university of
groningen

University Medical Center Groningen

University of Groningen

Design, synthesis and biological evaluation of 1,5-disubstituted a-amino tetrazole derivatives
as non-covalent inflammasome-caspase-1 complex inhibitors with potential application
against immune and inflammatory disorders

Ulgheri, Fausta; Spanu, Pietro; Deligia, Francesco; Loriga, Giovanni; Fuggetta, Maria Pia; de
Haan, Iris; Chandgudge, Ajay; Groves, Matthew; Domling, Alexander

Published in:
European Journal of Medicinal Chemistry

DOI:
10.1016/j.ejmech.2021.114002

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Ulgheri, F., Spanu, P., Deligia, F., Loriga, G., Fuggetta, M. P., de Haan, |., Chandgudge, A., Groves, M., &
Domling, A. (2022). Design, synthesis and biological evaluation of 1,5-disubstituted a-amino tetrazole
derivatives as non-covalent inflammasome-caspase-1 complex inhibitors with potential application against
immune and inflammatory disorders. European Journal of Medicinal Chemistry, 229, [114002].
https://doi.org/10.1016/j.ejmech.2021.114002

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1016/j.ejmech.2021.114002
https://research.rug.nl/en/publications/5001702d-6c05-41d4-a06d-b3f65ef69875
https://doi.org/10.1016/j.ejmech.2021.114002

European Journal of Medicinal Chemistry 229 (2022) 114002

journal homepage: http://www.elsevier.com/locate/ejmech

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

Design, synthesis and biological evaluation of 1,5-disubstituted -
amino tetrazole derivatives as non-covalent inflammasome-caspase-1

Check for
updates

complex inhibitors with potential application against immune and

inflammatory disorders

Fausta Ulgheri * *, Pietro Spanu

, Francesco Deligia °, Giovanni Loriga °,

Maria Pia Fuggetta °, Iris de Haan ¢, Ajay Chandgudge °, Matthew Groves ,

Alexander Domling &

2 Institute of Biomolecular Chemistry, National Research Council (CNR), Trav. La Crucca 3, 07100, Sassari, Italy
b Institute of Traslational Pharmacology, National Research Council (CNR), Via Fosso Del Cavaliere 100, 00133, Roma, Italy

€ Department of Drug Design, University of Groningen, 9713 AV Groningen, the Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 10 September 2021
Received in revised form

5 November 2021

Accepted 14 November 2021
Available online 18 November 2021

Compounds targeting the inflammasome-caspase-1 pathway could be of use for the treatment of
inflammation and inflammatory diseases. Previous caspase-1 inhibitors were in great majority covalent
inhibitors and failed in clinical trials. Using a mixed modelling, computational screening, synthesis and
in vitro testing approach, we identified a novel class of non-covalent caspase-1 non cytotoxic inhibitors
which are able to inhibit IL-1p release in activated macrophages in the low pM range, in line with the

best activities observed for the known covalent inhibitors. Our compounds could form the basis of
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further optimization towards potent drugs for the treatment of inflammation and inflammatory disor-
ders including also dysregulated inflammation in Covid 19.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Inflammasomes are multiprotein complexes emerged as key
regulators of innate immune response and inflammation [1]. Their
assembly in cytosol, in response to molecules derived from
microorganism (pathogen-associated molecular patterns - PAMPs)
or endogenous danger signals (damage-associated molecular pat-
terns - DAMPs), induces the activation of the holoenzyme
inflammasome-caspase 1 complex, that triggers the release of the
mature form of inteleukin-1f (IL-1f8) and IL-18 and drives pyrop-
tosis. The release in the cytosol of these potent pro-inflammatory

* Corresponding author.
** Corresponding author.
*xx Corresponding author.
E-mail addresses: fausta.ulgheri@cnr.it (F.  Ulgheri), pietro.spanu@cnr.it
(P. Spanu), a.s.s.domling@rug.nl (A. Domling).

https://doi.org/10.1016/j.ejmech.2021.114002
0223-5234/© 2021 Elsevier Masson SAS. All rights reserved.

mediators, culminate in beneficial immune responses and antimi-
crobial defense [2]. However, a deregulated activation and secretion
of inflammatory mediators induced by endogenous danger signals,
is linked to the onset or progression of cardiovascular diseases,
inflammatory pathologies, neurodegenerative, metabolic and
autoimmune diseases and cancer [3—10]. There is a growing evi-
dence on the relation between innate immunity, excessive release
of pro-inflammatory IL-1f8 and various immune and inflammatory
disorders, including CNS diseases such as Alzheimer's (AD), Par-
kinson's (PD) and Huntington's (HD) diseases, amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS) [11—15]. Activation of
microglia and other cell types in the brain, in response to DAMPs in
the form of misfolded proteins, mislocalized nucleic acids or
aggregated peptides such as amyloid-3 (AB) for AD, a-synuclein for
PD, superoxide dismutase for ALS and huntingtin for HD, leading to
uncontrolled release of pro-inflammatory mediators, is emerged as
a key mechanism in the development and progression of major
neurodegenerative disease [16—18]. Moreover, there is also a


mailto:fausta.ulgheri@cnr.it
mailto:pietro.spanu@cnr.it
mailto:a.s.s.domling@rug.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2021.114002&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2021.114002
https://doi.org/10.1016/j.ejmech.2021.114002

E. Ulgheri, P. Spanu, E Deligia et al.

growing evidence that the pathway inflammasome NLRP3/
Caspase-1 is overactivated by the SARS-Cov-2 and may be
responsible for the high mortality observed in the Covid-19 pa-
tients due to the inflammatory internal organs collapse driven by
the cytokine storm induced by the virus [19—23]. It is now quite
clear that an effective pharmacological approach to Covid-19 must
comprise an antiviral drug in combination with an inflammation
modulator able to regulate the innate immunity system response
preserving its regular activity but quenching its overactivation.

Caspase-1 activity is essential in immune and inflammatory
response irrespective of molecular signals that induce the assembly
of the different holoenzyme inflammasome-caspase-1 complexes.
In addition to pro-IL-1 and pro-IL18, also gasdermin D (GSDMD) is
a recognized substrate for caspase-1 to generate an N-terminal
cleavage product (GSDMD-NT) that induces plasma membrane
pores and pyroptosis [24]. Recent studies have shed some light on
the nature of the caspase-1 active species (p33/p10 linked to
inflammasome to form the inflammasome-caspase-1 complex), on
the location of caspase-1 activity, on the intrinsic time limiting
mechanism of caspase-1 activity of the inflammasome-dependent
inflammatory responses, as well as on the role of caspase-1 in
inducing pyroptosis by mediating GSDMD cleavage [24,25]. Com-
pounds inhibiting caspase-1 have been proposed as promising new
therapeutics for the treatment of inflammation driven diseases, and
many potent caspase-1 inhibitors have been developed, and have
demonstrated their effect in preclinical studies for different in-
dications, but only few compounds have progressed in clinical trials
failing to reach the desired clinical endpoints (Fig. 1) [26—38].

All these peptidomimetic molecules and the currently used
peptidic caspase-1 tool compounds are often unselective and co-
valent as mode of action (MoA), peptidic in nature, and with very
low blood-brain barrier (BBB) penetration, if at all. The lack of
selectivity and the off-target interaction with other nucleophiles
in vivo due to their covalent MoA, may have contributed to the
effects observed in long term toxicity studies in dogs accompanying
the human phase II study of Pralnacasan (VX-740) [39]. Novel
improved compounds are urgently needed for testing the hypoth-
esis if suitable caspase-1 inhibitors are able to slow down or pre-
vent inflammatory diseases in humans also because there are no
caspase-1 inhibitor drugs approved for clinical use on the market.
Here we report the design and synthesis of a new class of potent
and stable non-peptidomimetic and non-covalent caspase-1 in-
hibitors designed to overcome the drawbacks of the previous
compounds for therapeutic applications.
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VX740 pralnacasan (prodrug)
VRT-18858 - inhibitor of caspase-1 (ICs0 1.3 nM) and
LPS-induced IL-1f release in vitro PBMCs (ICso 0.85 uM)
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2. Results and discussion

We have designed a new class of non-covalent, non-peptidic,
small molecule caspase-1 inhibitors by structure-based drug
design. Our goal was to obtain a new class of stable and bioavailable
inhibitors rationally designed to interact with the catalytic site of
the enzyme in a competitive and non-covalent MoA in order to
avoid off-target interactions with other nucleophiles leading to side
and toxic effects previously described in clinical trials for covalent
inhibitors. The multicomponent reaction (MCR) approach was used
for the synthesis of our molecules, because it offers a significant
advantage over conventional linear step synthesis permitting the
one pot assembly of very complex structures and the easy synthesis
of a collection of derivatives.

2.1. Design

Our design of non-covalent caspase-1 inhibitors is based on a
substrate mimicry approach (Fig. 2). The WEAD (trp-glu-ala-asp)
sequence is generally recognized by caspase-1 and target proteins
are always aspartyl-cleaved (P1=Asp) [40]. Thus, we aimed to
design non cleavable aspartyl mimicking scaffolds which would
allow for easy modification in further positions to address P2—P4
sites. Multicomponent reaction chemistry is known to address a
large drug-like scaffold space and is compatible to multiple func-
tional (often unprotected) groups [41—43]. For example, MCR has
been recently used for the improved synthesis of the drugs ator-
vastatin, praziquantel and ivosidenib [44—46]. Multicomponent
reaction chemistry allows for the simultaneous introduction of
several side chains via different building blocks which potentially
can mimic P2—P4 sites. Multicomponent reactions we are experi-
enced in are isocyanide-based MCRs [47]. Specifically, tetrazole
yielding MCRs recently attracted considerable attention due to
their scaffold diversity, ease of access and drug-like properties [48].
Thus, we decided to investigate the Ugi tetrazole variation (UT-4CR)
and search the UT-4CR chemical space for potential caspase-1 in-
hibitors. The UT-4CR variation consists of the reaction of an iso-
cyanide with an oxo component and a secondary or primary amine
as variable building blocks to yield 1,5-disubstituted o-amino tet-
razole [49,50]. Our design includes a 4-amino-3-hydroxy butanoic
acid mimicking the aspartyl P1 side chain. Conformational analysis
of the UT-4CR scaffolds suggests the introduction of the 4-amino-3-
hydroxy butanoic acid moiety as an amine component. The buta-
noic acid is designed as the main Asp mimicking part with the
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VX-765 belnacasan (prodrug)
VRT-043198 - inhibitor of caspase-1 (Ki0.8 nM) and
LPS-induced IL-1f} release in vitro PBMCs (ICso 0.47 uM)

Fig. 1. Some caspase-1 inhibitors progressed in clinical trials.
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Fig. 2. Caspase-1 inhibitor design. A: peptidic recognized sequence; B: non cleavable aspartyl mimicking scaffolds; C: charge-charge and hydrogen bonding interactions of butanoic

acid residue; D: P2—P4 and P2’ possible addressed sites.

carboxylic acid undergoing multiple charge-charge and hydrogen
bonding interactions to Arg179, Arg341 and GIn283. The 3-hydroxy
group in our design would undergo an additional hydrogen
bonding contact to Ser339 backbone carbonyl-O in the polar Asp
pocket. The oxo component could address the P2 site and the iso-
cyanide component the P3—P4 sites. Additionally, N-substitution
(alkylation, acylation) of the 4-amino-2-hydroxy butanoic acid
moiety could potentially address the P2’ site.

We pursued a computational prescreening to decide which
compounds to synthesize and test. The ChemAxon suite was used
in order to create a virtual library of compounds based on multi-
component reaction (MCR) chemistry [51]. Babel and Moloc mo-
lecular design software were used to generate 3D conformations, to
fix the unique molecular library to a fragment and to optimize the
energy and the overlap of the library with the protein [52]. As the
receptor for modelling we were using the 2HBQ PDB structure [53].
It is a crystal structure of wildtype human caspase-1 in complex
with covalent 3-[2-(2-benzyloxycarbonylamino-3-methyl-butyr-
ylamino)-propionylamino]-4-oxo-pentanoic acid (z-VAD-FMK) in-
hibitor. A typical result from virtual screening the UT-4CR chemical
space is shown in Fig. 3.

2.2. Synthetic routes

In order to explore the UT-4CR chemical space for potential
caspase-1 inhibitors the series of the selected 1,5-disubstituted o-
amino tetrazole 5 and 16 were synthesized via MCRs. The four
components of the UT-4CR needed to meet all the requirements
established by the computational study were methyl-4-amino-3-
hydroxybutanoate as the amine component 1, an aliphatic or aro-
matic aldehyde 2, a 4-isocyanobutanamide derivative 3, and tri-
methylsilyl azide 4 (Scheme 1). A collection of derivatives 5 and 16
has been then synthesized exploiting variations to the aldehyde
and isocyanide components of the MCR.

The oxo component (R,-CHO) 2 was chosen from eight
commercially available aldehydes to address the hydrophobic
pocket P2 by an aliphatic or aromatic R; residue. To address P3—P4

sites, three isocyanide derivatives (component 3) equipped with
different aromatic residue were synthesized in high yields starting
from 4-aminobutanoic acid (Scheme 2). The reaction of the amino
acid 6 with propyl formate at 90 °C gave compound 7 in quanti-
tative yield that was coupled with the three different amines 8, 9
and 10 to give compounds 11,12 and 13. Isocyanides 3a-c were then
synthesized in good yield ranging from 85% to 97% via dehydration
of N-formyl derivatives. The amine component for the MCRs,
methyl-4-amino-3-hydroxybutanoate 1 mimic of the aspartic res-
idue, was quantitatively obtained via an easy esterification of the
corresponding acid.

1,5-Disubstituted o-amino tetrazole derivatives 5aa-5ah, 5ba-
5bf and 5ca-5ce were synthesized with good yields via reaction of
isocyanides 3a-c, aldehydes 2, amine 1 and trimethylsilyl azide 4 in
methanol at room temperature and subsequent basic hydrolysis of
the ester obtained (Scheme 3). The reactions were performed by
using racemic amine component 1 and because a second stereo-
centre was generated during the reaction, the tetrazole derivatives
were obtained as a diastereomeric mixture of couples of enantio-
mers. In order to verify the effect of the chirality of carbon 3 ster-
eocentre on the enzymatic inhibition activity some MCRs were
repeated by using commercially available enantiopure (R)- or (S)-
methyl-4-amino-3-hydroxybutanoate 1 to give (3R) or (3S) dia-
stereomeric mixture of 1,5-disubstituted o-amino tetrazole de-
rivatives 5.

Finally, in order to address the P2’ site, the amine component 4-
amino-3-hydroxybutanoate 1 was N-alkylated via reductive ami-
nation to give the secondary amine 15 that was used in the MCRs
(Scheme 4). The MCRs were performed by using the isocyanide 3a
containing the tetrahydroisoquinoline moiety that showed to
induce the best enzymatic activity with respect to the other iso-
cyanides 3b and 3c (see below). Compounds 16aa-16ad were ob-
tained in good yields after basic hydrolysis and purification on a
silica gel pad (Scheme 4).

The chemical structures of the 1,5-disubstituted «-amino tet-
razole derivatives 5 and 16 were characterized by 'H and 13C NMR.
The 'H and 3C NMR spectra of these compounds showed splitting
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Scheme 1. MCR synthesis of the target molecules.

signals due to the presence of a mixture of atropoisomers. 'H NMR
spectra exhibited a characteristic multiplet signal around
0 4.5—4.6 ppm relative to the methylene group (CH;) bonded to the
N of the tetrazole ring and a multiplet signal around ¢ 4.38 ppm for
the proton adjacent to aliphatic R, substituent. A carbon signal
characteristic of the methylene group adjacent to the tetrazole ring
were observed around ¢ 45.3.

2.3. Caspase-1 inhibition activity

Compounds 5 and 16 were monitored as a time-course mea-
surement of the increase in fluorescence signal from fluorescently
labelled peptide substrate. The inhibition activities of the 1,5-
disubstituted «-amino tetrazole derivatives 5aa-5ah containing
the tetrahydroisoquinoline moiety, 5ba-5bf containing the benzyl
moiety and 5ca-ce containing the 6,7-dimethoxy-tetrahy-
droisoquinoline moiety are reported in Table 1, Table 2 and Table 3
respectively as ICsg values and percent of enzymatic activity at
100 puM concentration.

Comparing the activity of the three series of compounds, the
better potency was observed for 1,5-disubstituted a-amino tetra-
zole 5aa-5ah, showing that the tetrahydroisoquinoline moiety
determines a better P3—P4 sites interactions with respect to benzyl
or 6,7-dimethoxy-tetrahydroisoquinoline. Tuning of the hydro-
phobic P2 site interactions by aliphatic and aromatic Ry residues
gave tetrazole derivatives with ICsq values in the uM range. The best
compound of the series was the tetrazole derivative 5ae
(R2 = neopentyl) with an ICsp of 15.1 pM and 8.12% of residual
enzymatic activity at the 100 uM concentration. Regarding the (3R)
or (3S) diastereomeric mixture of 1,5-disubstituted o-amino tetra-
zole derivatives 5 we observed that the (3R) configured stereoiso-
mers were slightly more active with respect to their (3S)
stereoisomers, in agreement with the results of our computational
studies, therefore the subsequent experiments on stereoisomers
were performed by using only the (3R) diastereomeric mixture of
the tetrazole derivatives. In any case, no significative differences in
enzymatic activities were observed between racemic compounds
and the same tetrazole derivatives with (3R) stereochemistry.
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2: R1= Methyl, Isopropyl, Butyl, Isobutyl, Neopentyl, Cyclopropyl, Phenyl, 2-Thiophenyl
5aa: R1= Methyl 5ba: R1= Methyl 5ca: R1= Isopropyl
5ab: R1= Isopropyl 5bb: R1= Isopropyl 5cb: R1=tButyl
5ac: R1='Buty! 5bc: R1= Neopentyl 5cc: R1= Neopentyl
5ad: R1= Isobutyl 5bd: R1= Cyclopropyl 5cd: R1= Cyclopropyl
5ae: R1= Neopentyl 5be: R1= Phenyl 5ce: R1= 2-Thiophenyl
5af: R1= Cyclopropyl 5bf: R1=2-Thiophenyl
5ag: R1= Phenyl (3R)5be: R1= Phenyl
5ah: R1=2-Thiophenyl (3S)5be: R1= Phenyl
(3R)5ae: R1= Neopenty! (3R)5bf: R1=2-Thiophenyl
(3R)5ag: R1= Phenyl (3S)5bf: R1=2-Thiophenyl

(3S)5ag: R1= Phenyl
(3R)5ah: R1= 2-Thiophenyl
(3S)5ah: R1= 2-Thiophenyl

Scheme 3. Multicomponent Reactions for the synthesis of caspase-1 inhibitors. Reagents and conditions: (a) CH30H, Na,SO4, Et3N, r.t., 5 days, 78-20% yields; (b) NaOH, MeOH, r.t.,
5 h, 97-50% yields.
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Table 1
In Vitro activity of compounds 5aa-5ah.”..

Ry
N
NaOOC N N N
O
Compd. Ry IC50(uM) Enzyme activity (% at 100 pM)
5aa Methyl ND 1A
5ab Isopropyl ND 77.85
5ac ‘Butyl ND 61.92
5ad Isobutyl 79.4 43.66
5ae Neopentyl 15.1 8.12
5af Cyclopropyl ND 89.98
5ag Phenyl 94.1 47.96
5ah 2-Thiophenyl ND 77.20
(3R)5ae Neopentyl 12.2 9.71
(3R)5 ag Phenyl 53.5 40.48
(35)5 ag Phenyl 68.0 48.65
(3R)5ah 2-Thiophenyl 326 29.00
(3S)5ah 2-Thiophenyl 51.4 37.18

2 IC50 is the concentration of the inhibitor where the enzyme activity is reduced
by half (curve fits were performed when the activities at the highest concentration
of compounds were less than 60%); ND not determined, and IA inactive.

Table 2
In Vitro activity of compounds 5ba-5bf."..

Rz
N

NaOOC/Y\H)\(/ N

OH N-N

e

Compd. R, IC50(UM) Enzyme activity (% at 100 uM)
5ba Methyl ND 1A
5bb Isopropyl ND 1A
5bc Neopentyl ND 59.92
5bd Cyclopropyl ND 77.12
5be Phenyl ND 1A
5bf 2-Thiophenyl ND 1A
(3R)5be Phenyl ND 63.28
(3S)5be Phenyl ND 62.37
(3R)5bf 2-Thiophenyl 77.8 49.65
(3S)5bf 2-Thiophenyl ND 69.80

2 IC50 is the concentration of the inhibitor where the enzyme activity is reduced
by half (curve fits were performed when the activities at the highest concentration
of compounds were less than 60%); ND not determined, and IA inactive.

Finally, in order to investigate additional hydrophobic P2’ site
interactions, two N-alkyl substituents were introduced in the tet-
razole derivatives containing tetrahydroisoquinoline and isobutyl
or neopentyl residues. Benzyl and 4-fluoro-benzyl R3 substituents
were introduced to give compounds 16aa-16ad (Scheme 4). A
reduction of the ICs5g value was observed for compounds 16aa-16ab
(R3 = isobutyl) with respect to their not N-alkylated tetrazole
derivates but the same effect was not confirmed for compounds
16ac-16ad (R; = neopentyl) (Table 4). No significative difference in
enzymatic activity was observed between compound 16ac and the
same tetrazole derivative with (3R) stereochemistry as we found in
the previous cases. Taken together, these results on enzymatic ac-
tivity of diastereomeric mixture support the decision to synthesize

European Journal of Medicinal Chemistry 229 (2022) 114002

Table 3
In Vitro activity of compounds 5ca-5ce.”..

Rp
N
N R
aooc/\/\u 2N
OH N-N
MeO 0
MeO
Compd. Ry IC50(UM) Enzyme activity (% at 100 pM)
5ca Isopropyl ND 1A
5chb ‘Butyl ND 96.73
5cc Neopentyl 14.6 9.49
5cd Cyclopropyl ND 80.56
5ce 2-Thiophenyl ND 1A

2 IC50 is the concentration of the inhibitor where the enzyme activity is reduced
by half (curve fits were performed when the activities at the highest concentration
of compounds were less than 60%); ND not determined, and IA inactive.

and test only the racemic mixture of compound 5 or compound 16
in the subsequent cell-based assays.

2.4. Cytotoxicity and immunomodulatory effect in U937 cells

The 1,5-disubstituted a-amino tetrazole 16aa and 5ae were
selected for in vitro evaluation of the cytotoxicity and immuno-
modulatory effect because of their very good caspase-1 inhibition
enzymatic activity. The cell line U-937 was used to reproduce
in vitro a biological model of inflammation. U-937 is a human cell
line expressing many of the monocytic like characteristics. U-937
was differentiated into macrophages with PMA and stimulated
with LPS to induce IL-1B production as described in literature
[54,55].

2.4.1. U937 cell growth inhibition

To exclude a cytotoxic effect of 16aa and 5ae on human U937 cell
line, cells were exposed to increasing concentrations of the syn-
thesized compounds 16aa and 5ae ranging from 1 nM to 100 pM for
48h and then evaluated for cell viability and cell growth inhibition
by MTT assay. The results illustrated in Fig. 4 show that at the higher
concentration the viability for both compounds was reduced by
almost 50% while at lowest concentrations the cytotoxic effect is
low or is not significant.

In order to evaluate if the toxicity observed at the100 uM con-
centration was dependent from the solvent used (DMSO) rather
than from compound 16aa or 5ae, the experiments were repeated
by adding DMSO alone at the same concentration used to dilute
16aa and 5ae. As showed in Fig. 4, at the concentrations of 100 uM
or 10 uM, it can be assumed that the reduction of viability was
clearly due to the presence of DMSO rather than to 16aa or 5ae.

2.4.2. Inhibition of IL-10 release

We initially confirmed that the stimulation with LPS of differ-
entiated U-937 cells induces a release of IL-18 (approximately
200 pg/ml) while unstimulated U-937 cells do not produce signif-
icantly IL-1B (data not shown). Subsequently we have studied the
capability of compounds 16aa and 5ae to inhibit IL-1f release in
differentiated U-937 cells stimulated with LPS. The treatment with
graded concentrations of 16aa from 10 pM to 1 nM has been per-
formed simultaneously to LPS (1 pg/ml) treatment for 24h. Alter-
natively, after LPS stimulation the cells were treated with graded
concentrations of 16aa from 10 pM to 1 nM overnight. After incu-
bation, the supernatants (SN) were collected and stored at —80 °C.
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16ab: Ry=Isobutyl, Ry= 4-F-Phenyl
16ac: Ry,=Neopentyl, Rz= Phenyl
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16ad: Ro=Neopentyl, Rz= 4-F-Phenyl

Scheme 4. Synthesis of compounds 16aa-16ad. Reagents and conditions: (a) i) CH30H, r.t,, overnight; ii) NaBH,4, CH30H, r.t, 4.5 h; iii) SOCl,, CH30H, r.t. overnight; (b) CH30H,

NayS04, EtsN, r.t,, 5 days, 92-22% yields; (c) NaOH, MeOH, r.t., 5 h, 81-40% yields.

Table 4
In Vitro activities of compounds 16aa-16ad...

Ro

NaOOC
OH

N,

NN

Ry _N-N
16aa-1b‘f
e

Compd. R, R3 IC5o(uM)  Enzyme activity (% at 100 uM)
16aa Isobutyl Benzyl 12.1 247
16 ab Isobutyl 4-F-Benzyl 20.7 2.06
16ac Neopentyl Benzyl 103 291
16ad Neopentyl 4-F-benzyl 12.7 3.90
(3R)16ac Neopentyl Benzyl 15.0 445

2 IC50 is the concentration of the inhibitor where the enzyme activity is reduced
by half (curve fits were performed when the activities at the highest concentration
of compounds were less than 60%); ND not determined, and IA inactive.

The effect of 16aa on the IL-1p is showed in Fig. 5. The results are
expressed in terms of compound concentration producing 50% in-
hibition (ICs¢) of IL-1p release. The results show that 16aa is able to
significantly inhibit the IL-1p production after LPS stimulation at
low uM concentrations (IC5g = 0.35 M) when used in the presence
of LPS (Fig. 5, column A). When the cells were treated with 16aa
after 4h of LPS stimulation the concentration of the compound
producing 50% inhibition of IL-1p release increases (ICs¢ = 0.85 uM)
(Fig. 5, column B).

Our results showed that the secretion of IL-1 was significantly
suppressed by 16aa and that the required concentration is related
to the schedule of treatment. We could speculate that during the
simultaneous treatment with LPS, 16aa acts early during the LPS
priming. LPS is toll-like receptor (TLR4) ligand, the binding LPS/
TLR4 is defined as the priming step, which provides the first signal
for NLRP3 inflammasome activation that in turn active Caspase-1
that is involved in the maturation of interleukin IL-1f [56]. After
4 h of pretreatment with LPS, inflammatory machinery is complete
and this may require a greater concentration of 16aa to inhibit
Caspase 1. The treatment with graded concentrations of compound

PERCENT OF VIABILITY
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Fig. 4. U937 cell growth inhibition by addition of 16aa or 5ae.To evaluate the cell viability after 48 h of treatment with 16aa or 5ae has been performed an MTT test. Data are
expressed in terms of percentage of cell viability compared to the control group set at 100%. Each percentage value was obtained using the arithmetic average of three independent
experiments. The black bars describe the experiments where the compounds 16aa or 5ae were added at different concentrations while the grey bars describe the experiments with
only the solvent (DMSO) added at the same concentration used to dilute 16aa or 5ae in the previous experiments.
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Fig. 5. Inhibition of IL-1B production by 16aa. The results are expressed in terms of
compound concentration producing 50% inhibition of IL-1 release (ICs), calculated on
the regression line in which the percentage of inhibition were plotted against the
logarithm of compound concentration. The IL-1B production was detected by ELISA
immunoassay. In the column A are showed the effects of treatment of differentiated
U937 with 16aa simultaneously with LPS. In the column B are showed the effects of
treatment of differentiated U937 with 16aa after 4h from LPS (1 pg/ml) stimulation.
Bars represent the fiducial limits of the ICsq values.

5ae ranging from 10 pM to 1 nM has been also performed simul-
taneously to LPS (1 ug/ml) treatment for 24h. The results show that
also compound 5ae is able to significantly inhibit the IL-1p pro-
duction after LPS stimulation with IC59 = 50.06 uM when used in
the presence of LPS.

3. Conclusions

Through the rational design and an MCR based synthetic
approach of new non-covalent caspase-1 inhibitors we were able to
obtain, a noncytotoxic 1,5-disubstituted a-amino tetrazoles able to
target the inflammasome caspase-1 pathway that could be of use
for the treatment of inflammatory driven diseases. This new class of
non-covalent inhibitors was able to inhibit IL-1pB release in acti-
vated macrophages in the low pM range that is in line with the best
activities observed for the known covalent inhibitors that failed in
clinical trials, although they showed a much higher enzymatic
caspase-1 inhibition activity. The non-covalent mode of action of
our inhibitors could be the reason of the greater bioavailability
observed because of the lack of an electrophilic substituent in the
P1 position. In particular, compound 16aa could form the basis of
further optimization towards novel inflammasome caspase-1
pathway inhibitors, characterized by a good degree of potency
and reduced toxicity, suitable for treatment of inflammatory dis-
orders. Further medicinal chemistry and pharmacological studies
aimed at increasing caspase-1 inhibition and immunomodulatory
effect are in progress.

4. Experimental section
4.1. Chemistry

'H and 3C NMR spectra were acquired on a Varian 400 MHz,
Varian Mercury spectrometer at 400 MHz for 'H and 100 MHz for
13C. TLC were performed on glass TLC plates, silica gel coated with
fluorescent indicator F254 (thickness of 200 pm). Preparative TLC
were performed on PTLC glass plates with fluorescent indicator
F254 (thickness of 1 mm). Column chromatography was performed
using 230—400 mesh silica gel. All chemical reagents and solvents
were purchased from commercial sources and used without further
purification. CH,Cl, was dried by distillation over CaH;. The purity
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of the final compounds was determined by NMR spectroscopy and
elemental analysis and was in agreement with the proposed
structures with purity >95%.

4.2. Synthesis of methyl 4-amino-3-hydroxybutanoate
hydrochloride (1-HCI)

SOCl; (190 pL, 2.52 equiv.) was added dropwise at 0 °C to a flask
containing CH3OH (5 mL), then 4-amino-3-hydroxybutanoic acid
(250 mg, 2.10 equiv.) was added. The reaction mixture was stirred
at r.t. overnight, then the solvent was removed under vacuum. The
residue was stirred with hexanes and concentrated under vacuum
to give the clean product in a quantitative yield as a thick light-
yellow oil. 'TH NMR CD30D § 4.27—4.19 (m, 1H), 3.70 (s, 3H),
3.16—3.09 (m, 1H), 2.95—2.87 (m, 1H) 2.65—2.52 (m, 2H). 3C NMR
CD30D 6 172.65, 65.55, 52.36, 45.37, 40.46.

4.3. Synthesis of 4-formamidobutanoic acid (7)

A solution of 4-aminobutanoic acid 6 (4 g, 38.75 mmol) in propyl
formate HCOOC3H7 (40 mL) and formic acid (2 mL) was refluxed at
90 °C overnight. The solution was concentrated under vacuum and
the product was treated with Et,O to give a white solid in a
quantitative yield. m.p. = 104—106 °C. "H NMR CD30D 6 8.05 (s, 1H),
3.26 (t,] = 7.0 Hz, 2H), 2.34 (t, ] = 7.4 Hz, 2H), 1.85—1.75 (m, 2H). °C
NMR CD30D 4 176.94, 163.89, 38.32, 32.22, 25.79.

4.4. General procedure for the synthesis of formamides 11-13

To a suspension of 4-formamidobutanoic acid 7 (1 equiv) in THF
(0.3 M) at r.t., the corresponding amines 8, 9 or 10 (1 equiv.), HOBT
(1 equiv.) and DCC (1.1 equiv.) were added. The reaction mixture
was stirred at r.t. overnight, then filtered on a celite pad washing
with a minimal amount of THF. The solvent was removed under
vacuum and the crude product was purified by filtration on a silica
gel pad under vacuum eluting first with AcOEt and then with
CH,Cl,/CH30H 9/1 to recover the desired formamides 11-13.

4.4.1. N-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-oxobutyl)
formamide (11)

Thick light-yellow oil obtained in 97% yield. "H NMR CDs0D
6 8,05 (bs, 1Ha,b), 7.22—7.11 (m, 4Ha,b), 4.68 (s, 2Ha), 4.67 (s, 2Hb),
3.77 (t, ] = 6 Hz, 2Ha), 3.73 (t, ] = 6 Hz, 2Hb), 3.32—3.26 (m, 2Ha,b),
2.92 (t,] = 6 Hz, 2Hb), 2.84 (t, | = 6 Hz, 2Ha), 2.55—2.49 (m, 2Ha,b),
1.90-1.79 (m, 2Ha,b). ¥C NMR CDs0D ¢ 173.50, 163.79, 136.10,
135.67,134.39, 134.03, 129.61, 129.36, 127.92, 127.69, 127.53, 127.43,
127.21, 48.19, 45.26, 44.43, 41.20, 38.49, 38.46, 31.67, 31.41, 30.17,
29.30, 25.94, 25.92.

4.4.2. N-(4-(Benzylamino)-4-oxobutyl)formamide (12)

White solid obtained in 93% yield. m.p. = 84—86 °C. 'H NMR
CD30D 6 8,02 (bs, 1Ha,b), 7.34—7.20 (m, 5Ha,b), 4.36 (s, 2Ha), 4.35 (s,
2Hb), 3.24 (t,] = 7 Hz, 2Ha,b), 2.27 (t, ] = 7.6 Hz, 2Ha,b), 1.87—1.77
(m, 2Ha,b). 3C NMR CDCl3 6 172.94, 161.98, 138.01, 128.61, 127.66,
127.41, 43.60, 37.64, 33.65, 25.23.

4.4.3. N-(4-(3,4-dihydro-6,7-dimethoxyisoquinolin-2(1H)-yl)-4-
oxobutyl)formamide (13)

Thick light-yellow oil obtained in 91% yield. 'H NMR CD30D
0 8,09 (bs, 1Ha,b), 6.76 (bs, 2Ha), 6.73 (bs, 2Hb), 4.60 (bs, 2Ha,b),
3.80 (bs, 6Ha,b), 3.75 (t, ] = 5.8 Hz, 2Ha), 3.69 (t, ] = 6 Hz, 2Hb),
3.35—3.25 (m, 2Ha,b), 2.82 (t, ] = 6 Hz, 2Hb), 2.74 (t, ] = 6 Hz, 2Ha),
2.52 (t, ] = 6.8 Hz, 2Ha,b), 1.93—1.80 (m, 2Ha,b). 13C NMR CD30D
0 173.47, 163.83, 149.39, 149.29, 149.22, 149.17, 128.18, 128.13,
127.68, 126.41, 125.98, 113.03, 112.90, 110.95, 110.78, 56.50, 56.48,
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56.44, 4794, 44.99, 44.55, 41.21, 38.52, 38.50, 31.72, 3140, 29.72,
28.82, 26.02, 25.98.

4.5. General procedure for the synthesis of isocyanide components
3a-c

To a solution of formamide 11—13 (1 equiv.) in dry CH,Cl,
(0.3 M), under nitrogen, Et3N (5 equiv.) and POClI; (1.5 equiv.) were
added at 0 °C. The reaction mixture was stirred at r.t. for 1 h, then
treated with a 20% aqueous solution of NayCOs. The aqueous layer
was extracted three times with CH,Cl,. The organic phase, dried on
Na,SOg4, was filtered and concentrated under vacuum. The crude
product was purified by filtration on a silica gel pad under vacuum,
eluting first with CH,Cl; and then with CH,Cl,/AcOEt 9/1 to recover
the desired products 3a-c.

4.5.1. 1-(3,4-Dihydroisoquinolin-2(1H)-yl)-4-isocyanobutan-1-one
(3a)

Light yellow oil obtained in 87% yield. '"H NMR CDCl3 ¢ 7.25—7.11
(m, 4Ha,b), 4.74 (s, 2Ha), 4.65 (s, 2Hb), 3.84 (t, ] = 5.8 Hz, 2Ha), 3.71
(t,J] = 5.9 Hz, 2Hb), 3.59—-3.54 (m, 2Ha,b), 2.94 (t, ] = 5.9 Hz, 2Hb),
2.87 (t,] = 6 Hz, 2Ha), 2.63—-2.57 (m, 2Ha,b), 2.12—-2.02 (m, 2Ha,b).
13C NMR CDClz 6 169.98, 156.52, 156.46, 156.41, 135.08, 134.11,
133.45,132.34,128.99, 128.38,127.12,126.75,126.72,126.55, 126.20,
4722, 44.35, 43.19, 41.36, 41.30, 41.23, 39.89, 29.59, 29.47, 29.24,
28.57, 2449, 24.44.

4.5.2. N-benzyl-4-isocyanobutanamide (3b)

Thick light-yellow oil obtained in 97% yield. '"H NMR CDCl3
0 7.38—7.26 (m, 5Ha,b), 5.87 (bs, 1Ha,b), 4.46 (s, 2Ha), 4.44 (s, 2Hb),
3.54—3.49 (m, 2Ha,b), 2.41 (t,] = 7 Hz, 2Hab), 2.09—2.00 (m, 2Ha,b).
13C NMR CDCl3 6 171.08, 156.34, 138.19, 128.71, 127.69, 127.52, 43.54,
41.08, 41.02, 40.96, 32.16, 24.69.

4.5.3. 1-(6,7-Dimethoxy-3,4-dihydroisoquinolin-2(1H)-yl)-4-
isocyanobutan-1-one (3c)

Light yellow oil obtained in 85% yield. 'TH NMR CD30D 6 6.77 (s,
2Ha), 6,75 (s, 2Hb), 4.63 (s, 2Ha), 4.61 (s, 2Hb), 3.81 (s, 6Ha), 3.79 (s,
6HDb), 3.79—3.70 (m, 2Ha,b), 3.61—3.53 (m, 2Ha,b), 2.85 (t,] = 5.8 Hz,
2Hb), 2.76 (t, | = 5.8 Hz, 2Ha), 2.63 (t, ] = 7.2 Hz, 2Ha,b), 2.06—1.95
(m, 2Ha,b). 13C NMR CDCl3 6 169.83, 169.78, 156.32, 148.05, 147.94,
147.79, 126.84, 125.72, 125.18, 123.87, 111.59, 111.22, 109.39, 108.91,
55.99, 46.84, 43.94, 43.20, 41.30, 41.24, 41.18, 39.78, 29.52, 29.07,
28.90, 28.01, 24.39, 24.33.

4.6. General procedure for the synthesis of secondary amine
hydrochlorides 15a,b-HCI

To a suspension of 4-amino-3-hydroxybutanoic acid (100 mg,
0.84 mmol) in CH30OH (3 mL) under nitrogen at r.t., EtsN (230 puL,
1.68 mmol) was added. After 20 min, benzaldehyde 14a,b
(0.84 mmol) was added and the mixture was stirred at r.t. over-
night. The solution was then cooled to 0 °C and NaBH4 (64 mg,
1.68 mmol) was added, and the mixture was stirred for 4.5h at r.t.,
then concentrated under vacuum to give a thick colorless oil that
was dissolved in CH30H (5 mL), cooled to 0 °C and treated dropwise
with SOCl; (42 mL, 5.75 mmol) under nitrogen. The reaction
mixture was stirred at r.t. overnight then the solvent was removed
under vacuum to give the crude product 15a or 15b as a solid that
was used as such in the following MCRs.

4.6.1. Methyl 4-(benzylamino)-3-hydroxybutanoate hydrochloride
(15a-HCl)

White solid obtained in quantitative yield. m.p. = 138—140 °C.
'H NMR CD30D 6 7.56—7.51 (m, 2H), 7.50—7.44 (m, 3H), 4.38—4.30
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(m, 1H), 4.26 (bs, 2H), 3.69 (s, 3H), 3.22—3.16 (m, 1H), 3.06—2.97 (m,
1H), 2.63—2.51 (m, 2H). 13C NMR CDs0D § 172.53, 132.28, 131.18,
130.64, 130.23, 64.65, 52.46, 52.30, 52.16, 40.64.

4.6.2. Methyl 4-(4-fluorobenzylamino)-3-hydroxybutanoate
hydrochloride (15b-HCl)

White solid obtained in quantitative yield. m.p. = 163—165 °C.
'H NMR CD30D 6 7.61-7.55 (m, 2H), 7.24—7.16 (m, 2H), 4.38—4.30
(m, 1H), 4.26 (bs, 2H), 3.69 (s, 3H), 3.23—3.17 (m, 1H), 3.06—2.98 (m,
1H), 2.64—2.51 (m, 2H). *C NMR CD30D ¢ 172.53, 133.67, 133.58,
117.11, 116.89, 64.66, 52.48, 52.31, 51.35, 40.63.

4.7. General MCR procedure for the synthesis of 1,5-disubstituted «-
amino tetrazoles 5 and 16

To a solution of amine hydrochloride component 1 or 15 (1
equiv.) in CH30H (0.11 M), Et3N (1 equiv.), NaSOy4, and after 10 min,
the oxo component 2 (1 equiv.) were added. The solution was
stirred for 15 min and then a solution of isocyanide component 3 (1
equiv.) in CH30H (0.44 M) and TMSN3 (1 equiv.) were added. The
reaction mixture was stirred at room temperature for 5 days and
then filtered on a celite pad to give the crude product that was
purified by filtration on a silica gel pad eluting with CH,Cl,/Et;0 9/
1, then EtOAc/Acetone 9/1 to give a tick light yellow oil with yields
ranging from 20% to 92%. The 4-MCR product was then solved in
CH30H (0.05 M) was treated with a solution of NaOH 1 M (0.1 M in
CH30H). The solution was stirred at room temperature for 5h, then
the solvent was removed under vacuum and the crude product was
purified by filtration on a silica gel pad eluting with EtOAc/Acetone
9/1 and CH,Cl,/CH30H 8/2 to give the desired product 5 or 16, with
yields ranging from 50% to 96%.

4.7.1. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)ethyl)Jamino)-3-hydrxybutanoate (5aa)

The title compound was prepared from compound 3a and 2
(R = methyl) following the general procedure of 5. Yield MCR 31%,
yield hydrolysis 52%, light yellow oil, mixture of atropoisomers. 'H
NMR CD30D § 7.20—7.12 (m, 4Ha,b), 4.68 (s, 2Ha), 4.67 (s, 2HDb),
4.64—4.54 (m, 2Ha,b), 4.41—4.31 (m, 1Ha,b) 4.03—3.91 (m, 1Ha,b),
3.76 (t,] = 6 Hz, 2Ha), 3.72 (t,] = 6 Hz, 2Hb), 2.92 (t, ] = 6 Hz, 2Hb),
2.84 (t,] = 6 Hz, 2Ha), 2.67—2.52 (m, 1Ha, 2Ha,b), 2.42 (dd, ] = 11.2,
7.6 Hz, 1Hb), 2.33—2.18 (m, 4Ha,b), 1.54 (t, ] = 1.6 Hz, 3Ha,b), 1.52 (t,
J = 1.6 Hz, 3Ha,b). 3C NMR CDs0D ¢ 180.08, 172.78, 158.99, 158.90,
136.14, 135.79, 134.43, 134.03, 129.62, 129.41, 127.96, 127.74, 127.56,
127.48,127.46,127.32,69.72, 69.68, 53.63, 53.61, 48.16, 48.05, 48.01,
4535, 44.45, 43.46, 43.40, 41.34, 30.95, 30.93, 30.65, 30.62, 30.18,
29.38, 26.11, 26.08, 26.04, 24.20, 20.07, 19.71. Anal. Calcd for
CyoH27NgNaO4: C, 54.79; H, 6.21; N, 19.17. Found: C, 54.68; H, 6.20;
N, 19.14.

4.7.2. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-2-methylpropyl Jamino)-3-
hydroxybutanoate (5 ab)

The title compound was prepared from compound 3a and 2
(R = isopropyl) following the general procedure of 5. Yield MCR
51%, yield hydrolysis 96%, light yellow oil, mixture of atro-
poisomers. '"H NMR CD30D 6 7.17 (bs, 4Hab), 4.68 (s, 2Ha,b),
4.64—4.51 (m, 2Ha,b), 4.01-3.91 (m, 2Ha,b), 3.79 (t, ] = 6 Hz, 1Ha),
3.73 (t,] = 6 Hz, 1Hb), 2.93 (t,] = 6 Hz, 1Hb), 2.85 (t, ] = 6 Hz, 1Ha),
2.68—2.55 (m, 2Ha,b), 2.50—2.41 (m, 2Ha,b), 2.39—2.22 (m, 4Ha,b),
2.22—2.09 (m, 1Ha,b), 1.07 (d, 6.8 Hz, 3Ha,b), 0.84—0.76 (m, 3Ha,b).
13C NMR CD30D 6 179.83, 172.73, 157.93, 157.78, 136.11, 135.76,
134.41, 133.99, 129.63, 129.41, 127.98, 127.76, 127.57, 127.50, 127.46,
127.30, 69.72, 69.36, 60.52, 59.94, 54.08, 53.86, 48.15, 48.03, 47.93,
4534, 4443, 43.16, 43.09, 41.33, 33.54, 33.44, 30.92, 30.61, 30.15,



F. Ulgheri, P. Spanu, F. Deligia et al.

29.37, 26.24, 26.20, 26.16, 19.66, 19.62, 19.56. Anal. Calcd for
Cy2H31NgNaOy4: C, 56.64; H, 6.70; N, 18.01. Found: C, 56.38; H, 6.68;
N, 17.96.

4.7.3. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-2,2-dimethylpropyl)amino )-3-
hydroxybutanoate (5ac)

The title compound was prepared starting from compounds 3a
and 2 (R; = 'butyl) following the general procedure of 5. Yield MCR
20%, yield hydrolysis 65%, colorless oil, mixture of atropoisomers.
TH NMR CDs0D 6 7.20—7.13 (m, 4Ha,b), 4.68 (bs, 2Ha,b), 4.60—4.49
(m, 2Ha,b), 4.00—3.86 (m, 2Ha,b), 3.79 (t, ] = 6 Hz, 2Ha), 3.72 (t,
J = 6 Hz, 2Hb), 2.93 (t, ] = 6 Hz, 2Hb), 2.85 (t, ] = 6 Hz, 2Ha),
2.68—2.56 (m, 2Ha,b), 2.48—2.20 (m, 6Ha,b), 0.99 (bs, 9Ha,b).1>C
NMR CD30D § 172.76, 158.15, 158.01, 136.13, 135.77, 134.44, 134.02,
129.63, 129.41, 127.99, 127.76, 127.57, 127.50, 127.46, 127.31, 69.81,
69.63, 63.16, 62.69, 55.18, 54.99, 48.17, 48.11, 47.98, 45.34, 44.46,
43.29, 42.89, 41.34, 36.95, 36.86, 30.96, 30.64, 30.16, 29.37, 26.94,
26.90, 26.26, 26.22. Anal. Calcd for Cp3H33NgNaO4: C, 57.49; H, 6.92;
N, 17.49. Found: C, 57.30; H, 6.90; N, 17.45.

4.7.4. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-3-methylbutyl)amino)-3-
hydroxybutanoate (5ad)

The title compound was prepared from compound 3a and 2
(R = isobutyl) following the general procedure of 5. Yield MCR
55%, yield hydrolysis 89%, colorless oil, mixture of atropoisomers.
'H NMR CD30D § 7.20—7.14 (m, 4Ha,b), 4.69 (s, 2Ha,b), 4.66—4.57
(m, 2Ha,b), 4.33 (t, ] = 7.6 Hz, 1Ha,b), 3.99—3.89 (m, 1Ha,b), 3.78 (t,
J=6Hz, 2Ha), 3.73 (t,] = 6 Hz, 2Hb), 2.93 (t, ] = 6 Hz, 2Hb), 2.85 (t,
J = 6 Hz, 2Ha), 2.67-2.59 (m, 2Hab), 2.59—2.40 (m, 2Ha,b),
2.39-2.18 (m, 4Ha,b), 1.87—1.69 (m, 2Ha,b), 1.59—1.47 (m, 1Ha,b),
0.95 (d,]J = 6.4 Hz, 3Hb), 0.94 (d, ] = 6.4 Hz, 3Ha), 0.91 (d, ] = 6.8 Hz,
3Ha), 0.90 (d, ] =, 3Hb). 13C NMR CD30D 6 180.13, 172.70, 172.68,
158.42,158.40, 158.29, 158.27,136.13, 135.75, 134.42, 134.00, 129.61,
129.40, 127.96, 127.73, 127.55, 127.48, 127.44, 127.29, 69.83, 69.50,
53.89, 53.62, 52.67, 52.25, 48.15, 48.11, 48.05, 48.04, 45.34, 44.44,
44.25, 44.08, 43.37, 43.32, 41.31, 30.97, 30.96, 30.64, 30.62, 30.18,
29.38, 26.18, 26.14, 26.07, 22.96, 22.90, 22.87, 22.84. Anal. Calcd for
C23H33NeNaO4: C, 57.49; H, 6.92; N, 17.49. Found: C, 57.28; H, 6.89;
N, 17.43.

4.7.5. Sodium-4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-3,3-dimethylbutyl )Jamino)-3-
hydroxybutanoate (5ae)

The title compound was prepared starting from compounds 3a
and 2 (R = neopentyl) following the general procedure of 5. Yield
MCR 78%, hydrolysis 72%, thick light-yellow oil, mixture of atro-
poisomers. '"H NMR CD30D 6 7.21—7.15 (m, 4Ha,b), 4.69 (s, 2Ha,b),
4.66—4.57 (m, 2Ha,b), 4.38—4.33 (m, 1Ha,b), 4.05—3.95 (m, 1Ha,b),
3.78 (t,] = 6 Hz, 2Ha), 3.73 (t,] = 6 Hz, 2HDb), 2.93 (t, ] = 6 Hz, 2Hb),
2.85, (t,] = 6Hz, 2Ha), 2.69—2.23 (m, 8Ha,b), 2.00—1.83 (m, 2Ha,b),
0.88 (s, 9Ha,b). 13C NMR CDs0D 6 172.78, 158.66, 136.15, 135.75,
134.41, 133.97, 129.64, 129.40, 128.00, 127.78, 127.59, 127.48, 127.29,
68.80, 68.56, 53.60, 53.32, 51.42, 51.10, 48.41, 48.27, 48.16, 45.38,
44.47, 41.80, 41.63, 41.36, 31.33, 30.96, 30.63, 30.17, 30.11, 29.38,
26.00. Anal. Calcd for Co4H35NgNaO4: C, 58.29; H, 7.13; N, 16.99.
Found: C, 58.18; H, 7.11; N, 16.95.

4.7.6. Sodium (3R)-4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-
4-oxobutyl)-1H-tetrazol-5-yl)-3,3-dimethylbutyl )Jamino)-3-
hydroxybutanoate ((3R)5ae)

The title compound was prepared starting from compounds 3a
and 2 (R;y = neopentyl) and the enantiopure compound 1(3R)
following the general procedure of 5. Yield MCR 60%, hydrolysis
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86%, thick light-yellow oil, mixture of atropoisomers. 'H NMR
CDs0D § 7.21-7.14 (s, 4Ha,b), 4.69 (s, 2Ha,b), 4.65—4.59 (m, 2Ha,b),
4.35-4.29 (m, 1Ha,b), 4.00—3.88 (m, 1Ha,b), 3.79 (t, ] = 6.4 Hz, 1Ha),
3.74(t,] = 5.6 Hz, 1Hb), 2.93 (t, ] = 6 Hz, 1Hb), 2.85 (t, ] = 6 Hz, 1Ha),
2.69—2.23 (m, 8Ha,b), 1.97—1.81 (m, 2Ha,b), 0.89 (s, 9Ha,b). >*C NMR
CD30OD ¢ 180.16, 180.09, 172.80, 159.00, 136.17, 135.79, 134.46,
134.04, 129.60, 129.39, 127.97, 127.74, 127.55, 127.45, 127.30, 69.74,
69.50, 54.07, 53.74, 51.65, 51.27, 48.53, 48.21, 45.37, 44.49, 43.36,
43.25, 41.36, 31.33, 31.04, 30.72, 30.20, 30.14, 30.11, 29.91, 29.77,
29.39, 26.03, 26.00. Anal. Calcd for Co4H35NgNaOy4: C, 58.29; H, 7.13;
N, 16.99. Found: C, 58.20; H, 7.11; N, 16.96.

4.7.7. Sodium-4-((cyclopropyl(1-(4-(3,4-dihydroisoquinolin-2(1H)-
yl)-4-oxobutyl)-1H-tetrazol-5-yl)methyl )Jamino)-3-
hydroxybutanoate (5af)

The title compound was prepared starting from compounds 3a
and 2 (R; = cyclopropyl) following the general procedure of 5. Yield
MCR 38%, hydrolysis 63%, colourless oil, mixture of atropoisomers.
'H NMR CDs0D ¢ 7.23—7.12 (m, 4Ha,b), 4.70—4.60 (m, 4Ha,b),
4.04—3.96 (m, 1Ha,b), 3.77 (t, ] = 6 Hz, 2Ha), 3.72 (t, ] = 6 Hz, 2Hb),
3.64—3.55 (m, 1Ha,b), 2.92 (t, ] = 6 Hz, 2Hb), 2.84 (t, ] = 6 Hz, 2Ha),
2.72—2.23 (m, 8Ha,b), 1.42—1.28 (m, 1Ha,b), 0.82—0.65 (m, 1Ha,b),
0.57—0.38 (m, 2Ha,b), 0.36—0.22 (m, 1Ha,b). >*C NMR CDs;0D
0 172.73, 157.48, 136.09, 135.73, 134.38, 133.96, 129.62, 129.39,
127.96, 127.74, 127.55, 127.48, 127.45, 127.28, 69.17, 68.75, 59.26,
58.84, 53.86, 53.54, 48.21, 48.13, 45.32, 44.42, 42.81, 42.62, 41.29,
30.95, 30.64, 30.14, 29.35, 26.21, 15.73, 5.75, 2.92. Anal. Calcd for
C22H29NgNaOy4: C, 56.89; H, 6.29; N, 18.09. Found: C, 56.66; H, 6.27;
N, 18.03.

4.7.8. Sodium-4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)(phenyl)methyl)amino )-3-
hydroxybutanoate (5 ag)

The title compound was prepared starting from compounds 3a
and 2 (R; = phenyl) following the general procedure of 5. Yield MCR
56%, hydrolysis 85%, light yellow oil, mixture of atropoisomers. 'H
NMR CD30D § 7.47—7.26 (m, 5Ha,b), 7.21—7.13 (m, 4Ha,b), 5.42 (s,
1Ha,b), 4.65 (bs, 2Ha), 4.55 (bs, 2Hb), 4.49—4.40 (m, 2Hab),
4.15—4.05 (m, 1Ha,b), 3.76—3.71 (m, 2Hb), 3.60—3.55 (m, 2Ha), 2.87
(t,] = 6 Hz, 2Ha), 2.83 (t, ] = 6.4 Hz, 2Hb), 2.72—2.53 (m, 2Ha,b),
2.45-2.30 (m, 4Hab), 2.09-1.98 (m, 2Hab). °C NMR CD;0D
6 180.00, 172.58, 157.75, 139.40, 139.23, 136.15, 135.75, 134.40,
133.95, 130.10, 129.64, 129.37,128.95, 127.97, 127.74, 127.55, 127.45,
127.30, 69.62, 69.47, 58.37, 58.16, 54.19, 53.95, 48.09, 47.99, 45.30,
4437, 43.39, 43.38, 41.28, 30.73, 30.43, 30.14, 29.36, 25.70. Anal.
Calcd for Cy5H29NgNaO4: C,59.99; H, 5.84; N, 16.79. Found: C, 59.73;
H, 5.82; N, 16.77.

4.7.9. Sodium (3R)-4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)(phenyl)methyl)amino )-3-
hydroxybutanoate ((3R)5 ag)

The title compound was prepared starting from compounds 3a
and 2 (Rg phenyl) and the enantiopure compound 1(3R)
following the general procedure of 5. Yield MCR 57%, hydrolysis
63%, thick light-yellow oil, mixture of atropoisomers. 'H NMR
CD30D ¢ 7.47—7.26 (m, 5Ha,b), 7.21-7.13 (m, 4Ha,b), 5.42 (s, 1Ha,b),
4.65 (bs, 2Ha), 4.55 (bs, 2Hb), 4.49—4.40 (m, 2Ha,b), 4.15—4.05 (m,
1Ha,b), 3.76—3.71 (m, 2Hb), 3.60—3.55 (m, 2Ha), 2.87 (t, ] = 6 Hz,
2Ha), 2.83 (t, ] = 6.4 Hz, 2Hb), 2.72—2.53 (m, 2Ha,b), 2.45—2.30 (m,
4Ha,b), 2.09—1.98 (m, 2Ha,b). >*C NMR CD30D § 179.92, 172.60,
157.75, 139.42, 139.24, 136.16, 135.76, 134.41, 133.97, 130.11, 129.63,
129.40, 128.98, 127.98, 127.75, 127.57, 127.47, 127.31, 69.61, 69.46,
58.35, 58.12, 54.14, 53.92, 48.10, 48.01, 45.32, 44.39, 43.33, 41.30,
30.73, 30.43, 30.15, 29.37, 25.72. Anal. Calcd for Ca5H29NgNaOy4: C,
59.99; H, 5.84; N, 16.79. Found: C, 59.78; H, 5.83; N, 16.77.
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4.7.10. Sodium (3S)-4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)(phenyl)methyl)amino )-3-
hydroxybutanoate ((3S)5 ag)

The title compound was prepared starting from compounds 3a
and 2 (R; = phenyl) and the enantiopure compound 1(3S) following
the general procedure of 5. Yield MCR 45%, hydrolysis 80%, thick
light-yellow oil, mixture of atropoisomers. 'H NMR CD3;0D
0 747—-7.26 (m, 5Ha,b), 7.21-7.13 (m, 4Ha,b), 5.42 (s, 1Ha,b), 4.65
(bs, 2Ha), 4.55 (bs, 2Hb), 4.49—4.40 (m, 2Ha,b), 4.15—4.05 (m,
1Ha,b), 3.76—3.71 (m, 2Hb), 3.60—3.55 (m, 2Ha), 2.87 (t, ] = 6 Hz,
2Ha), 2.83 (t, ] = 6.4 Hz, 2Hb), 2.72—2.53 (m, 2Ha,b), 2.45—2.30 (m,
4Ha,b), 2.09-1.98 (m, 2Ha,b). 3*C NMR CD30D 6 180.15, 180.10,
172.57,157.79, 157.76, 139.40, 139.24, 136.15, 135.74, 134.41, 133.94,
130.11, 129.63, 129.38, 128.96, 127.97, 127.75, 127.56, 127.44, 127.28,
69.62, 69.47, 58.39, 58.18, 54.22, 53.97, 48.09, 47.99, 45.30, 44.37,
43.39, 43.34, 41.28, 30.73, 30.43, 30.14, 29.35, 25.68. Anal. Calcd for
Ca5H9NgNaO4: C, 59.99; H, 5.84; N, 16.79. Found: C, 59.81; H, 5.83;
N, 16.78.

4.7.11. Sodium 4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)(thiophen-2-yl)methyl)amino)-3-
hydroxybutanoate (5ah)

The title compound was prepared starting from compounds 3a
and 2 (R; = 2-thiophenyl) following the general procedure of 5.
Yield MCR 26%, hydrolysis 69%, thick light-yellow oil, mixture of
atropoisomers. '"H NMR CDs0D § 7.39—7.34 (m, 1Ha,b), 7.20—7.10
(m, 5Ha,b), 6.98—6.92 (m, 1Ha,b), 5.77 (s, 1Ha,b), 4.65 (s, 2Ha), 4.58
(s, 2Hb), 4.56—4.47 (m, 2Ha,b), 413—4.02 (m, 1Ha,b), 3.74 (t
J =6 Hz, 2Hb), 3.61 (t, ] = 6 Hz, 2Ha), 2.87 (t, ] = 6 Hz, 2Ha), 2.82 (t,
J = 6 Hz, 2Hb), 2.75—-2.54 (m, 2Hab), 2.50—2.28 (m, 4Ha,b),
2.17—-2.05 (m, 2Ha,b). 3C NMR CD30D é 178.50, 172.60, 157.38,
142.75,142.56, 136.14, 135.76, 134.40, 133.95, 129.62, 129.40, 128.12,
127.96, 127.75, 127.66, 127.57, 127.47, 127.31, 69.29, 69.08, 53.83,
53.72, 53.61, 53.56, 48.16, 48.08, 45.31, 44.38, 42.57, 41.28, 30.75,
30.43, 30.13, 29.36, 25.79. Anal. Calcd for Co3H27NgNa04S: C, 54.53;
H, 5.37; N, 16.59. Found: C, 54.41; H, 5.36; N, 16.56.

4.7.12. Sodium (3R)-4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-
4-oxobutyl)-1H-tetrazol-5-yl)(thiophen-2-yl)methyl)amino)-3-
hydroxybutanoate ((3R)5ah)

The title compound was prepared starting from compounds 3a
and 2 (Ry = 2-thiophenyl) and the enantiopure compound 1(3R)
following the general procedure of 5. Yield MCR 31%, hydrolysis
57%, thick light-yellow oil, mixture of atropoisomers. 'H NMR
CD30D 6 7.39—7.34 (m, 1Ha,b), 7.21—-7.10 (m, 5Ha,b), 6.98—6.94 (m,
1Ha,b), 5.78 (s, 1Ha), 5.77 (s, 1Hb), 4.66 (s, 2Ha), 4.59 (s, 2Hb),
4.57—4.52 (m, 2Ha,b), 4.10—4.02 (m, 1Ha,b), 3.75 (t,] = 5.6 Hz, 2Hb),
3.62(t,] = 6.4 Hz, 2Ha), 2.88 (t,] = 6 Hz, 2Ha), 2.83 (t,] = 6 Hz, 2Hb),
2.74—2.54 (m, 2Ha,b), 2.49—2.42 (m, 2Ha,b), 2.33—2.29 (m, 2Ha,b),
2.16—2.07 (m, 2Ha,b). 13C NMR CD30D ¢ 178.66, 172.63, 15741,
142.82,142.63,136.16, 135.78,134.42, 133.97,129.62, 129.39, 128.07,
127.96, 127.75, 127.57, 127.47, 127.32, 69.40, 69.18, 53.88, 53.78,
53.67, 53.63, 48.18, 48.11, 45.33, 44.41, 42.71, 41.31, 30.77, 30.45,
30.16, 29.37, 25.79. Anal. Calcd for C3H27NgNaO4S: C, 54.53; H,
5.37; N, 16.59. Found: C, 54.39; H, 5.35; N, 16.54.

4.7.13. Sodium (3S)-4-(((1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)(thiophen-2-yl)methyl)amino)-3-
hydroxybutanoate ((3S)5ah)

The title compound was prepared starting from compounds 3a
and 2 (R; = 2-thiophenyl) and the enantiopure compound 1(3S)
following the general procedure of 5. Yield MCR 27%, hydrolysis
69%, thick light-yellow oil, mixture of atropoisomers. 'H NMR
CD30D 6 7.39—7.35 (m, 1Ha,b), 7.21—-7.11 (m, 5Ha,b), 6.98—6.94 (m,
1Ha,b), 5.78 (s, 1Ha), 5.77 (s, 1Hb), 4.65 (bs, 2Ha), 4.58 (bs, 2Hb),
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4.57—4.51 (m, 2Ha,b), 4.10—4.02 (m, 1Ha,b), 3.75 (t, ] = 5.6 Hz, 2Hb),
3.62(t,J = 5.6 Hz, 2Ha), 2.88 (t, ] = 6 Hz, 2Ha), 2.83 (t, ] = 6 Hz, 2HDb),
2.74—2.54 (m, 2Ha,b), 2.49—2.42 (m, 2Ha,b), 2.34—2.27 (m, 2Ha,b),
2.16—2.08 (m, 2Ha,b). 3C NMR CD30D ¢ 179.93, 172.67, 157.47,
142.95,142.73,136.19, 135.80, 134.46, 134.01, 129.61, 129.38, 127.98,
127.93, 127.84, 127.75, 127.57, 127.47, 127.32, 69.74, 69.49, 53.97,
53.90, 53.75, 48.23, 48.15, 45.36, 44.45, 43.29, 41.34, 30.82, 30.52,
30.18, 29.38, 25.80. Anal. Calcd for Cy3H7NgNaO4S: C, 54.53; H,
5.37; N, 16.59. Found: C, 54.44; H, 5.36; N, 16.57.

4.7.14. Sodium 4-((1-(1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)ethyl)amino)-3-hydroxybutanoate (5ba)

The title compound was prepared starting from compounds 3b
and 2 (R; = methyl) following the general procedure of 5. Yield
MCR 55%, hydrolysis 65%, light-yellow oil, mixture of atro-
poisomers. 'H NMR CD30D ¢ 7.38—7.19 (m, 5Ha,b), 4.60—4.51 (m,
2Ha,b), 4.38—4.29 (m, 1Ha,b), 4.36 (s, 2Ha,b), 4.03—3.93 (m, 1Ha,b),
2.63(dd,J = 12, 3.6 Hz, 1Ha), 2.58—2.55 (m, 1Ha,b), 2.43 (dd, ] = 12,
7.6 Hz, 1Hb), 2.39—-2.21 (m, 6Ha,b), 1.54 (d, ] = 2 Hz, 3Ha), 1.52 (d,
J = 2 Hz, 3Hb). 3C NMR CD30D § 179.88, 174.26, 174.24, 158.95,
158.85, 140.03, 129.59, 128.69, 128.24, 69.71, 69.61, 53.68, 53.54,
48.07, 48.00, 44.18, 43.45, 43.35, 33.38, 33.33, 26.68, 26.66, 20.04,
19.72. Anal. Calcd for CigHo5NgNaOg4: C, 52.42; H, 6.11; N, 20.38.
Found: C, 52.26; H, 6.09; N, 20.33.

4.7.15. Sodium 4-((1-(1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)-2-methylpropyl )Jamino )-3-hydroxybutanoate (5bb)

The title compound was prepared starting from compounds 3b
and 2 (R; = isopropyl) following the general procedure of 5. Yield
MCR 65%, hydrolysis 58%, thick colorless oil, mixture of atro-
poisomers. "TH NMR CD30D 6§ 7.34—7.21 (m, 5Ha,b), 4.59—4.49 (m,
2Ha,b), 4.37 (s, 2Ha,b), 3.99—3.87 (m, 2Ha,b), 2.49—2.12 (m, 9Ha,b),
1.07 (d, 6.8 Hz, 3Ha), 1.06 (d, 6.8 Hz, 3Hb), 0.82 (d, 6.8 Hz, 3Hb), 0.80
(d, 6.8 Hz, 3Ha). '*C NMR CD30D ¢ 180.12, 174.21, 157.95, 157.81,
140.04, 129.55, 128.62, 128.20, 69.91, 69.49, 60.80, 60.14, 54.30,
53.94, 48.09, 47.97, 44.17, 43.40, 43.35, 33.55, 33.46, 33.37, 33.31,
26.82, 26.73, 26.69, 19.69, 19.58, 19.53. Anal. Calcd for
CooH29NeNaOy4: C, 54.54; H, 6.64; N, 19.08. Found: C, 54.33; H, 6.62;
N, 19.04.

4.7.16. Sodium 4-((1-(1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)-3,3-dimethylbutyl)amino )-3-hydroxybutanoate (5bc)

The title compound was prepared starting from compounds 3b
and 2 (R = neopentyl) following the general procedure of 5. Yield
MCR 78%, hydrolysis 60%, light-yellow oil, mixture of atro-
poisomers. '"H NMR CD30D § 7.34—7.27 (m, 4Hab), 7.26—7.21
(m,1Ha,b), 4.64—4.52 (m, 2Ha,b), 4.37 (s, 2Ha,b), 4.35—4.29 (m, 1H),
4,05—3.93 (m, 1Ha,b), 2.60—2.50 (m, 1Ha,b), 2.45—2.26 (m, 7Ha,b),
1.96—1.89 (m, 1Ha,b), 1.86—1.80 (m, 1Ha,b), 0.89 (s, 9Ha), 0.88 (s,
9Hb). *C NMR CD50D 4 177.83, 174.78,174.18,158.73,139.96,129.55,
128.61, 128.20, 69.10, 68.81, 53.79, 53.43, 51.61, 51.20, 48.52, 48.40,
48.15, 48.10, 44.16, 42.31, 42.10, 33.34, 31.32, 30.27, 30.17, 30.12,
30.10, 26.57. Anal. Calcd for CyyH33NgNaO4: C, 56.40; H, 7.10; N,
17.94. Found: C, 56.22; H, 7.07; N, 17.90.

4.7.17. Sodium 4-(((1-(4-(benzylamino)-4-oxobutyl)-1H-tetrazol-
5-yl)(cyclopropyl)methyl)amino )-3-hydroxybutanoate (5bd)

The title compound was prepared starting from compounds 3b
and 2 (R; = cyclopropyl) following the general procedure of 5. Yield
MCR 54%, hydrolysis 65%, colourless oil, mixture of atropoisomers.
'H NMR CDs0D § 7.37—7.18 (m, 5Ha,b), 4.65—4.56 (m, 2Ha,b), 4.36
(bs, 3Ha,b), 4.07—3.93 (m, 1Ha,b), 2.72—2.60 (m, 1Ha,b), 2.57—2.44
(m, 1Ha,b), 2.43—2.16 (m, 6Ha,b), 1.41—1.24 (m, 1Ha,b), 0.79—0.65
(m, 1Ha,b), 0.57—0.41 (m, 2Ha,b), 0.35—0.22 (m, 1Ha,b). 3C NMR
CDs0OD ¢ 180.09, 174.25, 173.97, 157.76, 140.00, 129.54, 128.63,
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128.61, 128.20, 69.67, 69.21, 59.65, 59.13, 54.18, 54.12, 53.93, 48.26,
48.23, 48.05, 48.01, 44.19, 41.57, 41.50, 33.44, 33.42, 33.25, 26.80,
26.77, 26.68, 26.39, 15.86, 5.69, 5.60, 3.04, 2.91. Anal. Calcd for
Cy0H27NgNaOy4: C, 54.79; H, 6.21; N, 19.17. Found: C, 54.65; H, 6.19;
N, 19.13.

4.7.18. Sodium 4-(((1-(4-(benzylamino )-4-oxobutyl)-1H-tetrazol-
5-yl)(phenyl)methyl))amino )-3-hydroxybutanoate (5be)

The title compound was prepared starting from compounds 3b
and 2 (R; = phenyl) following the general procedure of 5. Yield MCR
51%, hydrolysis 55%, light yellow oil, mixture of atropoisomers. 'H
NMR CD3;0D 6 7.44—7.20 (m, 10Hab), 5.38 (s, 1Ha,b), 4.40 (q,
J=8Hz, 2Ha,b), 4.34 (s, 2Ha,b), 4.13—4.03 (m, 1Ha,b), 2.69—2.51 (m,
2Ha,b), 2.39—2.26 (m, 2Ha,b), 2.25—2.17 (m, 2Ha,b), 2.01—1.90 (m,
2Ha,b).l3C NMR CD3O0D ¢ 174.05, 157.69, 139.97, 139.26, 139.11,
130.15, 129.69, 129.56, 128.95, 128.61, 128.22, 69.55, 69.42, 58.41,
58.24, 54.09, 53.94, 47.99, 44.11, 43.33, 43.24, 33.18, 26.31, 26.29.
Anal. Calcd for Cy3H27NgNaO4: C, 58.22; H, 5.74; N, 17.71. Found: C,
58.13; H, 5.72; N, 17.68.

4.7.19. Sodium (3R)-4-(((1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)(phenyl)methyl)amino )-3-hydroxybutanoate ((3R)
5be)

The title compound was prepared starting from compounds 3b
and 2 (Ry = phenyl) and the enantiopure compound 1(3R)
following the general procedure of 5. Yield MCR 52%, hydrolysis
54%, light-yellow oil, mixture of atropoisomers. 'H NMR CDs0D
07.44—7.22 (m, 10Ha,b), 5.38 (s, 1Ha), 5.37 (s, 1Hb), 4.41 (q,] = 8 Hz,
2Ha,b), 4.34 (s, 2Ha,b), 4.11—4.03 (m, 1Ha,b), 2.69—2.52 (m, 2Ha,b),
2.36—2.26 (m, 2Ha,b), 2.25—2.22 (m, 2Ha,b), 2.01-1.88 (m, 2Ha,b).
13C NMR CD30D 4 180.13, 180.06, 174.03, 174.02, 157.69, 157.66,
139.98, 139.30, 139.14, 130.11, 129.64, 129.54, 128.92, 128.90, 128.61,
128.20, 69.60, 69.50, 58.42, 58.25, 54.16, 53.98, 47.99, 44.11, 43.49,
43.40, 33.19, 26.29. Anal. Calcd for Cy3H,7NgNaOg4: C, 58.22; H, 5.74;
N, 17.71. Found: C, 58.03; H, 5.72; N, 17.67.

4.7.20. Sodium (3S)-4-(((1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)(phenyl)methyl)amino )-3-hydroxybutanoate ((3S)
5be)

The title compound was prepared starting from compounds 3b
and 2 (R; = phenyl) and the enantiopure compound 1(3S) following
the general procedure of 5. Yield MCR 45%, hydrolysis 64%, light-
yellow oil, mixture of atropoisomers. "H NMR CD30D ¢ 7.44—7.22
(m, 10Ha,b), 5.38 (s, 1Ha), 5.37 (s, 1Hb), 4.42 (q,] = 8 Hz, 2Ha,b), 4.34
(s, 2Ha,b), 411—4.03 (m, 1Ha,b), 2.69—2.52 (m, 2Ha,b), 2.32—2.28
(m, 2Ha,b), 2.25—2.20 (m, 2Ha,b), 2.03—1.94 (m, 2Ha,b). *C NMR
CD30D 6 180.13, 180.06, 174.03, 157.69, 139.97, 139.31, 139.16, 130.11,
129.63, 129.54, 128.90, 128.60, 128.19, 69.61, 69.51, 58.43, 58.27,
54.15, 54.00, 48.00, 44.13, 43.44, 43.36, 33.21, 26.29. Anal. Calcd for
Ca3H7NgNaOy4: C, 58.22; H, 5.74; N, 17.71. Found: C, 58.08; H, 5.71;
N, 17.69.

4.7.21. Sodium 4-(((1-(4-(benzylamino)-4-oxobutyl)-1H-tetrazol-
5-yl)(thiophen-2-yl)methyl)amino )-3-hydroxybutanoate (5bf)

The title compound was prepared starting from compounds 3b
and 2 (R; = 2-tiophenyl) following the general procedure of 5. Yield
MCR 43%, hydrolysis 97%, light-yellow oil, mixture of atro-
poisomers. 'TH NMR CD30D 6 7.42—7.39 (m 1Ha,b), 7.34—7.21 (m,
5Ha,b), 7.10 (dd, ] = 10.8, 3.2 Hz, 1Ha,b), 7.00—6.96 (m, 1Ha,b), 5.74
(s, 1Ha), 5,73 (s, 1Hb), 4.51—4.45 (m, 2Ha,b), 4.35 (s, 2Ha,b),
4.11—4.03 (m, 1Ha,b), 2.72 (dd, J = 12, 3.6 Hz, 1Hb), 2.66—2.63 (m,
1Hab), 2.58 (dd, J = 12, 7.6 Hz, 1Ha), 2.42—2.24 (m, 4Ha,b),
2.11-2.02 (m, 2Hab). 3C NMR CDs0D § 180.11, 174.11, 157.32,
142.71,142.54,139.97, 129.55, 128.63, 128.21, 128.01, 127.98, 127.97,
127.87,127.58,127.54, 69.51, 69.32, 53.98, 53.83, 53.78, 53.70, 48.21,
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4415, 42.99, 33.25, 26.40. Anal. Calcd for C21H25NgNaO4S: C, 52.49;
H, 5.24; N, 17.49. Found: C, 52.34; H, 5.22; N, 17.46.

4.7.22. Sodium (3R)-4-(((1-(4-(benzylamino)-4-oxobutyl)-1H-
tetrazol-5-yl)(thiophen-2-yl)methyl)amino )-3-hydroxybutanoate
((3R)5Dbf)

The title compound was prepared starting from compounds 3b
and 2 (R; = 2-tiophenyl) and the enantiopure compound 1(3R)
following the general procedure of 5. Yield MCR 39%, hydrolysis
55%, light-yellow oil, mixture of atropoisomers. 'H NMR CD3;0D
6 7.42—7.40 (m, 1Ha), 7.40—7.38 (m, 1Hb), 7.34—7.21 (m, 5Ha,b),
7.13—7.11 (m, 1Ha), 711-7.08 (m, 1Hb), 6.99 (dd, ] = 4.8, 2.4 Hz, 1Ha),
6.97 (dd,] = 5.2, 2.4 Hz, 1Hb), 5.74 (s, 1Ha), 5.73 (s, 1Hb), 4.52—4.45
(m, 2Ha,b), 4.35 (s, 2Ha,b), 4.10—4.01 (m, 1Ha,b), 2.71 (dd, J = 12,
3.6 Hz, 1Ha), 2.65—2.62 (m, 1Ha,b), 2.56 (dd, ] = 12, 7.6 Hz, 1Hb),
2.35-223 (m, 4Hab), 2.12-2.02 (m, 2Hab). 3C NMR CD;0D
0180.13,180.07,174.10,157.39, 157.36, 142.81, 142.63, 140.00, 129.54,
128.63, 128.20, 127.96, 127.95, 127.93, 127.80, 127.49, 127.46, 69.72,
69.53, 54.04, 53.89, 53.81, 53.75, 48.24, 44.16, 43.39, 43.34, 33.30,
26.41. Anal. Calcd for Cp1Hp5NgNaO4S: C, 52.49; H, 5.24; N, 17.49.
Found: C, 52.31; H, 5.22; N, 17.44.

4.7.23. Sodium (3S)-4-(((1-(4-(benzylamino )-4-oxobutyl)-1H-
tetrazol-5-yl)(thiophen-2-yl)methyl)amino)-3-hydroxybutanoate
((38)5bf)

The title compound was prepared starting from compounds 3b
and 2 (R; = 2-tiophenyl) and the enantiopure compound 1(3S)
following the general procedure of 5. Yield MCR 39%, hydrolysis
88%, light-yellow oil, mixture of atropoisomers. '"H NMR CD30D
0740 (dd, J = 2,1.2 Hz, 1Ha), 7.39 (dd, | = 2, 1.2 Hz, 1Hb), 7.34—7.21
(m, 5Ha,b), 7.13—7.11 (m, 1Ha), 7.11—7.08 (m, 1Hb), 6.99 (dd, ] = 3.6,
2.8 Hz, 1Ha), 6.97 (dd, ] = 3.6, 2.8 Hz, 1Hb), 5.74 (s, 1Ha), 5.73 (s,
1Hb), 4.53—4.47 (m, 2Ha,b), 4.35 (s, 2Ha,b), 4.09—4.01 (m, 1Ha,b),
2.71(dd, J = 12, 4 Hz, 1Ha), 2.65—2.62 (m, 1Ha,b), 2.56 (dd, ] = 12.4,
7.6 Hz, 1Hb), 2.34—2.25 (m, 4Ha,b), 2.12—2.04 (m, 2Ha,b). >°C NMR
CD30D 6 180.15,180.10,174.09, 157.38,157.36,142.77,142.59,139.99,
129.54, 128.62, 128.19, 127.97, 127.96, 127.82, 127.52, 127.48, 69.70,
69.50, 54.03, 53.90, 53.87, 53.77, 48.23, 44.15, 43.38, 43.34, 33.28,
26.39. Anal. Calcd for Cy1Ha5NgNaO4S: C, 52.49; H, 5.24; N, 17.49.
Found: C, 52.38; H, 5.21; N, 17.47.

4.7.24. Sodium 4-((1-(1-(4-(6,7-dimethoxy-3,4-
dihydroisoquinolin-2(1H)-yl)-4-oxobutyl)-1H-tetrazol-5-yl)-2-
methylpropyl)amino)-3-hydroxybutanoate (5ca)

The title compound was prepared starting from compounds 3¢
and 2 (R; = isopropyl) following the general procedure of 5. Yield
MCR 72%, hydrolysis 67%, colorless oil, mixture of atropoisomers. 'H
NMR CD30D § 6.83—6.71 (m, 2Ha,b), 4.62 (s, 2Ha), 4.60 (s, 2Hb),
4.60—4.50 (m, 2Ha,b), 4.03—3.95 (m, 2Ha,b), 3.81 (bs, 6Ha), 3.80 (bs,
6Hb), 3.77 (t, ] = 6 Hz, 2Ha), 3.70 (t, ] = 6.4 Hz, 2Hb), 2.84 (t,
J = 5.6 Hz, 2Hb), 2.77 (t, ] = 6 Hz, 2Ha), 2.66—2.56 (m, 2Ha,b),
2.52—2.45 (m, 2Ha,b), 2.44—2.11 (m, 5Ha,b), 1.07 (d, 6.8 Hz, 3Ha,b),
0.86—0.79 (m, 3Ha,b). '3C NMR CDs;0D § 172.65, 172.60, 172.50,
172.45,157.55, 157.49, 149.46, 149.34, 149.30, 149.23, 128.20, 127.75,
126.43, 125.92, 113.10, 112.98, 111.04, 110.86, 68.76, 68.42, 60.22,
60.19, 59.77, 59.74, 56.54, 56.50, 56.47, 53.63, 53.50, 47.99, 47.93,
47.86, 45.06, 44.50, 44.45, 41.50, 41.42, 41.31, 33.43, 33.35, 30.89,
30.52, 29.65, 28.84, 26.21, 26.19, 19.53, 19.49, 19.47. Anal. Calcd for
Ca4H35NgNaOg: C, 54.74; H, 6.70; N, 15.96. Found: C, 54.57; H, 6.67;
N, 15.92.

4.7.25. Sodium 4-((1-(1-(4-(6,7-dimethoxy-3,4-
dihydroisoquinolin-2(1H)-yl)-4-oxobutyl)-1H-tetrazol-5-yl)-2,2-
dimethylpropyl)amino )-3-hydroxybutanoate (5 cb)

The title compound was prepared starting from compounds 3¢
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and 2 (R; = 'butyl) following the general procedure of 5. Yield MCR
20%, hydrolysis 55%, light-yellow oil, mixture of atropoisomers. 'H
NMR CD30D § 6.78—6.73 (m, 2Ha,b), 4.62 (bs, 2Ha), 4.61 (bs, 2Hb),
4.60—4.49 (m, 2Hab), 4.05-3.95 (m, 1Ha,b), 3.93 (s,1Ha), 3.91
(s,1Hb), 3.81 (s, 6Ha), 3.80 (s, 6Hb), 3.78 (t, ] = 6 Hz, 2Ha), 3.71 (t,
J = 6 Hz, 2Hb), 2.85 (t, ] = 5.6 Hz, 2Ha), 2.77 (t, ] = 6.4 Hz, 2Hb),
2.66—2.58 (m, 2Ha,b), 2.48—2.25 (m, 6Ha,b), 1.00 (bs, 9Ha), 0.99 (bs,
9Hb). 13C NMR CDs0D ¢ 172.72, 172.65, 157.95, 149.42, 149.31,
149.26, 149.21, 128.19, 127.77, 126.44, 125.94, 113.03, 112.91, 110.98,
110.80, 69.39, 69.22, 63.14, 56.56, 56.53, 56.48, 56.46, 54.87, 48.10,
4791, 45.09, 44.55, 41.35, 37.00, 30.96, 30.59, 29.70, 28.88, 27.69,
26.94, 26.91, 26.36. Anal. Calcd for Co5H37NgNaOg: C, 55.54; H, 6.90;
N, 15.55. Found: C, 55.34; H, 6.88; N, 15.52.

4.7.26. Sodium 4-((1-(1-(4-(6,7-dimethoxy-3,4-
dihydroisoquinolin-2(1H)-yl)-4-oxobutyl)-1H-tetrazol-5-yl)-3,3-
dimethylbutyl)amino )-3-hydroxybutanoate (5 cc)

The title compound was prepared starting from compounds 3¢
and 2 (R = neopentyl) following the general procedure of 5. Yield
MCR 60%, hydrolysis 60%, light-yellow oil, mixture of atro-
poisomers. '"H NMR CD30D 6 6.76 (bs, 2Ha), 6.75 (bs, 2HDb),
4.66—4.56 (m, 4Ha,b), 4.38—4.32 (m, 1Ha,b), 4.05—3.94 (m, 1Ha,b),
3.81 (s, 6Ha), 3.80 (s, 6Hb), 3.77 (t, ] = 6 Hz, 2Ha), 3.71 (t, ] = 6 Hz,
2HDb), 2.85 (t, ] = 6 Hz, 2Hb), 2.77 (t, ] = 6 Hz, 2Ha), 2.66—2.28 (m,
8Ha,b), 1.99—1.91 (m, 1Ha,b), 1.88—1.82 (m, 1Ha,b), 0.89 (bs, 9Hb),
0.88 (bs, 9Ha). >°C NMR CDs0D § 172.73, 172.68, 158.68, 149.48,
149.37,149.32, 149.26, 128.25, 127.79, 126.48, 125.95, 113.11, 112.98,
111.06, 110.86, 68.69, 68.46, 56.56, 56.55, 56.50, 56.47, 53.57, 53.33,
51.43, 51,11, 48.43, 48.28, 48.15, 47.91, 45.09, 44.56, 41.51, 41.35,
31.34, 30.97, 30.56, 30.11, 30.09, 29.71, 28.87, 25.98. Anal. Calcd for
Cy6H39NgNaOg: C, 56.31; H, 7.09; N, 15.15. Found: C, 56.18; H, 7.08;
N, 15.13.

4.7.27. Sodium 4-((cyclopropyl(1-(4-(6,7-dimethoxy-3,4-
dihydroisoquinolin-2(1H)-yl)-4-oxobutyl)-1H-tetrazol-5-yl)methyl)
amino)-3-hydroxybutanoate (5cd)

The title compound was prepared starting from compounds 3c
and 2 (R = cyclopropyl) following the general procedure of 5. Yield
MCR 20%, hydrolysis 50%, light-yellow oil, mixture of atropoisomers.
'H NMR CD30D 6 6.85—6.70 (m, 2Ha,b), 4.75—4.62 (m, 2Ha,b), 4.60
(s,2Ha,b), 4.01—3.92 (m, 1Ha,b), 3.80 (s, 6Ha,b), 3.76 (t,] = 6 Hz, 2Ha),
3.70 (t, ] = 6 Hz, 2Hb), 3.60—3.50 (m, 1Ha,b), 2.84 (t, | = 6 Hz, 2Hb),
2.76 (t, ] = 6 Hz, 2Ha), 2.69—2.39 (m, 4Ha,b), 2.35—2.19 (m, 4Ha,b),
1.40—1.26 (m, 1Ha,b), 0.80—0.66 (m, 1Ha,b), 0.56—0.42 (m, 2Ha,b),
0.32—0.22 (m, 1Hab). 3C NMR CDs;0D 6 179.79, 172.76, 172.73,
157.82, 149.50, 149.38, 149.34, 149.28, 128.30, 127.90, 126.57, 126.08,
113.23, 113.12, 111.17, 111.01, 69.71, 69.29, 59.60, 59.18, 59.14, 56.64,
56.61, 56.56, 54.18, 53.81, 48.28, 48.25, 47.93, 45.07, 44.56, 43.30,
43.12, 41.34, 31.03, 30.68, 29.71, 28.86, 26.27, 26.23,15.88, 5.73, 5.64,
2.98, 2.85. Anal. Calcd for Co4H33NgNaOg: C, 54.95; H, 6.34; N, 16.02.
Found: C, 54.80; H, 6.32; N, 15.98.

4.7.28. Sodium 4-(((1-(4-(6,7-dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)-4-oxobutyl)-1H-tetrazol-5-yl)(thiophen-2-yl)methyl)
amino)-3-hydroxybutanoate (5ce)

The title compound was prepared starting from compounds 3¢
and 2 (R; = 2-thiophenyl) following the general procedure of 5.
Yield MCR 27%, hydrolysis 97%, light-yellow oil, mixture of atro-
poisomers. TH NMR CD30D § 7.42—7.35 (m, 1Ha,b), 7.15—7.07 (m,
1Ha,b), 7.00—6.94 (m, 1Ha,b), 6.75 (bs, 2Ha,b), 5.77 (bs, 1Ha,b),
4.61—4.49 (m, 4Ha,b), 4.14—4.05 (m, 1Ha,b), 3.80 (s, 6Ha,b), 3.74 (t,
J=6Hz, 2Ha), 3.60 (t,] = 6 Hz, 2Hb), 2.80 (t,] = 6 Hz, 2Hb), 2.74 (t,
J = 6 Hz, 2Ha), 2.72—2.56 (m, 2Ha,b), 2.51-2.32 (m, 4Ha,b),
2.18—2.06 (m, 1Ha,b). 3C NMR CDs0D § 172.59, 172.51, 157.38,
149.41, 149.30, 149.24, 149.19, 142.77, 142.57, 128.22, 128.12, 127.97,
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127.77,127.68, 127.61, 126.43, 125.92, 113.02, 112.90, 110.95, 110.79,
69.14, 68.95, 64.99, 56.55, 56.51, 56.47, 56.44, 53.84, 53.69, 53.55,
48.16, 47.83, 45.04, 44.47, 42.20, 41.28, 30.78, 30.36, 29.67, 28.85,
25.86, 25.81. Anal. Calcd for Cy5H31NgNaOgS: C, 52.99; H, 5.51; N,
14.83. Found: C, 52.83; H, 5.50; N, 14.80.

4.7.29. Sodium 4-(benzyl(1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-
yl)-4-oxobutyl)-1H-tetrazol-5-yl)-3-methylbutyl Jamino)-3-
hydroxybutanoate (16aa)

The title compound was prepared starting from compounds 3a,
15 (R = H) and 2 (R, = isobutyl) following the general procedure of
16. Yield MCR 22%, hydrolysis 69%, colorless oil, mixture of atro-
poisomers. 'H NMR CD30D 6 7.36—7.26 (m, 4Ha,b), 7.23—7.13 (m,
5Ha,b), 4.65 (s, 2Ha), 4.62 (s, 2Hb), 4.36—4.21 (m, 3Ha,b), 4.21—4.08
(m, 1Ha), 4.08—3.99 (m, 1Hb), 3.81—-3.65 (m, 4Ha,b), 2.92 (t,
J = 6 Hz, 2Ha) 2.84 (t, ] = 6 Hz, 2Hb), 2.73—2.44 (m, 2Ha,b),
2.43-2.37 (m, 2Ha,b), 2.22—1.83 (m, 6Ha,b), 1.56—1.40 (m, 1Ha,b),
0.94 (d, ] = 6.4 Hz, 6Ha), 0.89 (d, J = 6.8 Hz, 3Hb), 0.88 (d, 6.4 Hz,
3Hb). BC NMR CD;0D 6 172.53, 156.55, 156.41, 140.29, 136.17,
135.75, 134.45, 133.99, 130.74, 130.70, 129.67, 129.56, 129.52,
129.39,128.58, 128.54, 128.01, 127.76, 127.58, 127.50, 127.47, 127.28,
69.36, 68.37, 56.88, 56.72, 56.51, 56.35, 53.31, 52.93, 48.19, 47.93,
4772, 47.63, 45.35, 44.45, 42.28, 42.16, 41.32, 35.15, 35.01, 34.72,
34.61, 31.06, 30.72, 30.21, 29.37, 26.45, 26.01, 25.95, 25.87, 25.83,
23.82, 23.69, 22.36, 22.29. Anal. Calcd for C3gH39NgNaO4: C, 63.14;
H, 6.89; N, 14.73. Found: C, 62.96; H, 6.87; N, 14.69.

4.7.30. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-3-methylbutyl)(4-fluorobenzyl)
amino)-3-hydroxybutanoate (16 ab)

The title compound was prepared starting from compounds 3a,
15 (R =F) and 2 (R, = isobutyl) following the general procedure of
16. Yield MCR 24%, hydrolysis 56%, colorless oil, mixture of atro-
poisomers. '"H NMR CD30D 6 7.43—6.99 (m, 8Ha-c), 4.66 (bs, 2Ha),
4,65 (bs, 2Hb,c), 4.44—4.29 (m, 3Ha-c), 418—4.10 (m, 1Hc),
4.10—3.99 (m, 1Ha), 3.99—3.87 (m, 1Hb), 3.80—3.66 (m, 4Ha-c), 2.92
(t, ] = 5.6 HZ, 2Ha), 2.86—2.78 (m, 2Hb,c), 2.71-2.60 (m, 1Ha-c),
2.54—2.44 (m, 3Ha-c), 2.32—1.83 (m, 5Ha-c), 1.56—1.44 (m, 1Ha-c),
0.94 (d, ] = 6.8 Hz, 3Ha-c), 0.90 (d, ] = 6.8Hz, 3Ha), 0.89 (d,
J = 6.4 Hz, 3Hc), 0.88 (d, ] = 6.8 Hz, 3Hb). '3C NMR CD30D 6 172.56,
164.74,162.31, 156.57, 156.45, 136.46, 136.17, 135.77, 134.43, 133.97,
132.30,132.22,129.62, 129.40, 127.96, 127.74, 127.56, 127.48, 127.32,
116.21, 116.00, 69.96, 68.78, 59.05, 57.29, 56.97, 55.27, 53.78, 53.07,
48.13, 48.02, 47.78, 45.35, 44.45, 44.31, 44.12, 43.22, 41.30, 35.34,
34.99, 31.06, 30.73, 30.48, 30.20, 29.39, 26.45, 26.08, 25.91, 25.76,
23.79, 23.66, 22.37, 22.27. Anal. Calcd for C3gH33FNgNaO4: C, 61.21;
H, 6.51; N, 14.28. Found: C, 61.00; H, 6.49; N, 14.23.

4.7.31. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-3,3-dimethylbutyl)(benzyl)amino)-3-
hydroxybutanoate (16ac)

The title compound was prepared starting from compounds 3a,
15 (R = H) and 2 (R, = neopentyl) following the general procedure
of 16. Yield MCR 92%, hydrolysis 40%, colorless oil, mixture of
atropoisomers. 'H NMR CD30D 6 7.33—7.10 (m, 9Ha,b), 4.64 (bs,
2Ha), 4.60 (bs, 2Hb), 4.29—3.90 (m, 4Ha,b), 3.83—3.56 (m, 4Ha,b),
2.88 (t,] = 6 Hz, 2Ha), 2.81 (t, ] = 6Hz, 2Hb), 2.70—1.74 (m, 10 Ha,b),
0.80 (bs, 9Ha,b). 3C NMR CDs0D 6 177.05, 172.33, 172.21, 157.27,
157.19,140.30, 136.09, 135.64, 134.36, 133.88, 130.67, 129.68, 129.53,
129.48,129.37,128.59, 128.53, 128.01, 127.75, 127.57, 127.48, 127.26,
68.91, 67.86, 56.74, 56.53, 56.33, 56.19, 51.39, 51.32, 48.10, 47.45,
4731, 45.31, 44.36, 44.33, 41.54, 41.32, 41.28, 39.18, 39.13, 38.87,
38.82, 30.97, 30.90, 30.84, 30.63, 30.59, 30.29, 30.12, 29.31, 25.69.
Anal. Calcd for C31H41NgNaOy: C, 63.68; H, 7.07; N, 14.37. Found: C,
63.48; H, 7.04; N, 14.31.
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4.7.32. Sodium (3R)-4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-
yl)-4-oxobutyl)-1H-tetrazol-5-yl)-3,3-dimethylbutyl)(benzyl)
amino)-3-hydroxybutanoate ((3R)16ac)

The title compound was prepared starting from compounds 3a,
the enantiopure compound 15 (3R) (Ry = H), and 2 (R, = neopentyl)
following the general procedure of 16. Yield MCR 68%, hydrolysis
67%, colorless oil, mixture of atropoisomers. TH NMR CDs0D
0 7.37—713 (m, 9Ha,b), 4.67 (bs, 2Ha), 4.64 (bs, 2Hb), 4.30—3.86 (m,
4Ha,b), 3.86—3.53 (m, 4Ha,b), 2.92 (t,] = 6 Hz, 2Ha), 2.85 (t,] = 6Hz,
2Hb), 2.72—1.70 (m, 10 Ha,b), 0.82 (bs, 9Ha,b). 3C NMR CD;0D
0176.99,172.49,172.39,157.41,157.31, 140.42,136.19, 135.73, 134.47,
133.98, 130.69, 129.70, 129.57, 129.52, 129.39, 128.62, 128.56,
128.06, 127.79, 127.62, 127.50, 127.28, 69.04, 68.01, 56.81, 56.63,
56.50, 56.35, 51.57, 51.51, 48.19, 47.52, 47.40, 45.38, 44.45, 44.44,
41.56, 41.38, 41.27, 39.31, 39.26, 38.99, 38.94, 31.02, 30.98, 30.93,
30.87, 30.67, 30.64, 30.27, 30.19, 29.36, 25.73. Anal. Calcd for
C31H41NgNaO4: C, 63.68; H, 7.07; N, 14.37. Found: C, 63.51; H, 7.05;
N, 14.32.

4.7.33. Sodium 4-((1-(1-(4-(3,4-dihydroisoquinolin-2(1H)-yl)-4-
oxobutyl)-1H-tetrazol-5-yl)-3,3-dimethylbutyl )(4-fluorobenzyl)
amino)-3-hydroxybutanoate (16ad)

The title compound was prepared starting from compounds 3a,
15 (R1 = F) and 2 (R, = neopentyl) following the general procedure
of 16. Yield MCR 49%, hydrolysis 81%, colorless oil, mixture of
atropoisomers. 'H NMR CD30D ¢ 7.31-7.22 (m, 2Ha,b), 7.21-7.10
(m, 4Ha,b), 7.06—6.97 (m, 2Ha,b), 4.66 (bs, 2Ha), 4.63 (bs, 2Hb),
4.37—4.14 (m, 3Ha,b), 4.03—3.86 (m, 1Ha,b), 3.82—3.58 (m, 4Ha,b),
2.90 (t,] = 6 Hz, 2Ha), 2.83 (t, ] = 6 Hz, 2Hb), 2.72—2.39 (m, 5Ha,b),
2.26—1.79 (m, 5Ha,b), 0.81 (bs, 9Ha,b). >*C NMR CD30D 6 176.18,
172.44,172.36,164.73, 162.29, 157.36, 157.27, 136.44, 136.42, 136.15,
135.70, 134.40, 133.87, 132.29, 132.21, 129.61, 129.35, 127.98, 127.74,
127.56, 127.47, 127.26, 116.27, 116.20, 116.05, 116.00, 69.04, 67.94,
56.78, 56.49, 55.88, 55.71, 51.91, 51.84, 48.09, 47.55, 47.45, 45.35,
44,40, 44.38, 41.42, 41.31, 41.07, 39.47, 39.20, 30.90, 30.83, 30.62,
30.58, 30.22, 30.15, 29.35, 25.77. Anal. Calcd for C31H40FNgNaOg4: C,
61.78; H, 6.69; N, 13.94. Found: C, 61.60; H, 6.67; N, 13.89.

4.8. Caspase-1 inhibition assays (provided by reaction biology CRO)

The caspase-1 assay protocol is based on the cleavage of sub-
strate  YVAD-AFC (AFC: 7-amino-4-trifluoromethyl coumarin).
YVAD-AFC emits blue light (Em = 400 nm); upon cleavage of the
substrate by caspase-1, free AFC emits a yellow-green fluorescence
(Ex/Em = 400/505 nm). Comparison of the fluorescence from a
treated sample with an untreated control allows determination of
the fold increase in caspase-1 activity. Compounds exhibit no
fluorescent background that could interfere with the assay. All
synthesized compounds were tested 10-dose IC50 with 3-fold se-
rial dilution starting at 100 pM or 10 uM against caspase-1. Control
compounds were tested in a 10-dose IC50 with 3-fold serial dilu-
tion starting at 10 uM.

4.9. Cell line, differentiation, LPS stimulation

The U937 cells, a human histiocytic lymphoma, were obtained
from the American Type Culture Collection (ATCC, Manassas, VA,
U.S.A.). The cells were cultured in a humidified incubator with 5%
CO;3 at 37 °C, in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, Vienna, Austria), 100 U ml~!
penicillin and 0.1 mg ml~! streptomycin (Invitrogen), hereafter
called Complete Medium (CM).

As described in literature [25], to differentiate the U937
monocytes into macrophages, the cells were seeded in CM in 24
well plates treated with 50 pg/ml phorbol-12-myristate-13-acetate
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(PMA, SIGMA) for 24h. To induce IL-18 production the U937
differentiated cells were treated with 1 ug/ml of LPS (SIGMA) for 4h
[26].

4.10. U937 cell growth inhibition

The effect of 16aa and 5ae were evaluated on cell viability of
U937 cells. The cells were seeded in 98-well plates with 10000 cells
per well and treated with different concentration of 16aa and 5ae
ranging from 100 uM to 1 nM for 48 h. U937 were also treated with
RPM11640 containing DMSO at the same concentration used to
dilute 16aa and 5ae at the beginning and in the following dilutions.
After incubation with 16aa, 5ae or DMSO an MTT test has been
performed to evaluate cells viability. Briefly, after 2 days of culture,
0.1 mg of MTT (in 20 ul of PBS) was added to each well and cells
were incubated at 37 °C for 4 h. Cells were then lysed, and the
absorbance was read at 595 nm using a microplate reader.

4.11. IL-18 evaluation in the supernatants

Frozen culture SN of cells treated with LPS and 16aa or 5ae were
thawed and immediately tested for the presence of human IL-18.
The test was carried out by ELISA quantitative sandwich enzyme
immunoassay technique (ELISA kit Quantikine, Human I1-1/II-1F2
immunoassay, R&D Systems, Minneapolis, USA) specific for natural
and recombinant human IL-1f.
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