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A B S T R A C T   

In this paper we present the design, synthesis, and biological evaluation of a new series of peptidomimetics acting 
as potent anti-SARS-CoV-2 agents. Starting from our previously described Main Protease (MPro) and Papain Like 
Protease (PLPro) dual inhibitor, CV11, here we disclose its high inhibitory activity against cathepsin L (CTSL) 
(IC50 = 19.80 ± 4.44 nM), an emerging target in SARS-CoV-2 infection machinery. An in silico design, inspired by 
the structure of CV11, led to the development of a library of peptidomimetics showing interesting activities 
against CTSL and Mpro, allowing us to trace the chemical requirements for the binding to both enzymes. The 
screening in Vero cells infected with 5 different SARS-CoV-2 variants of concerns, highlighted sub-micromolar 
activities for most of the synthesized compounds (13, 15, 16, 17 and 31) in agreement with the enzymatic in
hibition assays results. The compounds showed lack of activity against several different RNA viruses except for 
the 229E and OC43 human coronavirus strains, also characterized by a cathepsin-L dependent release into the 
host cells. The most promising derivatives were also evaluated for their chemical and metabolic in-vitro stability, 
with derivatives 15 and 17 showing a suitable profile for further preclinical characterization.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic, triggered by 
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
considered among the most tremendous health catastrophe in the last 
centuries, causing 771 million of contagious and almost 7 million of 
deaths worldwide [1]. Despite all the efforts made in social, economic 
and health fields since its outbreak in 2019, after four years we are not 
still able to eradicate this plague. 

SARS-CoV-2 is a positive-sense single-stranded RNA, enveloped 
virus, belonging to the betacoronavirus genus, family Coronaviridae, and 

its peculiarity is represented by the envelope protein, Spike (SP), which 
gives it a typical crown shape. SP is responsible for the virus entry in the 
host cells through the cellular angiotensin converting enzyme receptor 2 
(ACE2R) recognition [2]. 

SARS-CoV-2 infection is principally related to airways impairment 
[3], and it is possible to schematize the disease in 3 different stages: 1) 
active virus replication in the host cells, with benign symptoms very 
similar to other sicknesses, such as colds and flu; 2) lung function 
compromission, frequently accompanied by bilateral pneumonia with 
serious respiratory symptomatology; 3) cytokines storm, characterized 
by hyperinflammation which can lead to morphological lung alteration, 
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vasculopathy and thrombosis [4]. 
From the therapeutic point of view, in the two initial phases of the 

illness, the objective is reducing the viral replication, while decreasing 
the host hyperinflammatory response to contain its consequences in the 
third step. For this reason, the anti-SARS-CoV-2 therapeutics can be 
classified in two categories, depending on their ability in reducing the 
host immune response, or in decreasing the virus replication. These 
latter are further divided into agents inhibiting RNA duplication and 
transcription and agents disrupting the SP/ACE2R binding [5]. 

In the last few years, several drugs have been approved for the 
treatment of the most severe cases. However, the vaccine campaign has 
represented the outstanding strategy to contain the contagious wave. 
Among all therapeutic options, antiviral drugs are considered a mile
stone of the pharmacological intervention, but very few medicaments 
are currently available [6]: remdesivir as RNA polymerase (RNAp) in
hibitor [7], nirmatrelvir–ritonavir association inhibiting the viral main 
protease (MPro) [8] and molnupiravir as inhibitor of SARS-CoV-2 
replication [9]. Together with these antiviral drugs, monoclonal anti
bodies (mAbs) have been developed to treat SARS-CoV-2 infection. The 
mAbs can act either by inhibiting the virus entry and targeting viral 
machinery, promoting its elimination, or by neutralizing cytokines 
storm [10]. Only seven anti-SARS-CoV-2 mAbs, namely bamlanivimab, 
etesevimab, casirivimab, imdevimab, sotrovimab, cilgavimab and tix
agevimab have been approved so far [11]. This kind of therapy is useful 
for the most severe infections, but many cases of loss of efficacy have 
been reported in the most recent period, due to the latest emerging 
SARS-CoV-2 variants [12]. Indeed, the activity of anti-SARS-CoV mAbs 
can vary significantly against specific variants and subvariants (PMID: 
37876803; PMID: 35857646). 

RNA viruses, normally, have high mutation rates allowing them an 
extreme capacity for rapid evolution, because of their low-fidelity RNA 
polymerases. Among these, SARS-CoV-2, as coronaviruses family 
member, is subjected to a minor rate of mutations, thanks to its proof
reading machinery capable of excising mis-incorporated nucleotides 
from the growing RNA [13–15]. Nevertheless, since the end of 2019, 
when the outbreak of COVID-19 pandemic became, a significative 
number of variants emerged. In November 2021, the WHO proclaimed 
the new omicron variant, known as B.1.1.529, as variant of concern 
(VOC) and until now, numerous omicron subvariants have been iden
tified [16,17]. The most common mutations (34 missense mutations) in 
omicron subtypes, occur in Spike Protein, principally located at the 
receptor-binding domain (RBD) (15 mutations) [18,19] penalizing the 
drugs acting by SP modulation [20], and vaccines [21], which needed to 
be rapidly updated [22,23]. 

It is clear that, even if the most dangerous wave of contagious SARS- 
CoV-2 should have been overcome, the necessity to expand the thera
peutic arsenal against SARS-CoV-2 to protect us from the estimated very 
long permanence of the virus is still very urgent. In this context, SARS- 
CoV-2 proteases, Main Protease (MPro) and Papain Like Protease (PLPro), 
because of their crucial role in the viral replication machinery, have 
inspired the pharmaceutical research to develop new inhibitors for 
tackling the virus [24–28]. Recently, another protease, namely 
Cathepsin-L (CTSL), has elicited much appeal because of its involvement 
in the initial stage of the virus infection. CTSL is a lysosome cysteine 
protease that comes into play when the virus is endocytosed by the host 
cell, cleaving the Spike Protein and, in this way, activating its fusion 
potential [29]. Recently, it has been demonstrated that CTSL levels are 
increased in COVID-19 patients and that they can be related to the 
different stages of the pathology [30]. This evidence paved the way for 
an extended investigation about this new pharmacological target, trig
gering the discovery of CTSL inhibitors useful in the fight against 
SARS-CoV-2 [31–33]. 

Surprisingly, a great input to the discovery of CTSL inhibitors came 
by serendipity, during MPro inhibitors discovery studies, since the two 
targets share a high level of homology [34–36]. 

Starting from these premises and from our previous results in the 

identification of new SARS-CoV-2 proteases inhibitors [37], we 
wondered if our lead compound, CV11 (Fig. 1), could be also suitable as 
CTSL blocker and, indeed, we disclosed a very high CTSL inhibitory 
activity (Table 1). This result inspired the design and the synthesis of a 
new series of peptidomimetics deriving from the structure of compound 
CV11, by variating the tryptophan residue, the butylene side chain, the 
chloroacetyl substituent and the benzyl moiety (Fig. 1). The obtained 
derivatives were characterized by a remarkable CTSL enzymatic inhi
bition often associated to a synergic Mpro activity interference, and high 
antiviral potency. Moreover, these compounds also showed promising 
in-vitro pharmacokinetic properties, paving the way for further 
pre-clinical characterization. 

2. Results and discussion 

2.1. Chemistry 

Final pseudo-peptides 13–20, 22 and 25 were synthesized according 
to Scheme 1. 

Boc-L-Tryptophane was treated with benzylamine in classic coupling 
conditions, using HOBt, HBTU and DIPEA in DCM leading to interme
diate 1 in 80 % yield. After Boc protecting group removal with TFA in 
DCM (1/3 as ratio) and using TIS as scavenger, the α-amino group of 
compound 2 was coupled with Boc-L-Leu-OH, or Boc-D-Leu-OH, or Boc- 
L-Phe-OH or Boc-Gly-OH, or Boc-L-Tyr-OH in the same conditions dis
cussed above. Pseudo-dipeptides 3–7 were obtained in a range of 65–82 
% of yields. Amino group deprotection of intermediates 3–7 in the same 
conditions described before, almost quantitatively, led to derivatives 
8–12 that were treated with the proper acyl chloride to furnish final 
compounds 13–20 (48–68 % yields). 

Intermediate 10 was also coupled with Boc-L-Leu-OH in the previous 
described conditions, giving, after Boc removal, compound 21 (78 % 
yield), which was reacted with chloroacetyl chloride in DCM using TEA 
as base, yielding final derivative 22 in 52 % yield. 

Starting from Boc-D-Trp-OH, following the same pathway and the 
same reaction conditions described for the synthesis of 13, final com
pound 25 was obtained in 36 % of overall yield. 

Compounds 28, 31 and 33 were obtained as depicted in Scheme 2. 
Using Boc-L-Trp-OH as starting material, coupling reaction with 4- 

(2-aminoethyl)morpholine employing HOBt and HBTU as coupling 
agents and DIPEA as base, compound 26 was obtained in 74 % yield. A 
cycle of Boc deprotection in DCM/TFA (3/1 as ratio) in presence of TIS, 
and a further coupling with Boc-L-Allyl-Gly-OH in the same reaction 
conditions described above, afforded intermediate 27 (58 % yield). 

Compound 28 was obtained in 52 % yield, after a classical Boc 
removal and subsequent reaction with chloroacetyl chloride in DCM and 
TEA. 

Fig. 1. Design of peptidomimetics starting from the structure of CV11.  
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Table 1 
Measured Activities for inhibition of SARS-CoV-2 selected protein targets.  

Compound Structure Mpro CTSL 

IC50 (nM) IC50 (nM) 

GC-376  570.23 ± 23.12 – 
E-64  – 34.01 ± 8.70 
CV11 1720.44 ± 440.66 19.80 ± 4.44 

13 2810.81 ± 520.18 2.82 ± 0.76 

14 >30000 26040.17 ± 1120.00 

15 >30000 100.54 ± 21.46 

16 730.12 ± 320.37 3.17 ± 0.87 

17 >30000 32.50 ± 19.57 

18 >30000 5080.47 ± 2180.03 

19 8350.53 ± 1850.32 50.25 ± 23.25 

(continued on next page) 
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Table 1 (continued ) 

Compound Structure Mpro CTSL 

IC50 (nM) IC50 (nM) 

20 >30000 >30000 

22 >30000 8.01 ± 2.12 

25 14610.54 ± 2120.47 2920.33 ± 790.30 

28 >30000 206.78 ± 98.10 

31 8320.26 ± 890.36 10.30 ± 5.64 

33 >30000 27410.78 ± 3150.27 

39 >30000 314.41 ± 121.07 

42 >30000 82.93 ± 22.67 

46 >30000 3020.15 ± 1560.53  
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Derivative 31 was synthesized starting from Boc-L-Trp-OH, that was 
coupled with L-Leu-OMe, using the previously described reaction con
ditions to yield intermediate 29. Hydrolysis of methyl ester in aqueous 
NaOH and subsequent coupling with benzylamine, employing HOBt, 
HBTU and DIPEA afforded 30. The last reaction steps consisted in Boc 
removal and acyl substitution with chloroacetyl chloride leading to final 
compound 31 in 21 % overall yield. 

Starting from methyl (tert-butoxycarbonyl)-L-tryptophyl-L-leucinate 
(29), deprotection with TFA/DCM (1:3 v:v) and TIS led to 32, that was 
subsequently treated with chloroacetyl chloride in DCM and TEA, 
affording final compound 33 in 45 % of overall yield. 

Compounds 39, 42 and 46 were obtained in accordance with Scheme 
3. 

Commercially available Cbz-L-Trp-OH was subjected to Weinreb 
amidation with N,O-dimethyl hydroxylamine, HOBt, HBTU and DIPEA, 
to furnish the carbamoyl intermediate 34, in 85 % yield. Weinreb amide 
was reduced to the corresponding aldehyde using LiAlH4 and then, 
subjected to reductive amination with benzylamine, affording com
pound 35 in 52 % yield. The introduction of Boc protecting group using 
Boc anhydride in DCM, and Cbz removal under hydrogenation condi
tions gave 36 in 88 % yield. Intermediate 36 was coupled with Fmoc-L- 
allyl-Gly-OH using HOBt, HBTU and DIPEA in DCM and then subjected 
to Fmoc removal in a mixture of diethylamine/DCM (1:3 v:v) leading to 
compound 37 (78 % yield). Another cycle of coupling and Fmoc- 
deprotection, using the same reagents and conditions just described, 
afforded pseudo tripeptide 38 in 72 % yield. Finally, compound 39 was 
obtained in 78 % yield by free amino-group reaction with chloroacetyl 
chloride and TEA in DCM and subsequent Boc deprotection in TFA/DCM 
(1:3 v:v) using TIS as scavenger. 

Coupling reaction between Cbz-L-Trp-OH and L-Gln(Trt)-OMe using 

HOBt, HBTU and DIPEA generated dipeptide 40 (72 % yield), that was 
deprotected from Cbz group under reduction conditions and coupled 
with Fmoc-L-Leu-OH as described above to afford compound 41 in 68 % 
yield. After Fmoc removal in DEA/DCM (1:3 v:v), NH2 acylation with 
chloroacetyl chloride and, in the end, Boc deprotection in a mixture of 
TFA/DCM (1:3 v:v), final derivative 42 was obtained in 38 % yield. 

Compound 46 was obtained starting from L-Leu-OMe, that was 
treated with benzaldehyde to form the corresponding immine deriva
tive, that was reduced with NaBH4 leading to compound 43 in 72 % 
yield. Boc protecting group was introduced on the secondary amine, 
using Boc anhydride and TEA in DCM, then the methyl ester function 
was hydrolized by aqueous NaOH to furnish intermediate 44 (38 % 
yield). Coupling reaction with 1-adamantanemethylamine in the same 
usual conditions gave intermediate 45 in 68 % yield; Boc removal in 
standard conditions and NH-acylation with chloroacetyl chloride, 
finally led to compound 46 in 38 % yield. 

2.2. In silico design and enzymatic inhibition results 

Our efforts in identifying novel agents able to interfere with SARS- 
CoV-2 virus were focused on the possibility of inhibiting CTSL prote
ase supported by the recently disclosed key role of this protein in pro
moting and sustaining COVID-19 pathology [29–31]. The starting point 
of this study concerned the re-evaluation of our previously discovered 
CV11 Mpro inhibitor as a new putative modulator of CTSL activity. 
Similar to the previous hypothesis for Mpro binding, molecular docking 
experiments were performed starting from the covalent binding between 
the Cys25 residue at the CTSL enzyme binding site, widely reported as 
the reactive nucleophile targeting electrophilic warheads [38,39] which 
is in this case the reactive chloroacetyl moiety of CV11. As widely 

Scheme 1. Synthesis of compounds 13–20, 22 and 25.  
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reported, CTSL protein features six subsites (S1, S2, S3, S1′, S2′, S3’, 
Cys25 reactive residue located at the S1 subsite) (Fig. 2A) that can be 
conveniently occupied by different types of binders [40]. Therefore, we 
carefully analysed the predicted binding poses of CV11 according to 
these structural data. 

In details, CV11 is able to establish a large set of polar, hydrophobic, 
and π-π interactions with residues belonging to S1, S1′, and partly S3/S2’ 
subsites. Both the indole and benzyl moieties make π-π contacts with 
His163 and Trp189, while the indole nitrogen interacts with the back
bone of Ala138 through an H-bond. Further hydrogen bonds were 
detected with Gly18 and His163 (Fig. 2B). From this analysis, we then 
speculated that the aromatic moieties and, in particular, the indole was 
fundamental for CTSL binding since its ability to interact with Ala138, 
His163, Trp189 via π-π interactions, van der Waals contacts, and H-bond 
(Fig. 2B). Furthermore, we observed a partial occupation of the S3 
subsite by the butenyl moiety of CV11, thus suggesting that this 
chemical portion should be carefully investigated to obtain analogues 
with enhanced potency (vide infra). 

The computational hypothesis has been validated by an enzymatic 
assay in which CV11 showed an interesting inhibitory potency with an 
IC50 of 19.80 ± 4.44 nM, higher than E− 64 used as reference inhibitor 
[41]. 

Once assessed the importance of the indole group, to further validate 
the obtained outcomes from molecular docking experiments and to trace 
a structure-activity relationship (SAR), we first wondered whether the 
substitution of the benzyl moiety as the additional putative key aromatic 
group of CV11 with a polar, non-aromatic group could affect the bio
logical activity against CTSL. As expected, in silico data related to com
pound 28, in which a 4-ethylmorpholine moiety was introduced, 
disclosed the lack of the π-π interaction with Trp189 (Fig. 3A) and bio
logical results highlighted ten times higher IC50 detected for 28 if 
compared to CV11 (Table 1). These combined in silico/biological data 
confirmed the importance of the benzyl moiety in binding the target 
protein. We then investigated whether variation in the position of the 
chloroacetyl group could affect the inhibitory activity. In particular, in 

the pseudo-tripeptide compound 39, the introduction of an additional 
amino acid led to a binding mode not in line to that of CV11 with 
different positions of the key benzyl and indole moieties in the binding 
site (Fig. 3B). Specifically, various interactions previously detected for 
CV11 were no longer observed due to the different accommodation in 
the CTSL binding site and, specifically, 39 lacked π-π contacts with 
His163 and H-bond with Ala138 due to the different accommodation of 
the indole moiety within the S2’ subsite, enhancing the IC50 of 39 about 
16 times with respect to CV11. 

The next step concerned the investigation of the role of the butenyl 
moiety in CV11, placed in the S3 subsite according to docking results 
(vide supra, Fig. 2). With this aim, this group was first removed (com
pound 17) to assess its impact on modulating the inhibitory activity 
against CTSL and to further corroborate the predicted binding modes for 
the above reported investigated compounds. Docking results revealed a 
similar accommodation for 17 in the binding site if compared to CV11 
but, as expected, interactions with residues belonging to S3 subsite 
partially observed for CV11 were here not observed (Fig. 3C). Biological 
outcomes were in line with in silico data and a slight decrease in inhib
itory activity was detected (Table 1). 

Accordingly, we replaced the butenyl group of CV11 with a bulky 
isobutyl moiety (compound 13) that occupied the S3 subsite in a satis
factory way due to the large volume of the new introduced chemical 
function. Biological data disclosed a remarkable improvement in the 
inhibitory activity against CTSL (IC50 = 2.82 ± 0.76 vs 19.80 ± 4.44 
nM), thus highlighting the importance of this chemical moiety as pre
dicted by docking experiments (Fig. 3D and Table 1). Starting from these 
data, we then synthesized a set of close derivatives to assess how 
punctual modifications could influence the biological activity. Similarly 
to what was already done for CV11 and 28, we proceeded with further 
investigations first replacing the benzyl group of 13 with a long, polar 
chain comprising both an ester and an amide function (compound 42). 
Docking results further confirmed that the removal of the aromatic 
moiety caused the loss of the π-π interaction with Trp189 towards the S1′ 
subsite (Fig. 3E), and in-vitro data pointed out the reduction of the 

Scheme 2. Synthesis of compounds 28, 31 and 33.  
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inhibitory activity for 42 if compared to 13 of about 30 times (Table 1). 
Furthermore, the modification of the position of the isobutyl moiety 
(compound 33) caused a strong decrease of the CTSL inhibition resulting 
an IC50 in high micromolar range (Table 1), in accordance with 
computational data showing the lack of the π-π interaction with Trp189 
belonging to S1’ subsite and the non-occupancy of the S3 subsite 
(Fig. 3F). On the other hand, compound 31, featuring both the isobutyl 
and benzyl moiety but differently placed on the pseudopeptidic skeleton 
if compared to 13, featured a loss in inhibitory activity, even if it 
maintained a very good potency (10.30 ± 5.64 vs 2.82 ± 0.764 nM, 

Table 1). Indeed, a large set of hydrophobic contacts were detected and, 
above all, aromatic and van del Waals contacts were re-established be
tween both the indole and benzyl groups with Trp189 (Fig. 3G), further 
confirming the key importance of these aromatic moieties for inhibiting 
CTSL. 

All these investigations highlighted 13 as the lead compound of this 
series. Then, we questioned whether the inversion of chirality at the 
carbon bearing the isobutyl moiety (compound 15) could affect the 
biological activity. Docking poses highlighted a different binding mode 
of 15 with respect to 13 and, in particular, the exchange of the positions 

Scheme 3. Synthesis of compounds 39, 42 and 46.  

Fig. 2. A) Binding subsites of cathepsin L (CTSL) enzyme and their orientation on the protein structure (PDB code: 2XU3). Molecular surface of CTSL is depicted in 
light grey. B) CV11 (colored by atom type: C green, O red, N blue, polar H light grey) in docking with CTSL (secondary structure in ribbons and colored in orange; key 
residues are reported as sticks and colored by atom type: C grey, O red, N blue, S yellow, polar H light grey). H-bonds and π-π interactions are reported in green and 
cyan dotted lines, respectively. 
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of the indole and benzyl moieties in occupying the protein subsites with 
the subsequent loss of some interactions, in particular the H-bond with 
Ala138 (Fig. 3H). These data suggested that this chemical variation 
could affect the biological activity and, indeed, cell-free assays 
confirmed in silico data highlighting an inhibitory effect with 35 times 
higher IC50 than CV11 (Table 1). Starting again from 13, we also 
wondered whether the inversion of the chirality at the carbon bound to 

the indole moiety and thus close to the benzyl group (compound 25) 
could influence the CTSL inhibitory activity. Similarly to 15, the pre
dicted binding mode was not in line with that sampled for 13 with the 
lack of π-π and H-bond interactions previously established by 13 (Fig. 3I) 
and, as expected, the biological results confirmed these data with a 
marked reduction of the measured inhibitory activity that resulted in a 
IC50 = 2.92 ± 0.79 μM (Table 1). 

Fig. 3. A) 28 (colored by atom type: C light violet, O red, N blue, polar H light grey), B) 39 (colored by atom type: C black, O red, N blue, polar H light grey); C) 17 
(colored by atom type: C purple, O red, N blue, polar H light grey); D) 13 (colored by atom type: C light blue, O red, N blue, polar H light grey); E) 42 (colored by 
atom type: C salmon, O red, N blue, polar H light grey); F) 33 (colored by atom type: C blue, O red, N blue, polar H light grey); G) 31 (colored by atom type: C dark 
grey, O red, N blue, polar H light grey); H) 15 (colored by atom type: C light red, O red, N blue, polar H light grey); I) 25 (colored by atom type: C sky blue, O red, N 
blue, polar H light grey); J) 16 (colored by atom type: C yellow, O red, N blue, polar H light grey); K) 19 (colored by atom type: C violet, O red, N blue, polar H light 
grey); L) 22 (colored by atom type: C light purple, O red, N blue, polar H light grey); M) 46 (colored by atom type: C light violet, O red, N blue, polar H light grey) in 
docking with CTSL (secondary structure colored in orange; key residues are reported as sticks and colored by atom type: C grey, O red, N blue, S yellow, polar H light 
grey). H-bonds and π-π interactions are reported in green and cyan dotted lines, respectively. 
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Fig. 3. (continued). 
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Given the importance of the isobutyl moiety occupying S3 subsite, a 
new set of derivatives was then taken into account by replacing it with a 
benzyl moiety (compound 16). In this case, docking results revealed a 
comparable binding mode between 16 and 13 with the establishment of 
hydrophobic interactions with residues belonging to S3 subsite (e.g., Asn 
66, Gly 67, Gly 68). Also, π-π and H-bond interactions were detected by 
the indole moiety with His163 and Asp162 and by the benzyl group with 
Trp189 (Fig. 3I). As expected, biological data were in line with the 
computational outcomes, disclosing 16 as a very potent inhibitor of 
CTSL with an IC50 of 3.170 ± 0.876 nM (Table 1). However, the 
replacement of the benzyl moiety with a 4-OH-benzyl in 19 (arising from 
L-Tyr instead of L-Phe, Scheme 1) highlighted a different orientation of 
these moieties comparing 16 and 19. Indeed, the new introduced 4-OH- 
benzyl is placed in the region occupied by the key indole in 16, whereas 
the latter is oriented towards the S2’ subsite (Fig. 3J). Biological out
comes highlighted a 16 times reduction of the inhibitory activity 
(Table 1) in accordance with in silico data. 

With all these data in hands, we wondered whether the introduction 
of both the isobutyl and benzyl moieties (present in lead compounds 13 
and 16, respectively) could be beneficial in inhibiting CTSL. In this case, 
covalent docking calculations were performed for the four possible 
isomers arising from all the R/S configuration combinations (compound 
22, Table 1, and compounds 22a, 22b, 22c, Fig. S33), with the aim of 
selecting the most promising one. From this analysis, compound 22 
showed a binding mode partly respecting the network of interactions 
previously reported for 13 and 16, being able to interact with residues 
belonging to S1, S2, S3, and S1’ subsites. In particular, both the close 
isobutyl and benzyl moieties make the molecule gain additional in
teractions with residues belonging to S1/S3 subsites, but this is coun
terbalanced by differently orientation of the indole moiety if compared 
to CV11, 13, and 16 with the loss of the H-bond with Ala138 and Asp162 
(Fig. 3L). In-vitro assays confirmed the computational predictions, 
disclosing 22 as a new potent compound with an IC50 comparable to 
those of 13 and 16, highlighting the importance of the S configuration 
for all three amino acids composing the tripeptide. 

Finally, compounds 14, 18 and 20 were synthesized as close ana
logues of the lead compounds 13 and 16, in which the chloroacetyl 
moiety was replaced by alkene and thiol functions as putative attach
ment points for ligand/protein covalent linkage, to provide further ev
idence of the importance of this group in inhibiting CTSL. As expected, 
all three items showed a strong decrease in biological activity if 
compared with 13 and 16 (Table 1), demonstrating that the chloroacetyl 
is a key pharmacophoric group for developing potent CTSL inhibitors. 
This outcome was eventually further corroborated by compound 46, 
that showed an IC50 in the low micromolar range (Table 1) and featured 
only the chloroacetyl, the benzyl moieties, and the isobutyl as the cho
sen minimum required groups for inhibiting CTSL, establishing π-π in
teractions with His163 and Trp189 (Fig. 3M). 

All the compounds were also tested as SARS-CoV-2 Mpro inhibitors, 
disclosing 13, 16, 19, 25, and 31 as able to interfere with this key 
enzyme with IC50 in the high nanomolar/low micromolar ranges of 
concentrations. Starting from the binding mode of CV11 against Mpro 

proposed by us [37], we evaluated the new compounds in which the 
covalent linkage between Cys145 reactive residue [42] and the chlor
oacetyl moiety was taken into account for molecular docking experi
ments (Fig. 4). As previously reported [37], CV11 is able to establish π-π 
interactions with His41 and a large set of additional hydrophobic con
tacts, occupying S2, S4, and S1 subsites (Fig. 4A and B). Starting from 
these premises, we carefully analysed the docking poses of 13, 16, 19, 
25, and 31, disclosing a binding mode highly compatible with that of 
CV11 respecting the same network of interactions and a similar occu
pation of the above reported Mpro subsites (Fig. 5A–E). Interestingly, for 
compound 25, the R configuration at the carbon bound to the indole 
moiety instead of S configuration as in 13, 16, 19, and 31 led to an 
inverted occupation of S2/S4 subsites by indole and benzyl moieties 
(Fig. 5D). Also, compound 31 featured a slightly different 

accommodation onto the enzyme binding site, specifically regarding the 
orientation of the indole moiety along the S2 subsite and the arising 
contacts with His41 (Figs. 5E and 4A). 

On the other hand, the analysis of the docking poses related to the 
inactive compounds featuring the chloroacetyl moiety and the com
parison with those related to the active molecules 13, 16, 19, 25, and 31 
disclosed details useful to shed light on the different observed biological 
behaviours. Indeed, compounds 15, 17, 22, 28, 33, 39, 42, and 46 are 
unable to comply with the binding mode observed for the active com
pounds due to the different occupation of the S1, S2, and S4 subsites 
(Fig. S34). In details, for most of the inactive molecules, the interactions 
of the indole moieties towards the S2 subsite were detected but, at the 
same, the loss of contacts with residues placed in between S4 and S1 
subsites (e.g., Phe 140, Glu 166) was observed, providing interesting 
indications for rationalizing the molecular basis behind the observed 
biological activities. 

2.3. Cell-based pharmacological characterization 

Considering the promising enzymatic inhibitory data, we continued 
our investigations by cell-based assays, using as model Vero cells 
infected with 5 different variants of SARS-CoV-2. In particular we 
assessed the capability of our derivatives in decreasing the production of 
cytopathic effect (CPE) in cells infected with Wuhan, African, UK, Delta 
and Omicron SARS-CoV-2 variants, using Remdesivir and Molnupinavir 
as reference drugs. tbl2fnc. 

Contextually with this assessment, also the cytotoxic effect of the 
synthesized compounds has been measured, evaluating the cell 
morphology (MCC) and the cell growth (CC50). Results are reported in 
Table 2. 

As illustrated in the table, many derivatives exhibited very inter
esting activity in inhibiting virus growth, showing a remarkable activity 
also against the omicron variant, currently considered as the most 
resistant one [20]. Compounds 13, 15, 16, 17, 19 and 31 appear as the 
most promising derivatives, in accordance with the enzymatic assays 
data, resulting in an IC50 activity against CTSL between 2.82 ± 0.76 and 
100.54 ± 21.46 nM. Moreover, compounds 13, 16, 19 and 31, were also 
characterized by a micromolar inhibitory potency against Mpro. Com
pounds 25 and 28 presented a moderate antiviral potency, coherently 
with the enzymatic inhibitory activity for both targets. Differently, the 
antiviral activity data collected for derivatives 22 and 42, were not 
coherent with those deriving from the enzymatic assays, being the 
compounds highly effective against the CTSL (8.01 ± 2.12 and 82.93 ±
22.67 nM respectively) but almost inactive in the cell evaluation. We 
justified this incongruency by a possible lack of cell permeability, 
considering the high molecular weight of these analogues, however 
other reasons cannot be excluded. 

Moreover, most of the tested compounds did not show any cytotoxic 
effects over a wide panel of cell lines (see Table 2 and Table S3). 

2.4. Compounds selectivity 

To deepen the compounds biological profile, we performed a wide 
screening against a panel of different viruses, including α-НCoV (229 E), 
β-HCoV (OC43), Influenza viruses (H1N1, H3N2, B), Respiratory Syn
cytial Virus (A Long), Herpes simplex virus 1 (KOS), Yellow fever virus 
(17D), Sinobis virus (Ar-339), Semliki Forest virus (Original). The ob
tained results are summarized in Table S3. Many derivatives exhibited 
an interesting activity against both the HCoVs used (229 E and OC43), 
while no one worked against the other viruses (Table S3). Except for the 
compound 19, all the derivatives exerted an activity against the HCoVs 
comparable with those recorded against SARS-CoV-2. It is worth noting 
that the α-HCoV 229 E, as well as the β-HCoV OC43 need the cathepsin L 
action for being released into the host cells [43]. In addition, the ho
mology degree between the MPro sequence of SARS-CoV-2 and 229E and 
OC43 is around 40–50 % [44]. Both these considerations represent a 
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further proof of concept concerning the compounds mechanism of 
action. 

2.5. In-vitro chemical and metabolic stability 

In this study, we evaluated the chemical and metabolic stability of 
13, 15, 16, 17 and, 31 using a LC-MS approach, in order to assess their 
drug-likeness. 

Chemical stability screening is used to assess the degradation of a 
compound through non-enzymatic processes. Various mechanisms can 
contribute to the degradation, with the most common ones being hy
drolysis, oxidation, or degradation triggered by exposure to light. By 
subjecting the compounds to different conditions and monitoring their 
degradation, chemical stability screening provides valuable information 

on the compound’s stability and potential degradation pathways. This 
information is crucial for evaluating the compound’s shelf-life, storage 
conditions, and overall stability under different environmental 
conditions. 

In this study, chemical stability of 13, 15, 16, 17 and, 31 was eval
uated incubating the compounds in SGF and SIF solutions at 37 ◦C for 
120 min. The samples were collected at specific time points and ana
lysed by LC-MS to detect any changes in their chemical structure or 
composition. Our results highlighted that all investigated compounds 
were resistant (>80 %) to chemical degradation (Table S2). The same 
stability was observed when measuring the compound’s stability in 
human plasma at five different time points (Table S2), except for com
pound 31, which exhibited a half-life of approximately 24.4 min. 
Consequently, it was excluded from further investigation. 

Fig. 4. A) Binding subsites of SARS-CoV-2 Mpro enzyme (PDB code: 6M0K). Molecular surface of Mpro is depicted in light grey. B) CV11 (colored by atom type: C 
green, O red, N blue, polar H light grey) in docking with Mpro (secondary structure in ribbons and colored in grey; key residues are reported as sticks and colored by 
atom type: C grey, O red, N blue, S yellow, polar H light grey). H-bonds and π-π interactions are reported in green and cyan dotted lines, respectively. 

Fig. 5. A) 13 (colored by atom type: C light blue, O red, N blue, polar H light grey); B) 16 (colored by atom type: C yellow, O red, N blue, polar H light grey); C) 19 
(colored by atom type: C violet, O red, N blue, polar H light grey); D) 25 (colored by atom type: C sky blue, O red, N blue, polar H light grey); E) 31 (colored by atom 
type: C dark grey, O red, N blue, polar H light grey) in docking with Sars-CoV-2 Mpro (secondary structure colored in grey; key residues are reported as sticks and 
colored by atom type: C grey, O red, N blue, S yellow, polar H light grey). H-bonds and π-π interactions are reported in green and cyan dotted lines, respectively. 

T. Ciaglia et al.                                                                                                                                                                                                                                  



European Journal of Medicinal Chemistry 266 (2024) 116128

12

In the next step, we evaluated the stability of 13, 15, 16 and 17 at the 
degradation induced by hepatic metabolic enzymes. In our assay we 
followed the loss of the test compounds over time under CYP and CYP- 
UGT-mediated metabolic pathways. 

Metabolic stability was assessed by adding NADPH to activate only 
CYPs in human liver microsomes, and UDPGA and NADPH for the 
activation of both CYPs and UGTs in the presence of alamethicin. To 
detect non-specific protein binding or heat instability, the compounds 
were also incubated without cofactors (negative control). Our results 
demonstrated that all compounds exhibited not protein binding and 
were highly stable in the absence of cofactors. 

The extent of hepatic metabolism was evaluated by monitoring the 
remaining percentage of parent compound at different time points and 
allowed us the determination of different pharmacokinetic parameters 
such as in-vitro t1/2, CLintin-vitro and CLintin-vivo. (Table S2). In-vitro t1/2 
and CLint of tested compounds after liver microsomes incubation were 
calculated according to “well stirred” model [45]. Predicted CLintin-vivo 
values were determined using human PBSF. 

Our results indicated that 13 and 15 derivatives showed comparable 
metabolic profiles in both the dual-activity system and the conventional 
incubation (Fig. 6) in which only CYPs were active [(t1/2 13: 29.7 min 
(CYP) vs 21.1 min (CYP-UGT); t1/2 15: 74.5 min (CYP) vs 75.3 min (CYP- 
UGT)]. This finding confirms that these compounds are primarily 
metabolized through CYP-mediated pathways. However, 16 and 17 
were metabolized by phase I and II reactions, suggesting a higher sus
ceptibility to glucuronidation phase compared to other derivatives [t1/2 
16: 38.3 min (CYP) vs 19.6 min (CYP-UGT); t1/2 17: 346.5 min (CYP) vs 
121.6 min (CYP-UGT)]. 

According to the classification by McNaney et al. [46], compounds 
13 and 16 are categorized as high clearance compounds (CLintin-vitro 
>45 mL min− 1 kg− 1); compound 15 fall into the category of interme
diate clearance compounds (15 < CLintin-vitro <45 mL min− 1 kg− 1), 
while 17 is classified as a low clearance compounds (CLintin-vitro <15 mL 
min− 1 kg− 1). 

It is interesting to note the different susceptibility to hepatic meta
bolism of compounds 13 and 15. This aspect could be related to the 
stereoselectivity of drug metabolism. Among all pharmacokinetic pro
cess, metabolism is the most stereoselective process due to the 
involvement of the enzyme systems. Metabolizing enzymes often show a 
preference for one enantiomer of a chiral drug over the other, resulting 
in enantioselectivity [47,48]. 

In our study, compounds 15 showed a half-life value about 3 times 
longer than its relative stereoisomer. 

Overall, this investigation underlines that compound 15 is the most 
chemically stable derivative (in-vitro half-life = 232.3 min), while its 
analogue 17 is the most resistant to the metabolic transformation (in- 
vitro half-life = 121.6 min). 

3. Discussion 

Since 2019 the worldwide population has been facing the most 
tremendous sanitary and social catastrophe of the last century accoun
ted for the SARS-CoV-2 infection. Despite being the worst wave of the 
pandemic overcame, where the humanity was unprepared for tackling 
the virus, now there is the necessity to implement the measures needed 
for a long and constant SARS-CoV-2 permanence. The question whether 
the virus, by mutations acquisition, could escape from the current 
therapy and eventually from the acquired immunity, is still on debate. 
The mutations are a direct consequence of each pandemic because they 
reflect the intrinsic ability of the viruses to adapt themselves to the 
surrounding habitat and to escape host defences perpetuating their 

Table 2 
Antiviral activity against SARS-CoV-2 and cytotoxicity in Vero cells.   

SARS-CoV-2 strains EC50
a (μM)   

Compound Wuhan African UK Delta Omicron MCCb (μM) CC50
c (μM) 

Remdesivir 3.74 ± 0.23 2.93 ± 0.00 2.40 ± 1.67 3.74 ± 0.40 0.83 ± 0.05 >40 >40 
Molnupiravir 4.31 ± 1.59 5.44 ± 0.00 2.81 ± 0.54 6.04 ± 0.84 1.22 ± 0.14 >100 48.20 ± 25.40 
CV11 0.49 ± 0.03 1.16 ± 1.13 0.46 ± 0.32 2.12 ± 0.82 5.87 ± 8.18 >100 >50 
13 0.27 ± 0.18 0.32 ± 0.03 0.44 ± 0.16 1.20 ± 0.00 1.28 ± 0.42 >100 >50 
14 >100 >100 >100 >100 >100 >100 >50 
15 0.08 ± 0.04 0.57 ± 0.25 0.07 ± 0.01 1.08 ± 0.82 1.37 ± 0.93 >100 >50 
16 0.09 ± 0.04 0.68 ± 0.66 0.07 ± 0.04 1.30 ± 1.02 1.34 ± 1.42 >100 11.92 ± 3.43 
17 0.16 ± 0.10 0.30 ± 0.07 0.07 ± 0.00 0.54 ± 0.20 0.81 ± 0.86 >100 >50 
18 >100 >100 >100 >100 >100 >100 >50 
19 2.37 ± 0.47 3.46 ± 2.19 3.32 ± 2.31 12.27 ± 3.19 5.04 ± 3.49 >100 >50 
20 >20 >20 >20 >20 >20 >100 >50 
22 4.81 ± 3.96 >20 >20 >20 >100 >100 >50 
25 8.71 ± 6.01 >20 8.93 ± 5.23 >20 >20 >100 >50 
28 10.33 ± 0.52 10.72 ± 0.30 5.90 ± 2.19 29.25 ± 2.80 13.50 ± 2.54 >100 >50 
31 0.25 ± 0.08 0.41 ± 0.02 0.26 ± 0.13 1.25 ± 0.71 0.40 ± 0.09 20.00 ± 8.30 >50 
33 >4 >20 >4 >20 >4 21.00 ± 3.50 30.20 ± 0.87 
39 4.29 ± 1.56 2.53 ± 0.00 2.16 ± 0.46 18.05 ± 10.75 15.15 ± 12.98 >100 >50 
42 >100 >100 >100 >100 >100 >100 >50 
46 >4 >4 >4 >4 >4 19.00 ± 5.80 31.40 ± 1.94  

a Effective concentration required to reduce virus cytopathic effect (CPE) by 50 %. Virus input was 100 TCID50 ((Median Tissue Culture Infectious Dose). 
b Minimum citotoxic concentration that causes a microscopically detectable alteration of Vero cells morphology. 
c Cytotoxic concentration required to reduce Vero cell growth by 50 %. 

Fig. 6. Representative graph depicting the linear regression of the natural 
logarithm of % parent compound remaining plotted against incubation time 
(min). The dotted lines represent the incubation of test compounds in human 
liver microsomes with only CYPs activated, while solid lines indicate dual 
activation involving both CYPs and UGTs. 
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infectious cycle. As a consequence of SARS -CoV-2 long term perma
nence, mutations are closely related to the recent opinion that COVID-19 
is moving toward an endemic infection [49]. This new collocation of the 
illness, even if it does not make it less dangerous [50], will completely 
change the global scenario. It will result in a readjustment of all the 
measures currently fielded, from social behaviour to therapeutic inter
vention. In fact, the endemization of SARS-CoV-2 will require, besides 
the achievement of “herd immunity”, an appropriate therapy, which 
must be based on a safer, homely administrated and readily accessible 
drug arsenal. This prospective enlivens the research endeavour headed 
for the discovery of potent and selective anti-SARS-Cov-2 agents. 

In this paper we discuss the design, synthesis, and the antiviral 
evaluation of a new series of peptidomimetics extremely active against 5 
variants of concern of SARS-CoV-2 replication. This study origins from 
computational evidence about our Mpro and PLpro dual inhibitor CV11, 
that showed a potential affinity against CTSL too. This hypothesis has 
been confirmed by an enzymatic assay in which our lead compound 
exhibited very high inhibitory activity against CTSL, inspiring the design 
of a new related series of derivatives. Molecular modelling investigation 
led to the development of a library of peptidomimetics endowed of 
remarkable activity against CTSL and some of them also against Mpro. 
The in-vitro potency of all the synthesized compounds has been 
corroborated by cell-based studies performed on Vero cells infected with 
5 variants of SARS-CoV-2, including the omicron variant. Compounds 
13, 15, 16, 17 and 31, emerged as the most powerful analogues, in 
accordance with our previous cell-free evaluation. Moreover, the drug- 
likeness of the most interesting peptidomimetics was also proved by 
an in-vitro pharmacokinetic assessment, that led to the identification of 
compound 15 and 17 as the most chemically and metabolically stable 
derivatives, respectively. It is worth noting that further cell-based 
analysis highlighted an interesting selectivity of the most promising 
compounds against other HCoVs, such as 229 E and OC43, underling the 
potential of these new derivatives. 229E and OC43, differently from 
SARS-CoV-2, cause milder bronchial infections, because they are limited 
to the upper respiratory tract and the associated symptomatology is 
related to local symptoms, mainly represented from cold, for which 
these viruses are responsible in 15–30 % of cases. To date, no specific 
pharmacological treatments are available for tackle these infections, 
that, despite being almost benign, can lead to bronchiolitis and pneu
moniae, especially in infants, elderly and immunodeficient patients 
[51]. This latter point, together with the reported results, enhances the 
importance of our investigation, highlighting the potential of the 
developed compounds, that could represent useful tools not only as 
anti-SARS-CoV-2 agents, but also for the treatment of others common 
viral infections. 

4. Experimental section 

4.1. Computational details 

A starting structural analysis of the CTSL crystal structures co- 
complexed with inhibitors available in the Protein Data Bank was per
formed by superposition and comparison through root-mean-square 
deviation (RMSD) calculation and visual inspection. This analysis 
highlighted the high structural stability of this enzyme and, accordingly, 
the protein structure featuring the best resolution (PDB code: 2XU3 
[52], namely CTSL in complex with XU3 inhibitor) was chosen for the 
subsequent molecular docking experiments. Also, 3D structure of 
SARS-CoV-2 Mpro in complex with A1 antagonist (FJC) (PDB code: 
6M0K) [53] was taken into account for in silico investigations (see Re
sults and Discussion). The above reported protein structures were pre
pared using the Schrödinger Protein Preparation Wizard workflow [54]. 
In details, water molecules and the co-complexed compounds were 
removed, cap termini were included, all hydrogen atoms were added, 
and bond orders were assigned. The grids considered for the subsequent 
molecular docking calculations were then generated analyzing the 

positions of the related co-crystallized compounds. 
The investigated compounds (See Results and Discussion) were 

prepared using LigPrep software (Schrodinger Suite) [55], generating all 
the possible tautomers and protonation states (pH = 7.4 ± 1.0). Finally, 
the obtained structures were minimized using the OPLS 2005 force field. 

Covalent docking experiments were performed using Glide software 
(Schrödinger Suite) [56]. Cys25 and Cys145 were set as the reactive 
residues for CTLS and SARS-CoV-2 Mpro, respectively. The specific re
action type (nucleophilic substitution) was selected in the related panel, 
according to the specific ligand chemical features arising from the 
presence of the α-chloro ketone moiety (see Results and Discussion). The 
Virtual Screening mode was chosen as docking mode, setting 2.5 
kcal/mol as energy cutoff to retain poses for further refinement and 200 
as related number of maximum number of poses to be retained. In the 
output file, 20 poses for each compound were saved. 

5. Enzymatic assays 

5.1. Mpro enzymatic assay 

The assay was performed in a volume of 25 μL in black 384-well 
OptiPlate. A fluorescent FRET substrate (DABCYL-KTSAVLQSGFRKME- 
EDANS) harboring the cleavage site of SARS-CoV-2 Mpro and aqueous 
buffer solution (40 mM Tris-HCl, pH 8.0, 110 mM NaCl, 2.2 mM KCl, 20 
% glycerol, 3 mM DTT, 8 mM maltose) were used for the inhibition assay 
(BPS Bioscience 3 C L Protease, MBP-tagged Assay). Mpro recombinant 
protease, at a final concentration of 150 ng per reaction, was pre
incubated for 30 min at room temperature with slow shaking in presence 
of the compounds at different concentrations. Finally, the reaction was 
initiated by adding 5 μL of the FRET substrate to each well (final con
centration, 50 μM). Buffer with the same amount of DMSO (1 %) was 
used as control and Mpro inhibitor GC376 is also included as a positive 
control. The plate was covered with a TopSeal™-A PLUS sealing film to 
prevent contamination and evaporation of the samples and incubated 
for 4 h at room temperature in subdued light. The fluorescence signals 
(excitation/emission, 360 nm/460 nm) of released EDANS were read 
using a PerkinElmer EnSpire multimode plate reader. The experiments 
were performed in triplicate. The IC50 values were calculated using 
GraphPad Prism 8.0 software by nonlinear regression of dose-response 
inhibition. 

5.2. CTSL enzymatic assay 

The assay was performed in a volume of 50 μL in black 96-well 
OptiPlate. A fluorometric dipeptide Z-Leu-Arg-AMC was used as sub
strate in CTSL enzymatic assay (BPS Bioscience Cathepsin L Inhibitor 
Screening Assay Kit). Upon cleavage by CTSL, the fluorescence of the 
AMC moiety dramatically raises. For steady state measurement, the 
enzyme was incubated for 10 min at room temperature (final concen
tration, 25 ng per reaction) with the compounds at different concen
trations in cathepsin buffer. Then, the reaction was initiated by adding 
25 μL of the substrate to each well (final concentration, 10 μM). Buffer 
with the same amount of DMSO (1 %) was used as negative control. The 
CTSL inhibitor E− 64 is also included as a positive control. The plate was 
covered with a TopSeal™-A PLUS sealing film to prevent contamination 
and evaporation of the samples and incubated in the dark for 60 min at 
room temperature. The fluorescence signals (excitation/emission, 360 
nm/460 nm) were read using a PerkinElmer EnSpire multimode plate 
reader. The experiments were performed in triplicate. The IC50 values 
were calculated using GraphPad Prism 8.0 software by nonlinear 
regression of dose-response inhibition. 

5.3. Chemistry 

All reagents and solvents used were purchased from Sigma-Aldrich 
(Milan, Italy) unless otherwise stated. 2-Mercaptoacetyl chloride was 
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purchased from Syntechem Co. Ltd (Shanghai, China). Reactions were 
performed under magnetic stirring in round-bottom flasks or under 
microwave irradiation assisted (Biotage, Initiator EU). TLC analysis of 
reaction mixtures was performed on pre-coated glass silica gel plates 
(F254, 0.25 mm, VWR International). The crude products were purified 
by the Isolera Spektra One automated flash chromatography system 
(Biotage, Uppsala, Sweden), using commercial silica gel cartridges 
(SNAP KP-Sil, Biotage). NMR spectra were recorded on a Bruker Avance 
400 MHz apparatus, at room temperature. Chemical shifts were reported 
in δ values (ppm) relative to internal Me4Si for 1H and 13C NMR. J values 
were reported in hertz (Hz). 1H NMR and 19F NMR peaks were described 
using the following abbreviations: s (singlet), bs (broad singlet), 
d (doublet), t (triplet), and m (multiplet). HR-MS spectra were recorded 
by LTQ-Orbitrap-XL-ETD mass spectrometer (Thermo Scientific, Bre
men, Germany), equipped with electrospray ionization. Circular dicro
ism spectra were recorded using a JASCO J810 spectropolarimeter at 
25 ◦C in the range λ 280–220 nm (1 mm path length, 1 nm bandwidth, 
four accumulations, and a scanning speed of 10 nm/min). Measurements 
were performed in methanol at concentrations of 0.8 mM. Spectra were 
corrected for the solvent contribution. 

5.4. General procedure A: coupling reaction (1, 3–7, 27, 30, 34, 41, 45) 

Boc-L-Trp-OH, Boc-D-Trp-OH, Z-L-Trp-OH, 2, 10, 23, 36, 37, 44, 
deprotected intermediate 26, 29 or 40 (1 mmol), was dissolved in 
dichloromethane and added with HOBt (1.2 eq), HBTU (1.2 eq), DIPEA 
(2.4 eq), and the proper amine (1.2 eq) or carboxylic acid (1.2 eq) and 
stirred at room temperature overnight. Then, the crude mixture was 
diluted with dichloromethane and washed with water (3 × 100 mL), a 
saturated solution of NaHCO3 (3 × 100 mL), and a solution of citric acid 
(10 % w:w, 3 × 100 mL). The organic layer was extracted, dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude products were 
purified by flash chromatography using mixtures of n-hexane/ethyl ac
etate as mobile phase. 

5.5. General procedure B: Boc removal (2, 8–12, 21, 23, 24, 39, 42) 

N-Boc protected intermediate 1, 3–7, coupled 10, coupled D-Trp, 
coupled 23, 26, 27, 29, 30, coupled 38 or coupled 41 (0.1 mmol) was 
dissolved in a mixture of TFA/DCM (1/3, v/v), and triisopropylsilane 
(TIS, 0.25 eq) was added. The reaction mixture was stirred at room 
temperature for 3 h. After the completion of the reaction, a solution of 
NaOH (2 N) was added, the mixture was diluted with water and DCM, 
and the organic phase was extracted twice, dried over Na2SO4, filtered, 
and concentrated under vacuum. The obtained intermediates were used 
in the next step without further purification. 

5.6. General procedure C: acylation reaction (13–20, 22, 25, 28, 31, 33, 
46) 

Intermediates 8–12, 21, 24, 32, 35, 38, deprotected 27, 30, 41 or 45 
(0.1 mmol) were dissolved in dichlorometane and added with 1.2 eq of 
TEA and 1.2 eq of chloroacetyl chloride or di-tert-butyl dicarbonate. The 
reaction mixtures were stirred at room temperature for 1 h. After the 
completion of the reaction, monitored by TLC, the organic phases were 
washed with a saturated solution of NaHCO3 (3 × 100 mL) and a solu
tion of citric acid (10 % w:w, 3 × 100 mL). The organic layers were 
extracted, dried over Na2SO4, filtered, and concentrated under vacuum. 
The crude mixtures were purified by flah chromatography using ethyl 
acetate/methanol as eluent. 

5.7. General procedure D: hydrolysis (44) 

1.0 mmol of 29 or protected 43 was dissolved in a solution of MeOH 
and NaOH 2 M and stirred at reflux for 3 h. The reaction was quenched 
by a 2 M aqueous solution of HCl, and the mixture was extracted three 

times with ethyl acetate (3 × 50 mL), dried over sodium sulfate, and 
concentrated under vacuum. The obtained intermediates were used in 
the next step without further purification. 

5.8. General procedure G: Cbz removal (36) 

Removal of Cbz protecting group was achieved by continuous flow 
hydrogenation using the H-Cube hydrogenator and commercially 
available Pd/C 10 % cartridges as catalyst. Intermediate 35 or 40 was 
dissolved in a mixture of THF/CH3OH (1:1, v:v) at a final concentration 
of 0.1 M and was pumped at a flow rate of 1.0 mL min− 1. Temperature 
was set at 30 ◦C, while the hydrogen inlet pressure was set at 10 bar. 
After completion, the reaction mixture was evaporated under vacuum 
and the obtained products used in the following step without further 
purification. 

5.9. General procedure H: Fmoc removal (37, 38) 

Intermediate 36 or 38 was dissolved in a mixture of dichloro
methane/diethylamine (3:1 v:v) and stirred at room temperature for 3 h. 
The organic mixture was added with a saturated solution of NaHCO3, 
diluted with ethyl acetate, extracted, dried over sodium sulfate and 
concentrated under vacuum. The obtained reaction mixture was treated 
with n-hexane to precipitate the desired compound as a white powder, 
without further purification step. 

5.10. (S)-tert-butyl (1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2- 
yl)carbamate (1) 

Synthesized according to the general procedure A, starting from Boc- 
L-Trp-OH and benzylamine. 

FC in n-hexane/ethyl acetate 7/3, Rf = 0.45. Yellowish oil (80 % 
yield). 1H NMR (400 MHz, CD3OD): δ: 1.40 (s, 9H, CH3); 3.10 (dd, 1H, 
CH2a, J’ = 6.6, J” = 13.8 Hz); 3.25 (dd, 1H, CH2b, J’ = 6.9, J” = 14.4 
Hz); 4.19–4.23 (m, 1H, CH); 4.34–4.41 (m, 2H, CH2); 7.02–7.06 (m, 5H, 
aryl); 7.12 (t, 1H, aryl, J = 7.1 Hz); 7.20–7.25 (m, 2H, aryl); 7.37 (d, 1H, 
aryl, J = 8.1 Hz); 7.62 (d, 1H, aryl, J = 7.8 Hz). HR-MS m/z calcd for 
C23H28N3O3 [(M + H)]+: 394.2125; found 394.2118. 

5.11. (S)-2-Amino-N-benzyl-3-(1H-indol-3-yl)propanamide (2) 

Intermediate 2 was synthesized according to the general procedure 
B, starting from 1. White powder (95 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 3.05 (dd, 1H, CH2a, J’ = 5.8, J” = 10.4 Hz); 3.20 (dd, 1H, 
CH2b, J’ = 6.0, J” = 10.4 Hz); 3.69 (t, 1H, CH, J = 5.2 Hz); 4.25 (d, 1H, 
CH2a, J = 12.6 Hz); 4.35 (d, 1H, CH2b, J = 12.6 Hz); 7.02–7.07 (m, 5H, 
aryl); 7.12 (t, 1H, aryl, J = 7.2 Hz); 7.20–7.26 (m, 2H, aryl); 7.39 (d, 1H, 
aryl, J = 8.2 Hz); 7.64 (d, 1H, aryl, J = 8.0 Hz). HR-MS m/z calcd for 
C18H20N3O [(M + H)]+: 294.1601; found 294.1608. 

5.12. tert-butyl ((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)carbamate (3) 

Intermediate 3 was synthetized starting from 2 and Boc-L-Leu-OH 
following the general procedure A. FC in hexane/ethyl acetate 1/1, Rf: 
0.47. White powder (75 % yield). 1H NMR (400 MHz, CD3OD): δ 0.89 (d, 
3H, CH3, J = 6.5 Hz); 0.93 (d, 3H, CH3, J = 6.6 Hz); 1.43–1.49 (m, 2H, 
CH2); 1.56–1.66 (m, 1H, CH); 3.28 (d, 2H, CH2, J = 6.4 Hz); 3.99 (t, 1H, 
CH, J = 7.4 Hz); 4.22 (d, 1H, CH2a, J = 15.0 Hz); 4.32 (d, 1H, CH2b, J =
15.0 Hz); 4.68 (t, 1H, CH, J = 6.3 Hz); 7.02–7.07 (m, 5H, aryl); 7.12 (t, 
1H, aryl, J = 7.6 Hz); 7.19–7.24 (m, 2H, aryl); 7.37 (d, 1H, aryl, J = 8.1 
Hz); 7.62 (d, 1H, aryl, J = 8.0 Hz). HR-MS m/z calcd for C29H38N4O4 
[(M + H)]+: 507.2966; found 507.2960. 
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5.13. tert-butyl ((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)carbamate (4) 

Intermediate 4 was synthetized starting from 2 and Boc-D-Leu-OH 
following the general procedure A. FC in hexane/ethyl acetate 1/1, Rf: 
0.47. White powder (72 % yield). 1H NMR (400 MHz, DMSO): δ 0.73 (d, 
3H, CH3, J = 6.0 Hz); 0.79 (d, 3H, CH3, J = 6.1 Hz); 1.13–1.22 (m, 1H, 
CH); 1.23–1.32 (m, 2H, CH2); 1.39 (s, 9H, CH3); 2.93 (dd, 1H, CH2a, J’ =
10.0, J” = 14.5 Hz); 3.00–3.04 (m, 2H, CH2); 3.23 (dd, 1H, CH2b, J’ =
4.5, J” = 14.5 Hz); 3.97–4.02 (m, 2H, CH); 4.51–4.57 (m, 1H, CH); 6.96 
(t, 1H, aryl, J = 7.2 Hz); 7.05 (t, 1H, aryl, J = 7.4 Hz); 7.10 (s, 1H, aryl); 
7.13–7.20 (m, 5H, aryl); 7.53 (d, 1H, aryl, J = 7.4 Hz); 7.59 (d, 1H, aryl, 
J = 7.8 Hz). HR-MS m/z calcd for C29H38N4O4 [(M + H)]+: 507.2966; 
found 507.2968. 

5.14. tert-butyl (1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (5) 

Intermediate 5 was synthetized starting from 2 and Boc-Phe-OH 
following the general procedure A. FC in hexane/ethyl acetate 7/3, Rf: 
0.49. White powder (82 % yield). 1H NMR (400 MHz, DMSO): δ 1.29 (s, 
9H, 3 CH3); 1.72–1.75 (m, 2H, CH2); 2.68–2.74 (m, 1H, CH2a); 2.90 (dd, 
1H, CH2b, J’ = 10.1, J” = 14.0 Hz); 3.00–3.16 (m, 2H, CH2); 4.13–4.19 
(m, 1H, CH); 4.24 (d, 2H, CH2, J = 5.6 Hz); 4.59–4.64 (m, 1H, CH); 6.94 
(d, 1H, aryl, J = 8.4 Hz); 6.99 (d, 1H, aryl, J = 7.4 Hz); 7.08 (d, 2H, aryl, 
J = 7.08 Hz); 7.16–7.24 (m, 8H, aryl); 7.34 (d, 1H, aryl, J = 8.0 Hz); 7.60 
(d, 1H, aryl, J = 7.8 Hz); 8.01 (d, 1H, aryl, J = 7.9 Hz); 8.42 (t, 1H, NH, J 
= 5.6 Hz); 10.85 (s, 1H, NH). HR-MS m/z calcd for C32H36N4O4 [(M +
H)]+: 541.2809; found 541.2815. 

5.15. tert-butyl (S)-(2-((1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-2-oxoethyl)carbamate (6) 

Intermediate 6 was synthetized starting from 2 and Boc-Gly-OH 
following the general procedure A. FC in hexane/ethyl acetate 1/1, Rf: 
0.47. White powder (80 % yield). 1H NMR (400 MHz, CD3OD): δ 1.37 (s, 
3H, CH3); 3.26 (t, 1H, CH2a, J = 6.1 Hz); 3.33 (d, 1H, CH2b, J = 1.6 Hz); 
3.65 (d, 1H, CH2a, J = 16.9 Hz); 3.71 (d, 1H, CH2b, J = 16.9 Hz); 4.25 (d, 
1H, CH2a, J = 15.1 Hz); 4.32 (d, 1H, CH2b, J = 15.1 Hz); 4.72 (t, 1H, CH, 
J = 6.4 Hz); 7.03–7.06 (m, 4H, aryl); 7.12 (t, 1H, aryl, J = 7.1 Hz); 
7.19–7.26 (m, 3H, aryl); 7.37 (d, 1H, aryl, J = 8.0 Hz); 7.62 (d, 1H, aryl, 
J = 7.8 Hz). HR-MS m/z calcd for C25H30N4O4 [(M + H)]+: 451.2340; 
found 451.2338. 

5.16. tert-butyl ((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-3-(4-hydroxyphenyl)-1-oxopropan-2-yl) 
carbamate (7) 

Intermediate 7 was synthetized starting from 2 and Boc-L-Tyr-OH 
following the general procedure A. FC in hexane/ethyl acetate 4/6, Rf: 
0.47. White powder (65 % yield). 1H NMR (400 MHz, CD3OD): δ 1.31 (s, 
9H, CH3); 2.80 (dd, 1H, CH2a, J’ = 8.7, J” = 13.8 Hz); 2.99 (dd, 1H, 
CH2b, J’ = 5.2, J” = 13.9 Hz); 3.16–3.30 (m, 2H, CH2); 4.19–4.23 (m, 
2H, CH2a and CH); 4.30 (d, 1H, CH2b, J = 15.1 Hz); 4.68 (t, 1H, CH, J =
6.2 Hz); 6.88 (d, 2H, aryl, J = 8.4 Hz); 7.00–7.05 (m, 4H, aryl); 7.09 (d, 
2H, aryl, J = 8.3 Hz); 7.14–7.23 (m, 5H, aryl); 7.37 (d, 1H, aryl, J = 7.9 
Hz). HR-MS m/z calcd for C32H36N4O5 [(M + H)]+: 557.2758; found 
557.2761. 

5.17. (S)-2-Amino-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-4-methylpentanamide (8) 

Intermediate 8 was synthetized starting from 3 following the general 
procedure B. White powder (93 % yield). 1H NMR (400 MHz, CD3OD): δ 
0.87 (d, 3H, CH3, J = 6.6 Hz); 0.90 (d, 3H, CH3, J = 6.6 Hz); 1.22–1.31 
(m, 1H, CH2a); 1.40–1.47 (m, 1H, CH2b); 1.56–1.65 (m, 1H, CH); 3.18 

(dd, 1H, CH2a, J’ = 7.2, J” = 14.4 Hz); 3.29–3.38 (m, 2H, CH2b and CH, J 
= 7.4 Hz); 4.25 (d, 1H, CH2a, J = 15.0 Hz); 4.33 (d, 1H, CH2b, J = 15.0 
Hz); 4.73 (t, 1H, CH, J = 7.3 Hz); 7.01–7.08 (m, 5H, aryl); 7.12 (t, 1H, 
aryl, J = 8.0 Hz); 7.20–7.25 (m, 2H, aryl); 7.37 (d, 1H, aryl, J = 8.1 Hz); 
7.64 (d, 1H, aryl, J = 7.8 Hz). HR-MS m/z calcd for C24H30N4O2 [(M +
H)]+: 407.2442; found 407.2446. 

5.18. (R)-2-Amino-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-4-methylpentanamide (9) 

Intermediate 9 was synthetized starting from 4 following the general 
procedure B. White powder (94 % yield). 1H NMR (400 MHz, CD3OD): δ 
0.77 (t, 6H, CH3, J = 5.7 Hz); 1.17–1.24 (m, 1H, CH); 1.28–1.35 (m, 2H, 
CH2); 3.13 (dd, 1H, CH2a, J’ = 8.5, J” = 14.5 Hz); 3.27 (t, 1H, CH, J =
6.8 Hz); 3.33–3.38 (m, 1H, CH2b); 4.32 (d, 1H, CH2a, J = 15.0 Hz); 4.37 
(d, 1H, CH2a, J = 15.0 Hz); 4.77 (dd, 1H, CH, J’ = 6.2, J” = 8.5 Hz); 7.03 
(t, 1H, aryl, J = 7.0 Hz); 7.08 (s, 1H, aryl); 7.13 (t, 1H, aryl, J = 6.8 Hz); 
7.21–7.29 (m, 2H, aryl); 7.31–7.40 (m, 2H, aryl); 7.64 (d, 1H, aryl, J =
7.9 Hz); 7.74 (d, 1H, aryl, J = 7.5 Hz); 7.79 (d, 1H, aryl, J = 7.6 Hz). HR- 
MS m/z calcd for C24H30N4O2 [(M + H)]+: 407.2442; found 407.2438. 

5.19. (S)-2-Amino-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-3-phenylpropanamide (10) 

Intermediate 10 was synthetized starting from 5 following the gen
eral procedure B. White powder (95 % yield). 1H NMR (400 MHz, 
CD3OD): δ 3.04 (dd, 1H, CH2a, J’ = 8.1, J” = 14.2 Hz); 3.15–3.26 (m, 3H, 
CH2b and CH2); 4.13 (t, 1H, CH, J = 6.2 Hz); 4.21 (d, 1H, CH2a, J = 18.7 
Hz); 4.32 (d, 1H, CH2b, J = 18.8 Hz); 4.74 (t, 1H, CH, J = 7.5 Hz); 7.00 
(d, 1H, aryl, J = 7.7 Hz); 7.04 (t, 1H, aryl, J = 7.8 Hz); 7.13 (t, 1H, aryl, J 
= 7.8 Hz); 7.19–7.24 (m, 5H, aryl); 7.26–7.33 (m, 5H, aryl); 7.38 (d, 1H, 
aryl, J = 7.4 Hz); 7.66 (d, 1H, aryl, J = 7.5 Hz). HR-MS m/z calcd for 
C27H28N4O2 [(M + H)]+: 441.2285; found 441.2291. 

5.20. (S)-2-(2-aminoacetamido)-N-benzyl-3-(1H-indol-3-yl) 
propanamide (11) 

Intermediate 11 was synthetized starting from 6 following the gen
eral procedure B. White powder (92 % yield). 1H NMR (400 MHz, 
CD3OD): δ 3.16 (dd, 1H, CH2a, J’ = 7.4, J” = 14.4 Hz); 3.30 (dd, 1H, 
CH2b, J’ = 7.2, J” = 15.1 Hz); 3.63 (d, 1H, CH2a, J = 16.0 Hz); 3.72 (d, 
1H, CH2b, J = 16.0 Hz); 4.25 (d, 1H, CH2a, J = 15.0 Hz); 4.33 (d, 1H, 
CH2b, J = 15.0 Hz); 4.77 (t, 1H, CH, J = 7.3 Hz); 7.02–7.08 (m, 4H, aryl); 
7.12 (t, 1H, aryl, J = 7.7 Hz); 7.18–7.25 (m, 3H, aryl); 7.37 (d, 1H, aryl, 
J = 8.1 Hz); 7.64 (d, 1H, aryl, J = 7.7 Hz). HR-MS m/z calcd for 
C20H22N4O2 [(M + H)]+: 351.1816; found 351.1824. 

5.21. (S)-2-Amino-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-3-(4-hydroxyphenyl)propanamide (12) 

Intermediate 12 was synthetized starting from 7 following the gen
eral procedure B. White powder (94 % yield). 1H NMR (400 MHz, 
CD3OD): δ 2.74 (dd, 1H, CH2a, J’ = 7.6, J” = 13.9 Hz); 2.94 (dd, 1H, 
CH2b, J’ = 6.2, J” = 14.3 Hz); 3.14–3.27 (m, 2H, CH2); 3.70 (t, 1H, CH, J 
= 5.8 Hz); 4.21 (d, 1H, CH2a, J = 15.0 Hz); 4.33 (d, 1H, CH2b, J = 15.0 
Hz); 4.71 (t, 1H, CH, J = 7.2 Hz); 6.74 (d, 2H, aryl, J = 8.5 Hz); 
7.01–7.05 (m, 6H, aryl); 7.12 (t, 1H, aryl, J = 7.1 Hz); 7.19–7.25 (m, 3H, 
aryl); 7.37 (d, 1H, aryl, J = 7.9 Hz); 7.59 (d, 1H, aryl, J = 8.0 Hz). HR-MS 
m/z calcd for C27H28N4O3 [(M + H)]+: 457.2234; found 457.2229. 

5.22. (S)–N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2- 
yl)-2-(2-chloroacetamido)-4-methylpentanamide (13) 

Derivative 13 was synthetized starting from 8 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate/meth
anol 9.8/0.2, Rf: 0.47. Yellowish powder (55 % yield). 1H NMR (400 
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MHz, CD3OD): δ: 0.89 (d, 3H, CH3, J = 6.4 Hz); 0.93 (d, 3H, CH3, J = 6.4 
Hz); 1.53 (t, 2H, CH2, J = 6.8 Hz); 1.56–1.65 (m, 1H, CH); 3.18 (dd, 1H, 
CH2a, J’ = 7.0; J” = 14.4 Hz); 3.28–3.33 (m, 1H, CH2b); 3.98 (q, 2H, CH2, 
J = 13.4 Hz); 4.28 (q, 2H, CH2, J = 13.6 Hz); 4.40 (t, 1H, CH, J = 7.4 Hz); 
4.69 (t, 1H, CH, J = 7.2 Hz); 7.01–7.06 (m, 5H, aryl); 7.11 (t, 1H, aryl, J 
= 7.2 Hz); 7.18–7.25 (m, 2H, aryl); 7.36 (d, 1H, aryl, J = 8.1 Hz); 7.61 
(d, 1H, aryl, J = 7.8 Hz).13C NMR (100 MHz, CD3OD) δ: 20.6, 21.9, 24.4, 
27.4, 40.2, 41.6, 42.7, 52.3, 54.4, 109.3, 110.9, 118.0, 118.5, 121.0, 
123.3, 126.7, 127.0, 127.4, 128.0, 136.7, 138.0, 168.0, 172.2, 172.6. 
HR-MS m/z calcd for C26H31ClN4O3 [(M + H)]+: 483.2157; found 
483.2108. 

5.23. (S)-2-Acrylamido-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-4-methylpentanamide (14) 

Derivative 14 was synthetized starting from 8 and acryloyl chloride 
following the general procedure C. FC in hexane/ethyl acetate 2/8, Rf: 
0.45. White powder (58 % yield). 1H NMR (400 MHz, DMSO): δ: 0.82 (d, 
3H, CH3, J = 6.5 Hz); 0.86 (d, 3H, CH3, J = 6.5 Hz); 1.43 (t, 2H, CH2, J =
6.9 Hz); 1.51–1.57 (m, 1H, CH); 3.01 (dd, 1H, CH2a, J’ = 7.7, J” = 14.6 
Hz); 3.15 (dd, 1H, CH2b, J’ = 6.2, J” = 14.6 Hz); 4.17–4.28 (m, 2H, CH2); 
4.38–4.44 (m, 1H, CH); 4.54–4.60 (m, 1H, CH); 5.60 (dd, 1H, CH2a, J’ =
2.2, J” = 10.1 Hz); 6.09 (dd, 1H, CH2b, J’ = 2.2, J” = 17.1 Hz); 6.32 (dd, 
1H, CH2b, J’ = 10.2, J” = 17.1 Hz); 6.97 (t, 1H, aryl, J = 7.0 Hz); 7.06 (t, 
1H, aryl, J = 8.0 Hz); 7.08–7.11 (m, 1H, aryl); 7.20–7.26 (m, 2H, aryl); 
7.33 (d, 1H, aryl, J = 8.4 Hz); 7.57 (d, 1H, aryl, J = 7.8 Hz); 8.10 (d, 1H, 
aryl, J = 8.0 Hz); 8.22 (d, 1H, aryl, J = 8.1 Hz); 8.36 (t, 1H, aryl, J = 6.0 
Hz).13C NMR (100 MHz, DMSO) δ: 22.0, 23.5, 24.7, 28.1, 41.2, 42.5, 
51.6, 54.0, 110.4, 111.7, 118.9, 121.3, 124.0, 126.0, 127.1, 127.4, 
127.8, 128.6, 132.0, 136.5, 139.6, 165.0, 171.6, 172.0. HR-MS m/z 
calcd for C27H32N4O3 [(M + H)]+: 461.2547; found 461.2535. 

5.24. (R)-N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2- 
yl)-2-(2-chloroacetamido)-4-methylpentanamide (15) 

Derivative 15 was synthetized starting from 9 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate/meth
anol 9.8/0.2, Rf: 0.44. White powder (48 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 0.73 (d, 3H, CH3, J = 6.5 Hz); 0.76 (d, 3H, CH3, J = 6.5 Hz); 
1.14–1.21 (m, 1H, CH); 1.32 (t, 2H, CH2, J = 7.4 Hz); 3.08 (dd, 1H, CH2a, 
J’ = 9.7, J” = 14.6 Hz); 3.45 (dd, 1H, CH2b, J’ = 8.3, J” = 14.6 Hz); 3.92 
(q, 2H, CH2, J = 13.5 Hz); 4.21 (t, 1H, CH, J = 7.6 Hz); 4.40 (q, 2H, CH2, 
J = 15.0 Hz); 4.78 (dd, 1H, CH2a, J’ = 8.3, J” = 14.6 Hz); 7.02 (t, 1H, 
aryl, J = 7.8 Hz); 7.08 (s, 1H, aryl); 7.11 (t, 1H, aryl, J = 7.2 Hz); 7.23 (t, 
3H, aryl, J = 7.6 Hz); 7.27–7.31 (m, 2H, aryl); 7.35 (d, 1H, aryl, J = 8.1 
Hz); 7.62 (d, 1H, aryl, J = 7.9 Hz).13C NMR (100 MHz, CD3OD) δ: 21.0, 
21.4, 24.1, 27.2, 39.9, 41.4, 42.7, 52.8, 54.3, 109.6, 110.9, 118.0, 118.5, 
121.1, 123.2, 126.7, 127.17, 127.22, 128.0, 136.8, 138.3, 168.0, 172.4, 
173.1. HR-MS m/z calcd for C26H31ClN4O3 [(M + H)]+: 483.2157; found 
483.2181. 

5.25. (S)–N-benzyl-2-((S)-2-(2-chloroacetamido)-3- 
phenylpropanamido)-3-(1H-indol-3-yl)propenamide (16) 

Derivative 16 was synthetized starting from 10 and chloroacetyl 
chloride following the general procedure C. FC in hexane/ethyl acetate 
0.2/9.8, Rf: 0.42. White powder (68 % yield). 1H NMR (400 MHz, 
CD3OD): δ 2.90 (dd, 1H, CH2a, J’ = 8.4, J” = 13.9 Hz); 3.07–3.19 (m, 2H, 
CH2b and CH2a); 3.30 (dd, 1H, CH2b, J’ = 7.3, J” = 14.4 Hz); 3.88–3.97 
(m, 2H, CH2); 4.27 (q, 2H, CH2, J = 15.0 Hz); 4.59–4.70 (m, 2H, CH); 
7.01–7.04 (m, 3H, aryl); 7.12 (t, 1H, aryl, J = 7.3 Hz); 7.17–7.26 (m, 9H, 
aryl); 7.37 (d, 1H, aryl, J = 8.1 Hz); 7.59 (d, 1H, aryl, J = 7.9 Hz).13C 
NMR (100 MHz, CD3OD) δ: 27.6, 37.2, 41.5, 42.7, 54.4, 54.9, 109.2, 
110.9, 118.0, 118.5, 121.1, 123.4, 126.5, 127.0, 127.4, 128.1, 128.9, 
136.5, 138.0, 167.7, 171.2, 172.0. HR-MS m/z calcd for C29H29ClN4O3 
[(M + H)]+: 517.2001; found 517.1972. 

5.26. (S)–N-benzyl-2-(2-(2-chloroacetamido)acetamido)-3-(1H-indol-3- 
yl)propanamide (17) 

Derivative 17 was synthetized starting from 11 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate, Rf: 0.45. 
White powder (63 % yield). 1H NMR (400 MHz, CD3OD): δ 3.06 (dd, 1H, 
CH2a, J’ = 7.0, J” = 14.4 Hz); 3.16–3.25 (m, 3H, CH2b and CH2); 3.73 (d, 
1H, CH2a, J = 16.6 Hz); 3.81 (d, 1H, CH2a, J = 16.6 Hz); 3.92 (s, 2H, 
CH2); 4.13 (d, 1H, CH2a, J = 15.0 Hz); 4.22 (d, 1H, CH2a, J = 15.0 Hz); 
4.60 (t, 1H, CH, J = 7.0 Hz); 6.90–6.95 (m, 4H, aryl); 7.00 (t, 1H, aryl, J 
= 8.0 Hz); 7.08–7.14 (m, 3H, aryl); 7.25 (d, 1H, aryl, J = 8.0 Hz); 7.50 
(d, 1H, aryl, J = 7.9 Hz).13C NMR (100 MHz, CD3OD) δ: 27.6, 41.6, 42.4, 
42.7, 54.4, 109.2, 110.9, 117.9, 118.5, 121.1, 123.3, 126.6, 127.0, 
127.4, 128.0, 136.7, 138.0, 168.5, 169.5, 172.3. HR-MS m/z calcd for 
C22H23ClN4O3 [(M + H)]+: 427.1531; found 427.1498. 

5.27. (S)–N-benzyl-3-(1H-indol-3-yl)-2-((S)-2-(2-mercaptoacetamido)- 
3-phenylpropanamido)propanamide (18) 

Derivative 18 was synthetized starting from 10 and 2-mercaptoace
tyl chloride following the general procedure C. FC in ethyl acetate/ 
methanol 9.5/0.5, Rf: 0.47. White powder (55 % yield). 1H NMR (400 
MHz, DMSO): δ 2.55 (t, 1H, CH2a, J = 8.0 Hz); 2.73–2.80 (m, 1H, CH2b); 
2.96–3.02 (m, 2H, CH2b and CH2a); 3.07 (d, 1H, CH2a, J = 8.0 Hz); 3.16 
(dd, 1H, CH2b, J’ = 6.1, J” = 14.4 Hz); 4.24–4.27 (m, 2H, CH2); 
4.53–4.64 (m, 2H, CH); 6.96–7.00 (m, 1H, aryl); 7.04–7.28 (m, 8H, 
aryl); 7.34 (d, 1H, aryl, J = 8.0 Hz); 7.59–7.62 (m, 1H, aryl); 8.18 (d, 1H, 
aryl, J = 8.2 Hz); 8.24 (t, 1H, aryl, J = 7.4 Hz); 8.30 (d, 1H, aryl, J = 8.0 
Hz); 8.36 (t, 1H, aryl, J = 5.8 Hz); 10.84 (s, 1H, NH).13C NMR (100 MHz, 
DMSO) δ: 27.4, 28.4, 38.0, 42.1, 42.5, 54.1, 54.6, 110.3, 111.7, 118.7, 
118.9, 121.3, 124.1, 126.7, 127.1, 127.4, 127.8, 128.6, 129.7, 136.6, 
137.9, 139.6, 168.1, 169.8, 171.1, 171.6. HR-MS m/z calcd for 
C29H30N4O3S [(M + H)]+: 515.2111; found 515.3351. 

5.28. (S)–N-benzyl-2-((S)-2-(2-chloroacetamido)-3-(4-hydroxyphenyl) 
propanamido)-3-(1H-indol-3-yl)propanamide (19) 

Derivative 19 was synthetized starting from 11 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate/meth
anol 9.5/0.5, Rf: 0.48. White powder (59 % yield). 1H NMR (400 MHz, 
CD3OD): δ 2.66 (dd, 1H, CH2a, J’ = 9.0, J” = 13.8 Hz); 2.88 (dd, 1H, 
CH2a, J’ = 4.6, J” = 13.9 Hz); 3.00 (dd, 1H, CH2a, J’ = 7.9, J” = 14.5 
Hz); 3.15 (dd, 1H, CH2a, J’ = 6.2, J” = 14.6 Hz); 4.02 (s, 2H, CH2); 
4.21–4.31 (m, 2H, CH2); 4.48–4.53 (m, 1H, CH); 4.57–4.62 (m, 1H, CH); 
6.60 (d, 2H, aryl, J = 8.4 Hz); 6.97 (d, 2H, aryl, J = 8.2 Hz); 7.05–7.14 
(m, 3H, aryl); 7.21–7.28 (m, 2H, aryl); 7.34 (d, 1H, aryl, J = 8.1 Hz); 
7.61 (d, 1H, aryl, J = 7.8 Hz); 8.24 (d, 1H, aryl, J = 8.2 Hz); 8.31 (d, 1H, 
aryl, J = 8.0 Hz); 8.36 (t, 1H, aryl, J = 6.0 Hz); 9.15 (s, 1H, NH); 10.84 (s, 
1H, NH).13C NMR (100 MHz, CD3OD) δ: 28.4, 37.3, 42.5, 42.9, 54.1, 
54.7, 110.3, 111.7, 115.3, 118.7, 118.9, 121.3, 124.1, 127.1, 127.4, 
127.8, 128.6, 130.6, 136.5, 139.6, 156.2, 165.9, 170.9, 171.6. HR-MS 
m/z calcd for C29H29ClN4O4 [(M + H)]+: 533.1950; found 533.1907. 

5.29. N-((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan- 
2-yl)amino)-1-oxo-3-phenylpropan-2-yl)acrylamide (20) 

Derivative 20 was synthetized starting from 10 and acryloyl chloride 
following the general procedure C. FC in ethyl acetate, Rf: 0.45. White 
powder (48 % yield). 1H NMR (400 MHz, CD3OD): δ 2.78 (dd, 1H, CH2a, 
J’ = 8.7, J” = 14.0 Hz); 2.98 (dd, 1H, CH2b, J’ = 5.9, J” = 13.9 Hz); 
3.03–3.17 (m, 2H, CH2); 4.11 (d, 1H, CH2a, J = 15.0 Hz); 4.17 (d, 1H, 
CH2b, J = 15.0 Hz); 4.52–4.57 (m, 2H, CH); 5.50 (dd, 1H, CHa, J’ = 2.2, 
J” = 9.8 Hz); 6.00 (dd, 1H, CH2a, J’ = 2.2, J” = 17.0 Hz); 6.08 (dd, 1H, 
CH2b, J’ = 9.8, J” = 17.1 Hz); 6.88–6.92 (m, 3H, aryl); 6.99 (t, 1H, aryl, 
J = 7.1 Hz); 7.05–7.12 (m, 9H, aryl); 7.23 (d, 1H, aryl, J = 8.1 Hz); 7.45 
(d, 1H, aryl, J = 7.9 Hz).13C NMR (100 MHz, CD3OD) δ: 27.5, 37.1, 42.7, 
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54.4, 54.9, 109.2, 110.9, 118.0, 118.5, 121.0, 123.3, 126.1, 126.4, 
126.6, 127.0, 128.0, 128.8, 129.9, 136.7, 136.8, 138.0, 166.7, 171.75, 
171.79. HR-MS m/z calcd for C30H30N4O3 [(M + H)]+: 495.2391; found 
495.2346. 

5.30. (S)-2-Amino-N-((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)- 
1-oxopropan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)-4- 
methylpentanamide (21) 

Intermediate 21 was synthetized starting from tert-butyl ((R)-1-(((S)- 
1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-1- 
oxo-3-phenylpropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)carba
mate obtained from 10 and Boc-L-Leu-OH according to the general 
procedure A, following the general procedure B. White powder (78 % 
yield). 1H NMR (400 MHz, CD3OD): δ 0.90 (d, 3H, CH3, J = 6.5 Hz); 0.95 
(d, 3H, CH3, J = 6.5 Hz); 1.63 (t, 2H, CH2, J = 6.6 Hz); 1.68–1.74 (m, 1H, 
CH); 2.96 (dd, 1H, CH2a, J’ = 8.6, J” = 14.0 Hz); 3.09–3.14 (m, 1H, 
CH2b); 3.16–3.26 (m, 2H, CH2); 3.80 (t, 1H, CH, J = 7.5 Hz); 4.18 (d, 1H, 
CH2a, J = 15.0 Hz); 4.28 (d, 1H, CH2b, J = 15.0 Hz); 4.65 (t, 1H, CH, J =
7.5 Hz); 4.71 (t, 1H, CH, J = 6.4 Hz); 6.98 (d, 1H, aryl, J = 7.7 Hz); 7.03 
(t, 1H, aryl, J = 7.3 Hz); 7.06 (s, 1H, aryl); 7.12 (t, 1H, aryl, J = 7.4 Hz); 
7.19–7.24 (m, 9H, aryl); 7.37 (d, 1H, aryl, J = 8.1 Hz); 7.61 (d, 1H, aryl, 
J = 7.9 Hz). HR-MS m/z calcd for C33H39N5O3 [(M + H)]+: 554.3126; 
found 554.3119. 

5.31. (S)–N-((S)-1-(((S)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)-2-(2- 
chloroacetamido)-4-methylpentanamide (22) 

Derivative 22 was synthetized starting from 21 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate/meth
anol 9.8/0.2, Rf: 0.44. White powder (52 % yield). 1H NMR (400 MHz, 
DMSO): δ: 0.81 (d, 3H, CH3, J = 6.5 Hz); 0.84 (d, 3H, CH3, J = 6.5 Hz); 
1.38 (t, 2H, CH2, J = 7.4 Hz); 1.48–1.54 (m, 1H, CH); 2.80 (dd, 1H, CH2a, 
J’ = 9.3, J” = 13.9 Hz); 2.98–3.04 (m, 2H, CH2b and CH2a); 3.14 (dd, 1H, 
CH2b, J’ = 6.7, J” = 14.5 Hz); 4.06 (q, 2H, CH2, J = 12.9 Hz); 4.24 (d, 
2H, CH2, J = 5.7 Hz); 4.28–4.34 (m, 1H, CH); 4.52–4.61 (m, 2H, CH); 
6.98 (t, 1H, aryl, J = 7.1 Hz); 7.05–7.09 (m, 2H, aryl); 7.13 (s, 1H, aryl); 
7.18–7.26 (m, 5H, aryl); 7.35 (d, 1H, aryl, J = 8.0 Hz); 7.59 (d, 1H, aryl, 
J = 7.8 Hz); 8.08–8.14 (m, 2H, aryl); 8.24 (d, 1H, aryl, J = 8.3 Hz); 8.34 
(t, 1H, aryl, J = 6.0 Hz); 10.8 (s, 1H, NH).13C NMR (100 MHz, DMSO) δ: 
22.1, 23.4, 24.6, 28.5, 37.7, 40.3, 40.5, 40.7, 41.3, 42.5, 43.0, 51.8, 
54.1, 54.3, 110.2, 111.7, 118.7, 118.9, 121.3, 124.1, 126.7, 127.1, 
127.4, 127.8, 128.4, 128.6, 129.7, 136.6, 138.1, 139.5, 166.1, 171.0, 
171.5, 171.9. HR-MS m/z calcd for C35H40ClN5O4 [(M + H)]+: 
630.2842; found 630.2830. 

5.32. (R)-2-Amino-N-benzyl-3-(1H-indol-3-yl)propanamide (23) 

Intermediate 23 was synthetized starting from (R)-tert-butyl (1- 
(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate obtained 
from 23 and Boc-L-Leu-OH according to the general procedure A, 
following the general procedure B. White powder (88 % yield). 1H NMR 
(400 MHz, CD3OD): δ 3.04 (dd, 1H, CH2a, J’ = 6.8, J” = 14.1 Hz); 3.19 
(dd, 1H, CH2b, J’ = 6.7, J” = 14.1 Hz); 3.67 (t, 1H, CH, J = 6.8 Hz); 4.22 
(d, 1H, CH2a, J = 14.9 Hz); 4.34 (d, 1H, CH2a, J = 14.9 Hz); 7.01–7.05 
(m, 4H, aryl); 7.12 (t, 1H, aryl, J = 7.2 Hz); 7.19–7.24 (m, 3H, aryl); 7.38 
(d, 1H, aryl, J = 8.0 Hz); 7.63 (d, 1H, aryl, J = 7.9 Hz). HR-MS m/z calcd 
for C18H19N3O [(M + H)]+: 294.1601; found 294.1597. 

5.33. (S)-2-Amino-N-((R)-1-(benzylamino)-3-(1H-indol-3-yl)-1- 
oxopropan-2-yl)-4-methylpentanamide (24) 

Intermediate 24 was synthetized starting from tert-butyl ((R)-1-(((R)- 
1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)amino)-4-methyl- 
1-oxopentan-2-yl)carbamate, obtained from 23 and Boc-L-Leu-OH 

according to the general procedure A, following the general procedure 
B. White powder (78 % yield). 1H NMR (400 MHz, CD3OD): δ 0.71 (d, 
3H, CH3, J = 6.4 Hz); 0.75 (d, 3H, CH3, J = 6.4 Hz); 1.23–1.30 (m, 3H, 
CH and CH2); 3.11 (t, 1H, CH2a, J = 14.1 Hz); 3.48 (dd, 1H, CH2b, J’ =
4.8, J” = 14.6 Hz); 3.90 (t, 1H, CH, J = 7.4 Hz); 4.34 (d, 1H, CH2a, J =
15.0 Hz); 4.45 (d, 1H, CH2a, J = 14.8 Hz); 4.81–4.84 (m, 1H, CH); 7.02 
(t, 1H, aryl, J = 7.7 Hz); 7.07 (s, 1H, aryl); 7.10 (t, 1H, aryl, J = 7.2 Hz); 
7.19–7.28 (m, 5H, aryl); 7.35 (d, 1H, aryl, J = 8.1 Hz); 7.63 (d, 1H, aryl, 
J = 7.9 Hz). HR-MS m/z calcd for C24H30N4O2 [(M + H)]+: 407.2442; 
found 407.2445. 

5.34. (S)–N-((R)-1-(benzylamino)-3-(1H-indol-3-yl)-1-oxopropan-2- 
yl)-2-(2-chloroacetamido)-4-methylpentanamide (25) 

Derivative 25 was synthetized starting from 24 and chloroacetyl 
chloride following the general procedure C. FC in ethyl acetate/meth
anol 9.8/0.2, Rf: 0.45. White powder (52 % yield). 1H NMR (400 MHz, 
CD3OD): δ: 0.73 (d, 3H, CH3, J = 6.5 Hz); 0.76 (d, 3H, CH3, J = 6.5 Hz); 
1.14–1.21 (m, 1H, CH); 1.32 (t, 2H, CH2, J = 7.4 Hz); 3.08 (dd, 1H, CH2a, 
J’ = 9.7, J” = 14.6 Hz); 3.45 (dd, 1H, CH2b, J’ = 8.3, J” = 14.6 Hz); 3.92 
(q, 2H, CH2, J = 13.5 Hz); 4.21 (t, 1H, CH, J = 7.6 Hz); 4.40 (q, 2H, CH2, 
J = 15.0 Hz); 4.78 (dd, 1H, CH2a, J’ = 8.3, J” = 14.6 Hz); 7.03 (t, 1H, 
aryl, J = 7.8 Hz); 7.08 (s, 1H, aryl); 7.11 (t, 1H, aryl, J = 7.2 Hz); 7.23 (t, 
3H, aryl, J = 7.6 Hz); 7.27–7.30 (m, 2H, aryl); 7.35 (d, 1H, aryl, J = 8.1 
Hz); 7.62 (d, 1H, aryl, J = 7.9 Hz).13C NMR (100 MHz, CD3OD) δ: 21.0, 
21.4, 24.1, 27.2, 39.9, 41.4, 42.7, 52.8, 54.3, 109.6, 110.9, 118.0, 118.5, 
121.0, 123.2, 126.7, 127.16, 127.22, 128.0, 136.8, 138.3, 168.0, 172.4, 
173.1. HR-MS m/z calcd for C26H31ClN4O3 [(M + H)]+: 483.2157; found 
483.2138. 

5.35. tert-butyl (S)-(3-(1H-indol-3-yl)-1-((2-morpholinoethyl)amino)-1- 
oxopropan-2-yl)carbamate (26) 

Intermediate 26 was synthetized starting from Boc-L-Trp-OH and 4- 
(2-aminoethyl)morpholine following the general procedure A. FC in 
ethyl acetate, Rf: 0.48. Whitish oil (74 % yield). 1H NMR (400 MHz, 
CD3OD): δ 1.42 (s, 9H, CH3); 2.24–2.29 (m, 2H, CH2); 2.36 (bs, 4H, CH2); 
3.09–3.26 (m, 6H, CH2); 2.87–2.94 (m, 2H, CH2); 3.60 (bs, 4H, CH2); 
4.29 (t, 1H, CH, J = 6.8 Hz); 7.03 (t, 1H, aryl, J = 7.0 Hz); 7.09–7.13 (m, 
2H, aryl); 7.35 (d, 1H, aryl, J = 8.0 Hz); 7.59 (d, 1H, aryl, J = 7.9 Hz). 
HR-MS m/z calcd for C22H32N4O4 [(M + H)]+: 417.2496; found 
417.2499. 

5.36. tert-butyl ((S)-1-(((S)-3-(1H-indol-3-yl)-1-((2-morpholinoethyl) 
amino)-1-oxopropan-2-yl)amino)-1-oxobut-3-en-2-yl)carbamate (27) 

Intermediate 27 was synthetized starting from (S)-2-amino-3-(1H- 
indol-3-yl)-N-(2-morpholinoethyl)propenamide obtained from 26 ac
cording to the general procedure B, and Boc-allyl-Gly-OH following the 
general procedure A. FC in ethyl acetate/methanol 9.6/0.4, Rf: 0.47. 
Whitish oil (58 % yield). 1H NMR (400 MHz, CD3OD): δ 1.40 (s, 9H, 
CH3); 2.12–2.22 (m, 2H, CH2); 2.24–2.36 (m, 4H, CH2); 2.45–2.51 (m, 
1H, CH2a); 3.07–3.14 (m, 1H, CH2b); 3.18–3.27 (m, 2H, CH2); 3.58 (t, 
4H, CH2, J = 4.6 Hz); 4.04 (dd, 1H, CH, J’ = 5.1, J” = 8.4 Hz); 4.59 (t, 
1H, CH, J = 6.6 Hz); 5.06–5.13 (m, 2H CH2); 5.68–5.76 (m, 1H CH); 7.04 
(t, 1H, aryl, J = 7.6 Hz); 7.12 (d, 1H, aryl, J = 8.0 Hz); 7.15 (s, 1H, aryl); 
7.35 (d, 1H, aryl, J = 8.1 Hz); 7.60 (d, 1H, aryl, J = 7.8 Hz). HR-MS m/z 
calcd for C26H37N5O5 [(M + H)]+: 500.2867; found 500.2867. 

5.37. (S)–N-((S)-3-(1H-indol-3-yl)-1-((2-morpholinoethyl)amino)-1- 
oxopropan-2-yl)-2-(2-chloroacetamido)pent-4-enamide (28) 

Derivative 28 was synthetized starting from (S)–N-((S)-3-(1H-indol- 
3-yl)-1-((2-morpholinoethyl)amino)-1-oxopropan-2-yl)-2-aminopent-4- 
enamide obtained from 27 according to the general procedure B, and 
chloroacetyl chloride following the general procedure C. FC in ethyl 
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acetate/methanol 9.5/0.5, Rf: 0.47. White powder (52 % yield). 1H NMR 
(400 MHz, CD3OD): δ: 2.35–2.40 (m, 1H, CH2a); 2.45–2.51 (m, 1H, 
CH2b); 3.04–3.14 (m, 4H, CH2); 3.24–3.37 (m, 8H, CH2); 3.39–3.44 (m, 
1H, CH2a); 3.56–3.62 (m, 1H, CH2b); 4.13 (s, 2H, CH2); 4.31 (dd, 1H, CH, 
J’ = 5.5; J” = 8.3 Hz); 4.52 (t, 1H, CH, J = 7.4 Hz); 5.04–5.11 (m, 2H, 
CH2); 5.62–5.72 (m, 1H, CH); 7.06 (t, 1H, aryl, J = 7.7 Hz); 7.13 (t, 1H, 
aryl, J = 8.0 Hz); 7.19 (s, 1H, aryl); 7.38 (d, 1H, aryl, J = 8.1 Hz); 7.61 
(d, 1H, aryl, J = 7.8 Hz).13C NMR (100 MHz, CD3OD) δ: 26.6, 33.6, 35.2, 
41.8, 52.1, 54.0, 55.1, 56.5, 63.6, 109.2, 111.1, 117.7, 118.0, 118.6, 
121.2, 123.5, 127.4, 132.7, 136.7, 168.5, 172.1, 173.5. HR-MS m/z 
calcd for C24H32ClN5O4 [(M + H)]+: 490.2216; found 490.2165. 

5.38. Methyl (tert-butoxycarbonyl)-L-tryptophyl-L-leucinate (29) 

Intermediate 29 was synthetized starting from Boc-L-Trp-OH and L- 
Leu-OMe following the general procedure A. FC in hexane/ethyl acetate 
7/3, Rf: 0.47. Whitish oil (77 % yield). 1H NMR (400 MHz, CDCl3): δ 
0.83–0.89 (m, 6H, CH3); 1.42–1.54 (m, 12H, CH3 and CH2 and CH); 
3.18–3.24 (m, 2H, CH2); 3.62 (s, 3H, CH3); 4.47–4.46 (m, 2H, CH); 5.30 
(bs, 1H, NH); 6.46 (bs, 1H, NH); 4.29 (t, 1H, CH, J = 6.8 Hz); 7.04 (s, 1H, 
aryl); 7.08 (t, 1H, aryl, J = 7.8 Hz); 7.16 (t, 1H, aryl, J = 7.2 Hz); 7.33 (d, 
1H, aryl, J = 8.0 Hz); 7.63 (d, 1H, aryl, J = 7.8 Hz); 8.83 (s, 1H, NH). HR- 
MS m/z calcd for C23H33N3O5 [(M + H)]+: 432.2493; found 432.2489. 

5.39. tert-butyl ((S)-1-(((S)-1-(benzylamino)-4-methyl-1-oxopentan-2- 
yl)amino)-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamate (30) 

Intermediate 30 was synthetized starting from (tert-butoxycarbonyl)- 
L-tryptophyl-L-leucine obtained from 29 according to general procedure 
D, and benzylamine following the general procedure A. FC in hexane/ 
ethyl acetate 1/1, Rf: 0.47. White powder (58 % yield). 1H NMR (400 
MHz, CD3OD): δ 0.87–0.92 (m, 6H, CH3); 1.19–1.27 (m, 2H, CH2); 
1.32–1.38 (m, 10H, CH3 and CH); 3.07–3.12 (m, 1H, CH2a); 3.23–3.28 
(m, 1H, CH2b); 4.24–4.34 (m, 2H, CH2); 4.39–4.42 (m, 2H, CH); 4.29 (t, 
1H, CH, J = 6.8 Hz); 7.01–7.12 (m, 4H, aryl); 7.23–7.35 (m, 4H, aryl); 
7.61 (d, 1H, aryl, J = 7.0 Hz); 7.96 (d, 1H, aryl, J = 7.9 Hz). HR-MS m/z 
calcd for C29H38N4O4 [(M + H)]+: 507.2966; found 507.2960. 

5.40. (S)–N-benzyl-2-((S)-2-(2-chloroacetamido)-3-(1H-indol-3-yl) 
propanamido)-4-methylpentanamide (31) 

Derivative 31 was synthetized starting from (S)-2-((S)-2-amino-3- 
(1H-indol-3-yl)propanamido)-N-benzyl-4-methylpentanamide obtained 
from 30 according to the general procedure B, and chloroacetyl chloride 
following the general procedure C. FC in hexane/ethyl acetate 2/8, Rf: 
0.47. White powder (48 % yield). 1H NMR (400 MHz, CD3OD): δ: 0.88 
(d, 3H, CH3, J = 6.0 Hz); 0.91 (d, 3H, CH3, J = 6.0 Hz); 1.56–1.58 (m, 
3H, CH2 and CH); 3.18 (dd, 1H, CH2a, J’ = 7.3, J” = 14.6 Hz); 3.29–3.35 
(m, 1H, CH2b); 4.02 (dd, 2H, CH2, J’ = 13.8; J” = 16.6 Hz); 4.29 (dd, 2H, 
CH2, J’ = 15.0; J” = 20.4 Hz); 4.41 (t, 1H, CH, J = 6.1 Hz); 4.73 (t, 1H, 
CH, J = 6.8 Hz); 7.03 (t, 1H, aryl, J = 7.0 Hz); 7.09–7.12 (m, 2H, aryl); 
7.23–7.25 (m, 3H, aryl); 7.29–7.34 (m, 3H, aryl); 7.60 (d, 1H, aryl, J =
6.3 Hz).13C NMR (100 MHz, CD3OD) δ: 20.6, 22.0, 24.3, 27.3, 40.4, 
41.7, 42.6, 52.0, 54.5, 109.0, 111.0, 118.0, 118.6, 121.2, 123.3, 126.8, 
127.0, 127.2, 128.1, 136.6, 138.4, 167.8, 172.1, 172.9. HR-MS m/z 
calcd for C26H31ClN4O3 [(M + H)]+: 483.2157; found 483.2121. 

5.41. Methyl L-tryptophyl-L-leucinate (32) 

Intermediate 32 was synthetized starting from 29 following the 
general procedure B. White powder (88 % yield). 1H NMR (400 MHz, 
CD3OD): δ 0.93–0.98 (m, 6H, CH3); 1.22–1.26 (m, 2H, CH2); 1.63–1.68 
(m, 1H, CH); 3.20–3.27 (m, 1H, CH2a); 3.48 (dd, 1H, CH2b, J’ = 5.9, J” =
14.9 Hz); 3.70 (s, 3H, CH3); 4.20–4.25 (m, 1H, CH); 4.53 (t, 1H, CH, J =
7.2 Hz); 7.08 (t, 1H, aryl, J = 7.0 Hz); 7.16 (t, 1H, aryl, J = 7.9 Hz); 7.26 
(s, 1H, aryl); 7.40 (d, 1H, aryl, J = 8.1 Hz); 7.70 (d, 1H, aryl, J = 7.8 Hz). 

HR-MS m/z calcd for C18H25N3O3 [(M + H)]+: 332.1969; found 
332.1965. 

5.42. Methyl (2-chloroacetyl)-L-tryptophyl-L-leucinate (33) 

Derivative 33 was synthetized starting from 32 and chloroacetyl 
chloride following the general procedure C. FC in hexane/ethyl acetate 
2/8, Rf: 0.47. White powder (66 % yield). 1H NMR (400 MHz, CD3OD): 
δ: 0.90 (d, 3H, CH3, J = 6.2 Hz); 0.93 (d, 3H, CH3, J = 6.3 Hz); 1.57–1.68 
(m, 3H, CH2 and CH); 3.16 (dd, 1H, CH2a, J’ = 7.4, J” = 14.7 Hz); 
3.30–3.35 (m, 1H, CH2b); 3.67 (s, 3H, CH3); 4.02 (dd, 2H, CH2, J’ = 13.8; 
J” = 15.8 Hz); 4.48 (t, 1H, CH, J = 7.9 Hz); 4.75 (t, 1H, CH, J = 6.4 Hz); 
7.03 (t, 1H, aryl, J = 7.1 Hz); 7.10 (t, 1H, aryl, J = 8.1 Hz); 7.14 (s, 1H, 
aryl); 7.34 (d, 1H, aryl, J = 8.0 Hz); 7.62 (d, 1H, aryl, J = 7.9 Hz).13C 
NMR (100 MHz, CD3OD) δ: 20.5, 21.8, 24.4, 27.5, 40.1, 41.7, 50.8, 51.2, 
54.2, 109.0, 110.8, 117.9, 118.4, 121.0, 123.4, 127.5, 136.6, 167.4, 
172.1, 172.9. HR-MS m/z calcd for C20H26ClN3O4 [(M + H)]+: 
408.1685; found 408.1715. 

5.43. Benzyl (S)-(3-(1H-indol-3-yl)-1-(methoxy (methyl)amino)-1- 
oxopropan-2-yl)carbamate (34) 

Intermediate 34 was synthetized starting from Z-L-Trp-OH and N,O- 
dimethylhydroxylamine hydrochloride following the general procedure 
A. FC in hexane/ethyl acetate 7/3, Rf: 0.47. Whitish oil (85 % yield). 1H 
NMR (400 MHz, CDCl3): δ 3.19–3.25 (m, 4H, CH3 and CH2a); 3.40–3.48 
(m, 1H, CH2b); 3.64 (s, 3H, CH3); 5.07–5.18 (m, 2H, CH2); 6.03 (d, 1H, 
CH, J = 7.6 Hz); 6.97 (s, 1H, aryl); 7.17–7.26 (m, 2H, aryl); 7.34–7.37 
(m, 5H, aryl); 7.70 (d, 1H, aryl, J = 7.9 Hz); 9.00 (s, 1H, NH). HR-MS m/z 
calcd for C21H23N3O4 [(M + H)]+: 382.1761; found 382.1758. 

5.44. Synthesis of benzyl (S)-(1-(benzylamino)-3-(1H-indol-3-yl) 
propan-2-yl)carbamate (35) 

Intermediate 34 (0.1 mmol) was dissolved in dry THF under nitrogen 
atmosphere and the temperature was set at 0 ◦C. The mixture was added 
with 2.5 eq of 1 M LiAlH4 solution in THF and stirred for 6 min. Then, the 
crude was quenched with a solution of citric acid (10 % w:w), diluted 
with DCM, extracted three times, dried over sodium sulfate, and 
concentrated under vacuum. The obtained aldehyde intermediate was 
dissolved in dry MeOH under a positive nitrogen flux at room temper
ature, then benzylamine (1.2 eq) was added. The mixture was stirred at 
room temperature for 12 h, then NaBH4 (3 eq) was added. After 30 min 
the organic phase was quenched with a solution of citric acid (10 % w: 
w), concentrated in vacuo, diluted with ethyl acetate and extracted (3 ×
100 mL). The obtained mixture was dried over sodium sulfate, 
concentrated under vacuum and purified by flash chromatography using 
mixture of n-hexane/ethyl acetate (4:1 v:v) as mobile phase, Rf: 0.45. 
Whitish oil (52 % yield). 1H NMR (400 MHz, CDCl3): δ 2.38–2.53 (m, 
2H, CH2a and CH2a); 2.67–2.81 (m, 2H, CH2b and CH2b); 3.32 (d, 1H, 
CH2a, J = 12.9 Hz); 3.43 (d, 1H, CH2b, J = 12.9 Hz); 3.99 (bs, 1H, CH); 
4.85 (s, 2H, CH2); 6.80 (s, 1H, aryl); 6.86 (t, 1H, aryl, J = 7.1 Hz); 
6.92–7.07 (m, 10H, aryl); 7.18 (d, 2H, aryl, J = 7.9 Hz); 7.47 (d, 1H, 
aryl, J = 7.7 Hz);. HR-MS m/z calcd for C26H27N3O2 [(M + H)]+: 
414.2176; found 414.2178. 

5.45. tert-butyl (S)-(2-amino-3-(1H-indol-3-yl)propyl) (benzyl) 
carbamate (36) 

Intermediate 36 was synthetized starting from (S)-(1-(benzyl (tert- 
butoxycarbonyl)amino)-3-(1H-indol-3-yl)propan-2-yl) obtained from 
35 using the general procedure C, following the general procedure G. FC 
in hexane/ethyl acetate 1/1, Rf: 0.47. White powder (88 % yield). 1H 
NMR (400 MHz, CD3OD): δ 1.45 (s, 9H, CH3); 2.71 (dd, 1H, CH2a, J’ =
7.4, J” = 14.2 Hz); 2.85–2.89 (m, 1H, CH2b); 3.30–3.35 (m, 4H, CH2); 
3.36–3.42 (m, 1H, CH); 7.01 (t, 1H, aryl, J = 7.6 Hz); 7.05 (s, 1H, aryl); 
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7.10–7.14 (m, 3H, aryl); 7.23–7.29 (m, 3H, aryl); 7.36 (d, 1H, aryl, J =
7.7 Hz); 7.48 (d, 1H, aryl, J = 7.6 Hz). HR-MS m/z calcd for C23H29N3O2 
[(M + H)]+: 380.2333; found 380.2230. 

5.46. tert-butyl ((S)-2-((S)-2-aminobut-3-enamido)-3-(1H-indol-3-yl) 
propyl) (benzyl)carbamate (37) 

Intermediate 37 was synthetized from tert-butyl ((S)-2-((S)-2-((((9H- 
fluoren-9-yl)methoxy)carbonyl)amino)but-3-enamido)-3-(1H-indol-3- 
yl)propyl) (benzyl)carbamate, obtained from 36 and Fmoc-L-allyl Gly- 
OH using the general procedure A, following the general procedure H. 
Yellowish powder (78 % yield). 1H NMR (400 MHz, CD3OD): δ 1.37 (s, 
9H, CH3); 2.15–2.23 (m, 1H, CH2a); 2.26–2.31 (m, 1H, CH2b); 3.42–3.50 
(m, 1H, CH); 4.07–4.19 (m, 2H, CH2); 4.31–4.42 (m, 2H, CH2); 
4.50–4.54 (m, 1H, CH); 4.95 (d, 1H, CH2a, J = 10.6 Hz); 5.02–5.10 (m, 
2H, CH2b and CH); 7.00–7.03 (m, 2H, aryl); 7.09 (t, 1H, aryl, J = 7.9 Hz); 
7.27–7.32 (m, 2H, aryl); 7.34–7.39 (m, 2H, aryl); 7.56–7.62 (m, 2H, 
aryl); 7.77 (t, 1H, aryl, J = 7.8 Hz). HR-MS m/z calcd for C27H34N4O3 
[(M + H)]+: 463.2704; found 463.2700. 

5.47. tert-butyl ((2 S)-2-((2 S)-2-(2-aminobut-3-enamido)but-3- 
enamido)-3-(1H-indol-3-yl)propyl) (benzyl)carbamate (38) 

Intermediate 38 was synthetized from tert-butyl ((8S, 11S)-11-((1H- 
indol-3-yl)methyl)-1-(9H-fluoren-9-yl)-3,6,9-trioxo-5,8-divinyl-2-oxa- 
4,7,10-triazadodecan-12-yl) (benzyl)carbamate, obtained from 37 and 
Fmoc-L-allyl Gly-OH using the general procedure A, following the gen
eral procedure H. Yellowish powder (72 % yield). 1H NMR (400 MHz, 
CD3OD): δ 1.41 (s, 9H, CH3); 2.14–2.24 (m, 1H, CH2a); 2.29–2.39 (m, 
1H, CH2b); 2.87–2.94 (m, 2H, CH2); 3.27 (t, 2H, CH2, J = 7.0 Hz); 
3.47–3.58 (m, 1H, CH); 4.16–4.27 (m, 1H, CH); 4.43–4.51 (m, 1H, CH); 
5.00–5.10 (m, 2H, CH2a); 5.53–5.68 (m, 4H, CH2b and CH); 7.01–7.05 
(m, 3H, aryl); 7.11 (t, 1H, aryl, J = 8.0 Hz); 7.18–7.23 (m, 4H, aryl); 7.35 
(d, 1H, aryl, J = 8.2 Hz); 7.60 (t, 1H, aryl, J = 8.1 Hz). HR-MS m/z calcd 
for C31H39N5O4 [(M + H)]+: 546.3075; found 546.3079. 

5.48. (S)–N-((S)-1-(benzylamino)-3-(1H-indol-3-yl)propan-2-yl)-2- 
((S)-2-(2-chloroacetamido)pent-4-enamido)pent-4-enamide (39) 

Derivative 39 was synthetized starting from tert-butyl benzyl ((S)-2- 
((S)-2-((S)-2-(2-chloroacetamido)pent-4-enamido)pent-4-enamido)-3- 
(1H-indol-3-yl)propyl)carbamate obtained from 38 and chloroacetyl 
chloride according to procedure C, following the general procedure B. 
White powder (78 % yield). 1H NMR (400 MHz, CD3OD): δ: 2.36–2.59 
(m, 4H, CH2); 2.81–2.86 (m, 2H, CH2); 2.95 (dd, 1H, CH2a, J’ = 7.3; J” =
14.5 Hz); 3.00 (dd, 1H, CH2b, J’ = 6.3; J” = 14.5 Hz); 3.69 (d, 1H, CH2a, 
J = 12.8 Hz); 3.82 (d, 1H, CH2b, J = 12.8 Hz); 4.11 (s, 2H, CH2); 4.30 (t, 
1H, CH, J = 6.1 Hz); 4.36 (t, 1H, CH, J = 6.5 Hz); 4.42–4.49 (m, 1H, CH); 
4.98–5.18 (m, 4H, CH2); 5.64–5.83 (m, 2H, CH2); 7.04 (t, 1H, aryl, J =
7.8 Hz); 7.09–7.13 (m, 2H, aryl); 7.23–7.31 (m, 5H, aryl); 7.35 (d, 1H, 
aryl, J = 7.9 Hz); 7.62 (d, 1H, aryl, J = 8.0 Hz).13C NMR (100 MHz, 
CD3OD) δ: 28.2, 35.5, 41.7, 49.1, 51.2, 52.3, 53.8, 110.4, 110.9, 117.4, 
117.7, 118.0, 118.4, 121.0, 122.9, 127.2, 127.6, 128.1, 128.5, 129.4, 
132.8, 132.2, 136.7, 168.3, 171.9. HR-MS m/z calcd for C30H36ClN5O3 
[(M + H)]+: 550.2579; found 550.2523. 

5.49. Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)-3-(1H-indol- 
3-yl)propanamido)-6-oxo-6-(tritylamino)hexanoate (40) 

Intermediate 40 was synthetized starting from Z-L-Trp-OH and L-Gln 
(Trt)-OMe following the general procedure A. FC in hexane/ethyl ace
tate 1/1, Rf: 0.47. Whitish oil (72 % yield). 1H NMR (400 MHz, CD3OD): 
δ 1.75–1.83 (m, 1H, CH2a); 2.03–2.13 (m, 1H, CH2b); 2.25–2.32 (m, 1H, 
CH2a); 2.34–2.43 (m, 1H, CH2b); 3.12 (dd, 1H, CH2a, J’ = 7.7, J” = 14.5 
Hz); 3.14 (dd, 1H, CH2b, J’ = 6.4, J” = 14.5 Hz); 3.64 (s, 3H, CH3); 4.43 
(t, 1H, CH, J = 5.9 Hz); 4.89–4.94 (m, 2H, CH and CH2a); 4.96 (d, 1H, 

CH2b, J = 12.5 Hz); 7.00 (t, 1H, aryl, J = 7.2 Hz); 7.09 (t, 1H, aryl, J =
7.2 Hz); 7.19–7.29 (m, 21H, aryl); 7.34 (d, 1H, aryl, J = 8.4 Hz); 7.59 (d, 
1H, aryl, J = 8.8 Hz). HR-MS m/z calcd for C45H44N4O6 [(M + H)]+: 
737.3334; found 737.3331. 

5.50. Methyl (5S,8S,11S)-8-((1H-indol-3-yl)methyl)-1-(9H-fluoren-9- 
yl)-5-isobutyl-3,6,9-trioxo-11-(4-oxo-4-(tritylamino)butyl)-2-oxa- 
4,7,10-triazadodecan-12-oate (41) 

Intermediate 41 was synthetized starting from methyl (S)-2-((S)-2- 
amino-3-(1H-indol-3-yl)propanamido)-6-oxo-6-(tritylamino)hexanoate 
obtained from 40 using the general procedure G, following the general 
procedure A. FC in hexane/ethyl acetate 3/7, Rf: 0.47. Whitish oil (68 % 
yield). 1H NMR (400 MHz, CD3OD): δ 0.83 (d, 3H, CH3, J = 6.6 Hz); 0.88 
(d, 3H, CH3, J = 6.6 Hz); 1.20–1.29 (m, 1H, CH2a); 1.35–1.41 (m, 1H, 
CH2b); 1.48–1.60 (m, 1H, CH); 1.74–1.84 (m, 1H, CH2a); 2.03–2.09 (m, 
1H, CH2b); 2.29–2.35 (m, 2H, CH2); 3.18 (dd, 1H, CH2a, J’ = 7.8, J” =
14.5 Hz); 3.27–3.33 (m, 1H, CH2b); 3.64 (s, 3H, CH3); 4.03 (t, 1H, CH, J 
= 7.5 Hz); 4.15 (t, 1H, CH, J = 9.4 Hz); 4.24 (d, 2H, CH2, J = 7.6 Hz); 
4.37–4.41 (m, 1H, CH); 4.64 (t, 1H, CH, J = 6.9 Hz); 6.99 (t, 1H, aryl, J 
= 7.2 Hz); 7.06 (t, 1H, aryl, J = 7.7 Hz); 7.11 (s, 1H, aryl); 7.15–7.25 (m, 
16H, aryl); 7.30 (t, 2H, aryl, J = 7.4 Hz); 7.40 (t, 2H, aryl, J = 7.5 Hz); 
7.56 (d, 1H, aryl, J = 7.9 Hz); 7.61 (t, 2H, aryl, J = 7.2 Hz); 7.81 (d, 2H, 
aryl, J = 7.5 Hz). HR-MS m/z calcd for C58H59N5O7 [(M + H)]+: 
938.4487; found 938.4495. 

5.51. Methyl (2-chloroacetyl)-L-leucyl-L-tryptophyl-L-glutaminate (42) 

Derivative 42 was synthetized starting from methyl N2-(2-chlor
oacetyl)-L-leucyl-L-tryptophyl-N5-trityl-L-glutaminate, which was ob
tained from 41, previously subjected to Fmoc deprotection according to 
the general procedure H and acylation reaction with chloroacetyl 
chloride according to the procedure C, following the general procedure 
B. White powder (38 % yield). 1H NMR (400 MHz, CD3OD): δ: 0.88 (d, 
3H, CH3, J = 6.4 Hz); 0.92 (d, 3H, CH3, J = 6.4 Hz); 1.51 (t, 2H, CH2, J =
8.2 Hz); 1.58–1.63 (m, 1H, CH); 1.86–1.96 (m, 1H, CH2a); 2.09–2.29 (m, 
3H, CH2 and CH2b); 3.19 (dd, 1H, CH2a, J’ = 7.8, J” = 14.7 Hz); 
3.29–3.36 (m, 1H, CH2b); 3.68 (s, 3H, CH3); 4.01 (q, 2H, CH2, J = 13.4 
Hz); 4.36–4.43 (m, 1H, CH); 4.67 (t, 1H, CH, J = 6.4 Hz); 7.03 (t, 1H, 
aryl, J = 7.4 Hz); 7.10 (t, 1H, aryl, J = 7.8 Hz); 7.14 (s, 1H, aryl); 7.35 (d, 
1H, aryl, J = 8.0 Hz); 7.60 (d, 1H, aryl, J = 7.9 Hz).13C NMR (100 MHz, 
CD3OD) δ: 20.5, 21.9, 24.4, 27.0, 31.0, 40.1, 41.6, 48.0, 51.4, 51.8, 52.3, 
54.2, 109.2, 110.9, 117.9, 118.4, 121.0, 123.4, 127.5, 136.6, 168.0, 
171.8, 172.5, 172.7, 176.2. HR-MS m/z calcd for C25H34ClN5O6 [(M +
H)]+: 536.2270; found 536.2289. 

5.52. Synthesis of methyl benzyl-L-leucinate (43) 

L-Leu-OMe was dissolved in dry MeOH under a positive nitrogen flux 
at room temperature, then benzaldehyde (1.2 eq) was added. The 
mixture was stirred at room temperature for 12 h, then NaBH4 (3 eq) was 
added. After 30 min the organic phase was quenched with a solution of 
citric acid (10 % w:w), concentrated in vacuo, diluted with ethyl acetate 
and extracted (3 × 100 mL). The obtained mixture was dried over so
dium sulfate, concentrated under vacuum and purified by flash chro
matography using n-hexane/ethyl acetate (8:2 v:v) as mobile phase, Rf: 
0.45. Whitish oil (72 % yield). 1H NMR (400 MHz, CD3OD): δ 0.85 (d, 
3H, CH3, J = 6.6 Hz); 0.92 (d, 3H, CH3, J = 6.6 Hz); 1.50 (t, 2H, CH2, J =
8.5 Hz); 1.66–1.74 (m, 1H, CH); 3.30 (t, 1H, CH, J = 7.2 Hz); 3.61 (d, 1H, 
CH2a, J = 13.0); 3.71 (s, 3H, CH3); 3.78 (d, 1H, CH2b, J = 13.0); 
7.23–7.33 (m, 5H, aryl). HR-MS m/z calcd for C14H21NO2 [(M + H)]+: 
235.1572; found 235.1566. 

5.53. N-benzyl-N-(tert-butoxycarbonyl)-L-leucine (44) 

Intermediate 44 was synthetized starting from methyl N-benzyl-N- 

T. Ciaglia et al.                                                                                                                                                                                                                                  



European Journal of Medicinal Chemistry 266 (2024) 116128

20

(tert-butoxycarbonyl)-L-leucinate, obtained from methyl benzyl-L-leuci
nate and di-tert-butyl dicarbonate according to the general procedure C, 
following the general procedure D. White powder (38 % yield). 1H NMR 
(400 MHz, CD3OD): δ 0.64 (d, 3H, CH3, J = 6.2 Hz); 0.77 (d, 3H, CH3, J 
= 6.2 Hz); 1.50–1.60 (m, 11H, CH2 and CH3); 1.63–1.72 (m, 1H, CH); 
4.20 (t, 1H, CH, J = 6.1 Hz); 4.28 (d, 1H, CH2a, J = 14.2); 4.41 (d, 1H, 
CH2b, J = 14.0); 7.23–7.33 (m, 5H, aryl). HR-MS m/z calcd for 
C18H27NO4 [(M + H)]+: 322.2013; found 322.2017. 

5.54. tert-butyl ((S)-1-((((3S,5S,7S)-adamantan-1-yl)methyl)amino)-4- 
methyl-1-oxopentan-2-yl) (benzyl)carbamate (45) 

Intermediate 45 was synthetized starting from 44 and 1-adamanta
nemethylamine following the general procedure A. FC in hexane/ethyl 
acetate 7/3, Rf: 0.47. Whitish oil (68 % yield). 1H NMR (400 MHz, 
CD3OD): δ 0.89 (d, 6H, CH3, J = 6.2 Hz); 1.42 (bs, 6H, CH2); 1.48 (s, 9H, 
CH3); 1.66 (d, 3H, CH2 and CH2b, J = 11.4 Hz); 1.77 (d, 3H, CH2 and 
CH2b, J = 11.4 Hz); 1.96 (bs, 3H, CH); 2.78–2.86 (m, 2H, CH2); 4.39 (d, 
1H, CH2a, J = 15.1); 4.43 (d, 1H, CH2b, J = 14.9); 4.60 (bs, 1H, CH); 
7.23–7.34 (m, 5H, aryl). HR-MS m/z calcd for C29H44N2O3 [(M + H)]+: 
469.3425; found 469.3422. 

5.55. (S)–N-(((3S,5S,7S)-adamantan-1-yl)methyl)-2-(N-benzyl-2- 
chloroacetamido)-4-methylpentanamide (46) 

Derivative 46 was synthetized starting from (S)–N-(((3S,5S, 7S)- 
adamantan-1-yl)methyl)-2-(benzylamino)-4-methylpentanamide ob
tained from 45 according to the general procedure B, and chloroacetyl 
chloride following the general procedure C. FC in hexane/ethyl acetate 
7/3, Rf: 0.47. White powder (38 % yield). 1H NMR (400 MHz, CDCl3): δ: 
0.87 (d, 3H, CH3, J = 6.7 Hz); 0.90 (d, 3H, CH3, J = 6.6 Hz); 1.39–1.58 
(bs, 8H, CH2); 1.64 (d, 3H, CH2 and CH2a, J = 11.8 Hz); 1.73 (d, 3H, CH2 
and CH2b, J = 12.0 Hz); 1.89–2.00 (m, 4H, CH); 2.90 (dd, 1H, CH2a, J’ =
6.0, J” = 13.4 Hz); 2.98 (dd, 1H, CH2b, J’ = 6.5, J” = 13.4 Hz); 3.98 (s, 
2H, CH2); 4.66–4.77 (m, 2H, CH2); 5.00 (dd, 1H, CH, J’ = 6.2, J” = 8.4 
Hz); 6.43 (bs, 1H, NH); 7.20 (d, 2H, aryl, J = 7.4 Hz); 7.32 (d, 1H, aryl, J 
= 7.1 Hz); 7.36–7.40 (m, 2H, aryl).13C NMR (100 MHz, CDCl3) δ: 22.3, 
22.6, 22.9, 25.2, 28.2, 31.6, 33.7, 37.0, 40.2, 41.8, 48.5, 51.0, 57.2, 
128.8, 127.7, 129.1, 136.8, 168.9, 170.2. HR-MS m/z calcd for 
C26H37ClN2O2 [(M + H)]+: 445.2616; found 445.2565. 

5.56. SARS-CoV-2 antiviral assay 

The Vero cell line (ATCC-CCL81) was used to evaluate the activity of 
the different compounds against SARS-CoV-2. Cells were grown in 
Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher, Belgium) 
supplemented with 10 % fetal bovine serum (FBS), 2 mM L-glutamine, 
0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 10 mM 
HEPES at 37 ◦C in a 5 % CO2 humidified atmosphere. The SARS-CoV-19 
variant, denoted UC-1074 was isolated in Vero cells (ATCC-CCL81) in 
2020 from a nasopharyngeal swab of a COVID-19 patient who had a Ct 
of 19 for detection of SARS-CoV-2 E protein by RT-qPCR real-time 
reverse transcription PCR (RT-qPCR). The UC-1074 shares the same 
genome sequence as the early lineage A sequences (Wuhan/WH04/ 
2020). Four variants of concern, kindly provided by Piet Maes (Labo
ratory of Clinical and Epidemiological Virology, Rega Institute, KU 
Leuven, Belgium) were used: NVDBB-2220 (Alpha variant), RG-2674 
(Beta variant), 860-J1 (Delta variant) and B1.1.529 B A.1 (Omicron). 
All variants were used after 2–3 passages in cell culture. The infectious 
virus titers of the different variants were determined in Vero cells and 
expressed as 50 % tissue culture infectious dose (TCID50) per ml. 

The cytopathic effect (CPE) reduction assay was used to evaluate the 
anti-SARS-CoV-2 activity of the compounds. Vero cells were seeded in 
96-well plates at a density of 5 × 104 cells per well in DMEM 10 % FBS 
medium. After 4–5 days of growth, the cell culture medium was 
removed from the Vero cells grown to confluence, and cells were treated 

with 5-fold serial dilutions of the compounds diluted in fresh medium 
(DMEM 2 % FBS) and were then mocked-infected or infected with 100 
TCID50/well of the SARS-CoV-2 variants (final volume 200 μL/well). 
The starting drug concentrations of the compounds was 100 μM. 
Remdisivir, β-D-N4-hydroxycytidine (NHC; EIDD-1931) and molnupir
avir were used as reference anti-SARS-CoV-2 compounds. After 6–7 days 
of incubation at 35 ◦C, viral CPE was recorded microscopically based on 
detectable alterations of the cell morphology as soon as it reached 
completion in the untreated, virus-infected cells, using a 0 to 5 scale 
(with 0, being no CPE; 1, ~20 % CPE; 2, 20–40 % CPE; 3, ~40–60 % 
CPE; 4, 60–80 %; and 5, 80–100 % CPE). The 50 % effective concen
tration (EC50), defined as the drug concentration that reduced the CPE 
by 50 % compared to the untreated controls, was calculated for each 
compound from a non-linear curve fit using Prism 4.0 b software. 

In parallel, the cytotoxic effects of the derivatives were assessed by 
evaluating the MCC (minimum cytotoxic concentration that causes a 
microscopically detectable alteration of cell morphology). The effects of 
the compounds on cell growth were as well determined by counting the 
number of cells with a Coulter counter in mock-infected cultures and 
expressed as the cytostatic concentration required to reduce cell growth 
by 50 % (CC50). All SARS-CoV-2-related work was conducted in the BSL3 
facilities of the KU Leuven Rega Institute (3CAPS) under licenses AMV 
30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 2017 0589 
according to institutional guidelines. 

5.57. Antiviral activity against different viruses other than SARS-CoV-2 

The inhibitory activity of the newly synthesized derivatives was 
tested against a wide variety of viruses, using the following cell-based 
assays: (a) human embryonic lung (HEL299) cells: herpes simplex 
virus-1 (KOS), human coronavirus (229 E and OC43), (b) HeLa cell 
cultures: respiratory syncytial virus (RSV); (c) Vero cell cultures: Sindbis 
virus, Semliki Forest virus, yellow fever virus and (d) MDCK cell cul
tures: influenza A virus (H1N1 and H3N2 subtypes) and influenza B 
virus. Remdesivir, chloroquine, ribavirin, zanamivir, rimantadine, bri
vudine, dextran sulfate (molecular weight 10,000), and Aloxistatin 
(E64d), a cysteine protease inhibitor, were used as reference com
pounds. Confluent cell cultures in microtiter 96-well plates were inoc
ulated with 100 TCID50 of virus (1 TCID50 being the virus dose to infect 
50 % of the cell cultures) and the cell cultures were incubated in the 
presence of varying concentrations of the test compounds. Viral cyto
pathic effect was recorded as soon as it reached completion in the 
control virus-infected cell cultures that were not treated with the test 
compounds. The antiviral activity was expressed as the EC50: the com
pound concentration required to reduce virus-induced cytopathoge
nicity by 50 %. The cytotoxicity of the tested compounds toward 
uninfected HEL299, HeLa, Vero and MDCK cells was defined as the 
minimum cytotoxic concentration (MCC) that causes a microscopically 
detectable alteration of normal cell morphology. The 50 % cytotoxic 
concentration (CC50), causing a 50 % decrease in cell viability was 
determined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-car
boxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay 
system. 

6. Instrumentation and analytical conditions 

6.1. Instrumentation 

RP-UHPLC-PDA MS analysis were performed using a Nexera UHPLC 
system (Shimadzu, Kyoto, Japan) consisting of a CBM-40 lite controller, 
two LC-40 B X3 pumps, a CTO-30 A column oven and, a SIL-40C X3 
autosampler. The system was coupled online to a Single quadrupole 
mass spectrometer LCMS 2020 (Shimadzu, Kyoto, Japan) equipped with 
an Electrospray Ionization (ESI) source. 
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6.2. LC-MS conditions 

All additives and mobile phases were LCMS grade and purchased 
from Merck (Milan, Italy). 

The separation was performed on a Acquity UPLC® CSH ™ C18 100 
× 2.1 mm × 1.7 μm (Waters, Milan, Italy) employing as mobile phases: 
A) H2O and B) ACN, both acidified with 0.1 % formic acid with the 
following gradient: 0.01–8.00 min, 5–95 % B, 8.00–10.00 min, isocratic 
to 95 % B for 2 min, then 5 min for ri-equilibration column. The flow rate 
and column oven were set at 0.3 mL min− 1 and 40 ◦C, respectively. 

The ESI was operated in positive mode, with the following parame
ters: event time: 0.05 s; interface temperature, DL temperature, Heat 
Block temperature were set to 350 ◦C, 250 ◦C and 200 ◦C, respectively. 
Nebulizing gas and drying gas flow were set to 1.5 and 15 L min − 1, 
respectively. 

MS analyses were conducted in scheduled single reaction monitoring 
(SIM) employing as precursor [M+H]+ for 13, 15 and, 31: 484 m/z, 16: 
518 m/z and, 17: 427 m/z. 

For the calibration curves, the primary stock solutions (10 mM) were 
prepared in DMSO. The intermediate stock solutions (0.1 mM) and the 
working standard solutions were prepared by serial dilution of the stock 
solutions in methanol to obtain necessary concentrations (1–20 μM). 
Diclofenac acid was used as the internal standard (IS, 296 m/z). Quan
titation of 13, 15, 16, 17 and 31 compounds was performed using linear 
regression of the response ratios (peak area analyte/peak area internal 
standard) obtained from the calibration curve to calculate the corre
sponding amount. 

The following method validation parameters were evaluated: speci
ficity and selectivity, LOD, LOQ, precision and, accuracy. 

Specificity and selectivity parameters were evaluated by analysing 
blank matrix samples from different batches to assess the potential 
interference of endogenous components in the samples. Chromatograms 
of these blank matrix samples were compared with chromatograms of 
matrix samples spiked with a very low concentration of the compound of 
interest. 

Limits of detection (LOD) and quantification (LOQ) were calculated 
by using the standard deviation (SD) and the slope of the calibration 
curve, multiplied by 3.3 and 10, respectively. The repeatability of the 
chromatographic system was assessed in terms of intra-day and inter- 
day precision. The accuracy was calculated by the percentage relative 
error (Er %), and the precision was evaluated by the percentage of 
relative standard deviation (% RSD). The obtained data demonstrated 
acceptable accuracy and precision of the developed analytical method 
(Table S1). 

6.3. Chemical stability 

2.5 μL of test compounds (10 μM final incubation concentration) was 
incubated in 250 μL of simulated gastric fluid (SGF) or simulated in
testinal fluid (SIF) up to 120 min at 37 ◦C [57]. 

At each specified time-point (0, 0.5, 1, 1.5 and, 2 h), test compounds 
were removed into 200 μL ice-cold methanol containing IS to stop 
degradation. Finally, the concentration of test compound was quantified 
by LC-MS. The percentage of test compound remaining (relative to the 0 
min time point) at the individual time points is then reported. All ex
periments were performed in duplicate. 

6.4. Human plasma stability 

The plasma stability of compounds 13, 15, 16, 17 and 31 was 
evaluated. Briefly, plasma is warmed to 37 ◦C for 10 min, mixed and 
centrifuged to pellet any aggregated protein. Plasma is equilibrated to 
37 ◦C and biotransformation is initiated by addition of compound so
lution (2.5 μL, 10 μM final incubation concentration), and mixing. At 
each specified time-point (0, 15, 30, 60, 120 and 180 min), test com
pounds were removed into 200 μL ice-cold methanol to stop 

degradation. Internal standard was added during the quenching phase. 
Finally, the concentration of test compound was quantified by LC-MS. 
The percentage of test compound remaining (relative to the 0 min 
time point) at the individual time points is then reported. The in-vitro 
plasma half-lives (t1/2) were calculated using the expression t1/2 =

0.693/b, where b is the slope found in the linear fit of the natural log
arithm of the fraction remaining of the parent compound vs. incubation 
time. 

[58]. All experiments were performed in duplicate. As controls were 
used, procaine (low stability) and procainamide (high stability). 

6.5. In-vitro drug metabolism using human liver microsomes 

For CYPs microsomal stability assay (CYP), 2.5 μL of sample (1 mM) 
with 100 mM phosphate buffer (pH 7.4) was incubated with 25 μL of 5 
mg/mL human (CD-1) microsomes (Thermo Fisher Scientific, Bremen, 
Germany). 

For CYPs and UGTs “dual-activity” microsomal stability assay (CYP- 
UGT), 25 μL of 5 mg/mL human were pre-incubated with alamethicin, 
which forms pores in microsomal membranes, promoting access of 
substrate and cofactor to UGT enzymes. 

The reaction was initiated by adding 50 μL of mix NADPH 10 mM 
(CYP) or NADPH 10 mM and UDPGA 10 mM (CYP-UGT) as cofactors 
(1:1 v/v) and carried out 37 ◦C for 15, 30, 45, and 60 min in a Ther
momixer comfort (Eppendorf, Hamburg, Germany). 

The reaction was stopped by the addition of 200 μL ice-cold aceto
nitrile containing IS, and then samples were centrifuged at 14,000 rpm 
at 25 ◦C for 5 min (Eppendorf® microcentrifuge 5424, Hamburg, Ger
many). The supernatants were collected and injected in LC-MS. 

The control at 0 min was obtained by addition of the organic solvent 
immediately after incubation with microsomes. As the positive controls 
were used testosterone (low stability in CYP activation), 2-naphthol (low 
stability CYP-UGT activation) and 3-(α-acetonylbenzyl)-4-hydroxy (high 
stability in dual activity assay). As the negative control was prepared by 
incubation up to 60 min without NADPH (CYP) or UDPGA/NADPH 
(CYP-UGT). The negative control is essential to detect problems such as 
non-specific protein binding or heat instability. 

The natural logarithm of remaining concentration of parent com
pound was plotted vs. time (min). In-vitro intrinsic clearance was 
calculated as CLintin-vitro = (1000) × (0.693/t1/2)/0.5. The intrinsic in- 
vitro clearance was scaled to the intrinsic in-vivo clearance (CLintin-vivo) 
using human physiology-based scaling factor (PBSF): CLintin-vivo =

CLintin-vitro × PBSF (microsome protein/gram liver: 32 × gram liver/kg 
b. w.: 25.7) [59]. All experiments were performed in duplicate. 
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