 equiv.) was added dropwise as a solution or 

suspension in DMF (dry). After addition, the reaction was 

allowed to reach 25 °C and was stirred overnight. The reaction 

was quenched with sat. NaHCO3 solution and extracted with 

EtOAc (4 × 15 mL). The combined organic phases were washed 

with brine, dried over Na2SO4, filtered, and concentrated under 

reduced pressure to afford the nitrile. 

General procedure F for the reduction of esters to alcohols. 

To a solution of the ester (0.5 mmol, 1 equiv.) in THF (dry), 

NaBH4 (3 mmol, 6 equiv.) was added portion-wise at 0 °C. 

MeOH (2 mL) was added dropwise, and then the reaction 

mixture was stirred at room temperature for 3 h. The completion 

of the reaction was confirmed by TLC, and it was quenched 

with sat. NH4Cl solution (20 mL). The mixture was extracted 

with EtOAc (3 × 50 mL) and the organic layers were washed 

with sat. NH4Cl solution (2 × 20 mL) and brine (2 × 50 mL). 

The organic phase was dried over Na2SO4, concentrated under 

reduced pressure, and the residue purified by flash column 

chromatography to afford the alcohol. 

General procedure G for the Dess-Martin oxidation of 

alcohols to aldehydes. To a solution of the alcohol (0.5 mmol, 

1 equiv.) in CH2Cl2, Dess-Martin periodinane (0.6 mmol, 1.2 

equiv.) was added slowly at 0 °C. The reaction mixture was 

stirred at 0 °C until the reaction was completed, which was 

monitored by TLC. It was filtered and washed with sat. Na2S2O3 

solution (2 × 20 mL), sat. NaHCO3 solution (2 × 20 mL) and 

brine (1 × 20 mL). The organic phase was dried over Na2SO4 

and concentrated under reduced pressure to dryness. The 

residue was purified by flash column chromatography to afford 

the aldehyde. 

General procedure H for the HWE reaction to obtain vinyl 

sulfones. Diethyl ((phenylsulfonyl)methyl)phosphonate (0.5 

mmol, 1 equiv.) was dissolved in THF (dry, 5 mL) under an 

argon atmosphere. The solution was cooled to -78 °C, and a 1 

M solution of lithium bis(trimethylsilyl)amide (0.6 mmol, 1.2 

equiv.) in THF was added dropwise. The mixture was stirred 

for an additional 30 min at the same temperature before the 

aldehyde (0.5 mmol, 1 equiv.) was added. The reaction 

temperature was kept at -78 °C for 2 h before it was slowly 

heated up to 0 °C. Water (15 mL) was added, and the phases 

were separated. The aq. layer was extracted with EtOAc (3 × 15 

mL). The organic layers were combined and washed with sat. 

NH4Cl solution (2 × 15 mL), sat. NaHCO3 solution (2 × 15 mL), 

and brine (1 × 15 mL). The solvent was removed under reduced 

pressure after drying over Na2SO4. The resulting crude product 

was purified by flash column chromatography to afford the 

vinyl sulfone. The compounds were isolated as a mixture of E/Z 

isomers, resulting in NMR spectra of high complexity. 

General procedure I for the HWE reaction to obtain 

acrylamides. Diethyl (2-amino-2-oxoethyl)phosphonate (0.75 

mmol, 1.5 equiv.) and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(0.75 mmol, 1.5 equiv.) were added to a suspension of LiCl 

(0.75 mmol, 1.5 equiv.) in MeCN (dry, ~ 0.2 M). The mixture 

was stirred for 10 min at ambient temperature before the 

aldehyde (0.5 mmol, 1 equiv.) was added as a suspension in 

chloroform (dry, ~ 0.8 M). The reaction was monitored via TLC 

and quenched after complete conversion with sat. NH4Cl 

solution. Water (15 mL) was added, and the phases were 

separated. The aq. layer was extracted with EtOAc (3 × 15 mL), 

and the combined organic layers were washed with sat. NH4Cl 

solution (2 × 15 mL), sat. NaHCO3 solution (2 × 15 mL), and 

brine (1 × 15 mL). The solvent was removed under reduced 

pressure after drying over Na2SO4. The resulting crude product 

was purified by flash column chromatography. The compounds 

were isolated as a mixture of E/Z isomers, resulting in NMR 

spectra of high complexity. 

Ethyl (tert-butoxycarbonyl)-L-leucyl-L-phenylalaninate 

(1). This product was obtained by reacting L-phenylalanine 

ethyl ester hydrochloride (458 mg, 2 mmol) with N-Boc-L-

leucine monohydrate (497 mg, 2 mmol) according to procedure 

A. Yield: 505 mg (67%) of 1 as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.33 – 7.26 (m, 3H), 7.17 – 7.13 (m, 2H), 6.52 

(d, J = 7.7 Hz, 1H), 4.95 – 4.75 (m, 2H), 4.18 (q, J = 7.1 Hz, 

2H), 4.14 – 4.06 (m, 1H), 3.21 – 3.09 (m, 2H), 1.72 – 1.60 (m, 

2H), 1.47 (s, 9H), 1.45 – 1.39 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H), 

0.95 (d, J = 4.3 Hz, 3H), 0.94 (d, J = 4.1 Hz, 3H). ESI-MS [M 

+ Na]+ = 429.4. HPLC tR = 9.52 min. 

Ethyl L-leucyl-L-phenylalaninate (2). This product was 

obtained from (610 mg, 1.5 mmol) according to procedure C. 

Yield: 460 mg (100%) of 2 as a white solid. 1H NMR (400 MHz, 

DMSO-d6) δ 9.12 (d, J = 7.2 Hz, 1H), 8.33 (s, 2H), 7.33 – 7.21 

(m, 5H), 4.50 (q, J = 7.2 Hz, 1H), 4.06 – 3.98 (m, 2H), 3.84 – 
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3.76 (m, 1H), 3.08 – 2.98 (m, 2H), 1.73 – 1.64 (m, 1H), 1.56 (t, 

J = 7.1 Hz, 2H), 1.08 (t, J = 7.1 Hz, 3H), 0.90 (d, J = 6.5 Hz, 

3H), 0.88 (d, J = 6.5 Hz, 3H). ESI-MS [M + H]+ = 307.3. HPLC 

tR = 4.60 min. 

Ethyl cinnamoyl-L-leucyl-L-phenylalaninate (3a). This 

product was obtained by reacting cinnamic acid (240 mg, 2.0 

mmol) with 2 (613 mg, 2.0 mmol) according to procedure A. 

Flash purification with CH2Cl2/MeOH (0 - 4% MeOH). Yield: 

767 mg (83%) of 3a as a white solid. 1H NMR (400 MHz, 

CDCl3) δ 7.63 (d, J = 15.6 Hz, 1H), 7.53 – 7.47 (m, 2H), 7.38 – 

7.34 (m, 3H), 7.25 – 7.20 (m, 2H), 7.20 – 7.16 (m, 1H), 7.16 – 

7.10 (m, 2H), 6.78 – 6.68 (m, 1H), 6.41 (d, J = 15.6 Hz, 1H), 

6.32 – 6.23 (m, 1H), 4.86 – 4.79 (m, 1H), 4.65 – 4.58 (m, 1H), 

4.19 – 4.12 (m, 2H), 3.18 – 3.03 (m, 2H), 1.70 – 1.65 (m, 1H), 

1.62 – 1.45 (m, 2H), 1.25 – 1.19 (m, 3H), 0.93 (d, J = 6.5 Hz, 

3H), 0.90 (d, J = 6.5 Hz, 3H). ESI-MS [M + Na]+ = 459.3. 

HPLC tR = 9.43 min.  

Ethyl (1H-indole-2-carbonyl)-L-leucyl-L-phenylalaninate 

(3b). This product was obtained by reacting 1H-indole-2-

carboxylic acid (225 mg, 2 mmol) with 2 (613 mg, 2 mmol) 

according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 4% MeOH). Yield: 525 mg (84%) of 3b as 

a light-yellow solid. 1H NMR (400 MHz, CDCl3) δ 9.89 – 9.69 

(m, 1H), 7.85 – 7.72 (m, 1H), 7.70 – 7.60 (m, 1H), 7.44 – 7.39 

(m, 1H), 7.32 – 7.26 (m, 1H), 7.22 – 7.18 (m, 1H), 7.17 – 7.11 

(m, 2H), 7.09 – 6.98 (m, 3H), 6.97 – 6.89 (m, 2H), 5.11 – 4.95 

(m, 1H), 4.91 – 4.78 (m, 1H), 4.25 – 4.11 (m, 2H), 3.17 – 3.04 

(m, 2H), 1.77 – 1.58 (m, 3H), 1.27 – 1.17 (m, 3H), 0.92 (d, J = 

6.4 Hz, 3H), 0.89 (d, J = 6.4 Hz, 3H). ESI-MS [M + Na]+ = 

472.4. HPLC tR = 9.37 min. 

Ethyl ((E)-3-(3,5-dimethoxyphenyl)acryloyl)-L-leucyl-L-

phenylalaninate (3c). This product was obtained by reacting 

(E)-3-(3,5-dimethoxyphenyl)acrylic acid (416 mg, 2 mmol) 

with 2 (612 mg, 2 mmol) according to procedure A. Flash 

purification with CH2Cl2/MeOH (0 - 4% MeOH). Yield: 734 

mg (84%) of 3c as a white solid. 1H NMR (400 MHz, CDCl3) 

δ 7.57 – 7.51 (m, 1H), 7.26 – 7.17 (m, 3H), 7.15 – 7.10 (m, 2H), 

6.78 – 6.68 (m, 1H), 6.66 – 6.62 (m, 2H), 6.49 – 6.46 (m, 1H), 

6.40 – 6.34 (m, 1H), 6.32 – 6.17 (m, 1H), 4.86 – 4.79 (m, 1H), 

4.65 – 4.57 (m, 1H), 4.20 – 4.11 (m, 2H), 3.83 – 3.77 (m, 6H), 

3.19 – 3.03 (m, 2H), 1.72 – 1.47 (m, 3H), 1.25 – 1.20 (m, 3H), 

0.92 (d, J = 6.1 Hz, 3H), 0.91 – 0.86 (m, 3H). ESI-MS [M + 

Na]+ = 519.4, HPLC tR = 9.51 min. 

Ethyl (2-(4-chlorophenoxy)acetyl)-L-leucyl-L-

phenylalaninate (3d). This product was obtained by reacting 2-

(4-chlorophenoxy)acetic acid (373 mg, 2 mmol) with 2 (612 

mg, 2 mmol) according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 4% MeOH). Yield: 690 mg (73%) of 3d as 

a white solid. 1H NMR (400 MHz, CDCl3) δ 7.28 – 7.22 (m, 

4H), 7.20 – 7.15 (m, 1H), 7.14 – 7.08 (m, 2H), 6.88 – 6.77 (m, 

3H), 6.48 (d, J = 7.8 Hz, 1H), 4.85 – 4.79 (m, 1H), 4.55 – 4.48 

(m, 1H), 4.47 – 4.34 (m, 2H), 4.21 – 4.14 (m, 2H), 3.15 (dd, J 

= 13.9, 5.8 Hz, 1H), 3.06 (dd, J = 13.9, 6.5 Hz, 1H), 1.70 – 1.64 

(m, 1H), 1.59 – 1.47 (m, 2H), 1.26 – 1.22 (m, 3H), 0.90 (d, J = 

6.5 Hz, 3H), 0.88 (d, J = 6.4 Hz, 3H). ESI-MS [M + Na]+ = 

497.4. HPLC tR = 15.38 min. 

Ethyl (2-(2,4-dichlorophenoxy)acetyl)-L-leucyl-L-

phenylalaninate (3e). This product was obtained by reacting 

2,4-dichlorophenoxyacetic acid (311 mg, 2 mmol) with 2 (612 

mg, 2 mmol) according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 4% MeOH). Yield: 422 mg (59%) of 3e as 

a white solid. 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.40 (m, 

1H), 7.24 – 7.20 (m, 3H), 7.18 – 7.15 (m, 1H), 7.12 – 7.10 (m, 

2H), 7.05 – 6.99 (m, 1H), 6.81 (d, J = 8.8 Hz, 1H), 6.51 (d, J = 

7.8 Hz, 1H), 4.87 – 4.81 (m, 1H), 4.51 – 4.47 (m, 1H), 4.47 – 

4.39 (m, 2H), 4.20 – 4.15 (m, 2H), 3.16 (dd, J = 14.0, 5.8 Hz, 

1H), 3.08 (dd, J = 13.9, 6.3 Hz, 1H), 1.73 – 1.68 (m, 1H), 1.63 

– 1.55 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H), 0.92 (d, J = 6.4 Hz, 

3H), 0.90 (d, J = 6.4 Hz, 3H). ESI-MS [M + Na]+ = 531.4. HPLC 

tR = 10.52 min.  

Ethyl (2-(3-(dimethylamino)phenoxy)acetyl)-L-leucyl-L-

phenylalaninate (3f). This product was obtained by reacting 2-

(3-(dimethylamino)phenoxy)acetic acid (392 mg, 2 mmol) with 

2 (613 mg, 2 mmol) according to procedure A. Flash 

purification with petroleum ether/EtOAc (0 - 50% EtOAc). 

Yield: 528 mg (55%) of 3f as white solid. 1H NMR (400 MHz, 

CDCl3) δ 7.26 – 7.23 (m, 2H), 7.21 – 7.16 (m, 1H), 7.16 – 7.08 

(m, 3H), 6.83 (d, J = 8.4 Hz, 1H), 6.48 (d, J = 7.8 Hz, 1H), 6.43 

– 6.39 (m, 1H), 6.29 – 6.22 (m, 2H), 4.85 – 4.78 (m, 1H), 4.53 

– 4.38 (m, 3H), 4.21 – 4.14 (m, 2H), 3.15 (dd, J = 13.9, 5.8 Hz, 

1H), 3.04 (dd, J = 13.9, 6.6 Hz, 1H), 2.95 (s, 6H), 1.71 – 1.64 

(m, 1H), 1.58 – 1.49 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H), 0.89 (d, 

J = 6.1 Hz, 3H), 0.88 (d, J = 6.0 Hz, 3H). ESI-MS [M + Na]+ = 

506.4. HPLC tR = 9.13 min. 

Ethyl ((R,S)-chromane-2-carbonyl)-L-leucyl-L-

phenylalaninate (3g). This product was obtained by reacting 

(R,S)-chromane-2-carboxylic acid (249 mg, 2 mmol) with 2 

(613 mg, 2 mmol) according to procedure A. Flash purification 

with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 594 mg 

(90%) of 3g as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.23 

– 7.11 (m, 3H), 7.10 – 7.04 (m, 2H), 7.00 (d, J = 7.5 Hz, 2H), 

6.87 – 6.75 (m, 3H), 6.51 – 6.29 (m, 1H), 4.79 – 4.68 (m, 1H), 

4.46 – 4.35 (m, 2H), 4.13 – 4.04 (m, 2H), 3.14 – 2.92 (m, 2H), 

2.85 – 2.75 (m, 1H), 2.73 – 2.64 (m, 1H), 2.35 – 2.26 (m, 1H), 

1.99 – 1.77 (m, 1H), 1.61 – 1.49 (m, 2H), 1.21 – 1.13 (m, 4H), 

0.90 – 0.84 (m, 3H), 0.78 – 0.73 (m, 3H). ESI-MS [M + Na]+ = 

489.3. HPLC tR = 9.74 min. 

Ethyl (5-phenylfuran-2-carbonyl)-L-leucyl-L-

phenylalaninate (3h). This product was obtained by reacting 5-

phenylfuran-2-carboxylic acid (264 mg, 2 mmol) with 2 (612 

mg, 2 mmol) according to procedure A. Flash purification with 

petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 597 mg (89%) 

of 3h as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.70 

(m, 2H), 7.47 – 7.42 (m, 2H), 7.39 – 7.34 (m, 1H), 7.22 (d, J = 

3.6 Hz, 1H), 7.17 – 7.14 (m, 1H), 7.14 – 7.12 (m, 1H), 7.12 – 

7.09 (m, 2H), 7.10 – 7.07 (m, 1H), 6.77 (d, J = 3.6 Hz, 1H), 6.64 

(d, J = 8.6 Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 4.89 – 4.82 (m, 

1H), 4.69 – 4.61 (m, 1H), 4.22 – 4.15 (m, 2H), 3.17 (dd, J = 

13.8, 5.7 Hz, 1H), 3.05 (dd, J = 13.8, 6.7 Hz, 1H), 1.79 – 1.66 

(m, 3H), 1.25 (t, J = 7.1 Hz, 3H), 0.97 – 0.95 (m, 3H), 0.95 – 

0.93 (m, 3H). ESI-MS [M + Na]+ = 499.3. HPLC tR = 9.44 min. 

Ethyl ((E)-3-(4-chlorophenyl)acryloyl)-L-leucyl-L-

phenylalaninate (3i). This product was obtained by reacting 4-

chlorocinnamic acid (256 mg, 2 mmol) with 2 (613 mg, 2 

mmol) according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 5% MeOH). Yield: 522 mg (79%) of 3i as 

a white solid. 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.53 (m, 

1H), 7.44 – 7.38 (m, 2H), 7.35 – 7.31 (m, 2H), 7.25 – 7.17 (m, 

3H), 7.16 – 7.10 (m, 2H), 6.78 – 6.68 (m, 1H), 6.44 – 6.32 (m, 

2H), 4.86 – 4.78 (m, 1H), 4.64 – 4.56 (m, 1H), 4.19 (q, J = 7.1 

Hz, 2H), 3.13 (dd, J = 11.8, 5.8 Hz, 1H), 3.06 (dd, J = 14.2, 6.8 

Hz, 1H), 1.70 – 1.62 (m, 1H), 1.59 – 1.46 (m, 2H), 1.25 (t, J = 

https://doi.org/10.26434/chemrxiv-2023-ns203 ORCID: https://orcid.org/0000-0001-5575-8896 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-ns203
https://orcid.org/0000-0001-5575-8896
https://creativecommons.org/licenses/by/4.0/


14  

 

7.0 Hz, 3H), 0.94 (d, J = 6.5, 3H), 0.90 (d, J = 6.4 Hz, 3H). ESI-

MS [M + Na]+ = 493.4. HPLC tR = 12.63 min. 

Cinnamoyl-L-leucyl-L-phenylalanine (4a). This product 

was obtained from 3a (437 mg, 1 mmol) according to procedure 

B. Yield: 296 mg (73%) of 4a as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.63 – 7.56 (m, 1H), 7.48 – 7.42 (m, 2H), 7.37 

– 7.31 (m, 3H), 7.29 – 7.26 (m, 1H), 7.26 – 7.22 (m, 2H), 7.20 

– 7.16 (m, 2H), 7.07 (d, J = 15.0 Hz, 1H), 6.86 – 6.77 (m, 1H), 

6.40 (d, J = 15.6 Hz, 1H), 5.04 – 5.02 (m, 1H), 4.85 – 4.79 (m, 

1H), 3.15 – 3.06 (m, 2H), 1.58 – 1.44 (m, 3H), 0.93 (d, J = 7.0 

Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H). The carboxy proton was not 

visible. ESI-MS [M - H]- = 407.2. HPLC tR = 8.77 min.  

(1H-Indole-2-carbonyl)-L-leucyl-L-phenylalanine (4b). 

This product was obtained from 3b (448 mg, 1 mmol) according 

to procedure B. Yield: 397 mg (94%) of 4b as a light-yellow 

solid. 1H NMR (400 MHz, DMSO-d6) δ 12.68 (s, 1H), 11.63 – 

11.51 (m, 1H), 8.41 (d, J = 8.5 Hz, 1H), 8.15 (d, J = 7.8 Hz, 

1H), 7.62 (d, J = 8.0 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.26 – 

7.18 (m, 5H), 7.18 – 7.11 (m, 2H), 7.08 – 7.00 (m, 1H), 4.64 – 

4.53 (m, 1H), 4.51 – 4.42 (m, 1H), 3.07 (dd, J = 13.9, 5.1 Hz, 

1H), 2.95 (dd, J = 13.9, 8.6 Hz, 1H), 1.70 – 1.59 (m, 2H), 1.55 

– 1.47 (m, 1H), 0.91 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 6.3 Hz, 

3H). ESI-MS [M - H]- = 420.2. HPLC tR = 8.64 min. 

((E)-3-(4-Chlorophenyl)acryloyl)-L-leucyl-L-phenylalanine 

(4i). This product was obtained from 3i (471 mg, 1 mmol) 

according to procedure B. Yield: 458 mg (97%) of 4i as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.43 (m, 1H), 7.40 

– 7.32 (m, 2H), 7.32 – 7.27 (m, 2H), 7.25 – 7.08 (m, 5H), 6.93 

– 6.73 (m, 1H), 6.54 – 6.38 (m,  1H), 4.86 – 4.76 (m, 1H), 3.53 

– 3.46 (m, 1H), 3.30 – 3.16 (m, 1H), 2.87 – 2.76 (m, 1H), 2.74 

– 2.62 (m, 1H), 1.64 – 1.31 (m, 3H), 0.88 (d, J = 6.1 Hz, 3H), 

0.86 (d, J = 6.3 Hz, 3H). The carboxy proton was not visible. 

ESI-MS [M - H]- = 441.3. HPLC tR = 12.56 min. 

5-Chloropyridin-3-yl (1H-indole-2-carbonyl)-L-leucyl-L-

phenylalaninate (5b). This product was obtained by reacting 3-

chloro-5-hydroxypyridine (261 mg, 2 mmol) with 4b (847 mg, 

2 mmol) according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 2% MeOH). Yield: 627 mg (59%) of 5b as 

a white solid. Mp: 152–153 °C. 1H NMR (400 MHz, CDCl3) δ 

9.77 – 9.51 (m, 1H), 8.50 – 8.32 (m, 1H), 8.15 (d, J = 8.2 Hz, 

1H), 7.77 – 7.55 (m, 2H), 7.41 – 7.35 (m, 1H), 7.33 – 7.27 (m, 

2H), 7.25 – 7.18 (m, 3H), 7.16 – 7.11 (m, 3H), 6.97 – 6.90 (m, 

1H), 6.89 – 6.79 (m, 1H), 5.16 – 5.01 (m, 1H), 4.97 – 4.74 (m, 

1H), 3.30 – 3.13 (m, 2H), 1.79 – 1.61 (m, 3H), 1.79 – 1.61 (m, 

3H), 0.94 – 0.91 (m, 3H), 0.90 (d, J = 3.9 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 172.31, 170.11, 161.95, 146.46, 136.74, 

136.69, 135.30, 135.12, 129.68, 129.36, 129.03, 128.88, 

127.72, 127.63, 125.06, 125.02, 122.26, 120.97, 112.15, 

103.55, 53.76, 51.81, 40.94, 37.87, 25.01, 22.93, 22.33. ESI-

MS [M + Na]+ = 555.5. HPLC tR = 9.76 min. 

5-Chloropyridin-3-yl (3-(4-chlorophenyl)acryloyl)-L-

leucyl-L-phenylalaninate (5i). This product was obtained by 

reacting 3-chloro-5-hydroxypyridine (258 mg, 2 mmol) with 4i 

(883 mg, 2 mmol) according to procedure A. Flash purification 

with CH2Cl2/MeOH (0 - 2% MeOH). Yield: 121 mg (11%) of 

5i as a white solid. Mp: 64–65 °C. 1H NMR (400 MHz, CDCl3) 

δ 8.41 – 8.25 (m, 1H), 8.12 – 8.00 (m, 1H), 7.52 – 7.44 (m, 1H), 

7.33 – 7.27 (m, 2H), 7.26 – 7.20 (m, 5H), 7.19 – 7.17 (m, 2H), 

7.16 – 7.11 (m, 2H), 6.79 – 6.64 (m, 1H), 6.42 – 6.28 (m, 1H), 

4.97 – 4.84 (m, 1H), 4.74 – 4.56 (m, 1H), 3.25 – 3.07 (m, 2H), 

1.64 – 1.45 (m, 3H), 0.83 (d, J = 5.8 Hz, 3H), 0.81 – 0.77 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 172.69, 169.44, 166.04, 

146.89, 146.32, 141.06, 140.70, 135.92, 135.33, 133.14, 

131.86, 129.41, 129.33, 129.26, 129.15, 129.01, 127.67, 

120.57, 54.05, 51.77, 40.88, 37.88, 24.89, 22.87, 22.32. ESI-

MS [M + Na]+ = 576.5. HPLC tR = 10.34 min.  

(S)-2-Cinnamamido-N-((S)-1-((1-

cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-4-

methylpentanamide (6). This product was obtained by reacting 

1-aminocyclopropane-1-carbonitrile × HCl (286 mg, 2 mmol) 

with 4a (816 mg, 2 mmol) according to procedure A. Flash 

purification with CH2Cl2/MeOH (0 - 2% MeOH). Yield: 600 

mg (64%) of 6 as a white solid. Mp: 83–84 °C. 1H NMR (400 

MHz, DMSO-d6) δ 8.77 – 8.75 (m, 1H), 8.44 – 8.41 (m, 1H), 

8.21 – 8.19 (m, 1H), 7.59 – 7.54 (m, 2H), 7.47 – 7.37 (m, 4H), 

7.25 – 7.21 (m, 3H), 7.20 – 7.15 (m, 2H), 6.74 (d, J = 15.8 Hz, 

1H), 4.47 – 4.23 (m, 2H), 3.04-3.02 (m, 1H), 2.90 – 2.71 (m, 

1H), 1.58 – 1.38 (m, 3H), 1.26 – 1.06 (m, 4H), 0.88 – 0.82 (m, 

3H), 0.79 – 0.71 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ 

172.33, 171.97, 165.13, 139.11, 137.38, 134.82, 129.57, 

129.16, 128.95, 127.99, 127.56, 126.29, 121.77, 120.53, 53.69, 

51.57, 40.60, 38.22, 24.01, 22.72, 21.91, 19.68, 15.60. ESI-MS 

[M - H]- = 471.4. HPLC tR = 8.51 min. 

(S)-2-Cinnamamido-N-((S)-1-((cyanomethyl)amino)-1-

oxo-3-phenylpropan-2-yl)-4-methylpentanamide (7). This 

product was obtained by reacting with 2-aminoacetonitrile 

hemisulfate (506 mg, 2 mmol) with 4a (816 mg, 2 mmol) 

according to procedure A. Flash purification with 

CH2Cl2/MeOH (0 - 3% MeOH). Yield: 237 mg (22%) of 7 as a 

white solid. Mp: 221–222 °C. 1H NMR (400 MHz, DMSO-d6) 

δ 8.66 – 8.60 (m, 1H), 8.23 – 8.15 (m, 2H), 7.60 – 7.54 (m, 2H), 

7.48 – 7.42 (m, 2H), 7.42 – 7.35 (m, 2H), 7.25 – 7.19 (m, 4H), 

7.19 – 7.13 (m, 1H), 6.73 (d, J = 15.8 Hz, 1H), 4.52 – 4.44 (m, 

1H), 4.44 – 4.36 (m, 1H), 4.14 (d, J = 5.6 Hz, 2H), 3.01 (dd, J 

= 13.8, 5.3 Hz, 1H), 2.86 (dd, J = 13.7, 9.0 Hz, 1H), 1.59 – 1.51 

(m, 1H), 1.45 – 1.38 (m, 2H), 0.87 (d, J = 6.6 Hz, 3H), 0.83 (d, 

J = 6.5 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.93, 

171.49, 165.02, 139.06, 137.37, 134.89, 129.47, 129.11, 

128.94, 128.06, 127.50, 126.29, 121.92, 117.29, 53.67, 51.26, 

40.63, 37.02, 27.04, 24.12, 22.96, 21.59. ESI-MS [M + Na]+ = 

469.4. HPLC tR = 8.17 min. 

(S)-2-Cinnamamido-N-((S)-1-hydroxy-3-phenylpropan-2-

yl)-4-methylpentanamide (8a). This product was obtained from 

3a (218 mg, 0.5 mmol) according to procedure F. Yield: 175 

mg (89%) of 8a as a white solid. 1H NMR (400 MHz, CDCl3) δ 

7.62 (d, J = 15.6 Hz, 1H), 7.50 – 7.45 (m, 2H), 7.36 – 7.33 (m, 

3H), 7.22 – 7.17 (m, 4H), 7.16 – 7.11 (m, 1H), 7.03 – 6.98 (m, 

1H), 6.46 (d, J = 8.3 Hz, 1H), 6.42 (d, J = 15.6 Hz, 1H), 4.63 – 

4.55 (m, 1H), 4.21 – 4.12 (m, 1H), 3.70 (dd, J = 11.2, 3.7 Hz, 

1H), 3.64 (dd, J = 11.1, 5.0 Hz, 1H), 2.92 – 2.85 (m, 2H), 1.73 

– 1.56 (m, 3H), 0.94 (d, J = 6.2 Hz, 3H), 0.92 (d, J = 6.1 Hz, 

3H), 0.87 – 0.80 (m, 1H). ESI-MS [M + Na]+ = 417.4. HPLC tR 

= 8.51 min. 

N-((S)-1-(((S)-1-Hydroxy-3-phenylpropan-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-1H-indole-2-carboxamide (8b). This 

product was obtained from 3b (226 mg, 0.5 mmol) according to 

procedure F. Flash purification with petroleum ether/EtOAc 

(0 - 70% EtOAc). Yield: 207 mg (100%) of 8b as a white solid. 
1H NMR (400 MHz, CDCl3) δ 9.88 (s, 1H), 7.61 – 7.59 (m, 1H), 

7.41 – 7.33 (m, 1H), 7.29 – 7.23 (m, 2H), 7.21 – 7.19 (m, 1H), 

7.16 – 7.09 (m, 3H), 7.03 – 6.97 (m, 2H), 4.86 – 4.62 (m, 1H), 

4.37 – 4.17 (m, 1H), 3.84 – 3.54 (m, 1H), 3.52 – 3.43 (m, 1H), 
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2.94 – 2.81 (m, 2H), 1.72 – 1.69 (m, 1H), 1.31 – 1.19 (m, 2H), 

0.89 (d, J = 6.2 Hz, 3H), 0.86 (d, J = 5.8 Hz, 3H), 0.81 (t, J = 

6.0 Hz, 1H). ESI-MS [M - H]- = 406.2. HPLC tR = 12.17 min. 

(S)-2-((E)-3-(3,5-Dimethoxyphenyl)acrylamido)-N-((S)-1-

hydroxy-3-phenylpropan-2-yl)-4-methylpentanamide (8c). This 

product was obtained from 3c (248 mg, 0.5 mmol) according to 

the procedure F. Yield: 179 mg (79%) of 8c as a white solid. 1H 

NMR (400 MHz, CDCl3) δ 7.56 – 7.51 (m, 1H), 7.27 – 7.23 (m, 

2H), 7.22 – 7.18 (m, 3H), 7.11 – 7.07 (m, 1H), 6.64 – 6.59 (m, 

2H), 6.53 (d, J = 8.0 Hz, 1H), 6.47 – 6.43 (m, 1H), 6.40 (d, J = 

15.6 Hz, 1H), 4.61 – 4.50 (m, 1H), 4.28 – 4.12 (m, 1H), 3.78 – 

3.74 (m, 6H), 3.72 – 3.67 (m, 1H), 3.63 (dd, J = 11.2, 5.0 Hz, 

1H), 2.91 – 2.85 (m, 2H), 1.68 – 1.57 (m, 2H), 1.49 – 1.44 (m, 

1H), 0.91 (d, J = 5.9 Hz, 3H), 0.90 (d, J = 5.8 Hz, 3H), 0.84 – 

0.82 (m, 1H). ESI-MS [M + Na]+ = 477.4. HPLC tR = 8.77 min. 

(S)-2-Cinnamamido-4-methyl-N-((S)-1-oxo-3-

phenylpropan-2-yl)pentanamide (9a). This product was 

obtained from 8a (197 mg, 0.5 mmol) according to procedure 

G. Flash purification with PE/EA (0 – 50% EA). Yield: 187 mg 

(95%) of 9a as a white solid. Mp: 75–76 °C. 1H NMR (400 

MHz, CDCl3) δ 9.60 (s, 1H), 7.62 (d, J = 15.6 Hz, 1H), 7.52 – 

7.47 (m, 2H), 7.39 – 7.35 (m, 3H), 7.26 – 7.21 (m, 2H), 7.20 – 

7.13 (m, 3H), 7.00 (d, J = 7.1 Hz, 1H), 6.40 (d, J = 15.6 Hz, 

1H), 6.26 (d, J = 14.4 Hz, 1H), 4.76 – 4.57 (m, 2H), 3.16 (dd, J 

= 14.1, 6.4 Hz, 1H), 3.06 (dd, J = 14.2, 7.3 Hz, 1H), 1.74 – 1.63 

(m, 2H), 1.61 – 1.55 (m, 1H), 0.94 (d, J = 6.3 Hz, 3H), 0.93 (d, 

J = 6.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 198.74, 172.59, 

166.13, 142.19, 135.74, 134.72, 130.11, 129.42, 129.04, 

128.90, 128.04, 127.21, 120.00, 59.95, 51.73, 41.03, 35.17, 

24.97, 22.98, 22.32. ESI-MS [M + Na]+ = 415.3. HPLC tR = 

8.64 min. 

N-((S)-4-Methyl-1-oxo-1-(((S)-1-oxo-3-phenylpropan-2-

yl)amino)pentan-2-yl)-1H-indole-2-carboxamide (9b). This 

product was obtained from 8b (207 mg, 0.5 mmol) according to 

procedure G. Flash purification with CH2Cl2/MeOH (0 - 3% 

MeOH). Yield: 41 mg (20%) of 9b as a white solid. Mp: 81–82 

°C. 1H NMR (400 MHz, CDCl3) δ  9.66 – 9.56 (m, 1H), 9.51 – 

9.37 (m, 1H), 7.68 – 7.62 (m, 1H), 7.45 – 7.38 (m, 1H), 7.34 – 

7.28 (m, 1H), 7.23 – 7.17 (m, 2H), 7.16 – 7.11 (m, 2H), 7.11 – 

7.06 (m, 2H), 6.96 – 6.92 (m, 1H), 6.91 – 6.84 (m, 1H), 4.87 – 

4.67 (m, 2H), 3.50 – 3.47 (m, 1H), 3.20 – 3.03 (m, 2H), 1.74 – 

1.61 (m, 3H), 0.93 (d, J = 7.0 Hz, 3H), 0.90 (d, J = 7.8 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 198.55, 172.19, 161.61, 136.50, 

135.39, 129.17, 128.71, 127.61, 127.16, 127.06, 124.88, 

122.12, 120.84, 111.94, 103.27, 59.76, 51.63, 41.17, 35.00, 

24.90, 22.80, 22.18. ESI-MS [M - H]- = 404.2. HPLC tR = 8.61 

min. 

(S)-2-((E)-3-(3,5-Dimethoxyphenyl)acrylamido)-4-methyl-

N-((S)-1-oxo-3-phenylpropan-2-yl)pentanamide (9c). This 

product was obtained from 8c (225 mg, 0.5 mmol) according to 

procedure G. Flash purification with CH2Cl2/MeOH (0 - 5% 

MeOH). Yield: 129 mg (57%) of 9c as a white solid. Mp: 70–

71 °C. 1H NMR (400 MHz, CDCl3) δ 9.62 – 9.59 (m, 1H), 7.45 

(d, J = 15.6 Hz, 1H), 7.21 – 7.13 (m, 3H), 7.12 – 7.05 (m, 2H), 

6.94 – 6.83 (m, 1H), 6.60 – 6.53 (m, 2H), 6.44 – 6.36 (m, 1H), 

6.37 (d, J = 15.5 Hz, 1H), 6.24 (d, J = 8.3 Hz, 1H), 4.69 – 4.59 

(m, 2H), 3.82 – 3.77 (m, 6H), 3.16 (dd, J = 14.0, 6.6 Hz, 1H),  

3.06 (dd, J = 14.1, 7.3 Hz, 1H), 1.69 – 1.52 (m, 3H), 0.95 – 0.91 

(m, 3H), 0.91 – 0.86 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 

198.79, 172.50, 165.99, 161.17, 161.14, 142.10, 136.63, 

135.75, 129.42, 128.90, 127.21, 120.59, 106.01, 59.95, 55.54, 

51.71, 41.01, 35.15, 24.94, 22.99, 22.28. ESI-MS [M + Na]+ = 

475.3. HPLC tR = 11.16 min. 

N-((S)-1-(((S)-1-Amino-1-oxo-3-phenylpropan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)-1H-indole-2-

carboxamide (10b). This product was obtained from 3b (449 

mg, 1 mmol) according to procedure D. Yield: 400 mg (95%) 

of 10b as a white solid. Flash purification with CH2Cl2/MeOH 

(0 - 7% MeOH). 1H NMR (400 MHz, CDCl3) δ 8.42 (d, J = 8.0 

Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.47 

– 7.42 (m, 1H), 7.36 (s, 1H), 7.26 – 7.23 (m, 1H), 7.22 – 7.18 

(m, 3H), 7.18 – 7.15 (m, 2H), 7.15 – 7.08 (m, 2H), 7.08 – 7.00 

(m, 2H), 4.55 – 4.41 (m, 2H), 3.03 (dd, J = 13.8, 5.0 Hz, 1H), 

2.84 (dd, J = 13.8, 8.8 Hz, 1H), 1.68 – 1.55 (m, 2H), 1.53 – 1.41 

(m, 1H), 0.90 (d, J = 6.3 Hz, 3H), 0.85 (d, J = 6.3 Hz, 3H). ESI-

MS [M - H]- = 419.2. HPLC tR = 7.65 min.  

(S)-N-((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)-2-((E)-3-

(3,5-dimethoxyphenyl)acrylamido)-4-methylpentanamide 

(10c). This product was obtained from 3c (500 mg, 1 mmol) 

according to procedure D. Flash purification with 

CH2Cl2/MeOH (0 - 7% MeOH). Yield: 376 mg (81%) of 10c as 

a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.19 – 8.12 (m, 

1H), 7.95 (d, J = 8.3 Hz, 1H), 7.41 – 7.30 (m, 2H), 7.24 – 7.19 

(m, 4H), 7.17 – 7.13 (m, 1H), 7.11 – 7.06 (m, 1H), 6.76 – 6.70 

(m, 3H), 6.55 – 6.49 (m, 1H), 4.46 – 4.38 (m, 1H), 4.38 – 4.29 

(m, 1H), 3.78 – 3.76 (m, 6H), 3.02 (dd, J = 13.8, 4.8 Hz, 1H), 

2.83 (dd, J = 13.8, 9.2 Hz, 1H), 1.58 – 1.51 (m, 1H), 1.45 – 1.35 

(m, 2H), 0.86 (d, J = 6.6 Hz, 3H), 0.82 (d, J = 6.5 Hz, 3H). ESI-

MS [M + Na]+ = 490.3. HPLC tR = 8.41 min. 

(S)-N-((S)-1-amino-1-oxo-3-phenylpropan-2-yl)-2-(2-(4-

chlorophenoxy)acetamido)-4-methylpentanamide (10d). This 

product was obtained from 3d (474 mg, 1 mmol) according to 

procedure D. Yield: 407 mg (91%) of 10d as a white solid. 1H 

NMR (400 MHz, CDCl3) δ 8.05 (d, J = 8.2 Hz, 1H), 7.94 (d, J 

= 8.3 Hz, 1H), 7.37 – 7.29 (m, 3H), 7.25 – 7.15 (m, 5H), 7.07 

(s, 1H), 6.99 – 6.92 (m, 2H), 4.52 – 4.50 (m, 2H), 4.46 – 4.41 

(m, 1H), 4.33 – 4.26 (m, 1H), 3.01 (dd, J = 13.8, 5.0 Hz, 1H), 

2.81 (dd, J = 13.8, 9.0 Hz, 1H), 1.47 – 1.34 (m, 3H), 0.82 (d, J 

= 6.2 Hz, 3H), 0.78 (d, J = 6.2 Hz, 3H). ESI-MS [M + Na]+ =  

468.2. HPLC tR = 8.22 min. 

(S)-N-((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)-2-(2-(2,4-

dichlorophenoxy)acetamido)-4-methylpentanamide (10e). This 

product was obtained from 3e (475 mg, 1 mmol) according to 

procedure G. Yield: 552 mg (78%) of 10e as a light brown solid. 
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.43 (m, 1H), 7.26 – 7.19 

(m, 5H), 7.17 – 7.12 (m, 1H), 7.01 (d, J = 7.1 Hz, 1H), 6.81 (d, 

J = 8.8 Hz, 1H), 6.62 (d, J = 7.7 Hz, 1H), 6.00 – 5.93 (m, 1H), 

5.40 – 5.34 (m, 1H), 4.71 – 4.64 (m, 1H), 4.46 – 4.29 (m, 3H), 

3.15 – 3.07 (m, 2H), 1.75 – 1.67 (m, 1H), 1.58 – 1.53 (m, 2H), 

0.93 (d, J = 6.3 Hz, 3H), 0.90 (d, J = 6.3 Hz, 3H). ESI-MS [M 

+ Na]+ = 502.2. HPLC tR = 9.14 min. 

(S)-N-((S)-1-Amino-1-oxo-3-phenylpropan-2-yl)-2-(2-(3-

(dimethylamino)phenoxy)acetamido)-4-methylpentanamide 

(10f). This product was obtained from 3f (483 mg, 1 mmol) 

according to procedure D. Yield: 454 mg (100%) of 10f as a 

white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.01 (d, J = 8.4 

Hz, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.36 (s, 1H), 7.25 – 7.15 (m, 

5H), 7.09 – 7.03 (m, 2H), 6.36 – 6.32 (m, 1H), 6.27 – 6.25 (m, 

1H), 6.25 – 6.21 (m, 1H), 4.51 – 4.40 (m, 3H), 4.36 – 4.29 (m, 

1H), 3.00 (dd, J = 13.8, 5.1 Hz, 1H), 2.86 (s, 6H), 2.81 (dd, J = 

13.8, 9.1 Hz, 1H), 1.46 – 1.34 (m, 3H), 0.81 (d, J = 6.2 Hz, 3H), 
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0.78 (d, J = 6.2 Hz, 3H). ESI-MS [M + Na]+ =  477.1. HPLC tR 

= 7.14 min. 

(R,S)-N-((S)-1-(((S)-1-Amino-1-oxo-3-phenylpropan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)chromane-2-

carboxamide (10g). This product was obtained from 3g (464 

mg, 1 mmol) according to procedure D. Yield: 438 mg (100%) 

of 10g as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.03 

– 7.74 (m, 2H), 7.44 – 7.33 (m, 1H), 7.26 – 7.14 (m, 5H), 7.12 

– 7.02 (m, 3H), 6.88 – 6.81 (m, 2H), 4.63 – 4.52 (m, 1H), 4.49 

– 4.40 (m, 1H), 4.34 – 4.25 (m, 1H), 3.04 – 2.95 (m, 1H), 2.86 

– 2.58 (m, 3H), 2.15 – 2.04 (m, 1H), 2.00 – 1.79 (m, 1H), 1.54 

– 1.25 (m, 3H), 0.90 – 0.80 (m, 3H), 0.78 – 0.70 (m, 3H). ESI-

MS [M + Na]+ = 460.1. HPLC tR = 8.30 min. 

N-((S)-1-(((S)-1-Amino-1-oxo-3-phenylpropan-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)-5-phenylfuran-2-

carboxamide (10h). This product was obtained from 3h (476 

mg, 1 mmol) according to the procedure D. Yield: 447 mg 

(100%) of 10h as a white solid. Flash purification with 

CH2Cl2/MeOH (0 - 7% MeOH). 1H NMR (400 MHz, DMSO-

d6) δ 8.44 (d, J = 8.1 Hz, 1H), 7.98 – 7.90 (m, 3H), 7.52 – 7.45 

(m, 2H), 7.42 – 7.35 (m, 2H), 7.25 (d, J = 3.6 Hz, 1H), 7.21 – 

7.14 (m, 4H), 7.13 – 7.08 (m, 3H), 4.49 – 4.41 (m, 2H), 3.02 

(dd, J = 13.8, 4.9 Hz, 1H), 2.84 (dd, J = 13.8, 8.9 Hz, 1H), 1.68 

– 1.55 (m, 2H), 1.52 – 1.45 (m, 1H), 0.89 (d, J = 6.3 Hz, 3H), 

0.84 (d, J = 6.3 Hz, 3H). ESI-MS [M + Na]+ = 470.1. HPLC tR 

= 8.79 min. 

(S)-2-Cinnamamido-N-((S)-1-cyano-2-phenylethyl)-4-

methylpentanamide (11a). To a solution of 9a (400 mg, 1 

mmol), NH2OH × HCl (140 mg, 1.02 mmol) in pyridine (dry), 

TiCl4 (484 mg, 0.28 mL, 2.56 mmol) was added. The reaction 

mixture was stirred at 40 °C for 3 h. After reaction control 

through TLC, it was cooled to room temperature and treated 

with a 5% aq. NaHSO4 solution (3 mL). This mixture was 

extracted with CH2Cl2 (3 × 15 mL). The combined organic 

phases were washed with brine (15 mL), dried over Na2SO4, 

filtered, and evaporated to dryness. Flash purification with 

petroleum ether/EtOAc (0 - 70% EtOAc). Yield: 84 mg (22%) 

of 11a as a yellow solid. Mp: 65–66 °C. 1H NMR (400 MHz, 

CDCl3) δ 8.11 – 8.04 (m, 1H), 7.69 – 7.62 (m, 1H), 7.53 – 7.46 

(m, 2H), 7.38 – 7.32 (m, 3H), 7.31 – 7.28 (m, 1H), 7.25 – 7.16 

(m, 4H), 6.63 (d, J = 8.4 Hz, 1H), 6.47 (d, J = 15.6 Hz, 1H), 

5.13 – 5.01 (m, 1H), 4.78 – 4.65 (m, 1H), 3.18 – 3.01 (m, 2H), 

1.74 – 1.61 (m, 2H), 1.57 – 1.47 (m, 1H), 0.95 (d, J = 6.5 Hz, 

3H), 0.93 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

172.27, 166.45, 142.40, 134.54, 134.20, 130.23, 129.53, 

129.06, 128.96, 128.11, 127.83, 119.91, 118.24, 51.79, 42.15, 

40.93, 39.00, 24.97, 22.91, 22.39. ESI-MS [M + Na]+ = 412.3. 

HPLC tR = 8.64 min. 

N-((S)-1-(((S)-1-Cyano-2-phenylethyl)amino)-4-methyl-1-

oxopentan-2-yl)-1H-indole-2-carboxamide (11b). This product 

was obtained from 10b (423 mg, 1 mmol) according to 

procedure D. Flash purification with petroleum ether/EtOAc (0 

- 50% EtOAc). Yield: 177 mg (44%) of 11b as a white solid. 

Mp: 57–58°C. 1H NMR (400 MHz, CDCl3) δ 9.71 – 9.36 (m, 

1H), 7.87 (d, J = 8.5 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.49 – 

7.41 (m, 1H), 7.36 – 7.29 (m, 1H), 7.28 – 7.21 (m, 2H), 7.19 – 

7.08 (m, 4H), 7.01 – 6.96 (m, 1H), 6.96 – 6.85 (m, 1H), 5.21 – 

5.05 (m, 1H), 4.84 – 4.63 (m, 1H), 3.16 – 2.99 (m, 2H), 1.79 – 

1.67 (m, 3H), 0.94 – 0.90 (m, 3H), 0.90 – 0.84 (m, 3H). 13C 

NMR (101 MHz, CDCl3) δ 171.90, 162.01, 136.75, 133.83, 

129.50, 129.07, 128.88, 127.89, 127.65, 125.24, 122.32, 

121.12, 118.67, 112.20, 104.06, 60.57, 51.69, 42.06, 40.79, 

24.98, 22.90, 22.28. ESI-MS [M + Na]+ = 425.0. HPLC tR = 

8.20 min. 

(S)-N-((S)-1-Cyano-2-phenylethyl)-2-((E)-3-(3,5-

dimethoxyphenyl)acrylamido)-4-methylpentanamide (11c). 

This product was obtained from 10c (463 mg, 1 mmol) 

according to procedure E. Flash purification with petroleum 

ether/EtOAc (0 - 70% EtOAc). Yield: 190 mg (42%) of 11c as 

a white solid. Mp: 73–74 °C. 1H NMR (400 MHz, CDCl3) δ 

8.84 (d, J = 8.3 Hz, 1H), 7.67 (d, J = 15.6 Hz, 1H), 7.38 – 7.29 

(m, 2H), 7.28 – 7.21 (m, 4H), 6.78 – 6.72 (m, 2H), 6.61 (d, J = 

15.6 Hz, 1H), 6.53 – 6.47 (m, 1H), 5.20 – 5.11 (m, 1H), 5.03 – 

4.94 (m, 1H), 3.78 (s, 6H), 3.21 – 3.05 (m, 2H), 1.84 – 1.73 (m, 

3H), 1.04 (d, J = 6.4 Hz, 3H), 1.02 (d, J = 6.6 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 172.84, 166.33, 161.08, 142.14, 136.48, 

134.31, 129.47, 128.82, 127.72, 120.58, 118.33, 106.03, 

102.32, 55.40, 51.97, 42.37, 41.51, 39.06, 25.01, 22.80, 22.49. 

ESI-MS [M + Na]+ = 472.2. HPLC tR = 8.73 min. 

(S)-2-(2-(4-Chlorophenoxy)acetamido)-N-((S)-1-cyano-2-

phenylethyl)-4-methylpentanamide (11d). This product was 

obtained from 10d (447 mg, 1 mmol) according to procedure E. 

Flash purification with petroleum ether/EtOAc (0 - 70% 

EtOAc). Yield: 225 mg (53%) of 11d as a white solid. Mp: 145–

146 °C. 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.19 (m, 5H), 7.19 

– 7.14 (m, 3H), 6.80 – 6.75 (m, 2H), 6.75 – 6.72 (m, 1H), 5.08 

– 5.00 (m, 1H), 4.53 – 4.44 (m, 1H), 4.38 – 4.32 (m, 1H), 4.25 

– 4.19 (m, 1H), 3.07 – 2.99 (m, 2H), 1.64 – 1.59 (m, 1H), 1.54 

– 1.44 (m, 2H), 0.84 (d, J = 6.7 Hz, 3H), 0.82 (d, J = 6.6 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 171.01, 168.53, 155.54, 

133.97, 129.92, 129.58, 129.01, 128.05, 127.61, 118.03, 

116.12, 67.29, 51.09, 41.81, 40.27, 38.89, 24.81, 22.86, 22.20. 

ESI-MS [M + Na]+ = 450.2. HPLC tR = 9.11 min. 

(S)-N-((S)-1-Cyano-2-phenylethyl)-2-(2-(2,4-

dichlorophenoxy)acetamido)-4-methylpentanamide (11e). This 

product was obtained from 10e (484 mg, 1 mmol) according to 

procedure E. Flash purification with petroleum ether/EtOAc 

(0 - 70% EtOAc). Yield: 362 mg (78%) of 11e as a white solid. 

Mp: 146–147°C. 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 3.8 

Hz, 1H), 7.28 – 7.23 (m, 2H), 7.23 – 7.20 (m, 3H), 7.20 – 7.18 

(m, 1H), 7.15 (d, J = 8.6 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.77 

(d, J = 8.8 Hz, 1H), 5.12 – 5.06 (m, 1H), 4.51 – 4.40 (m, 2H), 

4.33 – 4.25 (m, 1H), 3.06 (d, J = 6.8 Hz, 2H), 1.74 – 1.68 (m, 

1H), 1.61 – 1.53 (m, 2H), 0.90 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 

6.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.87, 168.06, 

151.43, 133.98, 130.47, 129.56, 129.01, 128.22, 128.02, 

127.95, 124.03, 118.07, 114.86, 68.06, 51.29, 41.73, 40.12, 

38.88, 24.85, 22.94, 22.17. ESI-MS [M + Na]+ = 484.2. HPLC 

tR = 9.84 min. 

(S)-N-((S)-1-Cyano-2-phenylethyl)-2-(2-(3-

(dimethylamino)phenoxy)acetamido)-4-methylpentanamide 

(11f). This product was obtained from 10f (454 mg, 1 mmol) 

according to procedure E. Flash purification with petroleum 

ether/EtOAc (0 - 70% EtOAc). Yield: 305 mg (70%) of 11f as 

a yellow solid. Mp: 68–69 °C. 1H NMR (400 MHz, CDCl3) δ 

7.33 – 7.28 (m, 2H), 7.26 – 7.24 (m, 1H), 7.24 – 7.20 (m, 2H), 

7.19 – 7.14 (m, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.76 (d, J = 8.3 

Hz, 1H), 6.45 – 6.40 (m, 1H), 6.27 – 6.25 (m, 1H), 6.24 – 6.20 

(m, 1H), 5.12 – 5.04 (m, 1H), 4.56 – 4.46 (m, 2H), 4.40 – 4.32 

(m, 1H), 3.11 – 3.00 (m, 2H), 2.96 (s, 6H), 1.75 – 1.67 (m, 1H), 

1.58 – 1.48 (m, 2H), 0.89 (d, J = 6.7 Hz, 3H), 0.88 (d, J = 6.8 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.03, 169.47, 
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158.20, 152.23, 134.00, 130.33, 129.51, 129.02, 128.04, 

118.04, 107.11, 101.64, 99.44, 67.00, 51.01, 41.68, 40.61, 

39.89, 38.91, 24.72, 22.93, 22.09. ESI-MS [M + Na]+ = 459.2. 

HPLC tR = 7.82 min. 

(R,S)-N-((S)-1-(((S)-1-Cyano-2-phenylethyl)amino)-4-

methyl-1-oxopentan-2-yl)chromane-2-carboxamide (11g). This 

product was obtained from 10g (438 mg, 1 mmol) according to 

procedure E. Flash purification with petroleum ether/EtOAc (0 

- 50% EtOAc). Yield: 323 mg (77%) of 11g as a white solid. 

Mp: 149–150°C. 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.27 (m, 

3H), 7.27 – 7.21 (m, 3H), 7.19 – 7.12 (m, 1H), 7.08 – 7.06 (m, 

1H), 6.96 – 6.88 (m, 2H), 6.87 – 6.79 (m, 1H), 5.16 – 5.01 (m, 

1H), 4.58 – 4.37 (m, 2H), 3.10-3.06 (m, 2H), 2.93 – 2.84 (m, 

1H), 2.75 – 2.73 (m, 1H), 2.41 – 2.31 (m, 1H), 2.05 – 1.85 (m, 

1H), 1.77 – 1.49 (m, 3H), 0.94 (d, J = 6.4 Hz, 3H), 0.83 (d, J = 

6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.68, 171.07, 

152.76, 133.93, 130.00, 129.54, 129.10, 128.08, 127.88, 

122.01, 121.76, 117.98, 116.87, 75.22, 51.49, 51.05, 41.78, 

41.76, 40.01, 39.73, 39.00, 38.95, 25.02, 24.82, 24.00, 22.94, 

22.09. ESI-MS [M + Na]+ = 442.2. HPLC tR = 9.15 min. 

N-((S)-1-(((S)-1-Cyano-2-phenylethyl)amino)-4-methyl-1-

oxopentan-2-yl)-5-phenylfuran-2-carboxamide (11h). This 

product was obtained from 10h (426 mg, 1 mmol) according to 

procedure E. Flash purification with petroleum ether/EtOAc (0 

- 50% EtOAc). Yield: 356 mg (87%) of 11h as a white solid. 

Mp: 77–78 °C. 1H NMR (400 MHz, CDCl3) δ 7.75 – 7.70 (m, 

2H), 7.56 (d, J = 8.5 Hz, 1H), 7.49 – 7.43 (m, 2H), 7.41 – 7.37 

(m, 1H), 7.27 (d, J = 3.6 Hz, 1H), 7.22 – 7.15 (m, 5H), 6.79 (d, 

J = 3.6 Hz, 1H), 6.65 (d, J = 8.5 Hz, 1H), 5.18 – 5.11 (m, 1H), 

4.76 – 4.69 (m, 1H), 3.11 – 3.05 (m, 2H), 1.84 – 1.79 (m, 1H), 

1.75 – 1.69 (m, 2H), 0.98 (d, J = 6.4 Hz, 3H), 0.96 (d, J = 6.4 

Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.49, 158.70, 

156.41, 145.95, 133.96, 129.49, 129.45, 129.20, 129.11, 

128.90, 127.85, 124.79, 118.21, 117.85, 107.66, 51.12, 41.78, 

40.41, 39.11, 24.93, 22.97, 22.35. ESI-MS [M + Na]+ = 452.1. 

HPLC tR = 9.24 min. 

(S)-2-Cinnamamido-4-methyl-N-((S)-1-phenyl-4-

(phenylsulfonyl)but-3-en-2-yl)pentanamide (12a). This product 

was obtained by reacting 9a (197 mg, 0.5 mmol) with diethyl 

((phenylsulfonyl)methyl)phosphonate (154 mg, 0.5 mmol) 

according to procedure H. Flash purification with petroleum 

ether/EtOAc (0 - 70% EtOAc). Yield: 103 mg (39%) of 12a as 

a white solid. Mp: 90–91 °C. 1H NMR (400 MHz, DMSO-d6) δ 

8.29 – 8.11 (m, 2H), 7.89 – 7.82 (m, 1H), 7.79 – 7.76 (m, 1H), 

7.74 – 7.67 (m, 1H), 7.64 – 7.60 (m, 1H), 7.60 – 7.54 (m, 3H), 

7.46 – 7.37 (m, 4H), 7.25 – 7.11 (m, 5H), 6.97 – 6.87 (m, 1H), 

6.73 (d, J = 15.9 Hz, 1H), 6.65 (d, J = 15.1, Hz, 1H),  4.80 – 

4.69 (m, 1H), 4.33 – 4.18 (m, 1H), 3.07 – 2.90 (m, 1H), 2.89 – 

2.65 (m, 1H), 1.54 – 1.42 (m, 1H), 1.36 – 1.31 (m, 1H), 1.25 – 

1.15 (m, 1H), 0.84 (d, J = 6.6 Hz, 3H), 0.78 (d, J = 6.5 Hz, 3H). 
13C NMR (101 MHz, DMSO-d6) δ 171.52, 164.85, 146.15, 

140.19, 138.80, 138.75, 137.31, 134.89, 133.54, 130.11, 

129.50, 129.20, 128.92, 128.05, 127.44, 126.99, 126.23, 

122.05, 51.55, 50.40, 40.72, 38.51, 24.14, 22.65, 21.65. ESI-

MS [M + Na]+ = 553.4. HPLC tR = 8.96 min and 9.23 min (E/Z 

mixture). 

N-((S)-4-Methyl-1-oxo-1-(((S)-1-phenyl-4-

(phenylsulfonyl)but-3-en-2-yl)amino)pentan-2-yl)-1H-indole-

2-carboxamide (12b). This product was obtained by reacting 9b 

(204 mg, 0.5 mmol) with diethyl 

((phenylsulfonyl)methyl)phosphonate (154 mg, 0.5 mmol) 

according to procedure H. Flash purification with petroleum 

ether/EtOAc (0 - 70% EtOAc). Yield: 194 mg (71%) of 12b as 

a white solid. Mp: 115–116 °C. 1H NMR (400 MHz, 

DMSO-d6) δ 11.60 – 11.47 (m, 1H), 8.44 – 8.19 (m, 2H), 7.99 

– 7.91 (m, 1H), 7.87 – 7.81 (m, 1H), 7.79 – 7.73 (m, 1H), 7.73 

– 7.65 (m, 1H), 7.65 – 7.55 (m, 3H), 7.50 – 7.45 (m, 1H), 7.29 

– 7.24 (m, 1H), 7.24 – 7.21 (m, 2H), 7.21 – 7.19 (m, 1H), 7.18 

– 7.14 (m,  2H), 7.08 – 7.02 (m, 1H), 7.01 – 6.89 (m, 1H), 6.88 

– 6.60 (m, 1H), 4.83 – 4.69 (m, 1H), 4.47 – 4.41 (m, 1H), 3.07 

– 2.90 (m, 1H), 2.88 – 2.66 (m, 1H), 1.61 – 1.50 (m, 1H), 1.43 

– 1.22 (m, 2H), 0.88 – 0.81 (m, 3H), 0.81 – 0.73 (m, 3H). 
13C NMR (101 MHz, DMSO-d6) δ 171.76, 161.03, 146.44, 

140.49, 140.19, 137.60, 136.47, 133.77, 129.48, 129.24, 

129.01, 128.06, 127.80, 127.04, 126.28, 123.44, 121.52, 

119.71, 112.26, 103.63, 51.87, 50.66, 40.05, 38.62, 24.12, 

22.68, 21.67. ESI-MS [M + Na]+ = 566.3. HPLC tR = 8.93 min 

and 9.19 min (E/Z mixture). 

(S)-4-((S)-2-Cinnamamido-4-methylpentanamido)-5-

phenylpent-2-enamide (13a). This product was obtained by 

reacting 9a (296 mg, 0.5 mmol) with diethyl (2-amino-2-

oxoethyl)phosphonate (146 mg, 0.75 mmol) according to 

procedure I. Flash purification with CH2Cl2/MeOH (0 - 7% 

MeOH). Yield: 103 mg (48%) of 13a as a white solid. Mp: 186-

187 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.28 – 8.24 (m, 1H), 

8.16 – 8.09 (m, 1H), 7.59 – 7.53 (m, 2H), 7.47 – 7.37 (m, 5H), 

7.28 – 7.21 (m, 4H), 7.19 – 7.12 (m, 1H), 7.00 – 6.94 (m, 1H), 

6.78 – 6.72 (m, 1H), 6.65 – 6.52 (m, 1H), 5.98 – 5.81 (m, 1H), 

4.67 – 4.54 (m, 1H), 4.49 – 4.35 (m, 1H), 2.93 – 2.68 (m, 2H), 

1.61 – 1.36 (m, 2H), 1.23 – 1.15 (m, 1H), 0.91 – 0.84 (m, 3H), 

0.81 – 0.74 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.34, 

166.36, 164.61, 142.36, 138.83, 137.99, 134.98, 129.43, 

129.24, 128.95, 128.11, 127.49, 126.16, 124.14, 122.21, 51.07, 

50.95, 41.31, 39.00, 24.16, 22.94, 21.69. ESI-MS [M + Na]+ = 

456.3. HPLC tR = 8.11 min and 8.54 min (E/Z mixture). 

N-((S)-1-(((S)-5-Amino-5-oxo-1-phenylpent-3-en-2-

yl)amino)-4-methyl-1-oxopentan-2-yl)-1H-indole-2-

carboxamide (13b). This product was obtained by reacting 9b 

(196 mg, 0.5 mmol) with diethyl (2-amino-2-

oxoethyl)phosphonate (146 mg, 0.75 mmol) according to 

procedure I. Flash purification with CH2Cl2/MeOH (0 - 7% 

MeOH). Yield: 100 mg (47%) of 13b as a white solid. Mp: 111-

112 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.61 – 11.53 (m, 

1H), 8.38 – 8.28 (m, 1H), 8.22 (d, J = 8.6 Hz, 1H), 7.65 – 7.58 

(m, 1H), 7.46 – 7.40 (m, 1H), 7.38 (d, J = 8.9 Hz, 1H), 7.28 – 

7.24 (m, 1H), 7.24 – 7.19 (m, 4H), 7.19 – 7.17 (m, 1H), 7.17 – 

7.11 (m, 1H), 7.07 – 7.01 (m, 1H), 7.00 – 6.94 (m, 1H), 6.66 – 

6.53 (m, 1H), 6.01 – 5.82 (m, 1H), 4.68 – 4.43 (m, 2H), 2.93 – 

2.70 (m, 2H), 1.71 – 1.60 (m, 1H), 1.51 – 1.34 (m, 2H), 0.93 – 

0.86 (m, 3H), 0.85 – 0.80 (m, 3H). 13C NMR (101 MHz, 

DMSO-d6) δ 171.48, 166.32, 160.84, 142.38, 137.95, 136.41, 

131.35, 129.26, 128.03, 127.03, 126.13, 124.18, 123.33, 

121.51, 119.66, 112.20, 103.41, 51.40, 50.98, 40.58, 39.63, 

24.29, 22.96, 21.48. ESI-MS [M + Na]+ = 469.4. HPLC tR = 

8.08 min and 8.45 min (E/Z mixture). 

(S)-2-Cinnamamido-N-((S)-4-cyano-1-phenylbut-3-en-2-

yl)-4-methylpentanamide (14a). This product was obtained 

from 13a (431 mg, 1 mmol) according to the procedure E. Flash 

purification with CH2Cl2/MeOH (0 - 7% MeOH). Yield: 338 

mg (81%) of 14a as a white solid. Mp: 74-75 °C. 1H NMR (400 

MHz, CDCl3) δ 7.65 – 7.58 (m, 1H), 7.52 – 7.44 (m, 2H), 7.39 

– 7.37 (m, 1H), 7.35 – 7.28 (m, 2H), 7.24 – 7.13 (m, 3H), 7.12 

https://doi.org/10.26434/chemrxiv-2023-ns203 ORCID: https://orcid.org/0000-0001-5575-8896 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-ns203
https://orcid.org/0000-0001-5575-8896
https://creativecommons.org/licenses/by/4.0/


18  

 

– 7.08 (m, 1H), 6.93 (d, J = 8.6 Hz, 1H), 6.71 – 6.63 (m, 1H), 

6.55 (d, J = 15.0 Hz, 1H), 6.48 – 6.35 (m, 1H), 6.23 (d, J = 15.0 

Hz, 1H), 5.57 – 5.41 (m, 1H), 4.93 – 4.80 (m, 1H), 4.63 – 4.43 

(m, 1H), 3.01 – 2.81 (m, 2H), 1.77 – 1.73 (m, 1H), 1.32 – 1.24 

(m, 2H), 0.96 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 Hz, 3H). 0.86 

(d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.94, 

166.49, 153.39, 142.45, 135.73, 134.51, 130.31, 129.32, 

129.12, 128.90, 128.06, 127.35, 119.78, 116.92, 100.56, 52.47, 

51.99, 40.59, 40.19, 25.00, 22.97, 22.31. ESI-MS [M - H]- = 

414.2. HPLC tR = 8.46 min and 8.63 min (E/Z mixture). 

N-((S)-1-(((S)-4-Cyano-1-phenylbut-3-en-2-yl)amino)-4-

methyl-1-oxopentan-2-yl)-1H-indole-2-carboxamide (14b). 

This product was obtained from 13b (453 mg, 1 mmol) 

according to procedure E. Flash purification with 

CH2Cl2/MeOH (0 - 7% MeOH). Yield: 406 mg (50%) of 14b 

as a white solid. Mp: 91-92 °C. 1H NMR (400 MHz, CDCl3) δ 

9.77 – 9.42 (m, 1H), 7.71 – 7.57 (m, 1H), 7.49 – 7.38 (m, 1H), 

7.36 – 7.29 (m, 1H), 7.29 – 7.20 (m, 2H), 7.20 – 7.09 (m, 3H), 

7.09 – 7.00 (m, 2H), 6.98 – 6.91 (m, 1H), 6.86 – 6.68 (m, 1H), 

6.67 – 6.57 (m, 1H), 5.55 – 5.40 (m, 1H), 4.95 – 4.82 (m, 1H), 

4.65 – 4.47 (m, 1H), 2.93 – 2.75 (m, 2H), 1.79 – 1.68 (m, 1H), 

1.61 – 1.50 (m, 1H), 1.46 – 1.37 (m, 1H), 0.97 – 0.88 (m, 3H), 

0.86 – 0.79 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 171.87, 

162.29, 153.34, 136.68, 135.74, 129.64, 129.21, 128.93, 

127.56, 127.24, 125.23, 122.30, 121.10, 117.19, 112.22, 

103.93, 100.51, 52.48, 51.83, 40.51, 39.98, 24.99, 22.83, 22.27. 

ESI-MS [M + Na]+ = 451.3. HPLC tR = 8.80 min and 8.95 min 

(E/Z mixture). 

3.2. Enzymatic Assays. General information. 

Spectrophotometric assays were carried out on a Varian Cary 

50 Bio in cuvettes. Fluorometric assays were performed on a 

FLUOstar Optima plate reader (BMG Labtech) in 96-well 

plates. Human CatL was purchased from Enzo Life Sciences, 

human CatB from Calbiochem (Merck), and human CatS from 

Enzo Life Sciences. All substrates were purchased from 

Bachem. The inhibitor stock solutions were prepared in DMSO. 

The progress curves were analyzed by linear regression. 

Ki values were obtained from duplicate measurements with five 

different inhibitor concentrations and analyzed by non-linear 

regression using the equation v = v0/(1 + [I]/(Ki × (1 + [S]/Km)), 

where v and v0 are the product formation rates in the presence 

and absence of inhibitor, [S] is the substrate concentration, and 

Km is the Michaelis constant. 

Cathepsin L.35,36 The enzyme stock solution (20 mM 

malonate buffer pH 5.5, 400 mM NaCl, and 1 mM EDTA) was 

diluted 1:100 with assay buffer (100 mM sodium phosphate 

buffer pH 6.0, 100 mM NaCl, 5 mM EDTA, and 0.01% (w/v) 

Brij 35) containing 5 mM DTT, incubated at 37 °C for 30 min, 

and then stored on ice. A 10 mM solution of the substrate Z-

Phe-Arg-pNA was prepared in DMSO. In a cuvette containing 

940 μL assay buffer, the chromogenic substrate 

(10 μL) and DMSO and/or inhibitor solution (10 μL) was 

pipetted. Upon addition of CatL (40 μL), the measurement was 

started and followed at 37 °C for 60 min at 405 nm. The final 

substrate concentration was 100 μM (= 5.88 × Km), and the final 

DMSO concentration was 2% (v/v). 

Cathepsin B.37 The enzyme stock solution (in 20 mM 

sodium acetate buffer pH 5.5, containing 1 mM EDTA) was 

diluted 1:500 with assay buffer (100 mM sodium phosphate 

buffer pH 6.0, 100 mM NaCl, 5 mM EDTA, and 0.01% (w/v) 

Brij 35) containing 5 mM DTT, incubated at 37 °C for 30 min, 

and then stored on ice. A 100 mM solution of the substrate Z-

Arg-Arg-pNA was prepared in DMSO. Into a cuvette 

containing 950 μL assay buffer, the chromogenic substrate 

(5 μL) and DMSO and/or inhibitor solution (15 μL) was 

pipetted. Upon addition of CatB (30 μL), the measurement was 

started and followed at 37 °C for 60 min at 405 nm. The final 

substrate concentration was 500 μM (= 0.45 × Km), and the final 

DMSO concentration was 2% (v/v). 

Cathepsin S. The enzyme stock solution (in 100 mM MES, 

pH 6.5, containing 1 mM EDTA, 50 mM L-cysteine, 10 mM 

DTT, 0.5% Triton X-100, and 30% glycerol) was diluted 1:100 

with assay buffer (50 mM sodium phosphate buffer, pH 6.5, 50 

mM NaCl, 2 mM EDTA, 0.01% Triton X-100) containing 5 

mM DTT, incubated at 37°C for 60 min, and then stored on ice. 

A 10 mM solution of the substrate Bz-Phe-Val-Arg-pNA was 

prepared in DMSO. In a cuvette containing 215 µL assay buffer, 

the chromogenic substrate (1.75 µL) and DMSO and/or 

inhibitor solution (3.25 µL) were pipetted. Upon addition of 

CatS (30 µL), the measurement was started and followed at 37 

°C for 60 min at 405 nm. The final substrate concentration was 

70 µM (= 1.13 × Km), and the final DMSO concentration was 

2% (v/v). A Km value of 61.9 ± 11.4 µM for the CatS-catalyzed 

cleavage of Bz-Phe-Val-Arg-pNA was obtained from 

quadruplicate measurements with 13 different substrate 

concentrations. The standard error refers to the non-linear 

regression. 

SARS-CoV-2 Mpro. The enzyme was expressed and purified 

as previously described.10 The assay was performed at 37 °C 

with an excitation wavelength of 360 nm and an emission 

wavelength of 460 nm. The total volume per well was 50 μL. 

The assay buffer was 50 mM MOPS, pH 7.2 containing 10 mM 

NaCl, 1 mM EDTA, and 0.01% Triton X-100. The substrate 

Boc-Abu-Tle-Leu-Gln-AMC was prepared as a 2.5 mM stock 

solution in DMSO. The substrate stock solution was diluted 

1+23 with assay buffer and pipetted into a well containing 1 μL 

of inhibitor solution. This mixture was kept at 37 °C for 5 min. 

A volume of 1 μL of an enzyme-containing solution was diluted 

1+24 with assay buffer and added to start the reaction, which 

was monitored for 60 min. The final substrate concentration 

was 50 μM (= 1.03 Km), and the final DMSO content was 4% 

(v/v).  

3.3. Cytotoxicity. Cell culture. Calu-3 cells (human lung, 

ATCC Cat# HTB-55) were maintained in Dulbecco’s modified 

Eagle medium (DMEM)/F-12 supplemented with 10% FCS and 

10 mM sodium pyruvate. The cell line was incubated at 37 °C 

and 5% CO2 in a humidified atmosphere. 

Cell vitality assay. To determine the cell vitality of Calu-3 

cells treated with inhibitors, the CellTiter-Glo Luminescent Cell 

Viability Assay Kit (Promega) was used. Cells were grown in 

96-well plates until reaching 50–60% confluency before they 

were incubated with DMSO (solvent control) or test compounds 

at a concentration of 10 μM for 24 h. Next, cell culture 

supernatants were removed, and 50 μL of the CellTiter-Glo 

substrate was added to each well and incubated for 30 min on a 

rocking platform. Finally, samples were transferred into white 

96-well plates, and luminescence was measured using a Hidex 

Sense plate luminometer (Hidex). 

3.4. Antiviral Activity. All work with infectious SARS-

CoV-2 was conducted under BSL-3 conditions at the German 

Primate Centre, Göttingen/Germany. Calu-3 cells were grown 

in 48-well plates until reaching approx. 70% confluency. Cells 
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were incubated with 10-fold serial dilutions (10-0.001 μM) of 

inhibitors for 1 h at 37 °C prior to infection. Next, the inhibitor- 

containing cell culture supernatant was removed, and cells were 

infected with SARS-CoV-2 isolate NK, Pango lineage B.1.513, 

at an MOI of 0.01 in an inoculum volume of 400 μL for 1 h at 

37 °C. At 1 h p.i., the inoculum was removed, and cells were 

washed with PBS three times and further incubated in cell 

culture medium containing the respective inhibitor. Virus-

containing supernatants were harvested 24 h p.i. and stored at 

−80 °C until further usage. To determine viral titers, confluently 

grown Vero E6 cells were inoculated for 1 h at 37 °C with 10-

fold serial dilutions of virus-containing supernatants. Next, the 

inoculum was removed, and cells were washed once with PBS 

before they were overlaid with 1% plaque agarose (Biozym) 

dissolved in Eagle’s minimal essential medium without phenol 

red (Lonza) and further incubated. At 48 h p.i., virus-induced 

plaques were counted, and viral titers were determined as 

PFU/mL. 

3.5. Stability in the Presence of Glutathione. The GSH 

stability test was performed using a previously described 

method.49,50 For this purpose, a suitable HPLC method was 

applied that allowed sampling by injection every 20 min. To 

achieve the desired final inhibitor concentration of 10 μM, as 

well as a GSH concentration of 5 mM in a final volume of 1 

mL, 1 μL of the inhibitor stock solution (10 mM), was added to 

949 μL of phosphate buffer (pH 7.4) and 50 μL of the GSH 

stock solution (100 mM). The mixture was appropriately 

vortexed and subjected to HPLC. The autosampler was set to a 

temperature of 37 °C and 13 replicate measurements over 4 h 

were performed. The potential reaction of the inhibitor with 

GSH was monitored by comparing the decreasing area under 

the curve (AUC) of each compound. This was subsequently 

plotted graphically as percentage inhibitor concentration versus 

time. 

3.6. Microsomal Metabolic Stability Studies. Pooled liver 

microsomes from male mice were purchased from Xenotech. 

Compound incubations were performed in the presence of an 

NADPH-regenerating system (5 mM glucose-6-phosphate, 5 

U/mL glucose-6-phosphate dehydrogenase, and 1 mM 

NADP+). The mouse liver microsomes (1 mg/mL), the 

NADPH-regenerating system, and 4 mM MgCl2 × 6 H2O in 0.1 

M Tris buffer (pH 7.4) were preincubated for 5 min at 37 °C 

and 750 rpm on a shaker. The reaction was started by adding 

the preheated compound. The reaction was quenched at selected 

time points (0, 10, 20, 30, 60, and 120 min) by pipetting 50 µL 

of reaction mix into 100 μL ice cold internal standard (50 µM) 

in acetonitrile. The samples were mixed and centrifuged (1000 

relative centrifugal force/4 °C/15 min). The supernatant was 

directly used for LC-MS analysis. All incubations were 

conducted in triplicate, and a limit of 1% organic solvent was 

not exceeded. 

3.7. Pharmacokinetic Studies. The plasma stability assay, 

the metabolic stability assay, and the plasma protein binding 

assay were conducted as described previously.51 For the HPLC-

MS measurements, samples were analyzed using an Agilent 

1290 Infinity II HPLC system coupled to an AB Sciex QTrap 

6500plus or an AB Sciex Qtrap7500 mass spectrometer. LC 

conditions were as follows: column: Agilent Zorbax Eclipse 

Plus C18, 50×2.1 mm, 1.8 µm; temperature: 30 °C; injection 

volume: 5 µL per sample; flow rate: 700 µL min-1. 

Chromatograms were run under acidic conditions with solvents 

A (water + 0.1% formic acid) and B (95% acetonitrile/5% H2O 

+ 0.1% formic acid). The following gradient was applied: 99% 

A (1% B) at 0 min, 99–0% A (1–100% B) from 1.0 min to 4.0 

min, 0% A (100% B) until 4.5 min, and 0-99% A (100–1% B) 

from 4.5 to 4.7 min. 

3.8. Molecular Modeling. We virtually screened our in-

house TüKIC library against Mpro. This collection contains over 

10,000 compounds targeting a variety of kinases. This library 

was previously prepared according to literature.38 The CatL 

protein structure was prepared from the PDB 2XU345 

(Resolution: 0.90 Å) using the Protein Wizard Preparation tool 

with standard options. All water molecules from the original 

PDB were removed for docking but placed back for later MD 

simulations. For the virtual screening we used molecular 

docking, carried out with Glide SP (version 9.1).52 Grids were 

centered at the central point of the co-crystallized ligand. The 

top 500 hits, ranked by docking score, were visually inspected 

by observing the interaction with relevant residues and if 

reactive moieties would be near the catalytic cysteine. 

To generate the potential binding mode of our hit ligands, 

we used covalent docking followed by long MD simulations. 

Briefly, three-dimensional ligand structures (11g and 9b) were 

generated with LigPrep, using Epik to predict their protonation 

at pH 7.0 ± 1.0, and diastereoisomeric configurations were 

derived from the synthesis. The OPLS4 force field was 

employed for structure generation. Covalent docking was 

performed with CovDock53 using Cys25 as an anchor, 

considering nucleophilic addition to the double bond or triple 

bond of the aldehyde or nitrile groups as reaction type. For each 

ligand, up to 10 poses were generated. Poses were selected 

according to the docking score and relevant interactions.  

MD simulations were carried out by using the Desmond 

engine54 with the OPLS4 force field.55 The system encompassed 

the protein-ligand/cofactor complex, a predefined water model 

(TIP3P)56 as a solvent, and counterions (Na+ or Cl- adjusted to 

neutralize the overall system charge). The system was treated in 

a cubic box with a periodic boundary condition (PBC) 

specifying the shape and size of the box as 13 Å distance from 

the box edges to any atom of the protein. Short-range coulombic 

interactions were calculated using 1 fs time steps and 9.0 Å cut-

off value, whereas long-range coulombic interactions were 

estimated using the Smooth Particle Mesh Ewald (PME) 

method.57 Each system generated from CatL and the ligand was 

subjected to at least 5 μs simulations (five replicas of 1 μs each) 

with random seeds. Atomic interactions and distances were 

determined using the Simulation Event Analysis pipeline as 

implemented in Maestro 2021.4 (Schrödinger LCC) using 

standard options. Representative frames of the simulations were 

retrieved using hierarchical clustering analyses. Trajectories 

were clustered using the script trj_cluster.py (implemented in 

Maestro 2021.4, Schrödinger LCC) according to the root-mean-

square deviation (RMSD) of ligand’s heavy atoms, using 1 Å 

as a cut-off (see Figure S3). RMSD values of the protein 

backbone were used to monitor simulation equilibration and 

protein folding changes (see Figure S5) All the trajectory and 

interaction data are available on the Zenodo repository (code: 

10.5281/zenodo.6984711). MD trajectories were visualized, 

and figures produced by PyMOL v.2.5.2 (Schrödinger LCC, 

New York, NY, USA). 
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